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My studies seek to understand how Ca2+ signals are controlled by entry and clearance 

mechanisms, leading to pluripotent changes in cell fate. The Ca2+-dependent activity of 

transcription factor NFAT, which drives many changes in gene expression, was examined. 

Remarkably, overexpression of Ca2+-extruder PMCA4 increased NFAT activation in a 

splice variant-dependent manner. Partner of STIM1 (POST), rather than facilitating 

STIM1-mediated inhibition of PMCA4, accelerated clearance via close associations with 

PMCA4b and Orai1. Furthermore, it was found that PMCA4b markedly depressed near-

PM Ca2+ while raising global levels. These observations define the role of POST in 

facilitating sustained SOCE and spontaneous Ca2+ oscillations by coupling PMCA4 and 

Orai1 activity. EGR4 was found to upregulate POST during T cell activation, and knocking 

out Egr4 resulted in dysregulated Ca2+ oscillations. Moreover, knockout of Egr4 induced 

strong IFN-γ expression independent of T cell polarization. The dysregulation of Ca2+ 

signals and cytokine production support a new role for EGR4 in T cell differentiation. 

Finally, SOCE was found to be reduced in invasive melanoma cell lines. Correlation of 

diminished SOCE with increased invasiveness support a model in which invasiveness can 

be driven by reduced SOCE downstream of non-canonical Wnt5a signaling. These novel 

findings present new mechanisms governing sustained Ca2+ responses, and their 

ramifications on T cell development and progression of neoplastic disease. 
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CHAPTER 1. CALCIUM SIGNALING AND CELL FUNCTION 

 

Introduction 

 

Ca2+ signaling encompasses cellular signaling pathways that are dependent upon the 

presence of Ca2+ as a divalent cation and/or as a second messenger. Because of the 

versatility of this element, Ca2+ is involved in both excitable and non-excitable signaling 

pathways. A host of proteins that sense cytosolic Ca2+, that are channels and transporters 

of Ca2+, and that are activated by Ca2+ binding, coordinate to control the propagation of a 

Ca2+ signal over the order of milliseconds to days. In this manner, Ca2+ signals are integral 

to cellular processes ranging from contractility, vesicle release, cytokine production, 

changes in gene expression programs, and ultimately cell fate. 
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Ca2+signaling in T cells 

 

The discovery of store-operated Ca2+ entry (SOCE) in T cells 

 

The importance of Ca2+ entry to T cell signaling was recognized as early as the 1960s 

when patients with mutations to Ca2+ influx pathway components displayed defects in T 

cell proliferation and cytokine production1,2. Since then, Ca2+ signals have been found to 

be a direct downstream target of T cell antigen receptor (TCR) activation, and are 

necessary for effective T cell activation, generation, anergy, gene expression, motility, 

synapse formation, cytotoxicity, development, and differentiation. 

As the role of Ca2+ signaling in T cell activation was being elucidated, it was discovered 

that stimulation of the T cell receptor with antibodies induced the release of Ca2+ from 

intracellular Ca2+ stores3. Moreover, stimulation of T cells with either antibodies or 

ionomycin, a Ca2+ ionophore, led to the phosphorylation of the same protein targets, 

suggesting a link between TCR stimulation and Ca2+ signaling3,4.  

The TCR itself is a complex of integral membrane proteins composed of a ligand-sensing 

heterodimer of αβ chains (or, in some T cell populations, γδ chains) that have high 

specificity for MHC-bound antigen, and three signaling subunits: CD3εδ, εγ, and ζζ. 

Antigen binding triggers the phosphorylation of immunoreceptor tyrosine-based activation 

motifs (ITAMs) by lymphocyte protein tyrosine kinase (Lck). This leads to further 

recruitment and activation of a series of kinases and their substrates, ultimately leading to 

phospholipase C-γ (PLC-γ) activation. PLC-γ activation is a key physiological mediator of 

receptor-operated Ca2+ signaling that ultimately leads to SOCE, the principal means of 

Ca2+ in non-excitable cells, including T cells. 
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The identification of the mechanism and molecular components of SOCE were 

characterized within the past couple decades. It was long known that the endoplasmic 

reticulum (ER) serves as a major Ca2+ storage compartment. It was then observed that 

activation of PLC-coupled receptors in virtually all cells led to a characteristic biphasic 

Ca2+ signal in which a rapid, transient release of Ca2+ from the endoplasmic reticulum (ER) 

was followed by large, sustained Ca2+ entry via the plasma membrane (PM)5. This led to 

James Putney’s proposal of a “capacitative model” in which the depletion of intracellular 

Ca2+ stores could somehow transmit a signal to PM Ca2+ channels to open, thereby 

providing a supply of cytosolic Ca2+ from which ER stores could be replenished6. 

Subsequent publications used pharmacological inhibitors of the sarcoendoplasmic 

reticulum Ca2+ ATPase (SERCA) to deplete intracellular Ca2+ stores independent of TCR 

activation, and that this induced a sustained increase in cytosolic Ca2+ 7,8. Additionally, the 

direct recording of ionic electrophysiological current activated by Ca2+ store depletion in 

mast and T cells termed Ca2+ release-activated Ca2+ current (ICRAC) provided quantitative 

evidence of a relationship between store depletion and agonist-mediated Ca2+ influx9,10. 

This capacitative Ca2+ entry (CCE), now commonly referred to as SOCE, describes Ca2+ 

entry via the PM as a direct consequence of ER store depletion downstream of receptor 

activation. This model was further bolstered by subsequent discoveries showing that close 

appositions between the ER and PM  were required for coupling to occur11,12, and by the 

identification of stromal interacting molecule (STIM) family members as SOCE 

regulators13,14 and Orai family members as PM Ca2+ channels15-17. We now understand 

through these studies and others in STIM/Orai-null mice that the patients who presented 

with severe combined immunodeficiency had mutations in SOCE signaling components18-

20. 
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Molecular Components of SOCE 

 

PLC-γ initiates two branches of Ca2+ signaling by hydrolyzing phosphatidylinositol 4,5-

bisphosphate (PIP2) to inositol-1,4,5-trisphosphate (InsP3) and diacylglycerol (DAG)21,22. 

In one branch, DAG production leads to the activation of Ras/Raf-1/MEK/ERK signaling 

and nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) pathways, which 

are additional crucial pathways in T cell function. In the other branch of Ca2+ signaling, 

InsP3 binds to and activates ER-localized InsP3 receptors (InsP3R), which are cation 

channels that mediate ER Ca2+ release. The ER maintains a luminal Ca2+ concentration 

range of around 100-700 μM23,24, and TCR-mediated Ca2+ release via InsP3R can increase 

cytosolic Ca2+ levels to around 500 nM25. The concomitant decrease in ER Ca2+ 

concentration is sensed by the single pass ER transmembrane protein STIM1 via its 

luminal canonical EF hand domains (cEF) (Figure 1A)26,27. Interestingly, a second non-

Ca2+-binding “hidden” EF hand (hEF) was later identified as being critical to the 

transduction of Ca2+-dependent conformational changes to the STIM1 sterile α motif 

(SAM) that initiates STIM1 oligomerization27. STIM1 oligomerization seems to be 

necessary and sufficient to drive STIM1 extension toward the PM and Orai1 activation28. 

Interestingly, although SAM domains initiate oligomerization, domains located on the 

cytosolic side of STIM1 are the primary mediators of STIM-STIM interactions29. It has since 

been shown that it is the STIM-Orai activating region (SOAR30, also known as ICRAC 

activating domain, CAD31) that mediates oligomerization and that it is also the minimal 

required component required for Orai1 activation32. In total, TCR activation leads to SOCE 

by inducing loss of Ca2+ from the STIM1 cEF, driving STIM1 oligomerization by SAM 

domains relieving autoinhibition of SOAR by coiled-coil domain 1 (CC1) (Figure 1A)33,34, 

and allowing interaction/gating of Orai1 by SOAR35-37. STIM1-Orai interactions are also  
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supported by interactions between the STIM1 lysine-rich region and negatively charged 

phospholipids in the PM, although this does not seem to be required for Orai gating26. 

STIM2 is a close homolog of STIM1 that is also expressed in T cells, contributing to Ca2+ 

homeostasis and T cell activation (Figure 1B). Although STIM2 is an ER Ca2+ sensor and 

Orai1 activator like STIM1, it is activated at higher ER Ca2+ concentrations38 with slower 

kinetics and less efficiency39,40. These characteristics of STIM2 likely contribute to its 

inability to compensate for STIM1, as observed in STIM1-null mice and patients with 

STIM1 mutations who still develop severe immunodeficiencies19,20. However, STIM2 still 

serves its distinct role in T cell activation; STIM2-null mice exhibit defects in T cell 

activation19 and STIM1/STIM2-null mice develop complex autoimmunity, which is not 

observed in STIM1-null animals41,42. 

Members of the Orai family serve as required pore-forming units in SOCE (Figure 2)15-17. 

They are each highly Ca2+-selective ion channels that are gated almost exclusively by 

STIM1 and STIM2 (reviewed in 35,37,43). Although all three Orai channels can be activated 

by STIM proteins when overexpressed, loss of Orai1 seems to eliminate SOCE in most 

cell types44,45. This includes human T cells, but not murine T cells, which seem to be able 

to utilize Orai2 in the absence of Orai146. While a role for Orai3 in T cells has not been 

defined, several studies have implicated Orai3-containing CRAC channels as potentially 

lipid- rather than store-operated Ca2+ channels47,48. Future investigations may shed new 

light on the roles of these Orai homologs in Ca2+ signaling, however Orai1 has been 

established as the primary mediator of endogenous SOCE, particularly in T cells.    
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Quantitative characterization of Ca2+signals 

 

Electrophysiological CRAC recording 

 

The first unambiguous demonstration of store operated Ca2+ currents were from immune 

cells. The ICRAC current is distinguished by its prominent inward rectification, high selectivity 

for Ca2+ ions, and activation by store depletion9,10. Although fluorescent imaging of Ca2+ 

flux is a very informative method of studying Ca2+ flux, electrophysiology recordings are 

advantageous in that they offer specific measurement of channel activity, and thus offer 

insight to fundamental channel properties. Electrophysiological measurement of ICRAC can 

only be carried out using whole-cell patch-clamp mode because the single channel 

conductance is below the level of direct detection, although it may still be estimated by 

noise analysis49. 

Whole cell patch clamp requires the establishment of a tight seal between a recording 

glass pipette electrode and the surface membrane of the cell50. This is followed by 

rupturing the membrane to establish electrical and chemical continuity between the pipette 

and cytoplasm. By applying a voltage ramp, currents that develop during store depletion 

can be measured. Store depletion to induce ICRAC can be established a number of ways: 

InsP3 or Ca2+ chelators can be included in the pipette, or a Ca2+ ionophore that transports 

Ca2+ across the ER membrane may be applied to the external bath solution. ICRAC is also 

distinguished by a loss of Ca2+ selectivity when all extracellular divalent cations are 

removed. Thus, removal of extracellular Ca2+ and the introduction of Ca2+ chelators 

creates a divalent-free environment in which Na+ permeability is induced. Further, Orai1 



9 
 

channels close relatively quickly in the absence of Ca2+51. These characteristics allow for 

the identification of a current as ICRAC (Figure 4).  
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Figure 3. Whole cell patch clamping. In whole cell patch clamping, the electrode 
remains attached to the cell, but additional suction is applied to rupture the membrane. 
Current across the whole cell membrane is measured52.  
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Chemical Ca2+ indicators 

 

The availability of diverse experimental approaches to monitor intracellular Ca2+ and 

measure Ca2+ currents in real time has significantly contributed to our current 

understanding of SOCE and the cellular processes that regulate or are regulated by it. In 

particular, Ca2+ indicator dyes such as Fluo-4, Indo-1, and Fura-2 have become major 

approaches in the field of Ca2+ signaling53,54. These chemical indicators are charged Ca2+-

sensitive dyes that can be introduced to cells by microinjection55, electroporation56 or, 

more commonly, chemically masked with an acetoxymethyl ester group (AM) enabling 

them to cross the plasma membrane and enter the cytoplasm, where the AM groups are 

cleaved off by constitutively active non-specific esterases57,58. The ease with which this 

can be accomplished has made these fluorophores the first choice by most investigators 

interested in measuring Ca2+ signals. Recent developments have made fluorophores 

available with different binding affinities and spectral properties that provide unique 

advantages depending upon imaging equipment and what precisely is being measured. 

Among the approaches to quantify Ca2+ signals, Fura-2 and Indo-1 are two commonly 

used ratiometric indicators.  Ratiometric dyes shift either their excitation (as in the case of 

Fur-2) or emission (as in the case of Indo-1) wavelengths upon Ca2+ binding54,57. Although 

they require excitation  by ultraviolet (UV) light and accommodating acquisition at multiple 

fluorescent wavelengths, ratiometric imaging corrects for confounding factors such as 

uneven loading and differences in cell size. Since not all confocal microscopes and flow 
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cytometers have UV lasers, many investigators use single wavelength dyes such as 

Fluo4. Although advantages associated with ratiometric imaging are lost, Fluo-4 exhibits 

a large dynamic range and is heavily used. Typically, loading differences are discounted 

by normalizing data to the first acquisition from the beginning of the experiment57,59. 

Due to their binding affinity for Ca2+ at or near resting cytosolic Ca2+ levels, Fura-2, Indo-

1 and Fluo-4 are by far the most common indicators used, however, alternatives do exist 

with distinct binding affinity and/or intracellular location. Rhod-2 is a Ca2+-sensitive dye 

that is sequestered into mitochondria due to its net positive charge and is used primarily 

to measure Ca2+ levels in this intracellular compartment53,60. Alternatively, Mag-Fura-2 

(also known as furaptra) exhibits a very low Ca2+ affinity and is used primarily to measure 

ER Ca2+ content in permeabilized cells61. Recently, mid-affinity dyes (Reviewed in 57) such 

as Fura-5F have gained in popularity; although less sensitive to small changes in cytosolic 

Ca2+ content, the decreased Ca2+ binding improves resolution at peak Ca2+ levels. Fura-2 

AM derivatives have also been developed  with a lipophilic functional group that inserts 

into cell membranes, thus allowing for the measurement of Ca2+ levels immediately 

adjacent to the membrane62.  
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Functional assays in Ca2+signaling 

 

To mimic the effects of antigen presentation to a T cell and downstream activation, 

monoclonal antibodies directed against the CD3 chains (anti-CD3) or to the TCRαβ 

subunit (anti-TCR) are commonly used63. As with bona fide antigen presentation, 

stimulation with agonistic antibodies induces TCR-mediated Ca2+ signals that can be 

assessed in in vitro studies. Nevertheless, because TCR stimulation activates multiple 

pathways, direct measurement of SOCE can be more simply accomplished using 

pharmacologic SERCA inhibitors or Ca2+ ionophores64. Nevertheless, since TCR 

stimulation activates multiple pathways that can confound interpretation, direct 

measurement of SOCE is more commonly done using pharmacological SERCA inhibitors 

or Ca2+ ionophores64. SERCA pumps residing on the ER membrane sequester Ca2+ ions 

from the cytoplasm. This serves to counter a poorly defined “Ca2+ leak”, enabling the 

continuous maintenance of high Ca2+ levels in the ER65,66. Hence, when SERCA is 

inhibited, a passive Ca2+ leak leads to ER Ca2+ depletion. Although there are several 

alternatives, thapsigargin (TG) and cyclopiazonic acid (CPA) are the most commonly used 

SERCA inhibitors. TG is a highly selective and irreversible SERCA inhibitor8, while CPA 

is selective, but reversible and can be washed out of cells67. An alternative approach to 

ER Ca2+ depletion is to use Ca2+ ionophores such as ionomycin or Br-A23187 which 

actively transport Ca2+ across cellular membranes. Although they permeabilize all 

membranes at higher concentrations, for reasons unknown, at lower levels they selectively 

permeabilize the ER to Ca2+, leading to rapid and selective ER Ca2+ depletion68,69 (Figure 

3A). 
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Figure 4. Measuring Ca2+ responses with chemical indicators. (A) Induction of SOCE 
and Ca

2+  
clearance. Cells adhere to poly-lysine-coated coverslips. SERCA inhibitor, 

thapsigargin, blocks Ca
2+  

reuptake, leading to a store-depleted state. Addition of Ca
2+  

leads to SOCE. Subsequent removal of Ca
2+  

allows for maximal observation of Ca
2+  

clearance. (B) Ca
2+  

oscillations are observed in cells adhered to poly-lysine-coated 
coverslips. Cells are incubated with biotin-αCD3/CD28. Streptavidin induces biotin-
αCD3/CD28 binding and an increase in cytosolic Ca

2+  
followed by oscillations in Ca

2+
. 
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Measurement of store depletion and SOCE can be separated by the Ca2+ add-back 

method. ER Ca2+ depletion is induced by TCR stimulation or pharmacologic SERCA 

inhibition in the absence of extracellular Ca2+. By inhibiting SERCA, passive Ca2+ leak 

from the ER is not counteracted by Ca2+ reuptake via SERCA65,66. Thus the cell gradually 

store depletes. SOCE is then separately induced by adding back extracellular Ca2+ (Figure 

2A). 

Additionally, the Ca2+ add-back method can also be used as a precursor to measure the 

kinetics of Ca2+ clearance70-72. This has become relevant to physiological studies as recent 

investigations have shown that activated T cells exhibit attenuated Ca2+ clearance. 

Following store depletion and Ca2+ add-back, extracellular Ca2+ is again removed after 

Ca2+ levels have reached their peak. Because the contribution of SERCA to Ca2+ 

clearance is inhibited, loss of Ca2+ from the cytosol at this stage is a direct reflection of 

plasma membrane Ca2+ ATPase (PMCA) activity. This can be further characterized by 

analyzing the rate at which cytosolic Ca2+ decreases (Figure 3A).  

 

Characterizing Ca2+ oscillations 

 

T cells are able to tightly control cytosolic Ca2+ into oscillations through a network of 

channels, transporters and receptors73,74. Ca2+ oscillations in response to T cell activation 

can be observed by combining the use of monoclonal antibodies αCD3/CD28 and Ca2+ 

indicator dyes75. The effect of TCR ligation itself is made measurable by using biotin-

tagged monoclonal antibodies that become cross-linked with the addition of streptavidin 

(Figure 3B). Similar to methods of measuring Ca2+ clearance, the effect of other channels 

or transporters on oscillations can be distinguished through using channel inhibitors or 
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expression of mutant proteins. Using an N-terminally deleted transient receptor potential 

cation channel subfamily M member 4 (TRPM4), Launay et al. were able to demonstrate 

its role regulating Ca2+ oscillations in PHA-activated Jurkat T cells76. 

 

Downstream effects of Ca2+ signals 

 

Role in early TCR activation 

 

Ca2+ signals have been shown to be crucial to both early and late downstream signaling 

events such as activation, gene expression, differentiation, and effector functions. As 

aforementioned, TCR engagement leads to ITAM phosphorylation, primarily by Lck77. In 

resting T cells, interactions between positively charged ITAMs and negatively charged 

phospholipids in the PM lead to ITAM insertion into the hydrophobic core of the PM and 

thereby minimizing aberrant exposure to Lck and avoiding spontaneous phosphorylation78-

80. Recently, it was shown that an elevation in cytosolic Ca2+ relieves this phenomenon via 

electrostatic interactions, thereby amplifying proximal TCR signaling during its earliest 

stages81. Considering that elevated Ca2+ levels are sustained for hours following TCR 

engagement, this positive feedback loop likely facilitates sustained TCR engagement by 

continually maintaining the availability of ITAMs for phosphorylation and downstream 

signal propagation. 
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Formation of the immunological synapse (IS) 

 

The IS forms at the interface of a T cell and antigen-presenting cell (APC). The process 

of TCR engagement induces actin cytoskeleton rearrangement, organelle reorganization, 

and redistribution of membrane and intracellular signaling proteins82. Interestingly, Ca2+ 

elevation directly facilitates gelsolin interactions with actin filaments, contributing to the 

rapid cytoskeletal changes that occur upon TCR engagement83. However, while increases 

in cytosolic Ca2+ are necessary for actin rearrangement, there is also evidence that 

cytoskeletal rearrangements could in turn shape downstream Ca2+ signals84,85. 

Interruptions to actomyosin retrograde flow leads to loss of PLC-γ phosphorylation by Itk, 

halting DAG and InsP3 production86. Thus, T cell polarization both influences and is 

influenced by Ca2+ signals. 

Experimentally, the IS can be visualized by immunohistochemistry or by expressing 

fluorescent fusion proteins that accumulate at the IS, such as actin and the CD3 chains87. 

The same approach can be used to identify other proteins that may accumulate and be 

involved with signaling at the IS. STIM1 and Orai1 are both rapidly recruited to the IS 

following TCR engagement, resulting in enhanced localized Ca2+ influx at the T cell-APC 

interface88,89. Interestingly, STIM1 and Orai1 also accumulate in “distal caps” at the 

opposite side of the cell. Several years later, it was also found that PMCA polarizes toward 

the IS where its function is inhibited, thus providing a second mechanism by which Ca2+ 

levels could be locally elevated near the IS. However, different mechanisms were 

proposed for this phenomenon. Ritchie et al. found that STIM1 associated with PMCA, 

inhibiting PMCA activity and leading to locally elevated Ca2+ levels71.  In contrast, Quintana 

et al. attributed this slowing of Ca2+ clearance rates to localized sequestration of Ca2+ by 

mitochondria within the IS, thereby decreasing the availability of Ca2+ and leading to an 
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apparent decrease in PMCA pumping activity70. Despite these different proposed 

mechanisms, what remains common between these two studies is that sustained Ca2+ 

signals at the IS are maintained via increased localization of multiple Ca2+ signaling 

molecules and via their regulation. Given the importance of sustained TCR signals to T 

cell activation, it seems likely that these changes in the localization and function of Ca2+ 

signaling molecules are important contributors to maintaining the IS and TCR signaling. 

Novel findings on how STIM1, Orai1 and PMCA4 do so are presented in the following 

chapters. 

 

Nuclear factor of activated T cells (NFAT) 

 

The NFAT family of transcription factors is key to T cell activation and is comprised of five 

family members90,91. They share a highly conserved DNA binding domain, a Rel homology 

region (RHR), as well as fourteen phosphorylation sites distributed among a 

transactivation domain (TAD), serine-rich region (SRR), serine/proline (SP) motif, and 

lysine/threonine/serine (KTS) motif92 (Figure 5). As evidenced by immunodeficiencies 

arising from STIM and Orai mutations, T cells are dependent upon SOCE-induced 

increases in cytosolic Ca2+ content, which drive NFAT activity during T cell activation. 

Inactive NFAT is heavily phosphorylated by the dual-specificity tyrosine-phosphorylation-

regulated kinases (DYRK), casein kinase (CK), and glycogen synthase kinase 3 (GSK3), 

during which time NFAT is sequestered in the cytoplasm93-97. Upon elevation of cytosolic 

Ca2+ levels, Ca2+/calmodulin activates the serine-threonine protein phosphatase 

calcineurin, which dephosphorylates NFAT and allows it to enter the nucleus and act as a 

transcription factor98-101. Critical for the success of this process is the longevity of the Ca2+ 
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signal102. This is due to the relatively weak binding affinity of NFAT to DNA, and to 

counteract the constitutive activity of nuclear kinases that regulate the export of NFAT 

from the nucleus91,103. Otherwise, NFAT phosphorylation leads to its export from the 

nucleus by allowing its nuclear export sequence (NES) to bind exportin protein 

chromosome maintenance 1 (Crm1). Conversely, NFAT transport to the nucleus by 

importins is accomplished by calcineurin-mediated NFAT dephosphorylation, which 

blocks the NES93. 

NFAT isoforms exhibit marked differences in how sensitive they are to the Ca2+ signal. 

While NFAT5 is Ca2+-insensitive, NFATc1-4 require Ca2+ signals for nuclear localization92. 

For example, NFATc3 import and export occurs at ~5-10 times the rate of NFATc2104. As 

such, NFATc3 function is activated more quickly than NFATc2, yet it may also be exported 

and rendered non-functional more quickly as well. Meanwhile, NFATc2 activity would 

persist through relatively brief decreases in cytosolic Ca2+ levels. Indeed, these differences 

in sensitivity were recently shown to influence how NFATc2 and NFATc3 respond to local 

versus global Ca2+ levels. Commensurate with their differing sensitivities, NFATc2 

translocation to the nucleus closely matched CRAC activity, whereas NFATc3 relied more 

on increases in both local and nuclear Ca2+105. My studies have focused on how local and 

nuclear Ca2+ are regulated and the ramifications for NFAT activity.  
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Assaying NFAT activity 

 

NFAT transcription factor function is dependent upon a dramatic movement into the 

nucleus during T cell activation. This can be observed by expressing a fluorescent fusion 

protein-tagged NFAT, such as GFP, and visualizing the change in localization in response 

to TCR activation or other Ca2+ signaling agonist. Visualizing NFAT-GFP, particularly 

when corroborated with other methods of measuring Ca2+ signals, has given invaluable 

insight to how different NFAT isoforms contribute to the cumulative dynamics of NFAT 

signaling. 

Assessing the transcriptional activity of the various transcription factors involved in various 

cellular models and conditions can be directed at different stages of transcription factor 

function. Chromatin immunoprecipitation (ChIP) allows for measuring endogenous 

binding, whereas an electrophoretic mobility shift assay (EMSA) allows for measurement 

of direct interaction at specific sites as well as sequence manipulation. However, binding 

does not equal function. Reporter assays that measure the effects of a transcription factor 

on gene expression address this distinction. The luciferase reporter assay relies upon 

cloning the luciferase gene downstream of the regulatory region of the gene of interest, 

and introducing this vector to cells. Upon cell lysis, the enzymatic activity of luciferase is 

measured and can be directly correlated to its expression, and therefore the degree to 

which a transcription factor interest was active. Similarly, other fluorescent reporter assays 

combine the expression of a fluorescent protein such as GFP or β-galactosidase with the 

expression of a gene of interest within the same vector. Thus, luciferase and fluorescent 

reporter assays are a sensitive, rapid and quantitative means of measuring transcription 

factor activity. 



22 
 

Nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) 

 

NF-κB is another transcription factor that is critical to T cell activation. Inhibition of NF-κB 

is able to block T cell differentiation and proliferation in response to anti-CD3/CD28 TCR 

stimulation106. 

NF-κB proteins are a family of transcription factors that share a highly conserved DNA-

binding Rel homology domain, and which form homo- and heterodimers to target the 

expression of different sets of genes107,108. These include cRel, RelA, and RelB, which 

contain transactivation domains; additionally, p50 and p52 (processed forms of p100 and 

p105, respectively) function only while complexed with cRel, RelA, or RelB. 

