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Abstract

Background: Epigenetic regulation of vascular remodeling in pulmonary hypertension (PH) is 

poorly understood. Transcription regulating, histone acetylation code alters chromatin accessibility 

to promote transcriptional activation. Our goal was to identify upstream mechanisms that disrupt 

epigenetic equilibrium in PH.

Methods: Human pulmonary artery smooth muscle cells (hPASMC), human idiopathic 

pulmonary arterial hypertension (iPAH):hPASMC cells, iPAH lung tissue, failed donor lung 

tissue (FDL), human pulmonary microvascular endothelial cells (hPMVECs), iPAH:PASMC and 

non-iPAH:PASMC RNA-seq databases, NanoString nCounter, and CUT&RUN were utilized to 

investigate histone acetylation, hyperacetylation targets, protein and gene expression, sphingolipid 

activation, cell proliferation, and gene target identification. SPHK2 KO were compared to control 

C57BL/6NJ mice after 3 weeks of hypoxia and assessed for indices of pulmonary hypertension.

Results: We identified that hPASMC are vulnerable to the transcription promoting epigenetic 

mediator histone acetylation resulting in alterations in transcription machinery and confirmed its 

pathological existence in PH:PASMC cells. We report that Sphingosine Kinase 2 (SPHK2) is 
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elevated as much as 20-fold in iPAH lung tissue and is elevated in iPAH:PASMC cells. During 

PH pathogenesis, nuclear SPHK2 activates nuclear bioactive lipid Sphingosine 1-phosphate (S1P) 

catalyzing enzyme and mediates transcription regulating histone H3K9 acetylation (Ac-H3K9) 

through Endothelial Monocyte Activating Polypeptide (EMAP) II. In iPAH lungs we identified 

a 4-fold elevation of the reversible epigenetic transcription modulator Ac-H3K9 : H3 ratio. 

Loss of SPHK2 inhibited hypoxic induced PH and Ac-H3K9 in mice. We discovered that 

pulmonary vascular endothelial cells are a priming factor of the EMAP II/SPHK2/S1P axis 

that alters the acetylome with a specificity for PASMC, through hyperacetylation of histone 

H3K9. Using CUT&RUN we further show that EMAP II mediated SPHK2 has the potential to 

modify the local transcription machinery of pluripotency factor Krὓppel-like factor (KLF4) by 

hyperacetylating KLF4 Cis-Regulatory Elements while deletion and targeted inhibition of SPHK2 

rescues transcription altering Ac-H3K9.

Conclusion: SPHK2 expression and its activation of the reversible histone H3K9 acetylation in 

hPASMC, represent new therapeutic targets that could mitigate PH vascular remodeling.
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Introduction

Pulmonary Hypertension (PH), is a progressive, incurable and devastating vascular disease 

with pathophysiological differences1. Risk factors and sources of vascular injury in PH 

vascular remodeling are diverse and include factors such as genetic mutations, epigenetic 

modifications, and environmental triggers such as hypoxia, immune/inflammatory response, 

pathogens, and drugs1. Accumulation of enough “hits” to the pulmonary vasculature can 

lead to uncontrolled vascular cell proliferation that mirrors cancer cell phenotypes.
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Pulmonary vascular remodeling in part is regulated by epigenetic machinery that alters 

gene expression2,3 and has already demonstrated potential clinical value in PH4,5. 

Reversible modification of chromatin availability by epigenetic regulating elements includes 

histone modifications and DNA methylation. Although recent studies suggest that histone 

acetylation impacts vascular endothelial cell (ECs) metabolism in PH6, targeting histone 

acetylation modifications through inhibition of downstream enzymatic regulator histone 

deacetylases (HDACs) were not encouraging7. Histone acetylation marks such as histone 

H3K9 acetylation play key roles in aging and vascular tone8,9 suggesting an indispensable 

epigenetic role in PH pathobiology10,11. Therefore, deeper molecular insight into the histone 

acetylation code in PH and identification of targets upstream of the histone acetylation 

process is necessary.

Nuclear Sphingosine Kinase 2 (SPHK2) and its product Sphingosine 1-Phosphate (S1P) are 

known to be involved in histone acetylation in different cell types and disease pathogenesis 

including uncontrolled cancer cells proliferation12. Previous studies demonstrate that as a 

predominant lipid constituent of all cellular membranes, sphingolipid homeostasis mediates 

cellular adaptation. Prior PH studies focus on the inflammatory role that isovariant 

Sphingosine Kinase 1 (SPHK1) activation of S1P inside-out cell surface-receptor signaling 

has in pulmonary vascular smooth muscle cells (SMCs) occlusive arteriopathy13,14. 

Differing in subcellular location with distinct kinetic properties, SPHK1 mainly localizes to 

the cytosol where it mediates inflammatory responses via S1P and its cell surface receptors 

via inside out signaling, while Sphingosine Kinase 2 (SPHK2) is cytoplasmic and nuclear, 

with nuclear localization and export signals15,16. A previous study reported that isovariant 

SPHK2 expression was not altered in PH, and thus a role for SPHK2 activation of nuclear 

S1P was minimized and the epigenetic role of nuclear isovariant SPHK2 / S1P axis in 

PH was not explored17. However, Gairhe et al.18 reported that SPHK2 was elevated in 

perivascular tissue of PH patients, but did not explore its significance, role, or epigenetic 

impact of SPHK2. Therefore, re-evaluation of the epigenetic role that the SPHK2/S1P axis 

has in PH is warranted and could provide greater insight into the contribution that epigenetic 

regulators have in the progression of PH.

Here, we report that the active chromatin mark, H3K9 acetylation and the SPHK2/S1P 

axis have a role in PH vascular remodeling. Moreover, SPHK2 phosphorylation, nuclear 

expression, and mediation of gene transcription is activated by a known pro-inflammatory 

mediator Endothelial Monocyte Activating Polypeptide II (EMAPII)1, activating histone 

H3K9 acetylation specifically in pulmonary vascular SMCs and transcriptional activation of 

known vascular remodeling gene Krὓppel-like factor (KLF4)19. These findings suggest that 

a second look at the role of SPHK2 isovariant in PH is warranted.

Methods

For expanded methods, please see the online supplement.

