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Abstract of the Dissertation 
 
 
 

STIM2 Contributes to Enhanced Store-operated Ca2+ Entry in Pulmonary Artery Smooth 
Muscle Cells from Patients with Idiopathic Pulmonary Arterial Hypertension 

 
by 

 
 

Michael Y. Song 
 

 
Doctor of Philosophy in Biomedical Sciences 

 
 

University of California, San Diego, 2011 
 

 
Professor Frank Powell, Chair 

 
  
 

Prolonged pulmonary vasoconstriction and vascular remodeling cause idiopathic 

pulmonary arterial hypertension (IPAH).  Pulmonary vasoconstriction is caused by 

pulmonary artery smooth muscle cell (PASMC) contraction, and enhanced proliferation 

of PASMC contributes to vascular remodeling. An increase in cytosolic Ca2+ 

concentration ([Ca2+]cyt) in PASMC triggers both contraction and proliferation.  

Inhibition of Ca2+ influx completely inhibits prolonged pulmonary vasoconstriction and 

stops PASMC proliferation.  Store-operated Ca2+ entry (SOCE) is an important 

mechanism that mediates Ca2+ influx in PASMC and most other cell types.  We 



 

 xx 

previously reported that SOCE was significantly enhanced in PASMC exposed to 

hypoxia and in PASMC from IPAH patients.  Stromal interaction molecule (STIM1/2) 

and Orai proteins (Orai1/2/3) were identified recently as essential components that 

mediate SOCE.  We aim to examine whether the expression levels of STIM and Orai are 

altered in IPAH-PASMC compared to control PASMC, and whether these putative 

changes in expression level are responsible for the enhanced SOCE and proliferation 

observed in IPAH-PASMC.   

 

The protein expression level of STIM2 was increased in IPAH-PASMC, whereas 

STIM1 protein expression was decreased.  Hypoxia (4% O2, 5% CO2, balance N2) 

enhanced the protein expression level of STIM2, but not STIM1, in rat PASMC after 48 

hours.  In IPAH-PASMC knockdown of STIM2 decreased SOCE and proliferation, while 

knockdown of STIM2 in control PASMC had no effect on either SOCE or proliferation.  

Overexpression of STIM2 in control PASMC failed to enhance SOCE or proliferation.  

These data indicate that enhanced protein expression of STIM2 is necessary, but not 

sufficient, for enhanced SOCE and proliferation of IPAH-PASMC.   

 

Orai2 protein expression level was increased in IPAH-PASMC.  Orai1 and Orai3 

protein expression levels were not statistically significantly altered.  Furthermore, 48 

hours of hypoxia significantly increased protein expression of Orai1 and Orai2, but not 

Orai3.  Overexpression of Orai2 alone in PASMC did not enhance SOCE. Co-

overexpression of both STIM2 and Orai2, however, did augment SOCE in PASMC. In 

conclusion, upregulated protein expression of STIM2 is necessary, but insufficient, for 



 

 xxi 

augmented SOCE and enhanced proliferation in PASMC from IPAH patients.  Increased 

expression of both STIM2 and Orai2 is sufficient to enhance SOCE in normal PASMC.   



1 

 

Chapter 1. Physiology of the Pulmonary Circulation 

 

1.1 Change in Arterial Radius is Important in Changing Pulmonary Artery Pressure 

 

The pulmonary circulation is a high flow, low resistance system that relies on 

arterial distension and recruitment to keep pressures relatively stable and adapt to 

changing cardiac output.  Normal mean pulmonary arterial pressure (PAP) is ~12-14 

mmHg.  Pulmonary hypertension is defined as PAP > 25 mmHg at rest or  > 30 mmHg 

during exercise, but can exceed 90 mmHg in some cases.  In PAH patients, recruitment 

and distension cannot compensate for increased arterial pressures so the right heart adapts 

by hypertrophying to overcome the increased pressures of the pulmonary arterial tree.  

Eventually, however, right ventricular hypertrophy (RVH) becomes pathogenic and leads 

to right heart failure. As such, PAH is also accompanied by elevated right heart pressures 

and decreased cardiac output1. 

 

PA tone, largely determined by the contractile activity of PASMC in resistance 

arterioles, is the primary determinant of PAP.  PAP is the product of pulmonary vascular 

resistance (PVR) and cardiac output (CO): 

 

PAP = PVR × CO



 

2 

 

PVR is inversely proportional to the fourth power of the radius, r, of the arterial lumen 

according to Poiseuille’s equation, which describes viscous fluid flow through a tube of 

radius r.   

 

PVR = (8×L×η) / (π×r4) 

 

L is the total length of the blood vessels and η is the coefficient of blood viscosity.  Since 

the radius is raised to the fourth power, both PVR and PAP are exceptionally sensitive to 

changes in arterial lumen diameter.  Therefore, a small decrease in radius can cause a 

large increase in PVR and PAP.  
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1.2  Hypoxic Pulmonary Vasoconstriction and Chronic Hypoxia 

 

Hypoxic pulmonary vasoconstriction (HPV) is a physiological mechanism that 

causes localized vasoconstriction of pulmonary arteries in response to low oxygen2.  HPV 

is a response to alveolar hypoxia that distributes pulmonary capillary blood flow away 

from alveoli with low oxygen content to areas of high oxygen availability.  This principle, 

also known as the von Euler–Liljestrand mechanism, optimizes gas exchange at the 

blood–air interface.  HPV imparts an advantage in respiration where ventilation is 

matched to perfusion such that the gas exchange is maximized.  Impairment of this 

mechanism during pathological situations may result in insufficient oxygenation of 

arterial blood and poor oxygen supply to the body.   

 

Chronic hypoxia, as it occurs at high altitude or during respiratory diseases 

(including chronic obstructive pulmonary disease, sleep apnea, fibrosis, failure of 

ventilation due to neurological diseases) leads to general vasoconstriction of the 

pulmonary vasculature inducing vascular remodeling processes with subsequent right 

heart hypertrophy.  Due to the opposite functions of lung vessels and systemic vessels, 

collecting and distributing oxygen, respectively, different reactions to hypoxia have 

developed.  Whereas most systemic vessels of adult organisms dilate during hypoxia, 

pulmonary vessels constrict. During embryonic development lung vessels exhibit 

pronounced vasoconstriction, in order to minimize blood flow through the noninflated 

lungs, and to preserve the fetal circulation. After birth, pulmonary oxygenation in concert 

with lung inflation, leads to vasodilation and perfusion of the lung3,4.  
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In the isolated, buffer-perfused lung, HPV is activated at a partial pressure of 

oxygen (PO2) of 100 mmHg (13.3 kPa)2.  Pulmonary arterial smooth muscle cells 

(PASMC) contract in response to hypoxia at a PO2 of 25–50 mmHg (3.33–6.66 kPa), 

particularly in resistance arteries5,6. The pulmonary vasculature responds to changes in 

PO2 within seconds7.  In response to similar changes in PO2, smooth muscle cells from the 

systemic circulation, such as isolated cerebral arteries, dilate.  Pulmonary artery smooth 

muscle cells can sense low oxygen and cause vasoconstriction of arteries, therefore they 

are of critical importance in the normal function of the pulmonary circulation and are 

important in pulmonary disease that involve vasoconstricton2.  
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1.2 Smooth Muscle Cells in the Pulmonary Circulation 

 

 Muscle is specialized tissue that can both contract and conduct electrical 

impulses8,9.  Muscle is classified functionally as either voluntary or involuntary and 

structurally as either striated or smooth.  From this system of classification there emerge 

three types of muscles: smooth involuntary muscle, striated voluntary (skeletal) muscle 

and striated involuntary (cardiac) muscle.  The fibers of skeletal muscle and cardiac 

muscle exhibit cross striations and are referred to as striated muscle.  Skeletal muscle 

fibers are formed by the fusion of individual small muscle cells or my oblasts, during 

development and are filled with longitudinally arrayed subunits called myofibrils.  The 

myofibrils are made up of the myofilaments myosin (thick filaments) and actin (thin 

filaments).  The striations reflect the arrangement of actin and myosin filaments and 

support structures.  The individual contractile units are called sarcomeres. A myofibril 

consists of many sarcomeres arranged end to end.  The most obvious feature in 

longitudinal sections of skeletal muscle is the alternating pattern of dark and light bands, 

called respectively the anisotropic (A) and isotropic (I) band.  The I band is bisected by a 

dense zone called the Z line, to which the thin filaments of the I band are attached.  

 

Cardiac muscle is the type of muscle found in the heart and at the base of the 

venae cavae as they enter into the heart10.  Cardiac muscle is intrinsically contractile but 

is regulated by autonomic and hormonal stimuli.   Cardiac muscle exhibits striations 

because it also has actin and myosin filaments arranged into sarcomeres.  Generally these 
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striations do not appear as well defined as in skeletal muscle.  Also compared to skeletal 

muscle, cardiac muscle has a greater number of mitochondria in its cytoplasm.  At the 

light microscope level, a number of features distinguish cardiac from skeletal muscle.  

Cardiac muscle cells have only one or two nuclei, which are centrally located. The 

myofibrils separate to pass around the nucleus, leaving a perinuclear clear area. As in 

skeletal muscle, individual muscle fibers are surrounded by connective tissue.  Numerous 

capillaries are found in the connective tissue around cardiac muscle fibers.  Cardiac 

muscle cells are joined to one another in a linear array.  The boundary between two cells 

is called an intercalated disc.  Intercalated discs consist of several types of cell junctions 

whose purpose is to facilitate the passage of an electrical impulse from cell to cell and to 

keep the cells bound together during constant contractile activity.  Unlike skeletal muscle 

fibers, cardiac muscle fibers branch and anastomose with one another.  Specialized 

cardiac muscle fibers, called Purkinje fibers, arise from the atrioventricular node and 

travel along the interventricular septum toward the apex of the heart, sending branches 

into the ventricular tissue.  Purkinje fibers are of larger diameter than ordinary cardiac 

fibers, with fewer myofibrils and an extensive, well-defined clear area around the nucleus.  

They conduct impulses at a rate about four times faster than that of ordinary cardiac 

fibers and serve to coordinate the contraction of the atria and ventricles11. 

 

Smooth muscle cells line the walls of hollow organs such as blood vessels and the 

walls of the gastrointestinal tract12.  Smooth muscle cells are normally organized in 2-3 

layers with one layer running circularly around the lumen and another layer running 

longitudinally along the length of the organ.  Smooth muscle cells are spindle shaped 
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with one central nucleus per cell and are usually organized in small clusters of cells.  Fine 

collagenous, reticular connective tissue connects the cell bundles.  One way to distinguish 

smooth muscle from striated muscle is the absence of the regular pattern of sarcomeres 

(no A or I bands or Z lines).  Smooth muscle cells can be distinguished from connective 

tissue by their organized appearance.  They are usually in a homogeneous bundle or sheet 

of cells rather than scattered single cells.  Fibroblasts, on the other hand, are scattered 

throughout the connective tissue in isolated groups.   

 

The region around the nucleus of smooth muscle cells are filled with sarcoplasmic 

reticulum (SR) and mitochondria.  These mitochondria provide the ATP needed for 

contraction and the SR functions as the main Ca2+ store.  The cytoplasm of smooth 

muscle cells contains contractile filaments broken up by focal densities.  Focal densities 

are organizational sites where the thick and thin filaments (actin and myosin) interact and 

are held together.  Desmin and vimentin filaments bind at these sites to help hold the 

thick and thin filaments together.   Desmin and vimentin intermediate filaments are 

necessary to relay the contraction and help to shorten the cell.  The focal densities also 

contain α-actinin, an α-actin binding protein.  The thin filaments are composed of actin 

with tropomyosin but no troponin is present in the smooth muscle cells13.   

 

Smooth muscle cells are interconnected by gap junctions, which link the 

cytoplasm of multiple cells and allow for direct cell-to-cell communication.  Gap 

junctions are composed of connexon proteins that form molecular pores or channels 

between cells14.  Gap junctions allow small molecules or ions to pass from cell to cell and 
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thereby allow the entire bundle of smooth muscle to act in concert.  Smooth muscle cells 

are surrounded by an external lamina.  The external lamina is similar to the basal lamina, 

which is secreted by endothelial cells, and surrounds the sarcolemma of smooth muscle 

cells.  The external lamina is secreted by smooth muscle cells and is composed of 

collagen type IV, laminin and perlecan (heparan sulfate proteoglycan).  Functionally the 

external lamina anchors smooth muscle cells together and serves as a conduit for 

contraction by transmitting the force to other cells and thus allowing the bundle to 

function as one unit14.  
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Chapter 2.  Ion Channels in PASMC 

 

2.1  Regulation of Cytosolic Ca2+ Concentration 

 

 The presence and regulation of the divalent cation Ca2+ (Ca2+) is fundamentally 

important to the functions of that constitute life at the cellular level15.  Much energy is 

expended in extruding Ca2+ from the cytoplasm and sequestering Ca2+ into the 

sarcoplasmic (or endoplasmic) reticulum, mitochondria, and extracellular space (in order 

to maintain a low concentration of Ca2+ in the cytosol).  Ca2+ gradients across the plasma 

membranes allow for the function of metabolism, nerve propagation, muscle contraction, 

and other important processes.  Ca2+ is also fundamentally important in the regulation of 

transcription, translation, cellular division, and apoptosis16,17.  It is then unsurprising that 

the regulation of intracellular Ca2+ levels in the cytosol and organelles is fundamentally 

involved in many forms of pathophysiology including diseases involving the 

vasculature16,18,19. 

 

 The concentration of Ca2+ in different intracellular compartments and the flux of 

Ca2+ between compartments are of great importance in the function of smooth muscle 

cells and endothelial cells.  Since smooth muscle and endothelial cells are the principle 

cells in determining vascular tone and blood vessel diameter, the regulation of cytosolic 

Ca2+ is of great importance to the physiological function of the vasculature.  

Abnormalities in intracellular Ca2+ regulation and chronic elevation of resting [Ca2+]cyt 
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have been linked to pulmonary and systemic arterial hypertension20.  Therefore it is of 

critical importance to understand the function and 

regulation of the ion channels and pumps, which mediate Ca2+ transportation across the 

plasma membrane and intracellular organelle membranes.    

 

 The lipid membrane is impermeable to Ca2+.  Transportation of Ca2+ across the 

plasma membrane (and the SR/ER membrane) takes place through various Ca2+ channels, 

pumps, and exchangers.  Ca2+-permeable channels allow Ca2+ to flow across membranes 

based on electrochemical gradients.  Ca2+ pumps (e.g., Ca2+/Mg2+ ATPase or Ca2+ pump) 

transport Ca2+ against its concentration gradient using energy produced by ATP.  And, 

Ca2+ exchangers (e.g., Na+/Ca2+ exchanger or NCX) can transport Ca2+ across the 

membrane using the transmembrane electrochemical gradient of other ions (Figure 1). 
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Figure 1:  The concentration of cytosolic Ca2+ ([Ca2+]cyt) is tightly regulated by 
various Ca2+ channels and transporters. Activation of membrane receptors, such as G 
protein-coupled receptors (GPCR) stimulates IP3 synthesis, induces Ca2+ release from the 
SR/ER through IP3 receptors (IP3R), and increases [Ca2+]cyt.  The IP3-induced store 
depletion opens store-operated Ca2+ channels, which leads to store-operated Ca2+ entry 
(SOCE), and further increases [Ca2+]cyt and allows for prolonged ER/SR Ca2+ release.  
Membrane depolarization (induced by decreased activity or number of K+ channels and 
Na+/K+ ATPase) opens voltage-dependent Ca2+ channels (VDCC), increases Ca2+ influx, 
and increases [Ca2+]cyt.  Ca2+ influx through VDCC can activate ryanodine receptors 
(RyR), which are Ca2+ sensitive, and induce Ca2+ release from the SR/ER in a mechanism 
termed Ca2+ induced Ca2+ release.  [Ca2+]cyt can be decreased by Ca2+ sequestration into 
the SR/ER and mitochondria by SERCA and the mitochondrial Ca2+ uniporter (mitU), 
respectively, and by Ca2+ extrusion via the Ca2+/Mg2+ ATPase (PMCA) on the plasma 
membrane.  [Ca2+]cyt can be increased not only by Ca2+ release from the SR/ER through 
RyR/IP3R, but also from the mitochondria Na+/Ca2+ exchanger.  A rise in [Ca2+]cyt can i) 
open Ca2+-activated K+ (KCa) channels and cause membrane hyperpolarization or 
repolarization, which closes VDCC, and ii) open Ca2+-activated Cl- (ClCa) channels and 
cause membrane depolarization, which activates VDCC and causes further increase in 
[Ca2+]cyt.  
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The extracellular Ca2+ concentration is 1.6-1.8 mM, while the cytosolic Ca2+ 

concentration ([Ca2+]cyt) is approximately 100 nM.  Various Ca2+ transporters are 

functionally involved in maintaining the concentration gradient of Ca2+ across 

membranes and the low resting [Ca2+]cyt 21.  The Ca2+ concentration in the intracellular 

stores, such as SR/ER, can be as high as 1 mM because of Ca2+ pumps on the SR/ER 

membrane (i.e., SERCA), which uses the energy produced by ATP to constantly transport 

(or uptake) Ca2+ from the cytosol to the SR/ER (Figure 1).  In addition, intracellular Ca2+ 

level is also regulated by many other Ca2+ transporters, such as Na+/Ca2+ exchangers 

(NCX) and H+/Ca2+ exchangers on the plasma membrane and SR/ER membrane and Ca2+ 

uniporters on the mitochondrial membrane21. 

 

 [Ca2+]cyt can be increased by Ca2+ release from the SR/ER through inositol-1,4,5 

phosphate (IP3) receptors (IP3R) and ryanodine receptors (RyR) on the SR/ER membrane, 

and Ca2+ influx through different Ca2+ channels on the plasma membrane22. There are 

three major classes of Ca2+-permeable channels on the plasma membrane that are 

functionally expressed in vascular smooth muscle cells: a) voltage-dependent Ca2+ 

channels (VDCC) which are opened by membrane depolarization, b) receptor-operated 

Ca2+ channels (ROC) which are opened by diacylglycerol synthesized via PIP2 when 

membrane receptors are activated by ligands, and c) store-operated Ca2+ channels (SOC) 

which are opened when Ca2+ in the intracellular Ca2+ store (i.e., SR/ER) is depleted by 

either activation of IP3R/RyR or inhibition of SERCA (Figure 1)23. 
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 While the concentration of Ca2+ and proportion of Ca2+ bound to calmodulin 

(CaM) in the nucleus are important in regulating various transcription factors involved in 

VSMC physiology and pathophysiology, the concentration of Ca2+ in the nuclear 

compartment is unregulated and roughly equal to the cytosolic compartment due to free 

flow though large nuclear pores24.  By sequestering Ca2+ into the SR/ER and, to a lesser 

extent, into mitochondria, and by extruding Ca2+ from the cytosol to the extracellular 

space, the concentration of Ca2+ in the cytoplasm is maintained at a low level such that 

influx of Ca2+ from outside the cell or release of Ca2+ from intracellular stores requires no 

energy and functions as a signaling event for cell contraction, migration, and proliferation.  

In smooth muscle cells, a rise in [Ca2+]cyt leads to cell contraction, increases cell 

migration, and stimulates cell proliferation25.  An acute rise in [Ca2+]cyt can cause 

vasoconstriction, and chronically elevated [Ca2+]cyt leads to thickening of the vessel wall 

(due to its stimulating effect on cell proliferation and migration), thus decreasing the 

luminal volume of the vessel and the ability of the vessel to expand to meet increased 

flow.   
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2.2  Ca2+ as a Trigger for Contraction and Proliferation in PASMC 

 

An increase in [Ca2+]cyt is necessary for contraction in PASMC4,25.  Both Ca2+ 

influx through plasma membrane Ca2+ channels and Ca2+ release from intracellular stores 

(e.g., the sarcoplasmic reticulum) contribute to a rise in [Ca2+]cyt.  In rat pulmonary 

arterial rings, removal of extracellular Ca2+ prevents pharmacologically induced 

contraction26, indicating that Ca2+ influx through channels situated on the plasma 

membrane is necessary for contraction.  When [Ca2+]cyt increases, it binds to calmodulin 

which then activates myosin light chain kinase (MLCK).  Activated MLCK 

phosphorylates the regulatory light chain of myosin, allowing for the activation of 

myosin ATPase.  The ensuing hydrolysis of ATP provides the energy source needed for 

the cross-bridging cycles between myosin and actin filaments. These cross-bridging 

interactions constitute cellular contraction27, and in the case of concerted contraction of 

VSMC, vasoconstriction.  Chronic PASMC contraction is responsible for the elevated 

pulmonary arterial pressures observed in some instances of IPAH. 

