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ABSTRACT 

 The extensive relationship between modulation of intracellular Ca
2+

 content and 

the control of cell proliferation (Boynton, Whitfield et al. 1974; Whitfield, Boynton et al. 

1979; Berridge and Irvine 1984), differentiation (Bridges, Levenson et al. 1981; Holliday, 

Adams et al. 1991) and death (Orrenius, Zhivotovsky et al. 2003) has led to much 

examination into the relationship between Ca
2+ 

signaling pathways and the onset of 

various pathological conditions, including cancer, cardiac hypertrophy, 

immunodeficiency, neurodegeneration.  Control of Ca
2+

 signals is achieved via an 

extensive combination of pumps, channels and exchangers which regulate the 

concentration of Ca
2+

 within not only the cytosol but also all intracellular compartments.  

Accordingly, a great deal of research has focused on the mechanisms which regulate 

these channels and pumps, and recently the primary mechanism for Ca
2+ 

influx in non-

excitable cells has been identified.  This process, termed Store-operated calcium entry 

(SOCe), is a key evolutionarily conserved mechanism whereby decreases in endoplasmic 

reticulum Ca
2+

 content (sensed by the ER Ca
2+ 

sensor, STIM1) leads to the influx of Ca
2+

 

across the plasma membrane through the Orai family of Ca
2+ 

channels.  However, many 

questions remain about how this Ca
2+

 signaling pathway is regulated.  In this thesis, I 

provide evidence regarding the transcriptional and molecular mechanisms regulating 

SOCe.    

 Initial studies in my thesis work aimed to identify some of the key events leading 

to dysregulation of Ca
2+

 homeostasis in the kidney specific pediatric malignancy, Wilms‟ 

Tumor.  I found that STIM1 expression levels and SOCe signals are significantly reduced 
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in Primary Wilms‟ Tumor samples.  Subsequent analysis of these phenomena led me to 

the finding that STIM1 expression is under the control of the transcription factors Wilms‟ 

Tumor Suppressor 1 (WT1) and Early Growth Response 1 (EGR1).   

 Subsequent investigations were carried out with the purpose to assess how activation 

of the EGR1 transcription factor alters long term Ca
2+

 signals. Indeed, I found that 

receptor-mediated activation of EGR1 leads to induction of STIM1 expression and 

increases in SOCe. However, unexpectedly through these analyses, I propose a novel role 

for STIM1 that STIM1 interacts with the Plasma Membrane Ca
2+

 ATPase (PMCA) 

through its C-terminal proline-rich domain and reduces PMCA-mediated Ca
2+

 clearance, 

effectively creating local, augmented Ca
2+

 gradients.  This coordinated control of Ca
2+

 

entry and exit from the cell has wide-ranging implications for Ca
2+

 signaling in multiple 

cell types.  
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CHAPTER 1 

INTRODUCTION 

 

Part I: Ca
2+

 Signaling Mechanisms 

Overview of Ca
2+

 Signaling 

 Calcium (Ca
2+

) ions are ubiquitous cellular signaling molecules that control a wide 

variety of cellular processes including transcription, contraction, exocytosis, apoptosis 

and more.  These different responses occur in an amazingly wide time scale, from 

microseconds (eg, muscle contraction or exocytosis) to many hours (eg, transcription), 

weeks or months (eg, synaptic plasticity)(Berridge, Bootman et al. 2003).  Thus, the 

ubiquitous and versatile nature of Ca
2+

 as a secondary messenger creates a setting in 

which minor differences in a Ca
2+

 signal can produce extremely different cellular 

outcomes.  Accordingly, the spatial-temporal properties of a Ca
2+

 signal largely dictate 

the specificity of the targeted downstream cellular effect(Berridge, Bootman et al. 2003).  

These dynamics are tightly controlled by a vast array of highly conserved transporters, 

and channels (Berridge, Bootman et al. 2003). Hence, while the extracellular 

concentrations of Ca
2+

 are typically four orders of magnitude higher than intracellular 

levels, Ca
2+

 executes its function as a cellular signaler within the cytoplasm(Berridge, 

Bootman et al. 2003).   

 In non-excitable cell types, the Sarco/endoplasmic Ca
2+

 ATPase (SERCA) and 

Plasma Membrane Ca
2+

 ATPase (PMCA) represent the major sources of cytosolic Ca
2+

 

clearance mechanisms whereby these ATP-dependent proteins pump Ca
2+

 into the ER 
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and extracellular space, respectively (Figure 1)(Berridge, Bootman et al. 2003).  On the 

contrary, the store-operated Ca
2+

 entry (SOCe) signaling pathway is the major Ca
2+

 influx 

mechanism in non-excitable cell types (Figure 1-1)(Parekh and Putney 2005; 

Hewavitharana, Deng et al. 2007).  Together these channels, pumps and signaling 

pathways work to efficiently shape a Ca
2+

 signal and thus have a large impact on cell 

function.   

Molecular Mechanisms of Store-Operated Ca
2+

 Entry.   

 The concept of store-operated Ca
2+

 entry (SOCe) was initially proposed in 1986 by 

Jim Putney (Putney 1986), however, until recently the molecular mechanisms controlling 

SOCe were unknown. In 2005, 2 papers were published identifying Stromal Interacting 

molecule 1 (STIM1) as a required component of this process (Liou, Kim et al. 2005; 

Roos, DiGregorio et al. 2005), followed in 2006 by 3 papers revealing a similar 

requirement for Orai1 (Feske, Gwack et al. 2006; Vig, Peinelt et al. 2006; Zhang, 

Yeromin et al. 2006). Over the last 6 years, considerable progress has been made defining 

how SOCe works (Soboloff, Spassova et al. 2006; Feske 2007; Hewavitharana, Deng et 

al. 2007; Hogan and Rao 2007; Luik and Lewis 2007; Deng, Wang et al. 2009). 

Accordingly, both STIM1 and its mammalian homologue STIM2 are type 1A 

transmembrane proteins containing low Ca
2+

 affinity luminal EF hands; STIM1 EF hand 

Ca
2+

 Kd is 0.2-0.6 mM and the STIM2 EF hand Ca
2+

 Kd is ~ 0.5 mM (Williams, Manji et 

al. 2001; Stathopulos, Li et al. 2006). Thus, when ER Ca
2+

 content is high, their EF hands 

are bound to Ca
2+

 and the proteins are inactive (Liou, Kim et al. 2005; Stathopulos, 

Zheng et al. 2008; Deng, Wang et al. 2009). However, decreases in ER Ca
2+

 

concentration cause dissociation of Ca
2+

 from the STIM EF hands, resulting in a 
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conformational change (Stathopulos, Li et al. 2006; Stathopulos, Zheng et al. 2008; 

Stathopulos, Zheng et al. 2009) that leads to STIM aggregation in regions of the ER 

adjacent to the PM (Wu, Buchanan et al. 2006; Hewavitharana, Deng et al. 2008; Luik, 

Wang et al. 2008), where they interact with and activate Orai1, the store-operated Ca
2+

 

channel (Luik, Wu et al. 2006; Mercer, Dehaven et al. 2006; Peinelt, Vig et al. 2006; 

Soboloff, Spassova et al. 2006; Hewavitharana, Deng et al. 2008; Luik, Wang et al. 2008; 

Muik, Fahrner et al. 2009; Park, Hoover et al. 2009; Wang, Deng et al. 2009; Yuan, Zeng 

et al. 2009). Despite the similarities in both their domain structure and general 

physiological roles, I and others have observed extensive differences in the activation 

characteristics of STIM1 and STIM2 (Soboloff, Spassova et al. 2006; Brandman, Liou et 

al. 2007; Parvez, Beck et al. 2008; Stathopulos, Zheng et al. 2009; Zhou, Mancarella et 

al. 2009). Thus, the Ca
2+

 affinity of the STIM2 EF hand is higher at resting ER Ca
2+

 

concentrations, resulting in constitutive activation (Soboloff, Spassova et al. 2006; 

Brandman, Liou et al. 2007; Parvez, Beck et al. 2008). However, sequences within the N-

terminal tail of STIM2 control its rate of activation, thereby avoiding Ca
2+

 overload 

(Zhou, Mancarella et al. 2009). There are also two mammalian homologues of Orai1 

termed Orai2 and Orai3 which function similarly to Orai1 when overexpressed 

(DeHaven, Smyth et al. 2007; Lis, Peinelt et al. 2007), although the roles of the 

endogenous proteins remain undefined. Thus, while many questions remain, recent 

studies have led to considerable progress in the characterization of the molecular 

mechanisms of SOCe. However, less clear is how these proteins are regulated under both 

physiological and pathophysiological conditions.  
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Figure 1-1. Molecular Mediators of Ca2+ homeostasis (From Spassova, Soboloff et al. 2004).   The major proteins 

involved in control of Ca2+ homeostasis are depicted. Resting cytosolic Ca2+ concentration is maintained primarily by 

the combined action of the plasma membrane Ca2+/ATPase (PMCA) and the sarco/endoplasmic calcium ATPase 

(SERCA). The SERCA pump also serves as the primary regulator of the Ca2+ concentration in the endoplasmic 

reticulum (ER). Activation of PLC coupled receptor tyrosine kinases (RTK) or G-protein coupled receptors results in 

the production of inositol 1,4,5-triphosphate (InsP3) which binds to and activates the  inositol 1,4,5-triphosphate 

Receptor (IP3R) located in the ER membrane.  Activated IP3R mediates the release of Ca2+ from the ER into the 

cytosol. This depletion of ER Ca2+ content is sensed by STIM proteins, which aggregate near the plasma membrane 

(PM) to interact with Orai1, thereby initiating store-operated Ca2+ entry. 

 

http://medical-dictionary.thefreedictionary.com/inositol+1,4,5-triphosphate+%28InsP3,+IP3%29
http://medical-dictionary.thefreedictionary.com/inositol+1,4,5-triphosphate+%28InsP3,+IP3%29
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STIM Family of Proteins 

 STIM proteins are ubiquitously expressed type IA transmembrane proteins found 

in species ranging from Drosophila to human. Early investigations identified STIM1 as a 

surface-positioned protein on stromal cells with unknown function (Sabbioni, Veronese 

et al. 1999). However, while the role of STIM1 on the cell surface remains controversial, 

its function as a Ca
2+

 signaling protein in the ER is now well understood. Briefly, the 

activation of phospholipase C (PLC)-coupled surface receptors initiates complex 

signaling cascades which among many things stimulate Ca
2+

 release from the ER.  

Subsequently, STIM1 senses that ER Ca
2+

 levels have been depleted and signals a 

channel on the plasma membrane, Orai1 to allow Ca
2+  

to
 
move into the cytoplasm from 

the extracellular space.    

 STIM1 is positioned in the ER membrane with its N-terminus facing the lumen 

and its C-terminus extending into the cytoplasm (Soboloff, Spassova et al. 2006).  The 

protein contains two EF hand motifs; one EF hand defined as a Ca
2+

-binding canonical 

EF-hand motif (cEF) that pairs with an immediate atypical "hidden" non-Ca
2+

-binding 

EF-hand (hEF)(Stathopulos, Zheng et al. 2008; Stathopulos, Zheng et al. 2009). 

Together, this pair of EF hands mediates hydrophobic interactions between the EF-hand 

and sterile- alpha motif (SAM) domains. Biophysical analyses show that in the presence 

of Ca
2+

, the EF hand/SAM domain is a monomeric, compact-alpha helix (Stathopulos, 

Zheng et al. 2008; Stathopulos, Zheng et al. 2009).  However, when Ca
2+

 is depleted from 

the ER and as a consequence dissociates from the EF hands, the EF hand/SAM domain 

changes to a less alpha-helical, less compact conformation that promotes aggregation 

(Stathopulos, Zheng et al. 2008; Stathopulos, Zheng et al. 2009). Thus, the conformation 
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change which occurs as a result of Ca
2+

 dissociation exposes several hydrophobic 

residues to water in the ER lumen (Stathopulos, Zheng et al. 2009).  As a consequence, 

EF-SAM domains from adjacent STIM1 molecules aggregate in order to conceal these 

hydrophobic residues and form a more energetically favorable structure (Stathopulos, 

Zheng et al. 2008).  It is believed that this aggregation signals STIM1 clusters to activate 

Orai1 channels on the plasma membrane and generate Ca
2+

 influx.  In support of this 

idea, a very elegant genetic dissection of STIM1 has shown that a short acidic segment 

within the first coiled coil domain of protein forms an intramolecular interaction possibly 

with a basic sequence within the STIM1 ezrin-radixin-moesin (ERM) domain and when 

these acidic segments (Glutamates) were mutated to alanine residues, STIM1 was 

rendered constitutively active (Korzeniowski, Manjarres et al. 2010).  Thus, the authors 

of this report speculate that oligomerization of STIM1 breaks this intramolecular 

interaction that keeps it inactive in the quiescent STIM1 molecule (Korzeniowski, 

Manjarres et al. 2010).  Furthermore, re-addition of to the ER and resultant binding of 

Ca
2+

 to the EF hand results in disaggregation of this domain back to monomers, 

demonstrating complete reversibility of this Ca
2+

-dependent conformational 

change(Stathopulos, Zheng et al. 2008).   

 The STIM1 C-terminus, located in the cytosol, contains two coiled-coil regions 

overlapping with an ERM-like domain followed by a serine/proline-rich and a lysine-rich 

region (Figure 1-2).  It is speculated that the lysine rich regions provides an area of 

positive charge which interacts with anionic lipids in plasma membrane to facilitate Orai1 

activation (Liou, Fivaz et al. 2007).  Three recent studies have described the essential 

ORAI-activating region within the ERM domain, termed SOAR (STIM ORAI-activating 
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region,(Yuan, Zeng et al. 2009), OASF (Figure 1-2, ORAI-activating small 

fragment(Muik, Fahrner et al. 2009) or CAD (CRAC activating domain,(Park, Hoover et 

al. 2009). Hence, the CAD/SOAR/OASF fragments of STIM1 are sufficient to activate 

Orai1, while the roles of the remaining portions of the cytosolic portion of STIM1 remain 

unclear.   

STIM1 also contains two highly conserved cysteine residues near the EF hands 

which serve as redox sensors for activation of Ca
2+

 influx through SOCCs (Hawkins, 

Irrinki et al. 2010).  Hence, S-glutathionylation of cysteine 56 in STIM1 serves to reduce 

the Ca
2+

 binding affinity of the EF hand region, effectively activating STIM1 

independent of ER calcium levels(Hawkins, Irrinki et al. 2010). 

 The function of STIM2 appears to be more complex than STIM1. Hence, both 

knockdown and knockout studies tend to show little or no contribution of STIM2 to 

SOCe, depending on the cell type (Hewavitharana, Deng et al. 2007). However, when 

STIM2 is overexpressed there is marked inhibition of SOCe which has led to the 

speculation that STIM2 may function as an endogenous inhibitor of SOCe (Soboloff, 

Spassova et al. 2006). However, the discovery of Orai1 as the channel that mediates 

SOCe led to the rejection of this idea since co-expression of both STIM2 and Orai1 led to 

constitutive Ca
2+

 entry (Soboloff, Spassova et al. 2006; Soboloff, Spassova et al. 2006; 

Parvez, Beck et al. 2008). Therefore, subsequent efforts focused on defining key 

differences in the structures of STIM1 and STIM2 that could explain these seemingly 

contradictory observations and shed new light on the true cellular function of STIM2. 

 The structures of STIM1 and STIM2 have very high homology with differences 

noted primarily in the N-terminal Small Variable Regions (SVR) and the C-terminal 
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Variable Regions. Interestingly, most of the functional differences observed between 

STIM1 and STIM2 are conferred by sequence variations in the N-terminal or luminal 

regions of the proteins (Zheng, Stathopulos et al. 2008; Zhou, Mancarella et al. 2009). 

Hence, dissociation of Ca
2+

 from the STIM EF-SAM domains causes rapid 

conformational changes that support aggregation; minor differences in the SVR domains 

of STIM1 and STIM2 cause the STIM2 EF-SAM domain to undergo a 3-fold slower 

conformational change and 70-fold slower rate of aggregation upon Ca
2+

 withdrawal 

(Zheng, Stathopulos et al. 2008). Further, minor differences in the STIM canonical EF-

hand loop between STIM1 and STIM2 change their relative Ca
2+

 affinity; STIM2 is 

active at near resting concentrations of ER Ca
2+ 

 (Zheng, Stathopulos et al. 2008).  Hence, 

STIM1 is a stronger and faster activator of Orai1 than STIM2, yet greater changes in ER 

Ca
2+

 content are required for STIM1 activation. This has led to the hypothesis that, unlike 

STIM1, STIM2 functions primarily as a modulator of basal cytosolic Ca
2+

 concentration 

(Liou, Kim et al. 2005). 

Critical Biological Functions for STIM Proteins 

 The identification of the STIM and Orai proteins as the molecular mediators of 

SOCe has allowed for elegant studies which have revealed the biological role of SOCe in 

cell physiology and pathophysiology.  A recent report has shown that both STIM1 and 

STIM2 are critical for T cell function (Oh-Hora, Yamashita et al. 2008). T cells deficient 

in STIM1 lack SOCe and are severely compromised in their ability to produce the 

cytokines IL-2, IFN-γ and IL-4 in response to stimulation of the T-cell receptor (TCR) 

(Oh-Hora, Yamashita et al. 2008). Interestingly, expressing STIM2 in these cells led to a 

moderate rescue in SOCe (Oh-Hora, Yamashita et al. 2008).  Also, STIM2-deficient T 
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cells had moderately less SOCe than control cells highlighting that that endogenous 

STIM2 does play a role in SOCe activation (Oh-Hora, Yamashita et al. 2008).  However, 

while STIM2-deficient T cells only had slightly diminished SOCe, these cells were still 

notably impaired at cytokine production (Oh-Hora, Yamashita et al. 2008). Thus, STIM1 

and STIM2 are important signaling molecules, each with distinct roles for control of Ca
2+

 

influx in T cell activation. 

 STIM1 has also been implicated in pathophysiological events such as tumor cell 

metastasis.  In a recent study, investigators were able to inhibit the migration of highly 

metastatic breast cancer cells by reducing the levels of SOCe (Yang, Zhang et al. 2009). 

Furthermore, reduction of the Ca
2+

 influx that STIM1 initiates using small molecule 

inhibitors had a similar effect on the migration of these cells in vitro and in vivo 

indicating that STIM1 and SOCe are potential cancer therapeutic targets (Yang, Zhang et 

al. 2009).    
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Figure 1-2. Structure of STIM proteins (Adapted from (Soboloff, Spassova et al. 2006). 

Comparison of the sequence domains of STIM1 and STIM2 proteins including the EF-hand 

Ca2+ binding regions, sterile-alpha motifs (SAM), glycosylation sites 

(hexagons),transmembrane domains (TM), coiled-coil regions (CC), and proline-rich domains 

(P).  
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Orai Family of Proteins   

 Function-based genetic screens by systematic RNA interference (RNAi) screens 

have revealed that the Orai family of proteins are key molecular components of SOCe 

channels (Feske, Gwack et al. 2006).  The Orai proteins, Orai1, Orai2, and Orai3 are 

encoded by three separate genes. Each of the three Orai proteins contains 

four transmembrane domains flanked by cytosolic N- and C-termini and forms highly 

Ca
2+

 selective pores located in the plasma membrane (Gwack, Srikanth et al. 2007; 

Wissenbach, Philipp et al. 2007). The respective Orai channels exhibit distinct 

inactivation profiles, permeability properties and 2-APB (2-aminoethyldiphenyl borate) 

sensitivity (DeHaven, Smyth et al. 2007; DeHaven, Smyth et al. 2008). 

 Orai1 is the most potent to reconstitute Ca
2+

 influx, and its reduction has the 

highest impact on SOCe signals (Soboloff, Spassova et al. 2006).  Although Orai dimers 

have been observed in cells ((Gwack, Srikanth et al. 2007; Penna, Demuro et al. 2008)), 

the functional Orai channel moiety is a tetramer(Ji, Xu et al. 2008; Mignen, Thompson et 

al. 2008; Park, Hoover et al. 2009). Furthermore, while dimer-to-tetramer transition has 

been reported during Orai1 activation (Penna, Demuro et al. 2008), it appears more likely 

that Orai channels have a constant tetrameric stoichiometry (Ji, Xu et al. 2008; Park, 

Hoover et al. 2009).    Substantial evidence also supports the notion that Orai tetramers 

are heteromeric. Thus, the negative dominance of the pore-dead Orai1 E106Q mutant 

over Orai2, Orai3, or endogenous SOCe activity indicates that Orai channels can be 

heteromultimers with possibly multiple channel subtypes in cells ((Vig, Beck et al. 2006; 

Lis, Peinelt et al. 2007)) where the interaction of Orai subunits occurs between the TM 

domains(Li, Lu et al. 2007; Muik, Frischauf et al. 2008).  Further evidence to support the 
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notion that Orai proteins form heteromers comes from fluorescence resonance energy 

transfer (FRET) experiments which show that co-transfection of CFP-labeled Orai1 and 

YFP-Orai3 result in a robust FRET signal; interestingly, the FRET signal obtained from 

this experiment was greater than the FRET signal obtained when CFP-Orai1 and YFP-

Orai1 were co-transfected which supports the notion that there is a greater abundance of 

Orai1/Orai3 heteromeric channels over Orai1/Orai1 homomeric channels(Schindl, 

Frischauf et al. 2009).      

 Analysis of single nucleotide polymorphism arrays of patients with severe 

combined immunodeficiency (SCID) syndrome have shown that SCID patients are 

homozygous for a single missense mutation in Orai1, i.e. Orai1 R91W, which leads to the 

loss of SOCe (Feske, Gwack et al. 2006). Children with Orai1 mutations suffer from 

ectodermal dysplasia, anhydrosis, congenital non-progressive myopathy, and slight 

mental retardation, in addition to defective T-cell function (Huang, Hoebe et al. 2008).  

These phenotypes are attributable to loss of SOCe dependent activation of NFAT 

transcription (Feske, Gwack et al. 2006; Feske 2007).  The arginine located at position 91 

at the N-terminus ⁄ transmembrane (TM) interface of Orai1 (Figure 1-3) is similarly 

conserved in Orai2 and Orai3 at positions 65 and 66, respectively (Derler, Fahrner et al. 

2009).  Orai2 R65W and Orai3 R66W also result in non-functional Ca
2+

 channels 

(Derler, Fahrner et al. 2009). 

 All three Orai proteins assemble to form a unique structure that is unrelated to any 

other known ion-channel family. A hallmark feature of Orai channels is their high Ca
2+ 

selectivity over Ba
2+

 or Sr
2+ 

(Vig, Beck et al. 2006; DeHaven, Smyth et al. 2007; Lis, 

Peinelt et al. 2007).  The exact architecture of the Orai pore is unknown, however part of 
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the first and third TM segment and the first extracellular loop contribute to the pore-

forming domain (Prakriya, Feske et al. 2006).  Within these domains, the key negatively 

charged residues that confer Ca
2+

 selectivity have been identified. Hence, one glutamate 

each within TM1 and TM3 is fully conserved in all three Orai proteins (Vig, Beck et al. 

