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 Pulmonary arterial hypertension (PAH) is a severe, progressive and fatal disease for which 

there is currently no curative treatment available. Pathologic changes in this disease involve 

remodeling of the pulmonary vasculature, including marked proliferation of smooth muscle and 

endothelial cells, leading to occlusion of vessels via poorly understood mechanisms. This remodeling 

causes increased pulmonary vascular resistance (PVR) and subsequent pulmonary artery pressure, 

ultimately leading to right heart failure due to pressure overload, a major cause of death. Despite 

active research in PAH pathobiology, therapies to hinder or reverse the pathologic vascular 

remodeling in this debilitating disease are lacking. The data presented in this dissertation provide 

novel insight into the role of the sphingosine kinase 1 (SphK1) and sphingosine-1-phosphate (S1P) 

pathways in the pathogenesis of PAH.  

 SphK1/S1P are important mediators of vital biological processes including regulation of cell 

survival, proliferation, and migration in a wide variety of cell types. SphK1 phosphorylates 

sphingosine to form S1P, which then acts as a bioactive signaling molecule via ligation to a family of 

five G-protein coupled receptors (S1PR1-5). Given the recognized role of SphK1/S1P in the lung 

vasculature and its promotion of cell proliferation, we hypothesized that this pathway may be 

important in the pathogenesis of pulmonary vascular remodeling in PAH. Together, our data 

demonstrates that SphK1/S1P signaling axis is a novel therapeutic target in PAH. 

 We have demonstrated that both SphK1 and S1P levels are upregulated in the lungs of 

patients with PAH and in preclinical rodent models of hypoxia-mediated pulmonary hypertension 

(HPH). Mice with genetic deficiency of SphK1, but not SphK2, are protected from HPH 

development, including elevations in right ventricular systolic pressure (RVSP), right ventricular 

hypertrophy (RVH), and pulmonary vascular remodeling. Mice heterozygous for sphingosine-1-

phosphate lyase 1 (Sgpl1), a critical enzyme in mammalian sphingolipid metabolism which cleaves 
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S1P, are more susceptible to HPH. Pharmacological inhibition of sphingosine kinases prevents HPH 

development in rats. Together, these studies highlight the novel role of SphK1/S1P in PAH. 

 Next, we explored the role of SphK1/S1P signaling in mediating human PASMC (hPASMC) 

proliferation, a major process involved in pulmonary vascular remodeling. Intracellular 

overexpression of SphK1 and exogenous S1P both promote hPASMC proliferation, and the effects 

of S1P are mediated via signaling through S1PR2. In support of these findings, PASMCs isolated 

from S1PR2-deficient mice have reduced proliferative capacity, and genetic deficiency or 

pharmacologic inhibition of S1PR2 prevents the development of HPH in mice. The mechanism of 

S1P/S1PR2-mediated hPASMC proliferation was demonstrated to involve activation of both the 

ERK and STAT3 signaling cascades. 

 Both S1P and hypoxia induce hPASMC proliferation and contribute to the development of 

PAH, so we next studied the potential interactions of these signaling pathways. We demonstrated 

that S1P/S1PR2 induces nuclear expression of the transcription factor hypoxia-inducible factor-1 

alpha (HIF1α), a critical mediator of the cellular response to hypoxia, and led to increased 

expression of several downstream targets of HIF1α in hPASMCs. In exploration of the mechanism 

of this HIF1α activation, we found that S1P/S1PR2 induces expression of early growth response 

protein 1 (Egr-1) via ERK signaling and that this transcription factor has a potential binding site 

within the proximal HIF1α promoter. We also demonstrated that S1P induces phosphorylation of 

GSK-3β in hPASMCs via ERK signaling, a process which is known to stabilize HIF1α and lead to 

its nuclear accumulation in cells.  

 We have demonstrated the importance of SphK1 and its production of S1P in PAH, but 

little is known about how SphK1 expression is regulated in hPASMCs. Here we demonstrate that 

stimulation of hPASMCs with platelet-derived growth factor (PDGF), a known factor contributing 
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to the development of PAH, leads to induction of SphK1 expression. This process is mediated by 

activation of nuclear Egr-1 expression and direct binding of Egr-1 to the SphK1 promoter. PDGF-

induced Egr-1 and downstream SphK1 expression was also shown to be important for mediating 

hPASMC proliferation via ERK signaling. 

 We also investigated the potential role of microRNAs (miRs) in modulating the expression 

of SphK1 given their recently identified importance as a potential therapeutic target in PAH. Our 

data demonstrate that miR-1 directly targets the 3’-UTR of SphK1 and mediates down-regulation of 

its expression in hPASMCs. Expression of miR-1 is reduced in PASMCs from PAH patients and is 

decreased by hypoxia in normal hPASMCs, leading to increased expression of SphK1. MiR-1 

overexpression was shown to inhibit key phenotypical aspects of hPASMCs, including cell migration 

and proliferation. Lastly, systemic miR-1 delivery protected mice from the development of HPH, 

indicating its potential as a novel target in PAH therapy. 

 In summary, this dissertation identifies the relevance of the SphK1/S1P signaling pathway to 

the pathobiology of pulmonary vascular remodeling and PAH. Several distinct signaling mechanisms 

of S1P involved in the induction of PASMC proliferation were characterized. Key factors mediating 

the genetic regulation of this pathway in the context of PAH development were also demonstrated. 

The evidence presented here highlights the SphK1/S1P signaling axis as a potential target in the 

development of novel therapies in PAH. 
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I.   INTRODUCTION 
 
 
A.   Background 

 Pulmonary arterial hypertension (PAH) is a progressive and fatal disease for which the 

pathogenic mechanisms are poorly understood and no curative treatments are available (1). PAH is 

characterized by increases in pulmonary vascular resistance (PVR) primarily due to uncontrolled 

pulmonary vascular remodeling, sustained vasoconstriction, or thrombosis in situ (2,3). Increased 

PVR leads to progressive elevations in pulmonary artery pressure, resulting in right ventricle 

hypertrophy and heart failure, the major cause of death in PAH. Pulmonary vascular remodeling is 

associated with marked medial hypertrophy due to unrestrained pulmonary artery smooth muscle 

cell (PASMC) proliferation and apoptosis resistance (4). These changes narrow the luminal space of 

vessels and obstruct blood flow, contributing to increased PVR. Despite active research in PAH, 

most current therapies are limited to targeting pulmonary vasoconstriction and patients continue to 

have a poor long-term prognosis. There is a critical need to understand the mechanisms contributing 

to pulmonary vascular remodeling in order to develop new therapeutics in PAH. 

 Originally named after the mythological Sphinx due to their enigmatic properties, 

sphingolipids are now highly recognized for their contributions to pulmonary disease (5). Our group 

and others have demonstrated that the bioactive lipid sphingosine-1-phosphate (S1P) is involved the 

pathogenesis of pulmonary fibrosis and bronchopulmonary dysplasia, and in regulation of the 

vascular endothelial barrier during acute lung injury (6-12). As a potent signaling molecule, S1P 

mediates a vast array of important biological functions including cell proliferation, differentiation, 

motility and resistance to apoptosis (13). These effects are mediated primarily through binding to a 

family of five G-protein coupled receptors (S1PR1-5). The synthesis of S1P is regulated by 

sphingosine kinase (SphK) isoforms 1 and 2, with SphK1 predominant in the lungs and blood (14). 

SphK1, a highly conserved, oncogenic enzyme, has itself been implicated in the promotion of cell 
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proliferation, apoptosis resistance and angiogenesis (15,16), and preclinical studies have shown the 

efficacy of SphK1 inhibition in decreasing tumor size (17,18). Whether SphK1/S1P are involved in 

the pathogenesis of PAH and how these factors may influence the pulmonary vascular remodeling 

phenotype is currently not well understood. 

 The goal of this dissertation was to characterize the molecular mechanisms underlying 

pathogenic pulmonary vascular remodeling in PAH to promote the discovery of novel therapies. 

 
 
B.   Statement of Hypothesis 

 We hypothesize that the SphK1/S1P signaling axis is involved in the pathogenesis of PAH 

by regulating the degree of pulmonary vascular remodeling. Specifically, we propose that elevations 

in SphK1/S1P induce and maintain a proliferative phenotype of PASMCs mediated through S1PR-

mediate signaling. The resulting elevations of pulmonary vascular resistance would therefore 

contribute to pulmonary and cardiac dysfunction. We also hypothesize that targeting this pathway 

would have therapeutic benefit in preventing and/or reversing the development of PAH. 

 
 
C.   Significance of the Study 

 The data presented in this thesis identifies and characterizes a novel role of the SphK1/S1P 

pathway in mediating pulmonary vascular remodeling in PAH, a disease process for which few 

treatment options are available clinically. Using human PAH samples, cell culture models, preclinical 

rodent models, and in silico tools, these experiments highlight the SphK1/S1P molecular pathway as 

a novel therapeutic target in PAH to improve patient outcomes. The project synthesizes data on the 

genetic regulation of SphK1 expression with several downstream signaling mechanisms of S1P to 

provide robust insight into the role this pathway in the context of PAH. 
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II.   OVERVIEW OF RELATED LITERATURE 
 
 
A.   Pulmonary Circulation and Pulmonary Hypertension 

1.   Structure and Function of the Pulmonary Circulation 

 The pulmonary circulation is the part of the vasculature which plays the important role of 

carrying deoxygenated blood from the heart to the lungs and returning oxygenated blood back to 

the heart for delivery to the systemic circulation. Venous blood is carried by pulmonary arteries 

(PAs) to the capillaries of the lung, where CO2 diffuses from the blood cell into the alveoli and O2 

diffuses out of the alveoli into the blood. Arterial, oxygenated blood leaves the capillaries to the left 

heart via the pulmonary veins. Though the pulmonary circulation is faced with the entire cardiac 

output, low pressure and pulmonary vascular resistance (PVR) is normally maintained due to 

abundance of small PAs and capillaries with high cross-sectional area. More capillaries are recruited 

during exercise to maintain low PA pressure (19). PVR is calculated based on Ohm’s Law as [(mean 

pulmonary arterial pressure – mean left atrial pressure)/cardiac output] (20). The mean left atrial 

pressure can be approximated based on measurement of pulmonary capillary wedge pressure, where 

one of the PA branches is occluded and the pressure is measured downstream of the occlusion. 

 Several factors regulate vascular resistance as described by an adapted form of the Hagen–

Poiseuille equation in fluid dynamics. This equation defines resistance as being directly proportional 

to the length of the blood vessel and viscosity of the blood and indirectly proportional to the radius 

of the blood vessel to the fourth power. Therefore, small reductions in the radius of blood vessels 

can lead to dramatic increases in PVR. Elevations in PVR with subsequent increases in PA pressure 

are observed in the development of PAH. 

 Structurally, the pulmonary trunk branches into two pulmonary arteries and approximately 

15 higher-order branches to the pre-capillary level (21). The PAs are comprised of three layers: the 
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inner intima comprised of pulmonary artery endothelial cells (PAECs), the middle medial layer 

comprised on pulmonary artery smooth muscle cells (PASMCs), and the outer adventitial layer 

comprised mostly of fibroblasts (Figure 1). All of these cell types have been implicated in the 

process of pulmonary vascular remodeling in of PAH. 

 
 
 
 

 

Figure 1. Structure of the pulmonary vasculature. The pulmonary artery (PA) wall is comprised 
of three layers: the inner intima, middle media, and outer adventitia. Each layer is comprised of 
distinct cell types as indicated. This figure was reprinted under the Creative Commons Attribution 
License from: Fernandez R.A., Sundivakkam P., Smith K.A., Zeifman A.S., Drennan A.R., Yuan J.X. 
“Pathogenic role of store-operated and receptor-operated ca(2+) channels in pulmonary arterial 
hypertension.” J Signal Transduct. 2012; 2012:951497. Copyright 2012. doi: 10.1155/2012/951497. 
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2.   Clinical Classification and Diagnosis of Pulmonary Hypertension 

 Pulmonary hypertension (PH) is a severe condition of multiple etiologies characterized by 

elevations in blood pressure within the pulmonary circulation. PH is hemodynamically defined as a 

PA pressure greater than 25 mmHg at rest, with right heart catheterization used as the gold standard 

for diagnosis. Augmented right ventricular afterload and strain can result from sustained elevations 

in pulmonary blood pressure, ultimately progressing to right ventricular failure and death. PH is an 

increasingly recognized comorbidity to numerous common disease processes and is associated with 

poor prognosis, and therefore accurate diagnosis of this condition is imperative. The World Health 

Organization (WHO) currently recognizes five separate groups of PH, demarcated based on shared 

disease histology and pathophysiology, clinical presentation and therapeutic strategies which can be 

divided into five distinct groups based on etiology, common disease manifestations, clinical 

presentation and therapeutic strategies (Table I) (22). The development of detailed clinical 

classification schemes, diagnostic criterion and novel therapeutics has lead to improved survival in 

PH over the past several decades, yet current therapies are unable to prevent disease progression and 

outcomes remain poor. 

 Changes in mean PA pressure (mPAP) in PH may occur after significant alterations and 

damage within the pulmonary vasculature have occurred, so even small pressure elevations require 

extensive workup. The diagnosis of PAH can be challenging due in part to the non-specificity of 

symptoms during early stages of pathogenesis. Physical exam and other noninvasive tests can help to 

delineate the subset of patients that require more invasive diagnostic procedures. Recent 

improvements in clinical diagnostic tools have led to the ability to distinguish subtler changes in 

structure and function of the heart and lungs in PH, and to better estimate mPAP without cardiac 

catheterization. 
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TABLE I 
 

CURRENT CLASSIFICATION OF PULMONARY HYPERTENSION 
 

1. Pulmonary arterial hypertension (PAH) 
1.1 Idiopathic PAH 
1.2 Heritable PAH 

1.2.1 BMPR2 
1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3 
1.2.3 Unknown 

1.3 Drug and toxin induced 
1.4 Associated with: 

1.4.1 Connective tissue disease 
1.4.2 HIV infection 
1.4.3 Portal hypertension 
1.4.4 Congenital heart diseases 
1.4.5 Schistosomiasis 

1′ Pulmonary veno-occlusive disease and/or pulmonary capillary hemangiomatosis 
1′′ Persistent pulmonary hypertension of the newborn (PPHN) 

 
2. Pulmonary hypertension due to left heart disease 

2.1 Left ventricular systolic dysfunction 
2.2 Left ventricular diastolic dysfunction 
2.3 Valvular disease 
2.4 Congenital/acquired left heart inflow/outflow tract obstruction and congenital 
cardiomyopathies 

 
3. Pulmonary hypertension due to lung diseases and/or hypoxia 

3.1 Chronic obstructive pulmonary disease 
3.2 Interstitial lung disease 
3.3 Other pulmonary diseases with mixed restrictive and obstructive pattern 
3.4 Sleep-disordered breathing 
3.5 Alveolar hypoventilation disorders 
3.6 Chronic exposure to high altitude 
3.7 Developmental lung diseases 

 

4. Chronic thromboembolic pulmonary hypertension (CTEPH) 
 
5. Pulmonary hypertension with unclear multifactorial mechanisms 

5.1 Hematologic disorders: chronic hemolytic anemia, myeloproliferative disorders, splenectomy 
5.2 Systemic disorders: sarcoidosis, pulmonary histiocytosis, lymphangioleiomyomatosis 
5.3 Metabolic disorders: glycogen storage disease, Gaucher disease, thyroid disorders 
5.4 Others: tumoral obstruction, fibrosing mediastinitis, chronic renal failure, segmental PH 

 
Reprinted from J Am Coll Cardiol, Volume 62 (25 Suppl), Simonneau G. et al., “Updated Clinical 
Classification of Pulmonary Hypertension,” Pages D34–D41, Copyright 2013, with permission from 
Elsevier. doi:10.1016/j.jacc.2013.10.029  
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 Patients with PH typically present with symptoms indicating poor oxygen transport and 

impaired cardiac output, including unexplained dyspnea with exertion, fatigue, chest pain, syncope, 

hemoptysis, and Raynaud’s phenomenon (associated with connective tissue disease). A high level of 

clinical suspicion is required for PH diagnosis due to the non-specificity of these symptoms, and a 

detailed family history is important to identify potential hereditary PH cases. Clinical signs on 

physical exam may include jugular venous distension, hepatomegaly, presence of hepatojugular 

reflex, mottled extremities, cyanosis, diminished peripheral pulses, peripheral edema, and ascites. 

Cardiac auscultation can identify several abnormal sounds associated with PAH, including RV S3 

and S4 sounds, accentuated pulmonic valve component (P2) of the 2nd heart sound, systolic murmur 

indicating tricuspid regurgitation, and diastolic murmur (indicating pulmonary regurgitation), and a 

parasternal lift may be detectable. 

 Numerous invasive and non-invasive procedures are required for accurate diagnosis of 

pulmonary hypertension, such as electrocardiography, pulmonary function testing, chest 

radiography, echocardiography, serologic testing and right heart catheterization. Despite 

improvements in clinical diagnostics and understanding of the underlying pathogenic mechanisms of 

pulmonary hypertension, current therapies are limited to supportive care and targeting pulmonary 

vasoconstriction. 

 

B.   Pulmonary Arterial Hypertension 

1.   Definitions and Epidemiology  

 Pulmonary arterial hypertension (PAH; Group 1 PH) is a group of diseases with the shared 

features of progressively increased PVR and mPAP due to obstructive changes within the 

pulmonary vasculature. The similarities between different types of PAH may reflect common 

underlying pathogenic mechanisms, which can ultimately lead to right ventricular failure and 
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premature death. The causes of PAH include idiopathic, heritable, drug and toxin induced, and 

associated disorders such as connective tissue disorders, HIV infection, portal hypertension, 

congenital heart diseases, and schistosomiasis. PAH can also result from pulmonary veno-occlusive 

disease and/or pulmonary capillary hemangiomatosis (Group 1′) and persistent pulmonary 

hypertension of the newborn (Group 1′′). The identification of gene mutations in bone 

morphogenetic protein receptor 2 (BMPR2) in most cases of familial PAH, as well mutations in 

ALK-1, ENG, SMAD9, CAV1, and KCNK3, has led to many important discoveries in the 

pathobiology of this disease (23,24). 

 The median life expectancy in PAH was less than 3 years in the 1980s before targeted 

therapies were available, with diagnosis occurring more often in young females (25,26). Outcomes 

currently remain poor even with the best available medications (27). The epidemiology of PAH is 

constantly evolving, and the variability in disease etiology and limited number of studies available 

makes it challenging to accurately determine outcomes and survival (28). In a recent prospective 

study of 482 patients diagnosed with PAH in the United Kingdom and Ireland, the estimated 

incidence of PAH was 1.1 cases per million per year with a prevalence of 6.6 cases per million in 

2009 (29). This study also found a change in the demographics of PAH, with younger patients 

having more severe and hemodynamic impairment but better survival compared to older patients 

with more comorbidities. Despite recent improvements in the classification and diagnosis of PAH,  

more studies are needed to better understand the epidemiology of this fatal disease.  

 

2.  Causes and Pathogenic Mechanisms 

 The fundamental mechanism underlying elevations in PVR in PAH include sustained 

vasoconstriction, uncontrolled pulmonary vascular remodeling, and thrombosis in situ (2,3). The 

course of PAH is believed to be multifactorial and heterogeneous, and a wide variety of cell types 
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within the PA vessel walls, including PAECs, PASMCs, fibroblasts, inflammatory cells, and platelets, 

are implicated in the disease process (30).  Initial vasoconstriction of the pulmonary vasculature 

leads to muscularization of peripheral arteries and medial hypertrophy of muscular arteries (Figure 

2), with genetic risk factors increasing susceptibility to these changes. PAEC damage and 

dysfunction due to environmental triggers is also thought to be an early insult in PAH, and the 

repair process can lead to vasoocclusive neointimal formation and plexiform lesions that increase 

PVR (Figure 2) (31,32). 

 Pulmonary vasoconstriction is an early pathogenic process in PAH and can be induced by 

hypoxia, leading to narrowing of the luminal area of the PA branches. Hypoxia is known to inhibit 

voltage-gated potassium channels in PASMCs, which leads to opening of voltage-gated calcium 

channels due to membrane depolarization (33). The resulting rises in cytosolic calcium levels can 

induce PASMC contraction and proliferation, a process specific to the pulmonary vasculature (34). 

Down-regulation of potassium channels have been demonstrated in PASMCs and lungs of PAH 

patients (35,36). Several appetite suppressants implicated in the development of PAH, including 

fenfluramine, directly inhibit potassium channels and cause pulmonary vasoconstriction (37). 

Importantly, sustained vessel constriction causes dysfunction of PAECs, leading to a chronic 

reduction in the production of vasodilators prostacyclin and nitric oxide (NO) and increased 

production of the vasoconstrictors  endothelin 1 (ET-1) and thromboxane A2 (30). These changes 

can also induce vascular remodeling, and therapies to target these pathways have been used (38).  

 Pulmonary vascular remodeling is associated with marked medial hypertrophy due to 

unrestrained PASMC proliferation and apoptosis resistance and neointimal formation due to PAEC 

dysfunction and proliferation (4,32). These changes can lead to obstructive lesions which narrow the 

luminal space of vessels and impede blood flow, contributing to increased PVR (39). Current 

investigations are underway to elucidate the mechanisms of abnormal cell proliferation contributing
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Figure 2. Pathophysiological mechanisms of PAH. Exposure to environmental insults can 
contribute to PAEC damage and injury. In healthy individuals, physiological repair processes restore 
normal lung function via proliferation of nearby ECs and/or the recruitment of circulating 
endothelial progenitor cells (EPCs). In PAH, pulmonary vascular cell damage contributes to the 
degeneration of microvasculature and/or arteriolar remodeling. In patients with hereditary PAH 
underlying genetic mutations are associated with increased susceptibility to PAEC damage and 
injury. Traditional pharmacotherapies aimed at restoring imbalances in vasoactive factors are 
presented alongside emerging therapies aimed at regenerating the microvasculature. iPSCs, induced 
pluripotent stem cells; MSCs, mesenchymal stromal/stem cells; PDE-5, phosphodiesterase type 5; 
ROS, reactive oxygen species; SMC, smooth muscle cell. Reprinted from Can J Cardiol, Volume 
30(11), Foster W.S., Suen C.M., Stewart D.J. “Regenerative Cell and Tissue-based Therapies for 
Pulmonary Arterial Hypertension.” Pages 1350-60, Copyright 2014, with permission from Elsevier. 
doi: 10.1016/j.cjca.2014.08.022. 
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to the formation of pathogenic lesions. Other mechanisms of remodeling in PAH include increased 

adventitial matrix production and impaired proteolysis of extracellular matrix (30). Evidence 

suggests that platelets may also play an important role in PAH pathogenesis given their ability to 

occlude vessels via thrombotic lesion formation and production of vasoconstrictive mediators, such 

as NO (40). Platelets from idiopathic PAH patients have been shown to have reduced levels of 

endothelial nitric oxide synthase (eNOS) (41), which may contribute to vasoconstriction.  

 
 

3.  Current Therapeutic Strategies 
 
 Current evidence-based therapy in PAH incudes the use of pharmacological agents in several 

drug classes to target pulmonary vasoconstriction and proliferation, some of which are FDA-

approved. Given the complex etiology of PAH and heterogeneity in the patient population, 

decisions on the most appropriate therapies require accurate diagnosis and assessment of disease 

severity. The most commonly used drugs in PAH include prostanoids, endothelin receptor 

antagonists, phosphodiesterase type 5 inhibitors, soluble guanylate cyclase stimulators, and calcium 

channel blockers (Figure 3) (32,38). Though studies have examined the best combination of 

therapies for certain groups of PAH patients, more studies are needed to better determine the 

effectiveness of therapies in other subsets of the PAH population. Future promising therapies in 

PAH are aimed at regenerating the damaged microvasculature using stem/progenitor cell 

approaches and bioengineered lung scaffolds (42). Despite these advances, there remains a critical 

need to develop drugs that specifically target the mechanisms of cell proliferation in PAH to combat 

pulmonary vascular remodeling.  
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Figure 3. Classic vasodilator/vasoconstrictor systems and their translational therapies for 
PAH. Nitric oxide (NO) activates vasodilation and antiproliferation of smooth muscle cells via a 
cGMP-dependent mechanism. Inhalation of NO, administration of nitrite or nitrate, soluble 
guanylyl cyclase (sGC) stimulator (riociguat), phosphodiesterase 5 (PDE5) inhibitors (sildenafil and 
tadalafil), and tetrahydrobiopterin (BH4) analogue (6R-BH4) have been shown effective in the 
treatment of PAH. Prostacyclin activates vasodilation and inhibits proliferation of smooth muscle 
cells via a cAMP-dependent mechanism. Prostacyclin and its derivatives (epoprostenol, treprostinil, 
iloprost, and beraprost) and I-prostanoid (IP) receptor agonist (selexipag) provide therapeutic 
benefit in PAH. Endothelin-1 (ET-1) stimulates vasoconstriction and proliferation via activation of 
both ETA and ETB receptors on smooth muscle cells. ETA blocker (ambrisentan) and dual ET-1 
blockers (bosentan and macitentan) prove useful in the treatment of PAH. AC indicates adenylyl 
cyclase; BH2, dihydrobiopterin; COX, cyclooxygenase; ECEs, endothelin-converting enzymes; 
eNOS, endothelial NO synthase; and FDA, Food and Drug Administration. Reprinted from Lai 
Y.C., Potoka K.C., Champion H.C., Mora A.L., Gladwin M.T. “Pulmonary Arterial Hypertension: 
The Clinical Syndrome.” Circ Res. 115(1):115-30. Copyright 2014, with permission from Wolters 
Kluwer Health, Inc. doi: 10.1161/CIRCRESAHA.115.301146. 
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III.   MATERIALS AND METHODS 
 

*Portions of the text and figures were reprinted/modified with permission from: 

1.   Chen J, Tang H, Sysol JR, Moreno-Vinasco L, Shioura KM, Chen T, Gorshkova I, Wang L, 

Huang LS, Usatyuk PV, Sammani S, Zhou G, Raj JU, Garcia JG, Berdyshev E, Yuan JX, 

Natarajan V, and Machado RF. 2014. The sphingosine kinase 1/sphingosine-1-phosphate 

pathway in pulmonary arterial hypertension. Am J Respir Crit Care Med. 190(9):1032-43. doi: 

10.1164/rccm.201401-0121OC. (43) Reprinted with permission of the American Thoracic 

Society. Copyright © 2016 American Thoracic Society. 

2.   Sysol JR, Natarajan V, Machado RF. PDGF Induces SphK1 Expression via Egr-1 to Promote 

Pulmonary Artery Smooth Muscle Cell Proliferation. Am J Physiol Cell Physiol. 2016 Jun 

1;310(11):C983-92. (44) 

3.   Sysol JR, Chen J, Singla S, Zhao S, Comhair SAA, Natarajan V, and Machado RF. 2017. 

MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 

Vascular Remodeling via Regulation of Sphingosine Kinase 1. Am J Physiol Lung Cell Mol Physiol. 

2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. (45) 

 
 
A.   Reagents and Materials 

 S1P was purchased from Avanti Polar Lipids (Alabaster, AL). The SphK inhibitors SKI2 and 

PF-543 was purchased from Cayman Chemical Company (Ann Arbor, MI). PD98059 and U0126 

were purchased from Cell Signaling Technology (Danvers, MA). JTE-013 was purchased from 

Tocris Bioscience (Bristol, United Kingdom). Recombinant human PDGF-BB was purchased from 

Sigma-Aldrich (St. Louis, MO). WP1066 was purchased from Santa Cruz Biotechnology (Dallas, 

TX). A murine SphK1 cDNA was digested and cloned into the pEGFP-C1 vector from Clontech 
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(Mountain View, CA) for transfection studies. The dominant-negative mutant (G82D) SphK1 

plasmid was made by site-directed mutagenesis with the QuikChange mutagenesis kit from Agilent 

Technologies (Santa Clara, CA). Vector inserts were confirmed by DNA sequencing. For

immunofluorescence studies, Cy3 labeled mouse anti-α-SMA antibody was purchased from Sigma-

Aldrich (St. Louis, MO), rabbit anti-PCNA antibody was from Santa Cruz Biotechnology (Dallas, 

TX), and donkey anti-rabbit IgG Alexa Fluor 488 conjugate secondary antibody was purchased from 

Thermo Fisher Scientific (Waltham, MA). The primary antibodies for SphK1, Egr-1, Lamin B1, 

Erk1/2, phospho-Erk1/2 (Thr202/Tyr204), STAT3, phosphor-STAT3 (Tyr705), HIF1α, and 

phosph-GSK-3β (Ser9), and the HRP-conjugated β-Actin antibody and secondary anti-rabbit and 

anti-mouse IgG HRP-linked antibodies were purchased from Cell Signaling Technology (Danvers, 

MA). The primary antibody for SphK2 was purchased from Abcam (Cambridge, MA). The primary 

antibody for S1PR2/EDG-5 was purchased from Santa Cruz Biotechnology (Dallas, TX). All other 

reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise indicated. 

 

B.   In Silico Transcription Factor and MicroRNA Binding Site Analysis 

 For in silico transcription factor binding prediction analysis, putative Egr-1 binding sites were 

identified within the proximal ~2kb promoter of SphK1 and HIF1α using Genomatix software 

(similarity threshold >0.95). The genomic sequences were obtained and the identified binding sites 

were confirmed using the publically available UCSC Genome Browser (Human Feb. 2009, 

GRCh37/hg19 Assembly) and the public ENCODE ChIP-seq database (46,47). 

 For in silico microRNA binding prediction analysis, the publically available MicroRNA.org 

target prediction resource was used, which includes miRanda sites and miRSVR scoring algorithms 

(48). The target sites predicted using miRanda are scored for likelihood of mRNA down-regulation 

using a regression model trained on sequence and contextual features of the predicted 
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miRNA:mRNA duplexes. The genomic sequence of the SphK1 3’-UTR was used for analysis and 

confirmed with the UCSC Genome Browser. 

 

C.   In Vitro Experiments 

1.   Human Pulmonary Artery Smooth Muscle Cells and Lung Tissues 

 Human PASMCs were isolated from donors not suitable for lung transplantation and 

patients with idiopathic PAH, provided by the Pulmonary Hypertension Breakthrough Initiative and 

isolated as previously described (49). In addition to these cell lines, a primary hPASMC cell line from 

Lonza (Allendale, NJ) was used for cell signaling, transfection, migration, and proliferation assays. 

Cells were cultured at 37°C in Medium-199 supplemented with 10% fetal bovine serum and 

penicillin-streptomycin antibiotics and studied at passage 4 to 8. Hypoxic conditions (3% O2) were 

generated using a controlled CO2 incubator (Thermo Fisher Scientific). For treatment studies, sub-

confluent PASMCs plated in multi-well plates were subjected to serum deprivation (0.2% FBS) 

overnight and stimulated described before collection and/or analysis. In some studies, pretreatment 

with chemical inhibitors (U0126, PD98059, PF-543, WP1066) for 45 min to 1 hr was used before 

stimulation. Further details of treatment timing are provided in the respective figure legends. The 

NE-PER kit from Thermo Fisher Scientific (Waltham, MA) was used for nuclear and cytoplasmic 

fraction extractions. Approval for the use of human lung tissues and cells was granted by the UIC 

Institutional Review Board. De-identified human explanted peripheral lung tissues used in this study 

were from four control subjects (two unsuitable organ donors and two chronic obstructive 

pulmonary disease patients without PH) and patients with idiopathic PAH (diagnosed on the basis 

of National Institutes of Health PAH Registry). 
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2.   Transfection and Luciferase Assays 

 For SphK1 plasmid transfection studies, hPASMCs were transfected with SphK1 WT and 

G82D plasmids (5 µg DNA/well in 6-well plate) using Xfect Transfection reagent from Clontech 

(Mountain View, CA) per manufacturer’s instructions. Cells were plated the day prior to transfection 

in complete media and grown to 75-85% confluence before transfection. 

 For S1PR2 siRNA-mediated silencing studies, non-targeting control siRNA and S1PR2 

siRNA were purchased from GE Dharmacon (Lafayette, CO) and transfected into primary 

hPASMCs using DharmaFECT 2 transfection reagent from GE Dharmacon at a final concentration 

of 50 nM, without serum or antibiotics, per manufacturer’s protocol. Complete media was replaced 

after 24 hrs to reduce cytotoxicity. For Egr-1 siRNA-mediated silencing studies, ON-TARGETplus 

siRNA specific for Egr-1 and non-targeting control were purchased from GE Dharmacon. 

Transfection of siRNAs (50 nM) was completed using Lipofectamine RNAiMAX reagent per 

manufacturer’s instructions (Thermo Fisher Scientific). Cells were grown to 75-85% confluence 

before transfection. Silencing efficiency was determined by Western blotting of samples 48-72 hrs 

post-transfection.  