 

In addition to causing contraction, increased [Ca2+]cyt is also a major stimulus for 

cellular proliferation. Increases in [Ca2+]cyt and nuclear Ca2+ trigger Ca2+-dependent gene 

transcription in vascular smooth muscle cells28,29. Both nuclear and cytosolic Ca2+ pools 

promote proliferation by activating Ca2+ dependent kinases (e.g., CaMK), immediate 

early genes and other transcription factors (e.g., c-fos, NFAT, CREB) which are 

necessary for cell growth28,29.  Ca2+ can also affect gene expression through its interaction 

with PKC and calmodulin or by activation of cell cycle proteins (cyclins and cyclin 
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dependent kinases). In addition to stimulating quiescent cells to enter the cell cycle (G0 to 

G1 transition), Ca2+ is also required for progression through the G1 to S and G2 to mitosis 

checkpoints, as well as mitosis itself30,31.  In PASMC specifically, both increased [Ca2+]cyt 

and intracellularly stored Ca2+ are thought to play a role in proliferation32.  In the 

presence of serum and growth factors, Ca2+ depletion inhibits growth of PASMC33 

(Figure 2).   
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Figure 2:  An increase in [Ca2+]cyt in PASMC leads to pulmonary vasoconstriction 
and pulmonary vascular remodeling.  [Ca2+]cyt is increased by release of Ca2+ from the 
SR and by influx of Ca2+ across the plasma membrane.  Cytosolic free Ca2+ is bound by 
calmodulin (CaM) to form the Ca2+-calmodulin complex (Ca2+-CaM), which activates 
myosin light chain kinase (MLCK).  MLCK utilizes ATP to phosphorylate myosin light 
chain (MLC), which causes contraction in PASMC and leads to pulmonary 
vasoconstriction.  An increase in [Ca2+]cyt can also activate various Ca2+ sensitive proteins 
such as CaMK and MAPK and can activate Ca2+ sensitive transcription factors such as 
NFAT, CREB, AP-1, and NF-κΒ.  These proteins and transcription factors can then lead 
to increase proliferation of PASMC.  Furthermore, an increase in [Ca2+]cyt is necessary for 
progression though several cell cycle checkpoints during mitosis.  Therefore, an increase 
in [Ca2+]cyt leads to PASMC proliferation, as well as PAEC proliferation, which causes 
intimal and medial hypertrophy and pulmonary vascular remodeling.   
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2.3  Ca2+ Channels on the Plasma Membrane 

 

 Ca2+ channels on the cell surface are classified into three groups based on how 

they are activated.  Receptor-operated Channels (ROC) (Figure 3), Store-operated 

Channels (SOC) (Figure 4), and Voltage-dependent Ca2+ Channels (VDCC) all mediate 

the influx of Ca2+ into the cytosol.  ROC are activated by stimulation of receptors such as 

G protein-coupled receptors (GPCR) or receptor tyrosine kinase (RTK).  Serotonin  (5-

HT) activates serotonin receptor, which is a GPCR, on the plasma membrane to produce 

diacylglycerol (DAG) and inositol triphosphate (IP3).  Endothelin-1 (ET-1) also 

stimulates the production of IP3 and DAG through GPCR dependent mechanism.  PDGF 

or EGF activates RTK class of receptors and leads to the downstream production of DAG 

and IP3.  DAG activates ROC, which are located on the plasma membrane.  IP3 stimulates 

IP3 receptor (IP3R), which is a Ca2+ channel on the ER/SR membrane, to release Ca2+ 

from the ER/SR store. This leads to depletion of the ER/SR store, which signals to 

activate SOC on the plasma membrane.  Both ROC and SOC, when activated, allow Ca2+ 

to flow into the cytosol.  In fact, an established treatment of PAH is the ET-1 receptor 

antagonist Bosantan.  VDCC are activated by membrane depolarization and will be 

explore in later sections.  
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Figure 3:  Receptor-operated (ROCE) Ca2+ entry occurs through receptor-operated 
(ROC) Ca2+ channels.  G protein-coupled receptors (GPCR) signal though second 
messenger diacylglycerol (DAG) which opens ROC on the plasma membrane. Ca2+ 
influx though ROC (termed ROCE) increases [Ca2+]cyt and leads to smooth muscle cell 
contraction, proliferation, and migration.  Furthermore, increased cytosolic [Na+] due to 
Na+ influx through and ROC can activate the reverse mode of Na+/Ca2+ exchange and 
cause inward transportation of Ca2+. 
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Figure 4:  Store-operated (SOCE) Ca2+ entry occurs through store-operated (SOC) 
Ca2+ channels.  Second messenger IP3 activates IP3R on the SR/ER membrane and 
causes Ca2+ release or mobilization from the SR/ER to the cytosol.  The subsequent 
depletion of Ca2+ from the stores opens SOC on the plasma membrane and leads to 
SOCE.  Ca2+ influx though SOC increases [Ca2+]cyt and leads to smooth muscle cell 
contraction, proliferation, and migration.  Furthermore, increased cytosolic [Na+] due to 
Na+ influx through and SOC can activate the reverse mode of Na+/Ca2+ exchange and 
cause inward transportation of Ca2+. 
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2.3.1  Receptor-operated Channels 

 

 Transient receptor potential (TRP) channels function as receptor-operated 

channels in PASMC.  TRP channels are cation channels that mainly mediate the influx of 

Na+ and Ca2+ across the plasma membrane and into the cytoplasm15.  TRP channels were 

first discovered due to a mutation in Drosophila photoreceptor, which resulted in 

inhibited Ca2+ permeability and sensitivity to light34.  The influx of cations into the 

cytoplasm depolarizes cells and is necessary for action potentials in excitable cells such 

as neurons35.  In non-excitable cells, membrane depolarization by TRP channels 

stimulates voltage-dependent channels (Ca2+, K+, Cl-) and influences many cellular 

events such as transcription and translation36, while increased Ca2+ entry through TRP 

channels is involved in ligand-mediated cell contraction, migration and proliferation.  

TRP channels and their regulation are thus fundamentally important in cellular function 

and disease15.  

 

TRP genes are expressed in organisms from archaea to plants to animals37,38.  In 

animals, TRP is expressed in brain, heart, lung, and other tissues38.  Mammalian TRP 

channels possess a high degree of sequence homology particularly in the putative 

functional domains39.  The TRP superfamily of genes is categorized into two groups 

based on sequence and topological similarities40.  Group 1 includes TRPC, TRPV, TRPM, 

TRPA, and TRPN.  And, group 2 includes TRPP and TRPML.   

Structure, Function and Regulation of TRP Channels 
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 TRP proteins form cation channels with varying selectivity to different cations41,42.  

TRP proteins are transmembrane proteins with six transmembrane domains with a pore 

domain wedged between the fifth and sixth transmembrane domains (Figure 5).  The N- 

and C-terminal domains are intracellular and believed to be involved in regulation of 

TRP channel function and in channel assembly.  It is believed that TRP channels are 

homo or hetero- tetramers of TRP proteins with each subunit contributing to selectivity of 

the ion-conducting pore43.  Allosteric interactions between subunits contribute to gating 

of TRP channels; however, the location and structure of these gates are unknown44.  

Amino acid sequences flanking the pore forming regions of TRP proteins are strongly 

conserved across the various TRP channel families highlighting their importance in pore 

formation and/or pore gating45.   



 

 

22 

 
 
 
Figure 5:  Structure and topology of TRP channels.  A.  TRPC, TRPV, TRPM, and 
TRPP classes of TRP channels are six transmembrane domain ion channels in the plasma 
membrane.  The pore forming domain (P) lies between the S5 and S6 transmembrane 
domains.  TRPC1 contains a coiled-coil domain and many ankyrin repeats near its N-
terminus.  Near the C-terminal domain of TRPC1 is a “TRP” box domain, which is a 
conserved region following the last transmembrane domain, and a caveolin-1 scaffolding 
domain (CSD).  TRPV1 also contains several ankyrin repeats.  TRPM7 contains a kinase 
domain near its C-terminus.  B.  Functional TRP channels are hetero or homo-tetramers 
formed by various TRP monomers.   
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 TRP channel function is regulated by four basic mechanisms: a) plasma 

membrane receptor activation, b) ligand activation, c) direct activation, and d) indirect 

activation46.  G protein-coupled receptors (GPCR) and receptor tyrosine kinases (RTK) 

act through diacylglycerol (as well as IP3-mediated store depletion) to activate TRP 

channels on the plasma membrane44,47.  Furthermore, activation of GPCR and RTK also 

increase synthesis of IP3, depletes Ca2+ from the intracellular Ca2+ stores (i.e., SR/ER) 

and leads to SOCE through TRP channels on the plasma membrane48.  The TRP channels 

that are activated by diacylglycerol are termed ROC, while the TRP channels that are 

activated by store depletion are termed SOC. Most of TRP channel subunits can form 

both ROC and SOC in many cell types including vascular smooth muscle and endothelial 

cells.  

 

 Various ligands can activate TRP channels.  Ligand activation includes activation 

by a) exogenous small molecules such as capsaicin, icilin, 2-APB; b) endogenous lipids 

such as DAG, phosphoinositides, eicosanoids, purine nucleotides; c) ions such as Ca2+, 

Mg2+, and d) the Ca2+/CaM complex49-51.  TRP channel activity can be stimulated through 

direct activation as well.  Examples of direct activation of TRP channels include 

temperature change37, mechanical stimulation52, and conformational coupling with other 

proteins such as STIM1 or IP3R.  Indirect activation refers to transcriptional control or 

insertion of vesicles containing TRP proteins into the plasma membrane.   
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 Over ten TRP isoforms are expressed in the vasculature.  Expression of mRNA, 

protein, or both of TRPC1-7, TRPV1-4, TRPP2, TRPM2-4, -7, -8 has been implicated in 

different vascular smooth muscle and endothelial cells.  

 

TRPC 

 

TRPC1-7 are categorized into three categories based on sequence and functional 

characteristics37.  TRPC1, 4, and 5 form one group.  TRPC1 was the first mammalian 

TRP protein discovered.  It is widely expressed in many tissues and thought to form 

heteromeric channels with TRPC4 and TRPC553.  TRPC4 and TRPC5 are believed to 

form homomeric channels.  When expressed together, TRPC1, 4, and 5 form non-

selective cation channels that are activated by Gq signaling through a PLCß1 pathway54.  

Growth factor stimulates rapid translocation of TRPC5 into the plasma membrane from 

vesicles located near the plasma membrane 54. 

 

 TRPC3, 6, and 7 have roughly 75% sequence homology and when co-expressed 

reconstitute non-selective, inward and outward rectifying, cation channels46.  These 

channels are activated by receptor mediated pathway involving DAG and are believed to 

be important in vascular and airway smooth muscle55.  Channels formed by TRPC3 or 

TRPC6 are also regulated by N-linked glycosylation and Ca2+/CaM56. TRPC3 is activated 

by phosphorylation by PKG57, while TRPC6 can be phosphorylated by the Src family of 

tyrosine kinases58.  TRPC2 shares roughly 30% sequence homology with TRPC3/6/759.  
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TRPC2 full length mRNA is expressed in mouse and rat tissues60.   However, TRPC2 is a 

pseudogene in humans46.   

 

 TRPC1 is expressed in the vasculature and is linked to Ca2+ entry as a ROC and a 

SOC.  Expression and knockdown data support the theory that TRPC1 forms 

heteromultimeric channels with TRPC3-5 and TRPP2 in the vasculature53,61.  

Furthermore TRPC1 may play an important role in mediating SOCE.  Our lab has 

previously demonstrated that overexpression of TRPC1 in endothelium denuded rat 

pulmonary arteries enhances CPA induced pulmonary vasoconstriction, which is 

mediated by SOCE62.     

 

TRPC3 and 6 are expressed in vascular tissues and are believed to function 

primarily as ROC, although TRPC6 may also form heterotetrameric channels with other 

TRP isoforms that can be activated by store depletion in pulmonary vascular smooth 

muscle and endothelial cells63.  TRPC6 is expressed in SMC in the systemic and 

pulmonary vasculature. Knockout of TRPC6 abrogates the hypoxic pulmonary 

vasoconstriction and hypoxia-induced cation influx64.  TRPC4 is predominantly 

expressed in the endothelium and it is important in regulating lung microvascular 

permeablilty, agonist-dependent vasorelaxation, and gene transcription65.  While TRPC4 

is expressed at a lower level in VSMC, it may play a role in regulating contraction and 

proliferation in both store- and receptor- mediated manners54,66.  TRPC5 expression in 

VSMC is unclear.  Some researchers describe TRPC5 protein and transcript expression in 
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PASMC and PAEC while other researchers show conflicting data67,68.  TRPC7 is thought 

to contribute to both ROC and SOC formation69.   

 

TRPC Channels and Contraction and Proliferation of SMC 

 

 TRPC channels are important in the regulation of vascular tone since they mediate 

the Ca2+ influx that mediates agonist-induced vasoconstriction and mitogen-mediated 

smooth muscle cell proliferation44,47.  And, the ability of TRPC channels to alter [Ca2+]cyt 

without any change in membrane potential lends them the ability to modulate 

vasoconstriction and vasorelaxation through a voltage-independent mechanism. Agonist- 

and hypoxia-induced pulmonary vasoconstriction is believed to be, at least in part, 

mediated though Ca2+ influx through TRPC1 and TRPC6 channels70,71.  Upregulated 

TRPC channel expression, enhanced SOCE, and increased [Ca2+]cyt are associated with 

enhanced proliferation in PASMC isolated from patients with IPAH72,73.   

 

TRPC and ROS 

 

 TRPC3 and TRPC4 expressed in HEK293 cells formed redox sensitive cation 

channels that were activated by hydrogen peroxide 74.  It is, however, unknown if the 

activation of TRPC3 and TRPC4 is mediated through the oxidation-reduction of cysteine 

thiol groups.  It has been suggested that hydrogen peroxide may indirectly activate 

TRPC3 and TRPC4 channels though activation of phospholipase C (PLC).  In endothelial 

cells, TRPC3 and TRPC4 are believed to form heteromeric channels that are redox 
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sensitive.  In these cells, tert-butylhydroperoxide (tBHP) leads to membrane 

depolarization with currents that resemble TRP currents in terms of cation selectivity, 

La3+ sensitivity, and a lack of voltage dependence.  Furthermore, expression of the N-

terminal fragment of human TRPC3, but not the C-terminal fragment, abolished the 

oxidant-induced cation current.  These data suggest that TRPC3 forms channels that are 

activated by ROS in porcine aortic endothelial cells75.  Later, the same group of 

investigators showed that TRPC3 and TRPC4 associate to form heteromeric channels in 

porcine aortic endothelial cells and HEK293 cells76.  These TRPC3/4 heterometic 

channels were activated by cholesterol oxidase suggesting that they are regulated by 

redox state.  However, no direct evidence links TRPC4 itself to redox regulation.  TRPC5 

homotetrameric channels and TRPC5/TRPC1 heterotetrameric channels, expressed in 

HEK293 cells, are activated by extracellular thioredoxin.  Reduced thioredoxin breaks a 

disulfide bond in the extracellular loop adjacent to the ion selectivity filter of TRPC5 and 

increase the ion conductivity of the channel77,78.  

 

TRPC and NO 

 

 NO is a cell signaling molecule involved in a number of physiological and 

pathophysiological processes.  In the nervous system, NO is a neural transmitter, while in 

the vascular system, NO is mainly an endothelium-derived relaxing and hyperpolarizing 

factor.  NO is synthesized by NO synthases (NOS), which includes three isoforms: 

endothelial NOS (eNOS), inducible NOS (iNOS), and neuronal NOS (nNOS).  Each of 

the enzymes is a homodimer requiring three co-substrates (L-arginine, NADPH and O2) 
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and five cofactors (FAD, FMN, Ca2+-calmodulin, heme, and tetrahydrobiopterin) for 

activity. The redox biochemistry of NO involves the action of three redox species: NO+ 

(nitrosonium), NO- (nitroxyl anion) and NO• (the free radical gas). NO can react with 

oxygen (O2), superoxide anion (O2
•-), redox metals, and other radical species. The effects 

of NO can be mediated through the formation of reactive nitrogen oxide species from 

reactions of NO with either oxygen or superoxide anion.  There are several mechanisms 

by which NO affects the function of living cells: a) oxidation of iron-containing proteins, 

b) ADP ribosylation of proteins, c) nitrosylation of protein sulfhydryl group, d) activation 

of iron regulatory factors, e) nitration of amino acid residues in proteins, and f) activation 

of soluble guanylate cyclase (sGC).  In other words, NO can directly cause nitrosative 

reaction by adding the equivalent of NO+ to an amino, thiol, or hydroxyl aromatic group, 

oxidative reaction by removal of 1 or 2 electrons from a substrate, or nitration reactions 

by adding an equivalent of an NO2+ to an aromatic group. 

 

 In vascular smooth muscle cells, NO mainly acts through the stimulation of the 

soluble guanylate cyclase, which is a heterodimeric enzyme with subsequent formation of 

cyclic GMP (cGMP).  cGMP activates protein kinase G (PKG), which causes 

phosphorylation of myosin light chain phosphatase (MLCP) and therefore inactivation of 

myosin light chain kinase (MLCK) and leads ultimately to the dephosphorylation of the 

myosin light chair, causing smooth muscle relaxation. In addition to phosphorylation of 

MLCP, cGMP/PKG also causes phosphorylation of other proteins, such as TRPC6 

channels79. Indeed, NO/cGMP/PKG-mediated phosphorylation of threonine (Thr69) in 

the N-terminal of TRPC6 protein significantly attenuates receptor-mediated Ca2+ entry 
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through TRPC6 channels79.  These observations imply that PKG-mediated 

phosphorylation of specific amino acid residues (e.g., threonine and serine residues) in 

the TRPC6 protein causes inhibition of the channel activity.  In contrast, NO-mediated 

cGMP-independent S-nitrosylation of certain cysteine residues in the TRPC1/4/5 and 

TRPV1/3/4 proteins significantly enhances Ca2+ influx through these channels80,81.   

Specifically, for example, Cys553 and Cys558 of TRPC5 are localized in the cytoplasm 

and mediate the channel’s sensitivity to NO/S-nitrosylation in endothelial cells80,81.   

Nitrosylation of TRPC5 in endothelial cells upon G protein coupled ATP receptor 

stimulation elicits Ca2+ entry.  These observations imply that cGMP/PKG-dependent 

phosphorylation and cGMP/PKG-independent S-nitrosylation are two different pathways 

for NO-mediated effect on TRP channels. Whether NO-mediated effect is to activate or 

inhibit the channels depends on a) which pathway (PGK-dependent phosphorylation vs. 

PKG-independent S-nitrosylation) occurs faster to reach the target protein (or which 

pathway is predominant in a given cell), b) which TRP channel subtype (e.g., TRPC5 vs. 

TRPC6) is predominantly expressed in a given cell as the target, and c) whether the target 

amino acids (e.g., threonine and serine for phosphorylation, and cysteine residues for S-

nitrosylation) for phosphorylation or S-nitrosylation are present in the predominant TRP 

channels in a given cell.  
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2.3.2  Store-operated Channels 

 

Strong evidence suggests that Orai1 functions as a SOC.  Orai1 was discovered 

through genome wide RNAi screening.  A mutation in Orai1 in patients with severe 

combined immuno deficiency eliminates the Ca2+ release-activated Ca2+ currents (ICRAC), 

which can then be reconstituted by expressing wild-type Orai182,83.  Orai1 spans the 

plasma membrane four times with both the C- and N- terminus in the cytoplasm.  Co-

expression of STIM1 with Orai1 in HEK293 cells resulted in a large increase in SOCE 

and ICRAC compared to vector control cells84-86.  Co-immunoprecipitation data show that 

STIM1 and Orai1 interact, and store depletion significantly increases the amount to 

interaction87.  Furthermore, other isoforms of Orai (e.g., Orai2 and Orai3) are also 

thought to play a role in SOCE83.  It is unclear, however, what role these Orai isoforms 

have in the function of smooth muscle cells.   
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2.3.3  Voltage-dependent Channels 

 

Ca2+ entry involves a variety of Ca2+ channels that can be classified into voltage-

dependent L- and T-type Ca2+ channels (VDCC) and voltage independent Ca2+ channels.  

The VDCC “L-type” are considered “high voltage-activated” currents and the “T-type” 

are “low voltage-activated.”  Both types are thought to exist in three states consisting of 

resting, open and inactivated conformations.  Switching conformations is dependent on 

membrane depolarization88,89.  T-type channel mediated Ca2+ entry is linked to cell 

proliferation with the channel activity associated with G1-S boundary of cell cycle 

progression in aortic myocytes90.  It has been reported that T-type channels are needed in 

the early stages of skeletal muscle and cardiac development and expression is lost as 

SMC differentiate and lose their ability to proliferate.  However, they reappear in 

pathological cell proliferation in cancer cells and in cultured VSMC91.  The L-type 

channel can be targeted indirectly through G protein-coupled receptors by a host of 

cellular second messenger systems that are activated by various agonists including but 

not limited to, norepinephrine, endothelin, angiotensin II, 5-HT and nitric oxide.   

Stimulation by protein kinases such as protein kinase G can inhibit L-type current while 

protein kinase C has been shown to potentiate L-type currents92.  Also, there is evidence 

that nonreceptor tyrosine kinases such as c-Src enhance L-type currents 93.   

 

Dysfunctional Kv channels have been shown to impact Ca2+ signaling in PAH 

patients.  For example, PASMC isolated from IPAH patients have a depolarized resting 

membrane potential with higher [Ca2+]cyt that display a blunted response to Kv channel 
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blockers94,95.  Another consequence of dysfunctional Kv channels is a decrease in 

apoptosis.  Increased K+ and Cl- efflux is a requirement for cell shrinkage as H2O follows 

the ions out of the cell.  This leads to apoptotic volume decrease, with decreased cell 

volume being one of the earliest indicators of apoptosis96.  For example, K+ channel-

associated protein/protein inhibitor of activated STAT (KChAP) induces apoptosis in 

prostate cancer cells by increasing K+ efflux and apoptotic volume decrease97. 

 

The membrane potential of vascular smooth muscle cells is critical in controlling 

[Ca2+]cyt.  L-type voltage-dependent Ca2+ channels on the plasma membrane are opened 

by membrane depolarization and allow the influx of Ca2+ to the cytoplasm.  This increase 

of [Ca2+]cyt activates Ca2+/calmodulin-dependent myosin light chain kinase (MLCK) and 

ultimately causes smooth muscle contraction.  In isolated arteries, high K+ solution 

causes a sustained contraction that is mainly due to membrane depolarization and 

opening of VDCC in VSMC.  In addition to activating MLCK and causing contraction, a 

localized rise in cytosolic [Ca2+] due to Ca2+ release through RyR on the SR/ER 

membrane leads to Ca2+ sparks, which subsequently opens Ca2+-activated K+ (KCa) 

channels in the plasma membrane, induces membrane hyperpolarization, and causes 

relaxation of VSMCs.  Furthermore, extrusion of Ca2+ by the PMCA or reuptake of Ca2+ 

by SERCA can also decrease [Ca2+]cyt and lead to vasorelaxation. 

 

Excitable and contractile cells, such as neurons and PASMC, have voltage-

dependent Ca2+ channels VDCC.  Diminished IK(V) causes membrane depolarization 

which triggers VDCC opening, thus promoting Ca2+ influx and raising [Ca2+]cyt (Figure 
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6)98.  KV channel blockers can depolarize Em sufficiently to allow for [Ca2+]cyt increase.  

For example, application of 4-AP, a KV channel blocker, to primary culture rat PASMC 

depolarized Em and increased [Ca2+]cyt, whereas sodium nitroprusside (which generates 

NO) opened KV channels and hyperpolarized the membrane, thus preventing the 4-AP 

induced rise in [Ca2+]cyt
99.  In PASMC, increased [Ca2+]cyt triggers proliferation and 

contraction100,101.  Conversely, membrane hyperpolarization occurs when more K+ 

channels open than were so at rest, making it more difficult to open VDCC and thus less 

likely that the cell will contract.  Overexpression of KV1.5, but not KV1.4, hyperpolarizes 

mouse fibroblasts102, indicating that KV1.5 specifically may be important in regulating Em. 
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Figure 6: Role of KV Channels in the Regulation of Em in PASMC.  When KV channels 
are open, Em is maintained at relatively hyperpolarized potentials and voltage-dependent 
Ca2+ channels (VDCC) are closed (left).  However, with KV channel block or current 
inhibition, Em is depolarized, leading to VDCC opening and an increase in [Ca2+]cyt 
(right).
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In some cases, a 3-mV depolarization would lead to a two-fold increase in Ca2+ 

influx103,104.  As VDCC open at potentials more positive than -30 mV, depolarizations 

over a small voltage range near Em (around -40 mV for PASMC) opens L-type Ca2+ 

channels and can lead to a sustained elevation of [Ca2+]cyt
105-107. Because of its rapid and 

ubiquitous role in cell signaling, resting [Ca2+]cyt is kept low, ~100 nM, by various 

mechanisms including Ca2+ extrusion, sequestration into the endoplasmic or sarcoplasmic 

reticulum and intracellular buffering.  Therefore, most increases in cellular Ca2+, even 

local events, trigger a cellular response. 