Human idiopathic (i)PAH (Group 1 PH) and FDL (Failed Donor Lungs) lung tissues and 

iPAH:PASMCs
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All studies involving human lung tissues and cells were conducted according to the 

Institutional review board. Deidentified archived tissues and pulmonary arterial smooth 

muscle cells (PASMCs) obtained from the Pulmonary Hypertension Breakthrough Initiative 

(PHBI) biorepository from patients with Idiopathic Pulmonary Arterial Hypertension (iPAH: 

Group 1 PH) at time of lung transplantation and patients without PH that were failed donor 

lungs (FDL) (See Table S1). According to the PHBI biorepository (https://ipahresearch.org/

phbi-research/), tissues were obtained in the operating room and immediately snap frozen 

at the collection site, cataloged, and stored to maintain tissue integrity. According to the 

PHBI biorepository (https://ipahresearch.org/phbi-research/), cells were isolated from the 

left lower lung, phenotypically characterized, and frozen in aliquots for distribution to PHBI 

biorepository requests. Tissue for histology were ethanol fixed paraffin embedded (EFPE) 

slides as per the PHBI biorepository(https://ipahresearch.org/phbi-research/).

Experimental PH Mouse model

Animal experimental procedure was performed in accordance with the guidelines issued by 

the University of Notre Dame/Indiana University Institutional Animal and Use Committee. 

Mice were maintained in a controlled pathogen free animal facility at all times with 12h 

light/dark cycles at a temperature of 22–24° Celsius with routine check on animal status and 

were provided standard irradiated mouse chow ad lib. In the experimental rodent PH model, 

12–14 wk old male mice of SPHK2-deficient [SPHK2 KO] in C57BL/6NJ background20 

and age-matched C57BL/6NJ21 [Wild type: WT] male mice were exposed to hypoxia (10% 

O2) in a ventilated chamber or normoxia for 21 days. Randomization on 12–14 week 

littermate cohorts was performed by using a coin flip methodology and distribution of 

littermates across all experimental groups and none of these animals were excluded. All 

procedures and analysis were performed in a blinded manner.

Cell culture and treatments

Primary human PASMCs (hPASMCs), pulmonary microvascular endothelial cells 

(hPMVECs) purchased from Lonza (Walkersville, MD) and iPAH: PASMCs were cultured 

in complete growth medium or conditioned media in a humidified atmosphere or 1% O2 

with 5% CO2 at 37° C. For all studies, passages 5–10 were used for hPASMCs and 

hPMVECs.

Statistical analysis

The data are presented as means ±1 standard error of mean (SEM) or as median and 

inter-quartile range from at least three independent experiments, if not mentioned otherwise. 

Statistical significance was determined with unpaired Student’s t-test or one-way or two-way 

ANOVA for experiments with n≥6 and normality confirmed data sets by Shapiro-Wilk 

test after log transformation or otherwise Kruskal-Wallis or Kolmogorov-Smirnov non-

parametric test for experiments with n<6 using GraphPad Prism software.
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Results

Pulmonary expression of an active chromatin mark, acetylated H3K9, and an epigenetic 
modulator SPHK2 are elevated in iPAH patients.

Studies focused on the identification and role of a key active chromatin mark acetyl-H3K9 

(Ac-H3K9) in vascular remodeling. Ac-H3K9, an active chromatin mark of gene promoter 

regions and enhancers, is an enzymatically regulated reversible modification of acetylation 

of lysine residues to facilitate the opening of chromatin spatial structures and the activation 

of transcription during proliferation22, inflammation23 and biological aging8. Using human 

tissue from 40 different individual patients lungs, 20 failed donor (FDL) and 20 PH lungs 

classified as idiopathic (iPAH) with unknown cause or etiology obtained from the PHBI 

biorepository, western blot analysis of the Ac-H3K9: H3 ratios (equal protein loading 

conditions, confirmed by Ponceau S staining) determined that H3K9 acetylation levels 

are significantly elevated in iPAH patient samples compared to FDL controls (Fig 1A,B). 

Utilization of Ac-H3K9: tubulin as a secondary validation of equal protein loading for 

challenging human tissues collected under variable circumstances confirmed that Ac-H3K9 

levels are significantly elevated in iPAH (Fig 1C). Increased H3K9 was seen in both male 

and female iPAH patient cohort lung tissues (See Fig S1A). Cancer and inflammatory 

studies recently identified nuclear SPHK2 activated S1P as an important epigenetic 

modulator complex of Ac-H3K924,25. In contrast to known isovariant SPHK1 regulation 

of inside-out cell signaling in PH, isovariant SPHK2 has largely been ignored17. Transcript 

levels of SPHK2 were significantly elevated in human iPAH lung tissue specimens (Fig 1D, 

see Fig S1B). Analysis of SPHK2 expression using a C-terminal antibody that recognizes all 

SPHK2 isoforms determined that SPHK2 protein was significantly elevated (Fig 1E,F, see 
Fig S1C) compared to FDL tissues (SPHK2 antibodies 17096-1-AP, Proteintech and 32346, 

CST yielded similar results).

SPHK2 deficiency confers protection against hypoxia induced-PH pulmonary vascular 
resistance, right ventricle hypertrophy and vascular remodeling in experimental PH mouse 
model.

A hypoxia induced-PH26 mouse model using 10% oxygen for 21 days was characterized by 

evaluating PH parameters: pulmonary vascular resistance (PVR) and pulmonary acceleration 

time [(PAT: which inversely and linearly correlates with mean pulmonary arterial pressure 

(MPAP)27) (PVR and PAT were assessed by non-invasive echocardiography)], right ventricle 

hypertrophy (RVH) (assessed by Fulton’s index), and distal vascular remodeling (assessed 

by histology studies). In this study male mice were used, as previous studies indicate 

that female mice have minimal chronic hypoxia-induced pulmonary hypertensive responses 

and experience possible fluctuation and interference from ovarian hormones9. C57BL/6NJ 

(WT) mice exposed to 10% O2 (WT hypoxia) showed elevated PVR, RVH and peripheral 

pulmonary artery muscularization and decreased PAT compared to the C57BL/6NJ mice 

exposed to 21% O2 (WT normoxia) (Fig 2A,B,C,D, see Fig S2A). In addition, cardiac 

output (assessed by non-invasive echocardiography) showed no significant difference among 

the groups (See Fig S2B). SPHK2 KO mice in hypoxia (SPHK2 KO hypoxia) demonstrated 

no change in cardio-pulmonary parameters and were similar to SPHK2 KO normoxia mice, 

while also demonstrating a reduced PVR and RVH, with reduction in pulmonary artery 
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muscularization and PAT compared to its background WT hypoxia mice (Fig 2A,B,C,D). 