 For promoter studies using the Gaussia Luciferase (GLuc) and Secreted Alkaline 

Phosphatase (SEAP) system, a human SphK1 promoter reporter clone was purchased from 

GeneCopoeia (Rockville, MD). Activities of GLuc/SEAP were analyzed with the Secrete-Pair Dual 

Luminescence Assay Kit (GeneCopoeia) per manufacturer’s guidelines, using a GloMax 

luminometer (Promega). For promoter deletion studies, indicated fragments of the SphK1 promoter 

were amplified by PCR, purified, and ligated into pGL4.10[luc2] promoterless luciferase reporter 

vectors purchased from Promega (Madison, WI). Vector inserts were confirmed by DNA 

sequencing. The hRluc Renilla luciferase reporter vector pGL4.74[hRluc/TK (Promega) was used as a 

transfection normalization control in these studies. Luciferase activity was measured using the Dual 
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Luciferase Reporter Assay System (Promega). FuGENE HD transfection reagent (Promega) was 

used for all promoter vector transfections in hPASMCs per manufacturer’s guidelines.  

 MiScript miRNA-1 mimics or antagomirs were used for all miR transfection studies (Qiagen) 

per manufacturer’s guidelines, with AllStars Negative Control siRNA used to account for non-

sequence effects. The reporter construct containing the firefly luciferase gene fused to the the full-

length human SphK1 3’-UTR within the pMirTarget vector was purchased from OriGene 

Technologies. This vector was co-transfected with a control vector expressing a hRluc Renilla 

luciferase reporter gene and a HSV-TK promoter for normalization of transfection efficiency 

(pGL4.74[hRluc/TK], Promega). hPASMCs at passage 4-8 were grown to 75-85% confluence 

before transfection with miR mimics (50-100 nM) or antagomirs (100 nM) with controls of the same 

concentrations using Lipofectamine (Thermo Fisher Scientific) per manufacturer’s instructions. Cells 

were harvested for downstream analysis 24-72 hrs post-transfection. For luciferase reporter assays, 

cells were transfected concurrently with reporter vectors or controls. Cells were harvested at 24 hrs 

and luciferase activity was measured with the Dual Luciferase Reporter Assay System (Promega) per 

manufacture’s protocol, using a GloMax luminometer (Promega). Transfection efficiency was 

determined by normalizing Firefly luciferase light units to Renilla luciferase light units.  

 

3.   Cell Proliferation Assays 

 Cell proliferation was determined using either a 5-bromo-2’-deoxyuridine (BrdU) 

incorporation assay or cell counting. A BrdU assay kit (Calbiochem) was used in a 96-well format 

according to manufacturer’s instructions, using starting cell densities of 4,000 cells/well and 

incubation of cells in the indicated conditions for 24-48 hrs. Proliferation of cells results in 

incorporation of BrdU into the newly synthesized DNA, and this process is quantified by the 

intensity of absorbance of the final reaction. For cell counting, cells were trypsinized and 
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resuspended in basal culture media after experimental procedures; densities were counted with a 

TC10 automated cell counter (Bio-Rad). 

 

4.   Cell Migration Assays 

 Cell migration was determined using a quantitative transwell assay (50). Cells were seeded 

into a transwell insert with 8-µm pores (Sigma-Aldrich) in 2 ml of basal medium at a density of 

50,000 cells/insert. Cells were then incubated in normoxic or hypoxic (3% O2) conditions, fixed and 

stained using Diff-Quik on the transwell insert, and imaged with a standard light microscope. Five 

random fields were imaged per sample to obtain a total cell count. Unmigrated cells were then 

scraped from the top of the filter and the migrated bottom layer of cells were imaged and quantified. 

Migration was calculated as the percent of migrated cells on the filter. For miR transfection studies, 

cells were transfected 24 hr prior to transferring to the transwell insert. 

 

5.   Immunoblot Analysis for Tissues and Cells 

 Frozen, saline-perfused lung tissues were homogenized using RIPA buffer (Sigma-Aldrich) 

supplemented with protease and phosphatase inhibitor cocktails (Calbiochem). Following the 

indicated treatments, cells were washed twice with cold PBS and protein was extracted using the 

same modified RIPA buffer solution. Protein lysates (10–25 µg) were prepared for sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS PAGE) in laemmli sample buffer with 2-

mercaptoethanol used as a reducing agent, and boiled for 5 minutes. Samples were then separated 

using SDS PAGE on Mini-Protean TGX precast gels (Bio-Rad), transferred to nitrocellulose 

membranes, and blocked in 5% nonfat dry milk. Membranes were then probed with primary and 

HRP-linked secondary antibodies as indicated, and bands were visualized by ECL (Pierce) on X-ray 

film per manufacturer's instructions. Densitometry of bands was performed to quantify protein 
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levels using ImageJ software (NIH), and expression levels were normalized to the expression of the 

indicated control protein. 

 

6.   RNA Extraction and Quantitative Real-Time PCR Analysis 

 For mRNA expression studies, total RNA was isolated from hPASMCs and lung tissue 

samples using the RNeasy Mini kit from Qiagen (Valencia, CA) and quantified with a Nanodrop 

2000 spectrophotometer (Thermo Fisher Scientific). Two micrograms of RNA were reverse 

transcribed with the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). 

Expression of all mRNAs were determined using recommended gene-specific TaqMan primer 

assays with GAPDH expression used as an internal control (Thermo Fisher Scientific). For miRNA 

expression studies, total RNA containing miRNA was isolated from hPASMC and lung tissue 

samples using a miRNeasy kit (Qiagen) and reverse transcribed with the miScript II RT kit (Qiagen) 

following RNA quantification. MiRNA-specific miScript primer assays (Qiagen) were used for real-

time PCR with RNU6-2 used as an internal control. Quantitative real-time PCR analysis was 

performed using a CFX384 system (Bio-Rad), and relative changes in mRNA and miRNA 

expression were calculated after normalization to their respective internal controls using the 

comparative Ct method. 

 

7.   Chromatin Immunoprecipitation Assays 

 Chromatin immunoprecipitation (ChIP) studies were performed using the SimpleChIP Plus 

Magnetic Bead ChIP kit purchased from Cell Signaling Technology (Danvers, MA) per 

manufacturer’s instructions. Cross-linking was completed after cell stimulation, followed by nuclei 

preparation and chromatin digestion. DNA gel electrophoresis was used to confirm adequate 

digestion. ChIP was then performed using the EGR1, positive control Histone H3, and negative 
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control normal rabbit IgG antibodies. Elution of chromatin from antibody/beads and reversal of 

crosslinks was performed. DNA was purified and analyzed by both standard PCR and quantitative 

real-time PCR. Primers used to amplify the EGR1-B binding site were forward: 5’-

GCCTGTCGCCTGCTCTAC-3’ and reverse: 5’-CCAGCTTCCCTCTTTCTTCC-3’. 

 
 
D.   In Vivo Experiments 

1.   Animal Models of Hypoxia-Mediated Pulmonary Hypertension 

 All animal protocols were reviewed and approved by the University of Illinois at Chicago 

Animal Care and Use Committee. In the mouse model of HPH, 8-wk old male C57BL/6 mice 

(Charles River), SphK1-deficient (SphK1−/−) mice on the C57BL/6 background, SphK2-deficient 

[SphK2−/−] mice on the C57BL/6 background, S1PR2-deficient (S1PR2−/−) mice on the C57BL/6 

background S1P lyase heterozygous [Sgpl1+/−] mice on the 129/Sv background, and their WT 

siblings were exposed to normoxia or hypoxia (10% O2 in a ventilated chamber) for 1d-6wks (n=3-

5/group). Sgpl1 heterozygous mice were exposed to hypoxia for 6 wks due to resistance to HPH 

development under 4 wk conditions. Before assessment of HPH development, animals were 

anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) given by intraperitoneal injection. 

HPH development was assessed by measuring right ventricular systolic pressure (RVSP) via a 

pressure transducer catheter (Millar) as a surrogate of pulmonary artery pressure, right ventricular 

hypertrophy as a weight ratio of the right ventricle divided by the sum of left ventricle and septum 

(RV/LV+S), and pulmonary artery wall thickness quantified and imaged using lung histological 

sections stained with hematoxylin and eosin (Aperio ImageScope). Vessel thickness measurements 

were done using approximately 20 muscular arteries with diameters 50–100 µm or less than 50 µm 

per lung section. Vessel remodeling was calculated as ([external vessel area–internal vessel 

area]/external vessel area), as previously described (43). Lung and heart tissues were snap-frozen in 
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liquid nitrogen or fixed in 4% paraformaldehyde for further analysis. Fixed tissues were changed to 

70% ethanol after 24 hrs for extended storage. 

 For mouse HPH studies using the inhibitor JTE-013, both prevention and reversal protocols 

were performed. For prevention studies, JTE-013 (8 mg/kg, intraperitoneally, once every other day) 

was started on the first day of a 3.5-week hypoxia exposure. For reversal studies, JTE-013 was given 

similarly starting after 2 weeks of hypoxia and followed by 2 additional weeks of hypoxia. HPH 

assessment and tissue isolations were performed as described above. 

 For HPH prevention studies using microRNA mimics, animal-grade mirVana miRNA 

mimics or negative miRNA control #1 from Thermo Fisher Scientific were prepared with 

Invivofectamine 3.0 reagent from Thermo Fisher Scientific per manufacturer’s instructions and 

injected to mice retro-orbitally (7.8 mg/kg body weight) one day prior to exposure to normoxia or 

hypoxia (10% O2) for four weeks. Injections were then repeated once per week during the 

experimental period. One day after the final injection, HPH development was assessed by measuring 

RVSP, RVH, and pulmonary arterial remodeling as described above. Lung, heart, and heparinized 

blood were collected for further analysis. Plasma was isolated by centrifugation before freezing.  

 For rat HPH studies, male Sprague Dawley rats (190–200 g) purchased from Charles River 

were exposed to hypoxia (10% O2) for 3.5 wks. For prevention studies, rats were treated with 

vehicle or SKI2 (10 mg/kg body weight, intraperitoneally) every two days for 3.5 wks, followed by 

HPH assessment and tissue isolations as described above. 

 

2.   Lung Tissue Immunofluorescence Microscopy 

 Fixed lung tissues were paraffin-embedded and sections were used for immunostaining. 

Sections were de-paraffinized with xylene and rehydrated. Antigen retrieval was performed using 

Tris-EDTA buffer (10 mM Tris Base, 1 mM EDTA solution, 0.05% Tween-20, pH 9.0) before 
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blocking in PBS with 10% normal goat serum, 0.1% BSA, 0.3% TX-100. Antibodies for SphK1 and 

PCNA were used at 1:100 dilutions, and the anti-α-SMA antibody was used at 1:300. The secondary 

donkey anti-rabbit IgG Alexa Fluor 488 antibody for SphK1 and PCNA staining was used at 1:500. 

An anti-fade mounting media with DAPI (Life Science, Inc.) for nuclear staining was used to fix the 

coverslips to microscope slides. The slides were examined and imaged using a Nikon Eclipse E800 

fluorescence microscope, and the images were processed by Photoshop 7.0. 

 

3.   S1P Measurements 

 C18-S1P levels from lung tissues (humans, mice, and rats) and PAs isolated from mice and 

rats were measured using a method described previously (51). Lipids were extracted from lung 

tissues and PAs by a modified Bligh and Dyer procedure with the use of 0.1 N HCl for phase 

separation. C17-S1P (40 pmol), used as an internal standard, was added during the initial step of lipid 

extraction. S1P content was determined by liquid chromatography/tandem mass spectrometry with 

electrospray ionization using API 5500 QTRAP mass spectrometer equipped with turbo-V ion 

source and normalized to total phospholipid content in the sample. Results were reported as 

fmol/nmol lipid. 

 

4.   Mouse PASMC Isolation 

 PASMCs from WT and S1PR2-/- mice (male, 8 wk) were isolated and cultured as previously 

described (52). Mice were anesthetized with ketamine (100 mg/kg) and xylazine (5 mg/kg) given by 

intraperitoneal injection. Surgical exposure of the trachea and catheterization was performed, and 

mice were exsanguinated via the carotid artery. A solution of 5 ml Medium-199, 25 mg agarose, and 

25mg iron oxide (heated to dissolve agarose, then cooled to body temperature) was injected into the 

right ventricle to perfuse the lungs. A solution of 7 ml Medium-199 and 25 mg agarose was then 
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injected into the trachea. Lungs were then bathed in cold PBS, removed, and finely minced. Lung 

tissues were washed three times with Medium-199 over a magnetic column to retain blood vessels 

filled with iron and agarose. Vessels were then digested in collagenase A (80 U/ml) for 1 hr, then 

disrupted by passing through a 21-guage needles several times. Vessel pieces were washed again 

twice using a magnetic column, then cultured in Medium-199 supplemented with 20% FBS and 

antibiotics. Cell purity as assessed by immunostaining for α-smooth muscle actin as demonstrated in 

the results section. 

 

E.   Statistical Analysis and Data Presentation 

 Statistical analyses of experimental data were performed using GraphPad Prism software (La 

Jolla, CA). Results are expressed as mean ± SEM from at least three experiments, and statistical 

significance between groups was calculated with Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001 

vs. controls or as indicated; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. controls or as indicated). 

Figures were made using GraphPad Prism software and Microsoft PowerPoint. 

 

  



 

 24 

IV.   SPHK1 AND S1P CONTRIBUTE TO THE DEVELOPMENT OF PULMONARY 
HYPERTENSION 

 
 
*Portions of the text and figures were reprinted/modified with permission from: 

1.   Chen J, Tang H, Sysol JR, Moreno-Vinasco L, Shioura KM, Chen T, Gorshkova I, Wang L, 

Huang LS, Usatyuk PV, Sammani S, Zhou G, Raj JU, Garcia JG, Berdyshev E, Yuan JX, 

Natarajan V, and Machado RF. 2014. The sphingosine kinase 1/sphingosine-1-phosphate 

pathway in pulmonary arterial hypertension. Am J Respir Crit Care Med. 190(9):1032-43. doi: 

10.1164/rccm.201401-0121OC. (43) Reprinted with permission of the American Thoracic 

Society. Copyright © 2016 American Thoracic Society. 

 

A.   Rationale 

 PAH is a progressive and fatal disease with no curative treatments available (1). Most of the 

present therapies in PAH are limited to targeting pulmonary vasoconstriction, and patients continue 

to have poor long-term prognoses. There is therefore an urgent need to understand the pathogenic 

mechanisms contributing to and regulating pulmonary vascular remodeling in PAH so that new drug 

targets can be identified. A major hallmark of pulmonary vascular remodeling is marked medial 

hypertrophy due to unrestrained PASMC proliferation and apoptosis resistance (4). There is 

currently a gap in our knowledge of how and why these changes occur in patients with PAH. Using 

a combination of in vitro and in vivo experiments, the studies in this Chapter aimed to identify novel 

cellular signaling pathways that may contribute to pulmonary vascular remodeling. 

 Sphingolipids, including S1P, contribute to the pathogenesis of many pulmonary diseases, 

such as pulmonary fibrosis, bronchopulmonary dysplasia, and acute lung injury (6-12). S1P, which is 

generated by SphK1 and SphK2, can ligate and signal through S1PRs to mediate important cellular 

processes, including proliferation, differentiation, motility, and resistance to apoptosis (13). SphK1 is 
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predominant in the lungs and blood (14) and itself promotes cell proliferation, apoptosis resistance, 

and angiogenesis, including in many cancers (15-18). Given its role in the pulmonary vasculature and 

in promoting cell proliferation, we hypothesized that the SphK1/S1P signaling axis may be 

upregulated in PAH and contribute to pulmonary vascular remodeling. 

 
 
B.   SphK1 and S1P Are Significantly Increased in PAH Patients and in Experimental Rodent 

Models of PH 

 In order to determine the role of SphK1 and S1P in PAH, we first measured their levels in 

lung tissues and PASMCs isolated from PAH patients.  Protein levels of SphK1, but not SphK2, 

were significantly elevated in the lungs (Figures 4A, 4B, 4D, and 4E) and PASMCs (Figures 5A–

5C) of patients with PAH when compared with control subjects. Similar changes were also observed 

in SphK1 and SphK2 mRNA expression levels in PAH patient PASMCs (Figure 5D-E). In 

addition, levels of S1P were significantly higher in the lungs of patients with PAH when compared 

with controls (Figure 4C). 

 Next, we tested whether elevations in SphK1 and S1P were also present in experimental 

rodent models of hypoxia-mediated PH (HPH). The protein expression of SphK1, but not SphK2, 

was significantly elevated in the lungs of both mice (Figures 6A-C) and rats (Figures 6E-G) 

exposed to hypoxia (10% O2) for 4 weeks. Additionally, endogenous C18-S1P levels were 

significantly increased in pulmonary arteries isolated from the hypoxia-exposed mice (Figure 6D) 

and rats (Figure 6H).  

 The consistent observations in tissues between human PAH and rodent models of PH 

suggest that the SphK1 and S1P signaling axis may play a role in the pathogenesis of this condition. 

Together with the pro-proliferative effects of this pathway characterized in other cell types and 
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diseases, these studies prompted us to further explore the influence of SphK1/S1P in PAH 

development, including pulmonary vascular remodeling. 

 
 
 
 
 

 
 
Figure 4. SphK1 and S1P are increased in the lungs of patients with PAH. (A and B) 
Representative Western blotting images and β-actin–normalized quantification of protein 
demonstrate that SphK1 expression is significantly increased in lungs from patients with PAH when 
compared with control subjects. (C) C18-S1P levels are increased in the lungs of patients with PAH. 
(D and E) Representative Western blotting images and β-actin–normalized quantification of protein 
demonstrate that SphK2 expression is not increased in lungs from patients with PAH when 
compared with control subjects. Results are expressed as mean ± SEM; n = 4 per group. *p < 0.05 
versus control. This figure was reprinted with permission from Chen J., Tang H., Sysol J.R., et al. 
2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial 
hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. 
Copyright © 2016 American Thoracic Society. 
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Figure 5. Expression levels of SphK1 are increased in PASMCs from patients with PAH. (A–
C) Representative Western blotting image and β-actin–normalized quantification of protein 
demonstrate that SphK1 expression is significantly increased in PASMCs from patients with PAH 
when compared with control subjects, whereas no changes in SphK2 expression are demonstrated. 
(D and E) A similar pattern was demonstrated for SphK1 and SphK2 mRNA levels in PASMCs 
isolated from control subjects and patients with PAH (n = 6 per group). **p < 0.01; ***p < 0.001 
versus control. This figure was reprinted with permission from Chen J., Tang H., Sysol J.R., et al. 
2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial 
hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. 
Copyright © 2016 American Thoracic Society. 
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Figure 6. SphK1 and S1P levels are increased in lungs and PAs of rodent models of HPH.  
(A–C) Representative Western blotting images and β-actin–normalized quantification of protein 
demonstrate that SphK1, but not SphK2, expression is significantly increased in mouse lungs after 
4-week hypoxia exposure. (D) C18-S1P levels are significantly increased in the pulmonary arteries of 
mice exposed to 4-week hypoxia. (E–G) Representative Western blotting images and β-actin–
normalized quantification of protein demonstrate that SphK1, but not SphK2, expression is 
significantly increased in rat lungs after 4-week hypoxia exposure. (H) C18-S1P levels are 
significantly increased in the pulmonary arteries of rats exposed to 4-week hypoxia (n = 5 per 
group). *p < 0.05; **p < 0.01; ***p < 0.001 versus normoxia. This figure was reprinted with 
permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 1/sphingosine-1-
phosphate pathway in pulmonary arterial hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. 
doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
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C.   SphK1-Deficient, but not SphK2-Deficient, Mice are Protected from HPH 

 To examine the effect of SphK1 on the development of pulmonary hypertension, SphK1-

deficient (SphK1−/−) mice and their WT siblings were exposed to hypoxia for 4 weeks to induce 

development of HPH. Compared with WT controls, SphK1−/− mice exhibited decreased RVSP, 

RVH, and pulmonary vascular remodeling in response to hypoxia (Figure 7). In contrast, SphK2 

knockout (SphK2−/− mice) had no significant effect on the development of HPH (Figure 8). 

Together with our previous findings of elevated SphK1 and S1P levels in PH, these studies provide 

compelling evidence to suggest that targeting the SphK1 enzyme may be have therapeutic potential.  

 
D.  Mice Heterozygous for Sgpl1 Are More Susceptible to HPH 

 Sgpl1 in a critical enzyme in mammalian sphingolipid metabolism which cleaves 

phosphorylated sphingoid bases, such as S1P, into fatty aldehydes and phosphoethanolamine. 

Deletion of both alleles of the gene encoding Sgpl1 in mice results in severe growth retardation and 

early mortality due to vascular development defects (53). To test whether Sgpl1 deficiency, resulting 

in accumulation of S1P, could contribute to the development of HPH, we examined Sgpl1+/− mice in 

this model. Consistent with previous results in normoxia (54), Sgpl1+/− mice exhibited increased C18-

S1P levels in lung tissues under both normoxia or 4–6 weeks of hypoxia exposure compared with 

WT littermates (Figure 9). Following 6 weeks of hypoxia exposure, Sgpl1+/− mice exhibited 

significantly increased RVSP, RVH, and pulmonary vascular remodeling compared with WT 

littermates (Figure 10). No differences in these parameters were observed at 4 weeks of hypoxia 

exposure, possibly due to genetic background differences of the mice compared to other studies. 

Together, these data demonstrate that deficiency of Sgpl1 contributes to the development of HPH, 

likely due to elevations in S1P concentration.   
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Figure 7. SphK1-deficient mice are protected against HPH development. SphK1−/− mice 
exposed to hypoxia (4 wks) demonstrated attenuated increases in (A) RVSP, (B) RVH, and vessel 
thickness of pulmonary arteries < 50 µm (C) and 50–100 µm in diameter (D) compared to WT 
littermates. (E) Representative pulmonary artery images from lung sections of WT and SphK1−/− 
mice exposed to normoxia or hypoxia. Bar size: 20 µm. Results are expressed as mean ± SEM; n = 
10 per group. *p < 0.05; **p < 0.01 versus hypoxia WT group. This figure was reprinted/modified 
with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 
1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J Respir Crit Care Med. 
190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
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Figure 8. SphK2-deficient mice are not protected against HPH development. No significant 
differences were observed in SphK2−/− mice exposed to hypoxia (4 wks) in changes of (A) RVSP, (B) 
RVH, and vessel thickness of pulmonary arteries < 50 µm (C) and 50–100 µm in diameter (D) 
compared to WT littermates. (E) Representative pulmonary artery images from lung sections of WT 
and SphK2−/− mice exposed to normoxia or hypoxia. Bar size: 20 µm. Results are expressed as mean 
± SEM; n = 10 per group. This figure was reprinted with permission from Chen J., Tang H., Sysol 
J.R., et al. 2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial 
hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. 
Copyright © 2016 American Thoracic Society. 
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Figure 9. S1P is elevated in lung tissues of heterozygous Sgpl1 mice in normoxia and 
hypoxia. Sgpl1+/− mice exhibited significantly increased C18-S1P levels in lung tissues under 
normoxia or after 4-6-week hypoxia exposure, compared to WT littermates. N = 5 per group, *p < 
0.05; **p < 0.01. This figure was reprinted with permission from Chen J., Tang H., Sysol J.R., et al. 
2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial 
hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. 
Copyright © 2016 American Thoracic Society.  
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Figure 10. Mice heterozygous for Sgpl1 mice are more susceptible to HPH development. 
Sgpl1+/− mice exposed to hypoxia (6 wks) developed more severe elevations in (A) RVSP, (B) RVH, 
and pulmonary vessel thickness in arteries < 50 µm (C) and 50–100 µm in diameter (D) compared 
to WT littermates. (E) Representative pulmonary artery images from lung sections of WT and 
Sgpl1+/− mice exposed to normoxia or hypoxia. Bar size: 20 µm. Results are expressed as mean ± 
SEM; n = 10 per group. *p < 0.05; **p < 0.01; ***p < 0.001 versus hypoxia WT group. This figure 
was reprinted/modified with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The 
sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J 
Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 
American Thoracic Society. 
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E.   SphK Inhibition Prevents HPH Development in Rats 

 To further examine the potential role of SphKs in PH, we evaluated the effect of SKI2, a 

selective non-lipid inhibitor of both SphK1 and SphK2, in rats exposed to hypoxia. When compared 

with vehicle-treated rats, treatment with SKI2 (10 mg/kg body weight, intraperitoneally, every two 

days for 3.5 wks) prevented the development of HPH, as assessed by RVSP, RVH, and pulmonary 

vascular remodeling (Figure 11). Together with the results from the HPH studies in SphK1−/−, 

SphK2−/−, and Sgpl1+/− mice, these data strongly support our hypothesis that S1P plays a critical role 

in the development of PH and that targeting its synthesis may be therapeutically beneficial. These 

studies led us to further explore the mechanism of how SphK1 and S1P may promote the 

pathogenesis of PAH, with a focus on pulmonary vascular remodeling. 
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Figure 11. SphK inhibition via SKI2 prevents HPH development in rats. Rats exposed to 
hypoxia and treated with SKI2 (10 mg/kg body weight, intraperitoneally, every two days for 3.5 wks) 
demonstrated attenuated increases in (A) RVSP, (B) RVH, and pulmonary vessel thickness in 
arteries < 50 µm (C) and 50–100 µm in diameter (D) compared to vehicle-treated controls. (E) 
Representative pulmonary artery images from lung sections of rats exposed to normoxia or hypoxia 
and treated with either SKI2 or vehicle control. Bar size: 20 µm. Results are expressed as mean ± 
SEM; n = 6 per group. *p < 0.05; **p < 0.01 versus hypoxia control group. This figure was reprinted 
with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 
1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J Respir Crit Care Med. 
190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
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V.   SPHK1 AND S1P PROMOTE PULMONARY ARTERY SMOOTH MUSCLE 
CELL PROLIFERATION VIA S1PR2 SIGNALING 

 
 
*Portions of the text and figures were reprinted/modified with permission from: 

1.   Chen J, Tang H, Sysol JR, Moreno-Vinasco L, Shioura KM, Chen T, Gorshkova I, Wang L, 

Huang LS, Usatyuk PV, Sammani S, Zhou G, Raj JU, Garcia JG, Berdyshev E, Yuan JX, 

Natarajan V, and Machado RF. 2014. The sphingosine kinase 1/sphingosine-1-phosphate 

pathway in pulmonary arterial hypertension. Am J Respir Crit Care Med. 190(9):1032-43. doi: 

10.1164/rccm.201401-0121OC. (43) Reprinted with permission of the American Thoracic 

Society. Copyright © 2016 American Thoracic Society. 

 
 
A.   Rationale 

 Recent studies have identified and described the role of SphK1 and S1P signaling in many 

conditions involving cell proliferation, including pulmonary diseases and cancer. Through its myriad 

actions as a bioactive signaling molecule,  S1P has been shown to promote differentiation, motility, 

and resistance to apoptosis in cells (13,55). Neutralizing S1P with monoclonal antibodies has also 

shown therapeutic promise in reducing cell growth and invasion in multiple murine tumor lineages 

(56). SphK1, which produces S1P from sphingosine, is itself oncogenic and can promote cell 

proliferation (17,18). These effects may underlie our findings in Chapter IV that upregulation of 

SphK1/S1P is found human PAH and contributes to disease progression and pulmonary vascular 

remodeling in several animal models of HPH (43).  

 S1P can act both intracellularly and extracellularly, with its extracellular effects as a soluble 

signaling molecule mediated primarily through binding to domains of a family of five GPCRs known 

as S1PR1-5. Interestingly, S1P can also be transported out of the cell to act in a paracrine fashion at

the cell surface, a process known as “inside-out” signaling (57). Binding of S1P to S1PRs triggers
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activation of numerous downstream signaling pathways which vary based on the specific Gα subunit 

that is activated, including Gαi, Gα12/13, and Gαq (Figure 12). Pathways triggered by S1P can 

modulate cell metabolism, proliferation, survival, cell survival, vascular tone, and migration. Many of 

these processes are intimately associated with the development of pulmonary vascular remodeling in 

PAH. However, whether SphK1/S1P overexpression and signaling may regulate hPASMC 

proliferation in the context of PAH is largely unknown. 

 In this Chapter, we investigated the mechanistic role of SphK1 and S1P to promote 

proliferation of hPASMCs. These studies provide novel insight into the cellular events and signaling 

molecules contributing to proliferation of this cell type. Understanding these pathways in greater 

detail may lead to the discovery of new therapeutic targets to combat pulmonary vascular 

remodeling in PAH. 
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Figure 12. S1P signals through GPCRs and activates various downstream pathways. The five 
S1PRs activate different profiles of Gα subunits and as a result the profile of S1PR expression on a 
given cell type results in a pleiotropic response to S1P signaling. S1P is a soluble signaling molecule 
that binds the extracellular domain of the S1PR, triggering activation of the GPCR pathway and 
receptor internalization. Downstream signaling pathways stimulated by S1P vary depending on the 
Gα subunit that is activated. Pathways triggered by S1P binding modulate various signals including 
those involved in cell survival, vascular tone, and endothelial tight junction integrity. Reprinted from 
Trends Mol Med, Volume 21(6), Prager B., Spampinato S.F., and Ransohoff R.M. “Sphingosine 1-
phosphate signaling at the blood–brain barrier.” Pages 354-63, Copyright 2015, with permission 
from Elsevier. doi: 10.1016/j.molmed.2015.03.006. 
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B.   SphK1 and S1P Promote hPASMC Proliferation 

 To begin to study the whether SphK1 and S1P may mediate hPASMC proliferation, we first 

characterized the role of intracellular SphK1 overexpression. In cultured hPASMCs, overexpression 

of SphK1 by transfection with a plasmid containing WT SphK1 significantly promoted cell 

proliferation as demonstrated by cell counting and BrdU incorporation assays (Figure 13). 

Overexpression of a dominant-negative form of SphK1 containing a G82D point mutation, which 

blocks SphK1 activity and functions (58), significantly inhibited hPASMC proliferation by these 

measures (Figure 13). To confirm these findings, the proliferation of PASMCs in SphK1−/− mice 

exposed to hypoxia, (10% O2, 4 wks) was assessed by co-staining for α-smooth muscle actin, a 

smooth muscle cell marker, and PCNA, a proliferation marker, using immunohistochemistry in 

paraffinized mouse lung sections. SphK1−/− mice demonstrated attenuated proliferation of PASMCs 

in response to chronic hypoxia compared to WT control mice (Figure 14). These results are 

consistent with our findings in hPASMCs demonstrating the importance of SphK1 expression in 

proliferation of this cell type.  

 Next, we tested whether exogenous S1P could stimulate hPASMC proliferation in vitro. S1P 

(10-100nM, 48hrs) led to a dose-responsive increase in hPASMC proliferation compared to vehicle-

only control measured by a BrdU incorporation assay, with platelet-derived growth factor (PDGF, 

20ng/ml) used as a positive control (Figure 15A). Together with the SphK1 overexpression data, 

these findings confirmed our hypothesis that S1P signaling is pro-proliferative in hPASMCs.  

 To further explore the mechanisms of S1P-mediated proliferation, we then examined 

whether the effects of S1P were dependent on particular S1PR ligation. Previous studies have shown 

that S1PR2 and S1PR3 are the most predominant S1PRs expressed in adult hPASMCs (59). 

Importantly, these receptors have also been shown to mediate S1P-induced cell proliferation,
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Figure 13. Overexpression of WT SphK1 promotes PASMC proliferation and overexpression 
of dominant-negative mutant (G82D) SphK1 inhibits PASMC proliferation. Human PASMCs 
were cultured at equal cell density and transfected with either empty vector (control), plasmid 
expressing WT SphK1, or plasmid expressing dominant-negative mutant (G82D) SphK1. (A) 
Representative photomicrograph of cells in culture 2 days after transfection. Cell proliferation was 
measured by cell counting (B) and BrdU incorporation assays (C). Bar size: 100 µm. Data are 
expressed as mean ± SEM; n = 4;  *p < 0.05; ***p < 0.001 versus control group; #p < 0.05; ###p 
< 0.001 versus WT SphK1 group. This figure was reprinted with permission from Chen J., Tang H., 
Sysol J.R., et al. 2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary 
arterial hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-
0121OC. Copyright © 2016 American Thoracic Society. 
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Figure 14. PASMCs from SphK1-deficient mice have attenuated PCNA expression in 
response to chronic hypoxia. Immunohistochemistry in paraffinized mouse lung sections from 
SphK1−/− and WT control mice in normoxia and hypoxia (10%O2, 4 wks) was done to assess 
PASMC proliferation. PASMCs were stained with Cy3-labeled mouse anti-α-smooth muscle actin 
(SM-actin) antibodies (1:300) and proliferating cells were examined by rabbit anti-PCNA antibodies 
(1:100) followed by Alexa Fluor 488 Donkey anti-Rabbit IgG antibody (1:500) staining. 
Representative pulmonary artery images demonstrate that SphK1−/− mice exhibit less medial 
hypertrophy of PASMCs (red) in chronic hypoxia compared to WT controls, which was associated 
with a decreased number of proliferating PCNA-positive cells (green). Scale bar: 10 µm. This figure 
was reprinted with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine 
kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J Respir Crit 
Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 American 
Thoracic Society. 
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survival, and related signaling events in other cell types (60). We found that the protein expression of 

S1PR2 was significantly elevated in hPASMCs isolated from PAH patients compared to controls 

(Figure 15B-C). However, no differences were observed in S1PR3 expression levels (data not 

shown). These findings led us to focus on the downstream mechanisms of S1P/S1PR2 signaling in 

future studies. 