2006).  A conservative mutation of the glutamate in TM1 (Figure 1-3, human: E106 in 

Orai1, E80 in Orai2, E81 in Orai3, Drosophila: E180 Orai) to an aspartate results in a 

dramatically reduced Ca
2+

 selectivity and robust permeation of monovalent cations for 

both Orai1 and Orai3 (Vig, Beck et al. 2006; Gwack, Srikanth et al. 2007).  Its 

substitution to a glutamine or alanine in Orai1 acts in a dominant negative manner on all 

three Orai-mediated SOCe (Gwack, Srikanth et al. 2007).   
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Figure 1-3. ORAI1 is a pore-forming SOCe channel subunit (Adapted from 

(Soboloff, Spassova et al. 2006). ORAI1 contains four transmembrane domains 

(1-4) with the alpha helical M1 lining the channel pore. Ca2+ binding glutamate 

residue (E106) and residues mutated in immune deficient patients (R91) are 

shown. 
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Ca
2+

 Clearance Mechanisms 

SERCA2 

 The Sarco/Endoplasmic Reticulum Ca
2+ 

ATPase (SERCA) and Plasma membrane 

Ca
2+

 ATPase (PMCA) proteins are Ca
2+

 pumps found on the ER and PM, respectively in 

every type of eurkaryotic cell (Figure 1-1). These proteins are critical for the maintenance 

of both cytosolic and ER Ca
2+ 

levels (Sweadner and Donnet 2001).  While SERCA and 

PMCA are members of the P type Ca
2+

 ATPases, a notable feature of these proteins is the 

transfer of terminal phosphate from ATP to an aspartate residue in the catalytic domain, 

resulting in a reversible conformational change (Carafoli and Brini 2000; Olesen, 

Sorensen et al. 2004; Moller, Olesen et al. 2005; Olesen, Picard et al. 2007). Thus, P-type 

ATPases couple the hydrolysis of ATP to the movement of ions across a biological 

membrane and accordingly SERCA and PMCA utilize the energy derived from ATP 

hydrolysis to transport Ca
2+

 across the membrane and up their concentration gradient 

(Jorgensen and Andersen 1988; Carafoli and Brini 2000; Olesen, Sorensen et al. 2004; 

Moller, Olesen et al. 2005; Olesen, Picard et al. 2007). The mechanism of the coupling 

process is such that two Ca
2+

 ions are transported for each molecule of ATP hydrolyzed 

creating an electrogenic event (Carafoli and Brini 2000).  

 The three SERCA isoforms (SERCA 1, 2, and 3) are encoded by separate genes and 

produce more than 10 variants through alternative splicing mechanisms (Periasamy and 

Kalyanasundaram 2007). Whereas SERCA1 isoforms are exclusively expressed in fast-

twitch skeletal muscle, SERCA3 can be found in multiple cell types, particularly those of 

the hematopoietic system, exocrine and endocrine glands (Periasamy and 

Kalyanasundaram 2007).  The SERCA2 gene produces two distinct variants; SERCA2a 
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which is found in cardiac and slow-twitch skeletal muscle and SERCA2b, a ubiquitously 

expressed isoform found at varying levels in all cell types (Periasamy and 

Kalyanasundaram 2007).  

 

PMCA 

 Although often described simply as PMCA, there are, in fact, 4 different PMCA 

genes which produce 4 major isoforms, each of which exists as variants due to alternative 

splicing (Strehler and Zacharias 2001).  The four different PMCA gene products contain 

10 transmembrane domains and only differ substantially at the N- and C-terminus (Figure 

1-4); however these slight differences between PMCA isoforms along with the disparate 

cellular environments in which each isoform is expressed creates markedly different 

kinetic properties for each pump.  Furthermore, a wide range of transient 

posttranscriptional modifications such as phorphorylation or the binding of accessory 

proteins can lead to transient modifications of the kinetic properties of PMCA.   Although 

the functional consequences of alternative splicing within splice region A are poorly 

understood (Hilfiker et al., 1994), splicing in region C renders differences in the c-

terminal tail of the pump (Figure 1-4).  PMCA „a‟ variants contain a shorter c-terminus 

which ends abruptly after the calmodulin binding domain (Figure 1-4)(Strehler, Filoteo et 

al. 2007).  However, PMCA „b‟ variants contain an extended c-terminus which contains a 

PDZ-binding domain to facilitate the binding regulatory protein scaffolds which 

influence membrane anchoring, membrane targeting or regulation of the PMCA pump 

(Figure 1-4,(Strehler, Filoteo et al. 2007).   
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 While virtually all cell types express PMCA, these isoforms have distinct expression 

patterns and functional characteristics.  The functional differences among PMCA 

isoforms correspond to differences in Ca
2+

 dynamics between cell types and are thought 

to be optimal for the desired outcome of Ca
2+

 signaling.  For example, PMCA2 and 

PMCA3, which are expressed mostly in excitable cell types, experience abrupt Ca
2+

 

responses and thus reach Vmax very quickly (Table 3.1) and pump Ca
2+

 out of the cells 

very quickly (Table 3.2).  On the other hand, PMCA4, which largely has roles in non-

excitable cells, reaches Vmax very slowly (Table 3.1) and pumps Ca
2+

 out of the cell very 

slowly (Table 3.2) suggesting that this pump is geared toward handling slower Ca
2+

 

dynamics (Table 1.1) (Caride, Elwess et al. 1999).   

 Notably, previous work has shown that PMCA4b is the primary Ca
2+ 

extrusion 

mechanism in T cells ; hence, PMCA4b is the principal PMCA isoform expressed and the 

sodium-Ca
2+

 exchanger (NCX) is not expressed in T cells (Donnadieu and Trautmann 

1993; Bautista, Hoth et al. 2002).  This is of particular significance to this thesis, given 

the extensive work done characterizing Ca
2+

 clearance in T cells.  Nevertheless, the 

regulation of PMCA activity by various mechanisms is broadly applicable to all PMCA 

isoforms.  Hence, these characteristics are discussed below in the context of PMCA in 

general rather than a specific isoform or splice variant.     
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Table 1.1 Apparent rate constant for time to reach Vmax of Ca
2+

 clearance different 

isoforms in cell free extracts (Caride, Filoteo et al. 2001) 

PMCA (isoform/variant) 4b 2a 2b 4a 3f 

k (s
-1

) .021 >.07 .032 .031 .07 

 

 

 

Table 1.2 Halftimes of Ca
2+

 clearance and predominant isoform in various tissue 

Cell or tissue Halflife for Ca
2+

 decay (s) Predominant PMCA 

Heart 0.03–0.17 (Arheden, Hellstrand et al. 

1999) 

2a 

Skeletal muscle 0.01–0.02 (Liu, Carroll et al. 1997) 3f 

neurons 028 (Tucker and Fettiplace 1995) 2a 

Erythrocytes 60s(Foder and Scharff 1992) 1b,4b 

Jurkat cells 50-70s(Guse, da Silva et al. 1999) 4b 

 

 

 Ca
2+

 both activates and modulates PMCA activity (Bautista, Hoth et al. 2002).  

Resting PMCA has a binding affinity for Ca
2+

 in the range of 100-200 nM (Wheatly, 

Zhang et al. 2001).   The initial activation of PMCA occurs when Ca
2+ 

binds to transport 

sites located on the C-terminal domain (Figure 1-4) (Hofmann, James et al. 1993; 

Guerini, Garcia-Martin et al. 1998; Bautista, Hoth et al. 2002; Olesen, Picard et al. 2007).  

Following the initial activation of the pump, Ca
2+

 then imparts a reduction in the binding 

affinity for Ca
2+

 and an increases the efflux rate in a concentration dependent manner.  

This renders the pump more sensitive to Ca
2+

 and causes an increase in the extrusion rate 
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at any given value of cytosolic Ca
2+

 (Bautista, Hoth et al. 2002).  Inactivation of PMCA 

pumps occurs when Ca
2+ 

dissociates from the Ca
2+

 binding domains located in the C 

terminus.  While the Kd for Ca
2+

 is roughly the same between unmodified PMCA 

isoforms and variants, differential regulation by molecular partners can lead to 

differences in Ca
2+

 binding affinities (Di Leva, Domi et al. 2008). 

 Calmodulin (CaM) is a very important regulator of PMCA activity. This protein binds 

to the c-terminal CaM binding domain (CaM-BD) of PMCA and displaces an auto 

inhibitory loop lowering PMCA‟s affinity for Ca
2+

 binding by ~20-fold (Figure 1-5, 

(Osborn, Bartlett et al. 2004; Osborn, Zaidi et al. 2004; Osborn, Zaidi et al. 2005; 

Mangialavori, Ferreira-Gomes et al. 2010).  Hence, PMCA pumps have a poor affinity 

for Ca
2+

 in the absence of CaM with a binding affinity in excess of 10 μM (Di Leva, 

Domi et al. 2008).  However, calmodulin binding increases the affinity of the pump for 

Ca
2+

, lowering its affinity to values as low as about 200 nM  (Di Leva, Domi et al. 2008).   

 There are two globular domains in CaM, each containing a pair of helix-loop-helix 

Ca
2+

-binding motifs called EF-hands (Chou, Li et al. 2001).  There is an ongoing debate 

about the existence, the mechanisms and the degree of cooperatively in Ca
2+

-CaM 

interactions.  Some reports show that Ca
2+

 binding to calmodulin is independent (Ogawa 

and Tanokura 1984; Wang 1985), while other studies show cooperative interactions 

between the neighboring EF-hand binding sites (Minowa and Yagi 1984; Linse, 

Helmersson et al. 1991) or a cooperative function linking all sites of CaM (Iida and Potter 

1986).  However, it is generally agreed that binding of Ca
2+

 to the four EF hands in CaM 

causes a conformational change that leads to a higher affinity for binding to downstream 

targets.  One of these downstream targets is the phosphatase Calcineurin (Cn)(Hashimoto 
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and Soderling 1989; Martensen, Martin et al. 1989).  Active Cn dephosphorylates the 

transcription factor Nuclear Factor of Activated T cells (NFAT) (Garcia-Rodriguez and 

Rao 2000).  Dephosphorylation of NFAT leads to activation and nuclear localization of 

this transcription factor (Garcia-Rodriguez and Rao 2000).  Interestingly, Cn also binds 

directly to the catalytic intracellular loop of the PMCA4 isoform between trans-

membrane domains 4 and 5(Buch, Pickard et al. 2005).  Whether calcineurin exerts a 

regulatory role on PMCA activity remains elusive.  However, overexpression of 

PMCA4b leads to complete cytoplasmic localization of calcineurin which exerts an 

inhibitory effect on NFAT activation (Buch, Pickard et al. 2005).  Collectively, these data 

suggest the possibility that PMCA4b recruits calcineurin to a low calcium environment as 

a mode of regulation of the NFAT  

 The activity of PMCA is also influenced by the phospholipid composition in the 

surrounding plasma membrane (Pang, Zhu et al. 2005; Tang, Dean et al. 2006). The 

acidic phospholipids and polyunsaturated fatty acids in the plasma membrane regulate 

PMCA by binding to the CaM-BD (Heim, Hug et al. 1992) and the first cytosolic loop of 

the pump (Pinto Fde and Adamo 2002). When phospholipids bind to PMCA, the 

conformation change that ensues adds to the effect of CaM binding and reduces the Ca
2+

 

binding affinity to ~100 nM (Enyedi, Flura et al. 1987; Missiaen, Raeymaekers et al. 

1989). Studies have indicated that phosphatidylinositol  bisphosphate (PIP2) is the most 

active in enhancing PMCA activity (Carafoli and Zurini 1982; Choquette, Hakim et al. 

1984). PIP2 is of particular interest as a modulator of PMCA activity since it is the only 

acidic phospholipid whose concentration in the plasma membrane changes rapidly in 

response to external stimulation. However, the products of PIP2 hydrolysis, 
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inositol triphosphate (InsP3) and diacylglycerol (DAG) have no effect on the activity of 

the pump(Carafoli 1991).  Hence, a reduction in overall PIP2 levels in a cell can lead to 

lower PMCA-mediated Ca
2+

 flux.   

 PMCAs can also be phosphorylated both at serine/threonine and at tyrosine residues, 

although specific expression pattern of PMCA variants and the particular kinase acting on 

the pump determines the net effect of phosphorylation on Ca
2+

 efflux.  Protein kinase 

A (PKA) phosphorylates a consensus site (KRNSS) downstream of the CaM-BD which 

increases both the Vmax and the Ca
2+

 affinity indiscriminate of the particular isoform or 

variant being phosphorylated (James, Pruschy et al. 1989; Bruce, Yule et al. 2002; 

Baggaley, McLarnon et al. 2007). Alternatively, the phosphorylation of PMCA by PKC 

leads to different consequences based on the respective isoform and variant being 

phosphorylated (Usachev, DeMarco et al. 2002).  Hence, PKC phosphorylates 

PMCA2a, PMCA3a, and PMCA4a within the CaM-BD (Enyedi, Elwess et al. 1997; 

Verma, Paszty et al. 1999). Phosphorylation of PMCA2a and PMCA3a by PKC inhibits 

the binding of CaM and therefore renders the pump incapable of being activated by 

physiological levels of Ca
2+

 (Enyedi, Elwess et al. 1997); however, PKC-mediated 

phosphorylation of PMCA4a appears to have no consequence for its activity 

or calmodulin binding  (Verma, Paszty et al. 1999). In contrast, PKC phosphorylates 

PMCA4b at a site downstream from the CaM-BD and enhances Ca
2+

 pumping 

activity (Enyedi, Verma et al. 1996).  Additionally, Src kinase phosphorylates 

the PMCA4 at tyrosine 1176 (Dean, Chen et al. 1997) , and the focal adhesion 

kinase (FAK) has been proposed to phosphorylate the same residue in PMCA4 during 

platelet (Wan, Zabe et al. 2003) and neuronal activation(Ghosh, Li et al. 2011).  
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 While PMCA extrudes cellular Ca
2+

 at the expense of ATP hydrolysis, the pump also 

imports one or two extracellular protons (H
+
).  In fact, H

+
 import is important for PMCA 

because decreasing extracellular pH reduces PMCA activity   (Xu, Wilson et al. 2000).  

While PMCA does not transport La
3+

, millimolar concentrations of extracellular La
3+

 

inhibit PMCA activity(Shimizu, Borin et al. 1997).  Furthermore, intracellular analogs of 

eosin are potent pharmacological inhibitors of PMCA activity (Gatto and Milanick 1993; 

Gatto, Hale et al. 1995).  

 The regulation of PMCA activity by ATP is a controversial topic and has recently 

been suggested to be more complex than initially proposed (Echarte, Rossi et al. 2007). 

This is partly due to the fact that most studies investigate the dependency of ATP for 

PMCA activity using cell-free in vitro assays. This makes extrapolation to experiments 

using intact cells difficult, especially when one considers the numerous cytosolic factors 

and plasma membrane interactions that might also influence PMCA activity.  

Nevertheless, PMCA possesses two sites for ATP binding: one high-affinity catalytic site 

(Km 3 µM) and a low-affinity regulatory site (Km 145 µM) (Richards, Rega et al. 1978).  

PMCA reaches only ~10% of maximal Ca
2+

 extrusion activity when only the site with the 

lower Km is occupied by ATP (Richards, Rega et al. 1978).  Furthermore, when ATP 

binds to the higher Km regulatory site, PMCA only reaches maximal activity when 

intracellular Mg
2+

 is present (Richards, Rega et al. 1978). 

 In the second aim of this thesis I propose a mechanism whereby during T cell 

activation cytosolic Ca
2+

 clearance is attenuated through modulation in PMCA activity.  

It was therefore vital to consider every known regulator of PMCA activity when 

hypothesizing the mechanism by which this inhibition occurs.   
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Figure 1-4. Topology of PMCA (adapted from (Strehler, Filoteo et al. 2007).  All PMCA isoforms and 

splice varianst contain 10 transmembrane domains (TM) with the space between TM 4 and 5 forming the pore 

domain.  Alternative splicing at site A is located on the cytosolic loop between TM3 and TM4; Alternative 

splicing at site C is located on the c-terminal tail.  The „b‟ splice variant formed by alternative splicing at splice 

site C contains a PDZ binding domain.  ATP binding sites are located on the cytosolic tail between TM4 and 

TM5.  There are three Ca2+ binding domains located on the c-terminal tail.  The cytosolic loops between TM2/3 

and TM4/5 contain acidic residues (yellow) which bind the calmodulin binding domain located on the cytosolic 

tail creating inhibition of Ca2+ flux.   
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Figure 1-5. Calmodulin-mediated activation of PMCA (adapted from (Strehler and Zacharias 2001).  

When calmodulin is absent from the calmodulin binding domain of PMCA, the calmodulin binding domain 

binds to acidic residues within the cytosolic loop of TM2/3 and TM4/5.  This conformation serves as an 

autoinhibitory function and increases the binding increases the affinity for Ca2+ binding on the c-terminal 

domain to ~10 µM. The binding of calmodulin to the calmodulin binding domain displaces the calmodulin 

binding domain from the acidic residues in the cytosolic loops between TM2/3 and TM4/5 and decreases the 

affinity for Ca2+ binding to the c-terminal tail to 200 nM.  
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Part II: The WT1/EGR1 Transcription Factors and Transcriptional 

Regulation of Ca
2+

 Homeostasis.  

EGR1 Mediated Transcription 

 The Early Growth Response (EGR) family of transcription factors consists of 4 

closely related members (EGR1-4) that, through conserved zinc finger domains, bind to 

GC-rich DNA motifs and enhance or repress the expression of wide variety genes which 

regulate growth, differentiation or cell remodeling (Sukhatme 1990; Delbridge and 

Khachigian 1997; Bae, Bae et al. 1999; Bettini, Xi et al. 2002; Mahalingam, Natoni et al. 

2010).  All four EGR family members bind similar GC- rich consensus nucleotide 

sequences; however, each EGR family member has distinct requirements as to the exact 

nature of their respective GC rich recognition sequence (see Figure 1-4B) (Joseph, Le 

Beau et al. 1988; Chavrier, Vesque et al. 1990; Siderovski, Blum et al. 1990; Wright, 

Gunter et al. 1990; Crosby, Puetz et al. 1991; Muller, Skerka et al. 1991; Patwardhan, 

Gashler et al. 1991; Cheng, Wang et al. 1994).  While all four EGR members have 

distinct and important cellular functions, EGR1 is the most characterized family member 

and has been the subject of extensive research.  EGR1 is only transiently induced 

however the impact of this expression has a relatively long-term impact. Hence, EGR1-

induced gene products initiate subsequent waves of gene expression which can ultimately 

result in cell differentiation, changes in the rate of proliferation or apoptosis (DeLigio and 

Zorio 2009).  

Activation of EGR1 occurs in nearly all cell types through the activation of the 

primary transcriptional activators of EGR1: Ets-Like gene-1 (ELK-1) and 

cAMP response element-binding protein (CREB) (Mack, Yi et al. 1995; Khachigian, 
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Anderson et al. 1997; Morawietz, Ma et al. 1999; Lim, Jung et al. 2008; Cabodi, Morello 

et al. 2009). Hence, multiple pathological conditions including hypoxia, dysregulation of 

redox balance, UV genotoxic stress, viral infection and mechanical strain activate ELK-

1/CREB-mediated EGR transcription via ERK1/2, p38 and JNK1 paradigms (Huang and 

Adamson 1993; Lim, Jain et al. 1998; Morawietz, Ma et al. 1999; Yan, Lu et al. 1999; 

Lo, Cheng et al. 2001; Heiniger, Kostadinova et al. 2003; Quinones, Dobberstein et al. 

2003; Cai, Liu et al. 2006).  Similarly, activation of tyrosine-kinase receptors, such as 

Insulin-like Growth Factor-1 Receptor (IGF-1R) or Epidermal Growth Factor Receptor 

(EGFR) leads to the induction of EGR transcription via analogous MAPK paradigms 

and/or the PI3K/Akt cascade (Criswell, Beman et al. 2005; Abdel-Malak, Mofarrahi et al. 

2009; Cabodi, Morello et al. 2009).  Interestingly, increases in intracellular Ca
2+

 

concentration can also lead to CREB induction, thereby potently inducing EGR1 

transcription (Ginty, Glowacka et al. 1991; Grewal, Fass et al. 2000; Mayer and Thiel 

2009). Considered collectively then, crosstalk amongst multiple receptor-mediated signal 

transduction pathways leads to convergence at the promoters of EGR genes, making their 

induction common components of multiple cellular stimuli. 

 Nuclear localization of transcription factors is often achieved through the 

presence of a small, highly basic sequence within the protein structure.  In addition to the 

zinc finger domains, EGR1 contains a series of basic residues cluster which likely serves 

as the nuclear localization signal (Figure 1-4).  In support of this concept, mutational 

analyses have indeed shown that these residues (aa‟s 315-330) are required for nuclear 

localization of EGR1 (Gashler and Sukhatme 1995).  EGR1 also contains a repressor 

domain which is located n-terminal to the nuclear localization domain (Gashler, 
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Swaminathan et al. 1993; Gosslar, Schmid et al. 1999; Kumbrink, Gerlinger et al. 2005).  

This domain is responsible for binding to the protein NAB2, which effectively blocks 

EGR1 function by interfering with nuclear localization (Kumbrink, Gerlinger et al. 2005).  

Interestingly, NAB2 is a transcriptional target of EGR1 and thus EGR1 establishes a 

negative feedback loop through the transcriptional activation of NAB2 (Kumbrink, 

Gerlinger et al. 2005).  NAB2 also represses the functions of EGR2 and EGR3 while no 

interaction between NAB2 and EGR4 has been established (Kumbrink, Kirsch et al. 

2010).    
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Figure 1-6.  EGR family of transcription factors (A) Comparison of the sequence domains 

of EGR1, EGR2, EGR3 and EGR4 including the nuclear localization domain, repressor domain and 

zinc fingers (B) Sequence requirements for EGR family member binding is depicted based on letter 

size.  Larger letter sizes carry a stronger requirement for proper binding of the respective 

transcription factor, while smaller letter sizes are bases that can readily be substituted.  These 

binding requirements are calculated by the Transcription Element Search System at the University of 

Pennsylvania.    

 



- 29 - 
 

WT1 Mediated Transcription  

 WT1 is a 449-amino-acid protein corresponding to a molecular weight of 52~54 kDa.  