In canonical NF-κB signaling, NF-κB proteins are kept inactive in the cytosol by inhibitory 

IκB proteins, which exclude NF-κB from the nucleus and block NF-κB DNA binding 

ability108,109. The IκB Kinase complex (IKK) is composed of kinase subunits IKKα and IKKβ 

and regulatory protein NEMO110. When IκB is phosphorylated by IKK, it is ubiquitinated 

and degraded, releasing NF-κB to translocate to the nucleus111 (Figure 6). Although there 

are several TCR-dependent pathways leading to NF-κB activation, one of the key routes 

is downstream of PLC-γ via Ca2+-independent DAG-mediated recruitment of protein 

kinase C θ (PKCθ)112. Interestingly, T cells lacking expression of NF-κB subunits p50 and 

cRel show decreases in activation-induced phosphorylation of ZAP70 and LAT, which 

serve as docking sites for PLC-γ113. Correspondingly, decreases in PLC-γ activity, 

proliferation, and interleukin-2 production are observed, revealing the existence of a 

feedback loop between PLC-γ and NF-κB. Similar observations were made in PKCθ-/- T 

cells113. The Tec family kinase Itk has been proposed as a potential link between PKCθ  
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Figure 6. NF-κB signaling molecules. Rel proteins are composed of a Rel homology 
domain (RHD) and transactivation domain (TAD). NF-κB proteins p105/p100 are 
comprised of an RHD, ankyrin repeats, and two phosphorylation sites in the C-terminal 
domain important for proteasomal processing to p50/p52 respectively. IκB contains 
several ankyrin repeats. IKK kinases have a kinase domain, leucine zipper (LZ), helix-
loop-helix domain (HLH), and NEMO-binding domain (NBD). 
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and PLC-γ regulation, as Itk overexpression strongly activates PLC-γ, and Itk-deficient 

mouse T cells show similar Ca2+ signaling defects to PKCθ-/-, p50-/-, and cRel-/- T cells114-

116. Therefore, NF-κB may play an additional constitutive role in regulating PLC-γ 

activation, thus regulating activation-induced Ca2+ release113,117. 

NF-κB has long been considered a Ca2+-dependent transcription factor, although the 

mechanisms whereby Ca2+ activates NF-κB had not yet been clarified102,118. This is due at 

least in part to the fact that, unlike NFAT, Ca2+ is not obligatory for NF-κB activity. Rather, 

there are Ca2+-dependent pathways that intersect with NF-κB signaling which can lead to 

NF-κB activation. Indeed, unlike for NFAT, elevation in cytosolic Ca2+ alone is insufficient 

to activate NF-κB, and its activation generally requires coactivation of PKC, such as with 

phorbol 12-myristate 13-acetate (PMA)118. Furthermore, while NFAT requires sustained 

Ca2+ elevation for activation, NF-κB can be fully engaged by transient Ca2+ responses102. 

There are at least two Ca2+-dependent pathways that have been identified as leading to 

IκBα degradation and NF-κB activation. Calcineurin had been shown to activate c-Rel via 

inactivation of IκBβ118,119. More recently, Liu et al. found that Ca2+ influx via SOCE controls 

the nuclear localization and transcriptional activity of NF-κB protein p65 via 

phosphorylation by PKCα120. Irrespective of pathway, it is now clear that the Ca2+ and NF-

κB signaling pathways crosstalk at multiple points downstream of TCR engagement. 

Future studies will require the use of genetically modified model systems combined with 

approaches to precisely control Ca2+ signals. In particular, future investigations using 

STIM1 and Orai knockout mice may provide new insights into Ca2+ mediated control of 

NF-κB signaling. Indeed, patients with STIM1 or Orai1 deficiencies share symptoms with 

patients who have mutations affecting NF-κB activation. Immunodeficiency and 

ectodermal dysplasia was observed in patients with mutations in NEMO and IκBα that 
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impaired NF-κB transcriptional activity121-124. This suggests there may be closer 

relationships between SOCE and NF-κB signaling than are currently recognized. 

 

The CREB-AP1 pathway 

 

Although NFAT and NF-κB are the best-studied Ca2+-dependent transcription factors in T 

cell activation, Ca2+ signals modulate numerous other pathways. Signaling by cAMP 

response element binding protein (CREB)  is best known as a downstream target of cAMP 

signaling, however Ca2+ signals also regulate CREB nuclear localization via calmodulin-

dependent kinase IV (CaMKIV) activity125. CaMKIV binding to calmodulin is mutually 

exclusive from PP2A binding, therefore, CaMKIV is kept inhibited and bound to PP2A until 

TCR engagement leads to calmodulin activation and PP2A displacement126. Once 

activated, CREB binds to its cAMP response elements in DNA to regulate the transcription 

of several genes including c-Fos, forming part of the AP-1 heterodimeric transcription 

factor125,127. AP-1 itself is critical for T cell activation by complexing with NFAT to induce 

the expression of distinct subsets of genes103,128. Over the long term, Ca2+ signals also 

drive inhibitory pathways of CREB signaling, such as CREB modulator (CREM), which is 

a phosphorylation target of CaMKIV that negatively regulates interleukin-2 

expression129,130. 

By utilizing novel approaches to distinguish global from local changes in Ca2+ levels, Di 

Capite et al. revealed a novel “Ca2+ signature” for local control of c-Fos activity131. Hence, 

whereas the fast on-rate of EGTA blocks Ca2+-dependent signals, the relatively slow 

binding rate of EGTA permits local changes in Ca2+ concentration. Using this approach, it 
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was revealed that changes in Ca2+ content near the mouth of the Orai1 pore, and not 

global Ca2+ elevation, was specifically required for c-Fos induction.  
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Figure 7. Ca2+ signals during T cell activation. Activation in T cells may be studied by 
ligating the TCR with monoclonal antibodies or lectins. This leads to production of InsP3 
and release of Ca2+ from ER stores. Other channels such as SERCA return Ca2+ to the 
ER. Resting dimeric STIM1 is activated by store depletion and in turn activates Orai 
channels, leading to extracellular Ca2+ influx. Transporters such as PMCA clear Ca2+ 
from the cytosol. The resulting changes in cytosolic [Ca2+] are measurable by Ca2+ 
indicator dyes such as Fura-2, Indo-1, and Fluo-4. Changes in cytosolic [Ca2+] activate 
calmodulin. Calmodulin target calcineurin dephosphorylates NFAT, which is then 
transported by importins to the nucleus, where it acts as a transcription factor alongside 
NF-κB and AP-1, among others. NFAT requires a persistent Ca2+ signal to remain in the 
nucleus. Kinases such as GSK, DYRK, and CK phosphorylate NFAT for transport by 
exportins to the cytosol. The Ca2+ signal drives the signaling events necessary to change 
gene expression in response to T cell activation. 
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Physiological regulation and outcomes of Ca2+ signals 

 

Zinc finger transcription factors EGR and WT1 

 

EGR proteins are zinc finger transcription factors that bind to GC-rich regions of 

promoters. Their gene targets are comprised of hundreds of genes in multiple types, 

including lymphoid and myeloid lineage cells, fibroblasts, neurons, and endothelial cells. 

The four EGR proteins have highly conserved zinc finger domains, and generally share 

the recognition sequence 5’-GCG (G/T)GG GCG-3’, with variations in binding affinities for 

specific nucleotides at each position132-134 (Figure 8). Further, isoform-specific flanking 

regions and cell type-specific expression support the concept of distinct functions for each 

EGR family member, which can both positively and negatively regulate target gene 

expression135. The EGR genes are located on separate chromosomes: EGR1 at 5q31, 

EGR2 at 10q21, EGR3 at 8p21, and EGR4 at 2p13. Yet, they are dynamically upregulated 

together in response to a variety of cell stimuli, including growth and pro-differentiation 

factors. EGR1 is able to regulate its own transcriptional activity in a negative feedback 

loop, by both binding to and negatively regulating its promoter, and by inducing expression 

of repressor nerve growth factor-induced protein A (NGFI-A) protein 2 (NAB2). 

Although Wilms tumor suppressor 1 (WT1) exhibits substantial overlap in its consensus 

sequence with EGR1, it is not considered to be a member of the EGR family136. Unlike 

EGRs which are considered immediate early genes, WT1 expression is primarily involved 

in developmental regulation. Due to multiple transcriptional start sites, alternative splicing, 

and RNA editing, over twenty known isoforms of WT1 exist. The most striking difference 

between these isoforms results from an alternative splice site in exon 9 that determines  
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Figure 8. Nucleotide binding affinity of EGR family members. Binding profile of EGR 
family members based on reported experimental data generated by chromatin 
immunoprecipitation with massively parallel DNA sequencing. Source: JASPAR 
database137. 
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the insertion of a lysine-threonine-serine (KTS) sequence that sits between the third and 

fourth zinc fingers of WT1. This has ramifications on DNA binding affinities. While splice 

variants lacking KTS (KTS-) readily bind DNA and act as transcription factors, KTS-

positive (KTS+) splice variants have a lower affinity for DNA, and are involved in RNA 

processing. The extent to which the RNA splicing and gene transcription functions of WT1 

overlap is not well established, although our group had observed some evidence of 

opposing regulation of STIM1 expression between KTS+ and KTS- forms of WT1 (data 

not shown). 

The frequently opposing effects of EGR1 and WT1 on their shared gene targets reflects 

important differences in how the proteins identify and recruit transcriptional machinery to 

their targets. The EGR1 binding site contains epigenetic repressor CpG sites which, when 

methylated, have been correlated with reduced EGR1 binding and downregulation of its 

targets in models of rodent cardiomyopathy and bladder cancer138,139. However, X-ray 

crystallography and affinity studies showed that the EGR1 and WT1 zinc finger domains 

were able to accommodate fully methylated DNA, and that their binding kinetics were 

insensitive to methylation140. Rather, some differences can be observed in how EGR1 and 

WT1 bind to oxidized states of cytosine, which are generated under normal conditions 

during epigenetic reprogramming (Figure 9). A glutamate residue in EGR1 precludes 

binding to 5-carboxylcytosine while the homologous residue in WT1 is a glutamine and 

continues to favor binding to carboxylated cytosine (Figure 9A). Therefore, only WT1 

maintains binding affinity for the DNA demethylation intermediate 5-carboxylcytosine 

(Figure 9B). This is potentially informative for understanding how EGR1/WT1 targets could 

diverge in neoplasias, as 5-carboxylcytosine has been observed elevated in breast cancer 

and gliomas, demonstrating that it may serve as a distinct epigenetic marker in its own 

right141,142. Therefore, although EGR1 and WT1 are largely insensitive to methylation, their  
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A 

 

B 

 

 
Figure 9. EGR1/WT1 binding to oxidized cytosine. (A) EGR1 can accommodate and 
bind DNA with 5-methylcytosine, but not 5-carboxylcytosine (PDB: 4R2A); (B) WT1 can 
accommodate both stages of cytosine oxidation (PDB: 4R2E). 
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binding may be subject to regulation by, or competition with, other zinc finger transcription 

factors. 

Specificity protein 1 (Sp1), which shares EGR binding sites in the promoters of several 

genes, is a ubiquitously expressed zinc finger DNA-binding transcription factor whose 

recognition sequences overlap with those of EGR1143. The sequence of SP1/EGR1 

binding sites contributes to the binding affinity of the transcription factors, and therefore 

the extent to which a downstream gene is regulated by a combination of EGR1 and Sp1. 

EGR1 and Sp1 have been described competing for or synergistically activating 

transcriptional activity at their targets. A better understanding of how these transcription 

factors with overlapping binding sites regulate targets is a question for future studies. 

EGR proteins, with the exception of EGR4, share a repressor binding domain, and are 

inhibited by NAB1 and NAB2144. NAB2, which binds to EGR1 and regulates EGR1 target 

gene expression, is itself upregulated by EGR1145. This forms a negative feedback loop 

by which EGR1 transcriptional activity is controlled144. NAB1 inhibits EGR1, while NAB2 

has more nuanced effects. In the context of T cell activation, NAB2 is upregulated 

downstream of TCR co-stimulation via CD28, and acts as a coactivator of EGR1-mediated 

interleukin-2 production. 

EGR1 and WT1 are involved across cell types and developmental stages. This reflects 

the several layers of regulation, in the isoforms and splice variants that are expressed in 

a cell type-specific manner, differences in DNA binding, interaction with epigenetic 

markers, and the expression levels of repressor proteins and other transcription factors. 
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Regulation of EGR expression 

 

EGR1 activity is largely effected by EGR1 upregulation and by post-translational 

modification. The human EGR1 promoter contains five serum response elements (SREs) 

and a cAMP response element (CRE) that are targeted by a number of transcription 

factors can be recruited to the EGR1 promoter in different cell types146-148. ETS domain-

containing protein (Elk-1), which is activated by phosphorylation downstream of ERK, 

JNK, and p38 MAPK signaling pathways, associates with serum factors at SREs149. EGR1 

is also regulated by PI3K/Akt, which phosphorylates and disrupts the DNA-binding ability 

of FoxO1, a negative regulator of EGR1 expression150. 

The expression of EGRs is dynamically upregulated in response to a wide variety of 

stimuli, including cytokines, mitogens, or oxidative stress. As such, they mediate many of 

the expression changes during diverse types of cell stimulation. In pre-synaptic neurons, 

EGR1 expression is repressed by transcriptional repressor C-terminal binding protein 1 

(CtBP1), until neuronal activity relieves repression CtBP1151. In cells exposed to UVB-

induced genotoxic stress, NF-κB was observed binding to the EGR1 promoter to initiate 

an apoptosis response152. Additionally, during T cell activation, EGR1-induced 

upregulation of STIM1 creates an environment in which cells are primed to generate Ca2+ 

transients that activate NFAT, however EGR1 is regulated in turn by Ca2+ signals. 

Chelation of cytoplasmic Ca2+ by BAPTA-AM or inhibition of CREB signaling both 

downregulate EGR1 expression, suggesting Ca2+ signals are required for recruiting 

transcriptional machinery to SREs and CRE to upregulate EGR1147,153. This is also 

supported by studies in vascular smooth muscle cells which have found evidence that 

angiotensin-II enhanced EGR1 expression via SOCE-dependent activation of CaMKII and 

CREB signaling154. 
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EGR1 may be modified post-translationally by phosphorylation. However there is 

conflicting evidence of how phosphorylation affects EGR1 function. Low levels of 

phosphorylated EGR1 are detectable in quiescent cells, and treatment with phosphatase 

inhibitors increased the stability and half-life of EGR1155. In contrast, phosphorylation by 

casein kinase II negatively modulated EGR1’s DNA binding activity96. This may reflect 

multiple phosphorylation sites on EGR1, which would allow its activity to be modulated in 

response to different kinase pathways.  

EGR1 may be subject to regulation by other post-translational modifications. For example, 

O-glycosylation of the EGR1 transactivation domain has also been described in neurons, 

although little is known about its functional implications146. Phosphorylation of EGR1 by 

Akt is required for its sumoylation, and in other studies, sumoylation could act as a 

precursor to EGR1 ubiquitination and degradation156. Jurkat T cells expressing ectopic 

CD44 were found to have enhanced SOCE and basal Ca2+ levels, yet EGR1 expression 

was downregulated157. It was posited that this could be due to increased phosphatase 

activity interfering with PI3K/Akt/FoxO1-dependent regulation of EGR1 expression156. 

EGR1 as a transcription factor has many target genes, and is regulated by multiple 

pathways. Further studies dissecting the function of post-translational modifications in 

regulating EGR1 may be important to better understand how EGR1 targets sets of genes. 

Similarly, EGR4 is also upregulated in response to trophic factors in an ERK1/2-dependent 

manner that has been best described in the context of neuronal development and 

spermatogenesis. While EGR4 appears to compensate for EGR1 in some contexts, SRF 

binding to the EGR4 promoter was shown to occur uniquely in neuronal cells. Although 

not extensively studied, the EGR4 promoter was found to be activated by serum and 

phytohemagglutinin (PHA), despite a lack of known consensus serum response elements. 

Additionally, the EGR4 promoter is regulated by both EGR1 and 4 with opposing 
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outcomes. Whereas EGR4 binding to its promoter decreases EGR4 transcription, EGR1 

overexpression resulted in modest enhancement of EGR4 promoter activity. This provides 

another instance of EGR1 and 4 having opposing effects on target gene expression, and 

shows that EGR4 also participates in a negative feedback loop of its own expression. 

 

WT1 and EGR1/4 regulate STIM1 expression and function 

 

Previous investigations over the last ten years have revealed EGR1-, EGR4-, and WT1-

mediated control of STIM1 expression as a mechanism for the modulation of Ca2+ 

homeostasis. Initially, it was observed that WT1-expression Wilms tumor cells exhibit 

decreased STIM1 expression and SOCE. Using a combination of knockdown and 

overexpression strategies in HEK293 and G401 cells, our group further showed that EGR1 

positively regulates STIM1 expression and WT1 suppresses it158.  

Recognizing that EGRs are primarily immediate early genes, subsequent work focused 

on dynamic control of STIM1 expression using T cells as a model system. In Jurkat T cells, 

EGR1 and STIM1 were both upregulated within two hours of TCR engagement by either 

lectin PHA71 or anti-CD3/CD28 antibodies159. However, EGR1 knockdown failed to 

eliminate STIM1 upregulation, leading to the discovery that EGR1 and EGR4 

cooperatively regulate STIM1 expression in T cells159. Indeed, loss of STIM1 expression 

was only observed when both EGR1 and EGR4 were knocked down. Further, while 

chromatin immunoprecipitation (ChIP) analysis showed that TCR engagement leads to 

EGR1 binding, EGR4 knockdown decreased EGR1 binding to the STIM1 promoter159. 

These observations reveal a cooperative model by EGR1 and EGR4 for control of STIM1 

expression during T cell activation. Interestingly, EGR1 and EGR4 exhibit the capacity to 
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drive STIM1 expression whereas EGR2 and EGR3 do not. EGR1 and EGR4 also share a 

similar control of luteinizing hormone (LH) expression, indicating a greater degree of 

targeting similarity between these two family members. 

As WT1-mediated STIM1 downregulation led to SOCE suppression, our initial expectation 

as that EGR-mediated STIM1 upregulation would lead to increased SOCE. However, 

comparisons of SOCE magnitude in resting and activated T cells revealed only marginal 

differences in SOCE71,159. However, although STIM1 is required for SOCE, its upregulation 

generally does not increase SOCE unless it is accompanied by coincident changes in 

Orai1 expression17,44,160,161. Nevertheless, following the identification of two putative EGR1 

binding sites by ChIP in the promoter region of ATP2B4, we observed upregulation of 

PMCA4 upon T cell activation and significant inhibition of Ca2+ clearance162. EGR1/4-

mediated upregulation of both STIM1 and PMCA4)159 is accompanied by the translocation 

of both proteins towards the immunological synapse (IS)70,71,88,89. Within the confined 

space of the IS, STIM1 directly associates with PMCA471. Although this only minimally 

affects the initial rate of Ca2+ clearance, attenuation of the “slow” phase of Ca2+ clearance 

was observed. Notably, this could be mimicked by overexpression of STIM1 without T cell 

activation and blocked by partial inhibition of SOCE through STIM1 knockdown or 

pharmacological inhibition71. Although the interacting site was not identified, the 

proline/serine-rich domain was shown to be required for STIM1-mediated PMCA inhibition. 

Hence, STIM1-mediated control of Ca2+ entry and clearance are independent events that 

can be effectively separated under different conditions. This inhibition of PMCA4 by STIM1 

enables the cell to increase intracellular Ca2+ levels sufficiently to engage NFAT 

transcription, a necessary requirement of T cell activation163. However, EGR1 also 

upregulates IL-2 by direct binding, and EGR1/4 upregulate tumor necrosis factor (TNF)-α 

expression in activated T cells164,165. Therefore, EGR1/4 regulate cytokine production, both 
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directly, and by upregulating STIM1 to drive NFAT activity. Why an activating T cell, 

requiring increased cytosolic Ca2+ should increase expression of an extrusion protein, is 

the subject of Chapter 3, in which the possibility of increased PMCA facilitating Ca2+ 

oscillations to activate NFAT is considered166. Intriguingly, EGR1 was described in an in 

vivo study on T cell fate to be upregulated following strong TCR activation, leading to 

disruption of development from the αβ to the γδ lineage167. Current investigations defining 

the physiological contexts for these distinct functions of STIM1, both with respect to 

coordination of Ca2+ entry and clearance and extending the work into primary T cells are 

reported in the ensuing chapters. 

Another component of the intracellular signaling pathway under apparent EGR 

transcriptional control is the sarco/endoplasmic reticulum ATPase 2 isoform (SERCA2). 

SERCA family proteins are ATP-driven pumps that load Ca2+ into the ER against its 

electrochemical gradient, where it is stored at concentrations of over 100 µM. SERCA 

pumps concentrate at ER-PM junctions upon store-depletion to facilitate store-refilling 

upon engagement of Orai channels by STIM proteins. Of the three SERCA family 

members, SERCA1 is expressed exclusively in fast-twitch muscle while SERCA2 and 3 

are more ubiquitously expressed168. The relationship between EGR1 and SERCA2 is still 

somewhat controversial.  A link between EGR1 and SERCA2 was first demonstrated in 

the context of doxorubicin-induced cardiomyopathy, whereby EGR1 was upregulated 

downstream of the p44/42 MAPK pathway and a concurrent decrease in SERCA2 

expression was observed169. While this observation was initially attributed to direct EGR1 

transcriptional regulation, another group found no evidence of functional EGR1 binding 

sites in the SERCA2 promotor170. Work by our lab found no evidence of EGR1 binding to 

SERCA2 by either ChIP or luciferase assays (unpublished) yet over-expression of EGR1 

lead to an approximately 90 % reduction in SERCA2 protein levels.  More recently a study 
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in mitogen-activated protein kinase (MAPK)-activated protein kinase 2/3 knock-out, mice 

found a decrease in EGR1 expression driven by MK2, correlated with an increase in 

SERCA2a in cardiomyocytes171.  The group found that SERCA2 expression is promoted 

by Sp1 binding to its promotor, with EGR1 occluding these sites to act as a negative 

regulator, under the control of MK2. It therefore seems that EGR1 is an indirect but 

negative regulator of SERCA2 expression. Evidence also exists that NFAT may be a 

positive, albeit indirect, regulator of SERCA2 expression172,173. Again, increased ER Ca2+ 

uptake via SERCA2 may support increased Ca2+ cycling and oscillations necessary for 

efficient T cell activation166. 

EGR1 has also been shown to downregulate sodium-calcium exchanger (NCX), a plasma 

membrane protein that uses the electrochemical gradient of sodium to extrude one 

molecule of calcium for every three of sodium imported. ChIP analysis determined that 

EGR1 could directly bind the promotor of NCX1 and over-expression of EGR1 in 

cardiomyocytes lead to a decrease in expressed NCX1 protein174. EGR1 has been shown 

to be upregulated during cardiac hypertrophy and the corresponding loss of NCX and 

SERCA2 Ca2+ clearance in cardiomyocytes would lead to increased cytosolic Ca2+ levels 

and enhanced NFAT activity that leads to myocardial thickening145. These experiments 

join many others investigating the role of EGR1 in cardiac remodeling. 

While STIM1-mediated inhibition of PMCA4 is important for NFAT to activate interleukin-

2 (IL-2) expression, EGR1 also upregulates IL-2 by direct binding, and EGR1/4 upregulate 

tumor necrosis factor (TNF)-α expression in activated T cells164,165. Therefore, EGR1/4 

regulate cytokine production, both directly, and by upregulating STIM1 to drive NFAT 

activity. Although EGR2/3 do not target STIM1, they are also upregulated during T cell 

activation, targeting other genes that are important to developing a functional immune 

response. 
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Cooperativity of transcription factors in T cell activation 

 

The EGR family members frequently interact with other transcription factors to initiate a 

cellular response. During T cell activation, EGR4 interactions may function to increase the 

diversity of genes regulated by EGRs. The C-terminal region of zinc finger III in EGR4 

readily interacts with NF-κB to regulate gene transcription175. In particular, studies by 

Wieland et al. in activated Jurkat T cells showed EGR4 interacted with NF-κB family 

member p65, and ectopically expressed EGR/p65 complexes were able to robustly 

activate the IL-2 promoter175. There is growing evidence of a Ca2+-dependent feedback 

loop between NF-κB and STIM1/Orai1 expression. Liu et al. described discrete roles for 

Ca2+ signaling in which 1) signaling between TCR activation and IκB activation is 

dependent on SOCE; and 2) Ca2+ regulates NF-κB nuclear localization via p65 S536 

phosphorylation176. Additionally, other studies in an endothelial cell model of sepsis, and 

another in mast cells, found NF-κB was recruited to binding sites in the promoters of 

STIM1 and Orai1 in response to G protein-coupled receptor stimulation177-179. While this 

could be a potential opportunity for EGR4 to contribute to NF-κB-mediated upregulation 

of STIM1 during T cell activation, studies in cells expressing endogenous EGR4 suggest 

that this could be a minor event in comparison with EGR1 activity175.  
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Additionally, although EGR1/4 are important to the induction of T cell activation, EGR2 

and EGR3 become important in subsequent steps. Although how EGR2/3 are upregulated 

is less understood, NF-κB was found to bind to its recognition sequence in the proximal 

promoter of EGR2175,180. EGR2/3 upregulation has been shown to occur downstream of 

ionomycin treatment alone, and to block the upregulation of NAB2 and EGR1. Thus, many 

observations of the effects of EGR2/3 upregulation are consistent with a role in regulating 

anergy and tolerance181. In recent years, these observations have been borne out in vivo. 

In mice with Egr2-/-Egr3-/- lymphocytes, AP-1 activation was impaired during antigen-

induced activation, and lethal autoimmune syndrome developed182. Other studies have 

shown that EGR2/3 suppress AP-1 activity, and inhibit T-bet-mediated IFN-γ production 

to drive clonal expansion while suppressing effector differentiation183,184. Similarly, EGR2 

is involved in the induction of a subpopulation of regulatory T cells (Tregs), LAG3+ Tregs, 

which produce high amounts of TGF-β in an EGR2-dependent manner, and were 

protective in a mouse model of systemic lupus erythematosus (SLE)185 185. Intriguingly, 

human LAG3+ Tregs suppress antibody production, and SLE in patients was correlated 

with both decreased EGR2 expression and decreased LAG3+ Treg numbers186,187. Thus, 

EGR2/3 act to coordinate a broad range of transcription factors that are important in 

regulating tolerance and homeostasis among T cell populations.  

The scope of the role of EGR4 in regulating Ca2+ signaling in concert with other 

transcription factors has yet to be extensively studied. Studies that demonstrate an 
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important and distinct role in T cell differentiation are discussed in Chapter 5. We recently 

demonstrated that plasma membrane Ca2+ ATPase 4 (PMCA4) expression, which is 

normally increased upon T cell activation, was inhibited when both EGR1 and 4 were 

knocked down in Jurkat T cells162. Knock-down of only EGR1 or EGR4 did not alter STIM1 

expression, suggesting there is a degree of functional redundancy between the two EGR 

isoforms. Chromatin immunoprecipitation analysis (ChIP) revealed two putative EGR1 

binding sites in the promotor region of PMCA4, facilitating upregulation of PMCA4 upon T 

cell activation162.  This inhibition of PMCA4 by STIM enables the cell to increase 

intracellular Ca2+ levels sufficiently to engage NFAT transcription, a necessary 

requirement of T cell activation163.  
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Figure 10. EGR1-mediated regulation of Ca2+ signaling in T cell activation. With TCR 
engagement, EGR1 upregulates the expression of Ca2+ homeostasis proteins including 
STIM1 and PMCA4. Enhanced Ca2+ signaling drives NFAT translocation to the nucleus 
and transcriptional activity, driving the expression of T cell differentiation and proliferation 
gene programs and cytokine production. 
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Pathophysiological Ca2+ signaling 

 

Cancer and dysregulation of Ca2+ signaling 

 

As mitogen-activated transcription factors, EGR and WT1 have a multifaceted role in 

tumorigenesis and progression, including as regulators of SOCE components. When 

originally observed, SOCE appeared to have tumor suppressor properties. Our lab 

showed that melanoma cells expressing known oncogene Wnt5a had decreased SOCE 

and increased invasive ability compared to non-Wnt5a-expressing cells188. Additionally, 

SOCE has been shown to mediate apoptotic cell death in prostate cancer189,190. However, 

SOCE has been shown to have oncogenic properties as well. SOCE enhances tumor 

angiogenesis through regulating the production of pro-angiogenic factors, vascular 

endothelial growth factor (VEGF) in cervical cancer191, and cyclooxygenase-2 (COX-2)192 

and NFAT193 in a variety of pathophysiological responses. Furthermore, upregulation of 

STIM1 and Orai1 have been observed in patients exhibiting a variety of cancers including 

lung, liver, and colorectal cancers, among others189.  