 

C.   S1PR2 Mediates the Proliferative Effects of S1P in hPASMCs 

 Several lines of evidence support the role of S1P/S1PR2 in cell proliferation. In satellite 

muscle stem cells, S1P/S1PR2 signaling has been shown to promote proliferation via repression of 

cell cycle inhibitors (61). In addition, SphK1/S1P/S1PR2 signaling in human chronic myeloid 

leukemia cells exhibits oncogenic properties via enhancement of Bcr-Abl1 protein stability (62). 

Other studies have highlighted that S1PR2 can negatively regulate PDGF-induced motility and 

proliferation (63), demonstrating the complexity of this receptor in its downstream functions and 

crosstalk with other pathways. It is unsurprising that S1P signaling through ligation of S1PR2 may 

produce disparate effects in different cell types given its ability to activate the Gαi, Gα12/13, and Gαq 

families of G protein in certain contexts (64). 

 Given the increased expression of S1PR2 in PASMCs from PAH patients and its role of 

mediating proliferation in other cell types, we investigated whether inhibition of S1PR2 could 

attenuate the pro-proliferative effects of S1P. We found that silencing of S1PR2 expression via 

siRNA or S1PR2 antagonism with JTE-013 decreased basal and S1P-mediated PASMC 

proliferation. Treatment of hPASMCs with JTE-013 (10 µM), a potent and selective S1PR2 

antagonist, reduced both basal and S1P (100 nM)-mediated hPASMC proliferation as measured by 

BrdU incorporation (Figure 15D). To confirm these findings, we used siRNA-mediated silencing of 

S1PR2 in similar studies, achieving approximately 80% reduction in S1PR2 protein expression 
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(Figure 15E). S1PR2-specific siRNA-mediated silencing attenuated basal and S1P (100 nM)-

mediated hPASMC proliferation measured by BrdU incorporation (Figure 15F). Functional S1PR2 

is therefore important in basal and S1P-induced hPASMC proliferation. 

 

 

 
 
Figure 15. S1P stimulates hPASMC proliferation via S1PR2. (A) S1P (10-1000 nM, 48 hrs) 
stimulates hPASMC proliferation measured by BrdU incorporation with PDGF (20 ng/ml) used as 
a positive control. (B and C) Western blotting images and β-actin–normalized quantification of 
protein levels demonstrate that S1PR2 protein expression is significantly increased in PASMCs from 
patients with PAH compared to controls. (D) Antagonism of S1PR2 with JTE-013 (10 µM) 
attenuates basal and S1P (100 nM)-mediated hPASMC proliferation, measured by BrdU 
incorporation. (E) Representative Western blotting images demonstrate the effect of siRNA-
mediated silencing of S1PR2 in hPASMCs. (F) siRNA-mediated silencing of S1PR2 attenuates basal 
and S1P (100 nM)-mediated hPASMC proliferation, measured by BrdU incorporation. Results are 
expressed as mean ± SEM; n = 6 per group. *p < 0.05; **p < 0.01; ***p < 0.001 versus untreated 
control conditions or control hPASMC cell lines; ###p < 0.001 versus S1P without JTE-013 
condition (D) or scrambled siRNA with S1P group (F). This figure was reprinted with permission 
from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 1/sphingosine-1-phosphate 
pathway in pulmonary arterial hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 
10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
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D.  PASMCs from S1PR2-deficient Mice Have Reduced Proliferative Capacity 

 We next investigated the proliferative phenotype of PASMCs completely deficient of S1PR2 

expression. Using an established murine PASMC isolation method (52), PASMCs were obtained 

and cultured from S1PR2−/− mice and WT controls with ~90% cell purity as assessed by 

immunostaining for α-smooth muscle actin (Figure 16A). Compared to WT, S1PR2−/− PASMCs 

exhibited reduced basal and S1P-induced proliferation (Figure 16B). In addition, the S1PR2 

antagonist JTE-013 did not inhibit S1P-induced proliferation in S1PR2−/− cells. These results 

corroborate our previous findings for the role of S1PR2 signaling in hPASMC proliferation. 

 
 
 
 

 
Figure 16. PASMCs isolated from S1PR2-deficient mice have reduced proliferative capacity. 
(A) Representative immunofluorescence image of isolated mouse PASMCs demonstrates high cell 
purity (red: α-smooth muscle actin; blue: DAPI). (B) PASMCs isolated and cultured from S1PR2-
deficient (KO) mice have a reduced basal proliferation rate and abolished S1P (0.1-1 µM, 24 hr)-
induced proliferation measured by BrdU incorporation compared to WT controls. The KO cells do 
not respond to the S1PR2 antagonist JTE-013 (20 µM). Results are expressed as mean ± SEM; n = 
3 per group. *p < 0.05, **p < 0.01, compared to indicated condition. 
 
  



 
 

 

45 

E.   S1PR2-Deficient Mice are Protected Against HPH Development 

 Given our studies establishing the importance of SphK1/S1P/S1PR2 signaling in pulmonary 

vascular remodeling, including reduced proliferation of PASMCs isolated from S1PR2-/- mice, we 

investigated the effects of S1PR2 deficiency on the development of HPH in vivo. We hypothesized 

that S1PR2-/- mice would have less severe vascular remodeling, leading to protection from HPH. 

After 4 wks of hypoxia exposure (10% O2), our data demonstrate that S1PR2-/- mice have attenuated 

elevations in RVSP and RVH (Figure 17). No protection from HPH development was observed in 

S1PR3-/- mice (data not shown). The relatively small magnitude of the HPH protection observed in 

the S1PR2-/- mice may be due to compensatory expression of other S1PRs in the pulmonary 

vasculature, and further studies are planned to investigate this in more detail.  

 
 
 
 

 

Figure 17. S1PR2-deficient mice are protected from HPH development. Following 4 wks of 
hypoxia exposure (10% O2), S1PR2-/- mice have attenuated elevations in (A) RVSP and (B) RVH 
compared to WT littermate controls. Results are expressed as mean ± SEM; n = 5 per group. *p < 
0.05 compared WT controls. 
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F.   S1PR2 Inhibition Prevents and Reverses the Development of HPH in Mice 

 Since S1PR2-/- mice demonstrated protection from the development of HPH, we next 

sought to examine the effects of inhibiting S1PR2 on HPH development in mice. We hypothesized 

that pharmacological reduction of S1PR2 signaling would attenuate S1P-mediated PASMC 

proliferation and protect from HPH and/or reverse established HPH development. To test this, we 

evaluated the effect of administering JTE-013 in mice before (prevention studies) and after (reversal 

studies) exposure to chronic hypoxia. For prevention studies, mice were injected intraperitoneally 

with JTE-013 (8 mg/kg body weight) once every two days, starting on the first day of a 3.5-wk 

hypoxia exposure time course. For prevention studies, mice were similarly injected with JTE-013 

starting at day 14 of a 4-wk hypoxia exposure time course. These studies demonstrated that JTE-013 

prevents and reverses the development of HPH in mice, as assessed by RVSP, RVH, and pulmonary 

vascular remodeling (Figure 18). The beneficial effects of JTE-013 in reversing established HPH are 

promising since symptoms of PAH often do not manifest until significant vascular remodeling has 

occurred. These findings suggest that S1P/S1PR2 may mediate hPASMC proliferation throughout 

the disease course and act to maintain cell survival in remodeled pulmonary arteries. 
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Figure 18. S1PR2 inhibition with JTE-013 prevents and reverses HPH development in mice. 
For prevention studies (“P”), JTE-013 (8 mg/kg, i.p., once every other day) was started on the first 
day of a 3.5-week hypoxia exposure. For reversal studies (“R”), JTE-013 was given similarly starting 
after 2 weeks of hypoxia and followed by 2 additional weeks of hypoxia. (A) Changes in RVSP, (B) 
RVH, and (C-D) pulmonary vascular remodeling quantification in arteries < 50 µm and 50-100 µm 
in diameter, respectively) in control and JTE-013-treated mice after normoxia or hypoxia exposure 
studies. (E) Representative PAs from lungs of control and JTE-013-treated groups after normoxia or 
hypoxia exposure. Bar size: 20 µm. Results are expressed as mean ± SEM; n = 6 per group. *p < 
0.05; **p < 0.01; ***p < 0.001 versus respective hypoxia group. This figure was reprinted/modified 
with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 
1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J Respir Crit Care Med. 
190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
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G.   S1P/S1PR2-mediated hPASMC Proliferation Involves ERK Activation 

 The MAPK/ERK signaling pathway plays a central role in regulating the growth and 

survival of mammalian cells including a wide variety of cancers, and several specific inhibitors of this 

pathway have entered clinical trials (65). ERK1/2 (referred to here as ERK) signaling regulates cell 

proliferation and differentiation in response to numerous signals. In the basal state ERKs are 

catalytically inactive, and their activity requires phosphorylation by a family of upstream MEKs. 

 Several lines of evidence have demonstrated that ERK activation is involved in mediating 

hPASMC proliferation induced by a variety of stimuli in vitro. For example, pro-proliferative effects 

of hypoxia and brain-derived neurotrophic factor (BDNF) in hPASMCs have been attenuated using 

U0126, a highly selective MEK inhibitor (66,67). Another recent study demonstrated that both 

U0126 and inhibition of PDGF receptor signaling blocked peroxynitrite-induced proliferation and 

ERK phosphorylation in hPASMCs (68). Importantly, both SphK1 and S1P have also been shown 

to activate ERK (55,60,69). These studies highlight the multifaceted mechanisms by which ERK 

may be activated and regulate hPASMC proliferation. We therefore hypothesized that S1P/S1PR2-

induced hPASMC proliferation may involve ERK signaling.  

 To test whether ERK activation was required for S1P-induced proliferation, we pretreated 

hPASMCs with PD98059 (10 µM, 45 minutes), a selective inhibitor of MEK1 activity and the ERK 

cascade, and stimulated with S1P (100 nM, 24 hrs). These studies demonstrated that S1P-induced 

hPASMC proliferation was significantly attenuated with PD98059, measured by BrdU incorporation 

(Figure 19A). We also investigated whether S1P could activate ERK in hPASMCs and the role of 

S1PR2 in this process. Inhibition of S1PR2 with JTE-013 (10 µM) significantly attenuated dose-

responsive S1P-mediated ERK phosphorylation (1-100 nM) (Figure 19B). These studies suggest 

that S1P/S1PR2-mediated hPASMC proliferation involves activation of ERK signaling. 
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Figure 19. Role of ERK activation in S1P/S1PR2-induced hPASMC proliferation. (A) 
Inhibition of ERK activation (PD98059, 10 µM, 45 min pre-treatment) attenuates S1P-mediated 
hPASMC proliferation measured by BrdU incorporation assay (***p < 0.001 versus control; ###p 
< 0.001 versus S1P group). (B) S1P (1-100 nM, 15 min) promotes ERK phosphorylation while 
inhibition of S1PR2 by JTE-013 (10 µM, 45 min pre-treatment) attenuates basal and S1P-induced 
ERK phosphorylation (*p <0.05, **p < 0.01 ***p < 0.001 versus control; #p <0.05, ##p < 0.01 
###p < 0.001 versus S1P group). This figure was reprinted/modified with permission from Chen 
J., Tang H., Sysol J.R., et al. 2014. “The sphingosine kinase 1/sphingosine-1-phosphate pathway in 
pulmonary arterial hypertension.” Am J Respir Crit Care Med. 190(9):1032-43. doi: 
10.1164/rccm.201401-0121OC. Copyright © 2016 American Thoracic Society. 
 
 
 
 
H.  S1P/S1PR2 Signaling Activates STAT3 in hPASMC 

 We also examined whether S1P affects other key signaling pathways involved in PAH. 

Several recent studies have demonstrated that activation of of the signal transducer and activator of 

transcription 3 (STAT3) transcription factor is involved in the pro-survival and proliferative 

pulmonary vascular phenotype of PAH (70-72). STAT3 belongs to a protein family which regulates  

diverse cellular processes including proliferation and survival, and is frequently dysregulated in 

cancer (70). Its activation requires phosphorylation (Y705), which leads to its nuclear translocation, 

dimerization, and subsequent binding to different regulatory regions. This process can occur in 
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response to many different growth factors and agonists, such as PDGF and endothelin-1 (ET1), 

which are elevated in PAH. Of particular interest to our studies, the SphK1/S1P axis has been 

shown to link persistent STAT3 activation with the development of colitis-associated cancer (73).  

S1P also promotes muscle stem cell progression through the cell cycle by repression of cell cycle 

inhibitors via S1PR2/STAT3-dependent signaling (61). 

 Based on these previous studies, we tested whether S1P/S1PR2 activates STAT3 signaling in 

hPASMCs. We found that S1P induced rapid and sustained expression and nuclear translocation of 

phosphorylated STAT3 (Figure 20A). Additionally, siRNA-mediated silencing of S1PR2 expression 

attenuated S1P-mediated STAT3 phosphorylation and diminished levels to below baseline values 

(Figure 20B). In support of these findings, we also demonstrated that S1PR2 antagonism with JTE-

013 attenuated S1P-mediated STAT3 phosphorylation (Figure 20C). Pre-treatment with JTE-013 

alone reduced basal STAT3 phosphorylation levels in these experiments, suggesting a role of S1PR2 

in maintaining basal levels of STAT3 activation.  
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Figure 20. S1P/S1PR2 signaling activates STAT3 in hPASMC. (A) S1P (1 µM) induces a time-
dependent nuclear translocation of p-STAT3 (Y705) in hPASMC (60x magnification). (B) Western 
blotting demonstrating S1PR2-siRNA attenuates S1P (100 nM, 30 min)-induced STAT3 
phosphorylation in hPASMC. (C) Western blotting demonstrating JTE-013 (10 µM, 45 min pre-
treatment) attenuates S1P (100 nM, 30 min)-induced STAT3 phosphorylation in hPASMC. *p < 
0.05, **p < 0.01, ***p < 0.001 versus control or as indicated; #p < 0.05 versus S1P group. This 
figure was reprinted/modified with permission from Chen J., Tang H., Sysol J.R., et al. 2014. “The 
sphingosine kinase 1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension.” Am J 
Respir Crit Care Med. 190(9):1032-43. doi: 10.1164/rccm.201401-0121OC. Copyright © 2016 
American Thoracic Society. 
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I.   STAT3 is Increased in PASMCs of PAH Patients and is Involved in S1P-induced 

hPASMC Proliferation 

 Since STAT3 has been previously shown to be constitutively activated in PAH (74,75), we 

next explored whether STAT3 was activated in PASMCs isolated from PAH patients. The ratio of 

phosphorylated (Y705) to unphosphorylated STAT3 was significantly increased in PAH patient 

PASMCs (Figure 21A-B), which may contribute to their increased proliferative capacity. 

 To examine whether STAT3 activation was involved in S1P-induced hPASMC proliferation, 

we tested the effect of a specific inhibitor of janus kinase 2 (JAK2), a non-receptor tyrosine kinase, 

that blocks downstream STAT3 activation. When pretreated with WP1066 (1 µM, 45 min), 

hPASMCs exhibited a reduction in S1P (1 µM, 48 hr)-induced proliferation as measured by BrdU 

incorporation (Figure 21C). Studies to further characterize the importance of S1P/S1PR2/STAT3 

signaling in hPASMC proliferation are therefore warranted. 
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Figure 21. STAT3 phosphorylation (Y705) is upregulated in PASMCs from PAH patients 
and mediates S1P-induced hPASMC proliferation. (A-B) Western blot images and 
corresponding quantification demonstrates basal upregulation of STAT3 phosphorylation in 
PASMCs from PAH patients compared to control subjects. (C) WP1066 (1 µM, 45 min pre-
treatment), a specific STAT3 inhibitor, prevents S1P (1 µM, 48 hr)-induced hPASMC proliferation, 
measured by BrdU incorporation. **p < 0.01, ***p < 0.001, compared to controls (B) or S1P 
condition (C).  
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VI.   S1P SIGNALING ACTIVATES HYPOXIA-INDUCIBLE FACTOR 1-ALPHA IN 
PULMONARY ARTERY SMOOTH MUSCLE CELLS 

 
 
A.   Rationale 

 As outlined in previous Chapters, hyper-proliferation of PASMCs in PAH can contribute to 

elevated pulmonary pressures by impairing blood flow and increasing vascular resistance. Therefore, 

understanding the regulation of PASMC proliferation is critical in this fatal disease. We have 

demonstrated the significant role of SphK1/S1P/S1PR2 signaling in the pathogenesis of PAH, 

including in pulmonary vascular remodeling, using human samples, in vitro studies, and in vivo disease 

modeling with hypoxia. In this Chapter, we aimed to explore the mechanistic interactions between 

S1P signaling and hypoxia in promoting hPASMC proliferation.  

 The role of hypoxia and its activation of the transcription factor hypoxia-inducible factor-1 

alpha (HIF1α) in the pathogenesis of pulmonary vascular remodeling in PAH is well established (76-

78). HIF1α is a master regulator of the cellular response to hypoxia, including the control of energy 

metabolism, proliferation, migration, angiogenesis, and extracellular matrix reorganization (79). 

Elevated levels of HIF1α in PAH pulmonary artery smooth muscle (80) and endothelial cells (81) 

have been reported. Interestingly, recent studies have shown that HIF1α can also be overexpressed 

and activated under normoxic conditions to promote cell proliferation and survival in many types of 

cancers via the enhanced use of glycolysis for energy, a process known as the Warburg effect (82-

85). Studies have also demonstrated that normoxic HIF1α activation can be induced by S1P 

stimulation in cancer (86), potentially through S1PR2 signaling (87). Together with our data 

demonstrating S1P/S1PR2 are involved in the pathogenesis of PAH, these studies suggest that there 

may be a mechanistic link between S1P signaling and HIF1α in pulmonary vascular remodeling. In 

this Chapter, we investigated the role of S1P-mediated activation of HIF1α under normoxic
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conditions in hPASMCs. We hypothesized that S1P/S1PR2 signaling would activation HIF1α 

activation to promote hPASMC proliferation, contributing to the development of PAH. 

 
 
B.   Hypoxia Stimulates HIF1α Expression and Induces hPASMC Proliferation 

 We first sought to confirm previous studies demonstrating the role of hypoxia and activation 

of HIF1α in stimulating hPASMC proliferation (76). To study this, we stimulated hPASMCs with 

hypoxia (3% O2, 1-12 hrs) and measured the protein expression of HIF1α. Hypoxia caused a rapid 

and sustained increase in HIF1α expression from 1-6 hrs which normalized to baseline levels by 12 

hrs (Figure 22A). Hypoxia also caused in increase in hPASMC proliferation at both 24 and 48 hrs 

compared to normoxic conditions (Figure 22B). 

 

 
 
Figure 22. Hypoxia stimulates HIF1α expression and induces hPASMC proliferation. (A) 
Hypoxia (3% O2, 1-12 hrs) time-dependently increases HIF1α protein expression in hPASMCs. (B) 
BrdU incorporation assay demonstrating hypoxia-mediated hPASMC proliferation over time (3% 
O2, 12-48 hrs). *p < 0.05; **p < 0.01; ***p < 0.001, compared to untreated control or as indicated.  
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C.   S1P/S1PR2 Induces Nuclear HIF1α Protein Expression in hPASMCs 

 Given the ability of both S1P/S1PR2 and hypoxia to induce proliferation in hPASMCs in 

our studies, as well as recent reports that these two signaling mechanisms may be linked (86,87), we 

next examined whether S1P could induce HIF1α expression under normoxic conditions in 

hPASMCs. Cells stimulated with exogenous S1P (0.1-1 µM, 1-12 hrs) exhibited a dose-responsive 

increase in HIF1α protein levels at 3 hrs that returned to baseline levels by 6 hrs in whole cell lysates 

(Figure 23A). S1P (1 µM) also induced mRNA expression of HIF1A in hPASMCs at 3 hrs, 

indicating that transcriptional upregulation may play a mechanistic role in HIF1α activation in our 

studies (Figure 23B). Next, to determine whether this induction was present in the nucleus where 

HIF1α acts as a transcription factor to induce target gene expression, we stimulated hPASMCs with 

S1P (1 µM, 3 hrs) and collected both nuclear and cytoplasmic protein fractions. S1P caused a 

significant increase in nuclear HIF1α protein expression levels normalized to nuclear Lamin B1 

loading control (Figure 23C-D). Cytoplasmic HIF1α was undetectable in these studies, likely due to 

the relatively low abundance in this cellular compartment compared to the nucleus. Lysates from 

hypoxia stimulated cells (3% O2, 3 hrs) were used as a positive control. Interestingly, when cells were 

pre-treated with the S1PR2 antagonist JTE-013 (10 µM, 45 min) before S1P stimulation, the 

induction of nuclear HIF1α protein expression was abolished (Figure 23C-D), indicating that 

S1PR2 signaling is required for this effect.  
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Figure 23. S1P induces HIF1α expression and nuclear translocation in hPASMCs. (A) S1P 
dose-responsively increases HIF1α protein at 3 hrs (100 nM: 4.7-fold, p<0.01; 1 µM: 6.4-fold, 
p<0.01). (B) S1P (1 µM) induces upregulation of HIF1A mRNA in hPASMCs at 3 hrs. (C) S1P 
induces nuclear HIF1α in hPASMC at 3 hrs, and this is inhibited with S1PR2 antagonism by JTE-
013 (10 µM, 45 min pre-treatment). Hypoxia used as a positive control for induction of HIF1α 
protein. (D) Quantification of protein expression in panel (C) normalized to Lamin B1. ***p < 
0.001, compared to untreated control or as indicated. 
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D.   S1P Increases mRNA Expression of Downstream HIF1α Targets in hPASMCs 

 Our data demonstrates that S1P induces nuclear HIF1α protein expression under normoxic 

conditions in hPASMCs. To determine whether the HIF1α transcription factor is functionally active 

to induce proliferative changes in these conditions, we measured mRNA transcript levels of several 

classic downstream targets of HIF1α. The targets we investigated were vascular endothelial growth 

factor (VEGFA), which plays a major role in vascular development in hypoxia and pulmonary 

hypertension (88,89), and glucose transporter 1 (GLUT1, also known as solute carrier family 2 

facilitated glucose transporter member 1, or SLC2A1), which is increased in both PAECs and 

PASMCs in pulmonary hypertension and is associated with vessel muscularization (90). We found 

that VEGFA and GLUT1 mRNA were significantly increased following stimulation of hPASMCs 

with S1P (1 µM, 0-24 hrs) at the 3-6 hr and 3 hr time points, respectively, consistent with the time-

course of HIF1α protein induction in our earlier studies (Figure 24).  

 
 
 
 

 
Figure 24. S1P stimulates mRNA expression of downstream HIF1α targets in hPASMCs. 
Stimulation of hPASMCs with exogenous S1P (1 µM, 0-24 hrs) led to a significant increase in 
mRNA expression of (A) VEGFA and (B) SLC2A1/GLUT1 by 3 hrs, normalized to GAPDH 
expression. *p < 0.05; ***p < 0.001, compared to untreated controls. 
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E.   S1P Induces Egr-1 Expression in hPASMCs via S1PR2/ERK Signaling 

 Given the ability of S1P/S1PR2 signaling to induce HIF1α and expression of its 

downstream targets in hPASMCs, we aimed to determine the signaling mechanisms by which this 

may occur. Accumulation of intracellular HIF1α can occur via both oxygen-dependent and 

independent mechanisms. In normoxia, HIF1α is modified post-translationally by prolyl 

hydroxylases which promotes binding with von Hippel-Lindau protein (pVHL) and targeting for 

proteasomal degradation (91). Under hypoxic conditions, prolyl hydroxylation is inhibited and the 

interaction between pVHL and HIF1α is disrupted, leading to HIF1α accumulation. Importantly to 

our studies, growth factors and cytokines can also stimulate the synthesis of HIF1α in normoxia via 

activation of the phosphatidylinositol 3-kinase (PI3K) or ERK pathways (92-94).  

 The ERK signaling cascade is one of the most well-described downstream pathways 

mediating the pro-proliferative effects of S1P in mammalian cells (43). Interestingly, studies have 

demonstrated that bioactive lipids, such as S1P and lysophosphatidic acid (LPA), can induce early 

growth response-1 (Egr-1) protein expression via ERK signaling (95,96). Egr-1 is a tightly regulated 

zinc-finger transcription factor induced by several important stimuli associated with PAH, including 

growth factors and hypoxia (97), and studies have implicated Egr-1 in the transcriptional 

upregulation of HIF1α (98). Here, we sought to determine the role of S1P/ERK/Egr-1 signaling in 

the activation of HIF1α expression in hPASMCs. 

 First, we tested whether S1P could activate Egr-1 expression in hPASMCs. Cells stimulated 

with S1P (0.1-1 µM, 1 hr) demonstrated a significant increase in Egr-1 protein expression at either 

dose (Figure 25A). S1P-induced Egr-1 protein expression was also significantly increased at 3 hrs 

(data not shown). We then explored the role of ERK signaling in mediating S1P-induced Egr-1 

expression. Selective inhibition of ERK kinases MEK1 and MEK2 with U0126 (10µM, 1hr pre-

treatment) completely abrogated basal and S1P-induced Egr-1 expression in hPASMCs (Figure 
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25B). These studies were confirmed using PD98059 (10 µM, 45 min pre-treatment), a selective 

inhibitor of MEK1 activity and the ERK cascade. Both PD98059 and U0126 prevented ERK 

phosphorylation and Egr-1 induction by S1P in hPASMCs (Figure 25C). 

 Since S1P/S1PR2 signaling was demonstrated to be important in key aspects of PAH in 

Chapter V, we next tested studied whether S1PR2 was critical for S1P-induced HIF1α and Egr-1 

activation. Inhibition of S1PR2 with JTE-013 (10 µM, 45 min pre-treatment) in hPASMCs abolished 

S1P (1 µM, 3 hr)-induced HIF1α protein expression and attenuated the induction of Egr-1 in 

nuclear cell extracts (Figure 25D). These combined studies highlight the role of S1P/S1PR2/ERK 

signaling in Egr-1 activation and HIF1α accumulation under normoxic conditions in hPASMCs 

 
 
 

 
 
Figure 25. S1P induces Egr-1 expression in hPASMCs via S1PR2/ERK signaling. (A) S1P 
(0.1-1 µM, 1 hr) induces Egr-1 protein expression in hPASMCs. (B) Induction of Egr-1 expression 
by S1P is abrogated using U0126 to inhibit ERK. (C) Two inhibitors of ERK signaling, PD98059 
and U0126, prevent ERK phosphorylation and S1P (1 µM, 1 hr)-mediated Egr-1 activation in 
hPASMCs. (D) Inhibition of S1PR2 with JTE-013 (10 µM, 45 min pre-treatment) attenuates S1P (1 
µM, 3 hr)-induced Egr-1 and HIF1α protein expression in nuclear extracts of hPASMCs. 



 
 

 

61 

F.   In Silico Analysis Identifies an Egr-1 Binding Site in the HIF1A Promoter 

 Our data demonstrate that S1P can induce both mRNA and protein levels of HIF1α in 

hPASMCs. In addition, S1P/ERK signaling in these cells activates the Egr-1 transcription factor, 

which has been shown to regulate HIF1α expression (98). We next examined whether any 

potentially functional Egr-1 binding sites were present upstream of HIF1α that may regulate its 

expression. In silico analysis using the publically available UCSC Genome Browser (Human Feb. 

2009, GRCh37/hg19 Assembly) and chromatin immunoprecipitation (ChIP)-seq data from 

ENCODE (46) identified a single Egr-1 binding site within the HIF1A promoter region with high 

similarity to the canonical Egr-1 motif (Figure 26). To determine the functional relevance of this 

binding site, future experiments, including ChIP studies, can be used to determine the direct 

interaction of Egr-1 with the HIF1A promoter in hPASMCs following stimulation with S1P.  

 
 
 
 

 
Figure 26. The HIF1A promoter contains a predicted Egr-1 binding site. In silico analysis using 
the UCSC Genome Browser (Human Feb. 2009, GRCh37/hg19) and ChIP-seq data available from 
ENCODE identify an Egr-1 transcription factor binding site within the HIF1A promoter region.  
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G.   S1P Induces Phosphorylation of GSK-3β in hPASMCs via ERK Signaling 

 As previously described, HIF1α protein can be induced in cells under normoxic and hypoxic 

conditions through various mechanisms. The precise mechanisms mediating S1P-induced HIF1α in 

hPASMCs is unknown. While the previous Section sought to identify transcriptional activation 

mechanisms of HIF1α, we were also interested in the role of HIF1α accumulation due to inhibition 

of its proteasomal degradation.  

  Evidence suggests that S1P may down-regulate pVHL-mediated ubiquitination and 

degradation of HIF1α, leading to its accumulation in cancer cells (86). Studies also demonstrate that 

reactive oxygen species (ROS), which S1P can generate in some cell types (99), can induce HIF1α 

through inhibition of prolyl hydroxylases and indirectly through activation of Akt/GSK-3β signaling 

(100,101). When GSK-3β is phosphorylated (Ser9) by Akt it is inactivated, leading to stabilization 

and accumulation of HIF1α protein (101,102). Interestingly, SphK1 has been shown to be upstream 

of this process in cancer cells (103). We therefore hypothesized that stimulation of hPASMCs with 

S1P may lead to accumulation of HIF1α protein via the GSK-3β pathway. When hPASMCs were 

treated with S1P (0.1-1 µM, 1 hr), the phosphorylation of GSK-3β (Ser9) was significantly increased 

(Figure 27). These findings correlate with the ability of S1P to activate HIF1α in hPASMCs. Further 

studies are required to determine the exact role of GSK-3β in mediating this process. 

 Notably, this effect of S1P on GSK-3β phosphorylation was attenuated by inhibiting ERK 

signaling with U0126 (10 µM, 45 min pre-treatment) (Figure 27). ERK has been shown to be 

important for hypoxia-induced HIF1α transactivation activity in human microvascular endothelial 

cells (104) and crosstalk can occur between the ERK and Akt/GSK-3β signaling pathways (105) 

(106). ERK may indirectly activate Akt in hPASMCs, though the mechanisms of how ERK 

inhibition alters the phosphorylation of GSK-3β in our studies is currently unknown. 
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Figure 27. S1P induces phosphorylation of GSK-3β in hPASMCs. S1P (0.1-1 µM, 1 hr) induces 
phosphorylation of GSK-3β (Ser9) in hPASMCs. Inhibition of ERK signaling with pre-treatment of 
U0126 (10 µM, 45 min) attenuated the induction of GSK-3β phosphorylation (Ser9).  
  
 
 
 
 
 Together, these studies demonstrate a mechanistic link between S1P signaling and normoxic 

HIF1α activation in PASMCs (Figure 28). The potential mechanisms of this activation include both 

transcriptional upregulation by Egr-1 and protein stabilization via phosphorylation of GSK-3β. As 

S1P and HIF1α levels are both increased in PAH patients and promote hPASMC proliferation, a 

functional link between these pathways provides novel insight into disease pathogenesis. Future 

studies aim to further delineate the role of this pathway in pulmonary vascular remodeling in PAH. 
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Figure 28. Hypothetical model of S1P/S1PR2-mediated HIF1α activation to promote 
PASMC proliferation in PAH. S1P may activate transcription and/or stabilization of HIF1α under 
normoxic conditions via S1PR2 signaling in PASMCs. Downstream ERK signaling may mediate 
induction of Egr-1 and phosphorylation of GSK-3β. HIF1α could then act as a nuclear transcription 
factor to activate genes mediating hPASMC proliferation and survival, leading to enhanced 
pulmonary vascular resistance (PVR) and the development of PAH. 
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VII.   ROLE OF PLATELET-DERIVED GROWTH FACTOR IN INDUCING SPHK1 
IN PULMONARY ARTERY SMOOTH MUSCLE CELLS 

 
 
*Portions of the text and figures were reprinted/modified with permission from: 

1.   Sysol JR, Natarajan V, Machado RF. “PDGF Induces SphK1 Expression via Egr-1 to Promote 

Pulmonary Artery Smooth Muscle Cell Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 

1;310(11):C983-92. (44) 

 

A.   Rationale 

 Understanding the mechanistic regulation of hPASMC proliferation in PAH is critical for 

developing novel therapeutics. With the discovery that some familial and sporadic cases of PAH 

arise from mutations in members of the transforming growth factor beta (TGF-beta) cell-signaling 

superfamily, including the BMPR2 gene (107), the role of different growth factors in disease 

pathogenesis have been explored. One of these growth factors, PDGF, has been demonstrated to 

contribute to pulmonary vascular remodeling in human PAH and experimental models and is a 

potential therapeutic target (108,109). 