 

Although all K+ channels are capable of exquisite selectivity for K+ ions, they are 

gated by different stimuli and have different structures.  K+ channels are classified into 4 

subgroups based on their structure and physiological activators and inhibitors: voltage-

dependent (KV), Ca2+ activated (KCa), inward rectifier (KIR), and two pore domain 

channels (K2P).  K+ channels are the most diverse group of ion channels, encoded for by 

at least 70 mammalian genes and expressed as more than 100 principal pore forming α 

subunits108,109. 

 

KV channels are found in a wide variety of cell types including vascular smooth 

muscle cells, neurons, lymphocytes, and cardiac cells where they play a role in cardiac 

and neuronal repolarization, apoptosis, volume regulation and proliferation. The 

Drosophila voltage-dependent Shaker channel, the first K+ channel cloned, was isolated 

on the basis of flies’ shaking leg response to ether anesthesia110. The mammalian Shaker-
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related channels comprise the KV1 subfamily.  KV1 channels activate rapidly at potentials 

close to the resting membrane potential and are sensitive to pharmacological block by 4-

AP.  Three Drosophila related KV channel genes, Shab, Shaw and Shal, which correlate 

with mammalian KV2, KV3 and KV4 subfamilies, respectively, were identified by 

homology screening with Shaker cDNA probes, and human homologues of all 4 

subfamilies have been found111.  
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2.4 Store-operated Ca2+ Entry  

 

Store-operated Ca2+ entry (SOCE) is the phenomenon through which depletion of 

intracellular Ca2+ stores opens SOC on the plasma membrane.  Upon depletion of Ca2+ in 

the SR/ER, this Ca2+ deficiency is sensed and transmitted to channels on the plasma 

membrane to allow Ca2+ to flow into the cytoplasm where it is then sequestered into the 

SR/ER by SERCA thus replenishing Ca2+ stores (Figure 7).  Store-operated Ca2+ entry is 

necessary for the continued presence of Ca2+ signaling.  Without SOCE, SR/ER Ca2+ 

stores would quickly become depleted in a matter of minutes.  Under physiological 

conditions, activation of IP3R will lead to ER/SR store depletion.  SR/ER Ca2+ release 

and then re-uptake, by SERCA, form measureable cytosolic Ca2+ oscillations, which are 

important for many cellular mechanisms such as contraction, proliferation, gene 

expression, etc.  However, due to the PMCA constantly pumping Ca2+ out of the cytosol 

the amplitude of Ca2+ oscillations will progressively decrease and eventually the SR/ER 

Ca2+ store will become totally depleted.  However before the SR/ER store is significantly 

diminished, SOCE is activated to allow extracellular Ca2+ to flow into the cytosol where 

it can be used to replenish the SR/ER Ca2+.   
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Figure 7: Mechanism of store-operated Ca2+ entry (SOCE).  Stimulation of GPCR or 
tyrosine kinase receptors (TKR) on the plasma membrane increases IP3 synthesis, 
activates IP3 receptors on the SR/ER membrane, induces Ca2+ mobilization from the 
SR/ER to the cytosol, and leads to depletion of the SR/ER Ca2+ stores. The store 
depletion activates STIM causing them to oligomerize and translocate to regions of the 
SR/ER membrane near the plasma membrane (or SR/ER-plasma membrane junction). 
The N-terminal region of STIM is located in the SR/ER lumen and contains a Ca2+ 
binding EF-hand domain.  Depletion of Ca2+ in the SR/ER leads to uncoupling of Ca2+ 
with the ER-hand domain leading to activation of STIM. Translocated STIM oligomers 
can then activate Orai1, which forms SOC as tetramers, and trigger Ca2+ influx (or 
SOCE). 
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2.4.1  STIM1 and STIM2 

 

The molecular components of SOCE were largely unknown until 2005 when 

Roos et al. and Liou et al. used large scale RNA interference (RNAi) screens to reveal an 

important role for stromal interacting molecule 1 (STIM1) in SOCE (Figure 7)112.  They 

found that knockdown of STIM1 dramatically reduces SOCE in various cell types 

including Drosophila S2, Jurkat T cells, HEK 293, neuroblastoma SH-SY5Y, and HeLa 

cells113.  STIM1 is a sensor of [Ca2+] in the SR/ER ([Ca2+]SR/ER)114.  STIM1 is a 685 

amino acid long single transmembrane protein that is expressed on the SR/ER membrane 

and plasma membrane.  Near the N-terminus of STIM1 is an EF-hand domain that senses 

[Ca2+]SR/ER (which is in the range of 0.5-2 mM).  When the Ca2+ store is diminished, Ca2+ 

is not bound to the EF-hand domain and STIM1 undergoes a conformational change, 

which allows it to multimerize, translocate to the SR/ER-plasma membrane junction (or 

puncta), bind with Orai1 tetramers on the plasma membrane and activate SOC and induce 

SOCE112.  Mutagenesis of the EF-hand domain (mimicking low Ca2+) leads to STIM1 

multimerizing in distinct regions near the plasma membrane, called puncta, in the 

absence of store depletion and activate SOC.  Examination by TIRF microscopy shows 

that store depletion induces ER-PM junctions (puncta).  At these ER-PM, or SR-PM in 

the case of SMC, junctions STIM1 is localized roughly 10-20 nm from SOC on the 

plasma membrane115.   
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Figure 8:  Structure and function of Orai and STIM. A.  The isoforms of Orai, Orai1, 
Orai2 and Orai3, are four transmembrane domain proteins expressed on the plasma 
membrane.  Both the N and C-termini are cytosolic, and a coiled-coiled domain near the 
C-terminus interacts with STIM.  Recruitment and formation of tetramers of Orai, by 
STIM, form functional store-operated channels.  The first and third transmembrane 
domains of Orai form the pore of the channel, which is selective to Ca2+.  B.  STIM1 and 
STIM2 are single transmembrane domain proteins, which are expressed on the ER/SR 
membrane.  The N-terminus is in the ER/SR lumen while the C-terminus is located in the 
cytosol.  The N-terminus EF-hand domain binds Ca2+ and senses store depletion.  Store 
depletion leads to unbinding of Ca2+ from the EF-hand domain followed by STIM 
oligeramerization and translocation to plasma membrane ER/SR membrane junctions, 
which leads to recruitment of Orai by the C-terminus Ca2+ activating domain (CAD) of 
STIM.   
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STIM1 (also known as GOK) is found on chromosome 11p15.5.  STIM1 was 

originally described in human tumor cell lines and shown to induce growth inhibition and 

cell degeneration. Dziadek et al. used cell surface biotinylation to show STIM1 

expression on the plasma membrane.  These investigators then showed by western blot 

that STIM1 undergoes N-linked glycosylation and is phosphorylated mainly on serine 

and threonine residues on its C-terminal domain116.  Later studies showed that STIM1 is 

also expressed on the ER membrane112.   STIM1 contains an ER luminal EF-hand and a 

sterile-α motif (SAM) including two N-linked glycosylation sites near its N-terminus.  C-

terminal to the SAM domain is a transmembrane domain.  The STIM1 C-terminus is 

located in the cytosol, containing two coiled-coil regions overlapping with an ezrin-

radixin-moesin (ERM)-like domain, followed by a serine/proline and a lysine-rich region.  

The ERM domain of STIM1 contains the crucial Orai-activating domain, named CRAC-

activating domain CAD (CAD), Orai-activating small fragment (OASF), or STIM–Orai-

activating region (SOAR).  These domains include the second coiled-coil domain and the 

following approximately 55 amino acids117. 

 

STIM1 senses Ca2+ concentrations in the ER lumen via its EF-hand, which is 

required for coupling store depletion to Ca2+ influx.  Under normal circumstances when 

the Ca2+ concentration in the ER is high, STIM1 is uniformly distributed within the ER 

membrane and Ca2+ is bound to the EF-hand domain.  The STIM1 EF-hand senses a 

decrease in the ER Ca2+ level from 300–500 μM under resting cell conditions down to 

approximately 200 μM.  Upon store depletion, STIM1 translocates along the ER/SR 
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membrane to ER-PM junctions called puncta and recruits and activates SOC118.  This 

culminates in the activation of so called store-operated Ca2+ entry roughly six to ten 

seconds following STIM1 translocation. 

 

Several groups reported an insertion of STIM1 into the plasma membrane, rather 

than a translocation along the ER membrane, after store depletion.  Spassova et al. have 

observed STIM1 plasma membrane expression independent of store depletion, proposing 

that plasma membrane- and ER-resident STIM1 interact.  Further studies have 

demonstrated that N-terminal tagged STIM1 is not exposed extracellularly.  Hauser et al.  

have compared the distribution of either N-terminally or C-terminally tagged STIM1 

upon store depletion and have identified that both forms redistribute after store depletion.  

However, STIM1 tagged N-terminal with fluorescent proteins does not insert into the 

plasma membrane in contrast to its C-terminally tagged form.  Thus, protein tags may 

affect STIM1 trafficking and insertion into the plasma membrane.  Antibodies against the 

N-terminal sequence of STIM1 were observed to partially suppress SOCE but was not 

confirmed in another study.  Therefore, the theory that STIM1 traffics and inserts into the 

plasma membrane is unsubstantiated at best.  Furthermore, many researchers have shown 

that translocation of STIM to puncta is sufficient to activate SOCE.   

 

The C-terminal cytosolic part of STIM1 is necessary for Orai activation.  When 

the C-terminal portion alone was co-expressed with Orai1 in HEK293 cells, the STIM1 

C-terminus localized close to the plasma membrane and co-localized with Orai1.  By 

contrast, a STIM1 deletion mutant lacking the C-terminus is no longer able to co-localize 
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with overexpressed Orai1 upon store depletion and is diffusely distributed throughout the 

ER membrane.  Disruption of the ERM domain also impairs STIM1 distribution and 

function.  STIM1 domains following the ERM domain have been reported to be less 

important for CRAC activation, as the deletion of the serine/proline-rich region has no 

significant effect on SOCE.  The very end of STIM1 C-terminus contains a lysine-rich 

domain, the deletion of which eliminates puncta formation despite preserved STIM1 

homomerization.  This mutant is still able to activate Orai1 channels upon store depletion, 

yet with a somewhat delayed response. 

 

STIM2 

STIM2 shares 47% sequence homology as STIM1 and activates SOC in the same 

manner involving Ca2+ dissociation from the EF-hand domain, then oligeramerization, 

and then translocation to ER-PM junctions and recruitment of SOC.  The role of STIM2 

in SOCE is less clear as most studies have focused on STIM1.  Initial evidence 

regarding STIM2's role was contradictory as high levels of STIM2 expression inhibitied 

SOCE.  Brandman et al later found that at physiological expression 

levels STIM2 activated SOCE.  And, importantly these researchers used a siRNA screen 

of the human signaling proteome to show that STIM2 is the strongest regulator of basal 

[Ca2+]cyt (calmodulin 1 was the next strongest regulator) and that STIM2 can activate Ca2+ 

influx following smaller decrease in ER Ca2+ compared to STIM1.  They used 

ionomyocin, which stimulates ER Ca2+ release and EGTA, which chelates extracellular 

Ca2+, to demonstrate that siRNA mediated knockdown of STIM2 decreases [Ca2+]ER 
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compared to STIM1 knockdown.  These researchers then overexpressed the either YFP-

STIM2 or YFP-STIM1.  They quantified the fluorescence of YFP-STIM1 and YFP-

STIM2 to ensure the same protein expression level of STIM1 and STIM2.  Then they 

measured the effect of overexpression of the same amount of STIM1 or STIM2 on basal 

[Ca2+]cyt.  They found that STIM2 had a much larger effect of basal [Ca2+]cyt compared to 

the same to amount of STIM1.  They then verified this finding using the ER targeted Ca2+ 

sensor D1ER.   STIM2 translocated to ER-PM junctions three times faster than STIM1 in 

response to low levels of store depletion, suggesting that STIM2 is more sensitive to low 

levels of store depletion and plays a more important role in physiological amounts of 

store depletion.  This difference in STIM1 and STIM2 is often overlooked as fast and 

severe depletion of ER Ca2+ using thapsigargin quickly activates both STIM1 and STIM2 

within one minute.  They used YFP tagged STIM2 to observe translocation of STIM2 to 

ER-PM junctions following store depletion.  These researchers suggest a paradigm shift 

placing STIM2, rather than STIM1, as the central protein that tightly regulates cytosolic 

and ER [Ca2+].   

 STIM1 and STIM2 have been shown to be able to form heteromultimers in 

addition to homomultimers.  However, STIM2 can function independent from STIM1.  

Brandman et al. showed that overexpression of STIM2 and knockdown of STIM1 in the 

same cell had no effect on Ca2+ regulation compared to STIM2 overexpression alone.  

And, that both STIM2 alone or STIM1 alone can mediate SOCE by activating Orai1.  

 Neurons express very little STIM1 and Orai1, but still exhibit strong SOCE.  

Berna-Erro et al. showed that STIM2, and perhaps Orai2 and Orai3, are the predominant 
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isoforms for SOCE in neurons.  STIM2 mRNA and protein levels, as measured by 

western blot and immunocytochemistry, are high in neurons compared to that of STIM1.  

Complete knockout of of STIM2 in mice was embryonic lethal in some strains but viable 

for 4-5 weeks after birth in another strain of mice.  Cortical neurons isolated from these 

STIM2-/- mice demonstrated significantly weaker SOCE compared to WT mice.  STIM2-/- 

mouse cortical neurons also demonstrated significantly lower basal cytosolic and ER 

[Ca2+] compared to cortical neurons isolated from WT, STIM1-/-, and Orai1-/- mice.  This 

finding corroborates the report by Bradmann et al. regarding the important role of STIM2 

in regulating basal cytosolic and ER [Ca2+].  However, these data were obtained using 

cortical neurons, which naturally express very little STIM1 and Orai1.  It would be 

interesting to examine different cell type, such as PASMC, in STIM2-/- mice.   
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2.4.2  Store-operated Ca2+ Channel - Orai1, Orai2 and Orai3 

In Greek mythology, Orai are the keepers of the gates of heaven.  ORAI is now 

also used to describe the plasma membrane Ca2+ influx proteins categorized as SOC.  

Feske et al. identified Orai1 as the protein responsible for the entry of 

Ca2+ following Ca2+ store depletion using two different approaches.  One approach 

involved genotyping and using linkage analysis in individuals that have a defect in store-

operated Ca2+ entry.  These individuals have a specific form of human hereditary severe 

combined immunodeficiency (SCID).  SCID patients are homozygous for a single 

missense mutation in Orai1, i.e. Orai1 R91W, leading to the loss of SOCE.  The second 

approach used a Drosophila RNA interference screen based on the assessment of store 

depletion-mediated Ca2+ entry and nuclear factor of activated T-cells (NFAT) nuclear 

translocation.  Around the same time, two other groups independently identified the same 

gene in Drosophila using genome-wide RNA interference screens and 

its human orthologs. 

Many early studies of ORAI genes use the nomenclature “CRACM”, however, 

the majority of current studies use ORAI to describe the genes (ORAI1, ORAI2, 

and ORAI3), which encode proteins Orai1, Orai2, and Orai3 28–33 kDa Orai proteins are 

located on the plasma membrane and appear to function as tetramers.  Orai tetramers are 

teardrop shaped, with each protein capable of high levels of glycosylation (up to 8 kDa 

per protein). 
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Orai1 

 

Strong evidence suggests that Orai1 interacts with STIM1 and functions as a SOC.  

Orai1 was discovered through genome wide RNAi screening. A mutation in Orai1 in 

patients with severe combined immunodeficiency eliminates the Ca2+ release-activated 

Ca2+ currents (ICRAC), which can then be reconstituted by expressing wild-type Orai182,83.  

Orai1 spans the plasma membrane four times with both the C- and N- terminus in the 

cytoplasm.  The extracellular loop between the third and fourth transmembrane segments 

contains an N-glycosylation site.  The first and third transmembrane regions together 

with the extracellular loop following the first transmembrane domain of each of four 

Orai1 monomers form the channel pore.  Co-expression of STIM1 with Orai1 in HEK293 

cells resulted in large increases in SOCE and ICRAC compared to vector control cells84.  

Co-immunoprecipitation data show that STIM1 and Orai1 interact, and store depletion 

significantly increases the amount of interaction119.  

 

Orai2 and Orai3 

The Orai family consists further of Orai2 and Orai3.  Both Orai2 and Orai3 when 

co-expressed with STIM1 in HEK cells show a similar but reduced, compared to co-

expression with Orai1, store-operated Ca2+ current.  The overall domain structure of 

Orai2 and Orai3 is similar to that of Orai1, with a coiled-coil domain in the C-terminus 

that interacts with STIM.  However, Orai2 and Orai3 are missing the proline-rich region 

near the N-terminus.  The respective Orai channels exhibit distinct inactivation profiles, 



 

 

48 

permeability properties, and 2-aminoethoxydiphenyl borate (2-APB) sensitivity.  

However all three Orai channels can be activated following store depletion via a coupling 

to STIM1 or STIM2.  Orai proteins are able to heteromultimerize in all possible 

combinations to form functional channels. 

 

Orai Channel Selectivity 

 

All three Orai proteins can assemble to form a tetrameric channel with a unique 

structure that is unrelated to any other known ion-channel family.  A hallmark of Orai 

channels is their high Ca2+ selectivity over Ba2+ or Sr2+.   Furthermore, omission of Ca2+ in 

the presence of Mg2+ and Na+ on the extracellular side fully abolishes current influx, 

suggesting that Orai channels are also selective of these ions.  However, in a divalent-free 

bath solution, a prominent Na+ influx is induced, while Cs+ permeability is unusually low 

with a permeability ratio of PCs/PNa = 0.15 for Orai1.   Taken together these data show 

that Orai channels are extremely selective for Ca2+, however not totally inpermiable to 

monovalent cations such as Na+.  This is contrary to voltage-gated L-type Ca2+ channels 

that exhibit a PCs/PNa ratio of 0.6.  The low Cs+ permeability of Orai channel pores is 

likely accomplished by their minimum pore dimensions with an estimated diameter of 

3.8 Å, which is based on the permeability of different methylammonium derivatives.  For 

comparison, pores of voltage-gated L-type and TRP channels are much larger, with 

diameters of 6.2 Å and 5.4 Å, respectively.   
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Orai Channel Formation 

 

While the Orai1 C-terminus, especially its putative coiled-coil domain, has been 

elucidated as the main interaction domain for store-dependent STIM1–Orai1 coupling, 

the role of the N-terminus in the STIM1/Orai1 signaling machinery is less clear.  

Orai1 N-terminus contains a proline- and arginine-rich region, which is lacking in Orai2 

and Orai3.  At the end of the N-terminal cytosolic region, all Orai proteins include a 

highly conserved amino acid stretch.   The proline- and arginine-rich N-terminal 

cytosolic sequences have been suggested to play an essential role in Orai1 channel 

assembly.  An Orai2 chimera containing the Orai1 N-terminus exhibits a marked increase 

in store-operated currents, while Orai1 with a shortened N-terminal tail similar to that of 

Orai2 and Orai3 displays significantly reduced Ca2+ entry in comparison to wild type 

Orai1.  Deletion of the whole N-terminus of Orai1 abolishes SOCE, while its partial 

truncation up to amino acid 73 retains Orai1 channel activity.  This observation suggests 

the highly conserved region between amino acid 74 and 90 in the Orai1 N-terminus as a 

domain indispensable for Orai1 activation.  

The exact architecture of the Orai pore is unknown; however, part of the first and 

third transmembrane (TM) segment and the first extracellular loop contribute to the pore-

forming domain.  Within these domains, negatively charged key residues have been 

identified as essential for the Ca2+ selectivity.  The first extracellular loop represents 
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another important site of the selectivity filter.  By contrast to the conserved glutamates in 

the TM domains of all three Orai proteins, key residues within the loop consist either of 

glutamates, glutamines, aspartates, or asparagines (D110/112/114 for Orai1; 

E84/Q86/Q88 for Orai2; E85/D87/E89 for Orai3; D182/D184/N186 for Drosophila Orai).  

While a single point mutation of one of these aspartates in Orai1 to an alanine does not 

affect Ca2+ currents, inhibition by 5 nM gadolinium is substantially reduced for the first 

acidic residue, moderately for the second, and slightly diminished for the third negatively 

charged residue in comparison to wild type Orai1.  Based on such structure/permeation 

studies, a model has been proposed for the Orai selectivity filter with two negatively 

charged rings of amino acids: one within TM1 and TM3, consisting of eight acidic 

residues in a tetrameric channel, and the other composed by the first extracellular loops 

including 12 negatively charged or polar amino-acids.  According to the model one 

Ca2+ ion coordinately binds to the outer mouth of the Orai channel represented by the 

extracellular loops and a second one to the acidic membrane ring embedded within the 

TM domains. These multiple Ca2+ binding sites are suggested to strengthen 

Ca2+ selectivity.  

 

TRPC 

 

Before the discovery of Orai genes and their gene products, the seven TRPC 

proteins were the only candidates for SOC.  Cloned TRPCs enhance store-depletion 

activated Ca2+ entry and injection of specific anti-TRPC antibodies or genetic ablation of 
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TRPC genes reduces SOCE.  Moreover, Zagranichnaya et al. showed partial reduction of 

SOCE in response to siRNAs that targeted TRPC1, TRPC3, or TRPC7, which, when 

combined, were partially additive.  Our lab has also demonstrated that siRNA mediated 

knockdown of TRPC1 in PASMC decreases SOCE.  Furthermore, TRPC4 knockout mice 

lack SOCE and there is an 80% loss of SOCE found in submaxillary acinar cells from 

TRPC1 knockout mice. 
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Chapter 3.  Pulmonary Hypertension 

 

3.1  What is Pulmonary Hypertension? 

 

Pulmonary arterial hypertension (PAH), a rare but devastating disease which, if 

left untreated, leads to right heart failure and death.  PAH affects people of all ages, 

including newborns.  2-5 people per million per year are diagnosed with idiopathic 

pulmonary arterial hypertension (IPAH).  Patients present with a range of nonspecific 

symptoms, including exertional dyspnea, chest pain, fatigue, syncope, cyanosis, and 

peripheral edema.  The generality of these symptoms and the rarity of the disease make 

diagnosis a difficult task, and the mean time from onset of symptoms to diagnosis is two 

years, although up until recently it was as much as five years120. 