Moreover, hypoxic WT mice showed increased expression of Ac-H3K9: H3 while ablation 

of SPHK2 (SPHK2 KO) minimized the susceptibility for hypoxia induced hyperacetylation 

in mice (Fig 2E) suggesting that SPHK2 deficiency may offer protection against PH through 

rescuing disrupted epigenetic equilibrium of H3K9 acetylation.

Pro-inflammatory mediator EMAPII is upregulated in human iPAH lung tissue and 
promotes histone H3K9 hyperacetylation in vascular smooth muscle cells but not in 
vascular endothelial cells.

Endothelial monocyte activating polypeptide II (EMAP II), proteolytically cleaved from the 

Aminoacyl tRNA Synthetase Complex Interacting Multifunctional Protein 1 (AIMP1, also 

known as SCYE-1 and p43), is a known pro-inflammatory mediator of vascular growth 

and promotes signs of pulmonary hypertension in a murine model of Bronchopulmonary 

dysplasia (BPD)28. In vitro studies determined that EMAPII activation of the SPHK1/S1P 

inside out signaling axis regulated by cell membrane S1P receptors modulates vascular 

SMC proliferation13. Our studies examined if EMAPII can initiate nuclear activation of 

the SPHK2/S1P axis. AIMP1 expression was increased in iPAH lung tissue (Fig 3A,B and 

See Fig S3A). In contrast to low basilar perivascular expression29, immunohistochemical 

analysis determined that AIMP1 expression was elevated in thickened remodeled vessels of 

iPAH lungs (See Fig S3B). In mechanistic studies, the potential of EMAPII in histone 

H3K9 acetylation was examined in two vessel wall cell populations, endothelial cells 

(human pulmonary microvascular endothelial cells: hPMVECs) and smooth muscle cells 

(human pulmonary artery smooth muscle cells: hPASMCs). In hPASMCs, recombinant (r) 

EMAPII treatment induced a dynamic time dependent H3K9 acetylation (Fig 3C,D) but 

not H4K5 acetylation (as nuclear SPHK2 has previously been reported to increase multiple 

acetylation patterns, our studies explored the more robustly impacted acetylation patterns of 

histone H3K9 and H4K524) (See Fig S3C). Hyperacetylation patterns were not detected in 

hPMVECs (Fig 3E,F).

EMAPII activates nuclear SPHK2 and nuclear lipid S1P to promote histone H3K9 
acetylation and proliferative SMC phenotype via SPHK2.

Previous studies link acetylation of histone H3K9 with nuclear pSPHK2 and S1P24. In 

WT hypoxia mice, an increased expression of nuclear pSPHK2 and Ac-H3K9 compared 

to WT normoxia mice (See Fig S3D and Fig 2E) was observed, while SPHK2 ablation 

inhibited hypoxia induced changes in Ac-H3K9 (Fig 2E). Furthermore, the prominent 

co-expression of EMAPII and pSPHK2, suggests a potential interaction between EMAPII 

and phosphorylation of SPHK2 (See Fig S3B). rEMAPII treated hPASMCs induced the 

nuclear localization of SPHK2/pSPHK2 after 2 hours (Fig 4A,B,C,D); but not in hPASMCs 

pretreated with an EMAPII neutralizing antibody (see Fig S3E). Immunofluorescence in 

hPASMCs confirmed EMAPII induction of nuclear pSPHK2 (purple), superimposed with 

DAPI stained nuclei (blue), with minimal cytoplasmic expression (stained for F-actin-green) 

(Fig 4A). In contrast, in rEMAPII treated hPMVECs, SPHK2 activation was not significant 

compared to non-treated hPMVECs, where basal expression of pSPHK2, in both hPMVEC 

nuclear and cytoplasmic subcellular fractions of treated and non-treated cells was unchanged 
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(See Fig S3F,G) suggesting a cell type-specific differential response and a more austere role 

for EMAPII activated SPHK2 in hPASMCs.

Historically, hyper-proliferation of PASMCs is a vital characteristic in PH pathogenesis. 

With the significant impact that EMAPII had on nuclear predominant activation of SPHK2 

and histone H3K9 hyperacetylation in hPASMCs, these studies focused on EMAPII/SPHK2 

mediated epigenetic activity.

Immunoblotting confirmed the EMAPII induced nuclear expression of pSPHK2 while 

pretreatment with SPHK2 inhibitor [iSPHK2: ABC294640 (Echelon Biosciences Inc., 

Salt Lake City, UT)] of 10 μM for 1 hour prior to EMAPII treatment ablated the 

EMAPII induced nuclear activation of SPHK2 (Fig 4C,D). Nuclear induction of pSPHK2 

is associated with phosphorylation of sphingosine resulting in nuclear S1P. Following 

rEMAPII stimulation, there was an elevation of nuclear S1P (Fig 4E) in hPASMCs, whereas 

pretreating with iSPHK2 suppressed EMAPII generated nuclear S1P expression (Fig 4E). 

Furthermore, following rEMAPII treatment there was a significant decrease in the HDAC 

activity as compared to control while iSPHK2 rescued the loss of HDAC activity (See Fig 

S4A), demonstrating a cell specific impact of SPHK2 epigenetic activation in PASMC. 

Unchanged expression of HDAC1/2 (See Fig S4B,C) supports the previously reported 

function of nuclear S1P generated by nuclear pSPHK2 as an inhibitor of HDAC activity 

and promoter of H3K9 acetylation24.

EMAPII induction of the nuclear SPHK2/S1P axis promotes global acetylation of histone 
H3K9 in human vascular SMCs.