 PDGF is a mitogenic and pro-migratory stimuli for hPASMCs with both autocrine and 

paracrine functions (108,110,111). Many cell types in the lung can synthesize PDGF, including 

vascular smooth muscle cells and endothelial cells, and it has been shown to be induced in alveolar 

hypoxia, causing vascular remodeling in lung parenchyma (112). Five ligand isoforms of PDGF are 

known (PDGF-AA, PDGF-BB, PDGF-AB, PDGF-CC, and PDGF-DD) along with two distinct 

receptor tyrosine kinase isotypes (PDGFR-α and PDGFR-β). The PDGF-BB isoform, which can 

bind to both PDGFR-α and PDGFR-β, is released at sites of vascular injury by endothelial cells and 

platelets and is a potent stimulus for hPASMC proliferation and migration (108,113). Activation of 

PDGFRs leads to receptor dimerization, autophosphorylation, and subsequent signal transduction
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mainly via the mitogen-activated protein kinase/extracellular-signal-regulated kinase (MAPK/ERK) 

cascade, resulting in targeted gene transcription that promotes cell proliferation, migration, and 

differentiation, and the phosphatidylinositol 3-kinase (PI3K)/Akt pathway, promoting cell survival 

(114). Recent studies have implicated PDGF and its receptors in both lung development and 

disease, including lung cancer, lung fibrosis, and PAH (114-117). The circulating concentration of 

PDGF has been shown to be significantly elevated in patients with PAH (118), and concentrations 

within the pulmonary vasculature environment are likely to be much greater since small remodeled 

pulmonary arteries of PAH patients have increased PDGF and PDGFRs expression in the 

hPASMCs and PAECs (108). In addition, inhibition of PDGFR-β using the specific tyrosine kinase 

inhibitor, imatinib (STI-571), has been shown to reverse vascular remodeling in severe experimental 

PH (109). The therapeutic use of imatinib in refractory PAH has also been reported in several 

clinical case reports, leading to improvements in exercise capacity, hemodynamics, and functional 

class (119,120). The precise mechanisms by which PDGF-BB stimulates hPASMC proliferation and 

vascular remodeling are not fully understood. 

 Crosstalk between PDGF/PDGFR signaling and sphingolipid signaling has been 

demonstrated in numerous cell types, including airway smooth muscle cells, where PDGFRs can be 

trans-activated by the bioactive lipid, sphingosine-1-phosphate (S1P), to elicit pro-proliferative and 

pro-migratory signaling (121-123). Interestingly, PDGF has also been shown to stimulate activity of 

SphK1 and increase intracellular S1P in fibroblasts, while competitive inhibition of SphK1 prevents 

PDGF-induced cell proliferation (124,125). PDGF has also been shown to increase expression of 

SphK1 in coronary artery smooth muscle cells (126). We have shown that levels of S1P and SphK1 

are elevated in patients with PAH and promote hPASMC proliferation (43). In addition, genetic 

deficiency or pharmacologic inhibition of SphK1 protects from the development of experimental 

PH in several rodent models (43). The mechanisms of SphK1/S1P upregulation and their role in 
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pulmonary vascular remodeling in PAH are still largely unknown. In this Chapter, we investigated 

the mechanisms by which PDGF may control SphK1 expression in hPASMCs and contribute to cell 

proliferation. 

 

B.   PDGF Increases SphK1 Expression in hPASMCs 

 Given the upregulation of both SphK1 and PDGF in PAH and their association with 

pulmonary vascular remodeling, we first tested whether PDGF can induce SphK1 expression in 

hPASMCs. Following stimulation of hPASMCs with PDGF-BB (20-100ng/ml, 0-6hr), SphK1 

protein was increased by approximately 1.5-fold at 6hr as measured by Western blotting and 

normalized to β-actin expression (Fig. 29A-B).  PDGF did not increase SphK2 expression in 

hPASMCs (data not shown). Next, quantitative real-time RT-PCR was used to measure SphK1 

mRNA following stimulation of hPASMCs with PDGF-BB (20ng/ml, 0-24hr). SphK1 mRNA 

normalized to GAPDH expression was significantly increased at 1hr and 3hr, and expression 

returned to baseline levels by 24hr (Fig 29C). These findings demonstrate the role of PDGF-BB in 

SphK1 upregulation in hPASMCs. 

 

C.   The SphK1 Promoter is Activated by PDGF Signaling in hPASMCs 

 To investigate the mechanism(s) by which PDGF increases SphK1 expression in hPASMCs, 

we tested whether PDGF could induce activation of the SphK1 promoter using several approaches. 

First, a commercially available dual reporter construct was used to express and secrete Gaussia 

Luciferase (GLuc) under control of the ~1.3kb upstream human SphK1 promoter sequence, with 

Secreted Alkaline Phosphatase (SEAP) used as a control. PDGF-BB (20-100ng/ml) stimulated 

SphK1 promoter activity at 1.5hr and 24hr, as measured by quantification of relative luminescence
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Figure 29. PDGF increases SphK1 expression in hPASMCs. (A-B) Representative Western 
blotting images and β-actin-normalized quantification of protein levels demonstrate increased 
SphK1 expression in hPASMC following stimulation with PDGF-BB (20-100ng/ml, 6hrs). (C) 
SphK1 mRNA expression levels are also increased in hPASMC following PDGF-BB treatment 
(20ng/ml, 0-24hrs). Results are shown as mean ± SEM from at least three experiments. *p < 0.05, 
**p < 0.01 vs. untreated control. Image source: Sysol JR, Natarajan V, Machado RF. “PDGF 
Induces SphK1 Expression via Egr-1 to Promote Pulmonary Artery Smooth Muscle Cell 
Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 1;310(11):C983-92.  
 
 
 
of GLuc/SEAP in the culture media (Fig. 30A). To confirm these findings, the ~2.1kb human 

SphK1 promoter was isolated via PCR and cloned into the pGL4 luciferase reporter vector. 

Stimulation of hPASMCs transfected with this vector with PDGF-BB (20ng/ml, 1.5 hr) resulted in a 

2.5-fold increase in transcriptional activity over basal levels (Fig. 30B). The empty control vector 

was not activated under basal or PDGF-BB stimulated conditions. 

 Next, in silico analysis of the SphK1 promoter was conducted to identify transcription factor 

binding sites that may mediate PDGF-induced SphK1 expression. Three highly predicted binding 

sites for Egr-1, a transcription factor by which PDGF is known to signal intracellularly (127), were 

identified within the SphK1 promoter (labeled EGR1-“A”, “B”, and “C”) (Fig. 30C). These three 
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binding sites were also observed in the public ENCODE ChIP-seq database (47). To determine 

whether the promoter regions containing these Egr-1 binding sites were functionally important in 

PDGF-mediated SphK1 activation, truncated promoter fragments containing the sites were 

amplified by PCR and cloned into the pGL4 luciferase reporter vector (Fig. 30C). hPASMCs were 

transfected with these vector constructs and stimulated with PDGF (20ng/ml, 1.5hr). Truncations 

that excluded binding sites for EGR1-“B” and EGR1-“C” demonstrated a significant loss in SphK1 

promoter activity, with exclusion of the EGR1-“B” site fragment showing the largest decrease in 

activity (Fig. 30D). These results suggest that Egr-1 binding to the SphK1 promoter may be 

important for PDGF-induced transcriptional activation.  
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Figure 30. PDGF activates the SphK1 promoter in hPASMCs. (A) Relative luminescence of 
secreted Gaussia Luciferase (GLuc) and Secreted Alkaline Phosphatase (SEAP) in a SphK1 promoter 
dual-reporter system, demonstrating that PDGF (20-100ng/ml, 1.5 hr) stimulates transcriptional 
activity of the SphK1 promoter (1300bp) in hPASMCs. (B) Relative luminescence of a full-length 
human Sphk1 promoter (~2.1kb) cloned into a pGL4 luciferase reporter vector (Firefly/Renilla) 
demonstrating induction of SphK1 promoter transcriptional activity with PDGF (20ng/ml, 1.5 hr) 
in hPASMCs. (C) Representation of the SphK1 promoter containing several putative EGR1 binding 
sites (EGR1-A, -B, and -C) identified in silico, with black bars depicting SphK1 promoter deletion 
regions cloned into pGL4 luciferase reporter vectors. (D) Relative luminescence of Sphk1 promoter 
deletion constructs demonstrating induction of SphK1 promoter transcriptional activity with PDGF 
(20ng/ml, 1.5 hr) in hPASMCs. Results are shown as mean ± SEM from at least three experiments. 
*p < 0.05, **p < 0.01, ***p < 0.001 vs. control unless otherwise indicated. Image source: Sysol JR, 
Natarajan V, Machado RF. “PDGF Induces SphK1 Expression via Egr-1 to Promote Pulmonary 
Artery Smooth Muscle Cell Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 1;310(11):C983-92.  
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D.  Nuclear Expression of Egr-1 is Increased by PDGF in hPASMCs 

 Since Egr-1 transcription factor binding sites may play a role in PDGF-induced SphK1 

activation, we tested whether PDGF-BB could increase Egr-1 expression in hPASMCs. Stimulation 

with PDGF-BB (20-100ng/ml, 1-3hr) resulted in a dramatic increase in Egr-1 protein expression by 

1 hr that subsided by 3 hr (Fig. 31A). PDGF-BB also significantly increased Egr-1 mRNA levels, 

with maximum expression observed at 1hr (Fig. 31B). The basal expression of Egr-1 protein

expression was also measured in three hPASMC lines derived from PAH patients, and no basal 

differences were observed compared to control PASMCs (data not shown). Though higher 

circulating PDGF concentrations within the pulmonary vascular microenvironment of PAH patients 

have been demonstrated (118) which may lead to elevations in Egr-1 expression, this elevation may 

not be retained following isolation of PASMCs and culturing in vitro. 

 Egr-1 has a bipartite nuclear localization domain allowing for nuclear expression that is 

pivotal for its functional role as a transcription factor (97,128), though Egr-1 expression in the 

cytoplasm has also been reported in some cancer cell lines (129). We next tested whether PDGF-

induced Egr-1 expression was localized in the nucleus. Stimulation with PDGF-BB (20ng/ml, 0.5-

3hr) resulted in abundant and transient nuclear Egr-1 protein expression that was maximal at 1 hr 

(Fig. 31C), with Lamin B1 used as a nuclear loading control. These results show up-regulation of 

Egr-1 by PDGF in hPASMCs. 
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Figure 31. PDGF increases Egr-1 expression in hPASMCs. (A) Representative Western blotting 
images demonstrate increased Egr-1 protein expression in human pulmonary artery smooth muscle 
cells (hPASMC) following stimulation with PDGF-BB (20-100ng/ml, 1-3hrs). (B) EGR1 mRNA 
expression levels are increased in hPASMC following PDGF-BB treatment (20ng/ml, 0-8hrs) 
relative to GAPDH expression. (C) Western blotting with cytoplasmic and nuclear hPASMC 
fractions demonstrates PDGF-BB treatment (20ng/ml, 0-3hrs) induces EGR1 expression limited to 
the nucleus, with Lamin B1 is used as a nuclear loading control. Results are shown as mean ± SEM 
from at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control unless otherwise 
indicated. Image source: Sysol JR, Natarajan V, Machado RF. “PDGF Induces SphK1 Expression 
via Egr-1 to Promote Pulmonary Artery Smooth Muscle Cell Proliferation.” Am J Physiol Cell Physiol. 
2016 Jun 1;310(11):C983-92. 
 
 
 
 
 
E.   PDGF Induces Egr-1 Binding to the SphK1 Promoter in hPASMCs 

 Regions of the SphK1 promoter containing both EGR1-“B” and EGR1-“C” transcription 

factor binding sites are important for PDGF-induced SphK1 expression, with loss of the EGR1-“B” 

resulting in the greatest reduction in expression (Fig. 30D). Given these results, we sought to 

determine whether PDGF could induce direct binding of Egr-1 to the EGR1-“B” predicted site 

within the SphK1 promoter. Following stimulation of hPASMCs with PDGF-BB (20-100ng/ml, 1 

hr), ChIP studies coupled with quantitative real-time PCR demonstrated significantly increased 
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binding of Egr-1 protein to the EGR1-“B” DNA binding site within the SphK1 promoter (Fig. 

32A). Optimal chromatin shearing was achieved for these studies (Fig. 32B). To confirm these 

findings, standard PCR was used to amplify the EGR1-“B” binding site following 

immunoprecipitation with Egr-1 in hPASMCs treated with PDGF-BB (20-100ng/ml, 1hr). DNA gel 

electrophoresis for these studies demonstrated increased Egr-1 protein binding to the EGR1-“B” 

site within the SphK1 promoter relative to IgG controls, with resulting quantification of signal 

relative to input (Fig. 32C-D). 

 



 
  

 

74 

 
Figure 32. PDGF induces Egr-1 binding to the SphK1 promoter in hPASMCs. (A) ChIP real-
time PCR analysis demonstrates Egr-1 binding to the EGR1-“B” site within the SphK1 promoter 
following stimulation of hPASMC with PDGF (20-100ng/ml, 1 hr), with (B) optimized chromatin 
digestion of ChIP samples. (C-D) Representative DNA gel electrophoresis of ChIP PCR products 
demonstrates enhanced Egr-1 binding to the EGR1-“B” site within the SphK1 promoter following 
stimulation of hPASMC with PDGF (20-100ng/ml, 1 hr), with quantification of data signal relative 
to input. Results are shown as mean ± SEM from at least three experiments. **p < 0.01, ***p < 
0.001 vs. IgG control unless otherwise indicated. Image source: Sysol JR, Natarajan V, Machado RF. 
“PDGF Induces SphK1 Expression via Egr-1 to Promote Pulmonary Artery Smooth Muscle Cell 
Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 1;310(11):C983-92. 
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F.   PDGF Promotes SphK1 Expression and hPASMC Proliferation via EGR1. 

 PDGF-BB (20-100ng/ml, 48hr) increases proliferation of hPASMCs (Fig 33A). Since 

PDGF also enhances Egr-1 transcription factor expression, SphK1 expression, and binding of Egr-1

to the Sphk1 promoter, we aimed to determine whether silencing of Egr-1 could prevent PDGF-

induced SphK1 expression. SiRNA-mediated silencing of Egr-1 in hPASMCs resulted in >80% 

reduction in basal Egr-1 protein expression after 48 hr (Fig 33B-C). Egr-1 silencing also prevented 

induction of Egr-1 expression by PDGF-BB (20ng/ml, 1hr) (Fig. 33B-C).  

 Uncontrolled proliferation of PASMCs contributes to pulmonary vascular remodeling in 

PAH, but the mechanisms regulating the proliferative phenotype of these cells are poorly 

understood. Therefore, we next tested whether silencing of Egr-1 could alter proliferation of 

hPASMCs. Compared to scrambled siRNA controls, silencing of Egr-1 decreased basal and PDGF-

induced (20ng/ml, 48hr) proliferation of hPASMCs as measured by relative BrdU incorporation 

(Fig. 33D). In addition, silencing of Egr-1 attenuated PDGF-induced (20ng/ml, 6hr) expression of 

SphK1 in hPASMCs (Fig. 33E-F). Next, we used the highly specific SphK1 inhibitor, PF-543, to 

assess the importance of SphK1 in mediating PDGF-induced proliferation. Treatment of hPASMCs 

with PF-543 (100nM, 1hr pre-treatment) did not alter basal hPASMC proliferation, but significantly 

reduced PDGF-induced (20ng/ml, 48hr) proliferation (Fig. 33G). These results demonstrate the 

importance of the Egr-1/SphK1 signaling axis in the induction of hPASMC proliferation by PDGF. 
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Figure 33. PDGF promotes hPASMC proliferation and SphK1 expression via Egr-1. (A) 
BrdU-incorporation assays demonstrate enhanced proliferation of hPASMC following stimulation 
with PDGF-BB (20-100ng/ml, 48hrs). (B-C) siRNA-mediated silencing of EGR1 reduces basal and 
PDGF-induced (20ng/ml, 1hr) Egr-1 expression, with data quantification. (D) siRNA-mediated 
silencing of EGR1 reduces basal hPASMC proliferation and attenuates PDGF-induced (20ng/ml, 
48hr) proliferation. (E-F) siRNA-mediated silencing of EGR1 in hPASMC prevents the induction of 
SphK1 protein expression by PDGF-BB (20ng/ml, 6hr), with data quantification. (G) Selective 
SphK1 inhibition with PF-543 (100nM, 1hr pre-treatment) attenuates PDGF-induced (20ng/ml, 
48hr) proliferation but not basal proliferation. Results are shown as mean ± SEM from at least three 
experiments. **p < 0.01, ***p < 0.001 vs. untreated control unless otherwise indicated. Image 
source: Sysol JR, Natarajan V, Machado RF. “PDGF Induces SphK1 Expression via Egr-1 to 
Promote Pulmonary Artery Smooth Muscle Cell Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 
1;310(11):C983-92.  
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G.   PDGF Induces Egr-1 and SphK1 Expression via ERK in hPASMCs 

 Previous studies have identified the importance of the MAPK/ERK cascade in cell 

proliferation (43), Egr-1 activation (96), and PDGF-induced cell signaling (111). Here we explored 

whether MAPK/ERK signaling could be an upstream mediator of PDGF-induced EGR1 activation 

in hPASMCs. Treatment of hPASMCs with PDGF-BB (20ng/ml) resulted in enhanced ERK1/2 

phosphorylation at 15 minutes (Fig. 34A-B). Inhibition of ERK phosphorylation with U0126 

(10µM, 1hr pre-treatment), a highly selective inhibitor of MAPK/ERK kinases MEK1 and MEK2, 

resulted in reduced basal and PDGF-induced (20ng/ml, 48hr) hPASMC proliferation (Fig. 34C) 

and significant attenuation of PDGF-induced (20ng/ml, 1hr) Egr-1 protein expression in hPASMCs 

(Fig. 34D-E). U0126 (10µM) also inhibited induction of downstream SphK1 expression by PDGF 

(20ng/ml, 6hr) (Fig. 34F-G). These results demonstrate the critical importance of MAPK/ERK 

signaling in PDGF-induced proliferation, as well as Egr-1 and SphK1 expression in hPASMCs. The 

hypothesized mechanism of these events is outlined in Figure 35. 
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Figure 34. PDGF-induced Egr-1 and SphK1 expression is mediated by ERK in hPASMCs. 
(A-B) Representative Western blotting images and ERK-normalized quantification of protein levels 
demonstrate induction of ERK phosphorylation by PDGF (20ng/ml, 15min) in hPASMC. (C) 
U0126-mediated inhibition of ERK phosphorylation reduces basal hPASMC proliferation and 
attenuates PDGF-induced (20ng/ml, 48hr) proliferation. (D-E) Representative Western blotting 
images and β-actin-normalized quantification of protein levels demonstrate U0126-mediated 
inhibition of ERK phosphorylation attenuates Egr-1 induction by PDGF (20ng/ml, 1hr) in 
hPASMC and (F-G) attenuates SphK1 induction by PDGF (20ng/ml, 6hr) in hPASMC. Results are 
shown as mean ± SEM from at least three experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. 
untreated control unless otherwise indicated. Image source: Sysol JR, Natarajan V, Machado RF. 
“PDGF Induces SphK1 Expression via Egr-1 to Promote Pulmonary Artery Smooth Muscle Cell 
Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 1;310(11):C983-92.  
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Figure 35. Potential mechanism of PDGF-induced SphK1 expression and proliferation of 
hPASMCs in PAH. The PDGF/PDGFR signaling pathway is upregulated in PAH. Its activation 
induces phosphorylation of MAPK/ERK, nuclear expression of the EGR1 transcription factor, and 
subsequent upregulation of SphK1 gene expression. Increased intracellular SphK1 may then lead to 
S1P production in hPASMCs, resulting in enhanced proliferation. Abnormal hPASMC proliferation 
leads to pulmonary vascular remodeling and increased pulmonary vascular resistance in PAH. Image 
modified from: Sysol JR, Natarajan V, Machado RF. “PDGF Induces SphK1 Expression via Egr-1 
to Promote Pulmonary Artery Smooth Muscle Cell Proliferation.” Am J Physiol Cell Physiol. 2016 Jun 
1;310(11):C983-92. 
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VIII.   REGULATION OF SPHK1 EXPRESSION BY MICRORNA-1 IN PULMONARY 
HYPERTENSION 

 
 
*Portions of the text and figures were reprinted/modified with permission from: 

1.   Sysol JR, Chen J, Singla S, Zhao S, Comhair SAA, Natarajan V, and Machado RF. 2017. 

“MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 

Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J Physiol Lung Cell Mol Physiol. 

2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. (45) 

 
 
A.   Rationale 

 We have demonstrated that the SphK1/S1P signaling axis is important in regulating the 

development of HPH in preclinical rodent models (43). However, the mechanisms involved in the 

hypoxia-mediated upregulation of SphK1 expression in PAH and its contribution to hPASMC 

proliferation is currently not well understood. In this Chapter, we aimed to identify novel molecular 

mechanisms of hypoxia-induced hPASMC proliferation, focusing on the role of SphK1 expression 

and its regulation by microRNAs (miRs).  

 MiRs are small, non-coding RNAs that play important regulatory roles in animals and plants 

by base-pairing with complementary sequences within mRNA molecules, resulting in cleavage, 

translational repression, or destabilization (130-132). The importance of miRs in modulating 

complex gene expression networks (133) and their contributions to human disease pathogenesis 

have emerged, including in the field of cardiovascular biology (134). Recent studies have identified 

several miRs associated with cell-specific phenotypes in PAH and experimental models of 

pulmonary hypertension (135,136). The regulation of miR expression by hypoxia and their 

involvement in modulating the phenotype of SMCs have also been described (137,138). 
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 Arterial SMCs, unlike cardiac and skeletal myocytes, can switch to a highly proliferative and 

migratory state under various stimuli, including hypoxia and vascular injury (139). We hypothesized 

that hypoxia induces down-regulation of microRNAs targeting SphK1, contributing to enhanced 

hPASMC proliferation and migration. In this study, we demonstrate that miR-1 is decreased in 

PASMCs of PAH patients and is downregulated by hypoxia, a major contributor to PAH 

development, in both cultured PASMCs and in lung tissues from experimental models of PH. In 

addition, overexpression of miR-1 protected mice from hypoxia-induced PH and suppressed the 

expression of SphK1, a conserved lipid kinase that catalyzes formation of the pro-proliferative and 

pro-migratory lipid S1P. 

 
B.   MiR-1 Targets and Regulates the Expression of SphK1 in hPASMCs 

 To investigate the potential regulation of SphK1 by miRs, we performed in silico analysis of 

the human SphK1 3’-UTR to identify predicted miR response elements. This approach identified 

several putative binding sites, including miR-1-3p (miR-1) as the most highly predicted target of 

SphK1 with a high probability of down-regulation (7mer-m8 canonical site type, mirSVR score = -

0.6270) (48). MiR-1 and its SphK1 3’-UTR binding site are highly evolutionarily conserved across 

species, suggesting its importance in gene regulation. As bioinformatic analysis identified the 

putative binding site of miR-1 within the 3′-UTR of SPHK1, we hypothesized that this miR-1 may 

be a negative regulator of SphK1 expression in hPASMCs. To test this hypothesis, we utilized a 

luciferase reporter vector containing a sequence-verified clone of the SphK1 3’-UTR designed for 

microRNA target validation. To determine the interaction of miR-1 with the SphK1-3’UTR, we 

overexpressed or inhibited miR-1 expression using human miR-1 mimics or antagomirs, 

respectively, in hPASMCs co-transfected with the SphK1-3’UTR reporter vector. Overexpression of 

miR-1 resulted in reduced luciferase activity due to SphK1-3’UTR binding, while transfection of 

miR-1 antagomirs had no effect (Figure 36A-B). In addition, both protein and mRNA expression 
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levels of SphK1 were significantly decreased in hPASMCs following transfection with the miR-1 

mimics (Figure 36C-D, respectively), while miR-1 antagomirs did not alter SphK1 expression (data 

not shown). 

 

 

 

Figure 36. MiR-1 binds to the SphK1 3’-UTR and inhibits SphK1 expression in hPASMC. (A-
B) Transfection of hPASMCs with miR-1 mimics (50 nM), but not antagomirs (100 nM), 
significantly reduces luciferase activity of a SphK1 3’-UTR reporter construct relative to control. (C) 
Overexpression of miR-1 mimic (50 nM) in hPASMCs significantly decreases SphK1 protein 
expression and (D) mRNA expression at 48hrs. *p < 0.05, ***p < 0.001 relative to control. Image 
source: Sysol JR, et al. 2017. “MicroRNA-1 Is Decreased by Hypoxia and Contributes to the 
Development of Pulmonary Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J 
Physiol Lung Cell Mol Physiol. 2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
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C.   Lung Expression of MiR-1 and SphK1 are Dysregulated in Murine HPH Development 

 Hypoxia is associated with the pathogenesis of PAH and contributes to pulmonary vascular 

remodeling. We utilized a mouse model of experimental HPH to investigate the development of 

disease progression following 1, 7, 14, and 28 days of 10% O2 exposure, assessed by the 

measurement of RVSP and RVH. Mice developed significant elevations in RVSP by Day 14, and 

increased RVH and heart/body weight by Day 7, with increased severity of these parameters by Day 

28 (Figure 37A-C). Interestingly, the expression of miR-1 in whole lung was significantly reduced 

over time following hypoxia exposure (Figure 37D), and this paralleled an increase in lung SphK1 

protein expression (Figure 37E). Significant elevation in vessel wall thickness of small pulmonary 

arteries, due to medial hypertrophy of PASMCs, was also observed by Day 28 (data not shown), 

consistent with prior reports (43). These results demonstrate the utility of the HPH mouse model in 

studying the role of miR-1 expression. 
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Figure 37. MiR-1 is down-regulated in mouse lungs during the progression of HPH. (A-B) 
HPH development in mice is demonstrated by elevations in right ventricular systolic pressure 
(RVSP) and right ventricular hypertrophy (RVH, measured by RV/[LV+S]) over time (Day [D] 1-28 
of hypoxia). (C) Mouse heart/body weight change over the course of HPH development. (D) MiR-1 
expression normalized to RNU6-2 expression is reduced and (E) SphK1 protein expression is 
increased in mouse lungs during HPH development. *p < 0.05, **p < 0.01, ***p < 0.001 relative to 
control. Image source: Sysol JR, et al. 2017. “MicroRNA-1 Is Decreased by Hypoxia and 
Contributes to the Development of Pulmonary Vascular Remodeling via Regulation of Sphingosine 
Kinase 1.” Am J Physiol Lung Cell Mol Physiol. 2017 Nov 22. [Epub ahead of print] doi: 
10.1152/ajplung.00057.2017.  
 
 

 

D.  MiR-1 Expression is Reduced in PASMCs from PAH Patients and is Decreased by 

Hypoxia in hPASMCs 

 Since miR-1 was reduced in lungs from HPH mice, we investigated whether PASMCs 

isolated from patients with PAH had altered levels of miR-1. Expression of miR-1 was significantly 

reduced in PASMCs from PAH patients versus controls (Figure 38A). We then tested whether 

hypoxia could alter miR-1 expression in hPASMCs. Hypoxia exposure (3% O2) increased the 

proliferative phenotype of hPASMCs over time (Figure 38B) and significantly reduced the 

expression of miR-1 normalized to RNU6-2 expression (Figure 38C). These data are consistent 
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with our hypothesis that hypoxia may downregulate miR-1, leading to increased SphK1 expression 

and enhanced cell proliferation. Since overexpression of miR-1 mimics in hPASMCs can reduce 

Sphk1 protein expression under normoxic conditions (Figure 36C), we tested whether it could also 

prevent the induction of SphK1 expression by hypoxia. As shown in Figure 38D-E, miR-1 

overexpression attenuates SphK1 expression under hypoxic conditions in hPASMC over time, 

suggesting a significant role of miR-1 in directly targeting the 3’-UTR of SphK1. The transient 

transfection of miR-1 mimics sustained expression at 72 hr, with the most robust expression at 

24hrs (data not shown). 

 
 
 

 
 
Figure 38. MiR-1 is decreased in hPASMCs from PAH patients, is downregulated by 
hypoxia, and prevents hypoxia-induced SphK1 expression. (A) MiR-1 expression normalized to 
RNU6-2 expression is reduced in hPASMCs isolated from PAH patients versus controls. (B) 
Stimulation of hPASMCs with hypoxia induces proliferation (24-48hrs, 3% O2). (C) Hypoxia (3% 
O2) induces down-regulation of miR-1 expression over time in hPASMCs. D-E) MiR-1 
overexpression in hPASMCs attenuates hypoxia-induced SphK1 protein expression (24-72hr, 50nM 
mimics). *p < 0.05, **p < 0.01, ***p < 0.001 relative to control. Image source: Sysol JR, et al. 2017. 
“MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 
Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J Physiol Lung Cell Mol Physiol. 
2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
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E.   MiR-1 Regulates the Proliferation of hPASMCs 

 Because miR-1 is significantly decreased in the hypoxia-induced proliferative state of 

hPASMCs, we investigated whether altering miR-1 levels with the transfection of miR-1 mimics 

could alter the proliferative phenotype in these cells. Overexpression of miR-1 mimics at increasing 

concentrations reduced the proliferative capacity of hPASMC in both normoxic and hypoxic 

conditions, respectively (Figure 39A-B), and these changes were not caused by enhanced 

cytotoxicity measured by LDH release (data not shown). Differences in proliferation were also 

observed by light microscopy, with a substantial reduction in the number of hPASMCs at both 

normoxia and hypoxia following miR-1 overexpression (Figure 39C-D).  
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Figure 39. MiR-1 overexpression inhibits hPASMC proliferation in normoxia and hypoxia. 
(A) Overexpression of miR-1 mimics in hPASMCs (50-100 nM) significantly reduces proliferation in 
normoxia and (B) hypoxia (3% O2, 24-48hrs). (C-D) Representative images of hPASMCs 
demonstrating miR-1 mimic overexpression in normoxia and hypoxia reduces the rate of 
proliferation (24hrs, 10x magnification). **p < 0.01, ***p < 0.001 relative to control. Image source: 
Sysol JR, et al. 2017. “MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development 
of Pulmonary Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J Physiol Lung Cell 
Mol Physiol. 2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
 
 
 
 
F.   MiR-1 Regulates the Migration of hPASMCs 

 Both hPASMC proliferation and migration contribute to pathogenic pulmonary vascular 

remodeling in PAH. Based on the findings that miR-1 overexpression greatly reduced hPASMC 

proliferation in vitro, we tested whether miR-1 overexpression could also attenuate normoxic or 
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hypoxia-induced hPASMC migration. In a transwell assay, hPASMCs migrated over time under 

normoxic conditions, and, as expected, migration increased when these cells were exposed to

hypoxia for 12-48 hrs (Figure 40A-B). Overexpression of miR-1 inhibited the migration of 

hPASMCs at normoxia, and further reduced the migration under hypoxic conditions (Figure 40C-

D). This significant reduction in migratory capacity under hypoxia demonstrates the importance of 

diminished miR-1 expression during this synthetic state of hPASMCs. Thus, reduced miR-1 

expression in hypoxia can enhance both proliferation and migration in this cell type during in vitro 

conditions that contribute to pulmonary vascular remodeling. 
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Figure 40. MiR-1 overexpression inhibits hPASMC migration in hypoxia. (A) Stimulation of 
hPASMCs with hypoxia induces cell migration in a transwell assay (12-48hrs, 3% O2), with (B) 
representative images (10x magnification). (C) Overexpression of miR-1 mimics in hPASMCs (50 
nM) significantly reduces hypoxia-induced cell migration (3% O2, 24hrs), with (D) representative 
images (10x). *p < 0.05, **p < 0.01, ***p < 0.001 relative to control, unless otherwise indicated. 
Image source: Sysol JR, et al. 2017. “MicroRNA-1 Is Decreased by Hypoxia and Contributes to the 
Development of Pulmonary Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J 
Physiol Lung Cell Mol Physiol. 2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
 
 
 
 
G.   Systemic MiR-1 Delivery Protects from the Development of HPH in Mice 

 To test whether increasing expression of miR-1 in vivo could prevent HPH development, we 

delivered either non-targeting or miR-1 mimics via retro-orbital injection to mice weekly throughout 

their 4-week hypoxia course. Systemic administration of miR-1 mimics prevented the reduction in 

miR-1 expression induced by hypoxia, which resulted in a 4- to 5-fold increase in expression in the 
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lung assessed by real-time qPCR. Compared to controls, mice receiving miR-1 mimics were 

protected against the development of HPH, with significant attenuation of RVSP elevation and 

RVH (Figure 41A-C). Hypoxia-induced pulmonary vascular remodeling was also reduced with miR-

1 mimic treatment (Figure 41D-F). No changes were observed in any of these parameters under 

normoxic conditions with miR-1 administration. To test whether increased miR-1 expression altered 

SphK1 expression in this model, we measured SphK1 protein in lung tissues. Overexpression of 

miR-1 had no significant effect on SphK1 under normoxic conditions, but reduced SphK1 

expression induction with hypoxia exposure (Figure 42A-B). To test whether SphK1 expression 

was altered in mouse PASMCs receiving miR-1 mimics, we measured both SphK1 and alpha-

smooth muscle actin (α-SMA), a marker for smooth muscle cells, by immunofluorescence imaging in 

histological lung sections. Sphk1 expression co-localized with α-SMA and was significantly reduced 

in mice receiving miR-1 mimics in both normoxic and hypoxic conditions (Figure 42C). These 

results indicate that overexpression of miR-1 mimics reduces the development of experimental 

HPH, and together with the in vitro data presented in this study, suggest that altered expression of 

SphK1 expression by miR-1 may contribute to disease pathogenesis. 