Structurally, WT1 is very similar to EGR1 and the array of WT1 and EGR1-regulated 

genes extensively overlaps, although usually with mutually opposing consequences 

(Hamilton, Borel et al. 1998; Ritchie, Yue et al. 2010). Despite these similarities, because 

WT1 is non-responsive to growth factor stimulation and predominantly a 

developmentally regulated gene (Rivera and Haber 2005; Yang, Han et al. 2007), it is not 

consider it to be a member of the EGR family. A key feature of WT1 is the existence of 

at least 2 sites for alternative splicing, resulting in 4 major splice variants (Morrison, 

Viney et al. 2008). The first and most significant alternative splice donor site results in 

the addition of the amino acids KTS (Lys-Thr-Ser) between zinc fingers three and four 

(Morrison, Viney et al. 2008). WT1 variants A and B, which lack this KTS site are the 

forms best described as transcription factors; the functions served by WT1 variants C and 

D (KTS+) is a subject of ongoing controversy. Whereas these proteins have been thought 

to function post-transcriptionally as RNA splicing proteins (Morrison, Viney et al. 2008), 

KTS+ forms of WT1 have been reported to regulate gene transcription, albeit with 

distinct binding characteristics (Nurmemmedov, Yengo et al. 2009). The other major 

alternative splice donor site results in the inclusion of 17 amino acids in the middle of the 

protein in WT1 B and D, which is thought to regulate interactions between WT1 and 

cofactors (Richard, Schumacher et al. 2001). 

 The structure function relationship between the protein domains is still somewhat 

unclear.  However, an extensive search of the literature concerning WT1 has led to some 

conclusions regarding the function(s) of a few domains (Figure 1- 5). Two different 
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domains of WT1 appear to regulate nuclear localization of this transcription factor. Thus, 

studies utilizing truncated WT1 proteins containing only the zinc finger domain or only 

the N-terminal domain showed that these truncated mutants were able to localize to the 

nucleus, although the precise identity of the nuclear localization signals has not been 

defined (Englert, Vidal et al. 1995; Bruening, Moffett et al. 1996).  The N terminus of 

WT1 also harbors a glutamine rich domain which is involved in transcriptional repression 

and a proline rich domain involved in transcriptional activation (Scharnhorst, van der Eb 

et al. 2001).  While these regions do not resemble bona-fide DNA binding domains, it is 

thought that transcriptional activation and repression can be functionally transferred to 

the zinc finger DNA binding domain of the protein (Madden, Cook et al. 1993).  

Furthermore, it seems that the architecture of the promoter which WT1 binds defines its 

function as an activator or a repressor more than the structure of WT1 itself.  This 

concept was first raised when a study showed that repression of the PDGF-A gene by 

WT1 requires the existence of two WT1 binding sites; hence, using chimeric reporter 

constructs, it was demonstrated that WT1 can repress the PDGF-A gene when both the 5‟ 

and 3‟ consensus sequences (relative to the transcriptional start site) were present but 

WT1 activates the transcription of this gene when only the 5‟ or 3‟ site were present 

(Wang, Qiu et al. 1993).  Additionally, the repressor domain was required for 

transcriptional repression while the activation domain was required for transcriptional 

activation, highlighting the accuracy of these domains as bona fide activation and 

repression domains (Wang, Qiu et al. 1993).                            

 WT1 also contains a dimerization or oligerimerization domain although the 

physiological significance of WT1 self-association has not been elucidated.  However, it 
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has been shown that transcriptional activation by wild type WT1 can be inhibited when 

genetically defined, mutant alleles of WT1 bind to this domain (Reddy, Morris et al. 

1995). Thus, it is possible that these dominant negative alleles contribute to 

tumorigenesis through the repression of wildtype WT1 function.  Lastly, despite some 

controversy over whether WT1 can serve as a post transcriptional regulator, all WT1 

isoforms contain an N-terminal RNA recognition motif (RRM) which makes WT1 the 

only known mammalian zinc finger protein with RNA binding properties (Caricasole, 

Duarte et al. 1996; Kennedy, Ramsdale et al. 1996).                      
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 Figure 1-5. The domain structure of the 4 WT1 splice variants (From, (Ritchie, Zhou et al. 2011). WT1 is 

a zinc finger transcription factor with 2 distinct sites for RNA splicing. WT1A is the shortest form of WT1, in 

that it lacks both inserts. WT1B and WT1D contain exon 5 (Ex5), a 17 aa insert located immediately 3‟ of the 

activation domain. In addition, the tripeptide lysine-threonine-serine (KTS) is inserted immediately after zinc 

finger 3 (ZF3) in both WT1C and WT1D. Amino acids 1-180 are critical for dimerization of WT1 and amino 

acids 84-124 repress WT1 activity. Finally, there is a putative RNA Recognition Motif (RRM) near the N-

terminus of WT1 thought to contribute to the RNA splicing functions of the KTS+ forms of WT1 (WT1C and 

WT1D). 

 



- 33 - 
 

Transcriptional Control of SERCA2 Expression 

  Interestingly, while a relationship between EGR1 and SERCA2 expression has 

been demonstrated (Arai, Yoguchi et al. 2000; Hara, Arai et al. 2008), the precise nature 

of this relationship remains somewhat unclear (Brady, Koban et al. 2003). The first 

indication that EGR1 might be involved in control of SERCA2 expression was based on 

examination of doxorubicin-induced cardiomyopathy (Arai, Yoguchi et al. 2000). This 

type of cardiomyopathy is a well-documented side effect of this otherwise useful 

chemotherapeutic agent. In this study, the investigators linked doxorubicin (DOX) 

treatment of cardiomyocytes to EGR1-mediated repression of the SERCA2 gene. 

Specifically, incubation of cardiomyocytes with DOX led to a p44/42 MAPK-dependent 

increase in EGR1 expression (as expected since EGR1 is a redox-activated transcription 

factor (Bijur, Davis et al. 1999; Pines, Bivi et al. 2005)) with correlative decreases in 

SERCA2 mRNA and protein. This phenomenon was attributed to direct EGR1-mediated 

transcriptional repression based on the identification of EGR1 binding sites in the 5‟ 

flanking region of the SERCA2 gene. In a more recent study by the same group, they 

showed that EGR1 also mediates prostaglandin-induced inhibition of SERCA2 

expression in cultured neonatal rat cardiomyocytes (Hara, Arai et al. 2008). However, 

this issue has also been addressed by the Fuller group (Imperial College London, UK), 

who came to a contradictory conclusion (Brady, Koban et al. 2003). Hence, their analysis 

of a SERCA2 promoter-driven luciferase construct failed to support any functional role 

for these EGR1-binding sites, leading the authors to conclude that they were inactive 

(Brady, Koban et al. 2003). While it is obvious that both conclusions cannot be correct, it 
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does appear that EGR1 does indeed regulate SERCA2 expression, although it seems 

likely that this relationship is indirect and quite possibly post-transcriptional. 

 While EGR1 functions as a negative regulator of SERCA2 expression, SERCA2 

transcription is induced via the combination of several other transcription factors. Basal 

SERCA2 expression is primarily driven by the ubiquitously-expressed transcription 

factors Sp1 and Sp3, which bind directly to proximal regions of the SERCA2 promoter to 

transactivate the SERCA2 gene (Brady, Koban et al. 2003). In addition, there is 

considerable circumstantial evidence that Nuclear Factor of Activated T cells (NFAT) is 

a positive regulator of SERCA2 transcription (Vlasblom, Muller et al. 2004; Anwar, 

Taimor et al. 2005; Mufti, Wenzel et al. 2008; Prasad and Inesi 2009), despite the lack of 

evidence of direct transcriptional control. Hence, NFAT activation leads to induction of 

SERCA2 transcription (Vlasblom, Muller et al. 2004; Anwar, Taimor et al. 2005; Stiber, 

Hawkins et al. 2008), while induction of glycogen synthase kinase 3β (GSK3β; a 

negative regulator of NFAT nuclear translocation) leads to downregulation of SERCA2 

(Michael, Haq et al. 2004; King, Gandy et al. 2006). Furthermore, GSK3β transgenic 

mice exhibit impaired post-natal cardiomyocyte growth, abnormal cardiac contractile 

function and impaired diastolic relaxation (Michael, Haq et al. 2004), all consistent with 

defective SERCA2 expression. 

 Interestingly, there are also several examples of SERCA2 regulation by early or 

upstream signaling molecules.  Hence, treating primary β cells with IL-1 or IFN-γ for 24 

hours substantially reduces SERCA2 expression and reduces the ER Ca
2+

 pool enough to 

induce the ER stress response (Cardozo, Ortis et al. 2005).  Furthermore, direct activation 

of protein kinase C (PKC) by the addition of phorbol-12-myristate-13-acetate (PMA) to 
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neonatal cardiomyocytes significantly reduces SERCA2 expression (Porter, Heidkamp et 

al. 2003).  Although these modes of SERCA2 down regulation were not attributed to an 

EGR-1 dependent mechanism, IL-1, IFN-γ and PKC are all potent activators of EGR1 

(Cao, Guy et al. 1992; Coleman, Bartiss et al. 1992; McMahon and Monroe 1996). Thus, 

given previous investigations on EGR1-dependent inhibition of SERCA expression, these 

effects may well be dependent on EGR1 activity (Magnier, Papp et al. 1992; Arai, 

Yoguchi et al. 2000).   

 

Transcriptional Control of PMCA 

 Unlike for SERCA, a relationship between WT1, EGR1 and the expression of PMCA 

has not yet been reported. However, the involvement of several different transcription 

factors in PMCA expression have been investigated, particularly c-myc. Hence, in B 

lymphocytes, activation of the B cell receptor (BCR) by agonists such as IL-7 and IL-4 

leads to both an elevated cytosolic Ca
2+

 concentration and induction of c-myc (Klemsz, 

Justement et al. 1989; Morrow, Lee et al. 1992).  Interestingly, c-myc has been shown to 

repress PMCA4 expression, resulting in decreased Ca
2+

 clearance from the cytosol, 

augment NFAT and, ultimately, increase B cell activation (Habib, Park et al. 2007). 

Similar observations have been made in pancreatic β cells, in which glucose both induces 

c-myc expression and downregulates both PMCA1 and PMCA2 (Jonas, Laybutt et al. 

2001; Ximenes, Kamagate et al. 2003). Hence, downregulation of PMCA may be a 

common component of “activation” signals in a wide variety of different cell types. 

 While the ability of c-myc to suppress PMCA expression seems clear, precisely what 

drives their expression has yet to be fully elucidated, although there have been several 
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interesting clues. Thus, vitamin D3 induces expression of PMCA1 in kidney epithelial 

cells, osteoblasts and duodenal cells (Pannabecker, Chandler et al. 1995; Glendenning, 

Ratajczak et al. 2001; Kip and Strehler 2004). Induction of PMCA4b has also been 

demonstrated in duodenal cells in response to the synthetic anti-inflammatory steroid, 

dexamethasone (Kim, Lee et al. 2009). However, in neither case, has direct 

transcriptional control been demonstrated.  Given the dynamic roles that PMCA proteins 

play in shaping not only Ca
2+

 dynamics, but also both normal and pathophysiological 

function of numerous critical cell types, future investigations directed at characterizing 

the transcriptional mechanisms that control of PMCA expression are clearly a necessity. 

 

EGR1-Mediated Remodeling of Ca
2+

 Homeostasis in Cardiac Hypertrophy 

 In addition to control of SERCA2 expression, EGR1 negatively regulates both NCX 

(Wang, Dostanic et al. 2005) and calsequestrin expression (Kasneci, Kemeny-Suss et al. 

2009). This has led to several studies addressing the role of EGR1 in cardiac remodeling. 

Hence, not only is EGR1 upregulated during cardiac hypertrophy (Saadane, Alpert et al. 

1999; Yan, Mackman et al. 1999; Wang, Dostanic et al. 2005; Kasneci, Kemeny-Suss et 

al. 2009), but EGR1-KO mice exhibit increased cardiac damage in response to 

catecholamine infusion (Saadane, Alpert et al. 2000; Wang, Dostanic et al. 2005; 

Kasneci, Kemeny-Suss et al. 2009). EGR1-mediated loss of SERCA2 and NCX (the 

major proteins mediating cytosolic calcium clearance in cardiomyocytes) would lead to 

attenuated cytosolic Ca
2+

 clearance and amplification of Nuclear Factor of T cells 

(NFAT) activation, ultimately the critical mediator of myocardial thickening (Molkentin, 

Lu et al. 1998; Braz, Bueno et al. 2003; Molkentin 2004). However, as the major Ca
2+

 



- 37 - 
 

binding protein in the sarcoplasmic reticulum (SR), loss of calsequestrin expression 

would tend to have the opposite effect, making the role of EGR1 in cardiac remodeling 

somewhat more difficult to fully quantify. 

 Interestingly, multiple cell systems, including cardiac models, demonstrate an 

increase PMCA expression in response to loss of SERCA2 expression (Zhao, Shin et al. 

2001; Andersson, Birkeland et al. 2009).  Additionally, there is growing evidence to 

support the notion that while PMCA plays a limited role in the excitation–contraction 

coupling process of cardiac systems, it modulates Ca
2+

 dependent signal transduction 

pathways (Oceandy, Stanley et al. 2007; Strehler, Filoteo et al. 2007). Hence, 

upregulation of PMCA attenuates the calcineurin-dependent hypertrophic response (Wu, 

Chang et al. 2009). Thus, increases in PMCA expression might mitigate hypertrophic 

Ca
2+

 signaling cascades in response to SERCA2 deficiency and protect a cell from 

hypertrophy, although this concept has yet to be validated.  

 

Part III: WT1/EGR1 as Oncogenes/Tumor Suppressors and 

Implications for Ca
2+

 Homeostasis. 

WT1, EGR1 and STIM1 in Wilms’ Tumor 

 Loss of WT1 expression due to deletion at 11p13 is closely linked to the formation of 

Wilms tumor (WT), the most common peritoneal pediatric tumor, occurring 1/10,000 

children (Rivera and Haber 2005; Yang, Han et al. 2007). However, this represents only a 

subset of Wilms Tumors, with approximately 80% of Wilms‟ Tumors classified as 

“sporadic” and strongly expressing the transcriptional regulator (Takahashi, Yang et al. 

2002; Rivera and Haber 2005; Yang, Han et al. 2007).   
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 Histological analyses of WT expression has revealed the presence of blastemal, 

epithelial and stromal components which suggest that tumorigenesis arises from defects 

in mesenchyme to epithelial transition during kidney development(Pritchard-Jones and 

Hastie 1990).  In support of this concept, WT is often associated with the presence of 

patches of embryonic tissue (Rivera and Haber 2005).  Furthermore, several studies have 

shown that the gene expression profiles of WT resemble cells from a period of early 

kidney development, specifically when contact between the ureteric bud and metanephric 

mesenchyme is made which is the first stage of nephron formation(Rivera and Haber 

2005).  During this time WT1 gene expression is turned on and it regulates important 

genes involved in Wnt signaling, such as Pax2 (Rivera and Haber 2005).  Towards the 

end of nephron development, WT1 expression is silenced (by an unknown mechanism) 

which results in a considerable change in overall gene expression allowing for 

differentiation; podocytes are the only cells in the mature, non-neoplastic kidney which 

express WT1(Rivera and Haber 2005).  Thus, the temporal characteristics of WT1 

expression during this period of development is crucial for proper formation of the 

kidney and accordingly any malfunction in WT1 expression will contribute to Wilms‟ 

tumorigenesis.   

  Due to the resistance that cells derived from bona-fide Wilms Tumors exhibit to 

growth in vitro, many early investigations of Wilms Tumor function were performed in 

non-Wilms Tumor cell types that exhibited key similarities to specific Wilms Tumor 

characteristics. A particularly intriguing example of this is the WT1-null G401 cell line, 

which was derived from a human rhabdoid tumor of the kidney (Garvin, Re et al. 1993). 

In work performed prior to the discovery of its role in control of SOCe, STIM1 was 
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defined as a tumor suppressor in G401 cells and rhabdomyosarcoma (Sabbioni, Barbanti-

Brodano et al. 1997; Sabbioni, Veronese et al. 1999).  

 

WT1, EGR1 and SOCe in Breast Cancer 

 Breast cancer is the most common types of solid tumors, occurring in greater than 1 

in 5 women. One of its defining features is a progression from estrogen receptor-positive 

(ER
+
) to ER

-
 tumor cells, with the loss of ER expression strongly correlating with poor 

outcomes. Based on numerous recent investigations, it is now clear that this shift to 

estrogen-independence includes numerous changes in gene expression patterns, including 

WT1, EGR1 and, perhaps, members of the STIM and Orai family. Hence, in ER
+
 breast 

cancer, loss of WT1 expression is required for dysregulated cell proliferation (Silberstein, 

Van Horn et al. 1997; Zhang, Yu et al. 2003); in this disease, WT1 functions as a tumor 

suppressor via interactions with ER-α leading to inhibition of insulin growth factor 

receptor expression (Reizner, Maor et al. 2005). Furthermore, it has recently been shown 

that, unlike either normal epithelial or ER
-
 breast cancer cells, the channels mediating 

SOCe in this subclass of cells are predominantly Orai3 and not Orai1 (Motiani, 

Abdullaev et al.). Hence, the pathways regulating both STIM and Orai expression in this 

class of breast cancer cells exhibit significant novel features with potentially important 

implications. 

 In ER
-
 breast cancer, the effect of WT1 expression seems to shift from growth 

inhibitory to growth promoting; not only is WT1 upregulated (Loeb, Evron et al. 2001), 

but this upregulation is correlated with poor prognosis (Miyoshi, Ando et al. 2002). 
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Further, introduction of WT1 antisense oligos results in growth inhibition (Zapata-

Benavides, Tuna et al. 2002).  

 Interestingly, STIM1 and Orai1 are required for the migration and metastasis of the 

highly aggressive ER
-
 breast cancer cells, as demonstrated using both in vitro and in vivo 

models (Yang, Zhang et al. 2009). Furthermore, the authors established that SOCe 

signaling regulates focal adhesion turnover and thus, by blocking Ca
2+

 influx, cell 

adhesions mediated by the interaction of Integrin proteins with the extracellular matrix 

are lost (Yang, Zhang et al. 2009).  Accordingly, this study underscores the great 

potential that targeting SOCe may have as a therapeutic target for the treatment of cancer. 

  

WT1, EGR1 and Ca
2+

 signaling in Acute Myeloid Leukemia 

 Acute Myeloid Leukemia (AML) is a highly heterogeneous and devastating disease; 

most patients diagnosed with this disease die within 2 years (Walter, Appelbaum et al. 

2010). Interestingly, WT1 has been found to be upregulated in 73 to 93% of primary 

AML samples (Owen, Fitzgibbon et al. 2010). This is, perhaps, not surprising given that 

AML is characterized by a developmental block during hematopoiesis; WT1 is strongly 

expressed in CD34
+
 progenitor cells but is normally lost as they differentiate into mature 

leukocytes. EGR1, by contrast, promotes terminal myeloid differentiation (Nguyen, 

Hoffman-Liebermann et al. 1993; Shafarenko, Liebermann et al. 2005) thereby 

functioning as a tumor suppressor, although this role is highly dependent on the 

transforming oncogene (Gibbs, Liebermann et al. 2008). A direct examination of the 

relationships between WT1, EGR1 and STIM1 expression and function in AML has not 

been performed. However, prior studies have examined SOCe in several AML cell lines 
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(Soboloff, Zhang et al. 2002). Interestingly, consistent with what might be expected for 

cells expressing WT1, but not EGR1, only minimal SOCe was observed in 3 out of 5 

AML cell lines examined. Although 3 out of 5 might seem to be a somewhat weak 

correlation, this improves based on the fact that, murine 32D leukemia cells have high 

SOCe and lack WT1 expression (Inoue, Tamaki et al. 1998). Furthermore, amongst the 

cell lines exhibiting low SOCe, not only do HL60 cells express WT1, but vitamin D3-

induced differentiation into monocytes leads the recovery of SOCe, (Gardner, 

Balasubramanyam et al. 1997), downregulation of WT1 expression (Sekiya, Adachi et al. 

1994) and the induction of EGR1 expression (Wang, Salman et al. 2005). Precisely how 

these differential Ca
2+

 signals impact development, progression or treatment of AML has 

not been established. However, inactivating WT1 mutations, observed in 10-12% of 

patients, are a negative prognostic indicator for AML (Owen, Fitzgibbon et al. 2010). 

Further, all of the WT1
+
 cell lines and primary cell types examined in this study could be 

virtually eliminated (~99.99% loss of clonogenicity) by the SOCe inhibitor econazole at 

concentrations that did not interfere with bone marrow reconstitution (Soboloff, Zhang et 

al. 2002).  

EGR1 and STIM1 Expression in Glioblastoma. 

 Virtually all brain cancers result from transformation of glial cells, the non-neuronal 

support cell found throughout the central nervous system. Glioblastoma multiforme is the 

most common and aggressive type of glioma in humans, accounting for 52% of all 

primary brain tumor cases and 20% of all intracranial tumors. Due to its aggressive 

nature and resistance to most conventional therapeutic strategies, the median survival 

time is 18 months. As such, there is a great need for new insight into both glioblastoma 
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biology and alternative therapeutic strategies. Over the last 15 years, there have been a 

number of tantalizing clues that both EGR1 and Ca
2+

 homeostasis may represent novel 

and untapped targets in this cell type. Thus, glioblastoma cells are highly dependent on 

SOCe for extracellular Ca
2+

 influx (Vereb, Szollosi et al. 1996), which is significantly 

enhanced compared with normal astrocytes (Kovacs, Zsembery et al. 2005). Further, this 

Ca
2+

 influx has been shown to affect cell cycle progression in this model (Chigurupati, 

Venkataraman et al. 2010; Ding, He et al. 2010). In addition, Ca
2+

-dependent activation 

of CaM Kinase III leads to high levels of autophagy, which enhanced resistance to 

nutrient deprivation-induced apoptosis (Wu, Yang et al. 2006). However, more recently, 

it has been shown glioblastoma cell survival is enhanced by decreasing ER Ca
2+

 release 

via Akt-mediated inhibition of InsP3R function via phosphorylation (Szado, 

Vanderheyden et al. 2008). Further, glioblastoma cells exhibit relatively high 

susceptibility to induction of ER stress via ER Ca
2+

 release (Yacoub, Hamed et al. 2010). 

Considered collectively, these observations suggest that while Ca
2+

 entry supports the 

survival and growth of glioblastoma, they are highly sensitive to differences in ER Ca
2+

 

levels. 

 Recent analyses of the gene expression profiles of primary glioblastoma and normal 

brain tissue, have demonstrated that the levels of both STIM1 (Scrideli, Carlotti et al. 

2008) and STIM2 (Ruano, Mollejo et al. 2006) are significantly higher in glioblastoma. 

However, the extent to which this upregulation of STIM1 and STIM2 is related to EGR1 

expression is not known. Indeed, exactly what happens to EGR1 in glioblastoma remains 

somewhat controversial. Hence, hyperactivity of EGR1 due to upregulation of the EGF 

and PDGFα receptors has been reported in several glioblastoma cell lines (Liu, Yao et al. 
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2000), potentially accounting for upregulated STIM expression (Ruano, Mollejo et al. 