Knockdown of SPHK2 in hPASMCs using specific siRNA significantly attenuated rEMAPII 

induced Ac-H3K9 upregulation at 4 hours and successful knockdown of SPHK2 was 

confirmed by immunoblotting (Fig 5A,C). This observation further was confirmed and 

determined EMAPII mediated H3K9 hyperacetylation targets in hPASMCs by CUT&RUN 

experiments using an acetylated H3K9 antibody. In chromatin mapping by CUT&RUN, 

two independent biological replicates were used according to the modENCODE repository 

guidelines30. CUT&RUN analysis of rEMAP II treated hPASMCs demonstrated that 

rEMAPII induced a 2.8-fold hyperacetylated histone H3K9 as compared to the control (Fig 

5D,F). Pretreatment with iSPHK2 partially diminished EMAPII promoted hyperacetylation 

of H3K9 (Fig 5F). Importantly, 10951 of 11578 (94.58%) of the loci were successfully 

associated with genes (NIH PAVIS, https://manticore.niehs.nih.gov/pavis2/) (Fig 5E) and 

gene ontology studies identified growth, cellular response to stress and protein modification 

processes were among the pathways altered by EMAPII mediated hyperacetylation in 

hPASMCs (ShinyGO v0.75, http://bioinformatics.sdstate.edu/go/) (Fig 5G). The role of 

EMAPII/SPHK2 in cell growth is supported by increased cell proliferation rate in EMAPII 

treated hPASMCs that is rescued by pretreatment with iSPHK2 (Fig 5H).

KLF4 is a potential downstream epigenetic target of nuclear SPHK2/histone H3K9 
acetylation pathway in PH patients and hypoxia-induced experimental PH mouse model.

Peak annotation and visualization identified 1186 upstream sites out of differentially 

acetylated sites by EMAPII compared to control (See Supplementary Data Set File) that 
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can be responsible for transcription factors binding sites/regulatory elements. Moreover, 

5554 differentially acetylated sites by EMAPII compared to control are altered by iSPHK2 

pretreatment. The common 755 sites out of differentially acetylated upstream sites by 

EMAPII compared to control, that is also altered by iSPHK2 pretreatment, suggest 

the genes that have the highest potential to be transcriptionally regulated by EMAPII/

SPHK2 axis through cistrome/epicistrome (Fig 6A, See Supplementary Table File). The 

local vascular remodeling gene, and a pluripotent/Yamanaka factor19, KLF4 frequently 

implicated in enhancer-dependent transcriptional regulation31, was among these 755 sites 

(See Supplementary Table File). Out of these 755 sites, the stem cell markers that possess 

H3K9 acetylation that lie on ENCODE candidate Cis-Regulatory Elements and other 

Yamanaka factors (SOX2 and OCT4) were transcriptionally profiled in human iPAH tissues 

using a custom Nanostring code set. Several stem cell markers showed an increasing trend in 

iPAH tissues compared to the control tissues (See Fig S5A) despite the heterogenous nature 

of lung tissue.

As KLF4 is a transcriptional regulator of cellular proliferation, differentiation, apoptosis 

and somatic cell reprogramming32,33, its activation in hPASMCs was explored. rEMAPII 

treatment increased differentially enriched Ac-H3K9 regions in KLF4 as compared to 

control (Fig 6B). Notably, pretreatment of hPASMCs with iSPHK2 rescued the level of 

Ac-H3K9 regions in EMAPII treated cells, suggesting that EMAPII activates local KLF4 

gene transcription machinery through an SPHK2 mediated hyperacetylation mechanism (Fig 

6). Gene annotation using NIH PAVIS showed 5’UTR of KLF4 as an Ac-H3K9 enriched 

region and moreover, ENCODE candidate Cis-Regulatory Elements overlapped with the 

enriched regions unique to EMAPII treated CUT&RUN peaks (Fig 6B). Knockdown of 

SPHK2 ablated EMAPII induced H3K9 acetylation and induction of KLF4 transcription and 

translation (Fig 6C,D,E) in PASMCs, suggesting EMAPII/SPHK2/S1P/epigenetics may play 

a critical role in KLF4 transcription machinery. The transcription and protein levels of KLF4 

were increased in both human iPAH lung tissue extracts and experimental hypoxia induced-

PH mouse lung tissues compared to their controls (See Fig S5B,C,D,E,F,G). Moreover, in 

contrast to hypoxia induced KLF4 expression in WT hypoxia mice as compared to WT 

normoxia mice, SPHK2 deficient mice were resistant to hypoxia induced KLF4 expression 

(See Fig S5B,C,D).

Vascular EC population is a priming factor of EMAPII/SPHK2/Ac-H3K9 mediated KLF4 
pathway in vascular SMCs.

The potential of ECs to be the endogenous source of EMAPII to initiate SPHK2/Ac-H3K9/

KLF4 pathway in SMCs was explored. Under chemical hypoxia, ECs showed an increase in 

AIMP1 expression (Fig S3H) but not PASMCs (Fig S3H). hPMVEC cultured in normoxia 

or hypoxia (1% O2) and cell culture supernatants (endothelial cells conditioned media: 

ECM) were collected and utilized to treat SMCs (Fig 7A). Hypoxia ECM showed an 

increased expression of EMAPII compared to the normoxia ECM (Fig 7B). hPASMCs 

treated with hypoxia derived ECM demonstrated increased KLF4 expression and Ac-H3K9 

levels while preincubation with EMAPII neutralizing antibody restored levels consistent 

with normoxia ECM treated cells (control) suggesting a vital role of EC secreted EMAPII 

in SMC’s KLF4 expression (Fig 7B,C,D,E). Moreover, hPASMCs pretreated with SPHK2 
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siRNA showed a significant inhibition of hypoxia derived ECM induction of KLF4 and 

Ac-H3K9 expression (Fig 8C,D,E,F) and restored levels consistent with the control. Thus, 

suggesting a prominent role for endothelial cell secreted factors in activation of the histone 

acetylome and a contributor to reactivation of the pluripotency factor such as KLF4 and 

importantly, demonstrating the significance of SPHK2 inhibition in Ac-H3K9 mediated 

KLF4 pathway (Fig 7G).

EMAPII/SPHK2/Ac-H3K9 mediated KLF4 reprogramming in PH: vascular SMCs.