 

 
  



  

 

91 

 
 

 
 
Figure 41. MiR-1 overexpression in vivo prevents the development of HPH in mice. 
Compared to controls, mice in the HPH model receiving systemic miR-1 mimics (7.8 mg/kg) 
develop less severe (A-B) RVSP elevation, (C) RVH, and (D-E) pulmonary vascular remodeling in 
arteries with diameters <50 µM and 50-100 µM, respectively. (F) Representative histological images 
of small pulmonary arteries in normoxia and hypoxia, with and without treatment of systemic miR-1 
mimics. Scale bar = 20µm. *p < 0.05, **p < 0.01, relative to control. Image source: Sysol JR, et al. 
2017. “MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 
Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J Physiol Lung Cell Mol Physiol. 
2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
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Figure 42. MiR-1 overexpression attenuates induction of SphK1 in lungs and PAs of HPH 
mice. (A) Representative western blotting in whole lung tissues from mice with HPH demonstrates 
attenuation of SphK1 expression following systemic miR-1 mimic administration (7.8 mg/kg), with 
(B) data quantification relative to actin expression. (C) Immunofluorescence staining demonstrates 
that hypoxia-induced SphK1 protein expression in small pulmonary arteries is reduced in miR-1 
mimic-treated mice compared to controls. Scale bar = 20 µm. *p < 0.05, relative to control. Image 
source: Sysol JR, et al. 2017. “MicroRNA-1 Is Decreased by Hypoxia and Contributes to the 
Development of Pulmonary Vascular Remodeling via Regulation of Sphingosine Kinase 1.” Am J 
Physiol Lung Cell Mol Physiol. 2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. 
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IX.   DISCUSSION AND FUTURE DIRECTIONS 
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1;310(11):C983-92. (44) 

3.   Sysol JR, Chen J, Singla S, Zhao S, Comhair SAA, Natarajan V, and Machado RF. 2017. 

MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 

Vascular Remodeling via Regulation of Sphingosine Kinase 1. Am J Physiol Lung Cell Mol Physiol. 

2017 Nov 22. [Epub ahead of print] doi: 10.1152/ajplung.00057.2017. (45)  

 
 
A.   Chapter IV: SphK1 and S1P Contribute to the Development of PH 

 PAH is a progressive lung disease for which morbidity and mortality remains high and new 

therapies targeting pulmonary vascular remodeling are needed. The studies presented in Chapter IV 

demonstrate that the SphK1/S1P signaling axis is a novel and therapeutic target in PAH. We show 

that SphK1 and S1P are upregulated in patients with PAH and in experimental HPH models, and 

that SphK1 genetic deficiency or pharmacologic inhibition protects against the development of 

experimental PH. A decrease in S1P breakdown by Sgpl1 promoted the development of HPH. 
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 S1P works through numerous mechanism both intracellularly and extracellularly which may 

contribute to its role in the pathogenesis of PAH. For example, the ability of S1P to induce SMC 

contraction and vasoconstriction has been described in isolated pulmonary arteries of rats (140) and 

in an isolated mouse lung model via S1PR2 (141). Similar findings of S1P-mediated vasoconstriction

were observed in an isolated rat lung model (142). Other mechanism through which S1P can 

mediate vascular tone are increasing store-operated calcium entry into SMCs (143). S1P can also 

induce cell PASMC proliferation to promote pulmonary vascular remodeling, as discussed in further 

detail in the following section.  

 We demonstrated that SphK1 expression was upregulated in PAH patients and in rodent 

models of HPH. Hypoxia-induced upregulation of HIF1α, growth factors, and inflammatory 

cytokines are known to be key mediators in the pathogenesis of PAH. Interestingly, hypoxia has 

been shown to induce expression of SphK1 and promote proliferation in human PASMCs and 

PAECs (144,145), partly mediated by hypoxia-responsive elements located within SphK1 promoter. 

SphK1 itself has been described as an activator of HIF1α expression via the Akt/GSK-3β signaling 

pathway in cancer cells, which may induce a positive feedback loop to drive proliferation (103). The 

activation of HIF1α by the SphK1/S1P was explored in Chapter VI of this dissertation and 

discussed in Section C below. 

 The induction of growth factors, including PDGF and VEGF by hypoxia occur in PASMCs 

and are involved in the pathogenesis of PAH (146,147). This may be one mechanism regulating the 

induction of SphK1/S1P in PAH, given the significant crosstalk between growth factor and 

sphingolipid signaling pathways and the ability of PDGF to induce SphK1 expression in various 

smooth muscle cell types (126,148). Mechanistic molecular studies to describe the role of PDGF-

induced SphK1 expression in PASMCs were demonstrated in Chapter VII of this dissertation and 

described in Section D below. 
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 Lastly, recent data suggest that SphK1 expression can be induced by inflammatory stimuli 

and cytokines, such as LPS (149) and IL-1 (150). Inflammatory cells are found in and around 

pulmonary vascular lesions in PAH patients, and increased levels of circulating IL-1 have been 

reported (151). Further studies to explore the impact of hypoxia, growth factor, and inflammatory 

signaling on elevations of SphK1/S1P in PAH are warranted and may yield important insight into 

disease pathogenesis.  

 
 
B.   Chapter V: SphK1 and S1P Promote PASMC Proliferation via S1PR2 Signaling 

 The studies in Chapter V demonstrate that S1P/S1PR2 promotes PASMC proliferation via 

ERK signaling and can activate STAT3 signaling. In support of these findings, we showed that 

S1PR2 inhibition using JTE-013 prevents and reverses the development of HPH in mice. Together, 

these experiments highlight S1P/S1PR2 as a novel signaling pathway involved in pulmonary vascular 

remodeling in PAH.  

 The hyper-proliferation and resistance to apoptosis of cells within the pulmonary vascular 

wall, including PASMCs, are well known components of the pathobiology of PAH, and these 

features have been compared to cancer (152). In addition to the known role of the SphK1/S1P 

pathway in mediating pulmonary vascular tone, our results demonstrate that both SphK1 and S1P 

promote PASMC proliferation and contribute to pulmonary vascular remodeling associated with 

PAH. These data are consistent with the pro-proliferative effects of S1P described in numerous 

other cell types (153-155). Though not investigated in these studies, S1P is also known to inhibit 

apoptosis by modulating expression of key anti- and pro-apoptotic mediators, including BAX and 

BID (156). Changes in these factors and their association with S1P signaling could be measured in 

future studies to assess their role in PAH pathogenesis.  
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 Up-regulation of SphK1 protein and mRNA levels were observed in the lungs of PAH 

patients and rodent PAs exposed to chronic hypoxia. We also demonstrated that overexpression of 

SphK1 promoted hPASMC proliferation. These findings support the model of “inside-out” 

signaling, where intracellular S1P produced by SphK is released from the cell via transporters, 

allowing for activation of nearby S1PRs. S1P could also mediate paracrine effects on neighboring 

cells, such as PAECs, to induce proliferation and neointimal formation. 

 Our data suggest that S1P promotes PASMC proliferation in an ERK-dependent manner via 

ligation of S1PR2. We demonstrated that S1PR2 expression is increased in PASMCs isolated from 

PAH patients and that inhibition of S1PR2 inhibits PASMC proliferation. S1PR2 was also shown to 

mediate S1P-induced ERK phosphorylation. In addition, S1PR2 inhibition via JTE-013 attenuated 

HPH in mice. Ligation of S1PR2 has been shown to prevent systemic vascular SMC migration (157) 

and to promote differentiation (158). Since our data describe the role of S1PR2 in the migration and 

proliferation of PASMCs, downstream signaling events of S1P/S1PR2 may differ between cell types. 

In muscle repair, S1P enhances satellite cell proliferation via S1PR2-dependent inhibition of RAC1 

and repression of cell cycle inhibitors p21 and p27 (61). Importantly, transfection of S1PR2 and 

S1PR3 enhances S1P-mediated cell proliferation and inhibition of apoptosis via activation of the 

ERK pathway in hepatoma cells (60), consistent with our findings of S1PR2 signaling being pro-

proliferative in hPASMCs.  

 Finally, our data suggest that S1P promotes STAT3 phosphorylation via S1PR2. STAT3 

activation has been shown to be involved in the pro-survival and proliferative pulmonary vascular 

phenotype seen with PAH (70,72). We also demonstrated that STAT3 phosphorylation was basally 

increased in PASMCs of PAH patients and that STAT3 plays a role in S1P-induced hPASMC 

proliferation. The mechanisms of how S1P activates STAT3 and the downstream effects of this 

process on PASMC proliferation and pulmonary vascular remodeling are planned in future studies.  
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 In summary, these data demonstrate that SphK1/S1P/S1PR2 signaling are important in 

mediating PASMC proliferation, an important process in the development of obstructive pulmonary 

vascular lesions in PAH. This pathway is therefore a potential therapeutic target in PAH that should 

be explored in future preclinical and clinical studies.  

C.   Chapter VI: S1P Signaling Activates HIF1α in PASMCs 

 S1P and hypoxia are both implicated in PAH and can stimulate hPASMC proliferation. In 

Chapter VI, we studied the activation of HIF1α by S1P under normoxic conditions in hPASMCs. 

We demonstrated that S1P/S1PR2 induces nuclear expression of HIF1α and increases expression of 

several of its downstream targets, including VEGFA and GLUT1. These studies identified S1P as a 

novel activator of HIF1α in PASMCs and suggest its importance in contributing to pulmonary 

vascular remodeling. 

 Hypoxia-inducible factor 1 (HIF1) is a heterodimeric transcription factor comprised of an α 

subunit (HIF1α) and a constitutively expressed β subunit (HIF1β). In hypoxic conditions, HIF1 is 

the master regulator of cellular responses, including modulating energy metabolism, proliferation, 

migration, angiogenesis, and extracellular matrix reorganization (79). HIF1α is constitutively 

synthesized and usually undergoes hydroxylation by prolyl hydroxylases, polyubiquitination by 

pVHL, proteasomal degradation under normoxic conditions. In hypoxia, prolyl hydroxylases are 

inactivated and HIF1α is stabilized, allowing for the induction of target gene transcription. 

Overexpression of HIF1α is seen in many different tumor types and contributes to cancer cell 

proliferation (84). Mice deficient for HIF1α have embryonic lethality, but it has been demonstrated 

that heterozygous HIF1α mice have impaired responses to chronic hypoxia, including attenuated 

pulmonary vascular remodeling and RVH (159). Recently, HIF1α in SMCs has been shown to 

contribute to pulmonary vascular remodeling and pulmonary hypertension in chronic hypoxia (160).  



 

 

98 

 Studies suggest that positive feedback loops may sustain amplification of HIF1α in PAH 

pathobiology. During prolonged hypoxia exposure of PASMCs, ET-1 has been shown to induce 

HIF1α expression levels by up-regulating transcription and down-regulating of PHD2-mediated 

degradation (161). PASMCs with diminished mitochondrial ROS production have been shown to 

activate HIF1α in normoxia that inhibited voltage-gated potassium channels (162). Evidence also 

suggests that ROS can induce HIF1α levels through inhibition of prolyl hydroxylases and indirectly 

through activation of Akt/GSK3β signaling (100,101). Our studies demonstrate that S1P can also 

activate HIF1α expression in PASMCs, contributing to its accumulation in PAH. Interestingly, S1P 

has been shown to induce ROS in pulmonary alveolar epithelial cells, so this may be a potential 

mechanism of normoxic HIF1α activation in hPASMCs (163). 

 Mechanistically, we found that S1P induces expression of Egr-1 via ligation to S1PR2 and 

activation of downstream ERK signaling. Egr-1 has a binding site within the proximal HIF1α 

promoter, and previous studies in prostate cancer cells have shown that binding to this site is 

required for transactivation of HIF1α (98). The induction of Egr-1 by placenta growth factor in 

human pulmonary microvascular endothelial cells has also been demonstrated to regulate expression 

of HIF1α (164). Further studies are needed to confirm the physical binding of Egr-1 to the HIF1α 

promoter and the importance of this interaction in S1P-mediated HIF1α accumulation in hPASMCs.  

 In addition to studying the transcriptional upregulation of HIF1α by S1P, we also 

demonstrated that S1P induces phosphorylation of GSK-3β in hPASMCs as this effect is attenuated 

by inhibiting ERK signaling. This phosphorylation of GSK-3β is usually mediated by the PI3K/Akt 

pathway and is known to cause stabilization and nuclear accumulation of HIF1α (165). Interestingly, 

conflicting studies in have shown that inhibition of GSK-3β leads to accumulation of HIF1α due to 

enhanced mRNA stability, not protein stabilization (166). Additional studies to determine the 

potential role of GSK-3β phosphorylation on S1P-induced HIF1α expression are warranted and 
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would provide novel insight into the normoxic activation of HIF1α present in PAH and many other 

disorders. Studies to examine the mRNA and protein stability of HIF1α under these conditions are 

also important in determining possible interventions to prevent its accumulation. 

 HIF1α has also been shown to up-regulate cyclin D1 (CD1) and anti-apoptotic Bcl-xL and 

down-regulate the cell cycle inhibitors p21 and p27 (167-169), which may influence S1P-mediated 

hPASMC proliferation. To further explore the role of S1P-mediated HIF1α activation in modulating 

these targets, protein expression of these targets could be determined in S1P-treated PASMCs 

following silencing or inhibition of HIF1α. An alternative approach to investigating S1P-mediated 

HIF1α expression could be to measure expression of additional upstream mediators of HIF1α, 

including pVHL, Akt, and mammalian target of rapamycin (mTOR) (168,170,171). The role of other 

HIF family members, such as HIF1β and HIF2, and of prolyl hydroxylases could also be 

investigated in future studies. 

 
 
D.  Chapter VII: Role of PDGF in Inducing SphK1 in PASMCs 

 Given the important role of both PDGF and SphK1/S1P in the pathobiology of PAH 

(43,108), we investigated whether PDGF-induced proliferation of hPASMCs involves induction of 

SphK1 expression and potential mechanisms by which this may occur. In Chapter VII, we 

demonstrated that 1) PDGF induces SphK1 and Egr-1 transcription factor expression in hPASMCs, 

2) PDGF-mediated Sphk1 transcriptional activity is mediated through binding of Egr-1 to the 

proximal SphK1 promoter, 3) Egr-1 and SphK1 are important for PDGF-induced hPASMC 

proliferation, 4) down-regulation of Egr-1 attenuates PDGF-induced expression of SphK1 in 

hPASMC, and 5) ERK phosphorylation is critical for induction of Egr-1 and SphK1 by PDGF. Our 

data describe a novel mechanism contributing to PASMC proliferation in PAH and identify the 

PDGF/Egr-1/SphK1 pathway as a potential therapeutic target.       
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 PDGF-BB is released by endothelial cells and platelets during vascular injury and can 

stimulate hPASMC proliferation and migration (108,113). The role of PDGF and its receptors in the 

pathobiology of PAH is well established, and the utility of pharmacologically targeting this pathway 

in PAH have been proposed (108,117). One recent study found that in a rodent model of chronic 

hypoxia-mediated PH, mice genetically engineered with constitutively active PDGFR-β expression 

developed more severe pulmonary vascular remodeling than with chronic hypoxia alone (116). 

PDGF receptor antagonism using imatinib has also been shown to reverse advanced pulmonary 

vascular disease in several animal models of PH, including reversal of vascular remodeling and cor 

pulmonale (109). Clinically, the use of imatinib in several cases of refractory PAH has led to 

improvements in exercise capacity, hemodynamics, and functional class (119,120). Here, we 

demonstrate that PDGF can stimulate SphK1 expression in hPASMCs and that regions of the 

proximal SphK1 promoter are important for this induction. In other cell types, PDGF-induced 

SphK1 activity has been shown to increase intracellular S1P levels and is important in mediating 

proliferation, due in part to the ability of S1P to mobilize calcium and enhance levels of mitogenic 

phosphatidic acid (124,125,172). In addition, silencing of SphK1 in mouse embryonic fibroblast cells 

reduces PDGF-induced migration (63). We recently reported that levels of both SphK1 and S1P are 

elevated in patients with PAH and in rodent models of experimental PH, and that SphK1/S1P 

promote hPASMC proliferation (43). Genetic deletion or pharmacologic inhibition of SphK1 also 

protects from the development of experimental PH in several rodent models (43). The present data 

indicate the importance of PDGF signaling in activating SphK1 in hPASMCs, mechanistically 

linking these important pathways in PAH which contribute to vascular remodeling. 

 The SphK1 promoter deletion and ChIP analyses identified the importance of Egr-1 in 

mediating PDGF-induced SphK1 expression via nuclear translocation and binding to the proximal 

promoter. Egr-1 is a highly conserved, Cys2His2 type zinc-finger transcription factor known to be 
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induced by a variety of stimuli such as oxidative stress, shear stress, and growth factors, including 

PDGF (173-176). In patients with both congenital heart disease‒associated PAH and idiopathic 

PAH, Egr-1 expression is abundant in plexiform lesions and in smooth muscle cells in vessels with 

severe concentric intimal fibrosis (177). Enhanced expression of Egr-1 has also been shown in the 

pulmonary vascular smooth muscle cell layer in human PAH and in a severe MCT-induced PAH rat 

model, which directly correlated with the degree of pulmonary vascular remodeling (178). 

Expression of Egr-1 has also been shown to be increased in the lung and pulmonary vascular cells in 

response to hypoxia, where it can activate several downstream targets involved in vascular 

remodeling in PAH (178,179). Interestingly, in a rat model of flow-associated PAH in rats, down-

regulation of Egr-1 in vivo led to reduced expression of vascular PDGF-BB, less vascular 

proliferation, and increased apoptosis (178). 

 Here, we report that Egr-1 expression is rapidly induced in the nucleus of hPASMCs 

following PDGF stimulation, and that activation of Egr-1 is important for PDGF-induced SphK1 

expression and cell proliferation. Using a specific SphK1 inhibitor, PF-543, we also demonstrate that 

SphK1 is involved in mediating PDGF-induced hPASMC proliferation. PF-543 did not alter basal 

proliferation, confirming previous findings that this drug does not inhibit DNA synthesis in 

hPASMCs (180). Our studies are also consistent with reports in other cell types that induced 

expression of Egr-1 is important in the control of cell proliferation, survival, and arteriogenesis 

(181,182). In addition to the novel activation of SphK1 by Egr-1 in hPASMCs presented here, the 

role of Egr-1 in activating other genes involved in regulation of vascular proliferation, inflammation, 

and apoptosis, including PDGF, TGF-β, IL-6, and p53, have been reported (178). These findings 

collectively highlight the importance of Egr-1 in key components of vascular remodeling, and 

suggest that targeting this pathway may be therapeutically beneficial in PAH. Several putative Egr-1 

binding sites were identified within the SphK1 promoter, and this study explored the role of the 
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EGR1-“B” site in detail due to the importance of the promoter region containing this site in SphK1 

transcriptional activation. Future studies investigating the other potential Egr-1 binding sites may be 

important in determining the mechanistic regulation of SphK1 in other cell types or in response to 

other stimuli that activate Egr-1. 

 To further explore the mechanisms of PDGF-induced Egr-1 and downstream SphK1 

expression in hPASMCs, we investigated the influence of the ERK signaling pathway. We 

demonstrate that ERK1/2 phosphorylation is important for basal and PDGF-induced hPASMC 

proliferation and is critical for activation of Egr-1 and SphK1 expression by PDGF. The U0126 

inhibitor used in these studies acts directly upon MEK1/2, so is highly specific in blocking ERK1/2 

phosphorylation. The other MAPKs JNK and p38 are phosphorylated by MEK4/7 and MEK3/6, 

respectively (183). Our results demonstrate a nearly complete loss of PDGF-induced Egr-1 

expression with U0126, suggesting that JNK and p38 are less involved in this signaling pathway in 

hPASMCs. Importantly, several supportive lines of evidence from the literature have demonstrated 

that inhibition of ERK1/2 phosphorylation can reduce hPASMC proliferation induced by a variety 

of stimuli in vitro, including hypoxia, BDNF, and peroxynitrite (66-68). Experiments to more 

precisely characterize the role of other downstream targets of ERK1/2 in PDGF-induced PASMC 

proliferation may be relevant to PAH pathobiology and could be explored in future studies. 

 The role of ERK-dependent activation of Egr-1 by numerous stimuli, including PDGF, has 

been described in other vascular smooth muscle cell types (174,175,184). In mouse macrophages, 

inhibition of in ERK1/2 phosphorylation and activation resulted in reduced Egr-1-induced tissue 

factor (TF) expression. Lysophosphatidic acid-induced Egr-1 expression has also been shown to be 

dependent on the MEK/ERK and JNK cascades (96). Importantly, increased levels of ERK 

phosphorylation have been demonstrated in mouse and rat lung tissues and in the medial layer of 

vascular lesions in several models of experimental PH (109,185,186). Administration of imatinib in a 
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monocrotaline-induced PH rat model strongly inhibited phosphorylation/activation of both 

PDGFR and ERK1/2 and reversed PH development (109), demonstrating an important 

relationship between PDGF and ERK signaling.  

 Notably, Egr-1 is also known to enhance expression of PDGFR (178), and S1P can induce 

mRNA and protein expression of PDGF-A and -B in vascular smooth muscle cells and neointimal 

cells from injured arteries (187). We therefore hypothesize that signaling of PDGF/ERK/Egr-1 in 

hPASMCs may create a positive feedback loop to generate additional PDGF/PDGFR. This would 

then lead to increased expression of SphK1 and other Egr-1 target genes involved in pulmonary 

vascular remodeling. Interestingly, the role of SphK1/S1P signaling as a positive regulator of Egr-1 

has also been reported in several other cell types (95,188,189). Since our studies indicate that Egr-1 

can activate expression of SphK1, which produces S1P, a positive feedback loop may be formed by 

the generation of additional Egr-1 expression. However, this loop may not be evident in cultured 

PASMCs since a biphasic induction of Egr-1 expression following PDGF stimulation has not been 

observed at time points as late as 48 hrs in our studies (data not shown). Future mechanistic studies 

to explore additional directions of the SphK1 activation pathway in PASMCs are warranted. 

The process of pulmonary vascular remodeling in PAH also involves dysfunction and activation of 

other cell types besides smooth muscle, including endothelial cells and fibroblasts (190). During end-

stage disease in a rat model of flow-associated PAH, Egr-1 expression was shown to be increased in 

both the medial smooth muscle and endothelial vessel layers (178). This study also demonstrated 

that down-regulation of Egr-1 increased vascular cell apoptosis, predominantly in the endothelial 

layer (178). While the present study focused on the proliferative phenotype of PASMCs, the role of 

PDGF activation of SphK1 in these other cells types and their crosstalk with PASMCs warrants 

further investigation. 
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 Vascular smooth muscle cells, including PASMCs, have high plasticity compared to 

terminally-differentiated skeletal or cardiac muscle cells (191). Various environmental stimuli, 

including growth factors and changes in oxygen tension, can cause PASMCs to undergo a transition 

from a quiescent to highly proliferative phenotype (191). These changes are apparent under 

pathological conditions in PAH, where PASMCs demonstrate an increased proliferation and 

migration rate due in part to increases in cytosolic calcium concentration, ultimately leading to vessel 

obstruction and enhanced pulmonary vascular resistance (190,192). Here, we have demonstrated 

that PDGF-induced ERK/Egr-1 signaling is a novel pathway in hPASMCs that enhances SphK1 

expression and cell proliferation. These studies advance our understanding of the ability of external 

stimuli in PAH to upregulate SphK1 expression and highlight the therapeutic potential of targeting 

this pathway in PAH to prevent or reverse pulmonary vascular remodeling. 

 
  
E.   Chapter VIII: Regulation of SphK1 by MiR-1 in PH 

 Despite active research in uncovering the pathogenic mechanisms resulting in PAH, 

therapies targeting the prevention or reversal of pulmonary vascular remodeling and subsequent 

elevations in pulmonary arterial pressure have not been successful. The studies presented in Chapter 

VIII provide evidence of the role of miR-1, a muscle-specific microRNA, and its posttranscriptional 

regulation of SphK1 in the pathogenesis of PAH and highlights its potential as a therapeutic target.  

 Using an in silico approach, we identify miR-1 as a potential regulator of SphK1 expression. 

We found that miR-1 is highly down-regulated by hypoxia in hPASMC, as well as in the lungs of 

mice throughout the progression of experimental HPH, coincident with increased SphK1 

expression. Expression of miR-1 was also significantly reduced in PASMCs isolated from patients 

with PAH. Hypoxia-mediated decreases in miR-1 expression were associated with enhanced 

hPASMC proliferation and migration in vitro, and overexpression of miR-1 inhibited these effects. 
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Additionally, we provide in vivo evidence that miR-1 overexpression prevents the development of 

experimental HPH and reduces the overexpression of SphK1 in PASMCs in this model. Although 

there are likely multiple mRNAs targets of miR-1, the regulation of SphK1 expression is consistent 

with our findings that this kinase is highly influential in promoting PASMC proliferation and the 

development of experimental pulmonary hypertension (43). These experiments describe a novel role 

of miR-1 in regulating the intricate molecular mechanisms underlying pathogenic pulmonary 

vascular remodeling in PAH. 

 Work from our group has demonstrated that elevated levels of both S1P and SphK1 in the 

lung are associated with PAH (43). These studies showed that both genetic knockout of SphK1 in 

mice and pharmacologic SphK1 inhibition in rats could prevent the development of hypoxia-

mediated PH. Inhibiting the S1PR2 in mice also prevented PH development, and mice heterozygous 

for S1P lyase, which catabolizes S1P, were more susceptible to PH (43). Together, these studies 

define the role of SphK1/S1P signaling in PAH. Here we identified miR-1 as a negative regulator of 

SphK1 expression. Under basal conditions, normal miR-1 expression limits SphK1 expression, 

whereas in hypoxia the reduction in miR-1 allows for SphK1 upregulation at both mRNA and 

protein levels. 

 Unrestrained PASMC proliferation and migration, as well are hypoxic vasoconstriction, are 

major contributors to pulmonary vascular remodeling in PAH, and upregulation of the SphK1/S1P 

signaling axis has been implicated in these pathogenic processes (43,193,194). We have previously 

demonstrated that both overexpression of SphK1 and stimulation with S1P promotes the 

proliferative phenotype of hPASMCs. Several studies have also reported that miRNAs can regulate 

cell proliferation and migration associated with vascular remodeling by several mechanisms, 

including targeting of channels, mitochondrial function, and BMPR2 signaling pathways (195). Here, 

we report that miR-1 is downregulated in PASMCs isolated from PAH patients, and overexpression 
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of miR-1 can reduce hypoxia-induced SphK1 expression and attenuate PASMC proliferation and 

migration. These studies indicate the critical role of miR-1 in regulating pulmonary vascular 

remodeling in PAH. The relevance of these findings also extends beyond PAH, as SphK1 and S1P 

are well-known mediators of cell proliferation, apoptosis resistance and angiogenesis in myriad cell 

types, including cancer cells (15,16). 

 Shared features of cancer development with the unrestricted vascular cell proliferation, 

apoptosis resistance, and glycolytic shifts of PAH have recently been appreciated (196,197). In both 

cases, a “pseudo-hypoxic environment” is present where glycolysis is predominant and hypoxia-

inducible factor-1α is activated under normoxia. These observations are consistent with our findings 

of reduced miR-1 expression in PASMCs isolated from PAH patients in normoxic conditions. 

Importantly, inhibiting the oncogenic properties of SphK1 have shown efficacy in preclinical studies 

to decrease tumor growth (17,18), therefore induction of miR-1 to limit SphK1 expression may be 

beneficial. Recent reports have also associated downregulation of miR-1 with cancer development, 

including in lung squamous cell carcinoma (198), colon cancer (199), clear cell renal carcinoma (200), 

and prostate cancer (201), via its modulation of cell proliferation, migration, and invasion. In 

addition, miR-1 expression is significantly lower in colorectal carcinoma tissue compared to adjacent 

normal mucosa due to hyper-methylation of its upstream CpG island, consistent with reduced 

expression levels (202). The same study also found that liver metastatic tissues exhibited lower miR-

1 expression compared to adjacent normal mucosa. These studies suggest the ubiquitous role of 

miR-1 in the regulation of cell proliferation and our consistent with our findings that miR-1 is anti-

proliferative in PASMCs. Expression of miR-1 can also act as a tumor suppressor, as demonstrated 

in esophageal squamous cell carcinoma via targeting of LASP1 and TAGLN2 (203), breast cancer 

stem cells by inhibiting the Wnt/β-catenin pathway (204), and gastric cancer cells via targeting of 
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MET (205). These studies highlight the importance of downstream targets of miR-1 other than 

SphK1, which warrant future investigations in PAH pathobiology. 

 In addition to studies linking aberrant miR-1 expression to cancer, miR-1 has also been 

reported to regulate gene expression in SMCs. MiR-1 is an important modulator of cardiac and 

skeletal muscle proliferation, with excess expression leading to a reduced pool of proliferating 

ventricular cardiomyocytes in vivo (206-208). The inhibitory role of miR-1 on cell proliferation is 

highly evolutionarily conserved; mir-1 deletion in Drosophila leads to perturbed muscle cell 

differentiation, while mir-1 overexpression causes a reduction in the number of cardioblasts during 

embryogenesis (209). MiR-1 expression can be induced by myocardin, a transcriptional activator of 

serum response factor (SRF), to inhibit cell proliferation and contractility in human vascular SMCs 

(138,210), potentially through regulation of Pim-1, a recently identified biomarker in PAH (211). 

Down-regulation of miR-1 has also been observed in vascular SMCs isolated from spontaneously 

hypertensive rats and may regulate proliferation by targeting insulin-like growth factor 1 (IGF1) 

(212), a growth factor involved in neonatal HPH (213). In addition, genetic knockout of miR-1 in 

mice results in uniform lethality before weaning due to cardiac dysfunction, and hearts from these 

mice exhibit gene expression characteristics more similar to vascular smooth muscle (214). This 

suggests that the influence of miR-1 on the proliferation and migration of PASMCs likely functions 

through multiple parallel mechanisms to achieve the resulting cellular phenotype. Although there are 

likely many mRNAs targets of miR-1, the regulation of SphK1 expression is consistent with our 

findings that this lipid kinase is highly influential in promoting PASMC proliferation and the 

development of experimental pulmonary hypertension (43). In concordance, the in vivo data 

presented here demonstrate that systemic overexpression of miR-1 can target vascular SphK1 

expression, reduce pulmonary vascular remodeling, and prevent the development of HPH. 
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 MicroRNAs have shown promise as potential therapeutic targets and biomarkers for many 

diseases, including PAH. Interestingly, a recent study exploring the role of circulating miRNAs in 

human PH demonstrated reduced expression of miR-1 in the buffy coat of patients with both 

moderate and severe PH (215). Here, we have demonstrated that miR-1 is strongly downregulated 

early and throughout the course of experimental hypoxia-induced PH in the lungs, and that this 

down-regulation is retained in PASMCs from PAH patients. Overexpression of miR-1 can reduce 

the pulmonary vascular remodeling phenotype both in vitro and in vivo, therefore identifying 

mechanisms to elevate or sustain miR-1 expression in PAH may be beneficial. The ability of miR-1 

to decrease SphK1 levels in PASMCs is one mechanism through which it regulates vascular 

remodeling, but other direct targets involved in PAH development may contribute to our findings 

here and would be important to identify in future studies. 

 Together, these data demonstrate that miR-1 targets SphK1 to regulate molecular 

mechanisms in PAH with effects on PASMCs and pulmonary remodeling. The activation of miR-1 

in the pulmonary vasculature may therefore provide therapeutic benefit for PAH patients.  

 

F.   Conclusions 

 In conclusion, this dissertation identifies and characterizes the importance of the 

SphK1/S1P signaling pathway in the pathogenic process of pulmonary vascular remodeling in PAH. 

Several novel signaling mechanisms of S1P involved in the induction of PASMC proliferation were 

illustrated, including the induction of Egr-1 and STAT3 and the normoxic activation of HIF1α. The 

role of S1PR2 in mediating these events and in the development of experimental PH was also 

described. In addition, key factors regulating the overexpression of SphK1 in the context of PAH 

development, including PDGF and miR-1, were examined. Together, the evidence presented here 

highlights the SphK1/S1P signaling axis as a potential therapeutic target in PAH. Given the 
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progressive, fatal nature of this disease, it is imperative that novel therapies to combat pulmonary 

vascular remodeling are identified.  

 

 



 

 110 

CITED LITERATURE 
 

1. McLaughlin V.V., Archer S.L., Badesch D.B., Barst R.J., Farber H.W., Lindner J.R., Mathier 
M.A., McGoon M.D., Park M.H., Rosenson R.S., Rubin L.J., Tapson V.F., Varga J., 
American College of Cardiology Foundation Task Force on Expert Consensus D., American 
Heart A., American College of Chest P., American Thoracic Society I., Pulmonary 
Hypertension A. ACCF/AHA 2009 expert consensus document on pulmonary hypertension 
a report of the American College of Cardiology Foundation Task Force on Expert 
Consensus Documents and the American Heart Association developed in collaboration with 
the American College of Chest Physicians; American Thoracic Society, Inc.; and the 
Pulmonary Hypertension Association. Journal of the American College of Cardiology. 
2009;53(17):1573-1619. 

2. Farber H.W., Loscalzo J. Pulmonary arterial hypertension. The New England journal of medicine. 
2004;351(16):1655-1665. 

3. Humbert M., Sitbon O., Simonneau G. Treatment of pulmonary arterial hypertension. The 
New England journal of medicine. 2004;351(14):1425-1436. 