 

Under normal physiologic conditions the pulmonary circulation is maintained in a 

high-flow, low pressure and low resistance state.  Under pathophysiological conditions 

restriction of blood flow by pulmonary arteries increases the pulmonary vascular 

resistance, which causes pulmonary arterial hypertension.  Increased PVR burdens the 

right heart and over time results in right ventricular hypertrophy and eventually right 

heart failure and death.  The main symptoms of PH are dyspnea, low exercise tolerance 

and in severe cases syncopy.  Dyspnea is a result of inadequate gas exchange and an 

inability of the heart to further increase cardiac in response to cerebral hypoxia.  A patient 

may also experience fatigue, weakness and syncope.  A syncope 
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episode may initially appear upon exertion but can eventually happen at rest.  PAH is 

defined clinically as a resting mean pulmonary arterial pressure (mPAP) that is ≥ 25 

mmHg or a mPAP ≥ 30 mmHg during exercise120,121. 

 

The true incidence of PAH is difficult to gauge due to its heterogeneity and that it 

may be secondary in nature to an underlying disease.  A german doctor, Dr. Romberg is 

credited with reporting the first case in 1891.  He published his findings from an autopsy 

that showed thickening of the pulmonary artery from a patient with no other apparent 

lung or heart disease.  It was not until 1951 that an American physician Dr. Dresdale used 

the term primary pulmonary hypertension (PPH) to define a condition in which an 

elevated pulmonary artery pressure exists without demonstrable cause122.  In the United 

States there is an incidence of roughly 2-3 cases per million.  And, there is a female bias 

with a ratio of 2.3:1 with a median age of diagnosis of 36 years with a mean survival 

from diagnosis of 2.8 years1,122. 

 

Classification 

 

An increase in pulmonary arterial hypertension in healthy young adults coinciding 

with an epidemic of anorexigenic-associated PPH during the 1950’s and 1960’s led to the 

first World Health Organization (WHO) meeting on PH in 1973 as an effort to better 

understand the condition.  The initial classification utilized two categories:  primary PH 

and secondary PH depending on certain risk factors123.  As a result of the conference, 

international efforts intensified to more clearly define and diagnose PH.  For example, the 
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National Heart, Lung and Blood Institute’s (NHLBI) Division of Lung Disease in 1981-

85 started a national patient registry to identify demographics and characteristics 

consisting of three components: a statistical-epidemiological core, a pathology core and 

32 clinical centers.  At the time the registry compiled the best epidemiological data and 

contributed to a better understanding of PH because the conclusions were comparable to 

retrospective reports published later from France, Israel and Japan in terms of mean age 

onset (36.4 years), female-to-male ratio (1.7:1.0) with no racial predisposition.  Twenty-

five years later, the 2nd World Symposium on Pulmonary Hypertension was held in Evian, 

France.  This meeting broadened the definition into 5 categories or clinical classifications 

later to be known as the “Evian classification.”  Assigning categories based on shared 

underlying pathologies allowed investigators to focus treatments on a well-defined group 

of patients.  Multiple clinical trials ensued and resulted in 8 different medications for the 

treatment of PAH worldwide.  The Third World Symposium on Pulmonary Arterial 

Hypertension (PAH) was held in Venice, Italy in 2003.  The gathering provided an 

opportunity to assess the usefulness of the Evian classification and propose alterations if 

needed.  The most distinctive change was dropping the term PPH and replacing it with 

Idiopathic Pulmonary Arterial Hypertension (IPAH).  This first category included two 

subgroups, the first had both familial and sporadic forms of the disease and the second 

subgroup was comprised of a number of conditions or diseases of known causes with a 

common localization of lesions in the small pulmonary arterioles123.  The most recent 

WHO conference convened in 2008 in Dana Point, California.  The group of international 

experts generally agreed to maintain the philosophy and organization of the Evian and 

Venice classifications.  However, it was also agreed upon that modifications should be 
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made in order to reflect relevant data published in the previous 5 years124.  With regard to 

the classification of PH, PAH has been the focus since the first WHO meeting in 1973.  

The subgroup of PAH can be distinguished clinically from PH by in addition to a resting 

mPAP > 25 mm Hg that pulmonary arterial wedge pressure must be ≤ 15 mm Hg which 

is determined by right heart catheterization125.  

 

Pathology and pathophysiology of PAH 

 

PH is a disease that is rarely diagnosed during routine medical examinations.  The 

diagnosis is typically made out of exclusion of other disorders such as congenital heart 

disease, emphysema or pulmonary thromboemboli.  As mentioned above, PH is defined 

as a mean pulmonary arterial pressure > 25 mmHg and >30 mmHg during exercise. This 

definition is based on right heart catheterization and provides a more conclusive 

diagnosis than an estimated PAP that is derived from estimating the systolic PAP through 

echocardiography126.   

 

Genetic variations in several genes have been linked to familial PAH (fPAH) 

patients.  These genes include transforming growth factor-β (TGF-β), bone morphogenic 

protein receptor 2 (BMPR2) and serotonin.  Although these mutations are prevalent in the 

familial PAH patients only 20% of the population with the BMPR2 mutations exhibits 

disease progression.  There are two BMPRs, BMP-R1a (type 1) and BMP-R1b (type 2).  

Binding of BMP ligand to BMPR activates downstream signaling components such as 

Smad proteins that translocate to the nucleus and regulate expression of genes important 
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for proapoptotic and anti-proliferative pathways127.   Having an abberant BMPR genetic 

profile predisposes them to elevated risk factors in developing PAH.  The association 

between PAH and BMPR2 was first reported in 2000128.  Shortly after, heterologous mice 

were engineered to investigate the mechanisms of BMPR2 in PAH.  Surprisingly, the 

mice showed normal PAP at rest and actually required a trigger to elevate PAP such 

interleukin (IL-1β) or serotonin47,129,130.  The phenotype did display increased smooth 

muscle proliferation with expansion of collagen and matrix proteins.  A plausible 

explanation to defective BMPR2 signaling was provided by Fantozzi et al. in a study that 

demonstrated that bone morphogenetic protein-2 stimulation of PASMC upregulated the 

expression of voltage-gated K+ channels131.  The increase in Kv channel expression and 

activity may be an important component in proapoptotic and antiproliferative effects of 

BMP-2 signaling that is lacking in PAH patients with BMPR2 mutations.   

 

Although there is no single genetic cause of IPAH, heterogeneous mutations in 

the bone morphogenetic protein (BMP) receptor type II (BMPR2) gene (which encodes 

the BMPR-II protein) have been linked to both familial and sporadic PAH128,132.  BMPR-

II is a cell surface receptor of the TGF-β superfamily of signaling molecules that is 

needed for recognition of BMP ligands. BMPR-Ia is another receptor molecule involved 

in this pathway. BMP ligand binding triggers receptor oligomerization, stimulating 

transcription factors of the Smad family, which activate genes involved in cell growth 

arrest and induction of apoptosis through Bcl-2 downregulation133-135. 
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BMP signaling in PASMC induces apoptosis136.  In PASMC, BMPs promote 

apoptosis by activating caspases, releasing cytochrome c, and downregulating 

antiapoptotic Bcl-2136. BMPR-II mutations found in IPAH patients diminish the 

antiproliferative and proapoptotic effects of BMP signaling137-139.  Mutations in the 

BMPR-II receptor identified in IPAH patients renders normal PASMC resistant to BMP-

induced apoptosis136, indicating that a loss of pro-apoptotic BMP signaling, which would 

result in an overall increase in PASMC in the pulmonary vasculature and thus remodeling 

and arterial lumen obstruction, lies at the core of many cases of IPAH.  In PASMC, 

BMP-2 (a ligand for the BMP receptor) treatment increases whole cell IK(V) and KV1.5 

mRNA and protein131,140.   However, PASMC from IPAH patients are more resistant to 

apoptosis induced by BMP than cells from normotensive control or SPH patients141.  

Similarly, while BMP ligand (BMP-2, -4 and -7) inhibits serum-stimulated DNA 

synthesis and proliferation in PASMC from normal subject or SPH patients, BMPs fail to 

inhibit the same in PASMC from IPAH patients142.  These data suggest an overall 

resistance to apoptosis in PASMC from IPAH patients and that PASMC from IPAH 

patients react abnormally to endogenous proliferation and antiproliferation signals in the 

vasculature. 

 

Although BMPR2 mutations are the single most prevalent genetic factor 

associated with IPAH known at this time, they do not account for all instances of the 

disease: ~70% of familial PAH cases have BMPR2 mutations; the prevalence of the 

mutations is 10-40% in sporadic IPAH and the penetrance is incomplete, as only ~20-

30% of BMPRII mutant carriers develop the disease.  Indeed, a large study of ten IPAH 
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families identified another locus for PAH, and there is emerging evidence that a 

polymorphism in the serotonin transporter is linked to PAH susceptibility143.  

Environmental factors, such as amphetamine use and HIV infection, have been correlated 

to PAH as well. Even in the background of known PAH risk factors such as fenfluramine 

use, mutations such as one found in the serotonin 5-HT receptor may predispose 

individuals to PAH144.  Thus, there are likely several genetic modifiers that influence 

disease pathogenesis. 

 

How is it that some fPAH patients have heterozygous germline mutations of TGF-

β and/or BMPR2 but the majority of them do not develop PAH?   One explanation is that 

a “second hit” or unidentified trigger may be required.  A “serotonin hypothesis” has 

been discussed for many years dating back to the use of diet pills such as 

dexfenfluramine (Dfen).  Serotonin has a complicated pharmacology so the effects on 

PAH are still debated.  The intended use of Dfen was to increase blood serotonin by 

inhibiting the neuronal serotonin transporter (SERT) thereby preventing its reuptake and 

causing enhanced 5-HT2B receptor stimulation145.  Serotonin has been shown to promote 

PASMC proliferation, pulmonary arterial constriction, local microthrombosis and 

inactivate K+ channels146.  The effects of serotonin can be augmented in more than one 

way.  For example, polymorphisms in SERT have been described that increase its 

function.  Also, the rate-limiting step of serotonin synthesis is catalyzed by tryptophan 

hydroxylase1 (Tph1) and has been shown to have higher expression in endothelial cells 

from lungs of IPAH patients.  Importantly, Tph1-/- and 5HT2B receptor knockout mice are 

less susceptible to hypoxic-induced PAH147.  Serotonin has can inhibit voltage-gated K+ 
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channels in PASMC with a similar or higher efficacy than other Kv channel blockers 

endothelin-1, thromboxane A2 analog U46619 and hypoxia148.  Blocking Kv channels 

causes membrane depolarization leading to Ca2+ influx and cell contraction.  Serotonin 

also leads to the downstream production of IP3 though Gi/o.  As previously discussed, IP3 

activates IP3R and leads to Ca2+ release from the ER/SR, store depletion, and activation 

of SOCE, which all contribute to increased [Ca2+]cyt, PASMC contraction and 

proliferation, and PAH.   

       

The PAH subgroup is comprised of a heterogeneous population of patients with a 

variety in disease etiology.  Although arising from different origins, PAH patients share 

common pathological features such as: precapillary artery hypertension, slow clinical 

onset followed by progressive deterioration due to severe arteriopathy, increased 

thickness of the intima, media and adventitia of peripheral arteries and muscularization of 

the precapillary arterioles and capillaries 149,150.  Upon autopsy, vascular remodeling is 

apparent along with thrombotic lesions151,152.  A hallmark of severe idiopathic pulmonary 

hypertension is the presence of plexiform lesions that can obstruct blood flow in arteries 

and arterioles but is only found in roughly 15% of PAH patients.  Occlusion of the 

smaller blood vessels can arise from monoclonal proliferation of endothelial cells, 

smooth muscle cell proliferation, migration and hyperplasia with accumulation of 

circulating inflammatory, platelet and progenitor cells153.  

 

The pathogenesis of PAH can mainly be attributed to the combined effects of 

sustained vasoconstriction, arterial vessel remodeling, in situ thrombosis or obliteration 
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of arteries by plexiform lesions and arterial wall stiffening154.  An initial event such as 

hypoxia can elicit transient vasoconstriction, which is important in order to optimize 

ventilation-perfusion matching2.  The acute hypoxic-mediated vasoconstriction of 

pulmonary arteries is a normal response.  However, chronic constriction in these airways 

is disparate from the hypoxic pulmonary vasoconstrictive response as it involves 

prolonged, rather than acute, vasoconstriction and excessive pulmonary vascular 

remodeling.  Increased vascular wall non-compliance or stiffening has also been ascribed 

to breakdown of extracellular matrix and increased collagen accumulation around 

endothelial cells, smooth muscle cells and fibroblasts155,156.  Interestingly, both the acute 

and chronic vasoconstriction require an increase in intracellular Ca2+  in PASMC.   

 

Major pathological findings of IPAH include medial hypertrophy due to PASMC 

proliferation, muscularization of the arterial walls due to PASMC invasion of the intimal 

layer, endothelial cell proliferation, and concentric laminar fibrosis157,158.   Pulmonary 

angiogram of IPAH patients shows diminished blood flow through pulmonary arteries 

with diameter less than 500 µm due to pulmonary vascular remodeling and 

vasoconstriction (Figure 9).  Thus, IPAH is often referred to as ‘small vessel disease’ to 

distinguish it from obstructions in the main pulmonary artery that can cause PAH such as 

in chronic thromboembolic pulmonary hypertension (CTEPH).  The intimal and medial 

hypertrophy, PASMC proliferation, remodeling, muscularization, concentric laminar 

fibrosis and sustained vasoconstriction that accompany PAH decrease vascular 

compliance and decrease the arterial lumen radius, thus increasing both PVR and PAP.  

An increase in PVR increases the stroke work of the right ventricle and thus exposes the 
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RV to pressure overload.  Initially, adaptive hypertrophy of the RV overcomes the 

pressure overload but in time progresses to contractile dysfunction and decompensated 

right heart failure.   
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Figure 9:  IPAH is a small vessel disease.  A.  Representative pulmonary angiograms 
from NPH-subject lung (left panel) and IPAH-patient lung (right panel).  Blood flow is 
present in large, medium, and small size vessels in NPH-subject, but flow is absent in 
small size vessels in IPAH-patient lung.  B.  Elastic Van Gieson (EVG) staining of cross 
section of small pulmonary artery from NPH-subject (left panel) and IPAH-patient (right 
panel).  IPAH-patient pulmonary artery shows intimal lesions, medial hypertrophy, 
adventitial thickening, which are all typical of IPAH-patient pulmonary arteries.   

 

 

A
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Chronic thromboembolic pulmonary hypertension (CTEPH) is a type of PAH, the 

initial cause of which is well defined. Initially, a thrombus from the peripheral venous 

circulation lodges in the PA where it fails to spontaneously resolve. The immediate rise 

in PAP caused by the blockage, however, is followed by a decline as ventricular 

hypertrophy compensates for the increased pressure load. Over time, however, cardiac 

output continues to decrease until pulmonary hypertension is fully developed.  For many 

patients, CTEPH can be cured surgically with pulmonary thromboendarterectomy 

(PTE)159 in which clot material is removed from the PA. Interestingly, surgically removed 

clot material is often a cast of the pulmonary arterial tree, indicating that the initial clot 

burden continued to grow after becoming lodged in the PA. Furthermore, clots are often 

recanalized, an additional indication of growth and abnormal cellular proliferation in 

CTEPH.  

 

Certain patients who undergo PTE have poor post-operative outcomes (~15% of 

PTE patients), characterized by persistent pulmonary hypertension (often quoted as PVR 

> 500 dynes × s/cm5). Post-operative mortality in these patients is much higher  (~20-

30%) than in patients who have a post-operative PVR <500 dynes × s/cm5 (3-7%). 

Patients with high post-operative PVR are suspected to have underlying distal vessel 

PAH (i.e., IPAH or other forms of PAH in addition to CTEPH) which is intractable to 

surgery. These patients would benefit tremendously from pre-operative treatment for 

underlying distal vessel disease before undergoing PTE. A genetic screen provides a 

noninvasive and inexpensive way to accomplish the goal of identifying people at high 
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risk for PAH to determine who, among CTEPH patients, should be treated for distal 

vessel PAH before undergoing PTE. 
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3.2  Treatment of Pulmonary Hypertension 

 

Prior to drug developments of the last ten years, lung transplantation and Ca2+ 

channel blockers were the only treatments for IPAH.  Nifedipine and diltiazem provided 

an early therapeutic approach but helped only a small percent of IPAH patients ( <10-

30%)121,160.  The observation that three signaling pathways prostacyclin, endothelin, and 

nitric oxide are involved in PAH pathophysiology led to the development of three 

additional classes of drugs.  Endothelin-1 is both an endogenous smooth muscle mitogen 

and vasoconstrictor and is upregulated in PA endothelial cells of PAH patiens 161.  Thus, 

endothelin receptor antagonists such as bosentan have proven effective at treating PAH 

by improving hemodynamics, exercise capacity and survival.  Additionally, production of 

NO and prostacyclin (PGI2), both potent vasodilators and inhibitors of SMC proliferation, 

are decreased in PAH patients. Prostacyclin analogues and phosphodiesterase-5 inhibitors 

such as sildenafil, which prolong the effects of NO, have also been found effective at 

treating IPAH.  These drugs have both vasodilator and antiproliferative effects and have a 

variety of administrative routes, including inhalation, oral, and intravenous infusion by 

permanent indwelling catheter. 

 

Drugs are commonly used in combinations determined on a per patient basis. For 

example, combination sildenafil and prostanoid treatment has been found to improve 

exercise capacity and pulmonary hemodynamics in patients with severe PAH162, and 

inhaled iloprost, a prostacyclin analogue, when added to bosentan monotherapy regimens 

improves patients’ exercise capacity and hemodynamics.  However, some patients do not 
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respond to any pharmacological treatment or deteriorate after an initial beneficial period.  

These patients are placed on the lung transplant list.   
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Chapter 4.  Materials and Methods 

 

4.1  Isolation and Culture of Pulmonary Artery Smooth Muscle Cell 

 

Sprague-Dawley rats (125-250 g) were decapitated; the right and left branches of 

the main pulmonary artery as well as the mesenteric artery and surrounding tissues were 

removed and placed in Hanks’ solution (HBSS) comprised of Hanks’ balanced salt 

(Irvine Scientific, Santa Ana, CA) supplemented with 14.98 mM N-2-

hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 4.17 mM NaHCO3, 0.4 mM 

MgS04 10,000 U/ml penicillin, 10 mg/ml streptomycin, and 0.02 mM CaCl2. Connective 

tissues were gently removed under a dissecting microscope using sterile conditions. The 

isolated PA or MA was incubated in 1 ml HBSS containing 1.5-2 mg collagenase 

(Worthington Biochemical, Freehold, NJ) for 20 min. The adventitia (plus a small 

amount of outer media) was carefully stripped off and the endothelium was scraped off 

with fine forceps. The resulting PA smooth muscle tissue was incubated at 37°C for 20-

25 h in 10% fetal bovine serum culture medium (FBSCM), comprised of Dulbecco’s 

modified Eagle’s medium (DMEM, Sigma Chemical, St. Louis, MO) supplemented with 

7 mM NaHCO3, 10 mM HEPES at pH 7.2, and fortified with fetal bovine serum (10%, 

Irvine Scientific).  The overnight incubation of the smooth muscle tissues in 10% 

FBSCM before enzymatic digestion improves the yield of the cells. The tissue was then 

incubated with 1.5-2 mg collagenase (Worthington), 0.5 mg elastase (Sigma), and 1 mg 

bovine serum albumin (Sigma) in 1 ml HBSS at 37°C for 40 min.  After 15-20 min, the 

tissue was triturated three to five times with a fire polished Pasteur pipette to speed 
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digestion.  The incubation mixtures were then diluted 20-fold by adding 20% FBSCM to 

stop digestion. The cell suspensions were centrifuged for 5 min at 1,500 rpm at room 

temperature, and the supernatant was removed. The resulting pellets were resuspended in 

2-3 ml 10% FBSCM and triturated with fire-polished Pasteur pipettes to separate the cells. 

Aliquots (3-6 drops) of the cell suspensions were drawn off and placed on cover slips in 

Petri dishes with 2 ml of 10% FBSCM.  Cells were fed twice weekly with 10% FBSCM 

and incubated in a humidified atmosphere of 5% CO2, in air at 37°C for 3-7 days.  

Enzymatically dispersed VSM and cultured cells during this time were reported to retain 

morphological and functional properties of cells in vivo.  After l0-20 days, the primary 

cultured cells had reached confluence on the cover slips. At this time, the cells were 

treated with trypsin (1 mg/ml, Sigma) in HBSS and then re-plated on cover slips in Petri 

dishes with the addition of 2 ml 10% FBSCM. Six to 12 hours later, the 10% FBSCM in 

the Petri dishes was replaced by fresh 10% FBSCM to remove dead and unattached cells.  

 

 
The cells were then plated onto 25-mm coverslips and cultured in 10% FBS-

DMEM in a humidified incubator (at 37°C with 5% CO2).  Cellular purity of cultures was 

determined using the smooth muscle α-actin monoclonal antibody and the nuclear acid 

stain, 4',6'-diamidino-2-phenylindole (DAPI, 5 µM).  The DAPI-stained cells also cross-

reacted with the smooth muscle cell α-actin antibody, indicating that the cultures were all 

smooth muscle cells.   
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Human PASMC 

 

Pulmonary hypertensive human PASMC were isolated from IPAH patient lung. 

Two patients undergoing lobectomy for bronchogenic carcinoma, who had no evidence of 

pulmonary hypertension by physical examination, ECG, echocardiogram, or pathological 

examination of resected lung tissue, and 4 patients with obstructive disease, who had 

normal pulmonary arterial pressures, were the sources of tissue for normotensive control 

experiments.  Lung tissue, removed from patients in the operating room, was immediately 

placed in cold (4°C) saline and taken to the laboratory for dissection. Muscular 

pulmonary arteries were incubated in Hanks' balanced salt solution (20 minutes) 

containing 2 mg/mL collagenase (Worthington Biochemical). The adventitia was stripped, 

and endothelium was removed. The remaining smooth muscle was digested with 2.0 

mg/mL collagenase, 0.5 mg/mL elastase, and 1 mg/mL bovine albumin (Sigma Chemical 

Co) at 37°C to make a cell suspension of PASMC. The single PASMC was resuspended, 

plated onto 25-mm coverslips and incubated in a humidified atmosphere of 5% CO2 in air 

at 37°C in 10% fetal bovine serum DMEM for 1 week. the cells were isolated from 

arteries of size at the range of 100–500 µm in diameter.  Approval to use the human lung 

tissues and cells was granted by the University of California, San Diego (UCSD) 

Institutional Review Board.  Control PASMC were purchased from Lonza and 

maintained in culture at low passage (<6) in SM growth medium (SmGM).  The mean 

pulmonary arterial pressure of the IPAH patients was 52 mmHg. 
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All PASMC were cultured in M199 supplemented with 10% FCS, 100 µg/ml 

endothelial cell growth supplement (ECGS), 100 IU/ml penicillin, 100 µg/ml 

streptomycin, and 50 mg/l D-valine.  Cells were plated on the coverslips coated with 2% 

gelatin.  Approval to use the human lung tissues and cells was granted by the University 

of California, San Diego (UCSD) Institutional Review Board. The mean pulmonary 

arterial pressure of the IPAH patients was 52 mmHg. 