Cooperatively, the analysis of RNA sequencing of iPAH:PASMC dataset with accession 

number GSE144274 in NCBI Gene Expression Omnibus (GEO)34 and qPCR data (See Fig 

S6A) showed a significant increase in SPHK2 transcripts in iPAH:PASMC emphasizing the 

important role of SPHK2 in PH that has been previously overlooked17 (Fig 8A). In contrast 

to elevation of SPHK2 transcripts, SPHK1 transcripts were decreased in iPAH:PASMC 

compared to the non-iPAH:PASMCs (Fig S6C). Moreover, it showed an increasing trend for 

both KLF4 and AIMP1 expressions in iPAH:PASMC compared to the non-iPAH:PASMCs 

(Fig 8A). The elevated histone H3K9 acetylation (Fig 8B,C) was partially inhibited by 

successful knockdown of SPHK2 (Fig 8B and see Fig S6B) resulting in Ac-H3K9 levels 

similar to non-iPAH:PASMCs. However, the partial inhibition by SPHK2 siRNA might 

be due to the complex and dynamic nature of histone acetylation. The increased trend of 

transcription and expression of KLF4 (Fig 8 B,D,E) in iPAH:PASMCs was significantly 

inhibited by SPHK2 knockdown. Moreover, the significantly elevated proliferation rate of 

iPAH:PASMCs compared to non-iPAH:PASMCs, was resorted to levels consistent with 

non-iPAH: PASMCs following iSPHK2 treatment (Fig 8F). Altogether, these results validate 

the potential role of EMAPII/SPHK2/Ac-H3K9/KLF4 signaling in vascular SMCs in PH 

pathogenesis.

Discussion

The initiation and progression of PH is multi-factorial, with genetic and environmental 

factors functioning as major drivers of disease progression. Here, a key epigenetic role 

was identified for the SPHK2/S1P axis as a coherent upstream mechanism that cogently 

explains when, what, and how a disruption of epigenetic equilibrium can occur in PH. 

These studies show that activation of the nuclear SPHK2/S1P axis results in histone H3K9 

epigenetic modifications that reawaken latent gene transcription of KLF4 in vascular SMCs, 

but not vascular ECs. Moreover, the pro-inflammatory mediator EMAPII was identified 

as an upstream mediator of the SPHK2/S1P axis that regulates the epigenetic equilibrium 

through H3K9 acetylation via modulating S1P homeostasis in vascular SMCs and PH (Fig 

8G).

Accumulating studies show the importance and mechanistic regulation of global and 

local histone acetylation code6,9. However, a complete picture of the global histone 

acetylation code in PH pathogenesis is not available in part because in contrast to stable 

histone methylation, histone acetylation is very dynamic and transient. Ac-H3K9, an active 

chromatin mark of promoter regions and enhancers, is an enzymatically regulated reversible 

modification of acetylation of lysine residues to facilitate the opening of chromatin spatial 
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structures and the activation of transcription during proliferation22, inflammation23 and 

biological aging8. Recently, Mendoza et al. identified the low-abundant Ac-H3K9 increase 

as a result of enzymatic acetate transfer to activating lysine sites upon gene transcription 

and proliferation22. A recent study showed that histone H3K9 acetylation regulates the 

iron-sulfur biogenesis protein, BolA Family Member 3 to promote pulmonary artery 

endothelial metabolic reprogramming and dysfunction in PH6. Here, studies identified how 

histone acetylation mediated reactivation of its downstream reprogramming gene targets 

unique to vascular SMCs could impact PH pathogenesis. The broad host of HDAC’s 

downstream targets and multiple isoforms could partially account for the off-targets and 

conflicting role7 of targeting HDACs in PH. SPHK2 is an integral part of the multi-protein 

co-repressor complex comprised of the core catalytic components HDAC1/224 within the 

nucleus. Phosphorylation of SPHK2 increases nuclear S1P that subsequently enhances gene 

transcription by functioning as an endogenous inhibitor of HDAC without affecting the 

activity of histone acetyltransferase24. With the discovery of decreased nuclear HDAC 

activity in human PH lung tissues by Mumby el al.35, expanding the understanding of 

upstream nuclear SPHK2/S1P/Ac-H3K9 epigenetic targets is an important next step in 

developing effective PH therapy.

Nuclear SPHK2/S1P signaling plays a critical role in epigenetic regulation of bacterial-

mediated inflammatory lung injury23, cardiovascular diseases, and cancer progression12,24. 

A recent study alludes to SPHK2 signaling in TGFβ1/Smad signaling pathway36 in PH 

while SPHK2 phosphorylation and nuclear localization to airway epithelium suggests a 

critical role in epigenetic regulation of bacterial-mediated inflammatory lung injury through 

histone acetylation23. However, neither TGFβ1 nor SMAD7 were detected as a differentially 

acetylated region that overlaps with cCREs in CUT&RUN (data not shown). In breast 

cancer, SPHK2 is associated with HIF and hypoxia mediated cell proliferation25. Since 

nuclear SPHK2 is seen in both inflammation and cell proliferation, SPHK2 has the potential 

to act as an alarming molecule of tissue injury and to be associated with tissue repair 

processes. Here, the functional significance as an epigenetic modulator in human PH builds 

on the study that showed increased pulmonary arterial SPHK2 expression in human iPAH 

lung tissue sections37. Previously, Chen et al.17 reported conflicting results with us as they 

claimed that only SPHK1 is associated with PH, but not SPHK2. It is important to note 

that SPHK2 has two isoforms, SPHK2a and SPHK2b, that differ in subcellular location and 

function38 with the SPHK2b isoform of 654aa demonstrating a unique 1–37 aa N-terminal 

sequence, while the SPHK2a isoform is 618aa and lacks this N-terminal portion39. However, 

the Chen et al.17 study utilized an antibody generated to a peptide region from the 1–30 

aa N-terminus of SPHK2b (long isoform) resulting in the SPHK2a (short isoform) being 

overlooked. Unfortunately, the tools are not available to dissect out the two isoforms, as 

the isoform SPHK2b specific antibody utilized by Chen et al.17 is no longer available for 

many years and is a limitation of this study. However, unbiased RNA sequencing data of 

iPAH:PASMCs available at the GEO database under GSE14427434 showed an increased 

expression of SPHK2 (Fig 8A) and no significant change in SPHK1 expression compared to 

the non-iPAH cells (see Fig S6C). In line with Gairhe et al.18 observations, we report that 

SPHK2 is elevated in PH patients, and for the first time, we explored its significance, role, 
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or epigenetic impact of SPHK2 in PH. The SPHK2/S1P axis provides greater insight into the 

contribution that epigenetic regulators have in the progression of PH.