4. Yuan J.X., Rubin L.J. Pathogenesis of pulmonary arterial hypertension: the need for multiple 
hits. Circulation. 2005;111(5):534-538. 

5. Lee J., Yeganeh B., Ermini L., Post M. Sphingolipids as cell fate regulators in lung 
development and disease. Apoptosis. 2015;20(5):740-757. 

6. Dudek S.M., Jacobson J.R., Chiang E.T., Birukov K.G., Wang P., Zhan X., Garcia J.G. 
Pulmonary endothelial cell barrier enhancement by sphingosine 1-phosphate: roles for 
cortactin and myosin light chain kinase. The Journal of biological chemistry. 2004;279(23):24692-
24700. 

7. Gorshkova I., Zhou T., Mathew B., Jacobson J.R., Takekoshi D., Bhattacharya P., Smith B., 
Aydogan B., Weichselbaum R.R., Natarajan V., Garcia J.G., Berdyshev E.V. Inhibition of 
serine palmitoyltransferase delays the onset of radiation-induced pulmonary fibrosis through 
the negative regulation of sphingosine kinase-1 expression. Journal of lipid research. 
2012;53(8):1553-1568. 

8. Harijith A., Pendyala S., Reddy N.M., Bai T., Usatyuk P.V., Berdyshev E., Gorshkova I., 
Huang L.S., Mohan V., Garzon S., Kanteti P., Reddy S.P., Raj J.U., Natarajan V. Sphingosine 
kinase 1 deficiency confers protection against hyperoxia-induced bronchopulmonary 
dysplasia in a murine model: role of S1P signaling and Nox proteins. The American journal of 
pathology. 2013;183(4):1169-1182. 

9. Ni X., Epshtein Y., Chen W., Zhou T., Xie L., Garcia J.G., Jacobson J.R. Interaction of 
integrin beta4 with S1P receptors in S1P- and HGF-induced endothelial barrier 
enhancement. Journal of cellular biochemistry. 2014;115(6):1187-1195. 

10. Peng X., Hassoun P.M., Sammani S., McVerry B.J., Burne M.J., Rabb H., Pearse D., Tuder 
R.M., Garcia J.G. Protective effects of sphingosine 1-phosphate in murine endotoxin-



 

 111 

induced inflammatory lung injury. American journal of respiratory and critical care medicine. 
2004;169(11):1245-1251. 

11. Shea B.S., Tager A.M. Role of the lysophospholipid mediators lysophosphatidic acid and 
sphingosine 1-phosphate in lung fibrosis. Proceedings of the American Thoracic Society. 
2012;9(3):102-110. 

12. Sobel K., Menyhart K., Killer N., Renault B., Bauer Y., Studer R., Steiner B., Bolli M.H., 
Nayler O., Gatfield J. Sphingosine 1-phosphate (S1P) receptor agonists mediate pro-fibrotic 
responses in normal human lung fibroblasts via S1P2 and S1P3 receptors and Smad-
independent signaling. The Journal of biological chemistry. 2013;288(21):14839-14851. 

13. Cuvillier O., Pirianov G., Kleuser B., Vanek P.G., Coso O.A., Gutkind S., Spiegel S. 
Suppression of ceramide-mediated programmed cell death by sphingosine-1-phosphate. 
Nature. 1996;381(6585):800-803. 

14. Fukuda Y., Kihara A., Igarashi Y. Distribution of sphingosine kinase activity in mouse 
tissues: contribution of SPHK1. Biochemical and biophysical research communications. 
2003;309(1):155-160. 

15. Strub G.M., Maceyka M., Hait N.C., Milstien S., Spiegel S. Extracellular and intracellular 
actions of sphingosine-1-phosphate. Advances in experimental medicine and biology. 2010;688:141-
155. 

16. Limaye V., Li X., Hahn C., Xia P., Berndt M.C., Vadas M.A., Gamble J.R. Sphingosine 
kinase-1 enhances endothelial cell survival through a PECAM-1-dependent activation of PI-
3K/Akt and regulation of Bcl-2 family members. Blood. 2005;105(8):3169-3177. 

17. Kapitonov D., Allegood J.C., Mitchell C., Hait N.C., Almenara J.A., Adams J.K., Zipkin 
R.E., Dent P., Kordula T., Milstien S., Spiegel S. Targeting sphingosine kinase 1 inhibits Akt 
signaling, induces apoptosis, and suppresses growth of human glioblastoma cells and 
xenografts. Cancer research. 2009;69(17):6915-6923. 

18. French K.J., Upson J.J., Keller S.N., Zhuang Y., Yun J.K., Smith C.D. Antitumor activity of 
sphingosine kinase inhibitors. The Journal of pharmacology and experimental therapeutics. 
2006;318(2):596-603. 

19. Godbey P.S., Graham J.A., Presson R.G., Jr., Wagner W.W., Jr., Lloyd T.C., Jr. Effect of 
capillary pressure and lung distension on capillary recruitment. J Appl Physiol (1985). 
1995;79(4):1142-1147. 

20. Tapson V.F. The Pulmonary Circulation. In: Klinger RJ, Frantz PR, eds. Diagnosis and 
Management of Pulmonary Hypertension. New York, NY: Springer New York; 2015:1-20. 

21. Horsfield K. Morphometry of the small pulmonary arteries in man. Circulation Research. 
1978;42(5):593-597. 

22. Simonneau G., Gatzoulis M.A., Adatia I., Celermajer D., Denton C., Ghofrani A., Gomez 
Sanchez M.A., Krishna Kumar R., Landzberg M., Machado R.F., Olschewski H., Robbins 



 

 112 

I.M., Souza R. Updated clinical classification of pulmonary hypertension. Journal of the 
American College of Cardiology. 2013;62(25 Suppl):D34-41. 

23. Lane K.B., Machado R.D., Pauciulo M.W., Thomson J.R., Phillips J.A., 3rd, Loyd J.E., 
Nichols W.C., Trembath R.C. Heterozygous germline mutations in BMPR2, encoding a 
TGF-beta receptor, cause familial primary pulmonary hypertension. Nat Genet. 
2000;26(1):81-84. 

24. Deng Z., Morse J.H., Slager S.L., Cuervo N., Moore K.J., Venetos G., Kalachikov S., 
Cayanis E., Fischer S.G., Barst R.J., Hodge S.E., Knowles J.A. Familial primary pulmonary 
hypertension (gene PPH1) is caused by mutations in the bone morphogenetic protein 
receptor-II gene. American journal of human genetics. 2000;67(3):737-744. 

25. Rich S., Dantzker D.R., Ayres S.M., Bergofsky E.H., Brundage B.H., Detre K.M., Fishman 
A.P., Goldring R.M., Groves B.M., Koerner S.K., et al. Primary pulmonary hypertension. A 
national prospective study. Ann Intern Med. 1987;107(2):216-223. 

26. D'Alonzo G.E., Barst R.J., Ayres S.M., Bergofsky E.H., Brundage B.H., Detre K.M., 
Fishman A.P., Goldring R.M., Groves B.M., Kernis J.T., et al. Survival in patients with 
primary pulmonary hypertension. Results from a national prospective registry. Ann Intern 
Med. 1991;115(5):343-349. 

27. McLaughlin V.V., Presberg K.W., Doyle R.L., Abman S.H., McCrory D.C., Fortin T., 
Ahearn G. Prognosis of pulmonary arterial hypertension: ACCP evidence-based clinical 
practice guidelines. Chest. 2004;126(1 Suppl):78s-92s. 

28. Thenappan T., Ryan J.J., Archer S.L. Evolving epidemiology of pulmonary arterial 
hypertension. American journal of respiratory and critical care medicine. 2012;186(8):707-709. 

29. Ling Y., Johnson M.K., Kiely D.G., Condliffe R., Elliot C.A., Gibbs J.S., Howard L.S., 
Pepke-Zaba J., Sheares K.K., Corris P.A., Fisher A.J., Lordan J.L., Gaine S., Coghlan J.G., 
Wort S.J., Gatzoulis M.A., Peacock A.J. Changing demographics, epidemiology, and survival 
of incident pulmonary arterial hypertension: results from the pulmonary hypertension 
registry of the United Kingdom and Ireland. American journal of respiratory and critical care 
medicine. 2012;186(8):790-796. 

30. Humbert M., Morrell N.W., Archer S.L., Stenmark K.R., MacLean M.R., Lang I.M., 
Christman B.W., Weir E.K., Eickelberg O., Voelkel N.F., Rabinovitch M. Cellular and 
molecular pathobiology of pulmonary arterial hypertension. Journal of the American College of 
Cardiology. 2004;43(12 Suppl S):13s-24s. 

31. Budhiraja R., Tuder R.M., Hassoun P.M. Endothelial dysfunction in pulmonary 
hypertension. Circulation. 2004;109(2):159-165. 

32. Lai Y.C., Potoka K.C., Champion H.C., Mora A.L., Gladwin M.T. Pulmonary arterial 
hypertension: the clinical syndrome. Circ Res. 2014;115(1):115-130. 



 

 113 

33. Platoshyn O., Brevnova E.E., Burg E.D., Yu Y., Remillard C.V., Yuan J.X.-J. Acute hypoxia 
selectively inhibits KCNA5 channels in pulmonary artery smooth muscle cells. American 
Journal of Physiology - Cell Physiology. 2006;290(3):C907-C916. 

34. Yuan X.J., Tod M.L., Rubin L.J., Blaustein M.P. Contrasting effects of hypoxia on tension in 
rat pulmonary and mesenteric arteries. American Journal of Physiology - Heart and Circulatory 
Physiology. 1990;259(2):H281-H289. 

35. Yuan X.J., Wang J., Juhaszova M., Gaine S.P., Rubin L.J. Attenuated K+ channel gene 
transcription in primary pulmonary hypertension. Lancet (London, England). 
1998;351(9104):726-727. 

36. Geraci M.W., Moore M., Gesell T., Yeager M.E., Alger L., Golpon H., Gao B., Loyd J.E., 
Tuder R.M., Voelkel N.F. Gene expression patterns in the lungs of patients with primary 
pulmonary hypertension: a gene microarray analysis. Circ Res. 2001;88(6):555-562. 

37. Weir E.K., Reeve H.L., Huang J.M., Michelakis E., Nelson D.P., Hampl V., Archer S.L. 
Anorexic agents aminorex, fenfluramine, and dexfenfluramine inhibit potassium current in 
rat pulmonary vascular smooth muscle and cause pulmonary vasoconstriction. Circulation. 
1996;94(9):2216-2220. 

38. Taichman D.B., Ornelas J., Chung L., Klinger J.R., Lewis S., Mandel J., Palevsky H.I., Rich 
S., Sood N., Rosenzweig E.B., Trow T.K., Yung R., Elliott C.G., Badesch D.B. 
Pharmacologic therapy for pulmonary arterial hypertension in adults: CHEST guideline and 
expert panel report. Chest. 2014;146(2):449-475. 

39. Tuder R.M., Stacher E., Robinson J., Kumar R., Graham B.B. Pathology of pulmonary 
hypertension. Clinics in chest medicine. 2013;34(4):639-650. 

40. Herve P., Humbert M., Sitbon O., Parent F., Nunes H., Legal C., Garcia G., Simonneau G. 
Pathobiology of pulmonary hypertension. The role of platelets and thrombosis. Clinics in chest 
medicine. 2001;22(3):451-458. 

41. Aytekin M., Aulak K.S., Haserodt S., Chakravarti R., Cody J., Minai O.A., Dweik R.A. 
Abnormal platelet aggregation in idiopathic pulmonary arterial hypertension: role of nitric 
oxide. Am J Physiol Lung Cell Mol Physiol. 2012;302(6):L512-520. 

42. Foster W.S., Suen C.M., Stewart D.J. Regenerative cell and tissue-based therapies for 
pulmonary arterial hypertension. The Canadian journal of cardiology. 2014;30(11):1350-1360. 

43. Chen J., Tang H., Sysol J.R., Moreno-Vinasco L., Shioura K.M., Chen T., Gorshkova I., 
Wang L., Huang L.S., Usatyuk P.V., Sammani S., Zhou G., Raj J.U., Garcia J.G., Berdyshev 
E., Yuan J.X., Natarajan V., Machado R.F. The sphingosine kinase 1/sphingosine-1-
phosphate pathway in pulmonary arterial hypertension. American journal of respiratory and critical 
care medicine. 2014;190(9):1032-1043. 

44. Sysol J.R., Natarajan V., Machado R.F. PDGF induces SphK1 expression via Egr-1 to 
promote pulmonary artery smooth muscle cell proliferation. Am J Physiol Cell Physiol. 
2016;310(11):C983-992. 



 

 114 

45. Sysol J.R., Chen J., Singla S., Zhao S., Comhair S.A.A., Natarajan V., Machado R.F. 
MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 
Vascular Remodeling via Regulation of Sphingosine Kinase 1. Am J Physiol Lung Cell Mol 
Physiol. 2017:ajplung000572017. 

46. Landt S.G., Marinov G.K., Kundaje A., Kheradpour P., Pauli F., Batzoglou S., Bernstein 
B.E., Bickel P., Brown J.B., Cayting P., Chen Y., DeSalvo G., Epstein C., Fisher-Aylor K.I., 
Euskirchen G., Gerstein M., Gertz J., Hartemink A.J., Hoffman M.M., Iyer V.R., Jung Y.L., 
Karmakar S., Kellis M., Kharchenko P.V., Li Q., Liu T., Liu X.S., Ma L., Milosavljevic A., 
Myers R.M., Park P.J., Pazin M.J., Perry M.D., Raha D., Reddy T.E., Rozowsky J., Shoresh 
N., Sidow A., Slattery M., Stamatoyannopoulos J.A., Tolstorukov M.Y., White K.P., Xi S., 
Farnham P.J., Lieb J.D., Wold B.J., Snyder M. ChIP-seq guidelines and practices of the 
ENCODE and modENCODE consortia. Genome Res. 2012;22(9):1813-1831. 

47. Rosenbloom K.R., Sloan C.A., Malladi V.S., Dreszer T.R., Learned K., Kirkup V.M., Wong 
M.C., Maddren M., Fang R., Heitner S.G., Lee B.T., Barber G.P., Harte R.A., Diekhans M., 
Long J.C., Wilder S.P., Zweig A.S., Karolchik D., Kuhn R.M., Haussler D., Kent W.J. 
ENCODE data in the UCSC Genome Browser: year 5 update. Nucleic Acids Res. 
2013;41(Database issue):D56-63. 

48. Betel D., Koppal A., Agius P., Sander C., Leslie C. Comprehensive modeling of microRNA 
targets predicts functional non-conserved and non-canonical sites. Genome biology. 
2010;11(8):R90. 

49. Aytekin M., Comhair S.A., de la Motte C., Bandyopadhyay S.K., Farver C.F., Hascall V.C., 
Erzurum S.C., Dweik R.A. High levels of hyaluronan in idiopathic pulmonary arterial 
hypertension. Am J Physiol Lung Cell Mol Physiol. 2008;295(5):L789-799. 

50. Leggett K., Maylor J., Undem C., Lai N., Lu W., Schweitzer K., King L.S., Myers A.C., 
Sylvester J.T., Sidhaye V., Shimoda L.A. Hypoxia-induced migration in pulmonary arterial 
smooth muscle cells requires calcium-dependent upregulation of aquaporin 1. Am J Physiol 
Lung Cell Mol Physiol. 2012;303(4):L343-353. 

51. Huang L.S., Berdyshev E., Mathew B., Fu P., Gorshkova I.A., He D., Ma W., Noth I., Ma 
S.F., Pendyala S., Reddy S.P., Zhou T., Zhang W., Garzon S.A., Garcia J.G., Natarajan V. 
Targeting sphingosine kinase 1 attenuates bleomycin-induced pulmonary fibrosis. FASEB J. 
2013;27(4):1749-1760. 

52. Lee K.J., Czech L., Waypa G.B., Farrow K.N. Isolation of pulmonary artery smooth muscle 
cells from neonatal mice. J Vis Exp. 2013(80):e50889. 

53. Schmahl J., Raymond C.S., Soriano P. PDGF signaling specificity is mediated through 
multiple immediate early genes. Nat Genet. 2007;39(1):52-60. 

54. Zhao Y., Gorshkova I.A., Berdyshev E., He D., Fu P., Ma W., Su Y., Usatyuk P.V., Pendyala 
S., Oskouian B., Saba J.D., Garcia J.G., Natarajan V. Protection of LPS-induced murine 
acute lung injury by sphingosine-1-phosphate lyase suppression. Am J Respir Cell Mol Biol. 
2011;45(2):426-435. 



 

 115 

55. Spiegel S., Milstien S. Sphingosine-1-phosphate: an enigmatic signalling lipid. Nat Rev Mol 
Cell Biol. 2003;4(5):397-407. 

56. Visentin B., Vekich J.A., Sibbald B.J., Cavalli A.L., Moreno K.M., Matteo R.G., Garland 
W.A., Lu Y., Yu S., Hall H.S., Kundra V., Mills G.B., Sabbadini R.A. Validation of an anti-
sphingosine-1-phosphate antibody as a potential therapeutic in reducing growth, invasion, 
and angiogenesis in multiple tumor lineages. Cancer Cell. 2006;9(3):225-238. 

57. Takabe K., Paugh S.W., Milstien S., Spiegel S. "Inside-out" signaling of sphingosine-1-
phosphate: therapeutic targets. Pharmacol Rev. 2008;60(2):181-195. 

58. Pitson S.M., Moretti P.A., Zebol J.R., Xia P., Gamble J.R., Vadas M.A., D'Andrea R.J., 
Wattenberg B.W. Expression of a catalytically inactive sphingosine kinase mutant blocks 
agonist-induced sphingosine kinase activation. A dominant-negative sphingosine kinase. The 
Journal of biological chemistry. 2000;275(43):33945-33950. 

59. Birker-Robaczewska M., Studer R., Haenig B., Menyhart K., Hofmann S., Nayler O. bFGF 
induces S1P1 receptor expression and functionality in human pulmonary artery smooth 
muscle cells. Journal of cellular biochemistry. 2008;105(4):1139-1145. 

60. An S., Zheng Y., Bleu T. Sphingosine 1-phosphate-induced cell proliferation, survival, and 
related signaling events mediated by G protein-coupled receptors Edg3 and Edg5. The Journal 
of biological chemistry. 2000;275(1):288-296. 

61. Loh K.C., Leong W.I., Carlson M.E., Oskouian B., Kumar A., Fyrst H., Zhang M., Proia 
R.L., Hoffman E.P., Saba J.D. Sphingosine-1-phosphate enhances satellite cell activation in 
dystrophic muscles through a S1PR2/STAT3 signaling pathway. PLoS One. 
2012;7(5):e37218. 

62. Salas A., Ponnusamy S., Senkal C.E., Meyers-Needham M., Selvam S.P., Saddoughi S.A., 
Apohan E., Sentelle R.D., Smith C., Gault C.R., Obeid L.M., El-Shewy H.M., Oaks J., 
Santhanam R., Marcucci G., Baran Y., Mahajan S., Fernandes D., Stuart R., Perrotti D., 
Ogretmen B. Sphingosine kinase-1 and sphingosine 1-phosphate receptor 2 mediate Bcr-
Abl1 stability and drug resistance by modulation of protein phosphatase 2A. Blood. 
2011;117(22):5941-5952. 

63. Goparaju S.K., Jolly P.S., Watterson K.R., Bektas M., Alvarez S., Sarkar S., Mel L., Ishii I., 
Chun J., Milstien S., Spiegel S. The S1P2 receptor negatively regulates platelet-derived 
growth factor-induced motility and proliferation. Mol Cell Biol. 2005;25(10):4237-4249. 

64. Windh R.T., Lee M.J., Hla T., An S., Barr A.J., Manning D.R. Differential coupling of the 
sphingosine 1-phosphate receptors Edg-1, Edg-3, and H218/Edg-5 to the G(i), G(q), and 
G(12) families of heterotrimeric G proteins. The Journal of biological chemistry. 
1999;274(39):27351-27358. 

65. Sebolt-Leopold J.S., Herrera R. Targeting the mitogen-activated protein kinase cascade to 
treat cancer. Nat Rev Cancer. 2004;4(12):937-947. 



 

 116 

66. Kwapiszewska G., Chwalek K., Marsh L.M., Wygrecka M., Wilhelm J., Best J., Egemnazarov 
B., Weisel F.C., Osswald S.L., Schermuly R.T., Olschewski A., Seeger W., Weissmann N., 
Eickelberg O., Fink L. BDNF/TrkB signaling augments smooth muscle cell proliferation in 
pulmonary hypertension. The American journal of pathology. 2012;181(6):2018-2029. 

67. Shan R., Chen L., Li X., Wu H., Liang Q., Tang X. Hypoxia promotes rabbit pulmonary 
artery smooth muscle cells proliferation through a 15-LOX-2 product 15(S)-
hydroxyeicosatetraenoic acid. Prostaglandins Leukot Essent Fatty Acids. 2012;86(1-2):85-90. 

68. Agbani E.O., Coats P., Mills A., Wadsworth R.M. Peroxynitrite stimulates pulmonary artery 
endothelial and smooth muscle cell proliferation: involvement of ERK and PKC. Pulm 
Pharmacol Ther. 2011;24(1):100-109. 

69. Shu X., Wu W., Mosteller R.D., Broek D. Sphingosine kinase mediates vascular endothelial 
growth factor-induced activation of ras and mitogen-activated protein kinases. Mol Cell Biol. 
2002;22(22):7758-7768. 

70. Paulin R., Meloche J., Bonnet S. STAT3 signaling in pulmonary arterial hypertension. 
JAKSTAT. 2012;1(4):223-233. 

71. Paulin R., Courboulin A., Meloche J., Mainguy V., Dumas de la Roque E., Saksouk N., Cote 
J., Provencher S., Sussman M.A., Bonnet S. Signal transducers and activators of 
transcription-3/pim1 axis plays a critical role in the pathogenesis of human pulmonary 
arterial hypertension. Circulation. 2011;123(11):1205-1215. 

72. Masri F.A., Xu W., Comhair S.A., Asosingh K., Koo M., Vasanji A., Drazba J., Anand-Apte 
B., Erzurum S.C. Hyperproliferative apoptosis-resistant endothelial cells in idiopathic 
pulmonary arterial hypertension. Am J Physiol Lung Cell Mol Physiol. 2007;293(3):L548-554. 

73. Liang J., Nagahashi M., Kim E.Y., Harikumar K.B., Yamada A., Huang W.C., Hait N.C., 
Allegood J.C., Price M.M., Avni D., Takabe K., Kordula T., Milstien S., Spiegel S. 
Sphingosine-1-phosphate links persistent STAT3 activation, chronic intestinal inflammation, 
and development of colitis-associated cancer. Cancer Cell. 2013;23(1):107-120. 

74. Courboulin A., Paulin R., Giguere N.J., Saksouk N., Perreault T., Meloche J., Paquet E.R., 
Biardel S., Provencher S., Cote J., Simard M.J., Bonnet S. Role for miR-204 in human 
pulmonary arterial hypertension. J Exp Med. 2011;208(3):535-548. 

75. Paulin R., Meloche J., Jacob M.H., Bisserier M., Courboulin A., Bonnet S. 
Dehydroepiandrosterone inhibits the Src/STAT3 constitutive activation in pulmonary 
arterial hypertension. Am J Physiol Heart Circ Physiol. 2011;301(5):H1798-1809. 

76. Hanze J., Weissmann N., Grimminger F., Seeger W., Rose F. Cellular and molecular 
mechanisms of hypoxia-inducible factor driven vascular remodeling. Thromb Haemost. 
2007;97(5):774-787. 

77. Jeffery T.K., Morrell N.W. Molecular and cellular basis of pulmonary vascular remodeling in 
pulmonary hypertension. Progress in cardiovascular diseases. 2002;45(3):173-202. 



 

 117 

78. Nozik-Grayck E., Stenmark K.R. Role of reactive oxygen species in chronic hypoxia-
induced pulmonary hypertension and vascular remodeling. Advances in experimental medicine and 
biology. 2007;618:101-112. 

79. Semenza G.L. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):721-732. 

80. Marsboom G., Toth P.T., Ryan J.J., Hong Z., Wu X., Fang Y.H., Thenappan T., Piao L., 
Zhang H.J., Pogoriler J., Chen Y., Morrow E., Weir E.K., Rehman J., Archer S.L. Dynamin-
related protein 1-mediated mitochondrial mitotic fission permits hyperproliferation of 
vascular smooth muscle cells and offers a novel therapeutic target in pulmonary 
hypertension. Circ Res. 2012;110(11):1484-1497. 

81. Fijalkowska I., Xu W., Comhair S.A., Janocha A.J., Mavrakis L.A., Krishnamachary B., Zhen 
L., Mao T., Richter A., Erzurum S.C., Tuder R.M. Hypoxia inducible-factor1alpha regulates 
the metabolic shift of pulmonary hypertensive endothelial cells. The American journal of 
pathology. 2010;176(3):1130-1138. 

82. Nakaoka H.J., Hara T., Yoshino S., Kanamori A., Matsui Y., Shimamura T., Sato H., 
Murakami Y., Seiki M., Sakamoto T. NECAB3 Promotes Activation of Hypoxia-inducible 
factor-1 during Normoxia and Enhances Tumourigenicity of Cancer Cells. Sci Rep. 
2016;6:22784. 

83. Gatenby R.A., Gillies R.J. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 
2004;4(11):891-899. 

84. Zhong H., De Marzo A.M., Laughner E., Lim M., Hilton D.A., Zagzag D., Buechler P., 
Isaacs W.B., Semenza G.L., Simons J.W. Overexpression of hypoxia-inducible factor 1alpha 
in common human cancers and their metastases. Cancer research. 1999;59(22):5830-5835. 

85. Patten D.A., Lafleur V.N., Robitaille G.A., Chan D.A., Giaccia A.J., Richard D.E. Hypoxia-
inducible factor-1 activation in nonhypoxic conditions: the essential role of mitochondrial-
derived reactive oxygen species. Molecular biology of the cell. 2010;21(18):3247-3257. 

86. Kalhori V., Kemppainen K., Asghar M.Y., Bergelin N., Jaakkola P., Tornquist K. 
Sphingosine-1-Phosphate as a Regulator of Hypoxia-Induced Factor-1alpha in Thyroid 
Follicular Carcinoma Cells. PLoS One. 2013;8(6):e66189. 

87. Michaud M.D., Robitaille G.A., Gratton J.P., Richard D.E. Sphingosine-1-phosphate: a 
novel nonhypoxic activator of hypoxia-inducible factor-1 in vascular cells. Arteriosclerosis, 
thrombosis, and vascular biology. 2009;29(6):902-908. 

88. Ramirez-Bergeron D.L., Runge A., Adelman D.M., Gohil M., Simon M.C. HIF-dependent 
hematopoietic factors regulate the development of the embryonic vasculature. Dev Cell. 
2006;11(1):81-92. 

89. Li Q.F., Dai A.G. Hypoxia-inducible factor-1 alpha regulates the role of vascular endothelial 
growth factor on pulmonary arteries of rats with hypoxia-induced pulmonary hypertension. 
Chin Med J (Engl). 2004;117(7):1023-1028. 



 

 118 

90. Marsboom G., Wietholt C., Haney C.R., Toth P.T., Ryan J.J., Morrow E., Thenappan T., 
Bache-Wiig P., Piao L., Paul J., Chen C.T., Archer S.L. Lung (1)(8)F-fluorodeoxyglucose 
positron emission tomography for diagnosis and monitoring of pulmonary arterial 
hypertension. American journal of respiratory and critical care medicine. 2012;185(6):670-679. 

91. Moroz E., Carlin S., Dyomina K., Burke S., Thaler H.T., Blasberg R., Serganova I. Real-time 
imaging of HIF-1alpha stabilization and degradation. PLoS One. 2009;4(4):e5077. 

92. Semenza G.L. Targeting HIF-1 for cancer therapy. Nat Rev Cancer. 2003;3(10):721-732. 

93. Fukuda R., Hirota K., Fan F., Jung Y.D., Ellis L.M., Semenza G.L. Insulin-like growth factor 
1 induces hypoxia-inducible factor 1-mediated vascular endothelial growth factor expression, 
which is dependent on MAP kinase and phosphatidylinositol 3-kinase signaling in colon 
cancer cells. The Journal of biological chemistry. 2002;277(41):38205-38211. 

94. Zhong H., Chiles K., Feldser D., Laughner E., Hanrahan C., Georgescu M.M., Simons J.W., 
Semenza G.L. Modulation of hypoxia-inducible factor 1alpha expression by the epidermal 
growth factor/phosphatidylinositol 3-kinase/PTEN/AKT/FRAP pathway in human 
prostate cancer cells: implications for tumor angiogenesis and therapeutics. Cancer research. 
2000;60(6):1541-1545. 

95. Sato K., Ishikawa K., Ui M., Okajima F. Sphingosine 1-phosphate induces expression of 
early growth response-1 and fibroblast growth factor-2 through mechanism involving 
extracellular signal-regulated kinase in astroglial cells. Brain Res Mol Brain Res. 1999;74(1-
2):182-189. 

96. Iyoda T., Zhang F., Sun L., Hao F., Schmitz-Peiffer C., Xu X., Cui M.Z. Lysophosphatidic 
acid induces early growth response-1 (Egr-1) protein expression via protein kinase Cdelta-
regulated extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) 
activation in vascular smooth muscle cells. The Journal of biological chemistry. 
2012;287(27):22635-22642. 

97. Pagel J.I., Deindl E. Early growth response 1--a transcription factor in the crossfire of signal 
transduction cascades. Indian J Biochem Biophys. 2011;48(4):226-235. 

98. Sperandio S., Fortin J., Sasik R., Robitaille L., Corbeil J., de Belle I. The transcription factor 
Egr1 regulates the HIF-1alpha gene during hypoxia. Mol Carcinog. 2009;48(1):38-44. 

99. Golan K., Vagima Y., Ludin A., Itkin T., Cohen-Gur S., Kalinkovich A., Kollet O., Kim C., 
Schajnovitz A., Ovadya Y., Lapid K., Shivtiel S., Morris A.J., Ratajczak M.Z., Lapidot T. S1P 
promotes murine progenitor cell egress and mobilization via S1P1-mediated ROS signaling 
and SDF-1 release. Blood. 2012;119(11):2478-2488. 

100. Kaelin W.G., Jr., Ratcliffe P.J. Oxygen sensing by metazoans: the central role of the HIF 
hydroxylase pathway. Mol Cell. 2008;30(4):393-402. 

101. Skuli N., Monferran S., Delmas C., Lajoie-Mazenc I., Favre G., Toulas C., Cohen-Jonathan-
Moyal E. Activation of RhoB by hypoxia controls hypoxia-inducible factor-1alpha 



 

 119 

stabilization through glycogen synthase kinase-3 in U87 glioblastoma cells. Cancer research. 
2006;66(1):482-489. 

102. Mottet D., Dumont V., Deccache Y., Demazy C., Ninane N., Raes M., Michiels C. 
Regulation of hypoxia-inducible factor-1alpha protein level during hypoxic conditions by the 
phosphatidylinositol 3-kinase/Akt/glycogen synthase kinase 3beta pathway in HepG2 cells. 
The Journal of biological chemistry. 2003;278(33):31277-31285. 

103. Ader I., Brizuela L., Bouquerel P., Malavaud B., Cuvillier O. Sphingosine kinase 1: a new 
modulator of hypoxia inducible factor 1alpha during hypoxia in human cancer cells. Cancer 
research. 2008;68(20):8635-8642. 

104. Minet E., Arnould T., Michel G., Roland I., Mottet D., Raes M., Remacle J., Michiels C. 
ERK activation upon hypoxia: involvement in HIF-1 activation. FEBS Lett. 2000;468(1):53-
58. 

105. Mendoza M.C., Er E.E., Blenis J. The Ras-ERK and PI3K-mTOR pathways: cross-talk and 
compensation. Trends Biochem Sci. 2011;36(6):320-328. 

106. Wang Q., Zhou Y., Wang X., Evers B.M. Glycogen synthase kinase-3 is a negative regulator 
of extracellular signal-regulated kinase. Oncogene. 2006;25(1):43-50. 

107. International P.P.H.C., Lane K.B., Machado R.D., Pauciulo M.W., Thomson J.R., Phillips 
J.A., 3rd, Loyd J.E., Nichols W.C., Trembath R.C. Heterozygous germline mutations in 
BMPR2, encoding a TGF-beta receptor, cause familial primary pulmonary hypertension. Nat 
Genet. 2000;26(1):81-84. 

108. Perros F., Montani D., Dorfmuller P., Durand-Gasselin I., Tcherakian C., Le Pavec J., 
Mazmanian M., Fadel E., Mussot S., Mercier O., Herve P., Emilie D., Eddahibi S., 
Simonneau G., Souza R., Humbert M. Platelet-derived growth factor expression and 
function in idiopathic pulmonary arterial hypertension. American journal of respiratory and critical 
care medicine. 2008;178(1):81-88. 

109. Schermuly R.T., Dony E., Ghofrani H.A., Pullamsetti S., Savai R., Roth M., Sydykov A., Lai 
Y.J., Weissmann N., Seeger W., Grimminger F. Reversal of experimental pulmonary 
hypertension by PDGF inhibition. J Clin Invest. 2005;115(10):2811-2821. 