Upstream of their gene targets involved in Ca2+ homeostasis, EGR1/4 and WT1 also play 

dual roles in cancer progression. EGR1 upregulation is downstream of some established 

oncogenic pathways such as TGF-β, NF-κB, and MAPK, however its contributions to 

cancer remain poorly understood194,195. Although WT1 was originally described pro-

apoptotic tumor suppressor, recent advances have raised the possibility that WT1 could 

also be involved in cancer progression196-199200. Loss of WT1 proved to interfere with Ca2+ 

homeostasis in response to changes in SOCE modulators; STIM1, STIM2, and Orai1199. 
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This is an important finding as suppression of STIM1 expression and SOCE was observed 

in Wilms tumor cells158. Interestingly, aberrant expression of STIM1-independent Ca2+ 

channel (CaV2.3) is associated with Wilms tumor relapse through MAPK-related 

pathways201. Decreased EGR levels have been correlated with limited response to 

chemotherapy in patients with Wilms tumor202. Therefore, within Wilms tumor, it appears 

WT1 acts as a tumor suppressor, whereas EGR1 may promote resistance to 

chemotherapy.  

EGRs and WT1 are implicated in other cancers in both tissue-specific and tissue-agnostic 

roles. In cervical cancer, EGR1 has been shown to promote tumor progression through 

downregulating telomerase203. In hepatocellular carcinoma (HCC), EGR1 downregulation 

to reduce pro-apoptotic and growth inhibiting pathways is observed194,204,205. However, 

EGR1 can also contribute to resistance to chemotherapy by regulating microtubule 

function and autophagy206-208. Interestingly, although it frequently acts in opposition to 

EGR1, WT1 expression in HCC cell lines was associated with chemotherapy 

resistance209. In several cancers, including ovarian and colon cancer, EGR1 has been 

shown to play a role in EMT and metastasis210,211. WT1 plays an intriguing role in renal 

cell carcinoma (RCC). In a study on RCC, WT1 induced a hybridized state of EMT and 

MET (EMHT) in which mesenchymal marker, Snail, was simultaneously expressed with 

epithelial marker E-cadherin212. This exciting finding suggests that EMT and MET are not 

mutually exclusive, and that WT1 could be an important modulator of the equilibrium 

between the two states. Orai1 expression has been shown to be associated with favorable 

prognosis in clear cell RCC, and EGR1 genetic and epigenetic alterations were associated 

with survival213,214. However, any mechanisms of EGR1/WT1-mediated regulation of Ca2+ 

signaling components as part of EMT/MET transitions remains to be studied.  
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During both development and tumorigenesis, the expression of EGRs and WT1, and the 

control of Ca2= signaling machinery are critical. In ER- breast cancer, deletion of EGR1 

was detected, particularly in higher-grade carcinomas215. EGR1 deletions had been 

described in gastric carcinoma as occurring potentially later in the disease, and were found 

in distant metastases, suggesting that the loss of EGR1 could facilitate invasion and 

metastasis216. Consistent with this hypothesis, STIM1 and Orai1 were found to be 

essential to focal adhesion formation, and suppressing SOCE decreased focal adhesions 

and led to increased metastasis in vivo217. In prostate cancer studies, Orai1 and androgen 

receptor regulate each other’s expression in a negative feedback loop. Furthermore, in 

clinical samples, STIM1 and Orai1 expression were inversely correlated with Gleason 

score218. 

 

Dysregulation of SOCE in breast cancer 

 

Breast cancer has the highest incidence rate among women in the world219. Molecular 

profiling has enabled the classification of 4 molecular subtypes of breast cancer, with 

implications for treatment response and prognosis. In particular, estrogen receptor (ER) 

status has been associated with dysregulation of EGR1 and WT1 expression. Previously, 

it was noted that Orai3, but not Orai1 expression, was upregulated in ~79% of human 

breast cancer samples, and contributed to tumor growth in in vivo models220,221. Within 

ER- breast cancer, deletion of EGR1 was detected, particularly in higher-grade 

carcinomas215. EGR1 deletions had been described in gastric carcinoma as occurring 

potentially later in the disease, and were found in distant metastases, suggesting that the 
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loss of EGR1 could facilitate invasion and metastasis216. Consistent with this, STIM1 and 

Orai1 were found to be essential to focal adhesion formation, and suppressing SOCE 

decreased focal adhesions and led to increased metastasis in vivo217.  

Multiple groups had reported a correlation between WT1 expression, proliferation in cell 

lines, and poor prognosis among patients222-224. More recently, however, studies on 

biopsies from breast cancer patients showed a positive correlation in ER status and WT1 

expression, with WT1 expression lost more frequently in higher-grade, less-differentiated 

ER- tumors225,226. Consistent with this, WT1 overexpression in breast cancer cell lines 

suppressed growth in vivo227.  

These data support the involvement of SOCE in the progression of breast cancer. 

Although they are not initial tumor drivers, dysregulation of EGR1 and WT1 activity in 

response to aberrant ER signaling could potentiate SOCE and, subsequently, the 

metastasis and progression of breast cancer. Notably, ductal carcinoma in situ may 

progress so slowly that overall patient health is unaffected, but 80% of breast cancers 

become invasive228. The reduction of metastasis in an in vivo model of breast cancer with 

a SOCE inhibitor supports the potential for SOCE to be used as therapeutic target in the 

management of a heterogeneous, but dangerous, disease217. 

 

Dysregulation of Ca2+ signaling in prostate cancer 

 

Prostate cancer, the highest occurring cancer among men, is highly dependent on 

androgen steroid hormones229. However, as prostate cancer progresses, it can lose its 
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androgen sensitivity and become resistant to apoptosis. Ca2+ homeostasis has been 

implicated in the progression of prostate cancer, although conflicting findings demonstrate 

a need to clarify how Ca2+ homeostasis contributes, and if there are multiple avenues by 

which it influences cancer progression. There are several Ca2+ sensitive pathways 

dysregulated in prostate cancer (reviewed in 230). Among those described, NKX3.1, which 

is frequently deficient in prostate cancers, is post-translationally modified by Ca2+-

dependent PKC231. Activation of β-catenin, which promotes proliferation, and the cleavage 

of EMT marker E-cadherin are effected by calpain. Calpain has been observed 

upregulated in metastatic prostate cancer, offering a potential mechanism by which 

proliferative and pro-metastatic pathways could be enhanced232,233. It is intriguing that in 

an androgen-sensitive cell line derived from a lymph node carcinoma of prostate cells, 

androgen deprivation resulted in downregulation of Orai1, and that Orai1 knockdown 

conferred resistance to apoptosis. Furthermore, in clinical samples, STIM1 and Orai1 

expression were inversely correlated with Gleason score218. This suggests that acquired 

resistance to apoptosis arises in part from decreased Ca2+ influx190. While Orai1 and 

androgen receptor regulate each other’s expression in a negative feedback loop, the 

contribution of EGR1 and WT1 to prostate cancer progression, particularly as it pertains 

to STIM1 expression, is less clear. EGR1 has been shown to be tumor-promoting in 

prostate cancer234-236. In some prostate cancer patient cohorts, EGR1 is overexpressed, 

and in Egr1-deficient mice, prostate tumorigenesis was impaired237,238. However, 

examination of WT1 and EGR1 expression in several prostate cancer cell lines revealed 

the opposite relationship: elevated WT1 expression coinciding with low EGR1 

expression239. This is further supported by studies showing WT1 is important to tumor 

angiogenesis and cell migration in prostate cancer240,241. Interestingly, a group studying 

EGR1 binding to CpG sites in prostate cancer saw that CpG methylation was inversely 

correlated with disease severity, and that EGR1 binding was reduced242. This presents the 
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possibility that CpG methylation and EGR1 binding could contribute to the discrepancy in 

EGR1 expression levels and EGR1/WT1 target gene expression. Although the 

contribution of WT1 and EGR1 activity in cancer progression remains elusive, the effects 

of blunted SOCE in prostate cancer progression are consistent.  

Reflecting the consistency of the contribution of SOCE to progression, multiple efforts 

using Ca2+ homeostasis as a therapeutic target have been made, particularly in patients 

with relapsed or refractory androgen-independent prostate cancer. In a first-in-human 

phase I clinical trial, mipsagargin, a prostate-specific membrane antigen-targeted SERCA 

inhibitor, was able to stabilize disease in patients with advanced prostate cancer and other 

solid tumors243.  SERCA inhibitors induce apoptosis by causing store depletion and 

triggering sustained Ca2+ entry244,245. It is therefore possible that targeting SOCE 

components could also be a promising target.  

 

Dysregulation of Ca2+ in ovarian cancer 

 

Ovarian cancer has the highest mortality rate among gynecologic malignancies, and 

occurs when ovarian epithelial cell signaling during epithelium remodeling is dysregulated, 

leading to cell transformation246. This shift to a mesenchymal cell phenotype is 

accompanied by increased motility and proliferation247.  

Current research has not reached a consensus on a therapeutic approach using EGR1 

gene targets in ovarian cancer. In ovarian cancer cell lines, EGF-induced EGR1 

expression led to upregulation of E-cadherin repressor Slug. This loss of E-cadherin 
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increased the invasive capacity of ovarian cancer cell lines248. Additionally, dysregulation 

of miR-296 and Ca2+ homeostasis regulator, S100A4, increased EMT in ovarian cancer249. 

In this context, EGR1 would increase ovarian cancer invasiveness. However, EGR1 was 

also found to contribute to the inhibition of cyto-protective autophagy, and patient 

databases revealed advanced ovarian carcinomas had several-fold decreases in EGR1 

expression250. Therefore, while EGR1 target gene expression could increase metastatic 

potential, enhancing EGR1 target gene expression may also increase a tumor’s sensitivity 

to cisplatin treatment.  

Current literature suggests WT1 may regulate epithelial-mesenchymal phenotype 

equilibrium, potentially by favoring a mesenchymal phenotype in early ovarian 

tumorigenesis251,252. Thus, WT1 is used as a marker to track the progression of ovarian 

cancer, and can be correlated with poorer prognosis253. Still unknown is whether or not 

suppression of STIM1 expression and SOCE by WT1 has any impact on the 

epithelial/mesenchymal balance in OC. However, it should be noted that mesenchymal to 

epithelial transitions are associated with expression changes in Ca2+ channels. 

Specifically, in RNAi screens in breast cancer cells, transient receptor potential (TRP) 

channel, TRPM7, was upregulated in mesenchymal phenotypes, whereas Orai1 was 

upregulated in epithelial phenotypes254. Additionally, while Orai1 expression is lower in 

advanced prostate cancer, Ca2+ channel TRPV6 is a marker for metastatic and androgen-

insensitive tumors, and has been targeted in a clinical trial218,255,256. Thus, the kinetics of 

SOCE appear to be an important and potentially targetable modulator of ovarian cancer 

progression. Considered collectively, dysregulated Ca2+ homeostasis may be important to 

the invasive mesenchymal phenotype in solid tumors.  
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Dysregulation of Ca2+ in acute myeloid leukemia 

 

The roles of WT1 and EGR1 as they pertain to STIM1 and SOCE in AML is poorly 

understood. WT1 expression, which is normally lost during leukocyte maturation, has been 

found to be upregulated in 73-93% of primary AML samples199,257,258. Yet, inactivating WT1 

mutations, observed in 10–12% of patients, are a negative prognostic indicator for AML 

258,259. EGR1 is expressed during normal myeloid differentiation260,261 and may prevent 

leukemogenesis through inhibiting oncogenes E2F-1 and c-myc262,263. In one study, 

minimal SOCE was observed in 3 of 5 AML cell lines examined, consistent with 

expectations for cells expressing WT1199,264. However, HL60 cells, which have low SOCE, 

induce EGR1 expression and recover SOCE in response to vitamin D3-induced 

differentiation into monocytes265-267. Mechanistic insight into how Ca2+ signals impact 

development, progression or treatment of AML remains to be established.   

 

Dysregulation of Ca2+ in glioblastoma multiforme 

 

Glioblastoma multiforme (GBM) is the most malignant and common glioma in humans, 

and is resistant to most conventional therapeutic strategies268-270. As such, there is a clear 

need for new insights into GBM biology and novel therapeutic approaches. Over the last 

20+ years, there have been a number of convincing insights that both EGR1 and Ca2+ 

homeostasis represent novel and promising untapped targets for therapeutics in this 

disease. GBM cells are highly dependent on enhanced SOCE for extracellular Ca2+ 
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influx271,272. This Ca2+ influx has been shown to affect cell cycle progression in this 

model273,274, and to promote resistance to apoptosis via CaMKII activation275. However, 

more recently, it has been shown GBM cell survival is enhanced by decreasing ER Ca2+ 

release via Akt-mediated inhibition of InsP3R276. Additionally, GBM cells exhibit relatively 

high susceptibility to ER Ca2+ release-induced ER stress and unfolded protein 277,278. 

These observations suggest that while Ca2+ entry supports the survival and growth of 

GBM, they are highly sensitive to differences in ER Ca2+ levels. 

Analyses of gene expression profiles of primary GBM found that both STIM1279 and 

STIM2280 were upregulated in GBM compared to normal brain tissue. However, what 

happens to EGR1 in GBM remains somewhat controversial. EGR1 was originally identified 

as a tumor suppressor in GBM, as NMDA-induced EGR1 expression was decreased in 

primary GBM, and this was associated with decreased patient survival281. However, 

enhanced EGR1 activity due to upregulation of the EGF and PDGFα receptors has been 

reported in several GBM cell lines282, and was associated with enhanced cell motility and 

metastasis through transactivation of the fibronectin (Fn) gene282. These reports suggest 

that EGR1 can also have a tumor promoting function in GBM. In addition there are also 

instances where WT1 expression is increased in GBM, a characteristic which can be a 

factor in distinguishing between astrocytoma and normal astrocytic cells283 and is 

correlated with proliferation in GBM284. Despite conflicting effects of EGR1 and WT1, the 

dependence of GBM on SOCE make these transcription factors, along with STIM and Orai 

proteins, appealing targets in developing novel therapeutic approaches. 

Although many observations have been made of how SOCE is involved in cancer 

progression, the conflicting data on how EGR1 and WT1 contribute likely reflect the 

pleiotropic effects of these transcription factors in cancer. Furthermore, although EGR4 

has been shown to have an effect on cell proliferation in small cell lung cancer, it remains 
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an understudied modulator of cancer progression285. Nevertheless, many types of cancer 

have dysregulated Ca2+ signaling, and this makes targeting Ca2+ homeostasis machinery 

an approach that could be both more specific to cancerous cells as well as versatile 

against multiple tumor types. 

 

WT1 and EGR1 in cardiovascular and pulmonary pathophysiology 

 

EGR1 has been associated with the progression of atherosclerosis286. In smooth muscle 

cells of both LDL-receptor deficient287 and apolipoprotein E (ApoE)-null mice288, EGR1 

was upregulated in atherosclerotic lesions. Interestingly, statins (such as simvastatin) 

have been shown to inhibit EGR1 expression in these lesions289 suggesting that the effect 

of statins may be mediated by EGR1 signaling. Additionally, EGR1 expression was found 

to be upregulated downstream of MAPK signaling pathways in vascular smooth muscle 

cells (VSMCs). These pathways are induced by various stimuli, including NADPH-

dependent heme oxidation149,290. This supports that EGR1 target genes are involved in 

cellular responses to oxidative conditions.  

The involvement of EGR1 activity in response to oxidative stress is pertinent because 

atherosclerotic plaques frequently produce hypoxic conditions, exacerbating damage and 

inflammation in the vasculature291. Following hypoxic conditions, multiple tissue types 

upregulate EGR1, including neural tissue, cells in peri-infarct regions, and renal cells286,292-

295. There is evidence to suggest that this is mediated at least in part through regulation of 

TGFβ signaling by EGR1, in the context of pulmonary fibrosis, and through cyclin D and 

EGF signaling in pulmonary adventitial fibroblasts during vascular remodeling296-298. These 
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studies establish the beginning of an understanding into how EGR1 regulates vascular 

remodeling following hypoxic injury.  

Similar to what has been described in neoplastic disease, EGR1 is also upregulated under 

ischemic conditions, such as during lung or myocardial reperfusion injury, and has been 

implicated in numerous aspects of these conditions. In some contexts, EGR1 could be 

seen as beneficial following some types of cardiovascular injury. For example, EGR1-

mediated promotion of angiogenesis improved cardiac remodeling in a rat model of heart 

failure concurrent with dietary obesity299. However, despite its role in vascular remodeling, 

EGR1 is involved in many pro-inflammatory processes, and can drive disease 

progression. In rodent models of cardiac reperfusion injury following myocardial infarct, 

treatments that reduced infarct size acted by suppressing EGR1 expression300,301. Thus, 

the ability to repress of EGR1 inhibited multiple means of damage from cardiac infarct, 

including subsequent inflammation, apoptosis, and autophagy. Furthermore, in a mouse 

model of lung transplant, EGR1 deletion improved graft function by attenuating neutrophil 

recruitment302. Of note, downregulating EGR1 in cardiomyocytes also appears to be 

beneficial. Rat cardiomyocytes treated in vivo and in vitro with Ca2+ channel blockers had 

significantly reduced damage. Overall, the greater contribution of EGR1 in 

cardiopulmonary appears to be in driving inflammatory processes, but the benefits of 

inhibiting EGR1 signaling may be seen by both immune and cardiac cells303. Interestingly, 

WT1 is also expressed in response to hypoxia and ischemia, however this aspect of 

vascular injury is only beginning to be elucidated with in vivo studies304,305. This suggests 

WT1 and EGR1 work in separate pathways to induce hypoxia and ischemia, yet it makes 

the role of Ca2+ less clear. Nonetheless, the role of WT1 following ischemic injury is an 

intriguing avenue of research that is poorly understood. 
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In cardiomyocytes, Ca2+ is utilized in both excitation-contraction coupling and non-

excitable signaling. However, it is aberrant non-excitable Ca2+ signaling that has been 

identified in the etiology of cardiomyopathies in response to pathological stimuli, such as 

aberrant adrenergic signaling or volume overload306-308.  

Reduced replenishment of the sarcoplasmic reticulum (SE) Ca2+ store by SERCA had long 

been recognized as contributing to abnormal Ca2+ cycling in cardiomyocytes309-311. The 

predominant splice variant in cardiomyocytes, SERCA2a, is downregulated during heart 

failure, and loss of SERCA2a activity in animal models produces a heart failure 

phenotype312,313. Because of this, the regulation of SERCA2a activity has been developed 

as a target in the treatment of heart failure. Recent clinical trials, notably the Ca2+ 

Upregulation by Percutaneous Administration of Gene Therapy in Cardiac Disease 

(CUPID) phase I and II trials, demonstrated mixed success with a high dose of a 

SERCA2a-expressing adeno-associated viral vector. While the smaller scale CUPID 

phase I trial saw fewer cardiovascular events, the CUPID phase II trial did not see 

significant differences in time-to-recurrent heart failure-related hospitalization, or time to 

terminal event314. Future approaches targeting SERCA2a activity have also looked at 

regulating SERCA2a inhibitor phospholamban, or increasing SERCA2a stability through 

increasing sumoylation315. 

In recent years, our understanding of EGR1 as a prominent marker of cardiac hypertrophy 

has expanded to include more mechanistic insight286. In addition to regulating SERCA2a 

expression, EGR1 upregulation subsequently induced transcription of the miR-99 family 

and downregulated Akt signaling in an in vivo model of pathologic hypertrophy316. The 

consequences of both EGR1 upregulation and Akt downregulation is consistent with the 

reemergence of fetal heart gene expression programs, and the loss of normal adult heart 

signaling during pathologic cardiac hypertrophy317,318.   
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In further support of the importance of EGR1 in cardiomyopathies, there is evidence that 

compensatory mechanisms in cardiac hypertrophy antagonize EGR1 activity. In a mouse 

model of heart failure, NAB1 was upregulated and protective against cardiomyocyte 

hypertrophy in response to pathological stimuli through repressing EGR145. Intriguingly, 

another EGR1 repressor, WT1, which has principally been described in the context of 

cardiac development, is upregulated following myocardial infarction305,319. Cardiac-

resident colony-forming cells that could aid in tissue repair following infarction were found 

to originate from WT1-positive cells320,321. Thus, the role of WT1 in differentiation appears 

to persist to a limited degree in the adult heart. 

EGR1 signaling in the context of a cardiomyopathy also has extensive interactions with 

ER stress signaling (reviewed in 322). Although a full understanding of the mechanism tying 

ER stress to cardiomyopathies is needed, studies have shown that stress on 

cardiomyocytes can induce an ER stress response, and ER stress response can in turn 

drive higher cytosolic Ca2+ levels and cardiac apoptosis323,324. In support of this, mice 

expressing constitutively active NFATc4 in the heart saw development of hypertrophic 

symptoms, such as fibrosis to the ventricular wall and cardiac myocyte enlargement, which 

were blocked by a calcineurin inhibitor325. Furthermore, ER stressors, including 

angiotensin II, increased several markers of cardiac hypertrophy both in vitro and in 

vivo326. Evidence on the dysregulation of SERCA during heart failure has also 

accumulated as a means of causing ER stress.  

Beyond cardiomyocytes, Ca2+ signaling in cardiac fibroblasts has emerged as another 

important facet in the development of cardiomyopathies. Fibroblasts provide the 

extracellular matrix in which cardiomyocytes reside, and are therefore critical to ventricular 

remodeling327,328. EGR1 appears to not only drive cardiomyopathy in cardiomyocytes, but 
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also by driving apoptosis in neighboring fibroblasts through upregulation of Siva-1, a pro-

apoptotic member of the TNF receptor family329. 

Cumulatively, these studies establish EGR1 as a driver of apoptosis and an inflammatory 

response after injury to endothelial cells, or during the chronic development of a 

cardiomyopathy. As a corollary, the repression of EGR1 signaling, by NAB1, WT1, or 

others, have shown protective effects, and are appealing targets to prevent damage and 

perhaps encourage healthy remodeling and restore cardiac function. 
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STATEMENT OF PURPOSE AND GOALS  

 

Mechanistic insight continues to be critical to understanding the versatility of Ca2+ 

responses in non-excitable cells. As discussed, store-operated Ca2+ entry plays important 

roles in an array of cellular processes, including T cell activation and differentiation, 

cardiomyopathies, and cancers. This is due in no small part to their position upstream of 

transcription factors such as NFAT, NF-κB, CREB, and others whose expression is 

induced by Ca2+ signals, including AP-1 components and EGR. My group’s studies on 

STIM1-mediated inhibition of PMCA4 elucidated a role for PMCA4 in T cell activation. The 

observation that PMCA4 activity was not solely dependent upon STIM1 expression led to 

questions into other mechanisms of PMCA4 regulation, and its role in T cell activation.  

Therefore, in addition to examining interactions between Ca2+ homeostasis proteins, I will 

also observe how these interactions affect spontaneous Ca2+ oscillations, as they would 

occur in unaltered cells, and attempt to quantitatively define these changes. Ultimately, I 

endeavor to understand how components of the Ca2+ signaling machinery contribute to 

physiological phenomena. My group and others have successfully characterized the role 

of EGR1 in T cell differentiation. Its isoform EGR4, which to date had been mainly 

characterized in the context of spermatogenesis, nonetheless was observed to be 

dynamically upregulated during T cell activation. Therefore, we ask how EGR1 and EGR4 

direct T cell differentiation via the expression of Ca2+ signaling components STIM1, Orai1, 

POST, and PMCA4. Finally, I consider a context in which expression of SOCE 

components does not explain dysregulated Ca2+ responses: the regulation of 

invasiveness, and in part metastatic potential, by SOCE in metastatic melanoma. 

Cumulatively, these studies seek to address the role of Ca2+ responses in cellular function 

and to define how these responses are generated and regulated. 
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CHAPTER 2. MATERIALS AND METHODS 

 

Cell culture 

 

Jurkat T cells 

 

Jurkat T cells (ATCC) were cultured in RPMI 1640 + L-glutamine (Corning) supplemented 

with 10% FBS and penicillin/streptomycin. HEK 293 cells were cultured in DMEM + 4.5 

g/L glucose, L-glutamine, & sodium pyruvate (Corning) supplemented with 10% FBS and 

penicillin/streptomycin. All cells were maintained at 37°C and 5% CO2. 

 

Melanoma cell lines 

 

From Hooper et al., “FS13, FS14, G361, UACC1273, FS4, FS5, M93-047 and UACC903 

cells were cultured in RPMI 1640 with L-glutamine supplemented with 10% FBS and 

antibiotics. All cells were maintained at 37°C; 5% CO2 188.” Cell culture was performed by 

myself and Dr. Robert Hooper. 

 

Cell transfection 

 

Jurkat T cells or HEK 293 cells were transiently transfected by electroporation on the 

Biorad GenePulser Xcell and cultured in Opti-MEM (Gibco) for 3 hours before 

supplementation with 10% FBS. For cells co-transfected with STIM1 and Orai1 constructs 

600 µM EGTA was also added to avoid Ca2+ overload. 

 



59 
 

Fluorescence protease protection assay 

 

The fluorescence protease protection assay was adapted from the protocol developed by 

330. HEK 293 cells were transiently transfected for 24 hours with N- (mCherry-POST) or 

C-terminally tagged (POST-GFP) constructs by electroporation. KHM buffer (110 mM 

KOAc, 20 mM HEPES, 2 mM MgCl2) was supplemented with 30 µM trypsin, 50 µM 

digitonin, and 1% Triton X-100 as described in the results section. Trypsin-free, trypsin + 

digitonin, and trypsin + Triton X-100-containing KHM buffers were successively added and 

fluorescence measured to determine quenching. Experiments were performed on a Leica 

DMI 6000B fluorescence microscope controlled by Slidebook Software (Intelligent 

Imaging Innovations; Denver, CO). 

 

Förster resonance energy transfer by acceptor photobleaching 

 

Jurkat T cells were transiently transfected with GFP and mCherry-tagged construct pairs 

expressing STIM1, POST, PMCA4a or PMCA4b. Experiments were performed on a Leica 

SP8 laser scanning microscope equipped with 405, 488, 552, and 638 nm solid state 

lasers. FRET acceptor mCherry was bleached at 100% laser power for 15 iterations and 

change in GFP fluorescence measured using PMT detector channels. FRET efficiency 

was calculated as: 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
= (𝐷𝐷𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷 𝑒𝑒𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝐷𝐷𝑓𝑓𝑝𝑝 𝑏𝑏𝑓𝑓𝑒𝑒𝑏𝑏𝑒𝑒ℎ − 𝐷𝐷𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷 𝑒𝑒𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝐷𝐷𝑒𝑒 𝑏𝑏𝑓𝑓𝑒𝑒𝑏𝑏𝑒𝑒ℎ)

𝐷𝐷𝐷𝐷𝑒𝑒𝐷𝐷𝐷𝐷 𝑒𝑒𝑓𝑓𝑓𝑓𝐷𝐷𝐷𝐷𝑒𝑒𝑓𝑓𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑝𝑝𝐷𝐷𝑓𝑓𝑝𝑝 𝑏𝑏𝑓𝑓𝑒𝑒𝑏𝑏𝑒𝑒ℎ
 

FRET values <0.1 were excluded. The percentage of FRET positive area (%FRETpos 

Area) was calculated as the area of regions in which FRET was detected (µm2) divided by 

the total area photobleached (µm2) multiplied by 100. 
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NFAT luciferase assay 

 

Jurkat T cells were transiently transfected with 8 µg NFAT-IFN-luciferase and 2 µg Renilla 

via electroporation (Lonza) for 48 hours before serum starvation for 3 hours. Cells were 

then incubated with 3 µM anti-CD3/CD28 antibodies for 6 hrs. Luciferase was measured 

using the Dual-Luciferase Reporter Assay System (Promega) in white flat-bottomed 96-

well plates (Thermo Fisher Scientific) on a GloMax Multi Detection reader (Promega) with 

an integration time of 0.5 seconds. Luciferase counts were normalized to Renilla counts. 