 

  All cells were incubated in a humidified environment at 37°C and 5% CO2. Media 

was changed 24 hours after initial seeding and every 48 hours subsequently. When cells 

reached 80-90% confluency, cells were gently washed with phosphate buffered saline 

(PBS), incubated with 3mL of trypsin/EDTA solution until detachment (3-5 min), and 

then incubated with an equal amount of trypsin neutralizing solution. For PASMC, a 

0.25% trypsin/EDTA solution (Lonza) was used.  The cell suspension was then 

transferred to a sterile 15-ml round bottom tube, centrifuged at room temperature for 5 

minutes at 200 G, and then resuspended in appropriate growth media and seeded.  

PASMC between passages 3 and 8 were used for experiments. 
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4.2  Transfection of PASMC  

 

PASMC were transfected with siRNA against STIM2 (Santa Cruz sc-76589) or 

scramble siRNA as control using the Amaxa Nucleofector electroporation system.  16 µL 

of a 10 µM solution of siRNA was used per 2 x 105 cells in each reaction.   
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4.3  Immunoblot 

 

PASMC were lysed (Lysate buffer:  0.5% sodium deoxycholate, 0.1% SDS, 1% 

triton-X, 0.1% protease inhibitor cocktail) and centrifuged at 16,000 g for 10 min at 4°C. 

Supernatants were used as a sample protein.  Samples were separated through a SDS-

polyacrylamide gel and transferred to nitrocellular membranes.  Membranes were 

incubated with anti-STIM1, STIM2, Orai1, Orai2, and Orai3 antibodies (1:1,000), and 

followed by secondary antibody (1:4000) application. The immunoblots were detected 

with the ECL Western blotting detection reagents (Perkin-Elmer, Norton, OH). Band 

intensity quantified with ImageJ64, normalized to β-tubulin control, and expressed as 

arbitrary units. 
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4.4  Immunostaining 

 

 Cells were washed on ice three times with PBS. After fixing cells in 4% 

paraformaldehyde/PBS for 15 minutes at room temperature, coverslips were incubated in 

blocking solution (2% BSA, 2% FBS, 0.1% Triton X-100 in PBS) for 1 hour. Coverslips 

were then exposed to rabbit anti-KV1.5 antibody (Alomone, 1:1000 in blocking solution) 

for 2 hours at room temperature. After washing cells with PBS, they were incubated with 

bovine anti-rabbit rhodamine-conjugated IgG antibody (Santa Cruz) for 45 minutes. Cells 

were also stained with DAPI (Invitrogen) to label nuclei. After washing again in PBS, 

coverslips were mounted onto glass slides using Fluoromount-G (Electron Microscopy 

Sciences) and visualized under appropriate fluorescent filters on an Olympus IX70 

microscope. The SoftWoRx suite was used for deconvolution and image processing.  
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4.5  Measurement of Cytosolic Ca2+ Concentration 

 

Cells on 25-mm cover slips were placed in a recording chamber on the stage of an 

inverted Nikon Eclipse/TE 200 microscope with the TE-FM epifluorescence attachment. 

Cytosolic Ca2+ concentration ([Ca2+]cyt) was measured in each cell using the membrane-

permeable Ca2+-sensitive fluorescent indicator, Fura-2-AM (Invitrogen). The cells were 

incubated at room temperature for 30 min in modified Krebs solution (MKS) containing 

4 µM Fura-2-AM. The loaded cells were then washed with MKS for 30 min to remove 

excess extracellular dye and allow intracellular esterases to cleave cytosolic Fura-2-AM 

into active Fura-2. Fura-2 fluorescence was observed as 510-nm-wavelength light 

emission with excitation wavelengths of 340 and 380 nm by use of the digital 

fluorescence imaging system from Intracellular Imaging. In all experiments, multiple 

cells were imaged in a single field, and one arbitrarily chosen peripheral cytosolic area 

from each cell was spatially averaged. [Ca2+]cyt was expressed as Fura-2 fluorescence 

emission ratio excited at 340 and 380 nm (F340/F380). Resting [Ca2+]cyt was determined by 

the average F340/F380 ratio during the initial MKS recording. The changes in [Ca2+]cyt 

were calculated as the peak F340/F380 minus the averaged steady state F340/F380 ratio in the 

20-sec preceding the initiation of the rise to peak. To ensure consistency all time periods 

in each condition were kept constant between experiments. 

 

 



75 

 

4.6 siRNA Mediated Knockdown of Orai and STIM                                                                         

 

PASMC were transfected with siRNA against STIM2 (Santa Cruz sc-76589) or 

scramble siRNA (Santa cruz sc-37007) as control using the Amaxa Nucleofector 

electroporation system.  16 µL of a 10 µM solution of siRNA was used per 2 x 105 cells 

in each reaction.  Transfected cells were cultured the following day and used for 

experiment after 48 hours.      
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4.7  Overexpression of Orai and STIM 

 

Overexpression of STIM2 (pEX-CMV-SP-STIM2(15-746)) and Orai2 

(pcDNA3.1 Orai2) was performed by the Amaxa Nucleofector electroporation system.  

The STIM2 and Orai2 plasmids was ordered from Addgene as provided by Dr. Meyer 

and Dr. Rao, respectively.  pcDNA3.1 was used as the vector control.  48 hrs following 

transfection protein expression was examined or SOCE was measured or cell 

proliferation was determined by cell counting.   
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4.8  Chronic Hypoxic Treatement of Rat PASMC  

 

Rat PASMC were isolated and cultured to passage one and then subjected to 

hypoxia.  Hypoxia consisted of 48 hours of 3% O2, 5% CO2, and remainder N2.  

Normoxia control consisted of room air supplemented with 5% CO2. 

 



 

 

78 

Chapter 5.  Results:  Enhanced SOCE in IPAH Patient PASMC Increases [Ca2+]cyt and 

Increases Proliferation.   

 

5.1  IPAH patient PASMC have Enhanced SOCE Compared to NPH Control PASMC.   

 

  Increased cytosolic Ca2+ concentration has been shown to cause proliferation, 

migration, and contraction of PASMC, which are all believed to contribute to PAH 

phenotypes including hypoxia induced pulmonary hypertension and idiopathic pulmonary 

arterial hypertension163,164.  Therefore the role of Ca2+ and the mechanisms that elevate 

Ca2+ concentration are of great importance to the study of the role of PASMC in IPAH.  

Previous research from our lab has shown that increased [Ca2+]cyt and SOCE are 

important for contraction and proliferation of PASMC32,62.  Furthermore, we found that 

IPAH-PASMC have higher resting [Ca2+]cyt and enhanced SOCE compared to NPH-

PASMC165.  The first aim of this dissertation is to re-examine whether IPAH-PASMC 

have enhanced basal [Ca2+]cyt and verify that these cells exhibit increased SOCE.   

 

  PASMC were isolated from IPAH lung transplant patient lung and secondary 

pulmonary hypertensive (SPH) patient lung or from normotensive (NPH) lung transplant 

patient as control.  [Ca2+]cyt was measured in IPAH patient PASMC and NPH patient 

PASMC using the Ca2+ binding dye fura-2.  First we examined basal [Ca2+]cyt in IPAH 

and control-PASMC.  The control-PASMC (n = 18) and IPAH-PASMC (n = 7) were 

isolated from patients with similar mean pulmonary arterial pressures (48 ± 4 vs. 53 ± 4 
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mmHg, P = 0.30) and total vascular resistance (13.6 ± 3 vs. 11.2 ± 1.7 mmHg-1*min-1, P 

= 0.48).  We observed that IPAH-PASMC had significantly higher resting or basal 

[Ca2+]cyt compared to control cells (Figure 9, P <  0.01).   

 

  SOCE was determined by a store depletion, Ca2+ reintroduction protocol to 

measure both Ca2+ release from SR and Ca2+ influx through SOC.  Change in [Ca2+]cyt 

was measured as the ratio of F340/F380 (F) and normalized to initial F340/F380 ratio (F0) 

measured in PASMC superfused with physiological salt solution (PSS).  SOCE was 

induced by passive depletion of SR Ca2+ using 10 µM cyclopiazonic acid (CPA) in the 

absence of extracellular Ca2+ followed by re-addition of 1.8 mM extracellular Ca2+.  

Consistent with our previously reported findings166,167, IPAH-PASMC exhibited 

significantly larger (P=0.010) SOCE than NPH-PASMC (Figure 10).  

 

 The increased SOCE in IPAH-PASMC may be due to increased expression of 

serotonin in IPAH-PASMC.  Serotonin (5-HT) activates serotonin receptor, which is a 

GPCR on the plasma membrane that when stimulated generates diacylglycerol and 

inositol triphosphate.  DAG then opens ROC on the PM and mediates Ca2+ influx.  IP3 

stimulates IP3 receptor (IP3R), which is a Ca2+ channel on the ER/SR membrane, to 

release Ca2+ from the ER/SR store.  This leads to depletion of the ER/SR store and Ca2+ 

influx though SOC on the plasma membrane.  In PASMC, 5-HT elicits oscillations in 

[Ca2+]cyt.  Ca2+ oscillations are composed of Ca2+ release from the SR coupled with 

subsequent clearance of Ca2+ from the cytosol by reuptake (by SERCA) and extrusion 

(by PMCA).  These oscillations generally have a set amplitude and frequency as the 
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expression level, activity, and sensitivity of the proteins and channels involved are fairly 

constant.  5-HT elicits Ca2+ oscillations in control or normal, PASMC within seconds of 

treatment, and the oscillations subside and [Ca2+]cyt returns to baseline equally rapidly 

upon washout of 5-HT.   In control or NPH-PASMC the amplitude of Ca2+ oscillations 

decrease over time (Figure 11).  This indicates that the SR Ca2+ store is gradually 

becoming depleted due to an unmatched rate of filling compared to depletion.  After the 

release phase some of the Ca2+ is extruded across the PM such that there is less Ca2+ in 

the cytosol for the re-uptake phase.  Ideally, some measure of SOCE is activated by this 

transient store depletion and will refill the stores.  However, 5-HT stimulation of NPH-

PASMC overpowers the ability of SOCE to refill cytosolic Ca2+ in these cells (Figure 11).   

  

 The same dose of 5-HT also rapidly and reversibly elicited Ca2+ oscillations in 

IPAH-PAMSC.  The Ca2+ oscillations have higher amplitude and increased frequency in 

IPAH-PASMC compared to control PASMC (Figure 11).   Higher amplitude of Ca2+ 

release is indicative of increased [Ca2+]SR, and increased frequency of Ca2+ oscillations is 

indicative of increase expression, or activity, of IP3R and SERCA.  A larger number or 

increased activity of IP3R and SERCA would enable increase rate of Ca2+ release and 

increased rate of Ca2+ re-uptake.  While technically only one of which is necessary for 

increased frequency, the shape of the Ca2+ tracing would indicate that both are enhanced 

(Figure 11).  The most important observation from 5-HT induced Ca2+ oscillations is that 

while control PASMC Ca2+ oscillations progressively decrease in amplitude, IPAH-

PASMC Ca2+ oscillation amplitude is constant over a longer period of time (Figure 11).  

This, coupled with the observation that IPAH-PASMC have larger Ca2+ oscillations, 
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suggests that IPAH-PASMC have an increased capacity for SOCE.  This increased 

capacity for SOCE may be due to enhanced sensitivity to store depletion and/or due to 

enhanced Ca2+ influx through SOC.  Increase sensitivity to store depletion would be due 

to increase expression of STIM1/2 or increased activity of STIM1/2.  Increased Ca2+ 

influx though SOC could be due to either enhanced expression of SOC (Orai or TRPC) or 

increased activity of SOC.  In the following sections, we focus on whether the protein 

expression of STIM1/2 or Orai1/2/3 are increased in IPAH-PASMC.  While whether the 

activity of STIM1/2 or Orai1/2/3 is enhanced in IPAH-PASMC is an interesting question, 

it is outside the focus of this dissertation.  Albeit, discovery of a putative mutation in one 

of these genes that leads to increased activity and increased SOCE in IPAH-PASMC 

would be of landmark importance in diagnosis and potentially treatment of this disease.   
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Figure 10:  IPAH-patient PASMC have higher resting [Ca2+]cyt than control 
PASMC (Cont).  Summarized data showing resting [Ca2+]cyt in PASMC from control 
patients (not pulmonary hypertensive, black bar) and IPAH-patients (red bar).  Data are 
expressed as mean ± SE with the number of cells tested in parentheses. *P<0.05, 
***P<0.001 vs. control PASMC as determined by Student’s t-test. 
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Figure 11:  IPAH Patient PASMC exhibit Higher SOCE than NPH Patient PASMC. 
A-B. Representative records of [Ca2+]cyt changes before, during and after application of 
10 mM cyclopiazonic acid (CPA) in the absence or presence of external Ca2+ in 
normotensive NPH-PASMC (NPH, A), IPAH-PASMC (IPAH, B).  C. Summary data 
(mean ± SE) showing the amplitude of CPA-induced SOCE in [Ca2+]cyt. ** P < 0.01 as 
determined by Student’s t-test.  
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Figure 12:  Serotonin elicits higher amplitude and frequency of Ca2+ oscillations in 
IPAH-PASMC compared to NPH-PASMC.  Representative tracing showing effect of 
serotonin (5-HT) on [Ca2+]cyt (nM) in IPAH patient PASMC and NPH subject PASMC 
(Cont).  Serotonin causes Ca2+ oscillations, which are composed of cyclical Ca2+ release 
from the SR then Ca2+ re-uptake, in IPAH-PASMC and NPH-PASMC.  However, in 
IPAH-PASMC 5-HT elicits greater amplitude and higher frequency of Ca2+ oscillations.   
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5.2  Inhibition of SOCE Decreases Proliferation and Contraction in PASMC. 

 

Proliferation 

 

In human PASMC chelation of extracellular Ca2+ and depletion of intracellular 

Ca2+ stores markedly inhibits cell proliferation in media containing serum and growth 

factors.  Furthermore, basal [Ca2+]cyt was significantly higher in proliferating cells than in 

growth-arrested cells168.  As we have previously described, SOCE is a critical mechanism 

involved in maintaining [Ca2+]cyt and [Ca2+]SR through sustained Ca2+ influx and refilling 

of Ca2+ into the SR.  Indeed, we observed that SOCE is significantly enhanced in 

proliferating PASMC compared to non-proliferating PASMC63.  These results suggest 

that elevated [Ca2+]cyt is necessary for human PASMC proliferation.  Reduction of 

extracellular Ca2+ from 1.6 mM to 525 nM with the Ca2+ chelator EGTA significantly 

inhibits human and rat PASMC growth in media containing 10% FBS and growth factors.  

Furthermore, we found that Ni2+ a SOCE inhibitor decreases resting Ca2+ and 

proliferation of PASMC.   Nifedipine, a non-selective Ca2+ channel inhibitor, together 

with Ni2+ had a slightly larger effect than Ni2+ alone in inhibiting resting Ca2+ and 

PASMC proliferation (Figure 13).  These findings suggest that SOCE is mainly 

responsible for PASMC proliferation and that VDCE and ROCE play a smaller role.  

These data suggest that SOCE is the most important mechanism in elevating [Ca2+]cyt and 

enhancing proliferation in PASMC. 
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In IPAH patient pulmonary arteries we observe increased thickness of the tunica 

media.  Furthermore, intimal lesions in IPAH-PASMC are attributed in part to 

proliferation and migration of PASMC into the intima, which also leads to pulmonary 

hypertension.  This increased thickness of the tunica media is due to pathologically 

enhanced proliferation of PASMC.  Proliferation of control and IPAH patient PASMC 

was determined by counting cells at 0 hr (i.e., two days after the cells are plated onto petri 

dishes) and 24, 48, and 72 hours later.  At 0 hours, the control (NPH) PASMC group and 

IPAH-PASMC group had roughly the same number of cells (Figure 14A).  After 72 hrs, 

the numbers of NPH-PASMC and IPAH-PASMC were both significantly increased 

(Figure 14A); however, the increase in IPAH-PASMC number was much greater than in 

NPH-PASMC (Figure 14B).  Proliferation of PASMC is dependent on [Ca2+]cyt and 

SOCE.  And indeed IPAH patient PASMC exhibit elevated resting [Ca2+]cyt (Figure 10), 

enhanced SOCE (Figure 11) and increase proliferation compared to NPH-PASMC 

(Figure 14).  
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Figure 13: Inhibition of PASMC growth by chelation of extracellular Ca2+.  A. Cells 
were cultured in 10% FBS-DMEM in the absence (Control) and presence of 0.5 mM Ni2+ 
or 0.5 mM Ni2+ and 10 µM nifedipine.  Viable cell numbers were determined every day 
for 6 days after cells were plated.  B.  Cells were cultured in 10% FBS-DMEM in the 
absence (Control) and presence of 2 mM EGTA or 100 mM valinomycin (Valine).  
Viable cell numbers were determined 1, 4, and 6 days after cells were plated.  Data are 
means ± SE (n = 12 dishes of cells/group).  
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A. B. 
 

        

Figure 14:  IPAH-patient PASMC have enhanced proliferation compared to NPH-
PASMC.  A.  Summary data (mean ± SE) showing cell numbers for NPH-PASMC and 
IPAH-PASMC at 0 hours (0 hrs) and after 72 hrs of culture in growth media. *** 
P<0.001 vs. 0 hr. as determined by Student’s t-test.  B.  Summary data showing the 
increase in cell numbers after 72 hrs in NPH-PASMC (blue) and IPAH-PASMC (red).  
** P<0.01 vs. NPH as determined by Student’s t-test.  IPAH patient PASMC showed a 
significantly greater increase in cell number after 72 hours compared to NPH-PASMC.   
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Contraction 

 

An increase in [Ca2+]cyt in PASMC is a major trigger for pulmonary 

vasoconstriction.  In isolated rat PA rings, removal of extracellular Ca2+ almost 

completely abolished the active tension induced by 40 mM K+ or 2 mM Phenylepherine 

(PE) (Figure 15).  Chelation of extracellular Ca2+ with 2 mM EGTA, which decreases 

free Ca2+ concentration to ~0.5 mM in MKS containing 1.8 mM CaCl2 had the same 

inhibitory effects on contractions induced by 40 mM K+ or PE (Figure 15).  Furthermore, 

extracellular application of SOCE inhibitors Ni2+ or La3+ significantly inhibited 

prolonged PA constriction induced by PE62.  This suggests that SOCE is an important 

mechanism in PA constriction.  

 

An increase in [Ca2+]cyt in PAEC stimulates nitric oxide (NO) synthesis and 

release, thereby causing PA relaxation164.  Removal of the endothelium in isolated rat PA 

rings allows for the examination of the role of PASMC alone on PA vasoconstriction.  

Ni2+ and La3+ have been demonstrated to block SOC in many cell types.  Indeed, 

extracellular application of Ni2+ (1 mM) or La3+ (50 mM) significantly and reversibly 

attenuated the SOCE-mediated PA contraction.  These results indicate that Ca2+ release 

from the SR and influx though SOC both contribute to agonist mediated pulmonary 

vasoconstriction62. 
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    A.     

 

    

 

 

    B.  

 
 
 
 
 
 
 
 
 
 
Figure 15:  Extracellular Ca2+ is required for pulmonary vasoconstriction induced 
by 40 mM K+ (40 K) and phenylephrine (PE).  A.  Representative tracings showing 
isolated pulmonary artery ring tension (tension in milligrams normalized to milligrams of 
tissue weight) induced by 40 K or 2 mM PE.  Ca2+-free solution was applied to the 
vessels when 40 mM K+- or PE-mediated contraction reached a plateau.  Extracellular 
Ca2+ is necessary for 40 K and PE induced PA vasoconstriction.  B.  Representative 
tracings showing isolated pulmonary artery ring tension (tension in milligrams 
normalized to milligrams of tissue weight) induced by 40 K or 2 mM PE.  1 or 2 mM 
EGTA was applied to the vessels when 40 mM K+ or PE-mediated contraction, 
respectively, reached a plateau. Extracellular Ca2+ is necessary for 40 K and PE induced 
PA vasoconstriction. 
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5.3  Summary and Discussion 

 
 
5.3.1  Summary  
 

 

IPAH patient PASMC have higher resting [Ca2+]cyt than control or NPH-PASMC.  

Higher resting [Ca2+]cyt can be attributed to many mechanisms that regulate [Ca2+]cyt, 

which include SOCE.  IPAH patient PASMC exhibit enhanced SOCE compared to NPH-

PASMC, therefore SOCE is likely an important mechanism in elevating [Ca2+]cyt in 

IPAH-PASMC.  IPAH-PASMC also exhibit pathogenically increased proliferation and 

contraction compared to NPH-PASMC, which leads to increased PA vasoconstriction 

and increased PVR and pulmonary hypertension.  Ca2+ is necessary for both PASMC 

contraction and proliferation.  And, Ca2+ is necessary for endothelium independent PA 

vasoconstriction, which is mediated by contraction of PASMC.  [Ca2+]cyt and enhanced 

SOCE are shown to be important for PASMC proliferation.  And, SOCE can increase 

[Ca2+]cyt independent of VDCC and ROC. 
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5.3.2  Discussion  
  

   Pathogenesis of IPAH is, at least in part, due to increased [Ca2+]cyt in PASMC.  

Increased [Ca2+]cyt in IPAH-PASMC causes increased proliferation and contraction of 

these cells, which leads to decreased radius of PA.  This then increases the PVR and leads 

to PAH.  Many mechanisms can increase the [Ca2+]cyt in IPAH-PASMC, in this section 

we showed that SOCE is the most important mechanism in this regard.  We showed that 

SOCE is significantly enhanced in IPAH-PASMC compared to NPH-PASMC.  We also 

directly linked SOCE to PASMC proliferation and to PA contraction by demonstrating 

that inhibition of SOCE mitigated PASMC proliferation and mitigated vasoconstriction 

of endothelium free PA.  Furthermore, inhibition of SOCE had a more significant effect 

on PASMC proliferation and PA vasoconstriction than other mechanism such as VDCE 

and ROCE.   However, it is unclear how the molecular components that mediate SOCE, 

STIM and Orai, are involved in IPAH associated pathogenic increase in SOCE.  We aim 

to explore this question in the following sections.   