An experimental chronic hypoxia-PH mouse model was sufficient for the main 

investigational focus of mechanisms of pulmonary arteriolar muscularization26. The SPHK2 

KO mice is generated in C57BL/6NJ background. Chen et al.17 mentioned control mice 

in their studies as C57BL6 mice. Importantly, there are marked contrasting differences 

in C57BL6 linage mice of inflammatory, genetic, and metabolic responses and signatures 

between C57BL/6J and C57BL/6NJ mice40,41. In addition, SPHK2a isoform is species-

specific, expressed in humans but not in mice42, suggesting possible differences between 

human and rodent model findings. Previously, a protective role by SPHK2 against cardiac 

fibrosis43 was reported. However, no changes in cardiac function of SPHK2 KO mice (See 
Fig S2B) were identified. Defining the epigenetic role of the SPHK2/S1P axis is important 

in PH.

Little is known about the upstream initiation and modulation of SPHK2 expression and 

epigenetic activity. Previously the pro-inflammatory mediator EMAPII was reported to 

regulate SPHK1/S1P/S1PR homeostasis through ERK activated SPHK113 to promote 

hPASMC pro-proliferative factor IL644 but not proinflammatory cytokine TNFα expression. 

Previous studies indicated that ERK phosphorylates SPHK2 at Ser387 and Thr614 with the 

Ser387 phosphorylation site sequence is identical to SPHK145. Here our studies focused 

on the unique phosphorylation of SPHK2 via Thr614 via EMAPII. Prior studies show 

that AIMP1/EMAPII expression remains low in postnatal and adult lungs, confined to the 

sub-endothelium of large vessels in quiescent vessels where it functions as a mediator of 

endothelial cell growth, while upon tissue insults EMAPII expression can be significantly 

increased28,29,46–48 in line with the observed overexpression in vitro of AIMP1/EMAPII 

in hypoxic EC lysate and conditioned media (Fig S3H and Fig 7B) and not observed in 

PASMCs. Interestingly, an earlier study hints at the possibility that EMAPII promotes signs 

of PH secondarily in a murine BPD model49. This is consistent with observed increased 

protein expression and localization of EMAPII in cells within the distal vessels that 

expressed activated pSPHK2 in human PH lung sections was noted suggesting a potential 

interaction between EMAPII and SPHK2 in a PH setting.

This study is a sentinel step in the PH research field where epigenetic equilibrium is 

disrupted in part due to increased H3K9 acetylation in human Group 1 PH lung tissues. 

With the discovery of EMAPII altered acetylome in vascular SMCs, the potential targets 

that could modulate hyperproliferation of SMCs were tempting. Mechanistic investigations 

determined that the ectopic expression of OCT4, SOX2 and KLF4 can initiate the 

reprogramming of somatic cells to induce pluripotent stem cells (iPSCs) that closely 

resemble embryonic stem cells through epigenetic remodeling mechanisms50. rEMAPII 

treatment induced a significant increase in expression of SOX2 and KLF4 in vascular 

SMCs (See Fig 6C,D,E and Fig S5I). Importantly, only enhancers of KLF4 were under 

local hyperacetylation of histone H3K9 in CUT&RUN studies. Numerous studies emphasize 

the role of KLF4 in vascular SMC proliferation, phenotypic switching of PASMC from 

contractile to synthetic51 and KLF4 involvement in vascular gene transcription thorough 

histone acetylation19. However, CUT&RUN data showed that SPHK2 inhibition only 
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partially diminishes EMAP II induced hyperacetylated regions suggesting the involvement 

of other signaling molecules. Consistent with our findings, a recent study showed that intra-

nuclear SPHK2-S1P axis inhibits the HDAC activity and deacetylation of KLF4 promoter 

regions in M1-to-M2 microglia transition52. While this study does not define the exact role 

of KLF4 in PASMCs proliferation and is such a limitation, the utilization of chromatin 

mapping studies and the role in KLF4 expression, a pluripotency marker, is novel and a 

significant addition to the histone acetylation field in PH. Taken together, these findings 

challenge current dogma and support the critical need to identify mediators of PH epigenetic 

equilibrium.

In conclusion, this study establishes an epigenetic role for the EMAPII/SPHK2/S1P/histone 

H3K9 acetylation axis in the progression of PH through reprogramming the histone 

acetylome in vascular SMCs.
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hPMVECs human pulmonary microvascular endothelial cells

SMCs Smooth muscle cells

siRNA Small interfering RNA

H3K9 Histone H3 lysine 9

Ac-H3K9 Acetyl histone H3 lysine 9

CUT&RUN Cleavage Under Targets & Release Using Nuclease

KO Knockout

KLF4 Krüppel-like factor 4

GO Gene ontology

cCRE candidate Cis-Regulatory Elements

Tx Treatment
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ELISA Enzyme-linked immunosorbent assay
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Novelty and Significance

What Is Known?

• Histone acetylation marks such as histone H3K9 acetylation play key roles 

in aging and vascular tone suggesting an indispensable epigenetic role in PH 

pathobiology.

• Histone H3K9 acetylation is previously reported to be regulated by nuclear 

epigenetic regulator, SPHK2.

What New Information does this article contribute?

• We show that SPHK2 can drive PH pathogenesis via histone H3K9 

hyperacetylation, contributing to PASMC vascular remodeling.

• SPHK2 deficiency confers reduced pulmonary vascular resistance, right 

ventricle hypertension and distal vessel wall thickness.

• Employing CUT&RUN assay, we show that EMAP II has a key role in the 

stimulation of nuclear SPHK2/S1P epigenetic modulating axis suggesting that 

cooperation between SPHK2 and EMAPII could be a major driving force for 

epigenetic mediated vascular PASMC reprogramming and remodeling in PH.