2006; Scrideli, Carlotti et al. 2008) and Ca
2+

 influx (Vereb, Szollosi et al. 1996). Further, 

this EGR1 upregulation was associated with enhanced cell motility and metastasis 

through transactivation of the fibronectin gene (Liu, Yao et al. 2000). However, EGR1 

was originally identified as a tumor suppressor in glioblastoma, where it was thought to 

be both downregulated and growth inhibitory (Huang, Liu et al. 1995). This principle was 

further supported with the report that NMDA-mediated induction of EGR1 expression 

was abrogated in primary glioblastoma, an abrogation that was associated with decreased 

patient survival (Mittelbronn, Harter et al. 2009). Like most tumor types, not only are 

there multiple initiating events for glioblastoma, but the disease has several stages of 

progression during which signaling pathways become increasingly dysregulated.  

Towards this end, there are also instances where WT1 expression is increased in 

glioblastoma; a characteristic which increases tumorigenicity (Nakahara, Okamoto et al. 

2004; Hashiba, Izumoto et al. 2007; Schittenhelm, Mittelbronn et al. 2008; Hashimoto, 

Tsuboi et al. 2009; Clark, Ware et al. 2010) and decreases the radiosensitivity of the 

tumor in vitro and in vivo (Hashimoto, Tsuboi et al. 2009).  Hence, determining the 

precise characteristics of the cells in which EGR1 performs these mutually opposing roles 

is undoubtedly the critical first step in understanding how this gene contributes to 

glioblastoma cell biology (Nakahara, Okamoto et al. 2004; Schittenhelm, Mittelbronn et 

al. 2008; Hashimoto, Tsuboi et al. 2009; Clark, Ware et al. 2010). 
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WT1/EGR1-Mediated Regulation of SOCe in Prostate Cancer.  

 Prostate cancer is one of the leading threats to men‟s health. Similar to breast cancer, 

in its early stages, it is highly dependent on steroid production for growth, although, in 

this case androgens rather than estrogens are the steroids responsible (Flourakis and 

Prevarskaya 2009). Consequently, most therapies currently in use target either the 

androgen receptor or androgen production. As such, it is intriguing that androgen receptor 

expression can be downregulated due to increases in intracellular Ca
2+

 concentration 

(Gong, Blok et al. 1995). Even more intriguing, a series of studies performed in LNCaP 

cells reveal that when they are transformed to an androgen-independent phenotype (via 

Bcl2 overexpression, androgen withdrawal or pharmacological upregulation of cAMP), 

they exhibit decreases in both ER Ca
2+

 content and SOCe (Vanden Abeele, Skryma et al. 

2002; Vanoverberghe, Vanden Abeele et al. 2004). Given our recent findings (Ritchie, 

Yue et al. 2010), it is tempting to speculate that this change in Ca
2+

 homeostasis may 

reflect differences in the expression of WT1 and EGR1. Indeed, there is ample evidence 

of dysregulation of WT1 and EGR1 in prostate cancer. Thus, both the expression and 

function of EGR1 have been shown to be greatly enhanced in prostate cancer (Svaren, 

Ehrig et al. 2000; Abdulkadir, Carbone et al. 2001; Yu, de Belle et al. 2004). Further, 

EGR1-KO prostate cells exhibit impaired tumorigenesis (Abdulkadir, Qu et al. 2001), 

implying that upregulation of EGR1 serves as a crucial promoter in the initiation of this 

disease. On the other hand, examination of the patterns of WT1 and EGR1 expression in 

several prostate cancer cell lines revealed the exact opposite profile; elevated WT1 

expression coinciding with low EGR1 expression (Gregg, Brown et al.). While the extent 

to which the expression patterns in these cell lines reflects WT1 and EGR1 expression in 
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vivo is less than clear, it is conceivable that this high WT1, low EGR1 expression pattern 

supports an androgen-independent phenotype via direct or indirect mechanisms. 

 The intense interest in the role of Ca
2+

 in the development of prostate cancer led to a 

number of attempts to target Ca
2+

 homeostasis as a potential treatment for this disease, 

particularly the currently untreatable androgen-independent variants. Indeed, it was 

shown over 15 years ago that androgen-independent prostate cancer cells can be induced 

to undergo apoptosis in the presence of the SERCA inhibitor thapsigargin (Furuya, 

Lundmo et al. 1994). However, despite significant efforts to modify thapsigargin to 

selectively target prostate cancer cells (Christensen, Andersen et al. 1999; Sohoel, Jensen 

et al. 2006), the general toxicity of this compound has made it unsuitable as a therapy or 

therapeutic agent. By contrast, SOCe seems to be a far more viable target, since genetic 

mutations leading to loss of SOCe lead to relatively minor problems outside of Severe-

Combined Immunodeficiency (SCID) (Feske, Gwack et al. 2006; Picard, McCarl et al. 

2009); temporary immune defects due to pharmacological inhibition of SOCe would be a 

highly acceptable trade-off if they were effective as a therapeutic for androgen-

independent prostate cancer. While the pharmacological agents currently available that 

target SOCe exhibit questionable specificity, the identification of Orai1 as the pore 

forming unit of SOCe has undoubtedly sparked new efforts to design superior SOCe-

targeting drugs. Should these efforts be successful, assessing their potential abilities to 

control this disease should be a high priority. 
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WT1/EGR1 and Ovarian Carcinoma: a Possible Role for SOCe 

Ovarian carcinoma is the leading cause of death from gynecologic malignancies 

(Greenlee, Hill-Harmon et al. 2001).  Ovarian carcinoma (in general) occurs due to the 

need for remodeling of the epithelium after repeated menstrual cycles. Hence, every time 

an oocyte is released from the ovary, the epithelium has to be broken and then reformed. 

During postovulatory repair, lack of contact inhibition can cause ovarian epithelial cells 

to transform into mesenchymal cells, a process termed epithelial-mesenchyme transition 

(EMT) (Auersperg, Wong et al. 2001). EMT imparts an advantage to the postovulatory 

repair of the ovarian epithelium by altering the motility and proliferative response and 

allows for proper remodeling of the ovarian surface epithelium (Salamanca, Maines-

Bandiera et al. 2004). However, mesenchymal cells are prone to uncontrolled growth and 

transformation into cancer cells.  

Whereas little has been documented to demonstrate a relationship between EGR1 and 

ovarian carcinoma, WT1 is known to regulate the mesenchymal/epithelial balance during 

development and several lines of evidence point to a role of WT1 in both EMT and 

mesenchyme to epithelial transition (MET) (Saxen and Sariola 1987; Pritchard-Jones, 

Fleming et al. 1990; Kreidberg, Sariola et al. 1993; Hosono, Luo et al. 1999; Hohenstein 

and Hastie 2006). Thus, it is interesting to speculate that aberrant WT1 expression in 

ovarian tumors causes cells to retain a mesenchymal phenotype in early ovarian 

tumorigenesis. This concept is supported by the fact that WT1 expression plays an 

important role in the progression of ovarian tumors and indicates a poorer prognosis 

of ovarian carcinoma (Shimizu, Toki et al. 2000; Hylander, Repasky et al. 2006; 

Netinatsunthorn, Hanprasertpong et al. 2006; Yamamoto, Tsuda et al. 2007; Barbolina, 
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Adley et al. 2008). Still unknown is whether or not suppression of STIM1 expression and 

SOCe by WT1 has any impact on the epithelial/mesenchymal balance. However, it 

should be noted that mesenchyme to epithelial transitions (MET) are accompanied by 

profound changes in the expression and activity of plasma membrane chloride and 

potassium ion channels (Huber, Braun et al. 2000). Considered collectively with our 

observations regarding WT1-mediated SOCe inhibition (Ritchie, Yue et al. 2010), it 

seems reasonable to speculate that dysregulated Ca
2+

 homeostasis may also be an 

important stabilizing characteristic of mesenchymal cells. Indeed, E-cadherin, an 

epithelial cell adhesion molecule which can be regulated by Ca
2+

-dependent Ras activity 

(Cullen and Lockyer 2002; Schmidt, Washington et al. 2003), is frequently absent or 

mutated in ovarian carcinoma (Christofori and Semb 1999) which promotes invasion and 

metastasis (Sawada, Mitra et al. 2008). Therefore, inhibition of Ca
2+

 entry by WT1 would 

tend to inhibit E-cadherin-mediated cell-cell adhesion, ultimately supporting a similar 

dysregulated metastatic phenotype.  

 

Part IV: T Cell Signaling: Implications for Ion Channels.   

The T Cell Receptor Complex 

 T cell activation is mediated by the T cell antigen receptor (TCR) which forms a 

complex with additional accessory molecules (van der Merwe and Dushek 2011). This 

complex consists of the polymorphic TCR α and β subunits in noncovalent association 

with four accessory CD3 subunits(van der Merwe and Dushek 2011). The capacity of the 

TCR to transduce signals across the T cell membrane is mediated by the cytoplasmic 

domains of the subunits of CD3 (van der Merwe and Dushek 2011).  The intracellular 
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tails of the CD3 contain a common motif termed an immunoglobulin receptor family 

tyrosine-based activation motif (ITAM)(van der Merwe and Dushek 2011). This motif is 

crucial for TCR coupling to intracellular tyrosine kinases and is absolutely required for 

all subsequent TCR signaling responses (van der Merwe and Dushek 2011).   Stimulation 

of the TCR complex results in the immediate and robust activation of intracellular 

signaling events.  However, it is becoming clear that the signals that arise from TCR 

activation can develop through subsequent waves of transcriptional remodeling (Sykulev 

2010). 

 The earliest biochemical response elicited by the TCR is the activation of protein 

tyrosine kinases (PTK): the src family kinase p59fyn and a PTK named Zeta-chain-

associated protein kinase 70 (ZAP-70) (van der Merwe and Dushek 2011).  Thus, a 

stimulated TCR leads to activation of src kinases, the phosphorylation of ITAMs 

followed by the recruitment, tyrosine phosphorylation, and activation of ZAP-70(van der 

Merwe and Dushek 2011). The association of ZAP-70 with the TCR complex is mediated 

by SH2 domains which preferentially bind to doubly phosphorylated ITAMS (van der 

Merwe and Dushek 2011).  ZAP-70 subsequently recruits and activates Linker of 

Activated T cells (LAT), a protein which serves as a docking site for the recruitment of 

multimolecular signaling complexes located near the site of TCR engagement (Thome, 

Duplay et al. 1995; Abraham and Weiss 2004).    

 One of the central signaling molecules recruited and activated by LAT is 

phospholipase C-γ1 (PLC-γ1)(Abraham and Weiss 2004). PLC-γ1 catalyzes the 

formation of 2 second messengers, inositol 1,4,5-trisphosphate (InsP3) and diacylglycerol 

(DAG), which trigger Ca
2+

 release from the ER and contribute to protein kinase C 
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activation, respectively (Abraham and Weiss 2004).  The coordinated activation of Ca
2+

 

signals and PKC-dependent signaling pathways leads to the activation of nuclear factor of 

activated T cells (NFAT), a regulator of a vast majority of transcriptional events during T 

cell activation and differentiation (Abraham and Weiss 2004).   

 

Nuclear Factor of Activated T cells 

 The biological functions of Ca
2+

 and PKC signals during T cell activation has 

been explored largely in the context of the production of interleukin-2 (IL-2) production 

(Kabouridis and Tsoukas 1990). Stimulating T cells with calcium ionophores that elevate 

intracellular calcium and/or phorbol esters that activate PKC has allowed investigators to 

assess the contributions of these signaling molecules towards T cell activation 

(Kabouridis and Tsoukas 1990). Hence, the combination of these two pharmacological 

activators can substitute for and bypass TCR activation in the induction of the IL-2 gene. 

(Kabouridis and Tsoukas 1990).  While, multiple transcription factors bind to the IL-2 

gene promoter including NFκB, Oct-1, and nuclear factor of activated T cells (NFAT), 

IL-2 gene expression is largely induced by NFAT (Shapiro, Mollenauer et al. 1998).   

 Phosphorylated, inactive NFAT proteins are localized to the cytoplasm in T cells, 

until they become dephosphorylated by the phosphatase calcineurin which signals the 

protein to enter the nucleus and combine with AP-1 to form a functional transcription 

factor complex (Cantrell 2002).  While there are multiple isoforms of NFAT (NFATc, 

NFATp, NFAT3, and NFAT4) which have different patterns of tissue expression, they all 

share one property in that their nuclear translocation is controlled by calcium-dependent 

signals (Macian 2005). Binding sites for NFAT are found in the enhancers of a number of 
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cytokine genes including IL-2, IL-4, and TNFα (Macian 2005).  NFAT activation is 

achieved specifically through the activation of SOCe in T cells (Oh-Hora, Yamashita et 

al. 2008) while inactivation is achieved through phosphorylation by nuclear kinases, such 

as glycogen synthase kinase 3β, Casein Kinase 1, MEKK and p38 MAPK (Beals, 

Sheridan et al. 1997; Zhu, Shibasaki et al. 1998; Gomez del Arco, Martinez-Martinez et 

al. 2000; Porter, Havens et al. 2000; Okamura, Garcia-Rodriguez et al. 2004; Seminario, 

Precht et al. 2004).  Hence, STIM1 and Orai1 are required for appropriate activation of 

NFAT and cytokine production (Oh-Hora, Yamashita et al. 2008).  In T cells, NFAT will 

appear to be nuclear localized for approximately six hours, although the protein rapidly 

cycles in and out of the nucleus during this time (Oh-Hora, Yamashita et al. 2008).  

Interestingly, even a modest reduction in the SOCe signal impairs the ability of a T cell to 

efficiently induce cytokine production.  Accordingly, under these conditions, NFAT will 

become initially activated in the presence of a reduced SOCe signal, however the full 

magnitude of the Ca
2+

 signal is required for NFAT to reenter the nucleus and efficiently 

induce continual transcription (Oh-Hora, Yamashita et al. 2008).  This underscores how 

important the magnitude and temporal characteristics of SOCe signals are towards T cell 

biology (Oh-Hora, Yamashita et al. 2008).   

 

Changes in Ion Channel Expression during T Cell Activation and Differentiation 

 The expression patterns of ion channels can vary dramatically in T cells at 

different states of activation and differentiation and this difference in channel expression 

can lead to considerably different ion signaling phenotypes.  However, given the 

complexity of the different ion channels expressed in a T cell, there is currently 
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incomplete information regarding how these changes in gene expression regulate 

biological functions.  Yet, a vast array of information regarding changes in the expression 

patterns of potassium channels has emerged.   

 Stimulation of the TCR can lead to the differentiation of a T cell to specialized, 

central memory T cells (TCM) or effecter-memory T cells (TEM) (Sallusto, Lenig et al. 

1999).  TEM cells reside in both lymphoid and nonlymphoid tissues, where they elicit 

immediate protection by producing effector cytokines at the site of antigen encounter 

(Reinhardt, Khoruts et al. 2001).  Conversely, TCM cells mainly localize to the secondary 

lymphoid tissues, where they mediate long-lasting protection through efficient clonal 

expansion (Reinhardt, Khoruts et al. 2001).  Importantly, these two subsets of memory T 

cells have different expression patterns of potassium channels (Cahalan and Chandy 

2009).    Quiescent TCM and TEM cells express low levels of Kca3.1 ( a Ca
2+

 activated 

potassium channel) corresponding to fewer than 10 functional channels per cell and 

express approximately 300 Kv1.3 ( a voltage activated potassium channel) channels per 

cell (Cahalan and Chandy 2009).  However, upon TCR activation, TCM cells upregulate 

the expression of KCa3.1. This increase in KCa3.1 gene expression is mediated by the 

binding of Ikaros and AP-1 transcription factors to sites on the KCa3.1 gene promoter 

(Cahalan and Chandy 2009).  Increased Kca3.1 mRNA levels are observed as early as 3 

hours after stimulation of the TCR.  Alternatively, TEM cells will upregulate Kv1.3 to 

approximately 1500 channels per cell upon activation (Cahalan and Chandy 2009).  

Given the relationship between potassium channel regulation of Ca
2+

 signaling and Ca
2+

 

mediated T cell responses (Cahalan and Lewis 1990; Lewis and Cahalan 1990; Lin, Boltz 

et al. 1993; Lewis and Cahalan 1995), the upregulation of both of these different 
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potassium channels likely serve to reset the resting membrane potential or hyperpolarize 

the plasma membrane and thus amplify Ca
2+

 signals during a given T cell response.  In 

support of this concept, potassium channel antagonists efficiently block Ca
2+

-mediated T 

cell functions (Lin, Boltz et al. 1993; Lewis and Cahalan 1995; Beeton, Barbaria et al. 

2001).  However, why these two subsets of memory T cells increase different K
+
 

channels remains elusive.  

 K
+
 channel expression levels also change when T cells differentiate to become IL-

2 and IFN-γ secreting Th1 cells or IL-4 and IL-5 secreting Th2 cells.  While Kv1.3 gene 

expression and function remains unchanged in Th1 and Th2 cells, Kca3.1 expression 

dramatically increases in Th1 cells, but not Th2 cells(Cahalan and Chandy 2009). Hence, 

Th1 cells exhibit an increased Ca
2+

 activated K
+
 current as wells as an overall increase in 

the magnitude of Ca
2+

 signals.  Importantly, pharmacological blockade of Kca3.1 greatly 

reduces the Ca
2+

 signals generated by Th1 cells which highlight the importance of Kca3.1 

in regulating Ca
2+

 signals through maintenance of membrane potential (Cahalan and 

Chandy 2009).  Interestingly though, while uncharacterized, Th2 cells exhibit faster 

cytosolic Ca
2+

 clearance mechanism which also contributes to the smaller Ca
2+

 signals 

observed when compared to Th1 cells(Cahalan and Chandy 2009).     
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CHAPTER 2 

STATEMENT OF GOALS 

 It took nearly two decades for researchers to identify STIM1 and Orai1 as the 

molecular mediators of SOCe.   However, quickly after the discovery of these two 

proteins in 2005 and 2006, numerous studies have established how this signaling pathway 

functions on a physiological and pathophysiological basis.  Notably, a series of elegant 

studies by Anjana Rao‟s group has shown that this pathway is critical for T cell activation 

through induction of the transcription factor NFAT (Oh-Hora, Yamashita et al. 2008).  

Alternatively, Xin-Yun Huang‟s group has shown that SOCe is required for the migration 

and metastasis of an aggressive form of breast cancer (Yang, Zhang et al. 2009).  

Furthermore, numerous other studies have shown the importance of this pathway in 

migration (Kuang, Yu et al. 2010), proliferation (Aubart, Sassi et al. 2009) and cell cycle 

regulation (Guo, Wang et al. 2009).  Thus, emerging evidence suggests that this pathway 

functions with broad biological significance across an expansive spectrum of cell types.  

Accordingly, within just a few years of its characterization, the SOCe pathway has 

emerged as a notable, potential target for the design of novel therapeutics.  However, 

while these studies have highlighted divergent and critical role(s) for SOCe signals in 

different cell types, little is known about the key events that lead to dysregulation of this 

pathway in disease.  Thus, the identification of the regulatory mechanisms that govern 

STIM1 and Orai1 functions would yield a better understanding of events that lead to 

altered SOCe signals.   
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 Early indications that SOCe signals play a role in pathophysiologiy came from 

studies which demonstrated the tumor suppressive characteristics of STIM1 (termed 

GOK in this study) in the Wilms‟ Tumor (WT) cell lines, G401.  However, unfortunately 

this study was completed long before the discovery of STIM1 as the ER Ca
2+

 sensor and 

activator of SOCe; thus, the tumor suppressive properties of STIM1 were not investigated 

in this context (Sabbioni, Veronese et al. 1999).    Given these intriguing previous 

studies, the first specific objective of this thesis was to identify if changes in STIM1 

expression and Ca
2+ 

homeostasis are a common feature of Wilms‟ Tumor.  I further 

aimed to identify whether any of the abnormalities in the expression of Wilms‟ Tumor 

associated transcription factors leads to changes in STIM1 expression and Ca
2+

 

homeostasis.  Furthermore, I aimed to identify the mechanisms leading to the 

transcriptional control of STIM1.     

   

 EGR1 is a ubiquitous and dynamic transcription factor which is rapidly induced in 

response to extracellular stimuli including, but not limited to mitogens and growth factors 

(Sukhatme 1990).  Thus, the expression of EGR1 target genes become rapidly and 

robustly increased upon cell surface receptor stimulation (Kumbrink, Kirsch et al. 2010; 

Petrovic, Kovacevic-Grujicic et al. 2010). Aberrations in EGR1 expression levels are a 

common feature of Wilms‟ Tumor and EGR1 has been shown to regulate a number of 

Ca
2+

 homeostatic proteins such as SWERCA2, NCX and Calsequestrin(Ritchie, Zhou et 

al. 2011).  In light of these characteristics, the second aim of this thesis sought to identify 

how receptor mediated induction of EGR1 changes long term Ca
2+

 homeostasis through 

modulations the Ca2+ homeostatic machinery.   
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CHAPTER 3 

MATERIALS AND METHODS 

Part I: Reagents 

 Peptide affinity-purified specific antibodies to STIM1 and STIM2 were produced 

by 21
st
 Century Biochemicals (Marlboro, MA). Anti-GOK was from BD Biosciences 

(San Diego, CA). Anti-WT1, Anti-PMCA and Anti- EGR-1 were from Cell Signaling 

(Danvers, MA).  Fura-2/acetoxymethylester, horseradish peroxidase-conjugated goat 

anti-rabbit and rabbit anti-mouse antibodies were from Invitrogen (CA).  Thapsigargin 

was from EMD Biosciences (San Diego, CA).  Untagged PHA was from Sigma (St 

Louis, MO); Alexafluor594-tagged PHA was from Invitrogen (CA). 

 

Part II: Cell Culture  

  G401 (ATCC) cells were cultured in McCoy‟s medium supplemented with 10% 

FBS and antibiotics. HEK293 (ATCC) cells were cultured in DMEM medium 

supplemented with 10% FBS and antibiotics.  Jurkat (ATCC) T cells along with freshly 

collected primary thymocytes were cultured in RPMI supplemented with 10% FBS and 

antibiotics. All cells were maintained at 37°C; 5% CO2.  For PHA experiments, Jurkat 

cells or primary thymocytes were cultured in RPMI + .5 % BSA and antibiotics for 24 

hours before treating with PHA. 
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Part III: Wilms’ Tumor Isolation  

 Isolated primary Wilms Tumors were washed in PBS and cut into small pieces.  

These were then incubated with collagenase V (1 mg/ml) at 37
o
C with agitation for 15 

minutes. The mixture was then filtered through a mesh screen into DMEM supplemented 

with 10% FBS and centrifuged at 300 g for 5 minutes.  The pellet was resuspended in 

PBS supplemented with BSA and 2 mM EDTA. Rat anti-mouse MHC-II antibody 

(Serotec) was added to this solution (1 µg antibody/50,000 cells) and incubated at 4
o
C for 

20 minutes. Cells were then centrifuged at 300 g for 5 minutes washed with PBS and 

resuspended in PBS supplemented with 0.1% BSA and 2 mM EDTA.  Dynabeads 

(Invitrogen) were added for 30 minutes at 4
o
C with agitation and then precipitated with a 

DynaMag-2 magnet (Invitrogen). Human primary Wilms Tumor cells were then collected 

from the supernatant and either plated onto coverslips for Ca
2+

 measurement or lysed for 

Western analysis. 