110. Berk B.C. Vascular smooth muscle growth: autocrine growth mechanisms. Physiol Rev. 
2001;81(3):999-1030. 

111. Yamboliev I.A., Gerthoffer W.T. Modulatory role of ERK MAPK-caldesmon pathway in 
PDGF-stimulated migration of cultured pulmonary artery SMCs. Am J Physiol Cell Physiol. 
2001;280(6):C1680-1688. 

112. Berg J.T., Breen E.C., Fu Z., Mathieu-Costello O., West J.B. Alveolar hypoxia increases gene 
expression of extracellular matrix proteins and platelet-derived growth factor-B in lung 
parenchyma. American journal of respiratory and critical care medicine. 1998;158(6):1920-1928. 



 

 120 

113. Millette E., Rauch B.H., Kenagy R.D., Daum G., Clowes A.W. Platelet-derived growth 
factor-BB transactivates the fibroblast growth factor receptor to induce proliferation in 
human smooth muscle cells. Trends Cardiovasc Med. 2006;16(1):25-28. 

114. Noskovicova N., Petrek M., Eickelberg O., Heinzelmann K. Platelet-derived growth factor 
signaling in the lung. From lung development and disease to clinical studies. Am J Respir Cell 
Mol Biol. 2015;52(3):263-284. 

115. Humbert M., Monti G., Fartoukh M., Magnan A., Brenot F., Rain B., Capron F., Galanaud 
P., Duroux P., Simonneau G., Emilie D. Platelet-derived growth factor expression in 
primary pulmonary hypertension: comparison of HIV seropositive and HIV seronegative 
patients. Eur Respir J. 1998;11(3):554-559. 

116. Dahal B.K., Heuchel R., Pullamsetti S.S., Wilhelm J., Ghofrani H.A., Weissmann N., Seeger 
W., Grimminger F., Schermuly R.T. Hypoxic pulmonary hypertension in mice with 
constitutively active platelet-derived growth factor receptor-beta. Pulm Circ. 2011;1(2):259-
268. 

117. Antoniu S.A. Targeting PDGF pathway in pulmonary arterial hypertension. Expert Opin Ther 
Targets. 2012;16(11):1055-1063. 

118. Selimovic N., Bergh C.H., Andersson B., Sakiniene E., Carlsten H., Rundqvist B. Growth 
factors and interleukin-6 across the lung circulation in pulmonary hypertension. Eur Respir J. 
2009;34(3):662-668. 

119. Ghofrani H.A., Seeger W., Grimminger F. Imatinib for the treatment of pulmonary arterial 
hypertension. The New England journal of medicine. 2005;353(13):1412-1413. 

120. Patterson K.C., Weissmann A., Ahmadi T., Farber H.W. Imatinib mesylate in the treatment 
of refractory idiopathic pulmonary arterial hypertension. Ann Intern Med. 2006;145(2):152-
153. 

121. Mousseau Y., Mollard S., Richard L., Nizou A., Faucher-Durand K., Cook-Moreau J., Qiu 
H., Baaj Y., Funalot B., Fourcade L., Sturtz F.G. Fingolimod inhibits PDGF-B-induced 
migration of vascular smooth muscle cell by down-regulating the S1PR1/S1PR3 pathway. 
Biochimie. 2012;94(12):2523-2531. 

122. Brunati A.M., Tibaldi E., Carraro A., Gringeri E., D'Amico F., Jr., Toninello A., Massimino 
M.L., Pagano M.A., Nalesso G., Cillo U. Cross-talk between PDGF and S1P signalling 
elucidates the inhibitory effect and potential antifibrotic action of the immunomodulator 
FTY720 in activated HSC-cultures. Biochim Biophys Acta. 2008;1783(3):347-359. 

123. Waters C., Sambi B., Kong K.C., Thompson D., Pitson S.M., Pyne S., Pyne N.J. Sphingosine 
1-phosphate and platelet-derived growth factor (PDGF) act via PDGF beta receptor-
sphingosine 1-phosphate receptor complexes in airway smooth muscle cells. The Journal of 
biological chemistry. 2003;278(8):6282-6290. 

124. Olivera A., Spiegel S. Sphingosine-1-phosphate as second messenger in cell proliferation 
induced by PDGF and FCS mitogens. Nature. 1993;365(6446):557-560. 



 

 121 

125. Rani C.S., Wang F., Fuior E., Berger A., Wu J., Sturgill T.W., Beitner-Johnson D., LeRoith 
D., Varticovski L., Spiegel S. Divergence in signal transduction pathways of platelet-derived 
growth factor (PDGF) and epidermal growth factor (EGF) receptors. Involvement of 
sphingosine 1-phosphate in PDGF but not EGF signaling. The Journal of biological chemistry. 
1997;272(16):10777-10783. 

126. Francy J.M., Nag A., Conroy E.J., Hengst J.A., Yun J.K. Sphingosine kinase 1 expression is 
regulated by signaling through PI3K, AKT2, and mTOR in human coronary artery smooth 
muscle cells. Biochim Biophys Acta. 2007;1769(4):253-265. 

127. Rupprecht H.D., Sukhatme V.P., Lacy J., Sterzel R.B., Coleman D.L. PDGF-induced Egr-1 
expression in rat mesangial cells is mediated through upstream serum response elements. Am 
J Physiol. 1993;265(3 Pt 2):F351-360. 

128. Gashler A.L., Swaminathan S., Sukhatme V.P. A novel repression module, an extensive 
activation domain, and a bipartite nuclear localization signal defined in the immediate-early 
transcription factor Egr-1. Mol Cell Biol. 1993;13(8):4556-4571. 

129. Mora G.R., Olivier K.R., Cheville J.C., Mitchell R.F., Jr., Lingle W.L., Tindall D.J. The 
cytoskeleton differentially localizes the early growth response gene-1 protein in cancer and 
benign cells of the prostate. Mol Cancer Res. 2004;2(2):115-128. 

130. Ambros V. The functions of animal microRNAs. Nature. 2004;431(7006):350-355. 

131. Bartel D.P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 
2004;116(2):281-297. 

132. Park J.H., Shin C. MicroRNA-directed cleavage of targets: mechanism and experimental 
approaches. BMB reports. 2014;47(8):417-423. 

133. Kim V.N., Nam J.W. Genomics of microRNA. Trends in genetics : TIG. 2006;22(3):165-173. 

134. Small E.M., Olson E.N. Pervasive roles of microRNAs in cardiovascular biology. Nature. 
2011;469(7330):336-342. 

135. Zhou G., Chen T., Raj J.U. MicroRNAs in pulmonary arterial hypertension. Am J Respir Cell 
Mol Biol. 2015;52(2):139-151. 

136. Bertero T., Lu Y., Annis S., Hale A., Bhat B., Saggar R., Saggar R., Wallace W.D., Ross D.J., 
Vargas S.O., Graham B.B., Kumar R., Black S.M., Fratz S., Fineman J.R., West J.D., Haley 
K.J., Waxman A.B., Chau B.N., Cottrill K.A., Chan S.Y. Systems-level regulation of 
microRNA networks by miR-130/301 promotes pulmonary hypertension. J Clin Invest. 
2014;124(8):3514-3528. 

137. Bienertova-Vasku J., Novak J., Vasku A. MicroRNAs in pulmonary arterial hypertension: 
pathogenesis, diagnosis and treatment. J Am Soc Hypertens. 2015;9(3):221-234. 



 

 122 

138. Chen J., Yin H., Jiang Y., Radhakrishnan S.K., Huang Z.P., Li J., Shi Z., Kilsdonk E.P., Gui 
Y., Wang D.Z., Zheng X.L. Induction of microRNA-1 by myocardin in smooth muscle cells 
inhibits cell proliferation. Arteriosclerosis, thrombosis, and vascular biology. 2011;31(2):368-375. 

139. Hao H., Gabbiani G., Bochaton-Piallat M.L. Arterial smooth muscle cell heterogeneity: 
implications for atherosclerosis and restenosis development. Arteriosclerosis, thrombosis, and 
vascular biology. 2003;23(9):1510-1520. 

140. Hsiao S.H., Constable P.D., Smith G.W., Haschek W.M. Effects of exogenous sphinganine, 
sphingosine, and sphingosine-1-phosphate on relaxation and contraction of porcine thoracic 
aortic and pulmonary arterial rings. Toxicological sciences : an official journal of the Society of 
Toxicology. 2005;86(1):194-199. 

141. Szczepaniak W.S., Pitt B.R., McVerry B.J. S1P2 receptor-dependent Rho-kinase activation 
mediates vasoconstriction in the murine pulmonary circulation induced by sphingosine 1-
phosphate. Am J Physiol Lung Cell Mol Physiol. 2010;299(1):L137-145. 

142. Ota H., Beutz M.A., Ito M., Abe K., Oka M., McMurtry I.F. S1P(4) receptor mediates S1P-
induced vasoconstriction in normotensive and hypertensive rat lungs. Pulm Circ. 
2011;1(3):399-404. 

143. Hopson K.P., Truelove J., Chun J., Wang Y., Waeber C. S1P activates store-operated 
calcium entry via receptor- and non-receptor-mediated pathways in vascular smooth muscle 
cells. Am J Physiol Cell Physiol. 2011;300(4):C919-926. 

144. Ahmad M., Long J.S., Pyne N.J., Pyne S. The effect of hypoxia on lipid phosphate receptor 
and sphingosine kinase expression and mitogen-activated protein kinase signaling in human 
pulmonary smooth muscle cells. Prostaglandins Other Lipid Mediat. 2006;79(3-4):278-286. 

145. Schwalm S., Doll F., Romer I., Bubnova S., Pfeilschifter J., Huwiler A. Sphingosine kinase-1 
is a hypoxia-regulated gene that stimulates migration of human endothelial cells. Biochemical 
and biophysical research communications. 2008;368(4):1020-1025. 

146. ten Freyhaus H., Dagnell M., Leuchs M., Vantler M., Berghausen E.M., Caglayan E., 
Weissmann N., Dahal B.K., Schermuly R.T., Ostman A., Kappert K., Rosenkranz S. 
Hypoxia enhances platelet-derived growth factor signaling in the pulmonary vasculature by 
down-regulation of protein tyrosine phosphatases. American journal of respiratory and critical care 
medicine. 2011;183(8):1092-1102. 

147. Forsythe J.A., Jiang B.H., Iyer N.V., Agani F., Leung S.W., Koos R.D., Semenza G.L. 
Activation of vascular endothelial growth factor gene transcription by hypoxia-inducible 
factor 1. Mol Cell Biol. 1996;16(9):4604-4613. 

148. Long J.S., Natarajan V., Tigyi G., Pyne S., Pyne N.J. The functional PDGFbeta receptor-
S1P1 receptor signaling complex is involved in regulating migration of mouse embryonic 
fibroblasts in response to platelet derived growth factor. Prostaglandins Other Lipid Mediat. 
2006;80(1-2):74-80. 



 

 123 

149. Hammad S.M., Crellin H.G., Wu B.X., Melton J., Anelli V., Obeid L.M. Dual and distinct 
roles for sphingosine kinase 1 and sphingosine 1 phosphate in the response to inflammatory 
stimuli in RAW macrophages. Prostaglandins Other Lipid Mediat. 2008;85(3-4):107-114. 

150. Paugh B.S., Bryan L., Paugh S.W., Wilczynska K.M., Alvarez S.M., Singh S.K., Kapitonov 
D., Rokita H., Wright S., Griswold-Prenner I., Milstien S., Spiegel S., Kordula T. Interleukin-
1 regulates the expression of sphingosine kinase 1 in glioblastoma cells. The Journal of biological 
chemistry. 2009;284(6):3408-3417. 

151. Dorfmüller P., Perros F., Balabanian K., Humbert M. Inflammation in pulmonary arterial 
hypertension. European Respiratory Journal. 2003;22(2):358-363. 

152. Guignabert C., Tu L., Le Hiress M., Ricard N., Sattler C., Seferian A., Huertas A., Humbert 
M., Montani D. Pathogenesis of pulmonary arterial hypertension: lessons from cancer. 
European Respiratory Review. 2013;22(130):543-551. 

153. Jiang P., Smith A.D., Li R., Rao J.N., Liu L., Donahue J.M., Wang J.-Y., Turner D.J. 
Sphingosine kinase 1 overexpression stimulates intestinal epithelial cell proliferation through 
increased c-Myc translation. American Journal of Physiology - Cell Physiology. 2013;304(12):C1187-
C1197. 

154. Wamhoff B.R., Lynch K.R., Macdonald T.L., Owens G.K. Sphingosine-1-phosphate 
receptor subtypes differentially regulate smooth muscle cell phenotype. Arteriosclerosis, 
thrombosis, and vascular biology. 2008;28(8):1454-1461. 

155. Calise S., Blescia S., Cencetti F., Bernacchioni C., Donati C., Bruni P. Sphingosine 1-
phosphate stimulates proliferation and migration of satellite cells: Role of S1P receptors. 
Biochimica et Biophysica Acta (BBA) - Molecular Cell Research. 2012;1823(2):439-450. 

156. Avery K., Avery S., Shepherd J., Heath P.R., Moore H. Sphingosine-1-phosphate mediates 
transcriptional regulation of key targets associated with survival, proliferation, and 
pluripotency in human embryonic stem cells. Stem Cells Dev. 2008;17(6):1195-1205. 

157. Takashima S., Sugimoto N., Takuwa N., Okamoto Y., Yoshioka K., Takamura M., Takata S., 
Kaneko S., Takuwa Y. G12/13 and Gq mediate S1P2-induced inhibition of Rac and 
migration in vascular smooth muscle in a manner dependent on Rho but not Rho kinase. 
Cardiovasc Res. 2008;79(4):689-697. 

158. Grabski A.D., Shimizu T., Deou J., Mahoney W.M., Jr., Reidy M.A., Daum G. Sphingosine-
1-phosphate receptor-2 regulates expression of smooth muscle alpha-actin after arterial 
injury. Arteriosclerosis, thrombosis, and vascular biology. 2009;29(10):1644-1650. 

159. Yu A.Y., Shimoda L.A., Iyer N.V., Huso D.L., Sun X., McWilliams R., Beaty T., Sham J.S., 
Wiener C.M., Sylvester J.T., Semenza G.L. Impaired physiological responses to chronic 
hypoxia in mice partially deficient for hypoxia-inducible factor 1alpha. J Clin Invest. 
1999;103(5):691-696. 

160. Ball M.K., Waypa G.B., Mungai P.T., Nielsen J.M., Czech L., Dudley V.J., Beussink L., 
Dettman R.W., Berkelhamer S.K., Steinhorn R.H., Shah S.J., Schumacker P.T. Regulation of 



 

 124 

hypoxia-induced pulmonary hypertension by vascular smooth muscle hypoxia-inducible 
factor-1alpha. American journal of respiratory and critical care medicine. 2014;189(3):314-324. 

161. Pisarcik S., Maylor J., Lu W., Yun X., Undem C., Sylvester J.T., Semenza G.L., Shimoda L.A. 
Activation of hypoxia-inducible factor-1 in pulmonary arterial smooth muscle cells by 
endothelin-1. Am J Physiol Lung Cell Mol Physiol. 2013;304(8):L549-561. 

162. Bonnet S., Michelakis E.D., Porter C.J., Andrade-Navarro M.A., Thebaud B., Bonnet S., 
Haromy A., Harry G., Moudgil R., McMurtry M.S., Weir E.K., Archer S.L. An abnormal 
mitochondrial-hypoxia inducible factor-1alpha-Kv channel pathway disrupts oxygen sensing 
and triggers pulmonary arterial hypertension in fawn hooded rats: similarities to human 
pulmonary arterial hypertension. Circulation. 2006;113(22):2630-2641. 

163. Lin C.-C., Yang C.-C., Cho R.-L., Wang C.-y., Hsiao L.-D., Yang C.-M. Sphingosine 1-
phosphate-induced ICAM-1 expression via NADPH oxidase/ROS-dependent NF-kappaB 
cascade on human pulmonary alveolar epithelial cells. Frontiers in Pharmacology. 2016;7. 

164. Patel N., Kalra V.K. Placenta growth factor-induced early growth response 1 (Egr-1) 
regulates hypoxia-inducible factor-1alpha (HIF-1alpha) in endothelial cells. The Journal of 
biological chemistry. 2010;285(27):20570-20579. 

165. Schnitzer S.E., Schmid T., Zhou J., Eisenbrand G., Brune B. Inhibition of GSK3beta by 
indirubins restores HIF-1alpha accumulation under prolonged periods of hypoxia/anoxia. 
FEBS Lett. 2005;579(2):529-533. 

166. Cheng D.-d., Zhao H.-g., Yang Y.-s., Hu T., Yang Q.-c. GSK3β negatively regulates HIF1α 
mRNA stability via nucleolin in the MG63 osteosarcoma cell line. Biochemical and biophysical 
research communications. 2014;443(2):598-603. 

167. Carmeliet P., Dor Y., Herbert J.M., Fukumura D., Brusselmans K., Dewerchin M., Neeman 
M., Bono F., Abramovitch R., Maxwell P., Koch C.J., Ratcliffe P., Moons L., Jain R.K., 
Collen D., Keshert E. Role of HIF-1alpha in hypoxia-mediated apoptosis, cell proliferation 
and tumour angiogenesis. Nature. 1998;394(6692):485-490. 

168. Atkins D.J., Gingert C., Justenhoven C., Schmahl G.E., Bonato M.S., Brauch H., Storkel S. 
Concomitant deregulation of HIF1alpha and cell cycle proteins in VHL-mutated renal cell 
carcinomas. Virchows Archiv : an international journal of pathology. 2005;447(3):634-642. 

169. Hernandez-Luna M.A., Rocha-Zavaleta L., Vega M.I., Huerta-Yepez S. Hypoxia inducible 
factor-1alpha induces chemoresistance phenotype in non-Hodgkin lymphoma cell line via 
up-regulation of Bcl-xL. Leukemia & lymphoma. 2013;54(5):1048-1055. 

170. Greijer A.E., Delis-van Diemen P.M., Fijneman R.J., Giles R.H., Voest E.E., van Hinsbergh 
V.W., Meijer G.A. Presence of HIF-1 and related genes in normal mucosa, adenomas and 
carcinomas of the colorectum. Virchows Archiv : an international journal of pathology. 
2008;452(5):535-544. 



 

 125 

171. Ogawa A., Firth A.L., Smith K.A., Maliakal M.V., Yuan J.X. PDGF enhances store-operated 
Ca2+ entry by upregulating STIM1/Orai1 via activation of Akt/mTOR in human 
pulmonary arterial smooth muscle cells. Am J Physiol Cell Physiol. 2012;302(2):C405-411. 

172. Zhang H., Desai N.N., Olivera A., Seki T., Brooker G., Spiegel S. Sphingosine-1-phosphate, 
a novel lipid, involved in cellular proliferation. J Cell Biol. 1991;114(1):155-167. 

173. Cao X.M., Koski R.A., Gashler A., McKiernan M., Morris C.F., Gaffney R., Hay R.V., 
Sukhatme V.P. Identification and characterization of the Egr-1 gene product, a DNA-
binding zinc finger protein induced by differentiation and growth signals. Mol Cell Biol. 
1990;10(5):1931-1939. 

174. Hjoberg J., Le L., Imrich A., Subramaniam V., Mathew S.I., Vallone J., Haley K.J., Green 
F.H., Shore S.A., Silverman E.S. Induction of early growth-response factor 1 by platelet-
derived growth factor in human airway smooth muscle. Am J Physiol Lung Cell Mol Physiol. 
2004;286(4):L817-825. 

175. Luo Y., Zhang M., Zhang J., Zhang J., Chen C., Chen Y.E., Xiong J.W., Zhu X. Platelet-
derived growth factor induces Rad expression through Egr-1 in vascular smooth muscle 
cells. PLoS One. 2011;6(4):e19408. 

176. Pagel J.I., Deindl E. Disease progression mediated by egr-1 associated signaling in response 
to oxidative stress. Int J Mol Sci. 2012;13(10):13104-13117. 

177. van der Feen D.E., Dickinson M.G., Bartelds B., Borgdorff M.A., Sietsma H., Levy M., 
Berger R.M. Egr-1 identifies neointimal remodeling and relates to progression in human 
pulmonary arterial hypertension. J Heart Lung Transplant. 2015. 

178. Dickinson M.G., Kowalski P.S., Bartelds B., Borgdorff M.A., van der Feen D., Sietsma H., 
Molema G., Kamps J.A., Berger R.M. A critical role for Egr-1 during vascular remodelling in 
pulmonary arterial hypertension. Cardiovasc Res. 2014;103(4):573-584. 

179. Banks M.F., Gerasimovskaya E.V., Tucker D.A., Frid M.G., Carpenter T.C., Stenmark K.R. 
Egr-1 antisense oligonucleotides inhibit hypoxia-induced proliferation of pulmonary artery 
adventitial fibroblasts. J Appl Physiol (1985). 2005;98(2):732-738. 

180. Byun H.S., Pyne S., Macritchie N., Pyne N.J., Bittman R. Novel sphingosine-containing 
analogues selectively inhibit sphingosine kinase (SK) isozymes, induce SK1 proteasomal 
degradation and reduce DNA synthesis in human pulmonary arterial smooth muscle cells. 
Medchemcomm. 2013;4(10). 

181. Pagel J.I., Ziegelhoeffer T., Heil M., Fischer S., Fernandez B., Schaper W., Preissner K.T., 
Deindl E. Role of early growth response 1 in arteriogenesis: impact on vascular cell 
proliferation and leukocyte recruitment in vivo. Thromb Haemost. 2012;107(3):562-574. 

182. Virolle T., Krones-Herzig A., Baron V., De Gregorio G., Adamson E.D., Mercola D. Egr1 
promotes growth and survival of prostate cancer cells. Identification of novel Egr1 target 
genes. The Journal of biological chemistry. 2003;278(14):11802-11810. 



 

 126 

183. Kannan Y., Wilson M.S. TEC and MAPK Kinase Signalling Pathways in T helper (T) cell 
Development, T2 Differentiation and Allergic Asthma. J Clin Cell Immunol. 2012;Suppl 12:11. 

184. Hasan R.N., Schafer A.I. Hemin upregulates Egr-1 expression in vascular smooth muscle 
cells via reactive oxygen species ERK-1/2-Elk-1 and NF-kappaB. Circ Res. 2008;102(1):42-
50. 

185. Moreno-Vinasco L., Gomberg-Maitland M., Maitland M.L., Desai A.A., Singleton P.A., 
Sammani S., Sam L., Liu Y., Husain A.N., Lang R.M., Ratain M.J., Lussier Y.A., Garcia J.G. 
Genomic assessment of a multikinase inhibitor, sorafenib, in a rodent model of pulmonary 
hypertension. Physiol Genomics. 2008;33(2):278-291. 

186. Al Husseini A., Bagnato G., Farkas L., Gomez-Arroyo J., Farkas D., Mizuno S., Kraskauskas 
D., Abbate A., Van Tassel B., Voelkel N.F., Bogaard H.J. Thyroid hormone is highly 
permissive in angioproliferative pulmonary hypertension in rats. Eur Respir J. 2013;41(1):104-
114. 

187. Usui S., Sugimoto N., Takuwa N., Sakagami S., Takata S., Kaneko S., Takuwa Y. Blood lipid 
mediator sphingosine 1-phosphate potently stimulates platelet-derived growth factor-A and -
B chain expression through S1P1-Gi-Ras-MAPK-dependent induction of Kruppel-like 
factor 5. The Journal of biological chemistry. 2004;279(13):12300-12311. 

188. Furuya H., Wada M., Shimizu Y., Yamada P.M., Hannun Y.A., Obeid L.M., Kawamori T. 
Effect of sphingosine kinase 1 inhibition on blood pressure. FASEB J. 2013;27(2):656-664. 

189. Gurgui M., Broere R., Kalff J.C., van Echten-Deckert G. Dual action of sphingosine 1-
phosphate in eliciting proinflammatory responses in primary cultured rat intestinal smooth 
muscle cells. Cell Signal. 2010;22(11):1727-1733. 

190. Morrell N.W., Adnot S., Archer S.L., Dupuis J., Jones P.L., MacLean M.R., McMurtry I.F., 
Stenmark K.R., Thistlethwaite P.A., Weissmann N., Yuan J.X., Weir E.K. Cellular and 
molecular basis of pulmonary arterial hypertension. Journal of the American College of Cardiology. 
2009;54(1 Suppl):S20-31. 

191. Owens G.K., Kumar M.S., Wamhoff B.R. Molecular regulation of vascular smooth muscle 
cell differentiation in development and disease. Physiol Rev. 2004;84(3):767-801. 

192. Fernandez R.A., Wan J., Song S., Smith K.A., Gu Y., Tauseef M., Tang H., Makino A., 
Mehta D., Yuan J.X. Upregulated expression of STIM2, TRPC6, and Orai2 contributes to 
the transition of pulmonary arterial smooth muscle cells from a contractile to proliferative 
phenotype. Am J Physiol Cell Physiol. 2015;308(8):C581-593. 

193. Chowdhury A., Sarkar J., Chakraborti T., Chakraborti S. Role of Spm-Cer-S1P signalling 
pathway in MMP-2 mediated U46619-induced proliferation of pulmonary artery smooth 
muscle cells: protective role of epigallocatechin-3-gallate. Cell Biochem Funct. 2015;33(7):463-
477. 

194. Tabeling C., Yu H., Wang L., Ranke H., Goldenberg N.M., Zabini D., Noe E., Krauszman 
A., Gutbier B., Yin J., Schaefer M., Arenz C., Hocke A.C., Suttorp N., Proia R.L., Witzenrath 



 

 127 

M., Kuebler W.M. CFTR and sphingolipids mediate hypoxic pulmonary vasoconstriction. 
Proc Natl Acad Sci U S A. 2015;112(13):E1614-1623. 

195. Grant J.S., White K., MacLean M.R., Baker A.H. MicroRNAs in pulmonary arterial 
remodeling. Cell Mol Life Sci. 2013;70(23):4479-4494. 

196. Rai P.R., Cool C.D., King J.A., Stevens T., Burns N., Winn R.A., Kasper M., Voelkel N.F. 
The cancer paradigm of severe pulmonary arterial hypertension. American journal of respiratory 
and critical care medicine. 2008;178(6):558-564. 

197. Guignabert C., Tu L., Le Hiress M., Ricard N., Sattler C., Seferian A., Huertas A., Humbert 
M., Montani D. Pathogenesis of pulmonary arterial hypertension: lessons from cancer. Eur 
Respir Rev. 2013;22(130):543-551. 

198. Mataki H., Enokida H., Chiyomaru T., Mizuno K., Matsushita R., Goto Y., Nishikawa R., 
Higashimoto I., Samukawa T., Nakagawa M., Inoue H., Seki N. Downregulation of the 
microRNA-1/133a cluster enhances cancer cell migration and invasion in lung-squamous 
cell carcinoma via regulation of Coronin1C. J Hum Genet. 2015;60(2):53-61. 

199. Xu X., Wu X., Jiang Q., Sun Y., Liu H., Chen R., Wu S. Downregulation of microRNA-1 
and microRNA-145 contributes synergistically to the development of colon cancer. Int J Mol 
Med. 2015;36(6):1630-1638. 

200. Xiao H., Zeng J., Li H., Chen K., Yu G., Hu J., Tang K., Zhou H., Huang Q., Li A., Li Y., 
Ye Z., Wang J., Xu H. MiR-1 downregulation correlates with poor survival in clear cell renal 
cell carcinoma where it interferes with cell cycle regulation and metastasis. Oncotarget. 
2015;6(15):13201-13215. 

201. Liu Y.N., Yin J., Barrett B., Sheppard-Tillman H., Li D., Casey O.M., Fang L., Hynes P.G., 
Ameri A.H., Kelly K. Loss of Androgen-Regulated MicroRNA 1 Activates SRC and 
Promotes Prostate Cancer Bone Metastasis. Mol Cell Biol. 2015;35(11):1940-1951. 

202. Chen W.S., Leung C.M., Pan H.W., Hu L.Y., Li S.C., Ho M.R., Tsai K.W. Silencing of miR-
1-1 and miR-133a-2 cluster expression by DNA hypermethylation in colorectal cancer. 
Oncology reports. 2012;28(3):1069-1076. 

203. Du Y.Y., Zhao L.M., Chen L., Sang M.X., Li J., Ma M., Liu J.F. The tumor-suppressive 
function of miR-1 by targeting LASP1 and TAGLN2 in esophageal squamous cell 
carcinoma. J Gastroenterol Hepatol. 2015. 

204. Liu T., Hu K., Zhao Z., Chen G., Ou X., Zhang H., Zhang X., Wei X., Wang D., Cui M., 
Liu C. MicroRNA-1 down-regulates proliferation and migration of breast cancer stem cells 
by inhibiting the Wnt/beta-catenin pathway. Oncotarget. 2015;6(39):41638-41649. 

205. Han C., Zhou Y., An Q., Li F., Li D., Zhang X., Yu Z., Zheng L., Duan Z., Kan Q. 
MicroRNA-1 (miR-1) inhibits gastric cancer cell proliferation and migration by targeting 
MET. Tumour Biol. 2015;36(9):6715-6723. 



 

 128 

206. Zhao Y., Samal E., Srivastava D. Serum response factor regulates a muscle-specific 
microRNA that targets Hand2 during cardiogenesis. Nature. 2005;436(7048):214-220. 

207. Zhao Y., Ransom J.F., Li A., Vedantham V., von Drehle M., Muth A.N., Tsuchihashi T., 
McManus M.T., Schwartz R.J., Srivastava D. Dysregulation of cardiogenesis, cardiac 
conduction, and cell cycle in mice lacking miRNA-1-2. Cell. 2007;129(2):303-317. 

208. Chen J.F., Mandel E.M., Thomson J.M., Wu Q., Callis T.E., Hammond S.M., Conlon F.L., 
Wang D.Z. The role of microRNA-1 and microRNA-133 in skeletal muscle proliferation 
and differentiation. Nat Genet. 2006;38(2):228-233. 

209. Kwon C., Han Z., Olson E.N., Srivastava D. MicroRNA1 influences cardiac differentiation 
in Drosophila and regulates Notch signaling. Proc Natl Acad Sci U S A. 2005;102(52):18986-
18991. 

210. Jiang Y., Yin H., Zheng X.L. MicroRNA-1 inhibits myocardin-induced contractility of 
human vascular smooth muscle cells. Journal of cellular physiology. 2010;225(2):506-511. 

211. Renard S., Paulin R., Breuils-Bonnet S., Simard S., Pibarot P., Bonnet S., Provencher S. Pim-
1: A new biomarker in pulmonary arterial hypertension. Pulm Circ. 2013;3(1):74-81. 

212. Liu K., Ying Z., Qi X., Shi Y., Tang Q. MicroRNA-1 regulates the proliferation of vascular 
smooth muscle cells by targeting insulin-like growth factor 1. Int J Mol Med. 2015;36(3):817-
824. 

213. Yang Q., Sun M., Ramchandran R., Raj J.U. IGF-1 signaling in neonatal hypoxia-induced 
pulmonary hypertension: Role of epigenetic regulation. Vascul Pharmacol. 2015;73:20-31. 

214. Heidersbach A., Saxby C., Carver-Moore K., Huang Y., Ang Y.S., de Jong P.J., Ivey K.N., 
Srivastava D. microRNA-1 regulates sarcomere formation and suppresses smooth muscle 
gene expression in the mammalian heart. Elife. 2013;2:e01323. 

215. Wei C., Henderson H., Spradley C., Li L., Kim I.K., Kumar S., Hong N., Arroliga A.C., 
Gupta S. Circulating miRNAs as potential marker for pulmonary hypertension. PLoS One. 
2013;8(5):e64396. 