 

Chapter 5, in part, has been submitted for publication of the material as it may 

appear in Pulmonary Circulation, 2011, Song, MY; Makino, A, Yuan JX or in 

Antioxidants and Redox Signaling, 2011, Song, MY; Makino, A, Yuan JX.  The 

dissertation author was the primary investigator and author of these papers. 
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Chapter 6.  Results: STIM and Orai Protein Expression in PASMC from Chronic  

Hypoxia Treated Rat PASMC and IPAH-PASMC 

 

6.1  All the Isoforms of STIM and Orai are Expressed in Human and Rat PASMC 

 

Increased pulmonary vascular resistance, due to sustained vasoconstriction, 

vascular remodeling, in situ thrombosis and increased vascular wall stiffness, is the major 

cause for elevated pulmonary arterial pressure in patients with pulmonary arterial 

hypertension (PAH)169,170.  Pulmonary angiograms show that patients with idiopathic 

pulmonary arterial hypertension (IPAH) and hypoxia-induced pulmonary hypertension 

(HPH) had significantly decreased blood flow to small and medium-sized pulmonary 

arteries.  Decreased blood flow to small and medium-sized pulmonary arteries results 

mainly from a decrease in the diameter of the artery lumen as a result of sustained 

pulmonary vasoconstriction and vascular remodeling, two major causes for leading to 

increased pulmonary vascular resistance and pulmonary hypertension.  HPH and IPAH 

share many pathological and histological traits such as concentric vascular remodeling 

and medial hypertrophy.  In fact, rats subjected to chronic hypoxia are used as an in vivo 

model for studying pathogenic and therapeutic mechanisms of pulmonary arterial 

hypertension, and rat PASMC treated with hypoxia is a common in vitro model for 

studying cellular and molecular sequences of events involved in pulmonary vascular 

remodeling.  Pulmonary vascular remodeling due to excessive proliferation of PASMC 

and vasoconstriction due to contraction of PASMC greatly contribute to the elevated 

pulmonary vascular resistance in patients and animals with IPAH and HPH. 
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An increase in cytosolic Ca2+ concentration ([Ca2+]cyt) in PASMC is a major 

trigger for pulmonary vasoconstriction and an important stimulus for cell proliferation 

and migration that contribute to the pulmonary vascular remodeling.  Removal of 

extracellular Ca2+ or reduction of extracellular free [Ca2+] with the Ca2+ chelator (e.g., 

EGTA and EDTA) not only significantly inhibits agonist-induced vasoconstriction in 

isolated pulmonary arterial rings, but also significantly attenuates PASMC proliferation 

when cultured in growth factor-including media63.  Blockade of Ca2+ influx and depletion 

of intracellular Ca2+ stores in the sarcoplasmic reticulum or endoplasmic reticulum both 

attenuate PASMC contraction and proliferation63.  Our preliminary studies show that the 

resting [Ca2+]cyt is increased and agonist-induced rise in [Ca2+]cyt are significantly 

enhanced in patients with IPAH in comparison to normotensive control subjects149.  

Furthermore, chronic hypoxia also increases [Ca2+]cyt in PASMC71,171.  Therefore, 

increased proliferation and contraction of PASMC in IPAH and HPH patients are likely 

related to the increase in [Ca2+]cyt  and enhancement of the mechanisms that mediate Ca2+ 

influx.  

 

Store-operated Ca2+ entry (SOCE) is an important mechanism that mediates Ca2+ 

influx and raises [Ca2+]cyt when intracellular stores are depleted by agonist- or ligand-

induced Ca2+ mobilization15,172.  Depletion of intracellular Ca2+ stores, predominantly the 

sarcoplasmic reticulum in PASMC, activates Ca2+ influx through store-operated Ca2+ 

channels expressed on the plasma membrane.  STIM isoforms, which include two 

isoforms STIM1 and STIM2, are single transmembrane proteins that have been identified 

as the sensor of store depletion114,173.  STIM1 and STIM2 are expressed on the SR 
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membrane and on the plasma membrane of PASMC.  An EF-hand domain near the N-

terminus of STIM1 and of STIM2 serves as the sensor of Ca2+ concentration in the SR 

lumen.  STIM1 and STIM2 are locked in an inactive conformation when Ca2+ is bound to 

the EF-hand domain, but when Ca2+ is depleted in the SR the conformation of STIM1 and 

STIM2 changes to their active conformation118,173.  The active STIM1 and STIM2 can 

oligomerize, translocate along the SR membrane to the pucta area close to the plasma 

membrane, activate store-operated Ca2+ channels, and elicit SOCE.  In HEK cells, 

overexpression of STIM1 can reconstitute a robust inwardly rectifying Ca2+ current 

following store depletion174.  Similar studies have shown that STIM2 can reconstitute 

SOCE in the absence of STIM1, though at a lower magnitude of Ca2+ influx84,86.  While 

STIM2 has lower activity in activating Ca2+ channels (or store-operated Ca2+ channels) 

on the plasma membrane, it is more sensitive to small changes in Ca2+ concentration175,176.   

 

Preliminary data from our group and others indicate that receptor-operated and 

store-operated Ca2+ entry both play an important role in normal PASMC proliferation and 

migration26,63.  Inhibition of SOCE with, for example, Ni2+, 1-[β-[3-(4-

methoxyphenyl)pro-poxy]-4-methoxyphenethyl]-1H-imidazole hydrochloride 

(SKF96365), or La3+ markedly attenuates PASMC proliferation16,149,177,178.  Furthermore, 

CPA induced SOCE is significantly enhanced in IPAH-PASMC, and mRNA and protein 

expression of TRPC channels are upregulated in IPAH-PASMC in comparison to 

normotensive controls72,167.  While we know that upregulated TRPC channels (e.g., 

TRPC3 and TRPC6) contribute to the enhanced SOCE in IPAH-PASMC, it is unknown 

whether the recently discovered components of SOCE STIM1 and STIM2 and Orai1, 
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Orai2 and Orai3 are also involved in enhanced SOCE in IPAH-PASMC.  Specifically, it 

is unclear which isoforms are expressed in human PASMC and whether protein 

expression level of the expressed isoforms is changed in IPAH patient PASMC compared 

to NPH-PASMC.  

 

  Western blot analysis was performed on lysed samples of human and rat PASMC.  

All isoforms of STIM and Orai were found to be expressed in human and rat PASMC 

(Figure 16).  These data taken along with the fact the IPAH patient PASMC demonstrate 

higher SOCE suggest that some or all the isoforms of STIM and/or Orai are important in 

IPAH patient associated elevation of SOCE.  Next we examined whether the protein 

expression level of STIM1/2 and/or Orai1/2/3 are changed in IPAH patient PASMC 

compared to NPH patient cells.  And whether chronic hypoxia alters the protein 

expression level of STIM1/2 and/or Orai1/2/3 in rat PASMC. 
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Figure 16:  All Isoforms of STIM and Orai are Expressed in PASMC. Western blot 
analyses for Orai1, Orai2, Orai3, STIM1 and STIM2 in human and rat PASMC.  β-
tubulin (β-tub) was used as a loading control.    
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6.2  STIM1 Protein Expression Level in PASMC from Chronic Hypoxia Treated Rat  

PASMC and IPAH-PASMC 

 

Chronic hypoxia causes pulmonary hypertension by increasing PASMC 

proliferation, migration and contraction through a Ca2+-dependent mechanism179,180.  

Chronic hypoxia has been reported to inhibits KV channels, causes membrane 

depolarization, opens voltage-gated Ca2+ channels and increase [Ca2+]cyt in PASMC by 

increasing Ca2+ influx through voltage-gated Ca2+ channels180.  Chronic hypoxia has also 

been shown to upregulate TRPC channels in rat PASMC and increase [Ca2+]cyt via 

enhanced receptor-operated and store-operated Ca2+ influx71,171,181-183.  As previously 

discussed STIM1 is known to mediate SOCE in a variety of cell types.  To investigate 

whether upregulation of STIM1 is involved in hypoxia-mediated pulmonary 

vasoconstriction and vascular remodeling, we treated rat PASMC with hypoxia (PO2 = 22 

mmHg for 48 hrs) and examined protein expression level of STIM1; in these experiments, 

we used β-tubulin as a loading control.  Utilizing our in vitro rat model of PAH, we found 

that STIM1 was not increased following hypoxia (Figure 17).  Therefore, enhanced 

SOCE in hypoxia treated rat PASMC was not due to increased protein expression of 

STIM1. 

 

  As previously described, PASMC from IPAH patients show enhanced SOCE 

compared to control PASMC166,167,177,184.  However it is unknown whether the expression 

level of the proteins that mediate SOCE are altered in PASMC from IPAH patients.  

PASMC were isolated and cultured either from normotensive control subjects (NPH-
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PASMC) or patients with IPAH (IPAH-PASMC).  Protein levels of STIM1 were 

examined in IPAH-PASMC and NPH-PASMC whole cell lysate.  In order to compare the 

protein expression levels of STIM1 between IPAH-PASMC and NPH-PASMC, we 

measured protein concentration in whole cell lysates and standardized protein loading 

with β-tubulin as a loading control.  There was no significant morphological difference 

between NPH-PASMC and IPAH-PASMC.   We found that IPAH-PASMC had 

significantly less protein expression levels of STIM1 compared to NPH-PASMC (Figure 

18). 
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A.           B. 

 
 

Figure 17:  STIM1 protein expression is not increased in hypoxia treated PASMC.   
A.  Representative western blot analyses for STIM1 protein in normoxia (room air 
supplemented with 5% CO2) and hypoxia (3% O2, 5% CO2, balance N2) treated PASMC.  
β-tubulin (β-tub) was used as a loading control.  B.  Averaged data comparing protein 
expression level of STIM1 between normoxia and hypoxia treatments. Values are 
normalized to average normoxia level.  Hypoxia does not significantly alter protein 
expression of STIM1 in rat PASMC.  Significance was calculated using Student’s t-test. 
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A.       B. 

   
 
Figure 18:  STIM1 protein expression is decreased in IPAH-patient PASMC.   A:  
Representative western blot analyses for STIM1 protein in PASMC isolated from IPAH 
patient lung tissue or normotensive control patient lung tissue (NPH).  β-tubulin (β-tub) 
was used as a loading control. B:  Averaged data comparing protein expression level of 
STIM1 between IPAH and NPH PASMC.  Values are normalized to average NPH level. 
* P < 0.05, ** P < 0.01, *** P < 0.001 vs. NPH.  Significance was calculated using 
Student’s t-test. 
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6.3  STIM2 Protein Expression Level in PASMC from Chronic Hypoxia Treated Rat  

PASMC and IPAH-PASMC 

 

 IPAH patient PASMC demonstrate significantly enhanced SOCE compared to 

NPH patient cells.  And, all the isoforms of STIM and Orai, which are the protein 

component of SOCE, are expressed in IPAH and NPH patient PASMC.  While much 

work has been done to link STIM1 with SOCE, STIM2 has also been shown to be able to 

reconstitute SOCE and to serve a similar purpose as STIM1185.  Structurally STIM2 and 

STIM1 are very similar186.  Therefore, we used western blot analysis to determine 

whether STIM2 protein expression level was increased in IPAH-PASMC over NPH-

PASMC.  PASMC were isolated and cultured either from normotensive control subjects 

or patients with IPAH.  In order to compare protein expression level of STIM2 between 

IPAH-PASMC and NPH-PASMC, we measured protein concentration in whole cell 

lysates and standardized protein loading with β-tubulin as a loading control.  Western blot 

analysis showed STIM2 was increased in IPAH-PASMC compared to NPH-PASMC 

(Figure 19).  These data suggest that enhanced SOCE in IPAH patient PASMC may be 

due to increased protein expression of STIM2.  

  

  In order to investigate whether upregulation of STIM2 is also involved in 

hypoxia-mediated pulmonary vasoconstriction and vascular remodeling, we treated rat 

PASMC with hypoxia (PO2 = 22 mmHg for 48 hrs) and examined protein expression 

level of STIM2; in these experiments, we used β-tubulin as a loading control.  Western 

blot analysis showed that STIM2 expression was increase in rat PASMC following 
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hypoxia (Figure 20).  These data suggest that hypoxia enhanced SOCE in PASMC may 

be due to increased protein expression of STIM2.  
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A. B. 

 
Figure 19:  STIM2 protein expression is increased in IPAH patient PASMC.   A.  
Representative western blot analyses for STIM2 protein in PASMC isolated from IPAH 
patient lung tissue or normotensive control patient lung tissue (NPH).  β-tubulin (β-tub) 
was used as a loading control.  B. Averaged data comparing protein expression level of 
STIM2 between IPAH and NPH PASMC. Values are normalized to average NPH level. * 
P < 0.05, ** P < 0.01, *** P < 0.001 vs. NPH. Significance was calculated using 
Student’s t-test. 
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Figure 20:  STIM2 protein expression is increased in hypoxia treated PASMC.  A. 
Representative western blot analyses for STIM2 protein in normoxia (room air 
supplemented with 5% CO2) and Hypoxia (3% O2, 5% CO2, balance N2) treated PASMC.  
β-tubulin (β-tub) was used as a loading control. B.  Averaged data comparing protein 
expression level of STIM2 between normoxia and hypoxia treatments.  Values are 
normalized to average normoxia level. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Nor.  
Significance was calculated using Student’s t-test. 
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6.4 Orai1 Protein Expression Level in PASMC from Chronic Hypoxia Treated Rat  

PASMC and IPAH-PASMC 

 
 
 IPAH patient PASMC demonstrate significantly enhance SOCE compared to 

NPH patient PASMC.  And, all the isoforms of STIM and Orai, which are the protein 

component of SOCE, are expressed in PASMC.  Much work has been done to link Orai1 

with SOCE82.  Tetramers of Orai1 form functional SOC187.  We used western blot 

analysis to determine whether Orai1 protein expression level was different between IPAH 

patient PASMC and NPH patient PASMC.  Western blot analysis showed that Orai1 

protein expression level was not significantly different between IPAH and NPH patient 

PASMC (Figure 21).  These data suggest that enhanced SOCE in IPAH patient PASMC 

are not due to increased protein expression of Orai1.  

 

 In order to investigate whether upregulation of Orai1 is involved in hypoxia-

mediated pulmonary vasoconstriction and vascular remodeling, we treated rat PASMC 

with hypoxia (PO2 = 22 mmHg for 48 hrs) and examined protein expression level of 

STIM2; in these experiments, we used β-tubulin as a loading control.  Western blot 

analysis showed that Orai1 expression was increased in rat PASMC following hypoxia 

(Figure 22).  These data suggest that hypoxia enhanced SOCE in PASMC may be due to 

increased protein expression of Orai1.   
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A.     B. 

 
  

Figure 21:  Orai1 protein expression is not increased in IPAH patient PASMC.   A. 
Representative western blot analyses for Orai1 protein in PASMC isolated from IPAH 
patient lung tissue or normotensive control patient lung tissue (NPH).  β-tubulin (β-tub) 
was used as a loading control.  B.  Averaged data comparing protein expression level of 
Orai1 between IPAH and NPH PASMC. Values are normalized to average NPH level. 
Hypoxia does not significantly alter protein expression of Orai1 in rat PASMC.  
Significance was calculated using Student’s t-test. 
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Figure 22:  Orai1 protein expression is increased in hypoxia treated PASMC.   A.  
Representative western blot analyses for Orai1 protein in normoxia (room air 
supplemented with 5% CO2) and Hypoxia (3% O2, 5% CO2, balance N2) treated PASMC.  
β-tubulin (β-tub) was used as a loading control. B.  Averaged data comparing protein 
expression level of Orai1 between normoxia and hypoxia treatments.  Values are 
normalized to average normoxia level. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Nor.  
Significance was calculated using Student’s t-test. 
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6.5  Orai2 Protein Expression Level in PASMC from Chronic Hypoxia Treated Rat  

PASMC and IPAH-PASMC 

 
 

 IPAH patient PASMC demonstrate significantly enhance SOCE compared to 

NPH patient PASMC.  And, all the isoforms of STIM and Orai, which are the protein 

component of SOCE, are expressed in PASMC.  We used western blot analysis to 

determine whether Orai2 protein expression level was different between the IPAH patient 

PASMC and NPH patient PASMC.  Western blot analysis showed that Orai2 protein 

expression level was significantly increased in IPAH-PASMC compared to NPH-

PASMC (Figure 23).  These data suggest that enhanced SOCE in IPAH-PASMC may be 

due to increased protein expression of Orai2.  

 

 To investigate whether upregulation of Orai2 is also involved in hypoxia-

mediated pulmonary vasoconstriction and vascular remodeling, we treated rat PASMC 

with hypoxia (PO2 = 22 mmHg for 48 hrs) and examined protein expression level of 

Orai2; in these experiments, we used β-tubulin as a loading control.  Western blot 

analysis showed that Orai2 expression was increased in rat PASMC following hypoxia 

(Figure 24).  These data suggest that hypoxia enhanced SOCE in PASMC may be due to 

increased protein expression of Orai2.   
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Figure 23:  Orai2 protein expression is increased in IPAH patient PASMC.   A. 
Representative western blot analyses for Orai2 protein in PASMC isolated from IPAH 
patient lung tissue or normotensive control patient lung tissue (NPH).  β-tubulin (β-tub) 
was used as a loading control. B.  Averaged data comparing protein expression level of 
Orai2 between IPAH and NPH PASMC. Values are normalized to average NPH level. * 
P < 0.05, ** P < 0.01, *** P < 0.001 vs. NPH.  Significance was calculated using 
Student’s t-test. 
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  A.      B. 

 
   

Figure 24:  Orai2 protein expression is increased in hypoxia treated PASMC.   A. 
Representative western blot analyses for Orai2 protein in normoxia (room air 
supplemented with 5% CO2) and hypoxia (3% O2, 5% CO2, balance N2) treated PASMC.  
β-tubulin (β-tub) was used as a loading control. B.  Averaged data comparing protein 
expression level of Orai2 between normoxia and hypoxia treatments.  Values are 
normalized to average normoxia level. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Nor.  
Significance was calculated using Student’s t-test. 
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6.6 Orai3 Protein Expression Level in PASMC from Chronic Hypoxia Treated Rat 

PASMC and IPAH-PASMC 

 

 IPAH patient PASMC demonstrate significantly enhance SOCE compared to 

NPH patient PASMC.  And, all the isoforms of STIM and Orai, which are the protein 

component of SOCE, are expressed in PASMC.  We used western blot analysis to 

determine whether Orai3 protein expression level was different between IPAH patient 

PASMC and NPH patient PASMC.  Western blot analysis showed that Orai3 protein 

expression level was not significantly different between IPAH and NPH patient PASMC 

(Figure 25).  These data suggest that enhanced SOCE in IPAH patient PASMC is not due 

to increased protein expression of Orai3.  

 

 To investigate whether upregulation of Orai3 is also involved in hypoxia-

mediated pulmonary vasoconstriction and vascular remodeling, we treated rat PASMC 

with hypoxia (PO2 = 22 mmHg for 48 hrs) and examined protein expression level of 

Orai3; in these experiments, we used β-tubulin as a loading control.  Western blot 

analysis showed that Orai3 expression was not increase in rat PASMC following hypoxia 

(Figure 26).  These data suggest that hypoxia enhanced SOCE in PASMC is not due to 

increased protein expression of Orai3.   
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A. B.  

  
Figure 25:  Orai3 protein expression is not increased in IPAH patient PASMC.   A. 
Representative western blot analyses for Orai3 protein in PASMC isolated from IPAH 
patient lung tissue or normotensive control patient lung tissue (NPH).  β-tubulin (β-tub) 
was used as a loading control. B.  Averaged data comparing protein expression level of 
Orai3 between IPAH and NPH-PASMC. Values are normalized to average NPH level. * 
P < 0.05, ** P < 0.01, *** P < 0.001 vs. NPH.  Significance was calculated using 
Student’s t-test. 
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Figure 26:  Orai3 protein expression is not increased in hypoxia treated PASMC.   A. 
Representative western blot analyses for Orai3 protein in normoxia (room air 
supplemented with 5% CO2) and Hypoxia (3% O2, 5% CO2, balance N2) treated PASMC.  
β-tubulin (β-tub) was used as a loading control. B. Averaged data comparing protein 
expression level of Orai3 between normoxia and hypoxia treatments. Values are 
normalized to average normoxia level. * P < 0.05, ** P < 0.01, *** P < 0.001 vs. Nor.  
Significance was calculated using Student’s t-test. 
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6.7  Summary and Discussion 

 

6.7.1  Summary  

   

Protein levels of STIM1, STIM2, Orai1, Orai2 and Orai3 were examined in 

IPAH-PASMC and NPH-PASMC whole cell lysate.  In order to compare the protein 

expression level of these proteins between IPAH-PASMC and NPH-PASMC, we 

measured protein concentration in whole cell lysates and standardized protein loading 

with β-tubulin as a loading control.  Surprisingly, STIM1 protein expression level was 

significantly decreased in IPAH-PASMC compared to NPH-PASMC.  The protein 

expression level of STIM2, however, was significantly upregulated in IPAH-PASMC 

compared to NPH-PASMC. These data suggest that STIM2, rather than STIM1, may be 

important in enhancing SOCE in PASMC from IPAH patients.  Neither Orai1 nor Orai3 

were significantly upregulated in IPAH-PASMC.  Orai2 protein expression level, 

however, was significantly increased in IPAH-PASMC compared to NPH-PASMC.   

 

In order to investigate the effect of hypoxia on STIM1, STIM2, Orai1, Orai2 and 

Orai3 protein expression we treated rat PASMC with hypoxia (PO2 = 22 mmHg for 48 hrs) 

and examined the protein expression levels compared to normoxia treated rat PASMC.  

Corroborating to our findings in IPAH-PASMC, chronic hypoxia significantly 

upregulated Orai2 and STIM2 protein expression levels in rat PASMC.  STIM1 and 
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Orai3 protein expression level was unchanged in PASMC subjected to hypoxia.  Orai1 

protein expression level was increased in PASMC subjected to hypoxia.   
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6.7.2  Discussion  
 
 
 In the literature there is much evidence that STIM1 serves as the predominant 

sensor of store depletion.  Overexpression of STIM1 has been shown to enhance SOCE 

while knockdown of STIM1 decreases SOCE in several cell types173.  We originally 

hypothesized that increased protein expression of STIM1 is responsible for elevated 

SOCE in IPAH patient PASMC and hypoxia enhanced SOCE in rat PASMC.  However, 

western blot analysis showed that protein expression of STIM1 was not increased, but 

rather decreased, in either IPAH patient PASMC.  Furthermore, we discovered that 

STIM2 and Orai2 protein expression levels were both increased in hypoxia treated rat 

PASMC.   

 
  Lu et al. also demonstrated the presence of SOCE and protein expression of STIM 

and Orai in PASMC171.  These researchers measured intracellular Ca2+ and SOCE in 

primary cultures of rat PASMC using fluorescent microscopy and the Ca2+-sensitive dye 

fura-2.  They also found that hypoxia (4% O2) and KCl (60 mM) increased [Ca2+]cyt.  