Averages are presented ± SEM of at least 3 independent experiments and analyzed by 

two-way ANOVA to determine statistical significance. 

 

Quantitative PCR 

 

qPCR was performed as previously described159. RNA was extracted using RNA Bee (Tel-

Test) followed by addition of 0.2 mL chloroform per 1 mL RNA Bee and phase separation 

by centrifugation. RNA was precipitated from the aqueous phase with isopropanol, spun 

down, and washed with 75% ethanol. Libraries of cDNA were generated using the High 

Capacity cDNA Reverse Transcription kit (Applied Biosystems) and quantitative PCR 

performed using PowerUp SYBR Green Master Mix (Applied Biosystems) on a 7300 Real-

Time PCR instrument (Thermo Fisher Scientific). Data are presented as the target 

expression level normalized to control protein expression level (TATA-box binding protein, 

TBP) with the following primers: Human POST sense (5’-TGCCTTTCCTCGCCGTGTTG-

3’), antisense (5’-TTCTTCTTGGCTTCCGGCTC-3’); human PMCA4a sense (5’-

CATGGGTCAACACCTTGATG-3’), antisense (5’-TGGTGCAACTGCTACATAGG-3’); 

human PMCA4b sense (5’-ACTCAGATCA AGTGGTCA-3’), antisense (5’-

GTTTCTGAATGCTTTCGTGG-3’); human TBP sense (5′-CAGCC GTTCAGCAGTCAA-
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3′), antisense (5′-GGAGGGATACAGTGGAGT-3′). To design PMCA4 splice variant-

specific primers, Primer-BLAST was used to design primers targeting exon 20 to 

specifically amplify PMCA4a; to specifically amplify PMCA4b, which skips exon 20, 

primers were designed to span the splice site between exons 19 and 21 331. The specificity 

of each primer pair was analyzed by DNA PAGE. Reactions from qPCR were run on a 

12% gel followed by ethidium bromide staining. Predicted amplicon size for PMCA4a 

primers is 61 base pairs; predicted amplicon size for PMCA4b is 58 base pairs 

(Supplemental Figure 15). In Chapter 5, target gene expression level was normalized to 

control gene transcript level (cde11), and was performed by myself and Dr. Robert 

Hooper. In Chapter 6, qPCR was performed by myself and Dr. Robert Hooper. From 

Hooper et al.: 

RNA was extracted using TRI Reagent (MRC).  Briefly, 1 ml of TRI reagent 
was added per 10 cm culture dish. Homogenate was stored at room 
temperature for 5 min followed by the addition of 0.2 ml chloroform to allow 
for phase separation. The mixture was incubated at room temperature for 
10 minutes and then centrifuged at 4°C at 12,000g for 15 minutes.  
Aqueous phase was removed and mixed with 0.5 ml ethanol followed by 
centrifugation at 4°C at 12,000g for 15 minutes to allow for RNA 
precipitation.  RT-PCR was completed as a two-step process using High 
Capacity cDNA Reverse Transcription (Applied Biosystems) followed by 
Sybr Green PCR (Invitrogen) on a 7300 Real Time PCR machine (Applied 
Biosystems).The real-time reaction was carried out by a ten min incubation 
at 95°C and 40 cycles at 95°C for 15 seconds and 60°C 1 min for annealing.  
Data is presented as a level relative to Tata-box binding protein (TBP) 
calculated using the following formula [2^(a-b)] and primers:188 
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Table 1. Primers for qPCR 

Target Sense Anti-sense 

Wnt5A 5' - TAAGCCCAGGAGTTGCTTTG-3' 5' -GCAGAGAGGCTGTGCTCCTA-3' 

MART1 5' -AGAAGATGCCCACAAGAAGG-3' 5' -CGCTGGCTCTTAAGGTGAAT-3' 

STIM1 5' -TGGAGAAGGTCCATCTGGAAA-3' 5' -TGGGCTTCCTGCTTAGCAA-3' 

STIM2 5' -GGGGTTCTCCCGACTGT-3' 5' -TGTGGCGAGGTTTAGGC-3' 

Orai1 5' -CGCTGACCACGACTACCCA-3' 5' -CTCCTTGACCGAGTTGAGATT-3' 

Orai2 5' -CCTCATCTTCGTGGTCTT-3' 5' -CTCGATCTCGCGGTTG-3' 

Orai3 5' -GGGGCTCGTGTTTGTG-3' 5' -GCAGGCGATTCAGTTC-3' 

TBP 5' -CAGCCGTTCAGCAGTCAA-3' 5' -GGAGGGATACAGTGGAGT -3' 

 

Ca2+ measurements of SOCE and clearance 

 

Cytosolic Ca2+ measurements were performed as previously described 71. Cells were 

serum starved in RPMI 1640 + L-glutamine supplemented with 0.5% BSA for 3 hours and 

plated on coverslips coated with poly-L-lysine or anti-CD3/CD28. Cells were loaded with 

2 µM Fura-2 acetoxymethylester (Invitrogen) or 2 µM Fura-2NM acetoxymethylester 

(Teflabs) for 30 minutes at 25°C in cation-safe solution (107 mM NaCl, 7.2 mM KCl, 1.2 

mM MgCl2, 11.5 mM glucose, 20 mM Hepes-NaOH, 1 mM CaCl2, pH 7.2). Cells were 

washed and dye allowed to de-esterify for 30 minutes at 25°C. Ca2+ measurements were 

made using a Leica DMI 6000B fluorescence microscope controlled by Slidebook 

Software (Intelligent Imaging Innovations; Denver, CO). Intracellular Ca2+ measurements 

are shown as 340/380 nm ratios obtained from groups of single cells. To measure PMCA-

mediated Ca2+ clearance, cells were store depleted in 2 µM thapsigargin. Following store 
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depletion, SOCE was induced by the addition of 1 mM Ca2+ and measured for 2 minutes, 

followed by Ca2+ clearance for 10 minutes in Ca2+-free imaging buffer + 100 nM EGTA. In 

Chapters 5 and 6, Ca2+ entry and clearance assays were performed by Dr. Robert Hooper. 

 

Measurement of spontaneous Ca2 oscillations 

 

Jurkat T cells were serum starved for 3 hours before plating on poly-L-lysine- or anti-

CD3/CD28-coated coverslips, and loaded with Fura-2 AM followed by 30 minute wash. 

F340/F380 images were acquired over 10 minutes with cells in 1 mM Ca2+ imaging buffer. In 

Chapters 3 and 4, acquisitions were performed by myself and Taha Cangöz (Temple 

University, Philadelphia, PA). In Chapter 5, acquisitions were performed by Dr. Robert 

Hooper. 

 

Seahorse assay 

 

Seahorse assays were performed on an XF96 extracellular flux analyzer (Seahorse 

Bioscience). Cells were seeded at 10,000 cells/well in RPMI 1640 + L-glutamine 

supplemented with 0.5% BSA and penicillin/streptomycin. Cells were treated at 37°C with 

Complex V inhibitor oligomycin to assess the proportion of basal respiration due to ATP-

linked respiration. Trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP) is next 

added to measure maximal respiratory capacity. Finally Complex I and III inhibitors, 

rotenone and antimycin A, respectively, halt the electron transport chain, allowing for 

measurement of non-mitochondrial respiration. Assays were performed by myself and Dr. 

Neeharika Nemani (Temple University, Philadelphia, PA). 
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Isolation of primary T cells 

 

T cells were isolated from spleen and lymph nodes using the MojoSort Negative Selection 

Kits for either CD4+ or CD8+ T cell selection (BioLegend, San Diego, CA). Following tissue 

separation into a single cell suspension, cell are incubated with a biotin antibody cocktail. 

Subsequently, they are incubated with magnetic streptavidin beads. Upon application to 

a magnetic separator, non-target cells are depleted from suspension. Isolated cells were 

then cultured in RPMI 1640 + L-glutamine (Corning) supplemented with 10% FBS and 

penicillin/streptomycin at 37°C and 5% CO2. Isolations by negative selection were 

performed by myself and Dr. Robert Hooper (Temple University, Philadelphia, PA). 

 

Intracellular staining and flow cytometry 

 

Flow cytometry was performed on single-cell suspensions on an LSRII (BD PharMingen) 

as previously described332,333. Experiments were performed by Dr. Jayati Mookerjee-Basu 

(Fox Chase Cancer Center, Philadelphia, PA). 

 

Enzyme-linked immunosorbent assay (ELISA) 

 

In this highly specific target detection assay, sample containing potential target antigen is 

adsorbed to wells before antibodies directed against target antigens is applied. These 

primary antibodies are conjugated to an enzyme. Following antibody binding, enzyme 

substrate is added, resulting in color change, followed by optical density analysis. 

Experiments were performed by Dr. Jayati Mookerjee-Basu. 

 

 



65 
 

Transwell invasion assay 

 

Melanoma cells were seeded at 3 x 104 or 5 x 104 (for FS4 and FS5 cells, respectively) 

onto filters coated with Matrigel (Becton Dickinson), and cultured in RPMI 1640 with 10% 

FBS. RPMI 1640 supplemented with 20% FBS was placed in the lower well. Cells were 

allowed to invade the lower well before fixing and staining by crystal violet. Cells were 

counted in Image J. 

 

Western Blot 

 

Cells were lysed in CHAPS buffer with protease inhibitors, cleared by centrifugation, and 

quantified by DC Protein Assay Kit (BioRad). Proteins were resolved on 8% SDS-PAGE 

gels before transfer to nitrocellulose membrane and probing with antibody.  

 

Materials 

 

Human anti-CD3 and anti-CD28 were obtained from eBioscience (San Diego, CA). Poly-

L-lysine was produced by Sigma-Aldrich (Saint Louis, MO). Fura-2 AM was purchased 

from Thermo Fisher Scientific (Waltham, MA). Thapsigargin was obtained from EMD 

Millipore (Billerica, MA). Trypsin, digitonin, and Triton X-100 for the FPP assays were 

obtained from Sigma-Aldrich. EGTA was obtained from EMD Millipore (Billerica, MA). 

 

Plasmids 

 

GFP-PMCA4b was a generous gift from Emanuel Strehler (Mayo Clinic, Rochester, MN). 

PMCA4a was cloned from a pMM2-hPMCA4a plasmid also generously provided by 
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Emanuel Strehler, and GFP-PMCA4a generated by Mutagenex (Suwanee, GA). POST-

GFP was generously provided by David Clapham (Howard Hughes Medical Institute, 

Ashburn, VA); all other POST constructs were generated by Mutagenex (Suwanee, GA). 

The STIM1-YFP was obtained from Anjana Rao (La Jolla Institute, San Diego, CA). NFAT-

IFN-luciferase was a generous gift from Joel Pomerantz (Johns Hopkins University, 

Baltimore, MD). mCherry-STIM1 was from Richard Lewis (Stanford University, Standford, 

CA). Scrambled control RNA was obtained from Thermo Fisher Scientific. HA-STIM1-

mCherry was generated by Mutagenex (Suwanee, GA). POST knockdown by RNAi was 

accomplished with an siRNA generated by Invitrogen (Carlsbad, CA): sense 5’-

GGACUACUUUCUGAGCAUUUGGUAU-3’, antisense 5’-AUACCAAAUGCUCA 

GAAAGUAGUCC-3’. 

 

Single cell analysis 

 

Nonlinear regression analysis of Ca2+ clearance in single cells was performed in 

GraphPad. Analysis of nonlinear regression models for a population of cells was 

performed using MATLAB scripts written by Matthew Aronson (Pennsylvania State 

University). Briefly, for a given condition, Y0 of individual cells was entered along with 

either corresponding calculated plateau, %Fast, τf, or τs. Values were binned by Y0 value, 

and the average, standard deviation, and number of cells in each bin were calculated. 
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CHAPTER 3. PMCA4 CLEARS NEAR-MEMBRANE CA2+ TO FACILITATE STORE-

OPERATED CA2+ ENTRY AND NFAT ACTIVATION 

 

Introduction 

 

The regulation of cytosolic Ca2+ is a universal mechanism of signal transduction334. In non-

excitable cells, the primary initiators of Ca2+ signals are phospholipase C (PLC)-coupled 

receptors, the activation of which leads to inositol trisphosphate (InsP3) production and 

the ER Ca2+ release that is responsible for the initial increase in cytosolic Ca2+. ER Ca2+ 

store depletion leads to oligomerization and extension of stromal interaction molecule 1 

(STIM1), driving its migration toward sites of close ER-PM apposition where it coordinates 

the activation of multiple signaling proteins. While Orai1 is by far the best investigated 

STIM target35,124,335,336, numerous other PM-localized STIM effectors have been identified 

including TRPC channels337-340, adenylate cyclase341-343, CaV1.2344,345 and plasma 

membrane Ca2+ ATPase 4 (PMCA4)71,159. While there is strong support for each of these 

STIM targets individually, there is a paucity of information regarding how these distinct 

events are coordinated, particularly within a physiological context. The focus of the current 

investigation is on STIM-mediated regulation of PMCA4 and Orai1 through the recently 

identified adaptor protein Partner of STIM1 (POST)346. 

STIM, Orai and PMCA are universally expressed. T cells in particular, the primary focus 

of this investigation, exhibit profound dependence upon store-operated Ca2+ entry 

(SOCE)124,335. One of the earliest events following antigen presentation is PLC activation 

and cytosolic Ca2+ elevation347. Due to the ~20,000-fold difference in Ca2+ concentration 

observed between the cytosol and both the extracellular milieu and the endoplasmic 

reticulum, the opening of Ca2+ channels leads to profound spatiotemporal differences in 
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local Ca2+ levels. Hence, the concentration of Ca2+ in the immediate vicinity of an open 

Ca2+ channel is reflective of the concentration of Ca2+ outside of the cell or within the ER 

lumen166,348. This leads to the existence of short-lived Ca2+ microdomains near the pores 

of Ca2+ channels that are critical for T cell activation18,349. Activation of Nuclear Factor of 

Activated T cells (NFAT), in particular, was shown to be directly dependent upon Orai1-

mediated Ca2+ entry350, although Ca2+ microdomains likely contribute to the activation of 

other transcription factors and cellular processes (example 351). However, like most Ca2+ 

channels, Orai1 is inhibited by Ca2+50,352. Therefore, local Ca2+ elevation presents a unique 

challenge for processes that require sustained Ca2+ responses. The extent to which Ca2+ 

clearance mechanisms may relieve Ca2+-mediated channel inhibition has not been 

established. 

There  have been several studies characterizing regulation of PMCA4 activity during T cell 

activation70,71,159,346, generally finding that Ca2+ clearance is inhibited, including by STIM1. 

The focus of the current investigation on the molecular interactions between STIM1, 

PMCA4, POST and Orai1, has led to new insights into context-dependent differences in 

PMCA4 function in activated T cells. Herein, we describe evidence in support of a new 

role for POST protecting PMCA4 from STIM1-mediated inhibition and coupling PMCA4 to 

Orai1, leading to sustainable Ca2+ entry and NFAT activation. 

 

Results 

 

PMCA4 overexpression stimulates NFAT activity 

 

In previous studies, we showed that STIM1-mediated inhibition of PMCA4b contributed to 

NFAT activation159. Considering that NFAT nuclear translocation is controlled by Ca2+-

dependent dephosphorylation by calcineurin, this observation was consistent with current 
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thinking; the corollary of this finding would be that increased PMCA4 activity would 

decrease NFAT activation. However, contrary to this prediction, PMCA4 overexpression 

has the opposite effect. In resting Jurkat T cells, overexpression of PMCA4b, but not 

PMCA4a led to an ~4-fold increase in NFAT activation (Fig. 11A). A 5- to 10-fold increase 

in NFAT activation was observed in Jurkat T cells stimulated with anti-CD3/CD28 under 

all conditions, with expression of either PMCA4a or PMCA4b maximally increasing NFAT 

activation. While STIM1 expression had no effect on NFAT activity in resting cells (Fig 

11A), in activated cells, STIM1 co-expression eliminated PMCA4a-mediated NFAT 

stimulation. However, STIM1 co-expression had no effect on NFAT activity enhanced in 

PMCA4b-expressing cells (Fig. 11B). There is relatively little information about PMCA4 

splice variant expression levels, however, following development of primers overlaying the 

C splice site to distinguish splice variants, analysis by qPCR revealed that both PMCA4b 

and PMCA4a are up-regulated following anti-CD3/CD28 treatment, and that PMCA4b is 

the dominant splice variant in both resting and stimulated cells (Fig. 11C, 12). These 

observations reveal an unexpected relationship between Ca2+ clearance and NFAT 

activity. To determine if these observations reflected a unique association between 

PMCA4 and NFAT activity, experiments were performed in cells overexpressing other 

PMCA4 isoforms. Overexpression of either PMCA1b or PMCA2b did not have any effect 

on resting NFAT levels, while a relatively modest, but still significant increase in NFAT 

activity was observed in activated cells (Fig 11D). Considered collectively, these 

observations reveal an unexpected and counter-intuitive role for PMCA4 and STIM1 in the 

regulation of NFAT activation. The current study is focused on characterizing this intriguing 

discovery. 

We previously reported colocalization of STIM1 and PMCA4b in activated T cells71 

although PMCA4a was not examined. Plating on anti-CD3/CD28 antibodies caused both  
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Figure 11. PMCA4 expression increases NFAT activity.  Jurkat T cells transfected with 
NFAT4-IFN-luciferase, Renilla and empty vector, GFP-PMCA4a, GFP-PMCA4b, PMCA1b 
or GFP-PMCA2b. Cells were incubated with vehicle (A,D) or anti-CD3/CD28 for 6 hours 
(B,D). NFAT activity was normalized to renilla counts. For all luciferase experiments, the 
average ± SEM from 3 independent experiments of triplicates were analyzed by two-way 
ANOVA followed by Tukey’s test. Statistically significant groups are indicated by a, b, c. 
(A) The p-value of the contribution of PMCA4 expression to NFAT activity was p<0.0001; 
the effect of STIM1 expression was statistically significant, p=0.0291; and the interaction 
of PMCA4 and STIM1 expression was statistically significant, p=0.0001. (B) Statistically 
significant groups are indicated by a, b, c, d. PMCA4 expression and the interaction of 
PMCA4 and STIM1 expression were statistically significant (both p<0.0001), but the 
contribution of STIM1 expression alone was not. (C) Transcript levels of PMCA4 splice 
variants in Jurkat T cells were measured by qPCR and normalized to TATA-binding protein 
(TBP) levels. Cells were activated for 2 hours with anti-CD3/CD28. Two-way ANOVA with 
Tukey’s test found no interaction, however PMCA4 splice variant and activation were both 
significant, p<0.0001. (D) NFAT activity was dependent on PMCA expression in a manner 
dependent on plating on CD3/CD28 (p < 0.0001), with significant differences between 
groups observed in activated cells only.   
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Figure 12. Validation of qPCR primer design for PMCA4a and PMCA4b. RNA was 
isolated from Jurkat T cells and reverse transcribed to produce cDNA libraries. The qPCR 
was performed using SYBR Green Master Mix (Applied Biosystems) in reactions using 
the designed primer pairs to amplify either PMCA4b or PMCA4a transcripts. To analyze 
the produced amplicons, reactions following thermal cycling for qPCR were resolved on a 
12% DNA PAGE gel. The resulting bands were consistent with specific and full length 
amplification of each predicted amplicon product (61 base pairs for PMCA4a primers, and 
58 base pairs for PMCA4b primers). 
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splice variants to accumulate at the bottom of the cell and in the center, consistent with 

previous observations of immunological synapse (IS) formation in Jurkat T cells plated on 

anti-CD3 antibodies353,354. However, no significant differences in co-localization with 

STIM1 occurred (Fig. 13A-C). We then performed FRET analysis by acceptor 

photobleaching in regions where STIM1-mCherry and GFP-PMCA4 were co-localized. 

FRET efficiency was plotted against the percentage of the probed area in which FRET 

was detected (%FRETpos Area). These experiments revealed modestly higher FRET 

efficiency between STIM1 and PMCA4b vs. PMCA4a, but no significant differences 

associated with T cell activation (Fig. 13D, E). These observations intimate that STIM1 

and PMCA4 are constitutively associated, consistent with prior observations using co-

immunoprecipitation71. STIM1 and PMCA4 have previously been shown to translocate to 

the IS upon T cell activation70,71,88,89,355; the current observations indicate that the two 

proteins may do so as a complex.   

Whether STIM1 can regulate PMCA4a-mediated Ca2+ clearance has not previously been 

assessed. To compare STIM1-mediated control of PMCA4a vs. PMCA4b, cells were 

transfected with the PMCA4 splice variants along with either STIM1 or empty vector before 

plating on anti-CD3/CD28-coated coverslips for 2 hours (Fig. 14). ER Ca2+ stores were 

depleted in Ca2+ free buffer containing thapsigargin before the addition of 1 mM Ca2+ for 

2 minutes. Ca2+ clearance was measured upon the subsequent addition of Ca2+ free buffer 

with 100 nM EGTA. For space and clarity, only the latter portion of these experiments is 

shown in this and subsequent figures; complete traces for all experiments are provided as 

supplementary material. As previously reported71,72,159, Ca2+ clearance was fit to 2-phase 

exponential decay. Co-expressing STIM1 with either PMCA4b or PMCA4a significantly 

attenuates several features of the later portion of the Ca2+ clearance curve (Fig. 14A, B; 

15, 16 and Table 2) while modestly, but significantly accelerating the fast phase (Table 2;  
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Figure 13. STIM1-PMCA4 co-localization and interactions are not splice variant-
dependent. (A, B) Jurkat T cells were co-transfected with STIM1-mCherry (red) and either 
GFP-PMCA4b (green, A) or GFP-PMCA4a (green, B), and serum starved for 3 hours 
before plating on coverslips. Co-localization is shown in white. (C) Colocalization between 
STIM1 and PMCA4 was calculated by Pearson coefficient over the entire area of each 
cell. Two-way ANOVA was used to determine statistical significance between the average 
± SEM of each condition, which was comprised of 19-63 cells. (D, E) FRET by acceptor 
photobleaching was performed in cells co-transfected with STIM1-mCherry and either 
GFP-PMCA4b (D) or GFP-PMCA4a (E). Only regions in which STIM1 and PMCA4 co-
localized were selected for photobleaching. The average ± SEM of FRET values>0.1 
(FRET+) regions for each cell are plotted on the y-axis; cells in which there were no FRET+ 
regions were excluded. Of FRET+ cells, the percentage of area in which FRET was 
detected out of the total area photobleached is plotted on the x-axis (%FRETpos Area). 
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Fig. 14). Since the concentration of Ca2+ (Y0) prior to Ca2+ removal varies considerably 

amongst individual cells, the contribution of Y0 to plateau, %FAST and τ was assessed. 

This analysis revealed significant contributions of both Y0 and STIM1 to several features 

of Ca2+ clearance (Fig. 15, 16). Hence, while Y0 had no effect on plateau (the theoretical 

baseline to which Ca2+ levels will return), STIM1 expression increased plateau in a Y0-

dependent manner when co-expressed with either PMCA4 isoform (Fig. 15C, 16C). In 

addition, the percentage of Ca2+ clearance occurring within the fast phase (%FAST) 

decreased as a function of Y0 in control, but not STIM1-expressing cells, particularly when 

co-expressed with PMCA4b (Fig 15E) as opposed to PMCA4a (Fig 16E). By contrast, 

relatively modest differences in τ were observed; τ1 exhibited greater Y0-dependence than 

differences in τ2, while STIM1 expression affected τ in PMCA4a, but not PMCA4b-

expressing cells. 

Based on the analyses described above (Table 2, Figs. 15, 16), our previously reported 

finding that STIM1 delays the slow phase of Ca2+ clearance can be further refined71,159. 

Hence, when co-expressed with PMCA4, rather than changing the rate of Ca2+ clearance 

within the 2nd phase, co-expression of STIM1 primarily led to an earlier shift from 1st to 2nd 

phase Ca2+ clearance. Further, the clear STIM1-dependent shifts in the relationships 

between Y0 and both plateau and %FAST may reflect a STIM1-induced change in the 

Ca2+-dependence of PMCA4. That these changes were more prevalent in PMCA4b- than 

PMCA4a-expressing cells (Fig. 15C, E vs. 16C,E) provides further support for this concept 

since PMCA4a is less Ca2+ sensitive than PMCA4b 331. Finally, despite the observed 

differences in Ca2+ sensitivity, it is apparent that STIM1 inhibits the function of both PMCA4 

isoforms. As such, these observations do not provide insight into the apparent splice 

variant-dependence of PMCA4-mediated NFAT activation. Given prior studies revealing 

POST as a STIM1- and PMCA4-binding protein with the ability to modulate Ca2+  
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Figure 14. PMCA4 splice-variant specific regulation is independent of STIM1. (A, B) 
Ca2+ clearance was measured in Jurkat T cells transfected with STIM1-mCherry and either 
GFP-PMCA4b (A) or GFP-PMCA4a (B). Cells were serum starved for 3 hours before 
loading with the cytosolic Ca2+ indicator Fura-2 AM and plating on anti-CD3/CD28 coated 
coverslips. Cells were treated with 2 µM thapsigargin in Ca2+-free imaging buffer. Buffer 
containing 1 mM Ca2+ was added for 2 minutes before recording Ca2+ clearance in Ca2+-
free buffer + 100 nM EGTA. Average of replicates are plotted as the ratio of fura-2 AM 
emission (F340/F380) over time. Representative full-length traces of these experiments are 
presented in Figures 14 and 15 along with an analysis of the relationship between Y0 and 
all other statistical features of Ca2+ clearance; only the clearance portion of these 
experiments are presented here. Statistical analyses are described within Table 2. 
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Figure 15. Single cell analysis of clearance kinetics as a function of Y0 in cells 
transfected with PMCA4b ± STIM1. Jurkat T cells were incubated for 24 hrs and serum 
starved for 3 hours before plating on anti-CD3/CD28 coated coverslips. Cells were loaded 
with Fura-2 AM and selected based on fluorescence of the indicated proteins. Cells were 
kept in Ca2+-free imaging buffer for 2 minutes before store depletion in 2 µM thapsigargin 
in Ca2+-free buffer. Once cytosolic Ca2+ levels returned to baseline, 1 mM Ca2+ was added 
for 2 minutes until peak Ca2+ entry had been reached, followed by replacement of Ca2+-
containing buffer with Ca2+-free buffer plus 100 nM EGTA. Ca2+ clearance in this final 
phase was recorded for 10 minutes. (A,B) Representative complete traces. (C-G) Calcium 
clearance from each cell used for figure 1J was fit to 2-phase exponential decay. The data 
was grouped based on Y-intercept (Y0) with a minimum of 3 traces/group and compared 
to plateau (C; theoretical point at which Ca2+ concentration no longer decreases), τ1 (D; 
time constant for the first phase), %FAST (E; the calculated portion of Ca2+ clearance 
achieved during the first phase) or τ2 (F; time constant for the first phase). (C) Two-way 
ANOVA reveals that STIM1 and Y0 interdependently control plateau (p = 0.0124). (C) Two-
way ANOVA reveals that STIM1 and Y0 interdependently control plateau (p = 0.0124). (D) 
Two-way ANOVA reveals that only Y0 significantly affects τ1 (p = 0.0028). (E) Two-way 
ANOVA reveals that STIM1 and Y0 interdependently control %FAST (p = 0.0001). (F) Two-
way ANOVA reveals no overall significant  differences in τ2 (p > 0.05). (G) The relative 
fraction of cells at each Y0 for Control (n=89) or STIM1-expressing cells (n=115). STIM1-
dependent differences at each Y0 were determined by Tukey’s post-hoc analysis. * p < 
0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 16. Single cell analysis of clearance kinetics as a function of Y0 in cells 
transfected with PMCA4a ± STIM1. Cells were transfected with PMCA4a ± STIM1, 
incubated for 24 hrs and serum starved for 3 hours before plating on anti-CD3/CD28 
coated coverslips. Cells were loaded with Fura-2 AM and selected based on fluorescence 
of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 minutes before 
store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic Ca2+ levels 
returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry had been 
reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer plus 100 
nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell used for figure 
1J was fit to 2-phase exponential decay. The data was grouped based on Y-intercept (Y0) 
with a minimum of 3 traces/group and compared to plateau (C; theoretical point at which 
Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), %FAST 
(E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time 
constant for the first phase). (C) Two-way ANOVA reveals that STIM1 and Y0 
interdependently control plateau (p = 0.0003). (D) Two-way ANOVA reveals that Y0 (P = 
0.0002) and STIM1 (P < 0.0001) independently control τ1. (E) Two-way ANOVA reveals 
that STIM1 and Y0 interdependently control %FAST (p = 0.0022). (F) Two-way ANOVA 
reveals STIM1 and Y0 interdependently control τ2 (p = 0.0239). (G) The relative fraction of 
cells at each Y0 for Control (n=122) or STIM1-expressing cells (n=139). STIM1-dependent 
differences at each Y0 were determined by Tukey’s post-hoc analysis. * p < 0.05; ** p < 
0.01; *** p < 0.001; **** p < 0.0001. 
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Table 2. Calculated non-linear regression constants from Ca2+ clearance in cells 
expressing PMCA4 ± STIM1. 