 
 
 
  



 

 129 

APPENDIX 
 
 

Reprint Permissions 
 
 
 
 



 

 

130 

 

  
  
 



 

 

131 



 

 

132 

  

 
 
 
 



 

 

133 



 

 

134 

  

 



 

 

135 

 
 
 
 
 
 
 
 
 
 



 

 

136 

 

 
  



 

 

137 

  
 
 
 
 

  



 

 

138 

 
 

 
 



 

 

139 

   
 

 
 
 
 

  



 

 

140 

 
 

  
  



 

 

141 

 

 
  



 

 142 

VITA 
 

Justin R. Sysol 
 

EDUCATION 
 
Degree Years Institution           Discipline 
 
B.S.  2005-2009 University of Rochester    Ecology and Evolutionary Biology 
                       Distinction in Research 
 
M.D./Ph.D. 2011-2018  University of Illinois      Cellular and Molecular Pharmacology 
     College of Medicine        
 
 
PROFESSIONAL EXPERIENCE 
 
2012 – 2018  PhD Thesis Research 
   Advisor: Roberto Machado, M.D.; Chair: Viswanathan Natarajan, Ph.D. 
   Departments of Pharmacology and Medicine 
   University of Illinois College of Medicine at Chicago 
 
2009 – 2011  Post-baccalaureate Intramural Research Training Award (IRTA) Fellow 
   Advisors: Charles Venditti, M.D., Ph.D., Irini Manoli, M.D., Ph.D. 
   Genetics and Molecular Biology Branch 
   National Human Genome Research Institute (NHGRI), NIH 
 
2009   Graduate Research Assistant 
   Advisor: J.H. David Wu, Ph.D.; Department of Chemical Engineering 
   University of Rochester 
 
2007 – 2009  Undergraduate Research Assistant and Senior Thesis 
   Advisor: John H. Werren, Ph.D.; Department of Biology; 
   University of Rochester 
 
2007 – 2008   Undergraduate Research Assistant 
   Advisor: Baek Kim, Ph.D.; Department of Microbiology and Immunology 
   University of Rochester 
 
 
RESEARCH ACTIVITIES 
 
Publications 
 

1.   Saraf S.L., Sysol J.R., Susma A., Setty S., Zhang X., Gudehithlu K.P., Arruda J.A.L., Singh 
A.K., Machado R.F., Gordeuk V.R. Progressive glomerular and tubular damage in sickle cell 



 

 143 

trait and sickle cell anemia mouse models. Transl Res. 2017 Feb 
https://doi.org/10.1016/j.trsl.2018.01.007. [Epub ahead of print] 

 
2.   Sysol J.R., Chen J., Singla S., Zhao S., Comhair S.A.A., Natarajan V., Machado R.F. 

MicroRNA-1 Is Decreased by Hypoxia and Contributes to the Development of Pulmonary 
Vascular Remodeling via Regulation of Sphingosine Kinase 1. Am J Physiol Lung Cell Mol 
Physiol. 2017 Nov 22:ajplung000572017. doi: 10.1152/ajplung.00057.2017. [Epub ahead of 
print] 

 
3.   Singla S., Sysol J.R., Dille B., Jones N., Chen J., Machado R.F. Hemin Causes Lung 

Microvascular Endothelial Barrier Dysfunction by Necroptotic Cell Death. Am J Respir Cell 
Mol Biol. 2017;57(3):307-14.  

 
4.   Singla S., Chen J., Sethuraman S., Sysol J.R., Gampa A., Zhao S., Machado R.F. Loss of 

Lung WWOX Expression Causes Neutrophilic Inflammation. Am J Physiol Lung Cell Mol 
Physiol. 2017;312(6):L903-11.  

 
5.   Chen J., Sysol J.R., Singla S., Zhao S., Yamamura A., Valdez-Jasso D., Abbasi T., Shioura 

K.M., Sahni S., Reddy V., Sridhar A., Gao H., Torres J., Camp S.M., Tang H., Ye S.Q., 
Comhair S., Dweik R., Hassoun P., Yuan J.X.J., Garcia J.G.N., Machado R.F. Nicotinamide 
Phosphoribosyltransferase Promotes Pulmonary Vascular Remodeling and is a Therapeutic 
Target in Pulmonary Arterial Hypertension. Circulation. 2017;135(16):1532-46. 

 
6.   Lerin C., Goldfine A.B., Boes T., Liu M., Kasif S., Dreyfuss J., De Sousa-Coelho A.L., Daher 

G., Manoli I., Sysol J.R., Isganaitis E., Jessen N., Goodyear L.J., Beebe K., Gall W., Venditti 
C.P., Patti M.E. Defects in Muscle Branched-Chain Amino Acid Oxidation Contribute to 
Impaired Lipid Metabolism. Mol Metab. 2016;5(10):926–36. 

 
7.   Duarte J.D.*, Desai A.A.* (*Equal contribution), Sysol J.R., Abbasi T., Patel A.R., Lang 

R.M., Gupta A., Garcia J.G., Gordeuk V., Machado R.F. Genome-Wide Analysis Identifies 
IL-18 and FUCA2 as Novel Genes Associated with Diastolic Function in African Americans 
with Sickle Cell Disease. PLoS One. 2016;11(9):e0163013. 

 
8.   Sysol J.R., Natarajan V., Machado, R.F. PDGF Induces SphK1 Expression via Egr-1 to 

Promote Pulmonary Artery Smooth Muscle Cell Proliferation. Am J Physiol Cell Physiol. 
2016;310(11):C983-92. 

 
9.   Tang H., Chen J., Fraidenburg D.R., Song S., Sysol J.R., Drennan A.R., Offermanns S., Ye 

R.D., Bonini M.G., Minshall R.D., Garcia J.G., Machado R.F., Makino A., Yuan J.X. 
Deficiency of Akt1, but not Akt2, Attenuates the Development of Pulmonary Hypertension. 
Am J Physiol Lung Cell Mol Physiol. 2015;308(2):L208-220. 

 
10.  Chen J.*, Tang H.*, Sysol J.R.* (*Equal contribution), Moreno-Vinasco L., Shioura K.M., 

Chen T., Gorshkova I., Wang L., Usatyuk P.V., Huang L., Sammani S., Zhou G., Raj J.U., 
Garcia J.G., Berdyshev E., Yuan J.X., Natarajan V., Machado R.F.. The sphingosine kinase 
1/sphingosine-1-phosphate pathway in pulmonary arterial hypertension. Am J Respir Crit 
Care Med. 2014;190(9):1032-1043. 



 

 

144 

 
11.  Manoli I.*, Sysol J.R.* (*Equal contribution), Li L., Houillier P., Garone C., Wang C., 

Zerfas P.M., Cusmano-Ozog K., Young S., Trivedi N.S., Cheng J., Sloan J.L., Chandler R.J., 
Abu-Asab M., Tsokos M., Elkahloun A.G., Rosen S., Enns G.M., Berry G.T., Hoffamnn V., 
DiMauro S., Schnermann J., Venditti C.P.. Targeting proximal tubule mitochondrial 
dysfunction attenuates the renal disease of methylmalonic academia. Proc Natl Acad Sci U S 
A. 2013;110(33):13552-13557. 

 
12.  Sysol J.R., Kempf C., Helton M.N., Dong Y., Zhu D., Sun H., Garcia J.G., Machado R.F., 

Chen J. Evaluation of a reliable and cost-effective method of DNA isolation for mouse 
genotyping. Biotechnol Lett. 2013;35(4):509-514. 

 
13.  Senac J.S., Chandler R.J., Sysol J.R., Li L., Venditti C.P. Gene therapy in a murine model of 

methylmalonic acidemia using rAAV9-mediated gene delivery. Gene Ther. 2012;19(4):385-391. 
 

14.  Sloan J.L., Johnston J.J., Manoli I., Chandler R.J., Krause C., Carrillo-Carrasco N., 
Chandrasekaran S.D., Sysol J.R., O’Brien K., Hauser N.S., Sapp J.C., Dorward H.M., 
Huizing M., NISC, Barshop B.A., Berry S., James P.M., Champaigne N.L., de Lonlay P., 
Valayannopoulos V., Geschwind M.D., Gavrilov D.K., Nyhan W.L., Biesecker L.G., 
Venditti C.P. Whole exome sequencing identifies ACSF3 as a putative human malonyl-CoA 
synthetase and the gene responsible for Combined Malonic and Methylmalonic Aciduria. 
Nat Genet. 43(9):883-6 (2011). 

 
 
Book Chapters 
 

1.   Sysol J.R., Machado R.F. Sickle Cell Disease and Acute Chest Syndrome: Epidemiology, 
Diagnosis, Management, Outcomes. Respiratory Medicine: Hematologic Abnormalities and Acute 
Lung Syndromes. Springer International Publishing, Switzerland. pp 67-87 (2017). 

 
 
Selected Abstracts 
 

1.   JR Sysol, J Chen, S Singla, S Comhar, SC Erzurum, V Natarajan, RF Machado. “Role of 
MicroRNA-1 in Regulating Pulmonary Vascular Remodeling in Pulmonary Hypertension.” 
Central Society for Clinical and Translational Research (CSCTR) Annual Meeting, Chicago, 
IL (2016). J Investig Med, 64(4):969. 

 
2.   SL Saraf, JR Sysol, A Susma, S Setty, KP Gudehithlu, JAL Arruda, AK Singh, RF Machado, 

VR Gordeuk. “Progressive Glomerular Damage in Sickle Cell Trait and Sickle Cell Anemia 
Mouse Models.” Central Society for Clinical and Translational Research (CSCTR) Annual 
Meeting, Chicago, IL (2016). J Investig Med, 64(4), 957-958. 

 
3.   J Chen, JR Sysol, KM Shioura, S Singla, H Yamamura, A Yamamura, V Reddy, J Torres, A 

Sridhar, H Tang, JX Yuan, JG Garcia, RF Machado. “Inhibition of Nicotinamide 
Phosphoribosyltransferase (NAMPT) Attenuates Experimental Pulmonary Hypertension.” 



 

 

145 

Central Society for Clinical and Translational Research (CSCTR) Annual Meeting, Chicago, 
IL (2016). J Investig Med, 64(4)912-913. 

 
4.   JR Sysol, J Chen, S Singla, V Natarajan, RF Machado. “MicroRNA-1 is Decreased by 

Hypoxia and Contributes to the Development of Experimental Pulmonary Hypertension via 
Regulation of Sphingosine Kinase 1 (SphK1).” Accepted for poster discussion, American Thoracic 
Society International Conference, San Francisco, CA (May 13-18, 2016). 

 
5.   J Chen, S Singla, JR Sysol, S Ye, S Erzurum, RF Machado. “Autocrine and paracrine 

nicotinamide phosphoribosyltransferase (NAMPT) activity promote proliferation of human 
pulmonary artery smooth muscle cells.” Accepted for poster presentation, American Thoracic 
Society International Conference, San Francisco, CA (May 13-18, 2016). 

 
6.   S Singla, J Chen, JR Sysol, RF Machado. “Lung WWOX knockdown causes neutrophilic 

inflammation associated with increased epithelial IL-8 secretion.” Accepted for poster discussion, 
American Thoracic Society International Conference, San Francisco, CA (May 13-18, 2016). 

 
7.   JR Sysol, J Chen, JGN Garcia, V Natarajan, RF Machado. “Sphingosine Kinase 1 (SphK1) 

Promoter is Regulated by Hypoxia and Platelet-Derived Growth Factor (PDGF) in 
Pulmonary Artery Smooth Muscle Cells.” American Thoracic Society International 
Conference, Denver, CO (May 15-20, 2015). Am J Respir Crit Care Med, 191;2015:A1987. 

 
8.   JR Sysol, J Chen, P Fu, JGN Garcia, V Natarajan, RF Machado. “Sphingosine-1-Phosphate 

(S1P) Induces Hypoxia-Inducible Factor-1 Alpha (HIF1-α) Activation in Human Pulmonary 
Artery Smooth Muscle Cells.” American Thoracic Society International Conference, Denver, 
CO (May 15-20, 2015). Am J Respir Crit Care Med, 191;2015:A5957. 

 
9.   JR Sysol, S Sammani, E Letsiou, S Singla, SM Dudek, RF Machado. “Mice with Sickle Cell 

Disease are Protected from Ventilator-Induced Lung Injury but not LPS-Induced Lung 
Injury.” American Thoracic Society International Conference, Denver, CO (May 15-20, 
2015). Am J Respir Crit Care Med, 191;2015:A2060. 
 

10.  J Chen, JR Sysol, LS Huang, AS Chehtha, Y Dong, H Tang, JXJ Yuan, V Natarajan, RF 
Machado. “Conditional SphK1 Deficiency in Smooth Muscle Cells, but Not Endothelial 
Cells, Protects Against Hypoxia-mediated Pulmonary Hypertension in Mice.” American 
Thoracic Society International Conference, Denver, CO (May 15-20, 2015). Am J Respir Crit 
Care Med, 191;2015:A1919. 

 
11.  S Singla, JR Sysol, P Belvitch, J Chen, RF Machado. “Hemin induces pulmonary endothelial 

cell barrier dysfunction via NF-kB.” American Thoracic Society International Conference, 
Denver, CO (May 15-20, 2015). Am J Respir Crit Care Med, 191;2015:A2075. 

 
12.  S Sammani, E Letsiou, A Rizzo, JR Sysol, L Meliton, RF Machado, SM Dudek. “Hemin-

induced acute lung injury is mediated by GVPLA2 in mice.” Central Society for Clinical and 
Translational Research (CSCTR) Annual Meeting, Chicago, IL (2015). J Investig Med, 
63(4):699-700. 

 



 

 

146 

13.  J Chen, JR Sysol, H Tang, L Moreno-Vinasco, KM Shioura, JXJ Yuan, JGN Garcia, V 
Natarajan, RF Machado. “Transgenic or pharmacological inhibition of SphK1 and S1PR2 
prevents hypoxia-mediated pulmonary hypertension.” Central Society for Clinical and 
Translational Research (CSCTR) Annual Meeting, Chicago, IL (2015). J Investig Med, 
63(4):660. 

 
14.  JR Sysol, J Chen, H Tang, V Reddy, JXJ Yuan, V Natarajan, RF Machado. “Sphingosine-1-

phosphate receptor 2 is elevated in patients with pulmonary arterial hypertension and 
regulates S1P-induced pulmonary artery smooth muscle cell proliferation.” American 
Thoracic Society International Conference, San Diego, CA (May 16-21, 2014). Am J Respir 
Crit Care Med, 189;2014:A4776. 
 

15.  J Chen, H Tang, JR Sysol, A Sridhar, JXJ Yuan, V Natarajan, RF Machado. “S1P lyase 
deficiency in mice enhances susceptibility to hypoxia-mediated pulmonary hypertension.” 
American Thoracic Society International Conference, San Diego, CA (May 16-21, 2014). Am 
J Respir Crit Care Med, 189;2014:A3298. 

 
16.  X Sun, B Liu, JR Sysol, V Natarajan, RF Machado. “Promoters of sphingosine-1-phosphate 

receptors are differentially regulated by growth factors and hypoxia.” American Thoracic 
Society International Conference, San Diego, CA (May 16-21, 2014). Am J Respir Crit Care 
Med, 189;2014:A4813. 

 
17.  H Tang, J Chen, AR Drennan, DR Fraidenburg, S Song, JR Sysol, KA Smith, RF Machado, 

A Makino, JXJ Yuan. “Akt/mTOR signaling contributes to the development of pulmonary 
arterial hypertension.” American Thoracic Society International Conference, San Diego, CA 
(May 16-21, 2014). Am J Respir Crit Care Med, 189;2014:A5559. 

 
18.  H Tang, J Chen, DR Fraidenburg, JR Sysol, RF Machado, A Makino, JXJ Yuan. 

“Conditional deletion of beta-catenin in smooth muscle cells fails to affect the development 
of pulmonary hypertension.” Central Society for Clinical and Translational Research 
(CSCTR) and the Midwestern Section of the American Federation for Medical Research 
(MWAFMR) Combined Annual Meeting (Apr 24-25, 2014). J Investig Med. 62(4):743-744 
(2014). 

 
19.  I Manoli, JR Sysol, MK Crocker, G Niu, J Storrar, S Mendelson, J Sloan, C Wang, Y Ktena, 

PM Zerfas, V Hoffman, HJ Vernon, A Hamosh, JC Reynolds, X Chen, O Gavrilova, JA 
Yanovski, CP Venditti. “A lipomatosis endophenotype in methylmalonic acidemia: evidence 
from patients and mice.” American Society of Human Genetics Meeting, Boston, MA (Oct 
22-26, 2013). 

 
20.  JS Senac, VH Aswani, JR Sysol, I Manoli, CP Venditti. “A Partial Deficiency Model of 

MUT Methylmalonic Acidemia (MMA) Displays Diet Inducible Disease and Sensitivity to 
Acetaminophen (APAP). American Society of Gene and Cell Therapy, 16th Annual Meeting, 
Salt Lake City, UT (May 15-18, 2013). Molecular Therapy, Vol 21, Sup 1: S107 (2013). 

 
21.  J Chen, S Shahrara, A Yamaura, JR Sysol, H Tang, A Fahs, L Xie, Y Dong, S Song, JGN 

Garcia, JXJ Yuan, RF Machado. “Interleukin 7 (IL7) And IL7 Receptor (IL7R) Are Novel 
Mediators In The Development Of Pulmonary Hypertension In Humans And Mice.” 



 

 

147 

American Thoracic Society International Conference, Philadelphia, PA (May 17-22, 2013). 
Am J Respir Crit Care Med, 187; 2013. 

 
22.  J Chen, JR Sysol, T Chen, H Tang, E Berdyshev, I Gorshkova, G Zhou, Y Dong, A Fahs, 

JU Raj, JGN Garcia, JXJ Yuan, V Natarajan, RF Machado. “Sphingosine Kinase 1 Is 
Upregulated In Pulmonary Artery Smooth Muscle Cells (PASMCs) From Patients With 
Pulmonary Arterial Hypertension And Modulates Human PASMC Proliferation.” American 
Thoracic Society Conference, Philadelphia, PA (May 17-22, 2013). Am J Respir Crit Care Med, 
187; 2013. 

 
23.  JS Senac, VH Aswani, JR Sysol, I Manoli, CP Venditti. “A mouse model of Mut- 

methylmalonic acidemia (MMA).” American Society of Human Genetics, 62st Annual 
Meeting, San Francisco, CA (Nov 6-10, 2012). 

 
24.  JR Sysol, J Chen, Wade MS, T Abbasi, A Fahs, JGN Garcia, JXJ Yuan, RF Machado. “Pre-

B Cell Colony-Enhancing Factor (PBEF) is elevated in plasma and lung tissue of patients 
with pulmonary hypertension and promotes pulmonary artery smooth muscle cell 
proliferation.” American Thoracic Society International Conference, Philadelphia, PA (May 
17-22, 2013). Am J Respir Crit Care Med, 187; 2013:A1744. 

 
25.  J Chen, JR Sysol, H Yamamura, KM Shioura, S Sahni, J Torres, A Yamamura, Q Guo, S 

Camp, C Evenoski, Y Zhao, A Desai, L Moreno-Vinasco, JXJ Yuan, JGN Garcia, RF 
Machado. “Inhibition of Pre-B Cell Colony-Enhancing Factor (PBEF) Prevents And 
Reverses Monocrotaline-Induced Pulmonary Hypertension.” Translational Research 
Approaches to Reduce Health Disparities in Lung Disease Symposium, Chicago, IL (Sept 
10-11, 2012). 

 
26.  J Chen, L Moreno-Vinasco, JR Sysol, KM Shioura, S Sammani, L Huang, S Pendyala, JXJ 

Yuan, JGN Garcia, V Natarajan, RF Machado. “Sphingosine Kinase 1 Deficiency Protects 
Rodents from Chronic Hypoxia-mediated Pulmonary Hypertension.” Translational Research 
Approaches to Reduce Health Disparities in Lung Disease Symposium, Chicago, IL (Sept 
10-11, 2012). 

 
27.  JS Senac, JR Sysol, CP Venditti. “Hepatocyte therapy for MUT methylmalonic academia.” 

American Society of Gene and Cell Therapy, 15th Annual Meeting, Philadelphia, PA (May 
16-19, 2012). Molecular Therapy, Vol 20, Sup 1: S59 (2012). 

 
28.  J Chen*, L Moreno-Vinasco*, JR Sysol#, KM Shioura, S Sammani, V Mohan, L Huang, S 

Pendyala, J Yuan, JG Garcia, V Natarajan, RF Machado. “Sphingosine Kinase 1 deficiency 
protects rodents from chronic hypoxia-mediated pulmonary hypertension.” American 
Thoracic Society International Conference, San Francisco, CA (May 18-23, 2012). Am J 
Respir Crit Care Med, 185; 2012:A3440. #Name added to poster only. 

 
29.  J Chen, H Yamamura, S Sahni, KM Shioura, J Torres, JR Sysol, BY Dong, A Yamaura, J 

Wan, Q Guo, S Camp, C Evanoski, Y Zhao, A Desai, L Moreno-Vinasco, J Yuan, JG 
Garcia, RF Machado. “Inhibition of pre-B cell colony-enhancing factor (PBEF) prevents 
and reverses monocrotaline-induced pulmonary hypertension.” Central Society for Clinical 
Research Conference, Chicago, IL (Apr. 2012). 



 

 

148 

 
30.  I Manoli, JR Sysol, L Li, C Garone, S Young, RJ Chandler, V Hoffmann, P Zerfas, S 

DiMauro, J Schnerman, CP Venditti. “A liver-specific transgenic mouse model identifies 
new disease-associated biomarkers and establishes antioxidants as an ameliorative treatment 
for the renal disease of methylmalonic acidemia (MMA).” American Society of Human 
Genetics, 61st Annual Meeting (12th International Congress of Human Genetics), Montreal, 
Canada (Oct 11-15, 2011). 

 
31.  JL Sloan, JJ Johnston, I Manoli, RJ Chandler, C Krause, N Carrillo-Carrasco, SD 

Chandrasekaran, JR Sysol, K O’Brien, NS Hauser, JC Sapp, HM Dorward, M Huizing, 
NISC, BA Barshop, S Berry, PM James, NL Champaigne, P de Lonlay, V Valayannopoulos, 
MD Geschwind, DK Gavrilov, WL Nyhan, LG Biesecker, CP Venditti. “Whole exome 
sequencing identifies ACSF3 as a putative human malonyl-CoA synthetase and the gene 
responsible for Combined Malonic and Methylmalonic Aciduria.” American Society of 
Human Genetics, 61st Annual Meeting (12th International Congress of Human Genetics), 
Montreal, Canada (Oct 11-15, 2011). 

 
32.  JS Senac, JR Sysol, I Manoli, RJ Chandler, CP Venditti. “A mouse model to test liver-

targeted therapies for MUT methylmalonic acidemia.” American Society of Gene & Cell 
Therapy, 14th Annual Meeting, Seattle, WA (May 18-21, 2011). Molecular Therapy, Vol 19, Sup 
1: S174 (2011). 

 
33.  I Manoli I, JR Sysol, L Li, RJ Chandler, J Senac, V Hoffmann, P Zerfas, J Schnermann, CP 

Venditti. “Muscle targeted transgene expression rescues the lethal phenotype of Mut 
knockout mice.” Annual Meeting of the Society of Inherited Metabolic Disorders, Pacific 
Grove, CA (Feb 27 – Mar 2, 2011). Mol. Genetics and Metabolism, Vol 102 (3), (2011). 

 
34.  JR Sysol, I Manoli, L Li, J Senac, RJ Chandler, V Hoffmann, P Zerfas, J Schnermann, CP 

Venditti. “Metabolic sink therapy in methylmalonic acidemia using a novel muscle-specific 
transgenic mouse model.” American Society of Human Genetics, 60th Annual Meeting, 
Washington, DC (Nov 2-6, 2010). Selected for oral presentation with Travel Award. 

 
35.  JS Senac, RJ Chandler, I Manoli I, JR Sysol, CP Venditti. “Long-term phenotypic correction 

of a lethal mouse model of methylmalonic acidemia using rAAV9-mediated gene therapy 
and metabolic improvement after re-boosting at one year.” American Society of Human 
Genetics, 60th Annual Meeting, Washington, DC (Nov 2-6, 2010). 

 
36.  I Manoli, JR Sysol, RJ Chandler, J Sloan, K Cusmano-Ozog, P Zerfas, V Hoffmann, M 

Abu-Asab, M Tsokos, GM Enns, CP Venditti. “Insights into the pathophysiology of 
methylmalonic acidemia (MMA) from tissue-specific transgenic mouse models.” Annual 
Meeting of the Society for the Study of Inborn Errors of Metabolism, Istanbul, Turkey (Sep 
2, 2010). J of Inherited Met. Disease, Vol 33, Sup 1 (2010). 

 
37.  I Manoli, JR Sysol, RJ Chandler, J Sloan, P Zerfas, V Hoffmann, M Abu-Asab, M Tsokos, 

CP Venditti. “Cell autonomy in methylmalonic acidemia: Implications for gene and cell 
therapy.” American Society of Gene & Cell Therapy, 13th Annual Meeting, Washington, DC 
(May 17-22, 2010). Molecular Therapy, Vol 18, Sup 1: 135 (2010). 

 



 

 

149 

38.  JS Senac, RJ Chandler, I Manoli, JR Sysol, CP Venditti. “Rapid transgene expression and 
long-term phenotypic correction of a lethal mouse model of methylmalonic acidemia using 
rAAV9-mediated gene delivery.” American Society of Gene & Cell Therapy, 13th Annual 
Meeting, Washington, DC (May 17-22, 2010). Molecular Therapy, Vol 18, Sup 1: 701 (2010). 

 
39.  I Manoli I, JR Sysol, RJ Chandler, J Sloan, K Cusmano-Ozog, P Zerfas, V Hoffmann, M 

Abu-Asab, M Tsokos, G Enns, CP Venditti. “The renal disease of methylmalonic academia: 
Insights into pathophysiology using mouse models and human studies.” Annual Meeting of 
the Society of Inherited Metabolic Disorders, Albuquerque, NM (Mar. 2010). Mol Genetics and 
Metabolism, Vol 99 (3), (2010). 

 
40.  JR Sysol, JH Werren. “Hybrid incompatibility between two species of Nasonia wasps: Is the 

mitochondrial ribosome involved?” National Conference on Undergraduate Research 
(NCUR), La Crosse, WI (Apr 16-18, 2009). 

 
 
Invited Presentations 
 
2016 UIC Medical Scientist Training Program, Graduate Research Dinner Seminar.  
 
2014, 2015 UIC Department of Pharmacology, Graduate Student Research Seminar. 
 
2014 UIC Department of Medicine, Pulmonary Research Conference. “Role of the 

SphK1/S1P Signaling Axis in the Pathogenesis of PAH.” Dec 18, 2014. 
 
2013 UIC Department of Medicine, Pulmonary Research Conference. “The Role of S1P 

Signaling in the Development of Pulmonary Hypertension.” Dec 19, 2013. 
 
 
EXTRAMURAL FUNDING 
 
Current 
2015 – 2018 F30 National Research Service Award (NRSA); Project: HL128034 

Funding Agency: National Heart Lung and Blood Institute (NHLBI), NIH 
Project Title: “Role of the SphK1/S1P Signaling Axis in the Pathogenesis of 
Pulmonary Arterial Hypertension” [PI: Justin R. Sysol] 
Impact Score: 19 (Scale of 10-90, with 10-20 considered ‘exceptional’) 
Award Amount: $192,480 

 
 
Completed 
2015 - 2016    Pre-doctoral Fellowship, Midwest Affiliate; Project:  15PRE21900004  

Funding Agency: American Heart Association 
Project Title: “The Roles of Sphingosine Kinase 1 (SphK1) and Sphingosine-1-
phosphate (S1P) in Pulmonary Vascular Remodeling” [PI: Justin R. Sysol] 
Priority Score: 1.27 (Scale of 1.0-5.0, with 1.00-1.40 considered 'excellent') 
Award Amount: $52,000 

 



 

 

150 

INTRAMURAL FUNDING 
 
Completed 
2015 - 2017    Chancellor's Graduate Research Award (Biomedical Deiss Fund) 

Funding Agency: UIC Graduate College; Award Amount: $8,000 
Project Title: “Regulation of the Sphingosine Kinase 1 / Sphingosine-1-Phosphate 
Pathway in Pulmonary Arterial Hypertension” 
Award Amount: $8,000 
 

2015 - 2016  CCTS Pre-doctoral Education for Clinical and Translational Scientists 
(PECTS) Program Award 
Funding Agency: UIC CCTS/College of Medicine 
Award Amount: $9,500 

 
2014 – 2015   Graduate Student Position; T32 Institutional Pre-doctoral NRSA Training 

Grant (#5T32HL007829-20) 
  Funding Agency: National Heart Lung and Blood Institute (NHLBI), NIH 
 Training Program in Lung Biology and Pathobiology, University of Illinois at 

Chicago, Department of Pharmacology [PI: Asrar B. Malik, Ph.D.] 
 

 
EDUCATIONAL ACTIVITIES 
 
Teaching 
 
2015 Research Mentor, UIC Urban Health Program/Center for Clinical and 

Translational Science (UHP/CCTS) Summer Research Fellowship Program. 
 
2009 – present Laboratory training for undergraduate and summer research students (10 total) 
 
2009  Teaching Assistant, Department. of Biology, University of Rochester 
 
 
 
 
Activities 
 
2016 – present Peer Reviewer; American Thoracic Society Early Career Group 
 American Journal of Respiratory and Critical Care Medicine Journal 
 
2014 – present  Gold Humanism Honor Society (GHHS) Selection Committee Member 

University of Illinois College of Medicine 
 
2011 – 2013  Bloodsucker’s Phlebotomy Program Volunteer 
  University of Illinois College of Medicine; Community Health Free Clinic 
 
2010 – 2011   D.C. Autism Buddies Program Volunteer 
 



 

 

151 

2009 – 2011  Clinical Rounds of the Undiagnosed Diseases Program (UDP) Volunteer 
National Human Genome Research Institute (NHGRI), NIH 

 
2009 – 2011   ICU Rounds Shadowing Program, NIH Clinical Center 
 
 
Society Memberships 
 
2015 – present  American Society for Cell Biology (ASCB) 
 
2014 – present  American Thoracic Society (ATS) 
 
2012 – present  American Physician Scientists Association (APSA) 
 
2015 – present  American Medical Student Association (AMSA) 
 
2011 – 2014  American Medical Association (AMA) 
 
2010 – 2012  American Society of Human Genetics (ASHG) 
 
2009 – 2011  American Association for the Advancement of Science (AAAS) 
 
2007 – 2009  Society of Undergraduate Biology Students, University of Rochester 
 
2009 Charles Drew Pre-Health Society, University of Rochester 
 
2008 Undergraduate Student Geological Organization, University of Rochester 
 
 
HONORS AND AWARDS 
 
2018  Ervin G. Erdös, MD and Sara F. Rabito Erdös, MD Prize for Excellence in Basic Sciences, 

Commencement Award, UIC College of Medicine. $1000 award. 
 
2017  Dr. Erminio Costa Scholarship Award, UIC College of Medicine, granted annually to a 

medical student in the MSTP who intends to pursue an academic career as a 
physician-scientist in teaching, research, and patient care. $950 award. 

 
2017  Surgical Scholars in Technology Research Paper, 2nd place, M3 Surgery Clinical Clerkship, 

UIC College of Medicine. Title: “Role of Ex Vivo Lung Perfusion in Lung 
Transplantation.” 

 
2016  Dr. Edward P. Cohen Medical Scientist Training Award, UIC MSTP, presented on behalf 

of the UIC MSTP alumni to the most outstanding M.D./Ph.D. student who 
completed their Ph.D. in 2016. $100 award. 

 



 

 

152 

2016  Trainee Travel Award, Central Society for Clinical and Translational Research (CSCTR) 
and the Midwestern Section of the American Federation for Medical Research 
(MWAFMR) Combined Annual Meeting (Chicago, IL). $300 award. 

 
2015  Multidisciplinary Team Science Award, Honorable Mention, UIC Center for Clinical and 

Translational Science (CCTS), College of Medicine Research Forum. 
 
2015  Honorable Mention Certificate, Graduate Student Category, UIC College of Medicine 

Research Forum poster presentation. 
 
2015  Albert and Doris Woeltjen Student Achievement Award, UIC Department of 

Pharmacology, granted annually to the graduate student achieving the most in the 
area of research in the last academic year. 

 
2015  W.C. and May Preble Deiss Fund Award for Biomedical Graduate Research, UIC Graduate 

College, to attend “The Genome Access Course”; Cold Spring Harbor Laboratory at 
the New York Genome Center, New York, NY (Sept 2-4, 2015). $1629 award. 

 
2015  Trainee Travel Award, Graduate Student Council of the UIC Graduate College, to help 

defray the cost of travel to the American Thoracic Society International Conference 
for graduate research presentation. $275 award. 

 
2015  Junior Trainee Scholar’s Program Award, Midwestern Section of the American Federation 

for Medical Research (MWAFMR). $250 award. 
 
2015  Trainee Travel Award, Central Society for Clinical and Translational Research (CSCTR) 

and the Midwestern Section of the American Federation for Medical Research 
(MWAFMR) Combined Annual Meeting (Chicago, IL). $300 award. 

 
2014  LEARN (Lippincott Editorial AMSA Review Network) Program Certificate of Achievement 

for exemplary editorial reviews of education products and/or content, Wolters 
Kluwer Health, Lippincott Williams & Wilkins. 

 
2013  Honorable Mention Certificate, Graduate Student Category, UIC College of Medicine 

Research Forum poster presentation. 
 
2013  Research Achievement Award for Scholarly Activities University of Illinois Hospital & 

Health Sciences System, Department of Medicine Research Day. $100 award. 
 
2013  Trainee Travel Award, UIC MSTP, to present research poster at the American 

Physician Scientist Association (APSA) Conference, Chicago, IL (April 26-28, 2013).   
 
2013  Team Member of the Week, University of Illinois Hospital & Health Sciences System, 

Department of Medicine, June 14, 2013 Newsletter.    
 
2012  Trainee Travel Award, UIC MSTP, to attend and present research poster at 

Translational Research Approaches to Reduce Health Disparities in Lung Disease 
Symposium, Chicago, IL (Sept 10-11, 2012). 



 

 

153 

 
2010  Trainee Research Award, American Society of Human Genetics (ASHG), Semifinalist in 

Pre-doctoral Translational Research. Oral presentation with $400 Travel Grant. 
 
2009  Trainee Travel Award, University of Rochester, to give oral research presentation at the 

National Conference of Undergraduate Research, University of Wisconsin (La Cross 
 
2009  Distinction in Research in Biological Sciences Diploma, University of Rochester.  
 
2007 – 2009 Dean’s List, University of Rochester (Requirement of grade-point average ≥ 3.4). 