They then used cyclopiazonic acid to deplete Ca2+ stores in the SR and nifedipine to 

prevent Ca2+ entry through L-type voltage-operated Ca2+ channels.  Under these 

conditions, the increase in [Ca2+]cyt caused by restoration of extracellular Ca2+ and the 

decrease in fura-2 fluorescence caused by Mn2+ quenching were greater in distal PASMC, 

indicating greater SOCE in distal PA PASMC.  Real-time quantitative polymerase chain 

reaction analysis of PASMC demonstrated expression of STIM1 and STIM2 and five of 

seven known TRPC isoforms (TRPC1 > TRPC6 > TRPC4 >> TRPC3 ≈ TRPC5).  For 

both protein and mRNA, expression of STIM1, TRPC1, TRPC6, and TRPC4 was greater 
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in distal than proximal PASMC and PA.  These results confirm our own findings that 

STIM1 and STIM2 are both expressed in PASMC.  Furthermore, both STIM1 and 

STIM2 are expressed in distal PA, which are the arteries involved in vasoconstriction and 

in IPAH.  

   

  Our data suggests that STIM2 rather than STIM1 is the important isoform of 

STIM in IPAH-PASMC.  Berna-Erro et al. assessed STIM abundance in mouse brain by 

Western blot analysis and obtained a clear signal for STIM2, whereas STIM1 was only 

weakly detectable188.  Furthermore, immunocytochemical analysis revealed hardly any 

signal for STIM1 in cultured hippocampal neurons, whereas strong perinuclear staining 

was detected with antibodies directed against STIM2, consistent with its expected ER 

localization188.  In contrast, in T cells the ratio of STIM1 to STIM2 abundance was 

reversed with STIM1 as the predominantly expressed isoform189.  RT-PCR analysis of 

primary hippocampal neurons confirmed that STIM2 was the predominant member of the 

STIM family present188.  STIM1 and Orai1 and Orai3 mRNA was weakly expressed in 

neurons, whereas Orai2 was strongly expressed in these cells188.   These data demonstrate 

another cell type where STIM2 and Orai2, rather than STIM1 and Orai1, are the 

predominant mediators of SOCE.   

These researchers tested the effect of STIM2 deficiency on neuronal 

Ca2+ homeostasis directly by performing Ca2+ imaging experiments in neuronal cultures 

extracted from cortical tissue188.   They found that SOCE was reduced in STIM2-/-

 neurons, which are isolated for STIM2 knockout mice, compared to that in wild-type 
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controls.  Furthermore, knockdown of STIM1 or Orai1 in STIM2-/- neurons did not 

decrease SOCE compared to control STIM2-/- neurons.  Therefore, SOCE in mouse 

neurons is regulated by STIM2 and does not require STIM1 or Orai1.  Furthermore, 

STIM2-/- neurons had lower basal [Ca2+]cyt than did wild-type neurons, whereas no such 

difference was seen in STIM1-/- and Orai1-/- neurons188.  This finding corroborates 

Brandman et al.’s theory, that based on the increased sensitivity of STIM2 over STIM1 to 

Ca2+, STIM2’s role is more important in the regulation of basal [Ca2+]cyt
190.  Berna-Erro 

et al. also found that the peak amplitude of Ca2+ release was decreased in STIM2-/- 

neurons compared to that in control, whereas the subsequent Ca2+ entry after re-addition 

of extracellular Ca2+ was indistinguishable188.  This observation is consistent with the 

notion that STIM2 regulates store refilling, as well as the basal cytosolic 

Ca2+ concentration in neurons by sensing ER Ca2+ content and, if it is too low, activating 

SOCE.  Consequently, ER Ca2+ content and the cytosolic Ca2+ concentration will be 

decreased in STIM2-/- neurons compared to wild-type neurons. 

These data from Brandman et al. and Berna-Erro et al. coupled with our finding 

showing that STIM2 and Orai2 protein expression is increased in IPAH-PASMC and in 

rat PASMC subjected to chronic hypoxia suggest that STIM2 and Orai2 may be the 

functional isoforms in either PASMC in general or specifically in pathogenic PASMC 

from IPAH patients.  Therefore, in the following section we aim to determine whether 

STIM2 and Orai2 are necessary for enhanced SOCE in IPAH-PASMC and if STIM2 and 

Orai2 are sufficient to enhance SOCE in NPH-PASMC.  
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Chapter 7.  Results:  Enhanced Protein Expression of STIM2 is Necessary for Enhanced 

SOCE in IPAH Patient PASMC.   

 

7.1  siRNA Mediated Knockdown of STIM2 by Electroporation 

 

  Previously we observed enhanced protein expression of Orai2 and STIM2 in 

IPAH-PASMC and that hypoxia enhanced protein expression of Orai2 and STIM2 in rat 

PASMC.  Surprisingly, neither STIM1 nor Orai1 protein expression levels were 

upregulated by hypoxia or IPAH in PASMC.  Following these finding our goal is to 

examine whether the increased protein expression of STIM2 is 1) necessary for enhanced 

SOCE and proliferation in IPAH-PASMC and 2) sufficient to enhance SOCE and 

proliferation in NPH-PASMC.  In order to answer these questions, we modulated the 

protein expression level of STIM2 in IPAH and NPH-PASMC and observed the effect on 

SOCE and proliferation.    

 

  Lipid based transfection methods such as Lipofectamine 2000 or Fugene 6 

yielded low transfection efficiency in IPAH patient, NPH patient, and primary cultured 

rat PASMC.  While such a low transfection efficiency could be overcome in patch clamp 

by co-transfecting with a fluorescent protein to select for transfected cells, such a co-

transfection would interfere with our fura-2 based method of measuring SOCE.  After 

much effort, we discovered that the Amaxa Nucleofector electroporation system was able 

to transfect our PASMC at a high efficiency and with acceptable levels of cell death.  

Primary cultured rat PASMC, which we found to be the most difficult to transfect with 
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lipid based methods, were transfected at 78.1% transfection efficiency as determined by 

FACS analysis of EGFP transfected cells (Figure 27).   
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Figure 27:  Transfection efficiency in PASMC.  A.  Representative images of PASMC 
taken 48 hours after transfection with either 2 µg vector (Control, left panel) or 2 µg 
EGFP (right panel) using the Amaxa Nucleofector system (program D-33).  B.  Flow 
cytometry analysis of Amaxa Nucleofector transfection of PASMC with EGFP (2 µg) 
showing 78.1% of PASMC were positive for EGFP 48 hours following nucleofection.   
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IPAH-PASMC and hypoxia treated primary cultured rat PASMC both had 

increased protein expression levels of STIM2.  These data suggest whether increased 

protein expression of STIM2 is necessary for enhanced SOCE and enhanced proliferation 

in IPAH-PASMC.  In order to answer this question we need to decrease the protein 

expression of STIM2 in IPAH-PASMC and compare SOCE and proliferation in these 

cells to in NPH-PASMC.  Ideally, it would be best to decrease STIM2 protein expression 

level in IPAH patient PASMC to roughly match the expression level of STIM2 in NPH-

PASMC.  We electroporated IPAH-PASMC with differing amounts (4, 8, and 16 µL) of 

10 µM siRNA against STIM2 (Santa Cruz sc- 76591) to decrease the protein 

concentration of STIM2 in IPAH-PASMC.  We were able to decrease, or knockdown, 

STIM2 protein expression level of STIM2 in IPAH-PASMC in a dose dependent manner 

(Figure 28).  And, for future experiments the 16 µL dose was used as it elicited a level of 

STIM2 protein expression comparable to NPH-PASMC.  The same dose of siRNA 

targeting STIM2 did decrease protein expression level of STIM2 in rat PASMC cultured 

under normoxia, however was ineffective in decreasing protein expression level of 

STIM2 when the cells were treated with hypoxia (Figure 29).  Due to this limitation, we 

did not pursue overexpression or knock down of STIM2 in rat PASMC.   
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    A.               B.   

 

Figure 28:  Dose-dependent knockdown of STIM2 in IPAH patient PASMC with 
siRNA. A. Representative Western blot image of STIM2 protein in IPAH-PASMC 
treated with siRNA against STIM2 (siSTIM2; with doses of 4, 8, and 16 µl) or control 
scrambled siRNA (indicated by “C”).  β-tubulin (β-tub) was used as a loading control.  B. 
Quantification of STIM2 protein expression level in IPAH-PASMC treated with control 
scrambled siRNA (“C”) or 4, 8 and 16 µl of siRNA-STIM2. Values are normalized to the 
β-tub level at first and then normalized to the level of cells treated with control scrambled 
siRNA.  STIM2 protein expression level in IPAH-PASMC was decreased in a dose-
dependent manner by siRNA targeting STIM2.  
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Figure 29:  Hypoxia mitigates the effect of knockdown of STIM2 on STIM2 protein 
expression level in PASMC.   Representative western blot analyses for STIM2 protein in 
Normoxia (Nor, room air supplemented with 5% CO2) and Hypoxia (3% O2, 5% CO2, 
balance N2) treated PASMC.  Scramble siRNA (siCy3) was used as control for STIM2 
siRNA (siSTIM2).  β-tubulin (β-tub) was used as a loading control.  
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7.2  Knockdown of STIM2 in IPAH Patient PASMC Decreases SOCE 

 

In order to determine the role of elevated protein expression of STIM2 in the 

enhancement of SOCE in IPAH patient PASMC compared to NPH-PASMC, we used an 

siRNA mediated knockdown strategy to determine the effect of STIM2 on SOCE.  As 

previously determined, the dose of 16 µL of 10 µM siRNA against STIM2 was used to 

decrease protein expression of STIM2 in IPAH patient PASMC after 48 hours.  48 hours 

after transfection, we loaded the cells with Ca2+ dye fura-2 and utilized a store depletion, 

Ca2+ re-introduction protocol to measure both Ca2+ release from SR and Ca2+ influx 

through SOC.   

 

Change in [Ca2+]cyt was measured as the ratio of F340/F380 (F) and normalized to 

initial F340/F380 ratio (F0) measured in PASMC superfused with physiological salt 

solution.  SOCE was induced by passive depletion of SR Ca2+ using 10 µM cyclopiazonic 

acid (CPA) in the absence of extracellular Ca2+ followed by re-addition of 1.8 mM 

extracellular Ca2+.  Consistent with our previously reported findings166,167, IPAH-PASMC 

exhibited significantly larger (P = 0.010) SOCE than NPH-PASMC (Figure 30).  siRNA-

mediated knockdown of STIM2 in IPAH-PASMC led to a significant decrease (P = 

0.023) in the amplitude of SOCE (Figure 30).  There was no significant difference in 

magnitude of SR Ca2+ release, or the rise in [Ca2+]cyt due to Ca2+ leakage from the SR, in 

NPH-PASMC, IPAH-PASMC treated with scramble siRNA and IPAH-PASMC treated 

with siRNA-STIM2 (siSTIM2).  Furthermore, there was no statistically significant 

difference (P = 0.224) in SOCE between NPH-PASMC and IPAH-PASMC treated with 
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siRNA-STIM2 (Figure 30).  Western blot experiments also confirmed that the protein 

level of STIM2 is higher in IPAH-PASMC than in NPH-PASMC, and that siRNA-

STIM2 effectively decreased protein expression level of STIM2 in IPAH-PASMC 

(Figure 30).  These data suggest that increased protein expression level of STIM2 is 

necessary for the enhanced SOCE in IPAH-PASMC.  
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Figure 30:  Increased protein expression of STIM2 is necessary for enhanced SOCE 
in IPAH patient PASMC.  A. Representative records showing CPA-induced changes in 
[Ca2+]cyt in the absence or presence of extracellular Ca2+ in NPH-PASMC (NPH, left 
panel), IPAH-PASMC (IPAH, middle panel) and IPAH-PASMC treated with siRNA 
targeting STIM2 (IPAH+siSTIM2, right panel).  SOCE (indicated by the CPA-induced 
increase in [Ca2+]cyt when extracellular Ca2+ is restored) was induced by passive depletion 
of SR Ca2+ using 10 µM CPA.  NPH-PASMC (left panel) and IPAH-PASMC (middle 
panel) were treated with scrambled siRNA as a control.  B.  Summary data (mean ± SE) 
showing changes in CPA-induced increase in [Ca2+]cyt immediately following re-addition 
of Ca2+ after store depletion (indicative of SOCE) in NPH-PASMC (black bar), IPAH-
PASMC (red bar) and IPAH-PASMC treated with siRNA-STIM2 (blue bar).  ** P < 0.01 
(NS, not significant) vs. NPH.  Significance was calculated using ANOVA.  C.  Western 
blot image of STIM2 protein expression in NPH-PASMC (NPH), IPAH-PASMC (IPAH) 
and IPAH-PASMC treated with siRNA-STIM2 (IPAH+siSTIM2).  NPH-PASMC (black) 
and IPAH-PASMC (red) were treated with scrambled siRNA.   
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7.3  Knockdown of STIM2 in IPAH Patient PASMC Decreases Proliferation 
 

 

Proliferation of PASMC was determined by counting cells at 0 hr (i.e., two days 

after the cells are plated onto Petri dishes) and 24, 48, and 72 hrs later.  At 0 hr, the 

control (NPH) PASMC group and IPAH-PASMC group had roughly the same number of 

cells (Figure 31A).  After 72 hrs, the numbers of NPH-PASMC and IPAH-PASMC were 

both significantly increased (Figure 31A); however, the increase in IPAH-PASMC 

number was much greater that in NPH-PASMC (Figure 31B).  Knockdown of STIM2 

with siRNA had little effect on the change in NPH-PASMC number after 72 hrs (Figure 

31C, left panel).  However, knockdown of STIM2 with siRNA in IPAH-PASMC 

significantly decreased the increase in cell number after 72 hrs (P < 0.001) (Figure 31C, 

right panel, and D).  The siRNA-STIM2-mediated knockdown of STIM2 appeared to 

attenuate IPAH-PASMC growth at early time (24 hrs) and last for at least 72 hrs (Figure 

31D).  These data indicate that upregulated STIM2 is necessary for the enhanced 

proliferation of IPAH-PASMC.  Inhibition of STIM2 is an effective way to attenuate 

excessive proliferation of IPAH-PASMC; STIM2 may be a potential target for 

developing novel therapeutic approach for patients with IPAH.  

 
 
 



130 

 

  
 
Figure 31:  Knockdown of STIM2 mitigates enhanced proliferation in IPAH patient 
PASMC.  A.  Summary data (mean ± SE) showing cell numbers for NPH-PASMC and 
IPAH-PASMC before (0 hr) and after 72 hrs of culture in growth media. *** P < 0.001 
vs. 0 hr.  B.  Summary data showing the increase in cell numbers after 72 hrs in NPH-
PASMC (blue) and IPAH-PASMC (red).  ** P < 0.01 vs. NPH.  IPAH patient PASMC 
showed a significantly greater increase in cell number after 72 hours compared to NPH-
PASMC.  C. Summary data showing the increase in cell number after 72 hours in NPH-
PASMC (left panel) and IPAH-PASMC (right panel) treated with either scrambled 
siRNA (siC) or siRNA against STIM2 (siS2).  Decreasing the protein expression level of 
STIM2 did not affect the increase in cell number after 72 hrs in NPH-PASMC (left panel), 
but significantly inhibited the increase in cell number after 72 hrs in IPAH-PASMC 
(right panel).  ** P < 0.01 vs. siC.  D. Summary data showing total number of IPAH-
PASMC cultured in growth media at 0, 24, 48 and 72 hrs.  Cells were treated with 
scrambled siRNA (square symbols) or siRNA against STIM2 (circle symbols).  IPAH-
PASMC treated with siRNA-STIM2 had a slower rate of proliferation than IPAH-
PASMC treated with scrambled siRNA.  Significance was calculated using Student’s t-
test. 
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7.4  Overexpression of STIM2 in PASMC 

 

In order to further examine the functional role of STIM2 in IPAH-PASMC, 

STIM2 was transiently transfected into NPH-PASMC to determine whether 

overexpression of STIM2 was sufficient to enhance SOCE and increase proliferation in 

NPH-PASMC.  STIM2 was overexpressed in NPH-PASMC in a dose dependent manner 

(Figure 32).  After 48 hours, 1 µg of STIM2-cDNA significantly enhanced protein 

expression of STIM2 in both HEK-293 cells (data not shown) and NPH-PASMC (Figure 

32) and was used to overexpress STIM2 for the experiments described below.  
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Figure 32:  Dose-dependent overexpression of STIM2 in NPH-PASMC.  A. 
Representative Western blot image of STIM2 protein in NPH-PASMC.  STIM2 was 
overexpressed using 1, 2 or 4 µg of DNA.  Vector DNA was used as a control (“C”).  β-
tubulin (β-tub) was used as a loading control.  B. Quantification of STIM2 protein 
expression level in NPH-PASMC transfected with vector DNA (“C”) and 1, 2, or 4 µg of 
STIM2-DNA. Values are normalized to β-tubulin. STIM2 protein expression level was 
increased in a dose dependent manner in NPH-PASMC transfected with STIM2. 
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7.5  Overexpression of STIM2 is Not Sufficient to Enhance SOCE in Normal PASMC. 

 

Change in [Ca2+]cyt was measured as the ratio of F340/F380 (F) and normalized to 

initial F340/F380 ratio (F0) as described above.  SOCE was induced by passive depletion of 

SR Ca2+ with 10 µM CPA in NPH-PASMC superfused with Ca2+-free solution followed 

by restoration of extracellular Ca2+ (1.8 mM).  Overexpression of STIM2 in NPH-

PASMC (48 hrs after STIM2 transfection) had no significant effect on either the 

amplitude of the rise in [Ca2+]cyt due to Ca2+ release from the SR (Figure 33 B, left panel) 

or the amplitude of SOCE (Figure 33B, right panel) in comparison to NPH-PASMC 

transfected with control vector.  In fact, overexpression of STIM2 caused a slight (but not 

statistically significant) decrease in the peak amplitude of SOCE (Figure 33B, right 

panel).  These data suggest that overexpression of STIM2 is not sufficient to enhance 

SOCE in normal PASMC.   
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Figure 33:  Overexpression of STIM2 is not sufficient to enhance SOCE in normal 
PASMC.  A. Representative records showing changes in [Ca2+]cyt before, during and 
after application of CPA (10 µM) in the absence or presence of extracellular Ca2+ in 
vector control (left panel) and STIM2-transfected (right panel) NPH-PASMC.  SOCE 
was induced by passive depletion of SR Ca2+ using CPA.  B. Summary data (mean ± SE) 
showing changes in [Ca2+]cyt immediately following addition of CPA in the absence of 
extracellular Ca2+, which reflects SR Ca2+ release (SR Ca2+ Release, left panel), in control 
(black) and STIM2-transfected (red) NPH-PASMC.  There was no difference in 
magnitude of SR Ca2+ release between the two groups.  Summary data (mean ± SE) 
showing changes in [Ca2+]cyt immediately following re-addition of Ca2+ after CPA-
induced store depletion (indicative of SOCE, right panel) in control (black) and STIM2-
overexpressing PASMC (red).  There was no difference in magnitude of SOCE between 
the two groups.  Significance was calculated using Student’s t-test. 
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7.6  Overexpression of STIM2 does Not Increase Proliferation in Normal PASMC.   

 

In order to examine whether overexpression of STIM2 in normal PASMC would 

enhance cell proliferation, we measured and compared cell number in NPH-PASMC 

transfected with a control vector and NPH-PASMC transfected with STIM2. As shown in 

Figure 34, overexpression of STIM2 failed to enhance proliferation in NPH-PASMC.  In 

these experiments, proliferation of PASMC was determined by counting cells at time 0 

and 72 hrs.  Transfection of PASMC with either STIM2 cDNA or control vector was 

performed 48 hrs prior to time 0.  At time 0, PASMC transfected with STIM2 or control 

vector had the same number of cells to start with.  After 72 hrs, both control vector- and 

STIM2-transfected PASMC proliferated, but the increase in cell number was similar 

between NPH-PASMC transfected with a control vector and STIM2 (Figure 34).  These 

data suggest that overexpression of STIM2 is not sufficient to enhance proliferation in 

NPH-PASMC.   
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Figure 34:  Overexpression of STIM2 does not increase NPH-PASMC proliferation.  
A.  Summary data for NPH-PASMC proliferation after 72 hrs.  Cell number was counted 
at time zero (0 hrs: white bar) and 72 hrs (72 hrs: black bar) and shown as the multiple of 
104.  After 72 hrs, both vector control and STIM2-overexpressing NPH-PASMC 
increased in cell number. B.  Summary data (mean ± SE) showing the increase in cell 
number after 72 hrs in NPH-PASMC.  STIM2-overexpressing PASMC (STIM2) did not 
show a greater increase in cell number after 72 hrs compared to control (Vector).  Cell 
counts were repeated four times (n = 4).  Significance was calculated using Student’s t-
test. 
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7.7  Role of Orai2 in SOCE in PASMC from IPAH Patients 

 

 We have previously demonstrated that Orai2 protein expression level in increased 

in IPAH-PASMC compared to NPH-PASMC and is also increased in rat PASMC 

subjected to chronic hypoxia (Chapter 6.5).  Furthermore, while STIM2 is necessary for 

enhanced SOCE in IPAH-PASMC, STIM2 alone is not sufficient to enhance SOCE in 

NPH-PASMC (Chapter 7.2 and 7.5).  These findings suggest that Orai2 may also be 

necessary for enhanced SOCE in IPAH-PASMC and that Orai2 and STIM2 co-

overexpression in NPH-PASMC is sufficient to enhance SOCE in NPH-PASMC.  In 

order to test whether Orai2 is necessary for enhanced SOCE in IPAH-PASMC, we 

attempted to decrease the protein expression level of Orai2 in IPAH-PASMC using 

siRNA that targets Orai2.  We tried siRNA purchased from two different companies, at 

several different dosages and examined protein expression after 48 and 72 hours.  

Unfortunately, we were unable to significantly decrease the protein expression level of 

Orai2 in IPAH-PASMC (data not shown). 

 

 Next we overexpressed Orai2 in order to test whether Orai2 alone could enhance 

SOCE in NPH-PASMC.  Orai2 was successfully overexpressed in HEK293 cells and in 

NPH-PASMC (Figure 35).  However, increased protein expression of Orai2 did not 

enhance SOCE compared to vector control in NPH-PASMC cells (Figure 36).  These 

data suggest that Orai2 alone is not sufficient to enhance SOCE in IPAH-PASMC.  The 

effect of overexpression of Orai2 on proliferation in NPH-PASMC was not examined, 

because overexpression of Orai2 had no effect on SOCE in these cells.  The fact that 
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Orai2 alone and STIM2 alone are insufficient to enhance SOCE in NPH-PASMC, 

suggests the question of whether increased protein expression of both STIM2 and Orai2 

will be sufficient to enhance SOCE in NPH-PASMC.   
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A. B. 