 
N = the number of independent experiments; m = the number of cells used for each 
experiment. Constants were obtained from the equation: Y=B + (Y0-B)(%Fast/100)*e(-X/ τ

f
) 

+ (Y0-B)*(100-%Fast)/100*e(-X/ τ
s
), where B is the plateau, τF and τs are time constants for 

the fast and slow phase, respectively. Y0 is the value of Y at X=0. %Fast is the fraction of 
the Y signal due to the fast phase, as percent. X is time. 
Two-way ANOVA shows that τf was dependent upon both PMCA4 splice variant and 
STIM1 expression (p = 0.0006). STIM1 significantly accelerated τf in both a PMCA4b-
expressing and c PMCA4a-expressing cells (p < 0.0001). b No PMCA4-dependent 
difference in τf in the absence of STIM1. 
Two-way ANOVA shows that τs was dependent upon both PMCA4 splice variant and 
STIM1 expression (p < 0.0001). STIM1 significantly decreased τs in both d PMCA4b-
expressing and f PMCA4a-expressing cells (p < 0.0001). e No PMCA4-dependent 
difference in τs in the absence of STIM1. 
Two-way ANOVA shows that Y0 was dependent upon both PMCA4 splice variant and 
STIM1 expression (p = 0.0012). g STIM1 had no effect on Y0 in PMCA4b-expressing cells, 
but decreased Y0 in i PMCA4a-expressing cells (p < 0.0001). h No PMCA4-dependent 
difference in Y0 in the absence of STIM1. 
Two-way ANOVA shows that %FAST was dependent upon both PMCA4 splice variant 
and STIM1 expression (p = 0.0015). j STIM1 had no effect on %FAST in PMCA4b-
expressing cells, but decreased %FAST in l PMCA4a-expressing cells (p < 0.05). k No 
PMCA4-dependent difference in %FAST in the absence of STIM1. 
Two-way ANOVA shows that the plateau was dependent upon both PMCA4 splice variant 
and STIM1 expression (p < 0.0001). STIM1 significantly increased the plateau in both m 
PMCA4b-expressing and o PMCA4a-expressing cells (p < 0.0001). n No PMCA4-
dependent difference in the plateau in the absence of STIM1. 
 
 

Parameter 
PMCA4b PMCA4a 

Endogenous 
STIM1 

STIM1 
overexpression 

Endogenous 
STIM1 

STIM1 
overexpression 

n (m) 6 (89) 5 (115) 6 (122) 5 (139) 
Two-phase 
preferred < 0.0001 < 0.0001 < 0.0001 < 0.0001 

R2 0.7599 0.9650 0.7581 0.8205 

τf 10.1±1.002 5.99±0.206a 10.63±1.131b 3.67±0.384c 

τs 125.5±7.902 154.8±3.56d 116.2±7.425e 197.7±8.20f 

Y0 7.73±0.1719 7.76±0.062g 7.495±0.167h 7.04±0.161i 

%FAST 56.39±1.828 58.16±0.516j 55.09±2.053k 51.69±1.435l 

Plateau 0.986±0.031 1.56±0.015m 1.019±0.028n 1.160±0.032o 
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clearance346, our investigation shifted to determine the contribution of POST to these 

phenomena. 

 

POST modulates Ca2+ entry and clearance when co-expressed with PMCA4 

 

To assess the possibility that POST-mediated control of PMCA4 activity was splice 

variant-dependent, Jurkat T cells were transiently transfected with empty vector, PMCA4a 

or PMCA4b and/or POST before measuring Ca2+ entry and clearance. In resting cells, 

POST overexpression had no effect on SOCE unless PMCA4a was overexpressed, in 

which significant attenuation was observed (Fig 17A, B).  

To determine how POST affects PMCA4 function, Ca2+ clearance was examined in cells 

co-expressing POST and each PMCA4 splice variant. In unstimulated cells without 

PMCA4 co-expression, very minor POST-mediated increases in τf were observed with no 

significant effect on τs or the percentage of Ca2+ clearance within the fast phase (Fig. 17C, 

18; Table 3). In unstimulated cells (Fig. 17C-E, 18-20, Table 3), expression of either 

PMCA4a or PMCA4b led to a significant increase in the percentage of Ca2+ clearance 

found within the slow phase. Furthermore, this effect was attenuated by co-expression of 

POST in PMCA4a-expressing cells (Fig. 17E), yet totally eliminated in PMCA4b-

expressing cells expressing POST (marked by the dashed lines in figure 17; statistics in 

Table 3). Hence, whereas STIM1 expression increases the portion of Ca2+ clearance 

occurring within the slow phase (Fig. 14A, B), POST has the opposite effect. Further, since 

POST co-expression with PMCA4b vs. PMCA4a differentially affected both Ca2+ entry and 

clearance, POST-dependent differences in PMCA4 function are splice variant-dependent.  
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Figure 17. POST accelerates Ca2+ clearance in PMCA4-expressing cells. Jurkat T 
cells transfected with empty vector or mCherry-POST along with empty vector, GFP-
PMCA4a or GFP-PMCA4b. Cells were serum starved for 3 hours before loading with the 
cytosolic Ca2+ indicator Fura-2 AM and plating on poly-l-lysine coated coverslips. Cells 
were treated with 2 µM thapsigargin in Ca2+-free imaging buffer. Buffer containing 1 mM 
Ca2+ was added for 2 minutes before recording Ca2+ clearance in Ca2+-free buffer + 100 
nM EGTA. (A) Representative traces showing Ca2+ entry and clearance in cells 
transfected with empty vector or PMCA4 ± POST.  (B) Peak Ca2+ entry was calculated as 
the average maximum F340/F380 – minimum F340/F380 for each cell within each condition and 
compared by two-way ANOVA with multiple comparisons. * indicates P < 0.05 in 
comparison to resting cells transfected with empty vector. (C-E) Clearance traces are the 
average of multiple independent experiments (see Table 3) and were fit to a biphasic 
exponential decay model. Measured data is shown as open circles while the calculated 
data is shown as a line. The calculated point of transition between the fast and slow 
phases for each condition is demarcated by dashed lines. Representative full-length 
traces of these experiments are presented in Figures 18-20 along with an analysis of the 
relationship between Y0 and all other statistical features of Ca2+ clearance; quantitation of 
Ca2+ clearance dynamics with statistical analysis are available in Table 3. 
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Figure 18. Single cell analysis of clearance kinetics as a function of Y0 in cells 
expressing POST. Cells were transfected with empty vector or POST, incubated for 24 
hrs and serum starved for 3 hours before plating on poly-L-lysine-coated coverslips. Cells 
were loaded with Fura-2 AM and selected based on fluorescence of the indicated proteins. 
Cells were kept in Ca2+-free imaging buffer for 2 minutes before store depletion in 2 µM 
thapsigargin in Ca2+-free buffer. Once cytosolic Ca2+ levels returned to baseline, 1 mM 
Ca2+ was added for 2 minutes until peak Ca2+ entry had been reached, followed by 
replacement of Ca2+-containing buffer with Ca2+-free buffer plus 100 nM EGTA. Ca2+ 
clearance in this final phase was recorded for 10 minutes. (A,B) Representative complete 
traces. (C-F) Calcium clearance from each cell used for figure 1J was fit to 2-phase 
exponential decay. The data was grouped based on Y-intercept (Y0) with a minimum of 3 
traces/group and compared to plateau (C; theoretical point at which Ca2+ concentration no 
longer decreases), τ1 (D; time constant for the first phase), %FAST (E; the calculated 
portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time constant for the 
first phase). (C) Two-way ANOVA reveals that POST and Y0 interdependently control 
plateau (p = 0.0003). (D) Two-way ANOVA reveals that Y0 (P = 0.0002) and POST (P < 
0.0001) independently control τ1. (E) Two-way ANOVA reveals that POST and Y0 
interdependently control %FAST (p = 0.0022). (F) Two-way ANOVA reveals POST and 
Y0 interdependently control τ2 (p = 0.0239). (G) The relative fraction of cells at each Y0 for 
Control (n=300) or POST-expressing cells (n=222). POST-dependent differences at each 
Y0 were determined by Tukey’s post-hoc analysis. * p < 0.05; ** p < 0.01; *** p < 0.001; 
**** p < 0.0001. 
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Figure 19. Single cell analysis of clearance kinetics as a function of Y0 in cells 
expressing PMCA4a ± POST. Cells were transfected with PMCA4a along with empty 
vector or POST, incubated for 24 hrs and serum starved for 3 hours before plating on poly-
L-lysine-coated coverslips. Cells were loaded with Fura-2 AM and selected based on 
fluorescence of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 
minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic 
Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry 
had been reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer 
plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell used for figure 
1J was fit to 2-phase exponential decay. The data was grouped based on Y-intercept (Y0) 
with a minimum of 3 traces/group and compared to plateau (C; theoretical point at which 
Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), %FAST 
(E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time 
constant for the first phase). (C) Two-way ANOVA reveals that POST and Y0 
interdependently control plateau (p = 0.0013). (D) Two-way ANOVA reveals that Y0 and 
POST interdependently (p = 0.0136) control τ1. (E) Two-way ANOVA reveals that POST 
(p = 0.0094) and Y0 (p < 0.0001) independently control %FAST. (F) Two-way ANOVA 
reveals no effect of POST or Y0 on τ2 (p > 0.05). (G) The relative fraction of cells at each 
Y0 for Control (n=90) or POST-expressing cells (n=124). POST-dependent differences at 
each Y0 were determined by Tukey’s post-hoc analysis. * p < 0.05; ** p < 0.01; *** p < 
0.001; **** p < 0.0001. Note that the due to shifted distributions, data from cells exhibiting 
Y0 of 0-2, 3 and 4 were grouped for statistical analysis. 
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Figure 20. Single cell analysis of clearance kinetics as a function of Y0 in cells 
expressing PMCA4b ± POST. Cells were transfected with PMCA4b along with empty 
vector or POST, incubated for 24 hrs and serum starved for 3 hours before plating on poly-
L-lysine-coated coverslips. Cells were loaded with Fura-2 AM and selected based on 
fluorescence of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 
minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic 
Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry 
had been reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer 
plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell used for figure 
1J was fit to 2-phase exponential decay. The data was grouped based on Y-intercept (Y0) 
with a minimum of 3 traces/group and compared to plateau (C; theoretical point at which 
Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), %FAST 
(E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time 
constant for the first phase). (C) Two-way ANOVA reveals that Y0 (p = 0.0144) controls 
plateau and POST (P > 0.05) does not. (D) Two-way ANOVA reveals that Y0 (P < 0.0001) 
controls τ1 and POST does not (P > 0.05). (E) Two-way ANOVA reveals that POST and 
Y0 interdependently control %FAST (p = 0.0188). (F) Two-way ANOVA reveals that POST 
(P = 0.0469) controls τ2 and Y0 does not (P > 0.05). (G) The relative fraction of cells at 
each Y0 for Control (n=68) or POST-expressing cells (n=56). POST-dependent differences 
at each Y0 were determined by Tukey’s post-hoc analysis. * p < 0.05; ** p < 0.01; *** p < 
0.001; **** p < 0.0001. 
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Table 3. Calculated non-linear regression constants from Ca2+ clearance assays in 
unstimulated Jurkat T cells expressing POST. 
 

N = the number of independent experiments; m = the number of cells used for each 
experiment. Constants were obtained from the equation: Y=B + (Y0-B)(%Fast/100)*e(-X/ τ

f
) 

+ (Y0-B)*(100-%Fast)/100*e(-X/ τ
s
), where B is the plateau, τf and τs are time constants for 

the fast and slow phase, respectively. Y0 is the value of Y at X=0. %Fast is the fraction of 
the Y signal due to the fast phase, as percent. X is time. 

Two-way ANOVA shows that τf was dependent upon both PMCA4 splice variant and 
POST expression (p = 0.002). τf was accelerated to different degrees between b PMCA4a-
expressing and c PMCA4b-expressing cells (p < 0.0001, all groups). In the presence of 
POST, τf remained indistinguishable from control (p >0.05). 
Two-way ANOVA shows that τs was dependent upon both PMCA4 splice variant and 
POST expression (p = 0.0208). τs was accelerated in both e PMCA4a-expressing (p < 
0.0001) and f PMCA4b-expressing cells (p < 0.05). d POST had no effect on τs (p > 0.05). 
In the presence of POST, τs was accelerated by g PMCA4a (p < 0.0001), but not f PMCA4b 
expression (p >0.05). 
Two-way ANOVA shows that Y0 was dependent upon both PMCA4 splice variant and 
POST expression (p < 0.0001). Y0 was increased in h PMCA4a-expressing and i PMCA4b-
expressing cells (p < 0.0001). Y0 was significantly higher in PMCA4b- than PMCA4a-
expressing cells (p < 0.01). g POST had no effect on Y0 (p > 0.05). In the presence of 
POST, Y0 was decreased by both j PMCA4a and k PMCA4b expression (p >0.0001). Y0 
was significantly higher in POST-PMCA4b- than POST-PMCA4a-expressing cells (p < 
0.0001). 
Two-way ANOVA shows that %FAST was dependent upon both PMCA4 splice variant 
and POST expression (p = 0.0003). %FAST was decreased in both m PMCA4a-expressing 
and m PMCA4b-expressing cells (p < 0.01). m POST had no effect on %FAST (p > 0.05). 
In the presence of POST, %FAST was decreased by m PMCA4a expression only (p 
>0.001). %FAST was significantly higher in POST-PMCA4b- than POST-PMCA4a-
expressing cells (p < 0.0001).The plateau was significantly higher in POST-PMCA4a- than 
POST-PMCA4b-expressing cells (p < 0.05). 

Parameter Endogenous POST POST overexpression 

PMCA4 
expression Control PMCA4a PMCA4b Control PMCA4a PMCA4b 

n (m) 6 (300) 6 (109) 5 (68) 6 (222) 13 (124) 6 (56) 

Two-phase 
preferred P < 0.0001 < 0.0001 < 0.0001 P < 0.0001 < 0.0001 < 0.0001 

R2 0.9530 0.8391 0.8934 0.9559 0.8202 0.9531 

τf 10.9±0.197a 7.79±0.632b 9.51±0.528c 12.3±0.208a 12.3±2.27a 12.0±0.191a 

τs 169.6±13.8d 68.25±6.21e 109.7±6.26f 152.9±8.58d 41.09±14.4g 110.3±14.5f 

Y0 7.11±0.049g 7.37±0.133h 7.58±0.107i 7.06± 0.044g 5.59±0.092j 6.201±0.034k 

%FAST 88.24±0.015l 67.26±2.23m 66.62±1.20m 87.64±0.435l 67.71±15.4m 94.32±0.561l 

Plateau 0.73±0.015n 1.00±0.026o 0.961±0.021o 0.698±0.007n 0.912±0.044p 0.8609±0.005q 



85 
 

Since PMCA4 is well known to be regulated by cytosolic Ca2+ content331 and POST 

expression affected Ca2+ entry when co-expressed with PMCA4, the relationship between 

Y0 and Ca2+ clearance was investigated. Consistent with the modest differences in peak 

SOCE (Fig. 17B), POST-mediated differences in the Y0 distribution in both PMCA4a- (Fig. 

19G) and PMCA4b-expressing cells (Fig. 20G) were observed. Independent of these 

differences, however, both POST and Y0 significantly affected %FAST, τf, τs and plateau 

to varying degrees (Fig. 19-20). Overall, these observations reveal significant Ca2+-

dependent (based on association with Y0) and Ca2+-independent (i.e. POST-dependent) 

mechanisms in control of Ca2+ clearance. 

Examination of POST-mediated control of Ca2+ clearance in activated T cells revealed a 

similar PMCA4 splice variant-dependent relationship (Fig. 21C-E, 22-24). In contrast with 

unstimulated cells, in cells plated on anti-CD3/CD28, PMCA4a-mediated attenuation of 

SOCE in the presence of POST no longer occurred, while a modest POST-induced 

increase in SOCE was observed in PMCA4b-expressing cells (Fig 21A, B). Although 

surprising, these observations are somewhat consistent with the splice variant-dependent 

increase in NFAT activation reported in Figures 11A and 11B. 

PMCA4 expression led to a substantial increase in the percentage of slow Ca2+ clearance 

that was indistinguishable between PMCA4a and PMCA4b (Fig. 21D, E; Table 4). POST 

expression led to a very minor, but statistically significant increase in the percentage of 

fast Ca2+ clearance in activated T cells (Fig. 21C; Table 4).  However, in cells co-

expressing POST and PMCA4, the percentage of Ca2+ clearance found within the fast 

phase was significantly accelerated, with a significantly greater difference observed in 

PMCA4b-expressing cells (Fig. 21D, E; Table 4). Analysis of the dependence of Ca2+ 

clearance on Y0 revealed no POST-mediated differences in the Y0 distribution in PMCA4a-

expressing cells (Fig. 23), but a substantial number of cells with greatly increased Y0 in  
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Figure 21. POST accelerates Ca2+ clearance in activated T cells expressing PMCA4.  
As in figure 14, Jurkat T cells were transfected with empty vector or mCherry-POST along 
with empty vector, GFP-PMCA4a or GFP-PMCA4b. Cells were serum starved for 3 hours 
before loading with the cytosolic Ca2+ indicator Fura-2 AM and plating on anti-CD3/CD28-
coated coverslips. Cells were treated with 2 µM thapsigargin in Ca2+-free imaging buffer. 
Buffer containing 1 mM Ca2+ was added for 2 minutes before recording Ca2+ clearance in 
Ca2+-free buffer + 100 nM EGTA. (A) Representative traces showing Ca2+ entry and 
clearance in cells transfected with empty vector or PMCA4 ± POST.  (B) Peak Ca2+ entry 
was determined under all conditions and compared by two-way ANOVA with multiple 
comparisons. * indicates P < 0.05 in comparison to resting cells transfected with empty 
vector. (C-E) Clearance traces are the average of multiple independent experiments (see 
Table S3) and were fit to a biphasic exponential decay model. Measured data is shown 
as open circles while the calculated data is shown as a line. The calculated point of 
transition between the fast and slow phases for each condition is demarcated by dashed 
lines. Representative full-length traces of these experiments are presented in Figures 21-
23 along with an analysis of the relationship between Y0 and all other statistical features 
of Ca2+ clearance; quantitation of Ca2+ clearance dynamics with statistical analysis are 
available in Table 4.  
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Figure 22. Single cell analysis of clearance kinetics as a function of Y0 in activated 
cells expressing POST. Cells were transfected with empty vector or POST, incubated 
for 24 hrs and serum starved for 3 hours before plating on anti-CD3/CD28 coated 
coverslips. Cells were loaded with Fura-2 AM and selected based on fluorescence of the 
indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 minutes before store 
depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic Ca2+ levels returned to 
baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry had been reached, 
followed by replacement of Ca2+-containing buffer with Ca2+-free buffer plus 100 nM 
EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell used for figure 
20C was fit to 2-phase exponential decay. The data was grouped based on Y-intercept 
(Y0) with a minimum of 3 traces/group and compared to plateau (C; theoretical point at 
which Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), 
%FAST (E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 
(F; time constant for the first phase). (C) Two-way ANOVA reveals that only Y0 significantly 
affects plateau (p < 0.0001). (D) Two-way ANOVA reveals that only POST significantly 
affects τ1 (p =0.0147). (E) Two-way ANOVA reveals that only Y0 significantly affects 
%FAST (p < 0.0001). (F) Two-way ANOVA reveals that only Y0 significantly affects τ2 (p 
< 0.0001). (G) The relative fraction of cells at each Y0 for Control (n=300) or POST-
expressing cells (n=260). POST-dependent differences at each Y0 were determined by 
Tukey’s post-hoc analysis. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 23. Single cell analysis of clearance kinetics as a function of Y0 in activated 
cells expressing PMCA4a ± POST. Cells were transfected with PMCA4a along with 
empty vector or POST, incubated for 24 hrs and serum starved for 3 hours before plating 
anti-CD3/CD28 coated coverslips. Cells were loaded with Fura-2 AM and selected based 
on fluorescence of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 
2 minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic 
Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry 
had been reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer 
plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell was fit to 2-phase 
exponential decay. The data was grouped based on Y-intercept (Y0) with a minimum of 3 
traces/group and compared to plateau (C; theoretical point at which Ca2+ concentration no 
longer decreases), τ1 (D; time constant for the first phase), %FAST (E; the calculated 
portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time constant for the 
first phase). (C) Two-way ANOVA reveals that Y0 (P = 0.0049) and POST (P < 0.0001) 
independently control plateau. (D) Two-way ANOVA reveals that STIM1 and Y0 
interdependently control τ1 (P = 0.0226) (E) Two-way ANOVA reveals that Y0 (P < 0.0001) 
and POST (P < 0.0001) independently control %FAST. (F) Two-way ANOVA reveals 
POST and Y0 interdependently control τ2 (p = 0.0069). (G) The relative fraction of cells at 
each Y0 for Control (n=122) or POST-expressing cells (n=186). POST-dependent 
differences at each Y0 were determined by Tukey’s post-hoc analysis. * p < 0.05; ** p < 
0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 24. Single cell analysis of clearance kinetics as a function of Y0 in activated 
cells expressing PMCA4b ± POST. Cells were transfected with PMCA4b along with 
empty vector or POST, incubated for 24 hrs and serum starved for 3 hours before plating 
anti-CD3/CD28 coated coverslips. Cells were loaded with Fura-2 AM and selected based 
on fluorescence of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 
2 minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic 
Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry 
had been reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer 
plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell was fit to 2-phase 
exponential decay. The data was grouped based on Y-intercept (Y0) with a minimum of 3 
traces/group and compared to plateau (C; theoretical point at which Ca2+ concentration no 
longer decreases), τ1 (D; time constant for the first phase), %FAST (E; the calculated 
portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time constant for the 
first phase). (C) Two-way ANOVA reveals that only POST significantly affects plateau (p 
= 0.0006). (D) Two-way ANOVA reveals only POST significantly affects τ1 (p = 0.0004). 
(E) Two-way ANOVA reveals that Y0 (p = 0.0003) and POST (p = 0.0268) independently 
control %FAST. (F) Two-way ANOVA reveals no overall significant  differences in τ2 (p > 
0.05). (G) The relative fraction of cells at each Y0 for Control (n=89) or POST-expressing 
cells (n=46). POST-dependent differences at each Y0 were determined by Tukey’s post-
hoc analysis. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Table 4. Calculated non-linear regression constants from Ca2+ clearance assays in 
activated T cells expressing POST. 

N = the number of independent experiments; m = the number of cells used for each 
experiment. Constants were obtained from the equation: Y=B + (Y0-B)(%Fast/100)*e(-X/ τ

f
) 

+ (Y0-B)*(100-%Fast)/100*e(-X/ τ
s
), where B is the plateau, τF and τs are time constants for 

the fast and slow phase, respectively. Y0 is the value of Y at X=0. %Fast is the fraction of 
the Y signal due to the fast phase, as percent. X is time. 

Two-way ANOVA shows that τf was dependent upon both PMCA4 splice variant and 
POST expression (p = 0.02). τf was accelerated in b PMCA4b-expressing (p < 0.01), but 
not a PMCA4a-expressing cells (p > 0.05). a POST had no effect on τf without PMCA4 o/e 
(p > 0.05). PMCA4 o/e had no effect on τf in the presence of POST (p > 0.05). 
Two-way ANOVA shows that τs was dependent upon both PMCA4 splice variant and 
POST expression (p = 0.0208). τs was accelerated in both d PMCA4a-expressing and 
PMCA4b-expressing cells (p < 0.0001). c POST had no effect on τs without PMCA4 o/e (p 
> 0.05). In the presence of POST, τs was accelerated by e PMCA4a, but decreased by f 
PMCA4b expression (p < 0.0001). τs was significantly faster in POST-PMCA4a-expressing 
than POST-PMCA4b-expressing cells (p > 0.0001). 
Two-way ANOVA shows that Y0 was dependent upon both PMCA4 splice variant and 
POST expression (p < 0.0001). Y0 was increased in h PMCA4a-expressing and i PMCA4b-
expressing cells (p < 0.0001). Y0 was significantly higher in PMCA4b- than PMCA4a-
expressing cells (p < 0.01). g POST had no effect on Y0 (p > 0.05) without PMCA4 o/e. In 
the presence of POST, Y0 was increased by both j PMCA4a and k PMCA4b expression (p 
>0.0001). Y0 was significantly higher in POST-PMCA4b- than POST-PMCA4a-expressing 
cells (p < 0.0001). 
Two-way ANOVA shows that %FAST was dependent upon both PMCA4 splice variant 
and POST expression (p = 0.0003). %FAST was decreased in both m PMCA4a-expressing 
and PMCA4b-expressing cells (p < 0.01). l POST had no effect on %FAST without PMCA4 
o/e (p > 0.05). In the presence of POST, %FAST was decreased by n PMCA4a-expression 
(p < 0.001), but unchanged by l PMCA4b expression (p > 0.05). %FAST was significantly 
higher in POST-PMCA4b- than POST-PMCA4a-expressing cells (p < 0.0001). 
Two-way ANOVA shows that the plateau was dependent upon both PMCA4 splice variant 
and POST expression (p = 0.0068). The plateau was increased in both p PMCA4a-

Parameter Endogenous POST POST overexpression 

PMCA4 
expression Control PMCA4a PMCA4b Control PMCA4a PMCA4b 

n (m) 6 (300) 6 (122) 6 (89) 6 (260) 12 (186) 6 (46) 

Two-phase 
preferred P < 0.0001 < 0.0001 < 0.0001 P < 0.0001 < 0.0001 < 0.0001 

R2 0.9610 0.7581 0.7599 0.9600 0.9162 0.9121 

τf 12.6±0.234a 10.6±1.13a 10.1±1.00b 14.5±0.289a 12.95±0.063a 16.1±0.389a 

τs 157.3±4.53c 116.2±7.43d 125.5±7.90d 123.6± 5.44c 64.0±3.60e 198.0±20.7f 

Y0 6.54±0.038g 7.50±0.167h 7.73±0.172i 7.03± 0.041g 7.15±0.063j 8.53±0.071k 

%FAST 76.97±0.415l 55.09±2.053m 56.39±1.83m 81.53±0.643l 60.71±2.49n 86.01±0.571l 

Plateau 0.81±0.006o 1.02±0.028p 0.986±0.031p 0.809±0.006o 0.97±0.011q 0.859±0.027r 
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expressing and PMCA4b-expressing cells (p < 0.0001). o POST had no effect on the 
plateau (p > 0.05). In the presence of POST, the plateau was increased in both q PMCA4a-
expressing (p < 0.0001) and r PMCA4b-expressing cells (p < 0.0001). The plateau was 
significantly higher in POST-PMCA4a- than POST-PMCA4b-expressing cells (p < 0.05). 
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PMCA4b-expressing cells only (Fig. 24). Comparison of cells with matched Y0, revealed 

effects of both Y0 and POST on %FAST, τf, τs and plateau to varying degrees. Overall, the 

effect of POST on Ca2+ clearance was largely independent of CD3/CD28-mediated 

activation since POST overexpression led to similar outcomes in unstimulated and 

stimulated cells. However, substantial activation-dependent differences in Ca2+ entry were 

observed, with the presence of PMCA4b and POST leading to an intriguing increase in 

SOCE (Fig. 21A, B). 