• We discovered that pulmonary vascular endothelial cells are a priming factor 

of the EMAPII/SPHK2/S1P axis that alters the acetylome with a specificity 

for PASMC, through hyperacetylation of histone H3K9.

Our findings indicate that SPHK2/S1P mediates upregulation of epigenetic mediator 

H3K9 acetylation in PASMC, contributing to epigenetic mediated rekindling of 

transcriptional regulators of cellular proliferation, differentiation, and somatic cell 

reprogramming. Targeting elevated SPHK2 expression could mitigate the pathological 

phenotype of PASMC that contributes to progression of PH.
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Figure 1. H3K9 acetylation and SPHK2 expression show a potential correlation in PAH patients’ 
lungs.
(A) Representative immunoblot probed for Ac-H3K9, total H3, tubulin and Ponceau S 

staining in protein lysates of human idiopathic pulmonary arterial hypertension (iPAH: type 

of Group 1 PH) lung or failed donor lung (FDL) tissue specimens and (B) quantitation 

of Ac-H3K9/Total H3, n=19–20 (C) quantitation of Ac-H3K9/Tubulin in protein lysates 

of human iPAH (n=11) or FDL (n=9). (D) SPHK2 expression levels normalized against 

18S rRNA in iPAH lung and FDL tissues. n=20 (E) Representative immunoblot probed for 

SPHK2 and Tubulin in protein lysates of human iPAH (type of Group 1 PH) lung or FDL 

tissue specimens and (F) quantitation of SPHK2/Tubulin in protein lysates of human iPAH 

lung or FDL, n=20. P values are calculated using unpaired t-test and results are shown as 

means ± SEM.
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Figure 2. SPHK2 ablation confers protection against experimental PH and hyperacetylation of 
H3K9 in hypoxia-induced experimental PH mouse model.
SPHK2 KO or wild type (WT) control mice (C57BL/6NJ) were subjected to 3 wks 

of hypoxia (10% O2) or normoxia (room air). (A) Pulmonary vascular resistance 

(the maximum velocity of tricuspid regurgitation/the velocity time integral of the right 

ventricular outflow tract, TRmax velocity/VTIRVOT) n=8–10/group. (B) Pulmonary 

acceleration time (PAT), n=8–10/group. (C) RV hypertrophy/Fulton Index (the weight ratio 

of the right ventricle divided by the sum of left ventricle and septum, RV/(LV + S)) n=8–

10/group. (D) Representative images of elastin-stained distal pulmonary vessels and, wall 
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thickness of distal pulmonary vessels in elastin-stained lung tissue sections (wall thickness 

(%) = (2 × medial wall thickness / external diameter) × 100) n= 3/group randomly selected 

mice per each group and n=15 images of distal pulmonary vessels, scale bar is 10 μm, 

n=5–6/group. (E) Representative immunoblot probed for Ac-H3K9, total H3, Tubulin and 

ponceau S staining in whole tissue lysates from WT or SPHK2 KO in normoxia or hypoxia 

on same blot n=5–7/group and, quantitation of Ac-H3K9/Total H3. P values are calculated 

using one-way ANOVA following Tukey’s multiple comparisons test, and results are shown 

as means ± SEM.

Ranasinghe et al. Page 20

Circ Res. Author manuscript; available in PMC 2023 October 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. EMAP II has the potential to be a key pathogenic mediator in PH through modulating 
epigenetic equilibrium via histone H3K9 acetylation uniquely in vascular SMCs.
(A) Representative immunoblot probed for AIMP1 (precursor form of EMAP II) and 

Tubulin in protein lysates of human iPAH or FDL, n=19–20/group and, (B) quantitation 

of AIMP1 (AIMP1/Tubulin) in protein lysates of human iPAH or FDL, n=19–20/group. (C) 

Representative immunoblot probed for Ac-H3K9, total H3 or tubulin in hPASMCs following 

EMAP II treatment for 0, 1, 2, 4 and 6 hours and (D) quantitation of Ac-H3K9 expression 

levels normalized against total H3 in hPASMCs, n=4. (E) Representative immunoblot 

probed for Ac-H3K9, total H3 or tubulin in hPMVECs following EMAP II treatment for 
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0, 1, 2, 4 and 6 hours and (F) quantitation of Ac-H3K9 expression levels normalized against 

total H3 in hPMVECs, n=3. P values are calculated using unpaired t-test or Kolmogorov-

Smirnov non-parametric testing and results are shown as means ± SEM or median and 

inter-quartile range.
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Figure 4. EMAP II promotes nuclear activation of SPHK2 that in turn generates nuclear lipid, 
S1P in vascular SMCs.
(A) Representative immunocytochemistry images of pSPHK2 (pink), actin (green, 

cytoplasmic marker) and DAPI (blue, nuclear) coimmunostaining in EMAP II treated (2 hr) 

or vehicle treated fixed hPASMCs, scale bar is 20 μm, n=3. (B) Representative immunoblot 

probed for pSPHK2, tubulin and lamin B in cytoplasmic and nuclear fractions of hPASMCs 

following EMAP II treatment for 0, 2 and 4 hours, n=3. (C) Representative immunoblot 

probed for pSPHK2 and lamin B in nuclear fractions of hPASMCs following EMAP II 

treatment (150 minutes) with or without SPHK2 inhibitor (D) quantification of nuclear 

pSPHK2/lamin B, n=3. (E) ELISA-nuclear C18-S1P levels normalized against 1 μg of 

nuclear proteins in the nuclear fractions of hPASMCs following EMAP II for 15 or 150 

minutes with or without SPHK2 inhibitor, n=3 or 4/group. P values are calculated using 

Kruskal-Wallis against control or Kolmogorov-Smirnov non-parametric test and results are 

shown as median and inter-quartile range.
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Figure 5. EMAP II mediated SPHK2 signaling promotes global hyperacetylation of histone 
H3K9 in vascular SMCs.
(A) Representative immunoblot probed for Ac-H3K9, total H3, SPHK2 and tubulin in 

whole cell lysates of hPASMCs following siRNA mediated SPHK2 silencing and post-

transfection EMAP II treatment for 4 hours and (B) quantitation of Ac-H3K9/total H3 and 

(C) quantification of SPHK2/tubulin, n=4. (D) Volcano plot showed the log2-fold changes 

and statistical significance of hyperacetylated H3K9 regions calculated after differential 

binding analysis of EMAP II treated vs control hPASMCs. Pink points indicate significantly 

hyperacetylated H3K9 regions in EMAP II (right to 0) or in control (left to 0). FDR=0.05, 
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n=2 (E) Genome wide distribution of differentially enriched hyperacetylated H3K9 peaks 

(log2-fold change > 1, p value < 0.05) n=2. (F) Number of peaks of Ac-H3K9 normalized to 

IgG in with or without SPHK2 inhibitor and EMAP II treated (2–3 hours) hPASMCs, n=2. 