   

Figure 35:  Overexpression of Orai2 in NPH-PASMC.  A. Representative Western blot 
image of oOai2 protein in NPH-PASMC.  STIM2 was overexpressed using 2 µg of DNA.  
Vector DNA was used as a control (“Cont”).  β-tubulin (β-tub) was used as a loading 
control.  B. Quantification of Orai2 protein expression level in NPH-PASMC transfected 
with vector DNA (“Cont”) and 2 µg of Orai2-DNA. Values are normalized to β-tubulin. 
* P < 0.05, ** P < 0.01, *** P < 0.001 vs. Cont.  Significance was calculated using 
Student’s t-test. 
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Figure 36:  Overexpression of Orai2 alone is not sufficient to enhance SOCE in 
normal PASMC.  A. Representative records showing changes in [Ca2+]cyt before, during 
and after application of CPA (10 µM) in the absence or presence of extracellular Ca2+ in 
vector control (left panel) and Orai2-transfected (right panel) NPH-PASMC.  SOCE was 
induced by passive depletion of SR Ca2+ using CPA.  B. Summary data (mean ± SE) 
showing changes in [Ca2+]cyt immediately following addition of CPA in the absence of 
extracellular Ca2+, which reflects SR Ca2+ release (SR Ca2+ Release, left panel), in control 
(black) and Orai2-transfected (red) NPH-PASMC.  There was no difference in magnitude 
of SR Ca2+ release between the two groups.  Summary data (mean ± SE) showing 
changes in [Ca2+]cyt immediately following re-addition of Ca2+ after CPA-induced store 
depletion (indicative of  Peak SOCE, middle panel) in control (black) and Orai2-
overexpressing PASMC (red).  There was no difference in magnitude of Peak SOCE 
between the two groups. Summary data (mean ± SE) showing changes in [Ca2+]cyt before 
withdrawal of CPA (indicative of  Plateau SOCE, right panel) in control (black) and 
Orai2-overexpressing PASMC (red).  There was no difference in magnitude of Plateau 
SOCE between the two groups.  Significance was calculated using Student’s t-test. 
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7.8  Overexpression of Both STIM2 and Orai2 in PASMC 

  

 In order to determine whether Orai2 and STIM2 co-overexpression in NPH-

PASMC is sufficient to enhance SOCE we co-expressed Orai2 and STIM2 in HEK293 

and in NPH-PASMC and measured protein expression of Orai2/STIM2 and SOCE after 

48 hours. In HEK293 cells and in NPH-PASMC, 2 µg of Orai2 and 2 µg of STIM2 when 

transfected separately were both able to elicit increased protein expression levels of Orai2 

and STIM2, respectively.  Furthermore, overexpression of Orai2 alone had no effect on 

STIM2 protein expression level, and overexpression of STIM2 alone had no effect on 

Orai2 protein expression level in HEK293 and in human PASMC.  Overexpression of 

Orai2 and STIM2 together in HEK293 cells did not enhance SOCE compared to vector 

control (Figure 38).  In fact, overexpression of STIM2 and Orai2 had no effect on ER 

Ca2+ release, peak SOCE, or on the plateau phase of SOCE in HEK293 cells (Figure 38).  

These results corroborate finding from other researchers that strongly suggest STIM1 and 

Orai1 are the functionally significant isoforms in HEK293 cells114,191.  Overexpressed 

Orai2 and STIM2 together in NPH-PASMC significantly enhanced protein expression of 

Orai2 and STIM2 in these cells after 48 hours (Figure 37).  When we overexpressed 

Orai2 and STIM2 together in NPH-PASMC, SOCE and SR Ca2+ release were unchanged 

after 48 hours.  However, 72 hours after co-overexpression SR calcium release and peak 

SOCE were increased (Figure 39).  Furthermore, baseline resting [Ca2+]cyt was increased 

(data not shown).  Taken together these data show that overexpression of Orai2 and 

STIM2 together in HEK293 does not enhance SOCE in these cells, but does in fact 
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enhance SOCE in PASMC.  Therefore, overexpression of STIM2 and Orai2 together is 

sufficient to enhance SOCE and basal [Ca2+]cyt in PASMC.  Furthermore, these data 

suggest that in PASMC STIM2 and Orai2 are pathogenically increased in IPAH patients.     

 

Chapter 7 in part, has been submitted for publication of the material as it may 

appear in Pulmonary Circulation, 2011, Song, MY; Makino, A, Yuan JX or in 

Antioxidants and Redox Signaling, 2011, Song, MY; Makino, A, Yuan JX.  The 

dissertation author was the primary investigator and author of these papers. 
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Figure 37: Overexpression of Orai2 and STIM2 in PASMC.  A. Representative 
Western blot image (left panel) for STIM2 protein in NPH-PASMC transfected with 
either 2 µg vector control (Cont) or co-transfected with 2 µg STIM2 and 2 µg Orai2 
(S2/O2).  β-tubulin (β-tub) was used as a loading control. Quantification of STIM2 
protein expression level in NPH-PASMC transfected with either Cont or S2/O2 (right 
panel). Values are normalized to β-tubulin and average Cont level.  * P < 0.05, ** P < 
0.01, *** P < 0.001 vs. Cont.  B. Representative Western blot image (left panel) for 
Orai2 protein in NPH-PASMC transfected with either 2 µg vector control (Cont) or co-
transfected with 2 µg STIM2 and 2 µg Orai2 (S2/O2).  β-tubulin (β-tub) was used as a 
loading control. Quantification of STIM2 protein expression level in NPH-PASMC 
transfected with either Cont or S2/O2 (right panel). Values are normalized to β-tubulin 
and average Cont level.  Significance was calculated using Student’s t-test. 
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Figure 38:  Overexpression of Orai2 and STIM2 does not enhance SOCE in 
HEK293 cells.  A. Representative records showing changes in [Ca2+]cyt before, during 
and after application of CPA (10 µM) in the absence or presence of extracellular Ca2+ in 
vector control (left panel) and STIM2-transfected (right panel) HEK293 cells.  SOCE 
was induced by passive depletion of SR Ca2+ using CPA.  B. Summary data (mean ± SE) 
showing changes in [Ca2+]cyt immediately following addition of CPA in the absence of 
extracellular Ca2+, which reflects ER Ca2+ release (ER Ca2+ Release, left panel), in 
control (black) and STIM2/Orai2-transfected (red) HEK293 cells.  There was no 
difference in magnitude of ER Ca2+ release between the two groups.  Summary data 
(mean ± SE) showing changes in [Ca2+]cyt immediately following re-addition of Ca2+ after 
CPA-induced store depletion (indicative of SOCE Peak, middle panel) in control (black) 
and STIM2/Orai2-overexpressing HEK293 cells (red).  Peak SOCE (middle panel) and 
Plateau SOCE (right panel) were unchanged by STIM2/Orai2 overexpression.  
Significance was calculated using Student’s t-test. 
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Figure 39:  Overexpression of Orai2 and STIM2 does enhance SOCE in PASMC.  A. 
Representative records showing changes in [Ca2+]cyt before, during and after application 
of CPA (10 µM) in the absence or presence of extracellular Ca2+ in vector control (left 
panel) and STIM2-transfected (right panel) NPH-PASMC.  SOCE was induced by 
passive depletion of SR Ca2+ using CPA.  B. Summary data (mean ± SE) showing 
changes in [Ca2+]cyt immediately following addition of CPA in the absence of 
extracellular Ca2+, which reflects SR Ca2+ release (SR Ca2+ Release, left panel), in control 
(black) and STIM2/Orai2-transfected (red) NPH-PASMC.  Summary data (mean ± SE) 
showing changes in [Ca2+]cyt immediately following re-addition of Ca2+ after CPA-
induced store depletion (indicative of SOCE Peak, middle panel) in control (black) and 
STIM2/Orai2-overexpressing PASMC (red).  Peak SOCE was enhanced by STIM2/Orai2 
overexpression.  Plateau SOCE (right panel) was unchanged by STIM2/Orai2 
overexpression.  Significance was calculated using Student’s t-test. 
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Chapter 8.  Conclusion 

 

8.1  Summary of All Results.   

 

 We previously reported that SOCE was significantly enhanced in PASMC from 

IPAH patients compared to PASMC from normotensive control subjects.  And, enhanced 

SOCE plays an important role in the pathophysiological changes in PASMC associated 

with pulmonary arterial hypertension such as enhanced proliferation, migration and 

contraction of PASMC.  Therefore, we examine whether the expression levels of STIM1, 

STIM2, Orai1, Orai2 and Orai3 are altered in IPAH-PASMC compared to control 

PASMC, and whether these putative changes in expression level are responsible for the 

enhanced SOCE and proliferation in IPAH-PASMC.  Compared to the control PASMC, 

the protein expression level of STIM2 was significantly increased in IPAH-PASMC, 

whereas STIM1 protein expression was decreased.  Similarly, hypoxia enhanced the 

protein expression level of STIM2, but not STIM1, in rat PASMC after 48 hours.  In 

IPAH-PASMC, the small interfering RNA (siRNA)-mediated knockdown of STIM2 

decreased SOCE and proliferation, while knockdown of STIM2 in control PASMC had 

no effect on either SOCE or proliferation.  Overexpression of STIM2 in the control 

PASMC failed to enhance SOCE or proliferation.  These data indicate that enhanced 

protein expression of STIM2 alone is necessary, but not sufficient, for enhanced SOCE 

and proliferation of IPAH-PASMC.  
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  Orai2 protein expression level was increased in IPAH-PASMC compared to 

NPH-PASMC.  Orai1 and Orai3 protein expression levels also seemed to increase, 

however these differences were not statistically significant.  The lack of statistical 

significance is likely due to the difficulty in obtaining patient samples and some natural 

variation between patients.  48 hours of hypoxia significantly increased protein 

expression of Orai1 and Orai2, but not Orai3.  These data suggest that Orai2 may be 

important in IPAH-PASMC.  Overexperssion of Orai2 alone in NPH-PASMC did not 

enhance SOCE or proliferation.   

 

  Since neither STIM2 alone nor Orai2 alone are sufficient to enhance SOCE in 

PASMC, we co-overexpressed Orai2 along with STIM2 and examined SOCE.  Co-

overexpression of Orai2 and STIM2 was performed in both HEK293 and PASMC.  

Protein expression was elevated in both cell types after 48 hours.  In HEK298 cells SOCE 

was not affected after 48 hours.  In PASMC, SOCE and basal [Ca2+]cyt was increased 

after 72 hours.  These data suggest that increased protein expression level of both Orai2 

and STIM2 is sufficient to enhance SOCE in PASMC.   
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8.2  Discussion 

 
 
 A rise in [Ca2+]cyt is a major trigger for pulmonary vasoconstriction and is an 

important stimulus for PASMC proliferation which leads to pulmonary vascular 

remodeling32,127.  Human PASMC functionally express many signal transduction proteins 

and kinases (e.g., calmodulin, CaMK, MAPK and calcineurin) and transcription factors 

(e.g., CREB, c-Fos/c-Jun, c-Myc, NFAT, NF-κB) that are sensitive to changes in [Ca2+]cyt 

or Ca2+-calmodulin36.  An increase in [Ca2+]cyt can rapidly increase [Ca2+] in nuclei15,192-

194 and stimulates nuclear events that are related to cell proliferation.  In the cell cycle, it 

has been well demonstrated that there are at least four steps that are regulated by Ca2+ or 

Ca2+/CaM: the transition from G0 to G1 phase, the transition from G1 to S phase, the 

transition from S to M phase, and the whole process in M phase195.  In isolated 

pulmonary arterial rings, removal of extracellular Ca2+ abolished high K+-mediated 

pulmonary vasoconstriction and significantly inhibited agonist-mediated pulmonary 

vasoconstriction32,100,196.  In cultured PASMC, reduction of free Ca2+ concentration in the 

culture medium significantly inhibited cell proliferation in the presence of growth factors, 

while depletion of intracellularly stored Ca2+ in the sarcoplasmic reticulum also 

significantly attenuated smooth muscle cell proliferation197-199.  In addition, Ca2+ is an 

important signal in initiating and guiding cell migration200-205.  These observations 

indicate that intracellular Ca2+ signaling, regulated by Ca2+ influx through Ca2+-

permeable channels and Ca2+ extrusion via Ca2+-Mg2+ ATPase (Ca2+ pumps) in the 

plasma membrane, Ca2+ release through IP3/ryanadine receptors and Ca2+ uptake via the 

Ca2+-Mg2+ ATPase on the SR/ER membrane, plays an important role in the regulation of 
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smooth muscle cell contraction, migration and proliferation.  Upregulated expression of 

Ca2+-permeable channels and enhanced Ca2+ influx therefore causes sustained 

vasoconstriction, stimulates smooth muscle cell migration and proliferation, and 

ultimately cause vascular wall thickening.  

 

 IPAH-PASMC demonstrated significantly enhanced SOCE and proliferated faster 

compared to NPH-PASMC166,167,206.  Many studies have shown that STIM1 can enhance 

SOCE when overexpressed in a variety of cell types84,114,118,207,208.  This led us to 

hypothesize that STIM1 protein expression would be upregulated in IPAH-PASMC.  

Surprisingly STIM2, but not STIM1, protein expression was increased in IPAH-PASMC 

compared to NPH-PASMC. These findings were consistent with the observations 

showing that protein expression of STIM2 is upregulated in rat PASMC subjected to 

hypoxia (48 hrs).  These data suggest that STIM2 may be the important isoform for 

pathophysiological increase in SOCE in PASMC from IPAH patients.  Interestingly, 

STIM1 protein expression level was decreased compared to NPH-PASMC.  Perhaps, a 

decrease in STIM1 along with an increase in STIM2 protein expression levels can 

influence SOCE.  Brandman et al. demonstrated that knockdown of STIM1 while over 

expressing STIM2 did not affect SOCE compared to overexpression of STIM2 alone in 

HEK293 cells190.  Furthermore, knockdown of STIM1 did not affect the increase in basal 

[Ca2+]cyt caused by overexpression of STIM2190.  While these data were not obtained 

from PASMC, they still strongly suggest that the decrease in STIM1 protein expression 

level is not relevant to the role of STIM2 on SOCE in PASMC.     
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 Further examination showed that STIM2 plays an important functional role in 

both augmented SOCE and enhanced proliferation in IPAH-PASMC.   Using siRNA 

mediated knockdown of STIM2 protein expression level in IPAH-PASMC, we found that 

increased protein expression of STIM2 in IPAH-PASMC was necessary for increased 

SOCE.  When STIM2 protein expression level in IPAH-PASMC was decreased to the 

level similar to NPH-PASMC, IPAH-PASMC no longer exhibited enhanced SOCE or 

enhanced proliferation.  However, overexpression of STIM2 alone could not enhance 

SOCE or proliferation in NPH-PASMC, suggesting that STIM2 does not act alone in 

eliciting the pathophysiological changes in PASMC associated with IPAH.  Taken 

together, these findings suggest that STIM2 is necessary, but not sufficient, for the 

enhanced proliferation and SOCE found in IPAH-PASMC.  Functional interaction of 

STIM2 with Orai channels may also be important.  

 

 Many researchers have singled out Orai1 as the predominant isoform mainly 

because overexpression of Orai1 along with STIM1 yields a larger SOCE than Orai2 or 

Orai3 with STIM1 in HEK293 cells86. Our data, however, shows that in IPAH-PASMC 

the protein expression level of Orai2, rather than Orai1 or Orai3, is significantly 

increased compared to NPH-PASMC.  Orai1 and Orai3 do seem to be increased, however 

not at a statistically significant level.  The power of these studies is limited by the number 

of IPAH patients from which we can collect PASMC (n = 4).  Perhaps with more patient 

samples we could clarify whether Orai1 and Orai3 are statistically significantly increased 

in IPAH-PASMC.  However, without access to more patient sample, we used chronic 

hypoxia as a model of IPAH in order to examine protein the effect of hypoxia on protein 
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expression levels of STIM and Orai in rat PASMC.  We found that Orai1 and Orai2 

protein expression levels were significantly increased, while Orai3 protein expression 

level was unchanged.  These data corroborate our IPAH-PASMC findings and suggest 

that Orai2 and STIM2 are the relevant isoforms in IPAH-PASMC.  Overexpression of 

Orai2 in PASMC did not enhance SOCE or proliferation compared to vector control.  

These data suggest that Orai2 is insufficient to enhance SOCE in PASMC.  Furthermore, 

overexpression of STIM2 and Orai2 together also did not enhance SOCE in PASMC.  

These data taken together with our studies showing that increase protein expression of 

STIM2 in sufficient to enhance SOCE in IPAH-PASMC suggest that increase expression 

of Orai2 may not play an important role in IPAH-PASMC.   

  

 As mentioned earlier, STIM2 overexpression had no effect on SOCE and 

proliferation in NPH-PASMC, while knockdown of STIM2 in IPAH-PASMC decreased 

both SOCE and proliferation.  Therefore, it seems that STIM2 is functionally active only 

in IPAH-PASMC and has no or little function in NPH-PASMC.  Several explanations 

could explain how STIM2 is “turned on” in IPAH but not in NPH-PASMC.  STIM2 

could be activated by phosphorylation or another form of post-translational modification.  

It is widely accepted that Rho/ROCK signaling is involved in Ca2+ sensitization, 

proliferation, contraction, and migration in PASMC209.  Researchers have demonstrated 

that Rho/ROCK signaling pathway plays a significant role in the pathogenesis of 

different experimental models of PAH as well as PAH in patients210.  Perhaps the 

pathogenesis of IPAH involves RhoA/ROCK signaling though STIM2.   
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A second explanation for how STIM2 is only active in IPAH-PASMC but not 

NPH-PASMC involves store-operated channels (SOC) on the plasma membrane.  Strong 

evidence suggests that Orai1 interacts with STIM1 and functions as a SOC.  Orai1 was 

discovered through genome wide RNAi screening.  A mutation in Orai1 in patients with 

severe combined immune deficiency eliminates the Ca2+ release-activated Ca2+ currents 

(ICRAC), which can then be reconstituted by expressing wild-type Orai182,83.  Orai1 spans 

the plasma membrane four times with both the C- and N- terminus in the cytoplasm.  Co-

expression of STIM1 with Orai1 in HEK293 cells resulted in large increases in SOCE 

and ICRAC compared to vector control cells85,86.  Co-immunoprecipitation data showed 

that STIM1 and Orai1 interact and store depletion significantly increases the amount to 

interaction119.  Furthermore, other isoforms of Orai (e.g., Orai2 and Orai3) are also 

believed to play a role in SOCE83.  Our lab has previously demonstrated that TRPC 

channels also function as SOC and are important in PASMC physiology and 

pathophysiology33,166,167,184,211.  TRPC channels are important in the regulation of 

vascular tone since they regulate the Ca2+ influx required for agonist-induced 

vasoconstriction and mitogen-mediated smooth muscle cell proliferation.  And, the ability 

of TRPC channels to alter [Ca2+]cyt without a change in membrane potential lends them 

the ability to modulate vasoconstriction and vasorelaxation through a voltage-

independent mechanism.  Agonist- and hypoxia-induced pulmonary vasoconstriction is 

believed to be, at least in part, mediated though Ca2+ influx through TRPC1 and TRPC6 

channels184,212.  Upregulated TRPC channel expression, enhanced SOCE, and increased 

[Ca2+]cyt are associated with enhanced proliferation of PASMC isolated from IPAH 

patients73,167.  Therefore, increasing SOCE and proliferation in PASMC may be a 
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function of both increasing protein expression of STIM2 and increasing protein 

expression of SOC such as TRPC in the plasma membrane.  

 

Our data supports this idea that both increased protein expression of STIM2 and 

another protein, in this case Orai2, is necessary to enhance SOCE.  Overexpression of 

both STIM2 and Orai2 together increased SOCE in PASMC, but not in HEK293 cells.  

These data not only demonstrate an important role for STIM2 and Orai2 in PASMC, but 

also suggest that this role for STIM2 and Orai2 is unique to PASMC.  Many researchers 

have studied the role of STIM2 and Orai2 in a variety of cell types.  With the exception 

of neurons, in each case these researchers have concluded that STIM2 and Orai2 play a 

secondary role to STIM1 and Orai1.   



 

 

154 

8.3  Future Directions and Clinical Implications 

 

 Since upregulated protein expression of STIM2 is necessary for augmented SOCE 

and enhanced proliferation in PASMC from IPAH patients, downregulation of STIM2 

protein expression and/or inhibition of STIM2 protein function in PASMC may be an 

important target for developing therapeutic approaches for IPAH.  In theory, if we were 

able to decrease the protein expression or the function of STIM2 in PASMC we could 

change the couse of IPAH by mitigating pulmonary vascular remodeling and decreasing 

vasoconstriction.  In practice, however, specifically decreasing STIM2 activity or 

expression level in PASMC in vivo is a difficult task.  This is mainly due to the 

localization of STIM2 on the SR membrane of PASMC.  Potential drugs would have to 

cross the endothelial layer from the blood and then cross the plasma membrane in order 

to directly interact with STIM2 protein or mRNA.   While it is a technically difficult task 

to target STIM2 in PASMC, the finding I have previously presented demonstate that it is 

worth exploring.  Current literature suggests that STIM2 is functionally not as important 

as STIM1 in a majority of cell types.  The two notable exceptions being in neurons and in 

PASMC from IPAH patients.  Furthermore, knockdown of STIM2 did not significantly 

affect either proliferation or calcium handling in normal or healthy PASMC, but our 

results demonstrated that knockdown of STIM2 preferentially decreases SOCE and 

proliferation in diseased or IPAH patient PASMC.  These data suggest that knockdown of 

STIM2 in IPAH patients will not lead to significant toxicity or adverse affects in other 

cell types.  
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 Further experiments are needed in order to investigate whether STIM2 inhibition 

is feasible as a potential IPAH therapy.  First and foremost, we should further explore the 

localization of STIM2 in PASMC from both normal subjects and IPAH patients.  We 

should verify that when overexpressed in PASMC, STIM2 does in fact localize on the SR 

membrane, which would suggest that STIM2 is functionally overexpressed.  We should 

also verify that knockdown of STIM2 in IPAH-PASMC decreases the expression of 

STIM2 on the SR membrane.  Next it is important to determine the degree that STIM2 

interacts with STIM1, Orai1, Orai2 and Orai3 in normal PASMC and in IPAH patient 

PASMC.  Furthermore, we should examine whether STIM2 and the TRPC’s interact in 

PASMC.  After answering these questions, we will have a better understanding of the 

role of STIM2 in the physiology and pathophysiology of PASMC. 

 

 In this research project, I directly decreased or increased STIM2 protein 

expression with siRNA or cDNA, respectively.  While this is a feasible technique in vitro, 

gene therapy or knockdown of STIM2 with siRNA in vivo is technically difficult.  

Specifically targeted knockdown or overexpression of STIM2 in PASMC in vivo is likely 

impossible given current technology.  Instead, we should pursue pharmacological 

methods of inhibiting STIM2 expression in PASMC.  This includes targeting cell surface 

receptors that lead to the downstream production of transcription factors responsible for 

the expression of STIM2.  Transcription factors that facilitate expression of STIM2 as 

opposed to STIM1 are Egr-3, CUTL1, Egr-2, Egr-1, Pbx1a, c-Rel, POU2F1, HSF1 (long), 

IRF-1 and TFIID.  More work is needed to elucidate which of these transcription factors 

can be targeted both specifically in PASMC and without significant toxicity. 
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