These experiments implicate a new and unexpected role for POST as a positive regulator 

of PMCA activity, with surprising implications for control of SOCE. Hence, while decreased 

SOCE in unstimulated POST-PMCA4a-expressing cells is consistent with accelerated 

Ca2+ clearance interfering with Ca2+ entry, increased SOCE in activated POST-PMCA4b-

expressing cells has not previously been reported, and may provide mechanistic insight 

into why PMCA4b overexpression led to increase NFAT activation (Fig. 11A,B). 

 

POST knockdown facilitates STIM1-mediated inhibition of Ca2+ clearance in 

activated T cells 

 

To better define the role of endogenous POST on Ca2+ clearance, Jurkat T cells were 

transfected with POST siRNA, resulting in ~70% decrease in POST transcripts as 

measured by qPCR (Fig. 25). In contrast with POST overexpression, no significant 

differences in SOCE were observed after transfection with POST siRNA (Fig. 26A, B). 

Further, in resting cells, POST knockdown had no effect on the percentage of Ca2+ 

clearance found within the fast phase (Fig. 26C; 27; Table 5), although a statistically 

significant decrease in τs was observed, consistent with prior reports346. However, upon T 

cell activation, we observed a significant decrease in the percentage of Ca2+ clearance 

found within the fast phase of Ca2+ clearance (marked by the dashed lines; Fig. 26D; 28;  
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Figure 25. Validation of POST knockdown by siRNA. Jurkat T cells were transfected 
with POST-directed siRNA or scramble control for 24 hours before RNA isolation and 
cDNA library generation. POST transcript levels were measured by qPCR and normalized 
to TBP. 
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Figure 26. POST knockdown facilitates STIM1-mediated inhibition of Ca2+ clearance 
in activated T cells. Jurkat T cells were transfected with empty vector (A-D) and YFP-
STIM1 (B-F) along with POST-directed siRNA (blue) or scrambled control (black) and 
incubated for 24 hours before serum starving and plating on poly-lysine (A-D) or anti-
CD3/28 antibodies (B-F) and loading with Fura-2 AM. Clearance traces are the average 
of multiple independent experiments and were fit to a biphasic exponential decay model. 
Measured data is shown as open circles while the calculated data is shown as a line. The 
calculated point of transition between the fast and slow phases for each condition is 
demarcated by dashed lines. Representative full-length traces of these experiments are 
presented in Supplemental Figures 10-13 along with an analysis of the relationship 
between Y0 and all other statistical features of Ca2+ clearance; quantitation of Ca2+ 
clearance dynamics with statistical analysis are available in Tables 5-6.   
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Figure 27. Single cell analysis of clearance kinetics as a function of Y0 in cells 
transfected with POST siRNA. Cells were transfected with scrambled RNA of POST 
siRNA, incubated for 24 hrs and serum starved for 3 hours before plating on poly-L-lysine-
coated coverslips. Cells were loaded with Fura-2 AM and selected based on fluorescence 
of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 minutes before 
store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic Ca2+ levels 
returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry had been 
reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer plus 100 
nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell was fit to 2-phase 
exponential decay. The data was grouped based on Y-intercept (Y0) with a minimum of 3 
traces/group and compared to plateau (C; theoretical point at which Ca2+ concentration no 
longer decreases), τ1 (D; time constant for the first phase), %FAST (E; the calculated 
portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time constant for the 
first phase). (C) Two-way ANOVA reveals that POST and Y0 interdependently control 
plateau (p = 0.0197). (D) Two-way ANOVA reveals that only POST affects τ1 (p = 0.0120). 
(E) Two-way ANOVA reveals no overall significant  differences in %FAST (p > 0.05). (F) 
Two-way ANOVA reveals no overall significant  differences in τ2 (p > 0.05). (G) The relative 
fraction of cells at each Y0 for Control (n=300) or POST siRNA-transfected cells (n=277). 
POST-dependent differences at each Y0 were determined by Tukey’s post-hoc analysis. 
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 28. Single cell analysis of clearance kinetics in activated cells transfected 
with POST siRNA. Cells were transfected with scrambled RNA of POST siRNA, 
incubated for 24 hrs and serum starved for 3 hours before plating on anti-CD3/CD28 
coated coverslips. Cells were loaded with Fura-2 AM and selected based on fluorescence 
of the indicated proteins. Cells were kept in Ca2+-free imaging buffer for 2 minutes before 
store depletion in 2 µM thapsigargin in Ca2+-free buffer. Once cytosolic Ca2+ levels 
returned to baseline, 1 mM Ca2+ was added for 2 minutes until peak Ca2+ entry had been 
reached, followed by replacement of Ca2+-containing buffer with Ca2+-free buffer plus 100 
nM EGTA. Ca2+ clearance in this final phase was recorded for 10 minutes. (A,B) 
Representative complete traces. (C-F) Calcium clearance from each cell was fit to 2-phase 
exponential decay. The data was grouped based on Y-intercept (Y0) with a minimum of 3 
traces/group and compared to plateau (C; theoretical point at which Ca2+ concentration no 
longer decreases), τ1 (D; time constant for the first phase), %FAST (E; the calculated 
portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time constant for the 
first phase). (C) Two-way ANOVA reveals that only Y0 affects plateau (p < 0.0001). (D) 
Two-way ANOVA reveals that only POST affects τ1 (p = 0.0108). (E) Two-way ANOVA 
reveals that Y0 (p < 0.0001) and POST (P < 0.002) independently control %FAST. (F) 
Two-way ANOVA reveals no overall significant  differences in τ2 (p > 0.05). (G) The relative 
fraction of cells at each Y0 for Control (n=300) or POST siRNA-transfected cells (n=300). 
POST-dependent differences at each Y0 were determined by Tukey’s post-hoc analysis. 
* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Table 5). We previously reported that STIM1 overexpression leads to activation-

independent inhibition of Ca2+ clearance71,159. Intriguingly, while POST knockdown had 

only modest effects on Ca2+ clearance in unstimulated STIM1-expressing Jurkat cells (Fig. 

26E; 29; Table 5), POST knockdown restored activation-dependence in STIM1-

overexpressing cells (Fig 26F; 30; Table 6). Analysis of Y0 revealed no significant 

differences associated with POST knockdown, while differences in %FAST and τ 

observed in activated cells occurred independent of Y0 (Fig. 27-30). Hence, activated T 

cells transfected with POST siRNA and plated on anti-CD3/28 exhibit significant Ca2+- 

independent differences compared to unstimulated or activated STIM1-expressing cells in 

both the percentage of Ca2+ clearance within the slow phase and τs (Table 6). These 

observations reveal interdependence between activation-dependent inhibition of Ca2+ 

clearance and expression of STIM1 and POST, with POST and STIM1 exhibiting 

competing roles for control of PMCA4 function.   

To determine if T cell activation regulates STIM1-POST association, we utilized 

colocalization and FRET analysis by acceptor photobleaching, as described in figure 12. 

Jurkat cells were transfected with STIM1-mCherry and POST-GFP and plated on poly-l-

lysine (unstimulated) or anti-CD3/CD28 (without Tg co-stimulation) and examined by 

confocal microscopy. Substantial co-localization was observed under both conditions, 

although POST and STIM1 localization was visibly changed by T cell activation (Fig. 31A, 

B). FRET analysis at sites of colocalization revealed direct interaction between STIM1 and 

POST that was unaffected by plating on anti-CD3/28 antibodies (Fig. 31C). These 

observations confirm prior findings that STIM1 and POST interact but fail to provide insight 

into how T cell activation might modulate these associations for control of Ca2+ clearance. 

Addressing this question required examination of activation-dependent association 

between POST and PMCA4. 
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Table 5. Calculated non-linear regression constants from Ca2+ clearance assays in cells 
transfected with POST siRNA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
N = the number of independent experiments; m = the number of cells used for each 
experiment. Constants were obtained from the equation: Y=B + (Y0-B)(%Fast/100)*e(-X/ τ

f
) 

+ (Y0-B)*(100-%Fast)/100*e(-X/ τ
s
), where B is the plateau, τf and τs are time constants for 

the fast and slow phase, respectively. Y0 is the value of Y at X=0. %Fast is the fraction of 
the Y signal due to the fast phase, as percent. X is time. 
Two-way ANOVA shows that both POST knockdown (p < 0.0001) and plating on 
CD3/CD28 (p < 0.0001) independently affected τf. a POST KD increased τf in unstimulated 
cells (p < 0.001). Plating on CD3/CD28 increased τf (p < 0.001). c POST KD increased τf 
in CD3/CD28-plated cells (p < 0.001). 
Two-way ANOVA shows that τs was dependent upon both plating on CD3/CD28 and 
POST expression (p = 0.0011). e POST KD decreased τs in unstimulated cells (p < 0.001). 
d Plating on CD3/CD28 had no effect on τs (p > 0.05). f POST KD increased τs in 
CD3/CD28-plated cells (p < 0.01). 
Two-way ANOVA shows that Y0 was dependent upon both plating on CD3/CD28 and 
POST expression (p < 0.0001). g POST KD had no effect on Y0 in unstimulated cells (p > 
0.05). h Plating on CD3/CD28 decreased Y0 (p < 0.0001). i POST KD increased Y0 in 
CD3/CD28-plated cells (p < 0.0001). 
Two-way ANOVA shows that %FAST was dependent upon both plating on CD3/CD28 
and POST expression (p < 0.0001). j POST KD had no effect on %FAST in unstimulated 
cells (p > 0.05). k Plating on CD3/CD28 decreased %FAST (p < 0.0001). l POST KD 
decreased %FAST in CD3/CD28-plated cells (p < 0.0001). 
Two-way ANOVA shows that both POST knockdown (p = 0.0251) and plating on 
CD3/CD28 (p < 0.0001) independently affected the plateau. m POST KD had no effect on 
the plateau in unstimulated cells (p > 0.05). n Plating on CD3/CD28 decreased the plateau 
(p < 0.0001). l POST KD had no effect on the plateau in CD3/CD28-plated cells (p > 0.05). 
 
 

Parameter 
Endogenous STIM1 

Unstimulated CD3/CD28 

POST 
expression Scrambled Knockdown Scrambled Knockdown 

n (m) 6 (300) 6 (277) 6 (300) 6 (300) 

Two-phase 
preferred P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 

R2 0.9530 0.9565 0.9610 0.9547 

τf 10.9±0.197a 12.7±0.216b 12.6±0.234b 14.2± 0.293c 

τs 169.6±13.8d 119±3.84e 157.3±4.53d 168.4± 6.18d,f 

Y0 7.11±0.049g 7.12±0.041g 6.54±0.038h 7.76±0.049i 

%FAST 88.24±0.015j 89.15±0.0055j 76.97±0.415k 72.01±0.452l 

Plateau 0.73±0.015m 0.756± 0.006m 0.81±0.006n 0.820±0.006n 
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Figure 29. Single cell analysis of clearance kinetics as a function of Y0 in cells 
expressing STIM1 ± POST knockdown. Cells were transfected with STIM1 along with 
scrambled RNA of POST siRNA, incubated for 24 hrs and serum starved for 3 hours 
before plating on poly-L-lysine-coated coverslips. Cells were loaded with Fura-2 AM and 
selected based on fluorescence of the indicated proteins. Cells were kept in Ca2+-free 
imaging buffer for 2 minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. 
Once cytosolic Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until 
peak Ca2+ entry had been reached, followed by replacement of Ca2+-containing buffer with 
Ca2+-free buffer plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 
10 minutes. (A,B) Representative complete traces. (C-F) Calcium clearance from each 
cell was fit to 2-phase exponential decay. The data was grouped based on Y-intercept (Y0) 
with a minimum of 3 traces/group and compared to plateau (C; theoretical point at which 
Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), %FAST 
(E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time 
constant for the first phase). (C) Two-way ANOVA reveals that only Y0 affects plateau (p 
=0.0325). (D) Two-way ANOVA reveals no overall significant  differences in τ1 (p > 0.05). 
(E) Two-way ANOVA reveals that Y0 and POST interdependently control %FAST (P < 
0.0001). (F) Two-way ANOVA reveals no overall significant  differences in τ2 (p > 0.05). 
(G) The relative fraction of cells at each Y0 for Control (n=159) or POST siRNA-transfected 
cells (n=165). POST-dependent differences at each Y0 were determined by Tukey’s post-
hoc analysis. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 30. Single cell analysis of clearance kinetics as a function of Y0 in activated 
cells expressing STIM1 ± POST knockdown. Cells were transfected with STIM1 along 
with scrambled RNA of POST siRNA, incubated for 24 hrs and serum starved for 3 hours 
before plating on anti-CD3/CD28 coated coverslips. Cells were loaded with Fura-2 AM 
and selected based on fluorescence of the indicated proteins. Cells were kept in Ca2+-free 
imaging buffer for 2 minutes before store depletion in 2 µM thapsigargin in Ca2+-free buffer. 
Once cytosolic Ca2+ levels returned to baseline, 1 mM Ca2+ was added for 2 minutes until 
peak Ca2+ entry had been reached, followed by replacement of Ca2+-containing buffer with 
Ca2+-free buffer plus 100 nM EGTA. Ca2+ clearance in this final phase was recorded for 
10 minutes. (A,B) Representative complete traces. (C-F) Calcium clearance from each 
cell was fit to 2-phase exponential decay. The data was grouped based on Y-intercept (Y0) 
with a minimum of 3 traces/group and compared to plateau (C; theoretical point at which 
Ca2+ concentration no longer decreases), τ1 (D; time constant for the first phase), %FAST 
(E; the calculated portion of Ca2+ clearance achieved during the first phase) or τ2 (F; time 
constant for the first phase). (C) Two-way ANOVA reveals that POST and Y0 
interdependently affect plateau (p =0.0022). (D) Two-way ANOVA reveals that only Y0 
affects τ1 (p > 0.0081). (E) Two-way ANOVA reveals that only POST affects %FAST (P < 
0.0001). (F) Two-way ANOVA reveals no overall significant  differences in τ2 (p > 0.05). 
(G) The relative fraction of cells at each Y0 for Control (n=204) or POST siRNA-transfected 
cells (n=200). POST-dependent differences at each Y0 were determined by Tukey’s post-
hoc analysis. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Table 6. Calculated non-linear regression constants from Ca2+ clearance assays in cells 
expressing STIM1 ± POST knockdown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
N = the number of independent experiments; m = the number of cells used for each 
experiment. Constants were obtained from the equation: Y=B + (Y0-B)(%Fast/100)*e(-X/ τ

f
) 

+ (Y0-B)*(100-%Fast)/100*e(-X/ τ
s
), where B is the plateau, τf and τs are time constants for 

the fast and slow phase, respectively. Y0 is the value of Y at X=0. %Fast is the fraction of 
the Y signal due to the fast phase, as percent. X is time. 
Two-way ANOVA shows that both POST knockdown (p = 0.0181) and plating on 
CD3/CD28 (p < 0.0001) independently affected τf. a POST KD had no effect on τf in 
unstimulated cells (p > 0.05). Plating on CD3/CD28 increased τf (p < 0.001). c POST KD 
had no effect on τf in CD3/CD28-plated cells (p > 0.05). 
Two-way ANOVA shows that τs was dependent upon both plating on CD3/CD28 and 
POST expression (p < 0.0001). e POST KD decreased τs in unstimulated cells (p < 
0.0001). c Plating on CD3/CD28 had no effect on τs (p > 0.05). e POST KD increased τs in 
CD3/CD28-plated cells (p < 0.01). 
Two-way ANOVA shows that Y0 was dependent upon plating on CD3/CD28 (p < 0.0001), 
but not POST expression. f POST KD had no effect on Y0 in unstimulated cells (p > 0.05). 
g Plating on CD3/CD28 decreased Y0 (p < 0.0001). g POST KD had no effect on Y0 in 
CD3/CD28-plated cells (p > 0.05). 
Two-way ANOVA shows that %FAST was dependent upon both plating on CD3/CD28 
and POST expression (p < 0.0001). i POST KD decreased %FAST in unstimulated cells 
(p < 0.0001). j Plating on CD3/CD28 decreased %FAST (p < 0.0001). k POST KD 
decreased %FAST in CD3/CD28-plated cells (p < 0.0001). 
Two-way ANOVA shows that the plateau was dependent upon both plating on CD3/CD28 
and POST expression (p < 0.0001). m POST KD increased the plateau in unstimulated 
cells (p < 0.05). Plating on CD3/CD28 had no effect on the plateau (p > 0.05). l POST KD 
had no effect on the plateau in CD3/CD28-plated cells (p > 0.05). 

 

Parameter 
STIM1 overexpression 

Unstimulated CD3/CD28 

POST 
expression Scrambled Knockdown Scrambled Knockdown 

n (m) 5 (159) 6 (165) 5 (204) 6 (200) 

Two-phase 
preferred P < 0.0001 P < 0.0001 P < 0.0001 P < 0.0001 

R2 0.9185 0.8793 0.9660 0.7967 

τf 10.5±0.249a 9.76±0.302a 14.2±0.195b 13.0±0.513b 

τs 262.6±19.82c 163.2±7.930d 238.6±4.298c 308.1±7.344e 

Y0 6.84±0.062f 6.98±0.074f 7.51±0.037g 7.57±0.100g 

%FAST 83.08±0.36h 78.57±0.587i 77.72±0.25i,j 66.9±0.624k 

Plateau 0.762±0.024l 0.825±0.011m 0.810±0.004l,

m 0.800±0.008l,m 
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Figure 31. STIM1 and POST co-localization and interaction are stable in 
unstimulated and activated T cells. Jurkat T cells were co-transfected with STIM1-
mCherry (red) and GFP-POST (green) for 24 hours before plating on poly-L-lysine or anti-
CD3/CD28 coated coverslips. (A) Areas in which STIM1 and POST co-localized are in 
white. (B) Colocalization was calculated by Pearson coefficient, and the average ± SEM 
are shown, as before. (C) FRET by acceptor photobleaching was performed in cells co-
transfected with STIM1-mCherry and GFP-POST. Only regions in which STIM1 and 
PMCA4 co-localized were selected for photobleaching. The average ± SEM of FRET 
values>0.1 (FRET+) regions for each cell are plotted on the y-axis; cells in which there 
were no FRET+ regions were excluded. Of FRET+ cells, the percentage of area in which 
FRET was detected out of the total area photobleached is plotted on the x-axis (%FRETpos 
Area). 
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POST has nine transmembrane domains 

 

After initial attempts to examine FRET between tagged POST constructs and STIM1 and 

PMCA were inconsistent with the predicted POST topology (data not shown), we 

experimentally tested these predictions. In agreement with previous reports346, the 

consensus prediction across multiple in silico transmembrane domain prediction programs 

was that POST had 10 transmembrane domains (Fig. 32A). However, a fluorescence 

protease protection (FPP) assay in HEK 293T cells transiently transfected with N-

terminally or C-terminally tagged POST revealed the consensus prediction was not 

correct. This assay is based on the ability of trypsin to degrade fluorescent proteins when 

localized within the same compartment. Trypsin addition to the outside of cells failed to 

significantly affect fluorescence in the presence of STIM1-YFP (Fig. 32B, C, F), mCherry-

POST (Fig. 32B, D, F) or POST-GFP (Fig. 32B, E, F), indicating that POST, like STIM1, 

is predominantly found within the ER. Digitonin permeabilizes the PM, but not ER 

membrane, which led to loss of fluorescence of STIM1-YFP (Fig. 32B, C, F) and mCherry-

POST (Fig. 32B, D, F), but not POST-GFP, indicating that the N-terminus of POST is in 

the cytosol, similar to the C-terminus of STIM1. POST-GFP fluorescence could not be 

quenched in the presence of digitonin but was quenched when all membranes were 

permeabilized upon the addition of Triton X-100 (Fig. 32B, E, F). These findings indicate 

that the POST C-terminus is found within the ER lumen while the N-terminus is localized 

to the cytosol. Since 7 transmembrane domains was not predicted by any software 

program and 11 transmembrane domains is unlikely for a protein of this size, it seems 

highly likely that POST has 9 transmembrane domains, consistent with the minority SOSUI 

and Tmpred predictions. 
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Figure 32. POST has 9 transmembrane domains. (A) Summary of the predicted number 
of POST transmembrane domains amongst in silico protein topology prediction programs. 
The consensus prediction is 10 transmembrane domains. (B-F) The intracellular 
localization of the N- and C-termini of POST was determined after the addition of Trypsin 
in an intracellular buffer followed by the successive introduction of digitonin to 
permeabilize the PM followed by Triton X-100 to permeabilized all membranes. (B) 
Representative images shown of fluorescence quenching by trypsin digestion with 
detergent addition. (C-E) Quantification of fluorescence over time in HEK293 cells 
expressing C-terminally tagged STIM1 (C), mCherry-POST (D) or POST-GFP (E). (F) 
Stacked average relative fractions ± SEM of N- and C-terminally tagged POST. 
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Activation-dependent interactions between POST and PMCA4 

 

Using these insights into POST topology as a guide, splice variant-dependent interactions 

between POST and PMCA4 were examined (Fig. 33). Jurkat T cells were transfected with 

mCherry-POST and either GFP-PMCA4b (Fig. 33A) or GFP-PMCA4a (Fig. 33B) and 

activated for 2 hours on anti-CD3/CD28-coated coverslips. Upon activation, both PMCA4a 

and PMCA4b translocated toward the side of the cell facing the anti-CD3/CD28-coated 

coverslip (Fig. 33A, B), although significant increases in association with POST were 

observed for PMCA4b only (Fig. 33C). We then examined association between POST and 

PMCA4 by measuring FRET by acceptor photobleaching (Fig. 33D,E). POST and 

PMCA4b exhibited robust and stable FRET that was unaffected by T cell activation; since 

there was an ~3-fold increase in colocalization between POST and PMCA4b, this would 

reflect a substantial overall increase in association between these 2 proteins. In contrast, 

FRET between POST and PMCA4a significantly decreased upon T cell activation (Fig. 

33E), despite sustained colocalization between the two proteins. Considered collectively, 

these observations reveal a much stronger affinity for PMCA4b by POST, a concept 

further supported by the observed greater effect of POST overexpression on PMCA4b-

mediated Ca2+ clearance relative to PMCA4a (Fig. 17, 21). 

 

PMCA4b expression lowers near-membrane, but not global cytosolic Ca2+ levels 

 

The observations described above provide insight into the roles of POST and STIM1 as 

regulators of PMCA4 activity, but why PMCA4 activity leads to increased NFAT activity 

(Fig. 11) remains unclear. Given the dependence of NFAT activity upon Ca2+ 

microdomains350 and the vulnerability of Orai1 activation to Ca2+, prolonged NFAT 

activation must require a delicate balance between local Ca2+ elevation and Ca2+- 
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Figure 33. Activation-dependent interactions between POST and PMCA4. Jurkat T 
cells were co-transfected with mCherry-POST (red) and either GFP-PMCA4b (green; A) 
or GFP-PMCA4a (green; B) and incubated for 24 hours before plating on poly-L-lysine- or 
anti-CD3/CD28-coated coverslips following serum starvation. Sites of co-localization are 
shaded white. (C) Co-localization between POST and PMCA4a or PMCA4b was 
calculated by Pearson correlation. Two-way ANOVA was performed on the average ± 
SEM of 20-27 cells per condition. (D, E) FRET by acceptor photobleaching was performed 
to measure proximity and interaction between POST and PMCA4b (D) or PMCA4a (E). 
Regions in which POST and PMCA4a colocalized were selected for photobleaching, and 
areas in which FRET<0.1 were excluded. Average ± SEM of FRET and %FRETpos Area 
of FRET+ positive cells were analyzed by 2-way ANOVA. *P<0.05. 
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dependent inhibition50,350,356. The extent to which PMCA activity contributes to this balance 

has not previously been addressed. Notably, since electrophysiological approaches 

require strong Ca2+ chelation to avoid Ca2+-dependent inhibition, these questions can only 

be addressed through Ca2+ imaging. For these studies, Jurkat T cells were loaded with 

either Fura-2 AM to measure global cytosolic Ca2+ content or a lipid-conjugated form of 

Fura-2 AM termed Fura-2 NearMem (NM) (Teflabs Inc) that is limited to and only 

measures the Ca2+ concentration near membranes. Examination of its localization shows 

clear sequestration relative to Fura-2 (Fig. 34). Although substantial staining of both the 

ER and PM is noted, Fura-2NM primarily reports fluorescence changes at the PM in 

thapsigargin-treated cells that lack ER Ca2+ content. Cells were then plated on anti-

CD3/CD28-coated coverslips before treating with thapsigargin in the absence of 

extracellular Ca2+ to induce SOCE in activated T cells. Overexpression of either PMCA4a 

or PMCA4b had minimal effect on global SOCE in Fura-2 AM loaded cells (Fig. 35A,C); 

co-expression of STIM1 and PMCA4b led to modest, but significant increases in SOCE 

while STIM1 co-expressed with PMCA4a had no effect (Fig. 35B,C). In contrast with its 

effect on global Ca2+, PMCA4 overexpression led to substantially lower NearMem Ca2+ 

levels during SOCE under all conditions (Fig. 35D-F). This effect was greatly enhanced 

by co-expression of STIM1 and PMCA4b, notably, also the condition under which maximal 

NFAT activation was observed (Fig. 11A) and global cytosolic Ca2+ levels were 

significantly elevated (Fig. 35C). 