 

Part IV: Fluorescence Microscopy 

Cytosolic Ca
2+

 Measurements 

 Intracellular Ca
2+

 concentration was measured with a ratiometric dye fura-2.. 

Coverslips with cells grown on them were placed in ion-safe solution (mM) 107 NaCl, 

7.2 KCl, 1.2 MgCl2, 11.5 glucose and 20 Hepes-NaOH, pH=7.2 containing 2 μM fura-

2/acetoxymethylester and 1 mM Ca
2+ 

for 30 min at 20°C. Cells were then washed with 

ion-safe solution and fura-2 trapped inside cells was allowed to de-esterify for 30 min at 

20°C.  With this dye loading protocol, approximately 95% of the dye was confined in the 
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cytosol.  Ca
2+

 measurements were performed on Leica DMI 6000B fluorescence 

microscope controlled by Slidebook Software (Intelligent Imaging Innovations; Denver, 

CO).  Fluorescence emission at 505 nm was monitored
 
while alternating between 340 and 

380 nm excitation wavelengths at a frequency of 0.67 Hz; intracellular Ca
2+ 

measure-

ments are shown as 340/380
 
nm ratios obtained from groups (35 to 45) of single cells.  

340/380
 
nm ratios were obtained every 1.5 seconds.     

Tg-induced activation of SOCe.     After cells are loaded 

with fura-2, the coverslip is placed in a chamber in a 

Ca
2+

-free solution.  The fluorescence imaging begins in 

a Ca
2+

-free solution for one minute.  After 1 minute of 

recording, the extracellular solution is changed to a 

Ca
2+

-free solution containing 2 uM Tg.  The addition of 

this solution leads to an increase in cytosolic Ca
2+

 levels 

which is indicative of the depletion of the ER Ca
2+

 

stores.  This Ca
2+

 is subsequently pumped out of the cell by plasma membrane pumps 

which lead to the decline in cytosolic Ca
2+

 levels.  

Measuring the magnitude of SOCe.  After the Tg-induced 

Soce Ca
2+

 signal returns to basal levels (~ 10 minutes), the 

extracellular solution is changed to a solution containing 1 

mM Ca
2+

.  This leads to a rapid increase in cytosolic Ca
2+

 

levels and is indicative of SOCe.  The magnitude of SOCe is 

determined by subtracted the F340/F380 ratio recorded 
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immedited before the addition of 1 mM Ca
2+

 from the maximum F340/F380 ratio recorded 

after Ca
2+

 is added.  

Measuring Cytosolic Ca
2+

 clearance.  After 1 mM Ca
2+

 is added and maintained for 2 

minutes, the extracellular solution is once again changed to a 

Ca2+-free solution. This leads to decline in cytosolic Ca
2+

 

levels. Since Tg is an irreversible inhibitor of SERCA2, the 

mechanism by which this cytosolic Clearance occurs is 

SERCA-independent.  Ca
2+

 clearance is assessed by 

analyzing the time it takes for cytosolic Ca
2+

 levels to reach 

levels that were recorded before the previous addition of 1 

mM Ca
2+

.  Throughout this thesis, for space considerations, the Tg-induced Ca
2+

 response 

and SOCe measurement are omitted from the graphs and the time period at which Ca
2+

 

clearance is assessed is only shown.   

Ca
2+

 clearance kinetic analyses are fit to exponential distribution by one-phase 

exponential or two-phase exponential models.  The initial data point for each fit is the 

first data point recorded immediately after the removal of extracellular Ca
2+

.   The correct 

model is selected based on the extra sum of squares F test (described below).  

One phase exponential decay 

 For the purposes of this thesis, this equation describes the kinetics of intracellular 

Ca
2+

 clearance.  However, this equation is often used to describe the kinetics such as the 

decay of radioactive isotopes, the elimination of drugs, and the dissociation of a ligand 
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from a receptor.  The equation used to identify the kinetics of Ca
2+

 clearance that follows 

one-phase decay is: 

                   

Y starts out equal to A+B and decreases to B with a rate constant K. Data is shown as half 

life which is the half-life of the decay calculated by 0.6932/K. A and B are expressed in 

the same units as the Y axis. K is expressed in the inverse of the units used by the X axis. 

t is time.  The value R
2
 quantifies goodness of fit for the model chosen. It is a fraction 

between 0.0 and 1.0.  R
2
 is computed from the sum of the squares of the distances of the 

points from the best-fit curve determined by nonlinear regression. This sum-of-squares 

value is called SSreg, which is in the units of the Y-axis squared. To turn R
2
 into a 

fraction, the results are normalized to the sum of the square of the distances of the points 

from a horizontal line through the mean of all Y values. This value is called SStot. If the 

curve fits the data well, SSreg will be much smaller than SStot. Hence R
2
 uses the equation: 

           
     

     
 

Two phase exponential decay 

 For the purposes of this thesis, this equation describes the kinetics of intracellular 

Ca
2+

 clearance that follows two-phase decay.  The equation used to identify the kinetics 

of Ca
2+

 clearance that follows two phase decay is: 

                          

B is the Y value at infinite times, expressed in the same units as Y. 
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K1 and K2 are the two rate constants. 

A1 and A2 are the amplitudes for the fast and slow phase of decay, respectively. 

t is time. 

 

Where Y starts out equal to A1+A2+B and decays to B with fast and slow components 

which are K1 and K2, respectively. t is time.  Data is shown as half life which is the half-

life of the decay calculated by 0.6932/K1 and 0.6932/K2.  R
2
 values are obtained as 

described in one phase exponential decay.   

  

Extra sum-of-squares F test 

 It is sometimes extremely difficult to determine by eye whether a decay one-phase 

or biphasic.  Thus, the extra sum-of-squares test used during data analyses to determine 

whether the decay of cytosolic Ca
2+

 clearance follows a one-phase or two-phase 

exponential decay.  

 If the one-phase model is correct, the relative increase in the sum of squares 

(going from more complicated to simpler model) is expected to equal the relative 

increase in degrees of freedom. In other words, if the one-phase model is correct you 

expect that: 

   (SS1-SS2)/SS2 =(DF1-DF2)/DF2 

SS1 is the sum-of-squares for the one-phase model (which will be higher) and SS2 is the 

sum-of-squares of the two-phase model.  

If the two-phase model is correct, then you expect the relative increase in sum-of-squares 

(going from complicated to simple model) to be greater than the relative increase in 

degrees of freedom: 
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  (SS1-SS2)/SS2 >(DF1 DF2)/DF2 

The F ratio quantifies the relationship between the relative increase in sum-of-squares 

and the relative increase in degrees of freedom. 

   F =
             

             
 

F ratios are always associated with a certain number of degrees of freedom for the 

numerator and a certain number of degrees of freedom for the denominator. This F ratio 

has DF1-DF2 degrees of freedom for the numerator, and DF2 degrees of freedom for the 

denominator. 

If the one-phase model is correct you expect to get an F ratio near 1.0. If the ratio is much 

greater than 1.0, there are two possibilities: 

· The more complicated model is correct. 

· 

The simpler model is correct, but random scatter led the more complicated model to fit 

better. The P value tells you how rare this coincidence would be. 

The P value answers this question:  

If the one-phase model is really correct, what is the chance that you would 

randomly obtain data that fits the two-phase model so much better?  

If the P value is low, conclude that the two-phase model is significantly better than the 

one-phase model. Otherwise, conclude that there is no compelling evidence supporting 

the two-phase model, so accept the one-phase model. 
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Fluorescence Imaging 

 Fluorescence was examined using a Leica DMI 6000B fluorescence microscope 

equipped with CFP (438Ex/483Em), YFP (500Ex/542Em), GFP(472Ex/520Em) and 

mCherry (562Ex/641Em) filters controlled by Slidebook Software (Intelligent Imaging 

Innovations; Denver, CO).  All images were obtained at room temperature with 40 X oil 

len (N.A. 1.35, Leica).  For studies on co-localization of GFP-PMCA with mCherry-

STIM1 and cytosolic Ca2+ compartmentalization, high resolution images of were 

obtained at room temperature with 60 X oil lense. 

 

Part V: Protein Analysis  

Cell Lysis 

 For analysis of protein expression, cells were lysed in chilled Nonidet P-40 buffer 

(1% (v/v) Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl, pH 8.0, containing 100 µM 

phenylmethylsulfonyl fluoride and Sigma protease inhibitor mixture I followed by 

incubation for 30 min at 4°C and subsequent centrifugation (14,000 x g, 10 min at 4°C). 

The protein content of the supernatants was quantified with Bio-Rad DC protein assay 

kits.  For analysis of protein/protein interaction (i.e. immunoprecipitation) Cells were 

lysed in Chaps lysis buffer (35 mM CHAPS, 150 mM NaCl, 100 mM Tris-HCl, 10 mM 

EDTA pH 8.0 with protease inhibitors), cleared by centrifugation and normalized for 

protein content (determined using the DC protein assay kit; BioRad).    
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Immunoprecipitation 

 For immunoprecipitation, lysates (200 μg) were mixed with 50μl of a 50% protein 

G slurry (Calbiochem) that was precoated for 1 h with the indicated antibodies (5-

10μl/sample). The samples were incubated for 2 h at 4 °C with rotation and were then 

washed three times with lysis buffer. After the final wash, beads were resuspended in gel-

loading buffer and boiled for 10 min. Anti-GFP antibody is from Abcam; anti-GOK 

antibody is from BD Sciences; anti-actin antibody is from Millipore; anti-STIM1 

antibody is purified in our lab from a poly-clonal anti-STIM1 serum.   

 

Preparation of SDS-PAGE Gel and Samples 

 For western blot, protein extracts (25 µg per lane or total immunopreciptant) were 

resolved on SDS-polyacrylamide gels and electroblotted onto Bio-Rad Immun-Blot 

PVDF membranes.  The percentage of the SDS gel was varied depending on the size of 

the target protein being analyzed.  The resulting PVDF membranes were blocked (1h, 

room temperature) in Tris-buffered saline-Tween 20 (TBST; 10 mM Tris-HCl, pH 8.0, 

150 mM NaCl, 0.1% Tween 20) containing membrane blocking agent (5%) (Amersham 

Biosciences) and subsequently incubated with corresponding primary antibodies (1h, 

22°C).  Membranes were washed two times (7 min) in TBST and incubated with 

secondary antibody (30 min, IgG conjugated to horseradish peroxidase).  Subsequently, 

membranes were washed three times (5 min) in TBST followed by a single wash (5 min) 

in Tris-buffered saline (TBS; 150 mM NaCl,10 mM Tris-HCl, pH 8.0).  Peroxidase 

activity was visualized using the ECL kit as according to the manufacturer‟s instructions 

(Amersham Biosciences) with FluorChem HD2 imaging system from Alpha Innotech.  
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Table 3.1. Solutions for preparing Resolving gels (10 mL gel) 

% gel H20 30% 

Acrylamide 

1.5M Tris, 

pH 8.8 

10% 

SDS 

10% AP TEMED 

6% gel 5.3 2.0 2.5 .1 .1 .008 

8% gel 4.6 2.7 2.5 .1 .1 .006 

10% gel 4.0 3.3 2.5 .1 .1 .006 

12% gel 3.3 4.0 2.5 .1 .1 .004 

15 % gel 2.3 5 2.5 .1 .1 .004 

 

Table 3.2 Solution for preparing Stacking gels (5 mL gel) 

% 

Gel 

H2O 30% 

Acrylamide 

1.5M Tris,pH 

6.8 

10% SDS 10% AP TEMED 

5% 3.4 .83 .63 .05 .05 .005 

 

Part VI: Quantitative PCR  

RNA Extraction   

 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 
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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.   

First Strand Synthesis 

 RT-PCR was completed as a two-step process using High Capacity cDNA 

Reverse Transcription (Applied Biosystems).  Reverse Transcription is carried out with 

the SuperScript First-Strand Synthesis System for RT-PCR. The following procedure is 

based on company‟s protocol:  

1. Prepare the following RNA/primer mixture in each tube: 

Total RNA 5 g 

random hexamers (50 ng/l) 3 l 

10 mM dNTP mix 1 l 

DEPC H2O to 10 l 

2. Incubate the samples at 65C for 5 min and then on ice for at least 1 min. 

3. Prepare reaction master mixture. For each reaction: 

10x RT buffer 2 l 

25 mM MgCl2 4 l 

0.1 M DTT 2 l 

RNAaseOUT 1 l 

 

4. Add the reaction mixture to the RNA/primer mixture, mix briefly, and then place at 

room temperature for 2 min. 
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5. Add 1 l (50 units) of SuperScript II RT to each tube, mix and incubate at 25C for 10 

min. 

6. Incubate the tubes at 42C for 50 min, heat inactivate at 70C for 15 min, and then 

chill on ice. 

7. Add 1 l RNase H and incubate at 37C for 20 min.  

8. Store the 1st strand cDNA at -20C until use for real-time PCR. 

 

RT-qPCR 

 RT-qPCR was performed using ABI 7300 Fast Real Time PCR system  

(PerkinElmer Life Sciences). Primers (Table 1) were designed against the nucleotide 

coding sequence for each protein (NCBI protein database) using Primer premier software 

(version 5) (Premier Biosoft) and purchased from Invitrogen. To reduce pipetting errors, 

63μl master mixes for triplicates were made first. Each mix contained 33μl SYBR Green 

PCR Master Mix (applied biosystems), 20μl primer master mix (0.1µg/µl) and 1μg total 

cDNA. The mix was subsequently divided to 3 separate wells, 20μl each, on a 96 well 

plate. Standard amplification comprised 40 cycles of two stages (95º for 15secs followed 

by 60º for 1min). Fluorescent product was detected at the end of the second stage of each 

cycle. Data were analyzed using ABI system software and Relative Quantization of gene 

expression was calculated by the comparative threshold cycle method (∆Ct) Ct is the 

threshold cycle at which PCR product is detected. To reduce variations due to RNA 

quality and quantity, mRNA levels of TBP, a housekeeping gene in each cell type were 

used as an internal control. Subtracting the Ct of the housekeeping gene from the Ct of 

the gene of interest yields the ∆Ct.  Melting curves were run at the end of every protocol 
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in order to verify that one only one nucleotide product was being produced during the 

PCR process. 

 

  Table 3.3. Oligonucleotide sequences of primers used for qPCR 

Target GenBank  Orientation                  Sequence (5’-3’) Size, bp Nuc. Location 

Human STIM1 

 

Human TBP 

 

Human WT1 

 

Human Egr1 

 

Human PMCA1 

 

Human PMCA4 

 

Human Orai1 

 

NM_003156 

 

NM_003194  

 

 NM_000378 

 

NG_021374 

 

NM_001001323 

 

NM_001001396 

 

NM_00120246 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

Forward 

Reverse 

TGGAGAAGGTCCATCTGGAAA  

TGGGCTTCCTGCTTAGCAA 

GCCAGGCACCACAGCTCTT 

CGGCAAGGGTGCAGTTG 

GATAACCACACAACGCCCATC 

CACCACGTCGCACATCCTGAAT 

CCCTCAATACCAGCTACCA 

TCCACTGGCAAGCGTAA 

TAAGGGTGGTGGACTATCT 

TATTCCCTATGCCTTGTG 

GTTCTCCATCATCCGAAACGG 

CAAGCATCCAAGTGCCGTACTAG 

ATGGTGGCAATGGTGGA 

CGGTGGGTAGTCGTGGT 

63 

 

52 

 

58 

 

63 

 

78 

 

90 

 

50 

833 

896 

579 

631 

801 

859 

104 

167 

210 

298 

504 

594 

494 

544 

 

Part VII: Maintenance of Animal Colonies  

 C57B EGR1 heterozygous knockout mice were kept in our animal facility for 

breeding purposes.  Unfortunately, homozygous EGR1knockout female mice are 

infertile, so I would regularly breed homozygous EGR1 knockout males with 

heterozygous knockout females to obtain both heterozygous and homozygous EGR1 

knockout litters.  I would also mate heterozygous EGR1 knockout males and females 



- 68 - 
 

together in order to obtain WT mice for controls. In order to genotype our mice, mouse 

tails were clipped (0.5 cm) and incubated overnight in lysis buffer (100 mM Tris pH 8.5, 

5 mM EDTA, 200 mM NaCl, 0.2 % SDS, 10 mg/ml Proteinase K) at 55
o 

C, cleared by 

centrifugation and genotyped by PCR.  PCR reaction ran for 5 min at 95
o
C followed by 

30 cycles of 95
o
C 1 min, 60

o
C 14 sec, 72

o
C 1.5 min.  PCR reactions probing for the 

EGR1 gene and neomycin gene were run as separate reactions.  For detection of the 

EGR1 gene, the EGR1 F and EGR1 R primers were used.  For detection of the Neomycin 

insert, the Neo F and EGR1 R primers were used.  Sequences for the PCR primers are 

listed below. 

Table 3.4: PCR primers for genotyping 

Target Sequence 

EGR1 Forward AACCGGCCCAGCAAGACACC 

EGR1 Reverse GGGCACAGGGGATGGGAATG 

Neo Forward CTCGTGCTTTACGGTATCGC 

 

Part VIII: Luciferase 

 A 780 bp putative human STIM1 promoter region (-538 to +242 bp) was 

synthesized by Genscript and inserted into a firefly luciferase vector (hereafter referred to 

as S1-Luc). HEK293 cells were transfected with S1-Luc, a pRLNull Renilla luciferase 

construct (Promega Corp; internal transfection control) and YFP, WT1A, WT1C, EGR1, 

EGR1 siRNA or a scrambled control RNA sequence. Firefly and Renilla luciferase 

activity were determined 48h post-transfection using a Promega dual luciferase kit and a 
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Victor XS 2030 multilabel reader (Perkin Elmer Corp.) with values corrected against 

Renilla luciferase signals. Data are presented as percent of control. 

 

Part IX: Chromatin Immunoprecipitation 

 Chromatin immunoprecipitation (CHIP) kits were obtained from Millipore and 

used as instructed. Briefly, cells were treated with 1% formaldehyde for 10 minutes 

followed by lysis in SDS buffer (1% SDS, 10mM EDTA and 50mM Tris, pH 8.1). Lysate 

was then sheared by sonication (4x10s pulses at 30% power) followed by 

immunoprecipitation with anti-WT1, anti-EGR1 or rabbit IgG control antibodies. 

Immunoprecipitated DNA was then heated (65°C) in 25 mM NaCl (4 hrs) to eliminate 

cross-links and analyzed by PCR.  PCR profile was 10 min at 95
o
C for 1 cycle followed 

by 40 cycles of 95
o
C (15 s), 60°C (45s), 70°C (15s) (varying depending on the primer; 1 

min).  PCR products were then separated by PAGE (8%) and visualized using ethidium 

bromide staining at the end of each experiment 
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Part X: Summary of DNA and RNAi Constructs 

Table 3.5. Summary of DNA constructs 

Insert Vector Tag Antibiotic resistance 

Human WT STIM1 pCMV6 mCherry amp 

Human WT STIM1 pIRES CFP amp 

Human WT STIM1 pIRES YFP amp 

Human STIM1 ΔK* pIRES YFP amp 

Human STIM1 Δ597** pIRES none amp 

Human PMCA4b EGFP EGFP kana 

Human EGR1 pPac None kana 

Human WT1 pcDNA3 none amp 

* STIM1ΔK truncation at aa 666 **STIM1Δ597 truncation is at aa 597 

 In order to create YFP-STIM1WT and YFP-STIM1Δ597 constructs which are 

resistant to the STIM1 targeted shRNA sequence, silent substitution mutations were 

introduced into the YFP-STIM1WT and STIM1Δ597 constructs at the cDNA sequence 

recognized by the shRNA.  This was done by Mutagenex (Hillsborough, NJ).  Once the 

mutations were introduced into STIM1Δ597, the new STIM1Δ597 cDNA was subcloned into 

the YFP-pIRES vector such that a YFP tag was added. The mutations introduced were: 

  GATGATGCCAATGGT→ GATGACGCTAACGGC 
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Table 3.6: Summary of RNAi sequences and constructs 

 

 

 

 

 

 

 

 

 

 

 

 

Part XI: Transfection 

 DNA constructs and RNA sequences were introduced by electroporation using the 

Gene Pulser Xcell Electroporation system (Bio-Rad) under cell specific conditions.  

Before electroporation, cells were harvested, centrifuged and resuspended in 500 µl of 

Target Sequence (5’-3’) position 

Human WT1 siRNA 

(Invitrogen) 

GGACUGUGAACGAAGGUUUTT 

GGAUCUCCACUGAUAAGACTT 

1423 

2598 

Human EGR1 siRNA 

(Invitrogen) 

CAUCCAACGACAGCAGUCCCAUUUA 

GCUUUCGGACAUGACAGCAACCUUU 

854 

1851 

Human STIM1 siRNA 

(Invitrogen) 

GGGCCUAAUCUUUGAAGUUUGUUCU 3123 

Human Scramble 

siRNA (Invitorgen) 

CAUGGUUUCCUUACUUUACA NA 

Human STIM1 

shRNA (Origene) 

GATGATGCCAATGGTGATGTGGATG

TGGA 

958 

Human Scramble 

shRNA (Origene) 

Not provided, medium GC rich sequence N/A 
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OPTI-MEM (GIBCO).  This cell suspension was then transferred to an Eppendorf 

Electroporation cuvette (4 mm gap, 800 µl volume).  After electroporation, the cell 

suspension is transferred to a petri dish and left in the incubator in OPTI-MEM + 

Glutamax.  3 Hours after electroporation, 10% serum is added.   

 

 

Table 3.7. Summary of Electroporation conditions 

Cell type Protocol 

type 

volts Pulse 

length 

Number 

of pulses 

capacitance resistance 

HEK293 Square 

wave 

225 25 ms 1 na na 

G401 Square 

wave 

225 25 ms 1 na na 

Jurkat Exponential  250 NA 1 300 µF 1000Ω 

  

 

Part XII: Preparation of Coated Glass Cover Slips.   

 22 mm glass cover slips are kept in 70% ethanol.  When the coverslips are needed 

for coating, they are rinsed in distilled H20 for approximately 10 minutes and dried under 

UV light for 30 minutes.  500 µl of filter sterilized Poly-L-Lysine is added to one side of 

the dryed cover slips and placed in a 37
o
 C incubator for 1 hour.  Following the 1 hour 

incubation, excess liquid Poly-L-Lysine is removed and coated glass cover slips are kept 

at room temperature.   
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Part XIV: Statistical Analysis 

All statistical analyses were performed in Graphpad Prism 5.0 software. 