(G) Gene Ontology results using differentially enriched Ac-H3K9 peaks in EMAP II treated 

hPASMCs, n=2. (H) Cell proliferation rate in hPASMCs treated with vehicle or EMAP 

II following SPHK2 inhibitor treatment for 24 hours, n=3. P values are calculated using 

Kruskal-Wallis against control or Kolmogorov-Smirnov non-parametric test and results are 

shown as means ± SEM or median and inter-quartile range.
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Figure 6. EMAP II mediated SPHK2 signaling promotes local hyperacetylation of histone H3K9 
of KLF4 enhancers and alters the local transcription machinery of KLF4 in vascular SMCs.
(A) The Venn’s diagram of differential acetylated sites in control vs EMAP II (total) 

(purple), EMAP II vs iSPHK2+EMAP II (yellow) and control vs EMAPII only in 5’UTR 

and upstream with fold enrichment greater than 2 (green). The red circle indicates the 

potential gene set with potential upstream candidate regulatory elements that would be 

differentially acetylated by EMAP II through SPHK2 in hPASMCs. Venn diagram is 

created using Venny 2.1 (an online interactive tool), n=2/group (B) Snapshot of IGV view 

of KLF4 gene in Ac-H3K9 CUT&RUN data of with or without SPHK2 inhibitor and 

EMAP II treated (2–3 hours) hPASMCs. (cCRE= candidate Cis-Regulatory Elements) n=2/

group (C) Representative immunoblot probed for KLF4, SPHK2 and tubulin in whole cell 

lysates of hPASMCs following siRNA mediated SPHK2 silencing and post-transfection 

EMAP II treatment for 6–8 hours, and (D) quantitation of KLF4/tubulin and (E) KLF4 
expression levels normalized against 18S rRNA in hPASMC cells following siRNA 

mediated SPHK2 silencing and EMAP II treatment for 6 hours, n=4. P values are calculated 

using Kolmogorov-Smirnov non-parametric testing and results are shown as median and 

inter-quartile range.
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Figure 7. EMAP II/SPHK2/Ac-H3K9 mediated KLF4 signaling is a novel pathway that exists in 
PH disease pathogenesis.
(A) Schematic diagram representing the collection of vascular endothelial cells (ECs) 

conditioned media (ECM) from ECs grown in 1%O2 or room air to treat vascular smooth 

muscle cells (SMCs) and, (B) representative dot blot probed for secreted EMAP II 

expression in ECM. (C) Representative immunoblot probed for KLF4, SPHK2, tubulin, 

Ac-H3K9 and total histone H3 in whole cell lysates of normoxia or hypoxia ECM with 

or without EMAP II neutralizing antibody treated hPASMCs pre-transfected with siRNA 

mediated SPHK2 or scramble silencing and, (D) quantification of KLF4/Tubulin, n=3 

and (E) quantification of Ac-H3K9/total histone H3, n=3. (F) KLF4 expression levels 

normalized against 18S rRNA in normoxia or hypoxia ECM with or without EMAP 

II neutralizing antibody treated hPASMCs pre-transfected with siRNA mediated SPHK2 

or scramble silencing, n=3–4. (G) EMAP II secreted by vascular ECs promote SPHK2/

Ac-H3K9/KLF4 signaling in vascular SMCs that may promote PASMCs proliferation. P 
values are calculated using Kruskal-Wallis against Hy ECM+Scr or Kolmogorov-Smirnov 

non-parametric test if not mentioned otherwise, and results are shown as median and inter-

quartile range.
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Figure 8. EMAP II/SPHK2/Ac-H3K9 mediated KLF4 signaling is a novel pathway that exists in 
PH disease pathogenesis.
(A) RNA-seq data of SPHK2, KLF4 and AIMP1 in iPAH: PASMCs and non-iPAH:PASMCs 

in log2-fold of count per million (cpm). Following two-way ANOVA, Sidak’s multiple 

comparisons test for logarithmic values, n=4. (B) Representative immunoblot probed for 

KLF4, SPHK2, tubulin, Ac-H3K9 and total histone H3 in whole cell lysates of non: iPAH or 

iPAH PASMCs with scramble or SPHK2 siRNA transfection and, quantification of (C) Ac-

H3K9/total histone H3 and, (D) KLF4/Tubulin, n=3 (E) KLF4 expression levels normalized 

against 18S rRNA in non: iPAH or iPAH PASMCs with scramble or SPHK2 siRNA 

transfection, n=4. (F) Cell proliferation rate of non: iPAH or iPAH PASMC with or without 

iSPHK2 pretreatment for 24 hours, n=4. (G) The proposed model: Endothelial monocyte 

activating polypeptide II (EMAP II) plays a key role in reawakening pluripotency factor, 

KLF4 in human pulmonary artery smooth muscle cells (PASMCs) through stimulation of 

the nuclear SPHK2/S1P epigenetic modulating axis, suggesting that cooperation between 

SPHK2 and EMAP II could be a major driving force for epigenetic-mediated vascular 

PASMCs reprogramming and remodeling in PH. Ablation of SPHK2 expression confers 

protection against PH by rescuing the global and local transcription machinery from histone 

acetylation and activation of the pluripotency factor, KLF4. P values are calculated using 

Kruskal-Wallis against iPAH or Kolmogorov-Smirnov non-parametric test if not mentioned 

otherwise, and results are shown as median and inter-quartile range.
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