This inverse relationship between near-PM and global cytosolic Ca2+ levels during SOCE 

in activated T cells lends powerful support to the concept of near-PM Ca2+ clearance 

contributing to efficient Orai1-mediated Ca2+ entry and NFAT activation. Since POST 

positively regulated PMCA4-mediated Ca2+ clearance (Fig. 17, 21), we assessed its 

potential role coupling Ca2+ clearance to Orai1-mediated Ca2+ entry. Co-localization 

between Orai1 and each of these potential partners, POST, PMCA4a, or PMPCA4b were  
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Figure 34. Representative images of Jurkat T cells containing Fura-2 versus lipid-
conjugated  Fura-2 NearMem. Cells were incubated with either Fura-2 (LEFT) or Fura-2 
NearMem (RIGHT) for 30 minutes followed by a 30 minute wash period to de-esterify 
before visualization by fluorescence microscopy. 
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Figure 35. PMCA4b expression lowers near-membrane, but not global cytosolic Ca2+ 
levels. Jurkat T cells were transfected with empty vector (A, D) or mCherry-STIM1 (C, E) 
along with empty vector, GFP-PMCA4a or GFP-PMCA4b and incubated for 24 hrs before 
serum starving (3 hours) and plating on anti-CD3/CD28 antibodies. Cells were loaded with 
Fura-2 AM to measure global cytosolic Ca2+ levels as F340/F380 (A-C) or the near-PM Ca2+ 
indicator Fura-2 NearMem as F340/F380 (D-F). Ca2+ entry was measured following ER Ca2+ 
depletion with thapsigargin in the absence of extracellular Ca2+ (not shown) and the 
addition of 1 mM Ca2+. Traces shown are mean ± SEM from 3 independent experiments, 
each consisting of 40 to 60 cells. (C) Quantitation of average entry ± SEM in (A) and (B). 
Entry was calculated as the maximum F340/F380 - minimum F340/F380 of each cell. Statistical 
significance was determined by 2-way ANOVA followed by Tukey’s post-hoc test. 
*P<0.05. (F) Quantitation of average entry ± SEM of experiments in (D) and (E). Two-way 
ANOVA followed by Tukey’s test revealed a significant contribution of PMCA4 (p<0.0001) 
that was dependent on the presence of STIM1 (p=0.0088). Statistically significant 
differences amongst each conditions are indicated by a, b, c; p<0.05. 
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examined. Significant colocalization between Orai1 and POST, PMCA4a or PMCA4b was 

observed, with preferential association with PMCA4b (Fig. 36A,B). To determine if 

associations between Orai1 and either POST or PMCA4 reflect direct interactions, FRET 

analysis of regions from the cells in figure 36A where the potential Orai1 interacting 

partners were colocalized was performed (Fig. 36C). Interestingly, while substantial FRET 

was observed in all cases, the strongest interactions were observed between PMCA4a 

and Orai1, while POST-Orai1 interactions were the weakest. However, POST and Orai1 

had similar degrees of FRET with PMCA4a and PMCA4b (Fig. 33D, 33E, 36C). Orai1-

PMCA4 interactions were then assessed in the presence of POST overexpression or 

knockdown (Fig. 36D). While %FRETpos Area between Orai1 and PMCA4a was sensitive 

to POST expression, both PMCA4 splice variants demonstrated greater FRET with Orai1 

with POST co-expression. Thus, POST facilitates interaction between Orai1 and PMCA4. 

To better define the relationship between these different interactions, we then examined 

co-localization in cells co-expressing POST, PMCA4 and Orai1. Intriguingly, this 

manipulation significantly increased co-localization between PMCA4b and both POST 

(Fig. 36G; compare with Fig. 33C) and Orai1 (Fig. 36F; compare with Fig. 36B). A 

corresponding decrease in PMCA4a association with each of POST and Orai1 was 

observed. Finally, a modest, but statistically significant increase in Orai1-POST 

association was observed in PMCA4a-expressing over PMCA4b-expressing cells, which 

may be a consequence of the observed preference of POST to co-localize and interact 

with PMCA4b over PMCA4a (Fig. 36G, 33C-E. Considered collectively, these 

observations reveal significant and interdependent interactions between POST, Orai1 and 

PMCA4. 

Finally, to determine the functional implications of the molecular interactions between 

POST, PMCA4 and Orai1, NearMem and global Ca2+ levels were measured during Orai1-

mediated Ca2+ entry. In STIM1/Orai1-overexpressing cells, POST knockdown led to both  
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Figure 36. POST couples PMCA4-mediated Ca2+ clearance to Orai1-mediated Ca2+ 
entry. (A) Representative images of Jurkat T cells co-transfected with Orai1-YFP and 
either CFP-PMCA4a, CFP-PMCA4b, or mCherry-POST, serum starved before plating on 
anti-CD3/CD28 coverslips. (B) Co-localization of Orai and PMCA4a, PMCA4b, or POST. 
Statistically distinct groups are termed a, b. (C) FRET by acceptor photobleaching was 
performed to measure proximity and interaction between Orai1 and each of POST, 
PMCA4b and PMCA4a (C), or between Orai1 and PMCA4 with POST co-expression (red 
box) or knockdown (blue box) (D). Areas of co-localization were selected for 
photobleaching, areas in which FRET<0.1 were excluded. (F, G) Co-localization between 
Orai1 and either PMCA4a, PMCA4b or POST was measured by Pearson correlation. 
Unpaired two-tailed T-tests determined statistical significance. **** P<0.0001. (E) 
Representative images of Jurkat T cells co-transfected with Orai1-YFP and mCherry-
POST along with either CFP-PMCA4a or CFP-PMCA4b. Cells were serum starved before 
plating on anti-CD3/CD28. (F-H) Co-localization in triple-transfected cells was determined 
between Orai1 and PMCA4 (F), POST and PMCA4 (G) and Orai1 and POST (H) by 
Pearson correlation. Unpaired two-tailed T-tests determined statistical significance. **** 
P<0.0001. (I-L) Jurkat T cells were transfected with YFP-STIM1, CFP-Orai1 and either 
scrambled RNA or POST siRNA before a 24 hr incubation and serum starvation (3 hours). 
Cells were plated on anti-CD3/CD28 antibodies and loaded with either Fura-2 AM to 
measure global cytosolic Ca2+ levels (I, K) or the near-PM Ca2+ indicator Fura-2 NearMem 
(J, L). Ca2+ entry was measured following ER Ca2+ depletion with thapsigargin in the 
absence of extracellular Ca2+ (not shown) and the addition of 1 mM Ca2+. Ca2+ entry for 
each condition was analyzed by 2-way ANOVA. Traces shown are mean ± SEM from 3 
independent experiments, each consisting of 40 to 60 cells. 
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decreased global Ca2+ levels and increased near-PM Ca2+ levels (Fig. 36I-L), consistent 

with the concept that POST couples PMCA4-mediated Ca2+ clearance to Orai1-mediated 

Ca2+ entry. 

 

Discussion 

 

These investigations expand considerably our understanding of the role of POST in 

STIM1/PMCA4 interactions, and the consequences of POST-mediated regulation of Ca2+ 

dynamics in a physiological process. Similar to prior studies 346, we observed a statistically 

significant increase in the rate of Ca2+ clearance in unstimulated ER Ca2+ store-depleted 

cells, although these differences were relatively small compared to the acceleration of 

Ca2+ clearance that occurs upon POST overexpression. The ability of POST to interfere 

with STIM1-mediated PMCA4 inhibition and activation-induced dissociation from PMCA4a  

demonstrate that POST-mediated regulation of PMCA4 interactions and acceleration of 

Ca2+ clearance play an unexpected but distinct role in Ca2+ signaling during T cell 

activation. 

We were intrigued and surprised to find that PMCA4b and STIM1 overexpression would 

lead to more efficient clearing of near-membrane Ca2+ during Ca2+ entry, in contrast with 

previous studies showing that STIM1 inhibits PMCA4 function in the absence of 

extracellular Ca2+ 71,159. There are several factors that must be considered to address this 

paradox. The first is that POST associates with STIM1 and PMCA4, likely protecting 

against STIM1-mediated inhibition. Since POST also associates with Orai1, the 

physiological role of POST may be to recruit PMCA4 to the active STIM-Orai complex, 

thereby facilitating Ca2+ disinhibition. A second consideration is that STIM1-mediated 

inhibition is limited to the slow phase of Ca2+ clearance, the kinetics of which may have 
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little bearing in the context of countering local Ca2+ entry next to the open Orai1 pore. 

Hence, inhibition of PMCA4 by STIM1 may be more relevant during the shutdown phase 

of a Ca2+ signal, perhaps facilitating an extended Ca2+ response after Orai1 inactivation. 

The ability of a Ca2+ pump to modulate the function of a Ca2+ channel may itself be 

surprising, considering the rate of diffusion vs. Ca2+ pumping against a diffusion gradient. 

It is important to note that STIM and Orai are found in ER-PM junctions where the free 

diffusion of Ca2+ may be limited by physical barriers. Further, estimates of the rate of Ca2+ 

entry through a channel are based upon measurements made in the presence of strong 

Ca2+ chelators. Without chelation or Ca2+ clearance through the action of PMCA and/or 

SERCA, the concentration of Ca2+ would rapidly increase within the confined space of the 

ER-PM junction, decreasing the driving force as well as forcing Ca2+-dependent inhibition. 

Furthermore, past literature has demonstrated in intact Jurkat T cells that when Ca2+ is not 

removed following induction of SOCE that Ca2+ levels reach a plateau as clearance via 

PMCA attains equilibrium with Ca2+ influx 72. Thus, in the context of physiologic Ca2+ 

signaling, the question of how Ca2+ transporters shape Ca2+ transients driven by channels 

is a compelling area of inquiry.  

The paradoxical finding that PMCA4 overexpression increases NFAT activation was the 

observation that ultimately guided this study. Interestingly, the concept that Ca2+ clearance 

mechanisms might enhance Ca2+ entry and NFAT activation through disinhibition was 

previously conceptualized357, although this study focused primarily on the potential role of 

mitochondria as modulators of Ca2+ clearance. The data presented here reveals a role for 

POST in the coupling of PMCA4 and Orai1 and Ca2+ disinhibition. It seems somewhat 

counter-intuitive that Ca2+ would be permitted to enter the cell only to be pumped right out 

again, however, if NFAT activation is tightly coupled to Orai1-mediated Ca2+ entry as 

previously theorized and supported by the current study, then the rapid removal of Ca2+ 

from the vicinity of Orai1 would be predicted to maximally facilitate NFAT activation (Fig. 
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37). If so, this mechanism would critically modulate T cell activation. Further, considering 

the widespread expression of NFAT and the Ca2+ signaling proteins involved in this 

mechanism, these findings may also have implications for the regulation of NFAT-targeted 

gene expression programs in a myriad of cellular processes. 
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Figure 37. Ca2+ entry/clearance coupling increases NFAT activation. During T cell 
activation, InsP3-induced store depletion leads to the activation of STIM1 and Ca2+ influx 
via Orai1. (A) Without recruitment and regulation of PMCA4b function by STIM1 and 
POST, Orai1 channels allow Ca2+ influx, followed by Ca2+-dependent inactivation of the 
channel. NFAT activation is limited by the large but transient activation of Orai1. (B) 
Recruitment of POST and PMCA4b to the IS with STIM1 and Orai1 leads to extrusion of 
Ca2+ in the immediate vicinity of Orai1. This prevents Ca2+-dependent inactivation of Orai1 
facilitating greater NFAT activation. 
 

 

 

 

 



116 
 

CHAPTER 4. POST REGULATES SPONTANEOUS CA2+ OSCILLATIONS IN JURKAT 

T CELLS 

 

Introduction 

 

Investigations by myself and many others have built a great amount of insight into the 

mechanisms governing Ca2+ signals. However, studies to isolate and understand the 

contribution of independent components in the live cell have frequently necessitated non-

physiologic conditions and agonists. Generally, transient Ca2+ oscillations, which are 

composed of transient increases above a basal level of Ca2+, are most commonly induced 

by receptor-operated phosphoinositide pathways frequently involved in proliferation and 

cell growth358. As a corollary, the production of InsP3 and store-operated Ca2+ entry, are 

central to Ca2+ oscillations in non-excitable cells. The diversity of cellular responses that 

Ca2+ signals are able to drive has given rise to an entire field investigating how to decode 

the movement of Ca2+ through non-excitable cells, as generated by the Ca2+ homeostasis 

machinery discussed earlier.  

From the beginning, interpreting Ca2+ oscillations has been complicated by the vast array 

of oscillatory patterns that have been observed in different cell types in response to 

different agonists359-361. Furthermore, unlike early studies characterizing ICRAC that was 

isolated to ion flux across one membrane with biophysical techniques, spontaneous Ca2+ 

signals are a function of both internal and external Ca2+ stores. In this chapter, I will build 

upon my findings to demonstrate the importance of POST-mediated regulation of Ca2+ 

clearance and SOCE to the spontaneous Ca2+ oscillations that occur following TCR 

activation.  
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Results 

 

POST increases spontaneous Ca2+ signals in Jurkat T cells 

 

As discussed in Chapter 3, POST is an accelerator of Ca2+ clearance via PMCA4 and 

facilitates sustained Ca2+ entry via Orai1362,363. This is supported by elevated SOCE in 

PMCA4b and POST co-expressing cells, by a reciprocal decrease in near-PM Ca2+ levels, 

and ultimately by enhanced NFAT activity in both activated and unstimulated Jurkat T 

cells. While consistent, what these functional Ca2+ imaging studies and reporter assays 

do not address is a clear picture of how these Ca2+ homeostasis proteins shape the Ca2+ 

signal to drive NFAT nuclear translocation. To that end, Jurkat T cells with POST 

knockdown or expression were plated on either poly-L-lysine- or antiCD3/CD28-coated 

coverslips and loaded with Fura-2 AM. Spontaneous Ca2+ oscillations were observed in 1 

mM Ca2+-containing imaging buffer for 10 minutes (Fig. 38). To set a numerical threshold 

on whether or not a cell was a responder in a population of unsynchronized cells, the 

variance of F340/F380 ratios of each cell was calculated. It was observed that a variance < 

0.05 approximately matched the highest variance of F340/F380 values a cell could reach 

before a single transient occurred within the 10 minute acquisition period; therefore, this 

served as my threshold for responder behavior. Under both unstimulated and activated 

conditions, there were large proportions of responders (Fig. 38A). This would be 

unexpected, as unstimulated cells would be expected to have quiescent behavior.  

However, although required, the presence of a Ca2+ transient itself allows NFAT 

transcriptional activity. Therefore, I endeavored to define the characteristics of the Ca2+ 

signals generated by responders, and to examine whether POST-mediated regulation of 

Ca2+ influx/efflux characterized by the studies in Chapter 3 had any bearing on oscillatory 

behavior (Fig. 38B-G). Representative traces of unstimulated and activated 
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Figure 38. POST increases spontaneous oscillations in Jurkat T cells. (A) Percent of 
responders was calculated based on the proportion of cells in a population whose variance 
in F340/F380 values was less than 0.05. (B-G) Traces of 25 cells representing the spread of 
variance calculated across the total cells assessed. Spontaneous oscillations were 
observed for 10 minutes in 1 mM Ca2+ imaging buffer in cells plated on poly-L-lysine (B-
D) or anti-CD3/CD28 (E-G). Cells were transfected with Scrambled control (B, E), POST-
directed siRNA (C, F), or mCherry-POST (D, G). A representative trace corresponding to 
the median variance of a condition is presented as a bolded line (B-G). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



119 
 

cells show that traces corresponding to the median variance of their respective 

populations (Fig. 38B, E, bolded lines) could still look fairly similar. In cells transfected with 

POST siRNA, traces are characterized by transients of comparable amplitude, but 

significantly shorter duration irrespective of activation (Fig. 38C, F). Conversely, 

expression of mCherry-POST in Jurkat T cells lead to a population for which the median 

trace was both broad and reached higher amplitudes. This is consistent with what we 

would predict based on the regulatory role of POST on PMCA4 and Orai1. POST 

knockdown would interfere with Orai1-PMCA4 coupling, leading to Ca2+ influx followed by 

deactivation, resulting in narrower transients; ectopic POST expression would enhance 

Orai1-PMCA4 coupling, leading to prolonged, and possibly larger, transients.  

Despite some qualitative differences however, variance alone has not allowed us to easily 

discern the effects of POST on Ca2+ signals. Instead, considering the initial observation 

that oscillations were wider and taller in POST-expressing cells, I considered that the 

integral of these oscillations, i.e. their duty cycle, could be the more relevant factor to 

NFAT activity in T cell activation. For this analysis, each of the conditions in Figure 38, the 

maximum F340/F380 reached by each cell (Amplitude) was plotted against area under the 

curve (AUC) over the 10 minute acquisition period (Fig. 39). Thus, cells that had high but 

quickly decaying transients are separated from those that sustain Ca2+ transients. AUC is 

also meaningful because this correlates to the total amount of Ca2+ that was available for 

signaling in these cells. With this analysis, the effect of POST expression can be easily 

observed; in cells transfected with mCherry-POST, cells not only achieved higher 

amplitudes, but these points of high cytosolic Ca2+ were also able to be sustained (Fig. 

39C). 
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Figure 39. POST drives sustained Ca2+ signals in unsynchronized cells. (A-C) Ca2+ 
oscillations are presented as a function of AUC and amplitude for cells in which POST 
was endogenously expressed (A), in which POST was knocked down (B), and in which 
POST was overexpressed (C). Amplitude is defined as the maximum F340/F380 reached by 
a cell during the 10 minute acquisition. AUC was calculated as the area above baseline. 
Baseline is defined as the minimum F340/F380 value reached by unstimulated cells 
transfected with Scrambled control. Nonlinear regression models (solid lines) were fit to 
each distribution with 95% confidence intervals (dashed lines). 
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POST drives mitochondrial metabolism 

 

T cell activation and differentiation are metabolically demanding processes. In addition to 

acting as the powerhouse of the cell, mitochondria serve as Ca2+ buffers, influencing the 

propagation of Ca2+ signals from both internal and external sources of Ca2+ 364-366. The 

elevation of Ca2+ in mitochondria activates mitochondrial dehydrogenases, and SOCE 

upregulates expression of glucose transporters and glycolytic enzymes, providing 

mitochondria with more pyruvate for oxidative phosphorylation367,368. Given the sensitivity 

of mitochondria to Ca2+ oscillations, I examined the effect of POST expression on 

mitochondrial metabolism (Fig. 40). Cells transfected with either Scrambled control, 

POST-directed siRNA, or mCherry-POST were serum starved before treatment with anti-

CD3/CD28 and measurement of oxygen consumption rate (OCR) by Seahorse assay. In 

POST-expressing cells (Fig. 40C, D), OCR was increased in an activation-dependent 

manner. While the extent to which OCR was enhanced by activation was substantial, we 

would expect to see lower OCR in unstimulated cells (Fig. 40D). Nevertheless, this finding 

is consistent with our other data on POST-mediated regulation of Ca2+ influx/efflux and 

merits further study. 
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Figure 40. POST-mediated regulation of Ca2+ signals drives mitochondrial 
metabolism. (A-C) Seahorse assays to measure oxidative consumption rate in 
unstimulated (black line) and activated (red line) cells. (A) Seahorse assay in Jurkat T 
cells transfected with Scrambled control. (B) Seahorse assay in Jurkat T cells transfected 
with POST-directed siRNA. (C) Seahorse assay in Jurkat T cells transfected with 
mCherry-POST. (D) Comparison of resting OCR. Statistically comparable groups denoted 
a, b, c. 

 

 

 

Discussion 

 

When the activities of Ca2+-dependent transcription factors are taken together, a picture 

emerges of how the control of Ca2+ oscillations is a means of targeting different gene 

expression programs. A review by P. Kar and A.B. Parekh summarizes how the NFAT 

family alone is a prime example of this105: while NFAT1 and NFAT4 are highly homologous 

and are frequently co-expressed in the same subcellular space, NFAT1 is exported 6 

times more slowly from the nucleus, making it less sensitive to more rapid shifts in 

cytosolic Ca2+.  

We have become progressively more capable of defining complex changes the activity of 

Ca2+ homeostasis machinery to shape cytosolic Ca2+ over time, but what may also be as 

relevant in understanding outcomes of non-excitable cell signaling is the availability of 

Ca2+ in the cell, and the consequences for intermediate signaling proteins that bind to and 
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are activated by Ca2+. NFAT4, for example, despite constitutive re-phosphorylation and 

export from the nucleus, was shown in HeLa cells to become more sensitive to duty cycle 

(the cumulative load of cytosolic Ca2+ over time) than oscillatory frequency when the rate 

of nuclear import exceeds the rate of export; at this point, NFAT effectively summates the 

presence of Ca2+ in the cytosol, even as it may be transient or periodic369-371. While an 

important NFAT isoform, others may play a larger role in other cell types. Furthermore, as 

discussed, other transcription factors, such as NF-κB, have been shown to be more 

sensitive to transients372,373. Inducing Ca2+ oscillations in Jurkat T cells via Ca2+ clamping 

showed sensitivity of NF-κB activity to Ca2+ frequencies approximately 4.5 times lower 

than those to which NFAT is sensitive374. Hence, there continues to be a need for methods 

to integrate modeling of Ca2+ oscillations with physiological outcomes from a multitude of 

signaling pathways. 
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CHAPTER 5. EGR1/4-MEDIATED REGULATION OF CA2+ HOMEOSTASIS IN T CELL 

DEVELOPMENT 

 

Introduction 

 

T cells require Ca2+ to regulate motility, adhesion, and formation of the immunological 

synapse in response to antigen presentation89. T cells are uniquely well-situated for the 

study of Ca2+ signals in a physiological context because resulting Ca2+ oscillations are 

prominent and principally involve Ca2+ via Orai channels. Having fewer avenues of Ca2+ 

entry allows for studies with greater control over Ca2+ oscillations that can be followed up 

with quantitative endpoints in gene expression375. Among these genes are IL2 and TNF 

which express critical cytokines143,376.  

In a larger sense, Ca2+ signals are utilized during T cell differentiation to shape and 

regulate immune responses. CD4+ T cell give rise to a variety of subsets in response to 

cytokines, including T helper 1 (Th1), T helper 2 (Th2) cells, and regulatory T cells 

(Tregs)377-379. While they are strongly influenced by master regulator expression, T cell 

subsets maintain a degree of plasticity380. Thus, differentiation is a constant possibility for 

T cells, requiring tight regulation of Ca2+ signals throughout the span of T cell life. EGR 

family members are among the transcription factors involved in differentiation, and in 

particular, EGR1 and EGR4 target genes include those of Ca2+ homeostasis 

proteins169,381. Furthermore, EGR1 and EGR4 were found to be highly regulated in 

activated T cells. The two bind to and upregulate STIM1 expression during T cell 

activation, enabling STIM1-mediated inhibition of PMCA4 and NFAT transcriptional 
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activity159. Given this, understanding the role of EGR1 and EGR4 in T cell differentiation 

is of great interest. 

Results 

 

Dysregulation of STIM1 and POST in activated Egr4-/- T cells 

 

In addition to STIM1-mediated inhibition of PMCA4, the studies presented in Chapter 3 

characterized the role of POST as a distinct regulator of PMCA4 that couples Ca2+ 

influx/efflux to prevent Ca2+-dependent inhibition of Orai. The interplay of these several 

proteins, STIM, Orai, POST, and PMCA4, ultimately contribute to Ca2+ signaling in T cell 

activation. Thus, the expression of each of these was examined in primary T cells isolated 

from Egr1-/- or Egr4-/- mice (Fig. 41). In wildtype T cells, STIM1, Orai1, PMCA4b, and 

POST are upregulated at 2 hours post-activation, with Orai1 and PMCA4b maximally 

upregulated at 2 hours. STIM1 and POST, while modestly upregulated at 2 hours, 

continue to be upregulated at 20 hours post-activation, whereas Orai1 and PMCA4b return 

to baseline. In Egr1-/- cells, STIM1 is elevated at baseline, as previously reported, and is 

progressively downregulated with activation (Fig. 41A)158. Upregulation of Orai1 and 

PMCA4b was strongly blunted in Egr1-/- cells (Fig. 41B, C). POST exhibited a similar 

modest upregulation post-activation as in WT (Fig. 41D). In Egr4-/- cells, STIM1 

upregulation is blocked, as in Egr1-/- cells, however changes in Orai1  and PMCA4b 

transcript levels are comparable to WT (Fig. 41A-C). POST, in contrast, was strongly 

upregulated in Egr4-/- cells at 20 hours post-activation. These studies reveal EGR1 and 

EGR4 are involved in regulating multiple components of the Ca2+ homeostasis machinery 

in response to T cell activation. 
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Figure 41. Dysregulation of STIM1 and POST in EGR4-/- T cells. T cells were isolated 
from WT, EGR1-/-, and EGR4-/- mice, and transcripts of STIM1 (A), Orai1 (B), PMCA4 
(C) and POST (D) were measured by qPCR at 2 and 20 hours post-activation with anti-
CD3/CD28. Means and error were compiled from 2 or 3 runs, each performed in triplicates. 
Data was analyzed by 2-way ANOVA with post-hoc tests. * p < 0.05; ** p < 0.01; *** p < 
0.001. 

 

 

 

EGR-dependent regulation of Ca2+ entry and clearance 

 

By regulating Ca2+ homeostasis proteins, and in particular STIM1 and POST, it stands to 

reason that EGR knockout would affect the activity of Orai and PMCA4. To that end, Ca2+ 

clearance was examined in T cells isolated from Egr1-/- and Egr4-/- mice (Fig. 42). As in 

previously described experiments, CD4+ and CD8+ T cells were plated on poly-D-lysine 

or anti-CD3/CD28 antibodies. At 0 hours (poly-D-lysine), 2 hours (anti-CD3/CD28), and 

20 hours (anti-CD3/CD28), cells were loaded with Fura-2 AM. Ca2+ clearance was 

observed by treating cells with thapsigargin, followed by Ca2+ add-back at 1 mM for 2 

minutes, followed by PMCA-mediated Ca2+ clearance in Ca2+-free buffer supplemented 

with 100 nM EGTA. Interestingly, while activation-dependent shifts in PMCA4 activity were 

observed, particularly in %Fast (denoted by dashed lines), they were strikingly different 

from the earlier studies in Jurkat T cells. First, activation-dependent effects showed 

accelerated Ca2+ clearance, rather than attenuated clearance. Second, we were able to 
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distinguish between how Ca2+ clearance is regulated during activation of CD4+ and CD8+ 

T cells; whereas clearance was only accelerated at 20 hours of treatment in CD4+ cells 

(Fig. 42A-C), acceleration was observed at 2 hours in CD8+ cells from Egr1-/- mice (Fig. 

42E). In both CD4+ and CD8+ Egr4-/- cells, there is a trend of increased %Fast at 20 

hours post-activation (Fig. 42C, F). Although requiring elucidation, this would be consistent 

with data in Figure 42D showing elevated POST transcript levels. However, a qualitative 

difference remains, which is that activation in Egr1-/- or Egr4-/- murine T cells lends itself 

to faster clearance—a departure from attenuated clearance in activated Jurkat T cells. 
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Figure 42. EGR-mediated acceleration of clearance in activated murine T cells. (A-
C) CD4+ T cells isolated by negative selection from spleen and lymph nodes were plated 
on poly-D-lysine (0 hours) or anti-CD3/CD28 antibody-coated coverslips (2 hours, 20 
hours). (D-F) CD8+ T cells isolated by negative selection were plated as in (A-C). Cells 
were treated with 2 μM Tg before 1 mM Ca2+ for 2 minutes to induce SOCE, followed by 
Ca2+ clearance (shown) in Ca2+-free buffer with 100 nM EGTA. Ca2+ clearance was 
observed for 10 minutes. Non-linear regression models were fit to the Ca2+ clearance 
portion of the curve. The calculated point at which the initial fast phase switches to a 
secondary slow phase of clearance is marked by dashed lines. 
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Dysregulation of Ca2+ oscillations in Egr knockout T cells 

 

Differences in transporter activity that regulates the contribution of extracellular Ca2+ may 

also be apparent at the level of receptor-operated Ca2+ transients. To study this, cells from 

the conditions in Figure 43 were loaded with Fura-2 AM, and cytosolic Ca2+ was tracked 

for 10 minutes in 1 mM Ca2+ buffer without Tg treatment. Immediately apparent is the 

effect of Egr knockout in activated T cells. While cells plated on poly-D-lysine remain at a 

basal level (Fig. 43A-C), oscillatory activity is evident at 2 hours in WT and Egr1-/- cells 

(Fig. 43D, E). By 20 hours, WT cells exhibit sustained elevated cytosolic Ca2+ in lieu of 

oscillatory activity. In Egr1-/- cells, oscillations are maintained, but a similarly sustained 

elevated level is not observed. Egr4-/-, again, differs considerably from the other two 

genotypes. At 2 hours post-stimulation, Egr4-/- T cells exhibit a mix of oscillatory behavior 

and sustained cytosolic Ca2+ (Fig. 43F), before returning by 20 hours to Ca2+ oscillations 

and lower cytosolic Ca2+ levels (Fig. 43I).  