Paired Student T Test 

 Paired student t-test was used to compare two population means in the case of two 

samples that are correlated.  The paired t test compares the means of two matched groups, 

assuming that the distribution of the before-after differences follows a Gaussian 

distribution.  The paired student T test used the following equation: 

  

   
√    ̅̅̅    

  
 

  

Where n is the number of samples,  ̅  is the sample mean difference between paired 

observations, D is the hypothesized mean difference (from the null hypothesis), and sd is 

the standard deviation of the differences. To test the significance, the risk level (also 

known as the alpha level) was always set at .05.  Thus, to determine whether the result is 

significant, the T value obtained must be larger than the corresponding value from the 

standard table of significance with a risk level of .05.     

 

One-Way ANOVA 

 The One-Way ANOVA compares the mean of one or more groups based on one 

independent variable.  This method of analysis uses two assumptions: a) The dependent 

variable is normally distributed and b) the two groups have approximately equal variance 

on the dependent variable. 
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 The ANOVA produces an F statistic, the ratio of the variance among the means to 

the variance within the samples. Essentially, the ratio of variance is a comparison of the 

variance amongst the different groups to the variance amongst all the individuals within 

those groups. A higher ratio implies significant differences between the groups.  The 

equation for the F ratio is: 

      
[
   
 

  
 ]

[
   
 

  
 ]  

 

where σ1 is the standard deviation of population 1, s1 is the standard deviation of the 

sample drawn from population 1, σ2 is the standard deviation of population 2, and s1 is 

the standard deviation of the sample drawn from population 2.  The F ratio value obtained 

from this equation is compared to an F table.  If the F ratio value is greater than the F 

statistic value (corresponding to degrees of freedom), the differences are statistically 

significant. 

 

Tukey’s Post Hoc Test 

 Tukey‟s test calculates a new critical value that can be used to evaluate whether 

differences between any two pairs of means are significant.  The critical value is a little 

different because it involves the mean difference that has to be exceeded to achieve 

significance. So one can simply calculate one critical value and then calculate the 

difference between all possible pairs of means. Each difference is then compared to the 

Tukey critical value. If the difference is larger than the Tukey value, the comparison is 

significant.  The formula for the critical value is as follows: 
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̅̅̅̅     √

     

 
 

 

 

Where qT is the student‟s range statistic (similar to the t-critical values), MSs/A is the mean 

square error from the overall F-test, and n is the sample size for each group. 

Bonferroni Correction 

 The Bonferroni simply calculates a new pair wise alpha to keep the family wise 

alpha value at .05 (or another specified value).  The formula for doing this is as follows: 

    
    

 
 

 

where αB is the new alpha based on the Bonferroni test that should be used to evaluate 

each comparison or significance test, αFI is the family-wise error rate as computed in the 

first formula, and c is the number of comparisons (statistical test 
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CHAPTER 4 

RESULTS 

 

Part I: Ca
2+

 Signaling In Primary Wilms’ Tumor Samples 

Compromised SOCe in WT Samples 

 As described in the introduction of this thesis, the initial characterization of the 

STIM1 gene revealed that STIM1 has tumor suppressive properties in a Wilms‟ Tumor 

(WT) model (Sabbioni, Barbanti-Brodano et al. 1997).  However, this study was 

completed long before STIM1 was identified as the ER Ca
2+

 sensor and subsequent 

studies aimed at characterizing this phenomenon were never published.  Thus, in order to 

determine if changes in SOCe are a common component of WT, I examined cells 

extracted from two WT explants (termed WT10 and WT11). These are human WT‟s 

propagated subcutaneously in SCID mice that have been successfully used as a model for 

sporadic WT (Graham, Tucker et al. 2006; Morton, Favours et al. 2007). These tumors 

were removed from the mice, dissociated, separated from host cells and loaded with 

Fura-2 to measure cytosolic Ca
2+

 signals. Activation of SOCe was achieved via the 

addition of the irreversible SERCA2 inhibitor thapsigargan (Tg); this allows for the 

passive depletion of the ER Ca
2+

 stores (this typically takes ~10 minutes) and subsequent 

activation of SOCe.  Accordingly, following full depletion of ER Ca
2+

 stores, the addition 

of 1 mM Ca
2+ 

to the extracellular solution leads to a rapid increase in cytosolic Ca
2+

 

levels which is indicative of SOCe activity.  Interestingly, I found a significant reduction 

of SOCe in both WT10 and WT11 (Figure 4-1). By comparison, a similar manipulation 
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in HEK293 cells (a well described kidney-derived cell line) led to easily detectable SOCe 

(Figure 4-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 78 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. Loss of SOC in Wilms Tumor cells. (A) SOCe was measured in fura-2 loaded WT10, WT11 and 

HEK293 cells after ER Ca2+ depletion via the addition of the SERCA inhibitor thapsigargin (Tg; 2 µM) in 

nominally Ca2+-free medium. Extracellular Ca2+ concentration was increased from 0 to 1 mM either before or after 

store depletion where indicated to differentiate between store-independent (before Tg) and store-dependent (after 

Tg) Ca2+ entry. Shaded areas indicate standard error (SEM). 
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Inverse Relationship of STIM1 and WT1 Expression Levels in WT Samples 

 In an effort to identify potential causes of the loss of SOCe in WT10 and WT11 

cells, I examined the expression levels of STIM1 and Orai1, the primary molecular 

mediators of SOCe. Western blot analysis of protein lysates from both WT10 and WT11 

cells revealed significant reductions of STIM1 protein in comparison with HEK293 cells 

(Figure 4-2A), while Orai1 expression levels determined by qPCR were highly variable 

(Figure 4-2C). Hence, there was a clear correlation between reduced SOCe and decreased 

STIM1 expression in WT cells. 

As previously discussed, the expression levels of both WT1 and EGR1 are often 

aberrant in WTs (Grubb, Yun et al. 1994; Ghanem, Van der Kwast et al. 2000). 

Therefore, I also examined their expression levels to assess any potential correlations 

with STIM1 expression levels.  Interestingly, WT1 expression was increased greater than 

10-fold at the mRNA level over HEK293 cells in both WTs.  This correlated with a 

twofold reduction in STIM1 mRNA expression (Figure 4-2B). In contrast, EGR1 

expression was highly variable (Figure 4-2B). 
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Figure 4-2. Reduced STIM1 and increased WT1 expression in Wilms’ Tumor samples. (A)  Protein extracted from 

WT10, WT11 and HEK293 cells was analyzed by western blot for STIM1 expression. Actin was used as a loading control. 

(B). RNA extracted from WT10, WT11 and HEK293 cells was analyzed by RT-qPCR for expression of TATA-binding 

protein (TBP), STIM1, WT1 and EGR1. (C) RNA extracted from WT10, WT11 and HEK293 cells was analyzed by qPCR 

for expression of TBP and Orai1. mRNA expression levels are shown as %TBP. * indicates significant differences from 

expression levels in HEK293 cells as determined by analysis of variance (ANOVA) with Tukey‟s post-hoc test (p<0.05). 

All experiments were completed a minimum of 3 times. 
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Part II: WT1 Regulates STIM1 Expression 

Overexpression of WT1 Differentially Regulates SOCe and STIM1 Expression.  

 Given the observed correlations between WT1 and both SOCe and STIM1 expression 

in WT cells, I began to speculate whether WT1 may negatively regulate STIM1 

expression. In support of this concept, analysis of the genomic DNA sequence 11p15.5 in 

the region immediately upstream of the STIM1 transcription site using the 

Transcriptional Element Search System (University of Pennsylvania) revealed 4 putative 

Response Elements (RE) for both WT1 and EGR1 within 500 base pairs of the STIM1 

transcriptional start site (Figure 4-3). Therefore, I examined the impact of manipulating 

the expression of these transcription factors on STIM1 expression and function.  Due to 

my inability to transfect or culture WT cells for extended periods, I was unable to 

perform this experiment in the WT10 or WT11 model systems. However, HEK293 cells 

are easily cultured and can be transfected at high efficiency with either CMV-driven 

expression plasmids or targeted siRNA sequences. 

 Given the correlation between WT1 and STIM1 observed in WT10 and WT11, I 

focused my initial investigation on the impact that WT1 has on STIM1 expression.  

Accordingly, HEK293 cells were transfected with plasmids encoding different WT1 

variants and STIM1 expression and SOCe were assessed 48 hours after transfection. 

Interestingly, significant decreases in SOCe, STIM1 mRNA and STIM1 protein were 

observed in HEK293 cells transfected with WT1A (KTS- WT1 splice variant) (Figure 4-

4A-d).  Alternatively, transfection of WT1C (KTS+ WT1 splice variant) significantly 

increased STIM1 mRNA and STIM1 protein (Figure 4-4A-D).   
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 Given that WT1 isoforms differ by only a few amino acids in sequence, it is very 

difficult to create an siRNA construct which specifically targets different WT1 isoforms.  

As a result, WT1 targeted siRNA constructs often target a region which silences all WT1 

gene products, such as the 5‟ untranslated region of the mRNA.  Accordingly, I was 

unable to identify the effect that knocking down only WT1A or only WT1C has on 

STIM1 expression.  However, the results obtained using overexpression of WT1 indeed 

indicates that WT1 splice variants differentially regulate STIM1 expression and SOCe 

signaling.  
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Figure 4-3. WT1/EGR1 binding sites near the STIM1 transcriptional start site.  Analysis of the genomic 

DNA sequence 11p15.5 in the region proximal to the STIM1 transcription site using the Transcriptional Element 

Search System (University of Pennsylvania) revealed 4 putative Response Elements (RE) for both WT1 and 

EGR1 within 500 base pairs of the STIM1 transcriptional start site.  These WT1/EGR1 consensus sequences are 

highlighted in green in the figure.  The STIM1 mRNA coding region is highlighted in yellow.    
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Figure 4-4.  Control of STIM1 expression by WT1 (A)  Western analysis of STIM1, and Actin expression in either 

HEK293 cells transfected with WT1A or WT1C.  (B) STIM1 expression levels in HEK293 cells transfected with 

either WT1A or WT1C were determined by qPCR.  . * represents significant differences from control (p < .05) as 

determined by one-way ANOVA with Tukey‟s post-hoc test. (C) WT11 expression levels in HEK293 cells 

transfected with either WT1A or WT1C were determined by qPCR.  . * represents significant differences from 

control (p < .05) as determined by one-way ANOVA with Tukey‟s post-hoc test.    (D)  Representative traces of Ca2+ 

responses in fura-2 loaded WT HEK293 cells after overexpression of WT1A or pIRES (Control). Shaded areas 

indicate standard error.   
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WT1 Regulates STIM1 Luciferase Activity 

 Based on the studies described in the preceding sections, it was becoming evident 

that STIM1 expression is regulated by WT1.  Additionally, I speculated that WT1 

regulates STIM1 through a mechanism involving transcriptional regulation at a genomic 

sequence near the STIM1 transcriptional start site which contains putative WT1/EGR1 

consensus sequences.  However, at this point I lacked any mechanistic evidence.  Thus, I 

synthesized a DNA sequence via PCR that included the region of the genome at 11p15.5 

encompassing all 4 of these putative WT1 REs (-538 to +242 bp) that were found near 

the STIM1 transcriptional start site and inserted it into a firefly luciferase vector such that 

firefly luciferase expression is under the control of this genomic region (Figure 4-5A).  I 

then transfected this luciferase construct (S1-luc) with YFP, WT1A or WT1C into 

HEK293 cells and assessed luciferase activity 48 hours later.  Renilla luciferase was also 

transfected as an internal control and S1-luc levels were normalized to Renilla luciferase 

levels. 

   In support of my previous data (shown in figure 4-3), I found that transfection of 

WT1A significantly decreased S1-luc levels in HEK293 cells, compared to cells 

transfected with YFP (Figure 4-5B).  Alternatively, I found that overexpression of WT1C 

robustly increased S1-luc levels in HEK293 cells compared to cells transfected with YFP 

(Figure 4-5B).  mRNA was extracted from a subset of cells before luciferase activity was 

measured and WT1 overexpression was confirmed levels via RT-qPCR (Figure 4-5C).  

Importantly, these data shows that the genomic region isolated from 11p15.5 is able to 

drive luciferase expression and that while under the control of this genomic region, 



- 86 - 
 

WT1A and WT1C can differentially regulate luciferase expression, reminiscent of what 

is observed when examining STIM1 levels.  
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Figure 4-5. WT1 Luciferase assays. (A) Generation of luciferase vector. (B) Luciferase activity in HEK293 cells 

after transfection with S1-Luc and YFP, WT1A or WT1C. (C) mRNA was extracted from HEK293 cells 48 hours 

after transfection with YFP, WT1A or WT1C and TBP and WT1 levels were assessed via RT-qPCR. * represents 

significant differences from control (p < .05) as determined by one-way ANOVA with Tukey‟s post-hoc test.   
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Part III: EGR1 Regulates STIM1 Expression 

Knockdown of EGR1 Reduces SOCe and STIM1 Expression. 

 Given the observed regulation of STIM1 expression by WT1 and that previous 

studies indicate that WT1 and EGR1 bind to the same consensus sequence with opposing 

actions, I was interested in assessing whether EGR1 also regulates STIM1 expression.  

Therefore, I examined the impact of manipulating EGR1 expression on STIM1 

expression and function.  First, EGR1 targeted siRNA or scramble RNA (Scr) was 

transfected into HEK293 cells and the resultant effect on SOCe and STIM1 expression 

was assessed 48 hours after transfection; significant decreases in SOCe, and STIM1 

protein were observed in HEK293 cells transfected with EGR1 targeted siRNA (Figure 4-

6A-B).  While STIM1 protein expression was reduced, Orai1 expression levels were 

unaffected (Figure 4-6B), supporting the notion that off target effects were not the result 

of the reduction in SOCe after EGR1 knockdown.  mRNA was also extracted from 

HEK293 cells transfected with EGR1 targeted siRNA or Scr RNA and EGR1 levels were 

assessed via RT-qPCR; EGR1 mRNA levels were suppressed by 60% in cells transfected 

with EGR1 specific siRNA while Scr siRNA had no effect on EGR1 mRNA levels 

(Figure 4-6C). 

 I was also interested in assessing whether overexpression of EGR1 could increase 

STIM1 levels. Thus, YFP or EGR1 was transfected into HEK293 cells and STIM1 

protein expression levels were assessed via western blot analysis 48 hours after 

transfection; I found that STIM1 protein expression was indeed increased after EGR1 

expression, while Orai1 expression was unchanged (Figure 4-6D).  EGR1 expression 
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levels were also assessed in order to confirm EGR1 overexpression (Figure 4-6D). These 

results support the notion that EGR1 regulates STIM1 expression and SOCe function.  
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Figure 4-6.  EGR1 regulates STIM1 expression and SOCe.  Representative traces of Ca2+ 

responses in fura-2 loaded HEK293 cells after transfection with scrambled siRNA or EGR-1 

targeted siRNA. Shaded areas indicate standard error.  (B) Western analysis of STIM1, Orai1 

and Actin expression in either HEK293 cells transfected with WT1A or EGR1 siRNA (C) 

EGR1 expression levels in HEK293 cells transfected with either scrambled siRNA or siRNA 

targeting EGR1 were determined by qPCR. (D) Western analysis of STIM1, Orai1, EGR1 and 

Actin expression in either HEK293 cells transfected with YFP or EGR1.  
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Analysis of STIM1 Expression in Various Tissues from EGR1 Knockout Mice.  

 While loss of WT1 is embryonic lethal (Kreidberg, Sariola et al. 1993), EGR1 

knockout mice were generated in the Milbrandt lab over 15 years ago (Lee, Tourtellotte 

et al. 1995) and are readily available. Therefore, in an effort to determine whether or not 

EGR1-mediated control of STIM1 expression is required in vivo, I examined tissues 

obtained from these EGR1 +/+, EGR1 +/- and EGR1 -/- animals (Fig 4-7A). Intriguingly, 

kidney (the tissue where Wilms‟ Tumor form) homogenates from either EGR1 

heterozygous or knockout animals exhibited a significant decrease in STIM1 expression 

(Fig 4-7B). In contrast, STIM1 expression was normal in all other EGR1 heterozygous 

tissues examined. However, significant decreases in STIM1 expression were observed in 

liver, spleen and brain homogenates (Fig 4-7B), but not pancreas, thymus or skeletal 

muscle homogenates (Fig 4-7C) obtained from EGR1 knockout mice. These observations 

indicate that EGR1-dependent expression of STIM1 is highly tissue-specific, with kidney 

exhibiting the greatest dependence on EGR1 for STIM1 expression followed by liver, 

spleen and brain. Nevertheless, the fact that loss of STIM1 expression was neither 

universal nor complete indicates that STIM1 expression is likely dependent on multiple 

undefined transcription factors. 
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Figure 4-7.  Analysis of STIM1 expression in EGR1 knockout mouse tissue. (A) DNA was extracted from 

C57Bl/6 mouse tails, amplified by PCR and analyzed by PAGE. (B,C)  Protein was extracted from EGR1 +/+, 

EGR-1 +/- and EGR1 -/- tissues exhibiting EGR1-dependent STIM1 expression (B) kidney, spleen, liver and 

brain) and those exhibiting EGR1-independent STIM1 expression (C) (pancreas, thymus and skeletal muscle) 

tissue. STIM1 expression was determined by Western analysis, while actin expression was determined as a 

loading control. 
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EGR1 Regulates STIM1 Luciferase Activity 

 Results of studies described in previous sections suggested that STIM1 expression 

is also regulated by EGR1.  Additionally, I speculated that, similar to WT1, EGR1 

regulates STIM1 through a mechanism involving transcriptional regulation at a genomic 

sequence near the STIM1 transcriptional start site which contains putative EGR1 

consensus sequences.   To test this hypothesis, I utilized my previously described S1-luc 

luciferase construct to assess whether the genomic region proximal to the STIM1 

transcriptional start site is sensitive to changes in EGR1 expression (Figure 4-8A).  

Accordingly, I transfected HEK293 cells with S1-luc and either YFP or EGR1 and 

assessed luciferase activity 48 hours after transfection.  Renilla luciferase was also 

transfected as an internal control and S1-luc levels were normalized to Renilla luciferase.   

 In support of my previous findings, overexpression of EGR1 significantly 

increased luciferase levels in HEK293 cells, compared to cells transfected with YFP 

(Figure 4-8B).  mRNA was extracted from a subset of cells before luciferase activity was 

measured and EGR1 levels were assessed via RT-qPCR in order to confirm EGR1 

overexpression (Figure 4-8C).      
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Figure 4-8.  EGR1 Luciferase assays. (A) Generation of luciferase vector. (B) Luciferase activity in 

HEK293 cells after transfection with S1-Luc and YFP or EGR1. (C) mRNA was extracted from 

HEK293 cells 48 hours after transfection with YFP or EGR1. TBP and EGR1 expression levels were 

determined by RT-qPCR.  * represents significant differences from control (p < .05) as determined by 

one-way ANOVA with Tukey‟s post-hoc test.   
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EGR1 and WT1 Directly Bind to the Genomic Sequence Near the STIM1 

Transcriptional Start Site. 

 While the luciferase assays described above demonstrate that the region of the 

genome containing WT1/EGR1 binding sites has transcriptional activity, they cannot 

distinguish between direct and indirect modes of regulation. Therefore, Chromatin 

Immunoprecipitation (CHIP) was performed to determine which (if any) of these putative 

REs exhibit bona-fide WT1 or EGR1 binding. This was achieved using either CHIP-

grade rabbit EGR1 (Santa Cruz), WT1 (Santa Cruz) or control rabbit IgG to pull down 

chromatin DNA extracted from both G401 cells (WT1-null) (Garvin, Re et al. 1993) and 

HEK293 cells. Identification of successful binding was achieved by PCR using primers 

flanking each of the 4 putative REs (Fig 4-9A) followed by polyacrylamide gel 

electrophoresis. Interestingly, the strongest amplifications of putative response element 1 

(RE1) were observed using either EGR1 antibodies in G401 extracts or WT1 antibodies 

in HEK293 extracts, but not when using either rabbit IgG or unbound beads.  In contrast, 

pull down of RE1 using EGR1 antibodies in HEK293 extracts was comparable to rabbit 

IgG pull down, presumably reflecting enhanced affinity for WT1 over EGR1 for binding 

to this response element. While both RE2 and RE4 were negative for interaction with 

either EGR1 or WT1, I did observe pull down of RE3 using anti-EGR1 antibodies in 

G401 extracts only. The reasons for the cell-type specificity of EGR1 interactions with 

RE3 are not immediately clear, but may reflect the presence of other as yet unidentified 

transcription factors involved in control of STIM1 expression. Nevertheless, these 

observations provide strong support for the concept that EGR1 and WT1 regulate STIM1 

expression via direct interactions. 
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Figure 4-9. WT1 and EGR1 bind to the genomic region adjacent to the STIM1 transcription start site. 

(A) Analysis of the DNA sequence of 11p15.5 in the region surrounding the STIM1 transcriptional start site 

revealed 4 putative WT1/EGR1 response elements (RE; underlined in green). (B) Binding of WT1 and EGR1 

to the 4 putative response elements was determined by ChIP of chromatin extracted from either HEK293 or 

G401 cells. Protein/DNA complexes were immunoprecipitated with anti-EGR1, anti-WT1 or anti-rabbit IgG. 

DNA was amplified by PCR using the primers depicted in bold in panel (A).  No Template (NT) was used as a 

negative control for each PCR reaction. Each experiment was completed a minimum of 3 times. 
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Part IV: Receptor Mediated Changes in Ca
2+

 Homeostasis in T Cells. 

Analysis of the Expression of Ca
2+

 Homeostatic Proteins after Activation of Jurkat 

T Cells. 

 I have previously shown that STIM1 expression and SOCe are controlled by the 

transcription factor EGR1 (Ritchie, Yue et al. 2010).  However, these previous studies 

were performed using overexpression and knockdown protocols in HEK293 cells.  

Consequently, I was interested in assessing how physiological activation of EGR1 alters 

long term Ca
2+

 dynamics.  Fortunately, there is a great deal of published work 

demonstrating that EGR1 expression is induced in Jurkat T cells after activation of the T 

cell receptor (TCR) (Sakamoto, Nimer et al. 1992; Chauhan, Kharbanda et al. 1994; 

Koyano-Nakagawa, Nishida et al. 1994; Skerka, Decker et al. 1995; Chen, Forman et al. 

1996; Black, Luo et al. 1997; Li-Weber, Laur et al. 1999; Rolli, Kotlyarov et al. 1999; 

Lin and Tam 2001; Castellanos Mdel, Lopez-Giral et al. 2002; Cippitelli, Fionda et al. 

2003; de Mestre, Khachigian et al. 2003; Decker, Nehmann et al. 2003; de Mestre, Rao et 

al. 2005; Cron, Bandyopadhyay et al. 2006; Dabrowska, Kim et al. 2008).  Thus, I 

examined the expression of multiple Ca
2+

 homeostatic proteins after stimulating T cell 

receptor (TCR) cross-linking using the lectin phytohemagglutinin (PHA). As expected, 

EGR1 was upregulated within 1 hr of activation, rapidly followed by increased 

expression of STIM1 and STIM2 (Figure 4-10A).  Unexpectedly, protein and mRNA 

expression of both PMCA4 (the principal PMCA isoform in Jurkat cells (Caride, Filoteo 

et al. 2001)) and PMCA1 increased with T cell activation (Fig 4-10A,B).  
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Figure 4-10.  PHA-induced changes in Ca2+ signaling proteins.   (A) Jurkat T cells were treated 

with 1 ug/ml PHA or vehicle (H2O) before cell lysis at indicated time points and analyzed for 

expression of EGR1, STIM1, STIM2, PMCA and actin by Western blot.  (B) WT Jurkat cells were 

treated with 1 µg/ml PHA or vehicle for 2 hours before cell lysis and extraction of mRNA.  PMCA1, 

PMCA4 and TBP mRNA levels were assessed via RT-PCR.  PMCA1 and PMCA4 are normalized to 

the percent expression of TBP.  
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Alterations in Ca
2+

 Signals after Activation of Jurkat T Cells. 

 In order to identify the functional consequence of STIM1 and PMCA upregulation 

during PHA-mediated Jurkat cell activation, I compared SOCe levels and Ca
2+

 clearance 

rates in Jurkat T cells both before and 2 hrs after PHA-mediated T cell activation.  To 

assess the magnitude of SOCe and the rate of cytosolic Ca
2+

 clearance, I utilized an 

established protocol (see methods and figure 4-11A for illustration): Briefly, fura-2 

loaded cells were treated with 2 μM thapsigargin (Tg) in a Ca
2+

-free solution to deplete 

ER Ca
2+

 stores and subsequently activate SOCe. SOCe-mediated Ca
2+

 influx was then 

measured after the addition of 1 mM extracellular Ca
2+ 

for a duration of 2 minutes; the 

magnitude of SOCe was calculated by subtracting the basal F340/380 value from the peak 

F340/380 value obtained after the addition of 1 mM extracellular Ca
2+

. Cytosolic Ca
2+

 

clearance was subsequently measured after removal extracellular Ca
2+

 by analyzing the 

time it takes for cytosolic Ca
2+

 to return to basal levels; analogous studies performed in 

this cell type identified PMCA4b as the major mediator of cytosolic Ca
2+

 extrusion in 

when SERCA activity is blocked with inhibitors such as Tg (Bautista, Hoth et al. 2002; 

Bautista and Lewis 2004).  

 I found that increased STIM1 expression correlated with an increase in the peak level 

of Ca
2+

 entry during the measurement of SOCe after PHA-induced activation (Figure 4-

11B); a one tailed, paired T test showed that the differences between unstimulated and 

PHA-activated cells from multiple experiments are statistically significant. However, 

quite unexpectedly, cytosolic Ca
2+

 returns to basal levels much more slowly in PHA-

activated cells when compared to unstimulated (Ctl) cells (Figure 4-11A), despite the 

apparent increase in PMCA expression; cytosolic Ca
2+

 returns to baseline levels within in 
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~300s in Ctl cells while PHA-activated cells reach baseline within in ~600s.  In order to 

determine whether this affect is attributable to T cell activation rather than an artifact 

created by PHA, I utilized a different tool for inducing T cell activation, OKT3.  OKT3 is 

a monoclonal antibody targeted to the CD3 receptor which effectively leads to T cell 

activation (Kvanta, Gerwins et al. 1990; Kvanta, Gerwins et al. 1990; Nordstrom, Stahls 

et al. 1990).  I found that pretreating Jurkat cells with 100 nM OKT3 for two hours before 

performing fluorescence Ca
2+

 imaging results in similar increase is the magnitude of 

SOCe-mediated Ca
2+

 influx (Figure 4-11A,B) and increases the time required for 

cytosolic Ca
2+

  to reach baseline levels; OKT3 treated cells return to baseline cytosolic 

Ca
2+

 levels in ~650s (Figure 4-11A,B).     

 To quantify the differences in cytosolic Ca
2+

 clearance observed between Ctl, PHA- 

or OKT3-activated cells, data were fit to single and double exponential distribution of 

cytosolic Ca
2+

 clearance.  The initial time point for the kinetic analysis was the first time-

point recorded immediately after the removal of extracellular Ca
2+

. Based on comparative 

analysis between single and double exponential decay using the extra-sum-of squares F 

test, I determined that two-phase exponential decay was a better fit for cytosolic Ca
2+

 

clearance data in Ctl, PHA- and OKT3-activated cells  (Figure 4-11C, in agreement with 

previously published findings (Bautista, Hoth et al. 2002; Bautista and Lewis 2004)). 

Intriguingly, while little difference in the fast decay phase was observed, the slow phase 

was greatly delayed due to PHA- or OKT3-mediated T cell activation (Figure 4-11D, 

table 5.1).  Kinetic analysis showed that activation via PHA or OKT3 resulted in a ~2 

fold decrease in the half life of the slow phase Ca
2+

 decay (Figure 4-11D).  Additionally, 

there was an increase in the amplitude of the slow phase of Ca
2+

 in PHA or OKT3 treated 
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cells (Table 5-1).  The amplitude for the fast decay phase was largely unchanged (Table 

5-1).   
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Figure 4-11.  T cell activation increases SOCe and reduced Ca2+ clearance in Jurkat cells (A) Cells 

were pretreated with 1 µg/ml PHA, 100 nM OKT3 or vehicle for 2 hours on glass coverslips before 

loading with Fura-2.  Depletion of ER Ca2+ stores was achieved by the addition of Tg (2 µM) in the 

absence of extracellular Ca2+
. Subsequent elevation of extracellular Ca2+ to 1 mM for 2 minutes led to 

elevated cytosolic Ca2+; the cytosolic Ca2+ clearance was then assessed by the removal of extracellular 

Ca2+ and analyzing the time it takes for Ca2+ to reach basal .  (B)  The magnitude of SOCe (ΔSOCe) is 

assessed by subtracting the basal F340/F380 value from the peak F340/F380 value.  A one tailed, paired T test 

with 99% CI was performed to assess statistical significance of the ΔSOCe differences between Ctl, PHA 

and OKT3 treated cells; P = .02; n = 11.  (C)  Representative traces of multiple experiments of cytosolic 

Ca2+ clearance assessed in Jurkat cells treated with PHA, OKT3 or vehicle are shown and analyzed by 

two-phase, nonlinear regression.  Each data point is represented by a hollow circle, while the nonlinear 

regression calculated for each experiment is shown as a solid, bold line (Ctl: K1: 0.060,K2: .01, A1:1.9, 

A2:.52, R2: .85, n=11; PHA: K1: 0.046,K2: .005, A1:1.82, A2:.1.0, R2: .91, n=10; OKT3: K1: 0.024,K2: 

.005, A1:2.8, A2:1. 2, R2: .9, n=3).  (D) Half-lives (calculated as the ln(2)/k) presented from a two-phase, 

nonlinear regression of all experiments represented in 4-11C.  
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Analysis of PMCA Expression and Ca
2+

 Clearance after Activation of Primary 

Murine Thymocytes. 

To determine if this finding was generally applicable to T cells in general, 

experiments were also performed in freshly isolated primary murine thymocytes. Similar 

to Jurkat T cells, cytosolic Ca
2+

 returned to basal levels much more slowly after the 

removal of extracellular Ca
2+

 (Figure 4-12A), despite PHA-induced elevation of PMCA 

expression (Figure 4-12B). In light of this remarkable and wholly unexpected finding, I 

focused our investigation towards ascertaining the mechanism(s) responsible for 

inhibition of cytosolic Ca
2+

 clearance during T cell activation. 

 

 

 

 

 

 

 

 

 

 



- 104 - 
 

 

Figure 4-12.  PHA reduces Ca2+ clearance but increases PMCA expression in Primary murine Thymocytes. 

Primary murine thymocytes were treated with 1 µg/ml PHA or vehicle for 2 hours on glass cover slips before loading 

with Fura-2.  To assess cytosolic Ca2+, depletion of ER Ca2+ stores was achieved by the addition of Tg (2 µM) in the 

absence of extracellular Ca2+
. Subsequent elevation of extracellular Ca2+ to 1 mM led to elevated cytosolic Ca2+; the 

rates of cytosolic Ca2+ clearance were then measured starting from the point that extracellular Ca2+ was again removed. 

(A)  Representative traces of multiple experiments of cytosolic Ca2+ clearance assessed in Jurkat cells treated with PHA 

or vehicle are shown  (B) Primary murine thymocytes were treated with 1 ug/ml PHA or vehicle for 2 hours before cell 

lysis and analyzed for PMCA and actin expression by Western blot. 
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Mitochondria-Dependent and –Independent Components of Ca
2+

 Clearance 

A critical role for mitochondria as modulators of cytosolic Ca
2+

 clearance during T 

cell activation has previously been defined (Quintana, Schwarz et al. 2006; Quintana, 

Schwindling et al. 2007; Schwindling, Quintana et al. 2010). Therefore, the possibility 

that changes in mitochondria Ca
2+ 

dynamics contributes to the amplification of the 

secondary phase of Ca
2+

 clearance after T cell activation was examined.   

As expected, adding of 1 mM extracellular Ca
2+

 to Ctl or PHA-activated cells (after 

SOCe activation) led to a rapid increase in mitochondrial Ca
2+

 levels ([Ca
2+

]m) (Figure 4-

13A). However, the magnitude of [Ca
2+

]m influx was increased during PHA-mediated 

activation (Figure 4-13A).  Furthermore, when extracellular Ca
2+

 was removed, PHA-

activated cells showed impairment in their ability to return to basal [Ca
2+

]m levels (Figure 

4-13A).  In order to identify whether this impairment was the result of increased [Ca
2+

]m 

influx, I selected traces from Ctl and PHA-activated cells exhibiting similar [Ca
2+

]m 

influx levels and compared their abilities to return to baseline [Ca
2+

]m. Interestingly, the 

impairment in the ability of PHA-activated cells to return to baseline [Ca
2+

]m levels was 

still observable in cells reaching similar [Ca
2+

]m influx levels (Figure 4-13B).  In the 

absence of any difference in the amount of Ca
2+

 taken up by mitochondria, the most 

likely cause for a difference in mitochondrial Ca
2+

 clearance would be a failure of 

cytosolic Ca
2+

 to return to basal levels.  Hence, in Ctl cells, cellular Ca
2+

 clearance 

mechanisms quickly extrude the [Ca
2+

]m content that enters the cytosol. However, the 

attenuation of cellular Ca
2+ 

clearance mechanisms during T cell activation causes an 

extended period of elevated cytosolic Ca
2+

 levels which results in the continuous cycling 

of cytosolic Ca
2+

 into and out of the mitochondria until cytosolic Ca
2+

 levels are lessened; 
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this effect causes an extended period of elevated [Ca
2+

]m and creates the illusion of 

attenuated [Ca
2+

]m clearance.  Consistent with this concept, inhibiting PMCA function 

with 3 mM extracellular La
3+

 dramatically delays the release of mitochondrial Ca
2+

, 

reminiscent of what is observed during PHA-mediated activation (Figure 4-13C).   

The notion that the observed attenuation of Ca
2+

 clearance during T cell activation is 

the result of PMCA modulation was supported by the finding that inhibiting PMCA with 

extracellular La
3+

 in unstimulated and PHA-treated cells led to similar attenuation of 

cytosolic Ca
2+

 clearance (Figure 4-13D). 

In order to directly measure the contribution of [Ca
2+

]m dynamics in the attenuation of 

cytosolic Ca
2+

 clearance during T cell activation, I performed experiments in which 

mitochondrial Ca2+ uptake was inhibited by Ru360, a specific inhibitor for [Ca
2+

]m 

uptake.  Thus, WT Jurkat T cells were loaded with Rhod-2 and PHA or vehicle for two 

hours, followed by loading with fura-2.  After fura-2 loading vehicle- and PHA-treated 

cells were incubated with 5 µM Ru360 for 30 minutes.  Then, cells were treated with 2 

μM thapsigargin (Tg) in a Ca
2+

-free solution to deplete ER Ca
2+

 stores and subsequently 

activate SOCe. SOCe-mediated Ca
2+

 influx was then measured after the addition of 1 

mM extracellular Ca
2+ 

for duration of 2 minutes. Ca
2+

 clearance rates were subsequently 

determined after removal extracellular Ca
2+

 by analyzing the time it takes for cytosolic 

Ca
2+

 to return to basal levels.  Kinetic analysis was employed to quantify differences in 

vehicle- or PHA-treated cells via two-phase exponential distribution; hollow circles 

represent data points while the solid line represents the nonlinear fit.  The first data point 

recorded immediately after the removal of extracellular Ca
2+

 served as the initial time 

point for the fit (Figure 4-13E).  The kinetic analyses revealed that an ~2-fold increase in 
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the half life of the slow phase of Ca
2+ 

decay in the PHA-treated cells (Figure 4-13F).  

Simultaneous measurements of [Ca
2+

]m signals confirmed that Ru360 did indeed inhibit 

[Ca
2+

]m influx to a large degree when compared to cells that were not treated with Ru360 

(Figure 4-13G).     

Considered collectively, these findings provide strong support for the notion that, in 

addition to any role played by mitochondria as modulators of cytosolic Ca
2+

 clearance 

during T cell activation, it is likely that PMCA activity is also independently modulated. 
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Figure 4-13. PHA-induced remodeling of mitochondrial Ca2+ homeostasis.  Jurkat T cells were treated with 

PHA or vehicle for 2 hrs before loading with rhod-2 (A-C) or fura-2 (D) and depleting ER Ca2+ stores with Tg 

(2 µM) in the absence of [Ca2+]e (not depicted). (A) Once [Ca2+]m had returned to baseline extracellular Ca2+ 

was elevated to 1 mM; upon reaching peak [Ca2+]m, extracellular Ca2+ was again removed. (B) Individual cells 

exhibiting similar peak Rhod-2 fluorescence from experiments depicted in panel A were selected for 

comparison of [Ca2+]m release. (C) Elevation of extracellular Ca2+ to 1 mM in Tg-pretreated T cells led to 

elevated [Ca2+]m; [Ca2+]m clearance was then assessed in the presence (purple trace) or absence (black trace) of 3 

mM extracellular La3+ added when extracellular Ca2+ was again removed. (D) Elevation of extracellular Ca2+ to 

1 mM in Tg-pretreated T cells led to elevated cytosolic Ca2+; cytosolic Ca2+ clearance was then assessed in the 

presence of 3 mM extracellular La3+ starting from the point that extracellular Ca2+ was again removed. (E-G) 

Jurkat T cells were treated with PHA or vehicle for 2 hrs before loading with rhod-2.  This was followed by 

loading with fura-2 and a 30 min treatment with 5 µM Ru-360.  ER Ca2+ stores were depleted with Tg (2 µM) 

in the absence of [Ca2+]e (not depicted). Once cytosolic and mitochondrial Ca2+ had returned to baseline, 

extracellular Ca2+ was elevated to 1 mM; upon reaching peak [Ca2+]m, extracellular Ca2+ was again removed. (E) 

Cytosolic Ca2+ clearance is shown in cells pre-treated with Ru360 and analyzed by two-phase exponential 

decay.  Data points are represented by hollow circles and the nonlinear fit is shown by a solid line.  (F) Half-

lives of Ca2+ decay obtained from the kinetic analysis of panel E are depicted. (G) Mitochondrial Ca2+ traces of 

Ca2+ entry and clearance in DMSO and Ru360 treated cells are depicted. 
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Part V: STIM1 Inhibits Ca
2+

 Clearance in T Cells. 

Overexpression of STIM1, but not STIM2 Inhibits PMCA Mediated Ca
2+

 

Clearance. 

 In addition to PMCA, both STIM1 and STIM2 expression were increased after T 

cell activation (Figure 4-10A).  In light of this, I sought to identify whether increased 

STIM1 or STIM2 levels contributed to reduced PMCA-mediated cytosolic Ca
2+

 

clearance. To test this, Jurkat T cells were transfected with YFP-tagged STIM1 (YFP-S1) 

or STIM2 (YFP-S2) followed by analysis of the magnitude of SOCe and Ca
2+

 clearance 

(the method used to test these facets of Ca
2+

 signaling are described in detail on page 111 

and in materials and methods section).  Transfection with 12 µg YFP-S1 resulted in a 

level of STIM1 expression similar to endogenous STIM1 levels (Figure 4-14A) with a 

~60% transfection efficiency in these cells (Figure 4-14B).  In addition, as expected 

transfection of YFP-S1 marginally increased SOCe compared to cells transfected with 

YFP (Figure 4-14C) and a one tailed, paired T test showed that the differences in the 

magnitude of SOCe (calculated by subtracting the basal F340/F380 from the maximum 

F340/F380)  were statistically significant between YFP and YFP-S1 transfected cells 

(Figure 4-14D).      

 Remarkably, I also found attenuation of cytosolic Ca
2+

 clearance after transfection 

with YFP-S1 compared to cells transfected with YFP (Figure 4-14E, the traces show data 

points recorded immediately after the removal of extracellular Ca
2+

).  Kinetic analysis of 

the Ca
2+

 clearance was employed via two-phase exponential distribution in order to 

quantify the differences in cytosolic Ca
2+

 clearance between YFP and YFP-S1 transfected 

cells; the initial time point for the kinetic analysis was the first time-point recorded 
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immediately after the removal of extracellular Ca
2+

 (Figure 4-14E).  Similar to what was 

observed during PHA-mediated activation, YFP-S1 transfected cells exhibited a ~2-fold 

increase in the hald life of the slow phase of decay with a ~2-fold increase in the 

amplitude of the slow phase of decay, while no effect in the fast phase of decay was 

observed (Figure 4-14F, Table 5.1).  Furthermore, activation of YFP-S1 expressing T 

cells with PHA had no further effect on inhibiting cytosolic Ca
2+

 clearance rates (Figure 

4-14E,F, Table 5.1). Finally, I examined the effect of YFP-S2 overexpression on 

cytosolic Ca
2+

 clearance rates and found no significant difference in the both the fast and 

slow decay rates compared to control cells (Figure 4-14E,F, Table 5.1).   
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Figure 4-14. STIM1 inhibits PMCA Ca2+ clearance. (A) WT Jurkat cells were transfected with YFP or 

YFP-STIM1. 48 hours after transfection, cells were harvested for cell lysis and analyzed for expression of 

STIM1 by Western blot.  (B)  Representative image of YFP-fluorescence and fura-2 staining 48 hours after 

transfection with YFP-STIM1. (C) Jurkat cells were placed on glass cover slips 48 hours after transfection 

with YFP or YFP-S1 and loaded with fura-2 for fluorescence Ca2+ imaging. The Ca2+ trace shown is 

representative of multiple experiments. (D) The magnitude of SOCe in from experiments represented in 

Fig 19A was determined by subtracting the basal F340/F380 value from the peak F340/F380 value. Statistical 

significance was determined based on one tailed, paired T test (p=.04; n=9).  (E) Cytosolic Ca2+ clearance 

was analyzed in Jurkat cells transfected with YFP, STIM1 (YFP-S1) or STIM2 (YFP-S2). Representative 

traces of multiple experiments are shown and analyzed by two-phase, nonlinear regression.  The traces 

start at the time point recorded immediate after the removal of extracellular Ca2+. Each data point is 

represented by a lighter color; the nonlinear regression is showed a solid line with a darker color (YFP, K1: 

.060, K2: .011 A1: 1.9, A2:.52, R2: .85,n=10; STIM1, K1: .075, K2: .005 A1: 1.98, A2: .80, R2: .81, n=9; 

STIM1 PHA, K1: .046, K2: .005 A1: 1.86, A2:.1.0, R2: .90, n=5; STIM2, K1: .076, K2: .007 A1: 2.3, A2:..37, 

R2: .94, n=4).  (F) Half-lives are presented from a two-phase, nonlinear regression of the experiments 

represented in Fig 19E.  A 2-way ANOVA with Bonferroni post test was used to test for significance, 

n=10 for YFP, n=8 for STIM1, n=5 for STIM1 PHA, n=3 for STIM2. * denotes statistically significant 

difference, p <.001.    

 



- 112 - 
 

STIM1 Knockdown Abrogates Activation-Induced Attenuation of PMCA 

While the preceding section demonstrated that overexpression of STIM1 can 

attenuate PMCA-mediated cytosolic Ca
2+

 clearance, I was interested in assessing whether 

STIM1 is required for PHA-induced attenuation of PMCA-mediated cytosolic Ca
2+ 

clearance.  To test this, cells were transfected with scrambled RNA (Scr) or STIM1 

siRNA (S1KD). S1KD resulted in a 50% reduction in STIM1 expression with no effect 

on PMCA expression (Figure 4-15A). As anticipated, PHA-induced attenuation of 

cytosolic Ca
2+

 clearance was unaffected by transfection with Scr (Figure 4-15B). The 

differences in cytosolic Ca
2+

 clearance in cells transfected with Scr were quantified by 

fitting data to a two-phase exponential distribution; data from the kinetic analysis showed 

that PHA-mediated activation of cells transfected with Scr resulted in a 2-fold increase in 

the half life of the slow phase of decay (Figure 4-15C) and a 2-fold increase in the 

amplitude of the slow phase of decay (Table 5.1).   In contrast, no PHA-mediated 

attenuation of cytosolic Ca
2+

 clearance was observed after S1KD (Figure 4-15D). 

However, presumably due to the decrease in cytosolic Ca
2+

 attained during SOCe (shown 

in Figure 4-15E), cytosolic Ca
2+

 clearance followed a single-phase exponential decay 

pattern, as determined by an extra sum-of-squares F test (consistent with (Bautista, Hoth 

et al. 2002)). To determine if loss of PHA-mediated inhibition of cytosolic Ca
2+

 clearance 

could be accounted for by the reduction in maximal cytosolic Ca
2+

 attained during SOCe, 

I determined whether BTP2 (an extracellular Ca
2+

 influx inhibitor) could modulate 

cytosolic Ca
2+

 clearance dynamics during T cell activation. Prior studies have defined an 

IC50 of 300 nM for BTP2 to inhibit SOCe (Ishikawa, Ohga et al. 2003; Zitt, Strauss et al. 