To gain a sense of the amount of cytosolic Ca2+ available over the course of these 

oscillations, I applied the analysis described in Chapter 4 to plot amplitude against AUC 

over 3 minutes of acquisition (Fig. 44). One qualitative difference from Ca2+ oscillations 

presented in Chapter 4 is that in primary murine T cells, the relationship between AUC 

and amplitude is linear across all three genotypes (Fig. 44A-C). As described in Figure 42, 

this analysis reveals that while Egr knockout cells have somewhat elevated cytosolic Ca2+ 

in unstimulated cells, at 2 hours post-stimulation, WT and Egr1-/- cells have fairly similar 

relationship between AUC and amplitude (Fig. 44A). Egr4-/- cells, however, are 

experiencing substantially higher amounts of Ca2+ at 2 hours that does not occur in WT 

cells until 20 hours post-activation (Fig. 44B, C). By 20 hours, Ca2+ flux through the cytosol 

has decreased in Egr4-/- T cells (Fig. 44C). Comparatively, Egr1-/- T cells exhibit blunted  
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Figure 43. Dysregulation of Ca2+ oscillations in activated Egr knockout T cells. (A-I) 
Traces representative of the distribution of variance in each condition are presented. T 
cells isolated by negative selection from spleen and lymph nodes were plated on poly-D-
lysine- (A-C) or anti-CD3/CD28-coated coverslips for 2 hours (D-F) or 20 hours (G-I) 
before loading with Fura-2 AM and acquiring F340/F380 for 10 minutes in 1 mM Ca2+ imaging 
buffer. 
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Figure 44. Egr knockout and activation significantly alter Ca2+ responses in murine 
T cells. (A-C) Ca2+ responses in Figure 28 were analyzed as the relationship between 
AUC and Amplitude. Lines of best fit were applied to the distributions (individual cells 
shown as open circles, lines of best fit shown as bolded lines) for unstimulated cells (A), 
2 hours post-stimulation (B), and at 20 hour post-stimulation (C). (D) The slopes of 
ΔAmplitude/ΔAUC are presented as the calculated mean ± SEM. These were analyzed 
by 2-way ANOVA, finding that Egr knockout and activation jointly affect slope (p<0.0001). 

 

 

 

Ca2+ responses throughout activation at both 2 and 20 hours (Fig. 44B, C). Although not 

a comprehensive measure of the ways in which the relationship between AUC and 

amplitude changes as a result of Egr knockout or activation, analysis of changes in the 

slope of these linear relationships by 2-way ANOVA assigns high significance to the 

interaction of Egr knockout and activation in affecting Ca2+ responses (p<0.0001). 

 

Egr4-/- T cells exhibit elevated cytokine production and Th1 bias 

 

Most intriguing from these molecular studies is the distinct role of EGR4 in regulating Ca2+ 

homeostasis proteins when previous findings showed a supporting role in EGR1-mediated 

upregulation of STIM1 during T cell activation162. To examine whether these observed 

effects on isolated primary T cells had ramifications on T cell differentiation, cytokine 
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production was measured by ELISA in Egr4-/- cells (Fig. 45). Even at baseline, Egr4-/- 

cells were observed producing high amounts of cytokines, in particular, interferon-γ, 

interleukins-9, -10, and -21 (Fig. 45A, D). Egr1-/- cells displayed a similar pattern, although 

this was limited to CD8+ T cells (Fig. 45D).  This effect extends to stimulation with anti-

CD3/CD28 antibodies, with interferon-γ production by Egr4-/- cells outpacing WT cells 

(Fig. 45C, F). Interestingly, stimulation with anti-TCRβ, which does not associate as 

closely with other CD3 chains, results in lower cytokine production than unstimulated cells 

(Fig. 45B, E)382. This is reflected when T cells were sorted for interferon-γ (IFN-γ) and 

interleukin-17 staining; 62.6% of Egr4-/- cells were polarized toward Th1 versus 38.5% in 

WT (Fig. 45G, I). However, Egr1-/- mice still showed 57.2% of cells polarized toward Th1 

identity, despite producing significantly less interferon-γ compared to Egr4-/- cells (Fig. 

45H, I). Therefore, the Th1 population alone may not explain the discrepancy in IFN-γ 

production. Examination of T cell subsets within each genotype revealed that rather than 

Th1 cells expressing more IFN-γ, other CD4+ cells are recruited to producing IFN-γ in 

Egr4-/- mice, including Th2, Th9, Th17, Th22, and Tregs (Fig. 45J).  
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Figure 45. Strong Th1 bias in Egr4-/- cells upregulates IFN-γ production. (A-F) 
Expression of cytokines was measured in unstimulated CD4+ and CD8+ cells (A, D), and 
cells stimulated with either anti-TCRβ (B, E) or anti-CD3/CD28 co-stimulation (C, F). 
Statistically distinct conditions are denoted a, b, c. (G-I) Polarization towards Th1 response 
was measured by FACS sorting in cells co-stained with IL-17 and IFN-γ. (J) Within each 
genotype, CD4+ T cells were separated into CD4+ T cell subsets and IFN-γ production 
measured within each subset. Changes from WT subset IFN-γ production was assessed 
by t tests. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

 

 

 

 

 

 



134 
 

Discussion 

 

Cumulatively, these studies provide numerous insights into the mechanisms governing 

Ca2+ responses, means of quantitatively comparing spontaneous Ca2+ oscillations, and 

ramifications on cell differentiation and fate. Despite compelling early evidence of EGR4’s 

involvement in regulating STIM1 expression, new data suggest that EGR regulates other 

Ca2+ homeostasis proteins as well, including POST, a newly defined regulator of Ca2+ 

channels and transporters. The effect of this transcriptional regulation is evident in the 

spontaneous behavior of CD4+ T cells, as well as CD8+ T cells, which largely recapitulate 

observations in the CD4+ subset (not shown). While Egr1-/- cells upregulate Ca2+ 

responses with activation, this activity pales in comparison to the large Ca2+ transients 

present in exclusively Egr4-/- T cells. Why Egr4-/- T cells reach a maximum of Ca2+ 

transients at 2 hours before downregulating them again by 20 hours is not yet understood. 

It is possible that upregulation of STIM1 and POST facilitate larger responses earlier Egr4-

/- T cells. Regardless, Egr4-/-T cells exhibit a striking phenotype: the recruitment of CD4+ 

T cell subsets to produce massive quantities of pro-inflammatory cytokine IFN-γ. While 

questions remain as to how EGR-mediated regulation of Ca2+ homeostasis proteins affect 

Ca2+ oscillations, a distinct effect of EGR4 has been identified. More insight into its targets 

and transcriptional activity are excellent questions for future study. 
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CHAPTER 6. DYSREGULATION OF CA2+ SIGNALING BY POST-TRANSLATIONAL 

MODIFICATION IN INVASIVE MELANOMA 

 

Introduction 

 

Melanoma begins as a cutaneous neoplasia with high cure rates by excision, however 

metastatic melanoma have 5-year survival rates of only 15%383. The propagation of a 

melanoma away from its primary site of origin begins with its ability to invade surrounding 

tissue, followed by intravasation, extravasation, and proliferation of a distant metastasis384. 

Therefore, invasiveness represents a promising target to prevent metastasis and stabilize 

a melanoma as a local and readily curable neoplasia. Cancers, including melanoma, must 

undergo phenotype switching to transition from a hyperproliferative state to an invasive 

phenotype. This is mediated in part by a shift from canonical Wnt1/Wnt3a signaling to non-

canonical Wnt5a/Ca2+ signaling385 that leads to PLCγ activation and Ca2+ release.  

Previous studies in other tumor types have reported a switch from Orai1 to Orai3 as the 

predominant isoform mediating SOCE in estrogen-responsive breast cancer, and a switch 

from STIM1 to STIM2 expression in dendritic cells386-387. Therefore, characterizing how 

SOCE components may be dysregulated in melanoma may provide insight as to how 

Wnt5a contributes to phenotype switching and an increase in metastatic potential188. 
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Results 

 

Wnt5a signaling regulates SOCE 

 

Among 4 non-invasive and 4 invasive melanoma cell lines, Wnt5a expression was strongly 

upregulated in invasive lines while undetectable in non-invasive cell lines (data not 

shown)188. To study the relationship between Wnt5a expression and the regulation of 

SOCE, Hooper et al. used invasive cell lines FS4 to generate a derivative cell line stably 

expressing Wnt5a shRNA. Surprisingly, they found that while this indeed led to decreased 

invasiveness, SOCE itself was suppressed (Fig. 46). The reciprocal experiment was 

performed by overexpressing Wnt5a in non-invasive cell line, FS13. Consistent with their 

findings in FS4 cells, this resulted in a decrease in SOCE in FS13 cells. Thus, while Wnt5a 

regulated invasiveness, it appeared that it may do so by decreasing, rather than 

increasing, SOCE. 

 

Decrease in SOCE is not due to changes in STIM/Orai expression 

 

Alterations to SOCE suggest that the components of SOCE, STIM1 and Orai1, may have 

altered expression levels, thus decreasing the number of Orai1 channels, or potentially by 

altering stoichiometry, such that efficient Orai1 channel formation and activation is 

disrupted. To examine this, Western Blot was performed on lysates collected from the 4 

invasive and 4 non-invasive melanoma cell lines, probing for SOCE proteins STIM1, 

STIM2, and Orai1, and GAPDH as a loading control (Fig. 47). However, no substantial  
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Figure 46. Wnt5a signaling decreases SOCE. (A) Invasion was compared between 
invasive FS4 cells transfected with Scrambled control or Wnt5a-directed shRNA by 
transwell assay, p<0.001. (B) SOCE was measured in cells from (A). (B, C) Cells were 
loaded with Fura-2 AM and treated with 2 μM Tg to induce store depletion. This was 
followed by 1 mM Ca2+ add-back to measure SOCE. Traces are presented as the average 
F340/F380 ratio (solid lines) in 30-50 cells ± SEM (dashed lines). (C) Non-invasive cell line 
FS13 were transfected with Wnt5a and SOCE was measured and presented as in (B).  
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Figure 47. Differences in STIM, Orai expression do not correlate to invasiveness. 
(A) Four invasive and four non-invasive cell lines were lysed. Western blot performed with 
the lysates were probed with anti-STIM1, anti-STIM2, anti-Orai1, and anti-GAPDH 
antibodies. (B-F) Transcript levels of STIM (B, C) and Orai (D-F) isoforms were measured 
across the eight cell lines by qPCR and normalized to TBP transcript levels. 
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differences that could consistently discern between invasive and non-invasive cell lines 

was found. Furthermore, measuring transcript levels by qPCR of STIM and Orai isoforms 

also failed to show differences consistent with altered SOCE and invasiveness. 

 

PKC inhibition restores SOCE in invasive melanoma cell lines 

 

The surprising finding that expression changes did not belie the alterations in signaling 

changes necessitated examination of post-translational modifications in dysregulating 

SOCE in invasive melanoma. In addition to non-canonical Wnt signaling activating PLC to 

generate InsP3, it also leads to activation of protein kinase C (PKC)388. The N-terminus of 

Orai1 had been shown to be a phosphorylation target of PKC, and, from Hooper et al., 

PKC was a promising candidate because “invasive melanoma cells have been previously 

shown to exhibit elevated PKC activity389 and PKC has been previously shown to inhibit 

SOCE390,391.”  

Both non-invasive and invasive melanoma cell lines were treated for 90 minutes with 10 

μM PKC inhibitor gö6983 before measuring SOCE in Fura-2 AM-loaded cells store-

depleted in 2 μM Tg in Ca2+-free buffer, followed by addition of 1 mM Ca2+. Interestingly, 

non-invasive cell lines did not exhibit changes in SOCE (Fig. 48A), however, with the 

exception of FS4, gö6983 increased SOCE in the invasive melanoma cell lines (Fig. 48B). 

This supports that non-invasive melanomas may be prone to low PKC activity, and that 

dysregulation could also be occurring at the level of PKC expression or function.   

To test whether these changes in SOCE resulted in altering invasiveness, transwell 

invasion assays were performed with FS4 cells (which did not respond to gö6983) (Fig. 

48C) and FS5 (Fig. 48D). Indeed, invasiveness was decreased by ~3-fold in FS5 cells,  
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Figure 48. Pharmacologic inhibition of PKC increases SOCE in invasive melanoma. 
Cells were treated with 10 μM PKC inhibitor gö6983 before measurement of SOCE in the 
4 non-invasive (A) and 4 invasive (B) melanoma cell lines. ΔSOCE is calculated as the 
average maximum F340/F380 – minimum F340/F380 for each cell. Invasiveness was measured 
± gö6983 in invasive lines FS4 (C) and FS5 (D). . * indicates p ≤ 0.01; ** indicates p < 
0.001; *** indicates p < 0.0001. 
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and by a smaller but statistically significant margin in FS4 cells (Fig. 49C, D). These 

studies provide several lines of evidence that dysregulation of SOCE downstream of 

Wnt5a/PKC signaling contributes to invasiveness in melanoma.  

 

Discussion 

 

These data also offer evidence that increased invasiveness in melanoma could arise from 

suppressed, rather than enhanced SOCE, as has been reported by others392,393. However, 

our studies focused on one branch of Wnt signaling when multiple are involved at different 

stages of melanoma progression. While we have added observations to how Wnt/PKC 

and SOCE are interconnected, inhibition of β-catenin by inhibitor of β-catenin and TCF 

(ICAT) showed an increase in invasiveness in melanoma: ICAT-high patient melanomas 

had higher metastasis-forming ability in nude mice, and ectopic expression in melanoma 

cell lines increased cell motility and invasion394. Other reports have made observations on 

Wnt5a being upregulated or driving progression in other tumor types, including breast, 

ovarian, and gastric cancers395-398. Melanoma is also not alone in exhibiting dysregulated 

SOCE. A study by J. Yang et al. investigated the role of Wnt5a/PKC signaling in A549 

non-small cell lung cancer cells399, reporting that PKC inhibition by GF109203X re-

sensitized cisplatin-resistant A549 cells. Future studies into Wnt pathway switching may 

help resolve current disparities in the literature on SOCE and progression of melanoma. 
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CHAPTER 7. CONCLUSIONS 

 

PMCA4 splice variant-dependent effects on NFAT activity 

 

The data presented in Chapter 2 significantly expand on our previous observations on 

how STIM1-mediated inhibition of PMCA4b locally controls elevations in cytosolic Ca2+ at 

the IS to drive NFAT activation71. When I measured NFAT transcriptional activity in Jurkat 

T cells expressing PMCA4a or PMCA4b, I made the unexpected finding that NFAT activity 

was enhanced in the presence of a Ca2+ clearance protein. Interestingly, co-expression 

with STIM1 continued to enhance NFAT activity in PMCA4b-expressing cells, but reversed 

enhancement in PMCA4a-expressing cells. This revealed a counterintuitive contribution 

of PMCA4 to NFAT activity, and also our first functional distinction between PMCA4a and 

PMCA4b during T cell activation. 

Differences in PMCA4 splice variant function have been well-characterized (reviewed in 

400. PMCA4a and PMCA4b vary in their C-termini, generated by a splice site bisecting the 

PMCA4 calmodulin-binding domain401. As a result, PMCA4a has been shown to be more 

efficient at Ca2+ clearance than PMCA4b. Our model predicts that enhanced Ca2+ 

clearance near the mouth of the Orai1 pore increases the open potential of Orai1 

channels. This would suggest PMCA4a would be more able to enhance SOCE via Orai1. 

Despite this, PMCA4a also lacks a PDZ binding domain present in PMCA4b. Therefore, 

PMCA4b may engage in some protein interactions that are inaccessible to PMCA4a402. 

This may be informative for future studies looking into how PMCA4a and PMCA4b are 

differentially targeted and regulated during functional coupling with Orai1 to drive NFAT 

activation.  
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I present findings of PMCA4b as a facilitator of sustained Ca2+ entry and NFAT activation, 

however the concept of PMCA4 regulating Ca2+-dependent transcription factors has yet 

to be fully understood. In contrast, a study by Buchs et al., found that NFAT activity was 

decreased by 60% in HEK 293 cells expressing ectopic PMCA4b403. This was attributed 

to PMCA4b-mediated inhibition of calcineurin via locally reduced Ca2+ levels. However, in 

these studies, cell stimulation was accomplished by treatment with PMA and Ca2+ 

ionophore A23987. Therefore, although similar models, consideration of differences in 

pathway activation are an important factor for future studies. Indeed, Krapivinsky et al. 

also performed studies in HEK 293 cells treated with SERCA inhibitor thapsigargin and 

reported that differences were not seen in Ca2+ entry, which was not the case for my 

studies in anti-CD3/CD28-treated Jurkat T cells346. More recently, a paper by P.W-L. Ho 

et al. identified a novel PMCA4 mutation, PMCA4 P268Q, in a case of autosomal dominant 

familial spastic paraplegia404. While the mechanism of this mutation’s function has yet to 

be elucidated, the group described higher baselines after Tg-induced store depletion in 

neuroblastoma cells expressing PMCA4 P268Q. Cumulatively, the importance of PMCA4 

to the regulation of baseline Ca2+ levels and of Ca2+ responses is clear. Future studies to 

integrate functional studies on PMCA4 with physiological consequences will find it useful 

to address how splice variants are differentially regulated by STIM1, POST, and other 

partners to the PMCA4 C-terminus. 

 

POST drives Ca2+ oscillations and metabolism 

 

In these studies, I examined 1) the effect of POST expression as a regulator of Ca2+ entry 

and clearance on spontaneous Ca2+ oscillations, and 2) the ramifications on these Ca2+ 
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oscillations on mitochondrial metabolism. Based on analyses by others (discussed in 

Chapter 3 – Introduction), I designed analyses to focus on changes in peak Ca2+ level 

achieved during spontaneous oscillations (amplitude), and amount of Ca2+ that is present 

in the cytosol over a given length of time (area under the curve). With these, I found that 

POST overexpression in Jurkat T cells increases both amplitude and AUC. This is 

consistent with my proposed model that POST, rather than independently modulating the 

activity of multiple proteins, functionally couples Orai1 and PMCA4, because 

pharmacologically induced SOCE in POST-expressing cells alone does not change entry 

(Fig. 17B, 21B). Furthermore, these increases in cytosolic Ca2+ are reflected in an increase 

in mitochondrial respiratory rate, which is driven by Ca2+. 

These insights are becoming progressively more combined with physiological outputs and 

in vivo models. In studies by Buck et al., mitochondrial fusion promoted a memory T cell 

phenotype while activated effector T cells had fissed mitochondria to facilitate aerobic 

glycolysis, driven by mitochondrial cristae remodeling in mice infected with Listeria 

monocytogenes expressing ovalbumin405. In this manner, T cells could adapt to efficient 

oxidative phosphorylation and fatty acid oxidation in memory T cells, or aerobic glycolysis 

in activated effector cells. In a study of autoimmune T cells in experimental autoimmune 

encephalitis, changes in Ca2+ signaling kinetics corresponded to various stages of 

migration as T cells migrated toward the central nervous system. Rather than being devoid 

of Ca2+ signals, T cells passing through autoantigen-free microenvironments could have 

acute Ca2+ transients that avoided NFAT activation. Upon passing the blood brain barrier 

and exposure to autoantigen-presenting cells, sustained Ca2+ elevations were able to be 

established, thus giving tissue-site specificity to NFAT activation406. Ca2+ signaling in 

astrocytes, while previously studied in vitro as being able to regulate neuronal function, 

had yet to have its proposed role in neurological disorders studied in vivo407,408. By 
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inducing expression of human PMCA2w/b in astrocytes and coupling that to neuronal 

activity reporter GCaMP6f in medium spiny neurons in the live mouse brain, it became 

possible to measure the effect of dampening Ca2+ signals in astrocytes on neuron 

excitability. This connected non-excitable Ca2+ signaling in astrocytes to excitable 

neuronal behavior, resulting in measurable behavioral changes in grooming409. These 

experiments and others demonstrate the value of considering the duty cycle of Ca2+ when 

studying molecular and physiological functions. 

 

EGR4-mediated regulation of STIM1 and POST expression shapes T cell 

differentiation in vivo 

 

In these studies conducted by myself and others, we investigated the role of EGR1 and 

EGR4 in T cell differentiation. We found significant changes in the expression level of 

SOCE components in Egr1-/- mice, but also that EGR4 had distinct effects suppressing 

STIM1 expression throughout activation, and upregulating POST expression at 20 hours 

of activation. These produced multiple genotype and activation-dependent changes in 

spontaneous Ca2+ oscillations. In general, Egr1-/- cells were less responsive to 

stimulation. Meanwhile, both WT and Egr4-/- cells exhibit massive sustained Ca2+ 

responses, but while they are observed at 20 hours of activation in WT cells, in Egr4-/- 

cells, this occurs by 2 hours post-activation, representing a significant dysregulation of 

Ca2+ signaling with ramifications for T cell differentiation. Indeed, we showed altered 

cytokine expression in WT, Egr1-/-, and Egr4-/- (Fig. 30A-F). Notably, Egr4-/- showed 

significantly upregulated IFN-γ expression across T cell subsets (Fig. 30J), and a 

significant bias toward Th1 markers was found. 
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While most effects described herein were in CD4+ T cells, CD8+ T cells are also affected 

by EGR knockout, notably, by accelerating Ca2+ at 2 hours post-activation while WT cells 

do not see accelerated clearance until 20 hours of activation. The effect of Egr4-/- on 

CD8+ Ca2+ clearance is less clear; however FACS analysis of Egr4-/- Th1 polarized CD8+ 

T cells show upregulation of both granzyme and perforin, suggesting greater cytolytic 

activity (not shown). These studies identify POST as a transcriptional target of EGR4, and 

demonstrate that EGR4 drives large Ca2+ responses at an earlier stage following 

activation. Finally, EGR4-mediated regulation of Ca2+ resulted in altered T cell 

differentiation with a strong Th1 bias and IFN-γ production across T cell subpopulations. 

Recently, Kim et al. identified POST as a target of microRNA-150 (miR-150) in naïve CD8+ 

T cells410, with some important differences from our findings. In their studies, POST, 

treated as a negative regulator of PMCA, is up-regulated during activation, and blocking 

this upregulation via infection with miR-150 drove CD8+ cells away from anergic signaling 

toward an effector phenotype. While they did not measure rates of Ca2+ clearance as a 

function of POST expression, their measurements of Ca2+ entry match our observations: 

conditions in which POST expression is lower also have lower Ca2+ entry (Fig. 36I, K). 

Another point of consistency comes with my analyses of spontaneous Ca2+ oscillations, 

conditions in which POST expression was higher had elevated cytosolic Ca2+ content. This 

corresponded to higher expression of anergy-inducing genes. In contrast, we observed 

that POST upregulation in Egr4-/- T cells had pushed CD8+ T cells toward an effector 

phenotype.  

Although CD8+ T cells are pushed to different outcomes between our studies, both 

outcomes depend upon large, sustained Ca2+ responses, and the possibility remains that 

POST could be important to both without being the deciding factor. Despite differences in 

cell differentiation, their functional data share conceptual similarities with our studies. What 
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they have attributed to a negative regulatory role in PMCA function by POST does not 

contradict the possibility that elevated Ca2+ is due  to Orai1-PMCA4 functional coupling by 

POST. This highlights the great importance of distinguishing whether PMCA is simply 

attenuated, or if PMCA is accelerated to contribute to sustained Ca2+ entry. Finally, future 

studies will be valuable for understanding how POST, its partners, and upstream 

regulators may control  physiologically disparate outcomes. 

 

Dysregulation of Ca2+ signals by post-translational modification in invasive 

melanoma 

 

In this report, the contribution of SOCE components to non-canonical Wnt/Ca2+ signaling 

in invasive melanoma was examined following the observation that Wnt5a expression 

regulated Ca2+ entry and invasiveness in melanoma cell lines. In previous studies, we had 

concentrated on interactions and regulatory functions of Ca2+ homeostasis proteins with 

an emphasis on their expression and relative abundance. However, less has been done 

to focus on the sensitivity of these proteins to other pathways and modifications. In the 

case of Wnt5a-mediated suppression of SOCE, we found that expression of STIM and 

Orai isoforms could not account for the consistent decrease in SOCE seen in invasive 

versus non-invasive melanoma cell lines. Owing to the fact that PKC is activated 

downstream of Wnt5a and that Orai1 contains PKC phosphorylation site, we tested the 

effect of pan-PKC inhibitor gö6983 on invasive and non-invasive cell lines. Consistent with 

our hypothesis, PKC, rather than expression, regulates SOCE in only invasive melanoma 

cell lines, and that this results in reduced invasiveness. Thus, phosphorylation of Orai1 is 

important for Orai1 channel function in some contexts. Importantly, the specificity of this 
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post-translational modification to invasive cells may be an attractive means of targeting 

neoplastic cells with dysregulated Ca2+ signaling. 

Much research has been done into the numerous ways in which SOCE is regulated by 

protein expression, beginning from transcriptional control to RNA handling, and from 

translational control to protein stability (reviewed in 411). In addition to post-translational 

modification of Orai1, its Ca2+ cycling partner PMCA4 is also influenced by its classic 

regulator, calmodulin, as well as acidic phospholipids, oligomerization, and 

phosphorylation400,412-414. STIM1 activation is modulated as well by N-glycosylation on the 

luminal side of STIM1 that alter STIM1 oligomerization415. Additionally, post-translational 

modification of STIM1 can act as a transducer of stress signaling. In the context of 

oxidative stress, S-glutathionylation of STIM1 EF hands facilitates STIM1 activation and 

SOCE, allowing sufficient Ca2+ into the cell to lead to mitochondrial overload416.  

These studies examined a component of Ca2+ signal generation and regulation. While 

unexpected in the context of a functional assay to measure PMCA4 activity, by considering 

the function of other Ca2+ homeostasis proteins, these studies have defined a novel mean 

by which PMCA4 contributes to cellular responses. Furthermore, this function was 

supported by the now better understood function of Partner of STIM1 protein beyond its 

known ability to mediate protein interactions. By utilizing live cell studies, POST has been 

defined as engaging in specific protein interactions that vary during a Ca2+-dependent 

process such as T cell activation. Along with a novel role of POST, these studies have 

opened the door to understanding both how POST may be a target of EGR4, and how 

POST-mediated regulation of Ca2+ signals may shape T cell differentiation. Finally, in 

addition to better understanding how the expression of Ca2+ homeostasis proteins is 

critical to changes in the transcriptional targeting of other gene expression programs, the 

role of post-translational modifications of Orai1 in invasive melanoma has been 
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investigated. Ca2+ signaling, while a ubiquitous signaling system, accomplishes both 

specificity and diversity in the cellular processes it governs. As my studies support, this is 

realized on a molecular level through an impressive array of channels and transporters, 

of Ca2+ sensors, and regulators of protein function. Understanding and harnessing its 

physiological consequences have required and will continue to require similar studies on 

the generation and regulation of a Ca2+ signal.  
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