2004; He, Hewavitharana et al. 2005), analogous to the 50% reduction in SOCe observed 
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after S1KD. As expected, measurement of SOCe in cells treated with 300 nM BTP2 led 

to a 50% reduction in SOCe (Figure 4-15E) which was unaffected by PHA-mediated 

activation (Figure 4-15F). Irrespective, PHA-mediated attenuation of cytosolic Ca
2+

 

clearance was still observed in the presence of BTP2 even though Ca
2+

 clearance in 

BTP2-treated cells also fit to a one-phase exponential distribution, as determined by the 

extra sum-of-squares F test (Figure 4-15G).  The kinetic analysis confirmed that there 

was no difference in the rate of decay or amplitude of Ctl or PHA treated cells after 

S1KD (Figure 4-15H, Table 5.1); however,  PHA-treated cells showed a twofold 

reduction in the rate of decay when compared to Ctl cells in the presence of BTP2 (Figure 

4-15H).   Hence, whereas the 1-phase vs. 2-phase cytosolic clearance relationship 

appeared to be related to the amount of SOCe, PHA-induced PMCA attenuation was 

independent of SOCe and dependent on STIM1 levels. Considered collectively, our data 

support the possibility that STIM1 itself may be the primary mediator of PHA-induced 

changes in PMCA activity in the T cell activation response. 
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Figure 4-15.  STIM1 knockdown abrogates PMCA attenuation during T cell activation. (A) Jurkat cells were 

harvested for protein extraction 48 hours after transfection with scramble siRNA or STIM1 targeted siRNA and analyzed 

by western blot for STIM1, PMCA and actin. (B) Jurkat cells transfected with scramble RNA were treated with PHA or 

vehicle for two hours before loading with fura-2 and depleting ER Ca2+ stores with Tg and cytosolic Ca2+ clearance was 

assessed as described previously.  Representative traces of Ca2+ clearance experiments are shown and analyzed by 

nonlinear regression. Symbols represent individual data points while the solid lines are interpolated from two-phase, 

nonlinear regression analysis (Ctl, K1: .090, K2: .015 A1: 2.5, A2:.30, R2: .78, n=5; PHA, K1: .059, K2: .003 A1: 2.6, 

A2:.89, R2: .78, n=5).  (C) Half-lives obtained from non-linear regression analysis of multiple experiments depicted in 

panel (B). (D)  Jurkat cells transfected with STIM1 targeted siRNA were treated with PHA or vehicle for two hours before 

loading with fura-2 and depleting ER Ca2+ stores with Tg and cytosolic Ca2+ clearance was assessed as described 

previously.  Representative traces of Ca2+ clearance experiments are shown and analyzed by nonlinear regression. 

Symbols represent individual data points while the solid lines are interpolated from one-phase, nonlinear regression 

analysis (Ctl, K1: .040, A1: 2.0, , R2: .80, n=5; PHA, K1: .044, A1: 1.8, , R2: .80, n=5).  (E) Representative traces of SOCe 

in Jurkat Ctl, S1KD, WT Ctl-BTP2 or WT PHA-BTP2 cells. (F) Magnitude of SOCe from Ctl-BTP2 and PHA-BTP2 

cells assessed by subtracting basal F340/F380 from maximum F340/F380 reached during the application of 1 mM extracellular 

Ca2+. (G) Jurkat cells were treated with PHA or vehicle for two before loading with Fura-2 and depleting ER Ca2+ stores 

with Tg and 300 nM BTP2 or vehicle and cytosolic Ca2+ clearance was assessed as described previously.  Representative 

traces of Ca2+ clearance experiments are shown and analyzed by one phase nonlinear regression. Symbols represent 

individual data points while the solid lines are interpolated from one-phase, nonlinear regression analysis (Ctl-BTP2 K1: 

.030, A1: 1.5, R2: .94, n=3; PHA-BTP2, K1: .013, A1: 1.0,, R2: .78, n=4). (H) Half lives obtained from non-linear 

regression analysis from experiments depicted in panel (D) and (G).        
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Part VI: STIM1 Interacts With PMCA Through It’s Proline Rich 

Region 

STIM1 Immunoprecipitates with PMCA. 

 In an effort to determine if STIM1 interacts with PMCA, immunoprecipitation 

analysis was performed. As depicted in figure 4-16A, at endogenous levels of expression, 

both STIM1 and PMCA could be detected by Western blot after immunoprecipitation 

with antibodies targeting PMCA (Figure 4-16A). Further, although there was significant 

interaction under resting conditions, PHA-induced activation dramatically increased the 

amount of STIM1 pulled down by PMCA (Figure 4-16A, top) or STIM1 (Figure 4-16B, 

bottom) antibodies.  This however is likely the result of increased STIM1 and PMCA 

levels after PHA activation, as demonstrated by input (Figure 4-16B).  Although I was 

not able to detect a substantially increased interaction between STIM1 and PMCA after 

PHA activation, this is not the first study which has failed to demonstrate an increased 

immunoprecipitation between STIM1 and interacting proteins after STIM1 activation 

(Gwack, Srikanth et al. 2007; Wang, Deng et al. 2010).  Thus, I speculate that an 

increased interaction after STIM1 activation is controlled by interactions which are not 

strong enough to survive the harsh conditions of cell lysis and immunoprecipitation.  

Nevertheless, these findings reveal interactions between STIM1 and PMCA in T cells 

under endogenous expression levels and support the notion that STIM1 modulates PMCA 

activity. 
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Figure 4-16.  STIM1 interacts with PMCA. (A) WT Jurkat cells were treated with 1µg/ml PHA or 

vehicle for two hours before cells were harvested and lysed. 300 µg total proteins were 

immunoprecipitated with mouse anti-PMCA, mouse anti-STIM1 or mouse anti-IgG and analyzed by 

western blot for PMCA and STIM1 expression.  (B) 25 µg of total protein was loaded for input 

western blot.  
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Deletion of Proline-Rich Region in STIM1 Eliminates STIM1-Mediated Attenuation 

of PMCA. 

 To identify which cytosolic STIM1 domain was responsible for STIM1/PMCA 

interaction, I analyzed a series of STIM1 truncations generously provided by Dr. Marie 

Dziadek (University of Melbourne). Interestingly, I found that, similar to STIM1wt, 

expression of a STIM1 construct truncated at amino acid 666 (STIM1ΔK, Figure 4-17A) 

strongly reduced PMCA activity (Fig 4-17B). However, the STIM1 construct exhibiting a 

C-terminal truncation at amino acid 575 (STIM1Δ597, Figure 4-17A) which eliminates the 

proline-rich region of STIM1, had no observable inhibitory effect on cytosolic Ca
2+

 

clearance rates (Fig 4-17B).  While Ctl and all STIM1 constructs display cytosolic Ca
2+

 

with a biphasic exponential decay, there was only a significant difference in the slow 

phase decay rates in STIM1 WT and STIM1ΔK, as demonstrated by 2-way ANOVA with 

Bonferonni post test (Figure 4-17C).  These findings implicate the proline-rich region (aa 

601-629) of STIM1 as the critical domain responsible for interaction and inhibition of 

PMCA function, an idea strongly supported by the fact that STIM2 failed to inhibit 

PMCA function, since only minimal homology between STIM1 and STIM2 is observed 

between their proline-rich domains.  Representative images for YFP fluorescence and 

corresponding fura-2 images are shown for Jurkat cells 48 hours after transfection with 

YFP-STIM1ΔK or YFP-STIM1Δ597 (figure 4-17D).    
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Figure 4-17.  Proline rich region of STIM1 is required for STIM1 mediated inhibition of PMCA (A) Schematic 

of the STIM1 constructs used. (B) Cytosolic Ca2+ clearance was analyzed in Jurkat cells 48 hours after transfection 

with YFP, STIM1wt, STIM1ΔK or STIM1Δ597 as described previously. Representative traces of multiple experiments 

(D) are shown and analyzed by two-phase, nonlinear regression (YFP, K1: .060, K2: .011 A1: 1.9, A2:..52, R2: .85, n=5; 

STIM1wt, K1: .075, K2: .005 A1: 1.98, A2:.080, R2: .81,, n=8; STIM1ΔK, K1: .081, K2: .004 A1: 3.6, A2:.52, R2: .92; 

STIM1Δ597,K1: .046, K2: .019 A1: 2.97, A2:.78, R2: .91, n=3,) with half-lives depicted in (C).  Analyses were performed 

by 2-way ANOVA with Bonferroni post test. * denotes statistically significant difference, p <.01. (D) Representative 

images for YFP fluorescence and corresponding fura-2 images 48 hours after transfection with YFP-STIM1ΔK or YFP-

STIM1Δ597.  
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Deletion of Proline-Rich Region in STIM1 Inhibits STIM1/PMCA Interaction. 

 Given our previous findings that STIM1Δ597 did not inhibit PMCA mediated Ca
2+

 

clearance, I were interested in assessing whether this truncation mutant binds to PMCA.  

Thus, immunoprecipitation of PMCA was conducted in cells transfected with STIM1wt, 

STIM1ΔK or STIM1Δ597. Indeed, both STIM1wt and STIM1ΔK pulled down with 

endogenous PMCA, while STIM1Δ597 did not (fig 4-18A). The implication of these 

observations is that the STIM1 domain responsible for PMCA interaction is the proline-

rich region (aa 601-629), a cytosolic STIM1 domain exhibiting no homology with 

STIM2, with no previously identified role found outside of the channel binding domain 

of STIM1. 
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Figure 4-18. Proline rich region of STIM1 required for interaction between STIM1 and PMCA.  

(A) Jurkat cells transfected with empty vector, STIM1wt, STIM1ΔK or STIM1Δ597 were harvested and 

lysed. 300 µg total proteins were immunoprecipitated with mouse anti-PMCA or mouse anti-IgG and 

analyzed by Western blot for PMCA and STIM1 expression. (B) 25 µg of total protein was loaded to 

determine relative expression levels prior to immunoprecipitation. 
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STIM1WT, but not STIM1∆597, Can Rescue PHA-Mediated Attenuation of Cytosolic 

Ca
2+ 

Clearance in shSTIM1 Cells.  

 Jurkat cells are difficult to transfect and as a result I often achieve only ~50% of 

transfection efficiency.  Tagging a protein with fluorescence markers (such as YFP) is 

particularly useful when selecting for cells positive for transfection during Ca
2+

 imaging.  

However, the absence of such a fluorescence indicator during transient knockdown by 

siRNA makes it very difficult to select with certainty the successfully transfected cells.  

Thus, the creation of stable STIM1 knockdown Jurkat cell line would allow me to 

circumvent the issue of low transfection efficiency associated with transient transfection 

of Jurkat cells, and perform Ca
2+

 imaging experiments without the fear of selecting for 

cells that have not been successfully transfected.  To do this, WT Jurkat cells were 

transfected with STIM1 targeted shRNA (shS1) or scramble sequence shRNA (shCtl); 

the vector harboring the shRNA sequences confer puromycin resistance.  1 week after 

transfection, cells harboring shS1 and shCtl cells were placed in a medium containing 

puromycin for selection; cells harboring shS1 were subsequently cloned.  All clones 

obtained were functionally screened for SOCe levels (figure 4-19A).  The clone 28 

harboring shS1 was selected for further experiments based on its slow developing and 

reduced level of SOCe.  Western analysis shows that STIM1 protein levels are 

significantly reduced in this clone while PMCA levels are unaffected (Figure 4-19B).   

 As expected, shCtl-expressing cells exhibited potent PHA-mediated inhibition of both 

the rate and initial amplitude of the second cytosolic Ca
2+

 clearance phase (Figure 4-

19D). Further, similar to what was observed after transient knockdown of STIM1 using 

siRNA, PHA-dependent attenuation of PMCA-mediated Ca
2+

 clearance was not observed 
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in shS1-expressing cells (Figure 4-19E). However, expression of a shRNA-resistant YFP-

tagged STIM1WT (sh
r
-STIM1wt) constructs rescued PHA-dependent attenuation of 

PMCA-mediated Ca
2+

 clearance in shS1-expressing cells (Figure 4-19F, see materials 

and methods for the design of this shRNA-resistant vector). In contrast, transfection of a 

shRNA-resistant YFP-tagged STIM1∆P (sh
r
-STIM1Δ597) construct failed to rescue PHA-

dependent attenuation PMCA-mediated Ca
2+

 clearance in shS1 cells (Figure 4-19G, see 

materials and methods for the design of this shRNA-resistant vectors).  Importantly, both 

sh
r
-STIM1wt and sh

r
-STIM1Δ597 reconstituted SOCe to similar levels in shS1 cells, 

highlighting that STIM1∆P exhibits no defects in its ability to stimulate cytosolic Ca
2+

 

entry (Figure 4-19C).   
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Figure 4-19. Reconstitution of PHA-mediated reduction in cytosolic Ca2+ clearance by WT STIM1.  (A) shCtl- 

and shS1-expressing clones were loaded with fura-2 before depleting ER Ca2+ stores and activating SOCe with Tg in a 

Ca2+ free medium.  The subsequent addition of 1 mM extracellular Ca2+ led to an increase in cytosolic Ca2+ levels 

which is indicative of SOCe.  (B) shCtl-expressing and shS1-exopressing clone 28 were harvested for cell lysis and 

analyzed by western blot for expression of STIM1, PMCA and actin. (C)  shS1-expressing cells were transiently 

transfected with YFP, shr-STIM1wt or shr-STIM1∆P.  48 hours after transfection cells were loaded with fura-2 before 

depleting ER Ca2+ stores and activating SOCe with Tg in a Ca2+ free medium.  The subsequent addition of 1 mM 

extracellular Ca2+ led to an increase in cytosolic Ca2+ levels which is indicative of SOCe.  (D-G) shCtl-, shS1-, 

shS1+shr-STIM1wt -and shS1+shr-STIM1∆P-expressing cells were treated with PHA or vehicle for two hours and 

loaded with fura-2 before depleting ER Ca2+ stores and activating SOCe with Tg.  The subsequent addition of 1 mM 

extracellular Ca2+ led to an increase in cytosolic Ca2+ levels which is indicative of SOCe.  Ca2+ clearance was assessed 

after the removal of extracellular Ca2+ and analyzing the time it takes for cytosolic Ca2+ levels to reach basal levels.  

The graphs are showing Ca2+ clearance from the first time point recorded after removal of extracellular Ca2+ and 

subsequent time points taken every 1.5 seconds.     
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Part VII: STIM1 and PMCA Reorganize Their Cellular Location After T 

Cell Activation. 

Analysis of STIM1 and PMCA Cytolocalization Using Fluorescently Labeled 

Proteins  

 Given our preceding studies which demonstrate clear interactions between STIM1 

and PMCA, I performed a series of imaging experiments to establish where within the 

cell these STIM1/PMCA interactions take place. In order to visualize the localization of 

these proteins, I utilized plasmids encoding mCherry-STIM1 and GFP-PMCA.  Hence, 

48 hours after transfection with these plasmids, the cells were mounted on glass cover 

slips and the cytolocalization of each protein was monitored before and after the addition 

of PHA using fluorescence microscopy. Given the PHA-induced increase in 

STIM1/PMCA interaction, it is perhaps not surprising that I found that PMCA and 

STIM1 co-localize to discrete regions of the cell (Figure 4-20A), although this has not 

previously been demonstrated.   

 It has previously been shown that STIM1 polarizes into the immunological synapse 

(IS) and it‟s opposing „distal cap‟ upon activation (Barr, Bernot et al. 2008; Lioudyno, 

Kozak et al. 2008).  In an effort to differentiate between the IS and cap, these 

experiments were then repeated using an Alexafluor594-tagged PHA.  Thus, 48 hours 

after transfection with cDNA‟s encoding CFP-STIM1, cells were mounted on a coverslip 

and treated with vehicle or Alexafluor594-tagged PHA.  After a 2 hr PHA treatment, 

PHA was localized near the region in STIM1 was accumulated; collectively, these results 

indicate that STIM1 and PMCA reorganize to regions surrounding the site of PHA 

binding, which is indicative of the IS (Figure 4-20B).  To my knowledge, this is the first 
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time that PMCA has been reported to move to the IS after cell activation and the first 

time that STIM1 and PMCA have been reported to co-localize.  
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Figure 4-20.  STIM1 and PMCA reorganize to the site of PHA activation.   (A) Jurkat cells were co-

transfected with mCherry-STIM1 and GFP-PMCA. 48 hours after transfection, cells were placed on 

cover slips and STIM1 and PMCA cellular localization was assessed in real time subsequent to the 

addition of 1 µg/ml PHA. (B) Jurkat cells were co-transfected with CFP-STIM1.  48 hours after 

transfection, cells were treated with Alexa Fluor 594 conjugated PHA for two hours, mounted on a cover 

slip and STIM1 and PHA localization was assessed. 
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Analysis of Ca
2+

 Signals With Respect to STIM1 and PMCA Cytolocalization. 

 Throughout the course of these studies, I observed that Ca
2+

 signals occur in Jurkat 

cells as spatially propagating Ca
2+

 waves, moving from one side of the cell to the other.  

While this is certainly not the first reported case of Ca
2+

 signals occurring as waves 

(Bootman and Berridge 1996; Thomas, Lipp et al. 1998; Berridge, Lipp et al. 2000; 

Webb and Miller 2006; Foskett, White et al. 2007), this event has not yet been reported in 

Jurkat cells and as such I sought to characterize how the Ca
2+

 signals propagate with 

respect to the immunological synapse.  Using Alexafluor594-tagged PHA, I was able to 

do this (where PHA accumulates). I found that the region surrounding the synapse was 

the last area of the cell to exhibit elevated Ca
2+

 levels during Ca
2+

 influx; hence, as Ca
2+

 

is added, the area where PHA is localized reaches maximal Ca
2+

 levels last    (Figure 4-

21; 4s and 10s).  Furthermore, Ca
2+

 content in this immediate region remained higher 

compared with other areas of the cell during Ca
2+

 clearance. (Figure 4-21A; 108s, 112s, 

124s). Alternatively, while I observed a similar delay in elevation of cytosolic Ca
2+

 

content near the synapse of STIM1 siRNA-transfected cells, cytosolic Ca
2+

 levels near 

the synapse failed to reach the Ca
2+

 elevation observed in other areas of the cell (Fig4-

21B; 48s and 90s).  Furthermore, the Ca
2+ 

levels in STIM1 siRNA-transfected cells began 

to decline considerably before extracellular Ca
2+

 was removed (Figure 4-21B; 122s and 

128s), indicative of quick PMCA-mediated Ca
2+ 

activity.  Also, disparate to WT cells, the 

region around the synapse reached basal Ca
2+

 levels faster than the other areas of the cell 

during the Ca
2+

 clearance phase of the experiment (Figure 4-21B; 130s, 148s, 208s). 



- 128 - 
 

 

 

 

 

 

 

 

Figure 4-21. STIM1 and PMCA reorganize to the immunological synapse and regulate local 

Ca2+ signals. (A,B) Jurkat cells transfected with scrambled RNA (A) or STIM1 siRNA (B) were 

placed on cover slips, treated with 1 µg/ml AlexaFluor594-conjugated PHA for two hours followed 

by loading with Fura-2 and treating with thapsigargin (Tg; 2 µM). Relative Ca2+ content was 

determined based on fura-2 fluorescence. The images shown are representative of a larger number 

and were obtained after the addition of Ca2+ (1 mM for WT; 10 mM for S1KD to increase cytosolic 

Ca2+ to levels comparable to WT) for the amount of time indicated. The relative localization of 

AlexaFluor594-conjugated PHA is shown at the far left panel. 

 



- 129 - 
 

CHAPTER 5 

DISCUSSION 

 

Transcriptional Control of STIM1 Expression and Relevance to Cancer  

 Aberrant Ca
2+

 signaling in cancer cells has been under investigation for several 

decades, yet there is still a great deal of confusion about how Ca
2+

 contributes to cancer 

cell biology. Cancer is predominantly a disease of disordered balance between 

proliferation, differentiation and apoptosis; calcium signals can contribute to all 3 

outcomes, however, precisely how depends on which other changes related to these 

outcomes coincide with dysregulated Ca
2+

 homeostasis. For example, increased Ca
2+

 

influx could stimulate Ca
2+

-dependent proliferative and/or migratory pathways (eg. breast 

cancer, glioblastoma, prostate cancer), yet suppression of SOCe can inhibit 

differentiation, thereby trapping cells in a pluripotent, proliferative state (eg. Wilms 

tumor, AML, ovarian cancer). Determining how and why Ca
2+

 signals become 

dysregulated in specific classes of cancer cells is critical to designing therapeutic 

strategies targeting Ca
2+

 signals.  

 Experiments carried out in the first aim of this thesis provided evidence that two 

prominent oncogenes/tumor suppressors directly regulate STIM1 expression.  Together, 

these finding support a model or are consistent with the hypothesis that, EGR1 binds to 

RE1 and potentially RE3 (depicted in Figure 5-1) to regulate STIM1 expression. Further I 

hypothesize that WT1 blocks EGR1-dependent STIM1 expression by interfering with 

EGR1 binding to RE1 (Figure 5-1). To my knowledge, this is the first study proposing 

the involvement of any specific transcription factors in control of STIM1 expression. 
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However, the fact that WT1 and EGR1 are so intimately involved in tumorigenesis 

suggests that WT1/EGR1-dependent control of STIM1 expression may be responsible for 

some of the differences in Ca
2+

 signaling that have been reported in numerous cancer 

types.  

  Additionally, the fact that aberrant EGR1 expression is an important feature in other 

pathologies such as cardiac hypertrophy suggests that EGR1-mediated changes in SOCe 

may have roles in disease broadly.  Similarly, the shear variety of the signaling pathways 

in control of EGR1 expression makes it a very prominent oncogene/tumor suppressor.  

Furthermore, as a developmentally regulated gene, WT1 is aberrantly expressed in a wide 

variety of cancer cells.  Thus, that WT and EGR1 regulate SOCe (Ritchie, Yue et al. 

2010) provides an important new tool to address how Ca
2+

 signals contribute to a broad 

spectrum of disorders.  

 While the nature of the contribution of aberrant STIM1 expression towards 

carcinogenesis and/or tumor progression remains unclear, this important question will be 

addressed in future studies. Nonetheless, given numerous studies linking dysregulation of 

Ca
2+

 homeostasis and apoptosis, WT1 and EGR1 may have untapped potential as 

biomarkers of dysregulated Ca
2+

 homeostasis which may aid in the design of future 

therapeutic strategies targeting SOCe in cancer cells 
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Figure 5-1. Model for control of STIM1 expression by WT1 and EGR1. Functional WT1/EGR1 

response elements are depicted relative to the start site for transcription of STIM1 mRNA (marked by the 

blue arrow). WT1-mediated inhibition of EGR1 binding at RE1 is marked with an arrow.  EGR1 binds to 

RE1 and RE3 in the absence of WT1.  However the presence of WT1 leads to inhibition of EGR1 

binding to RE1 which reduces STIM1 transcription.  
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Transcriptional Control of Ca
2+ 

Homeostasis 

Throughout this thesis, I have delineated several mechanisms by which transcription 

factors regulate Ca
2+

 signaling through modifications in the expression of the 

Ca
2+

 homeostasis proteins SERCA, STIM1, PMCA and NCX. While these relationships 

were identified from separate sets of experiments, it is important to recognize that these 

events these have overlapping and complementary functions. This is particularly true of 

EGR1, which modulates the expression of SERCA2  (Arai, Yoguchi et al. 2000; Hara, 

Arai et al. 2008; Zhou, Ritchie et al. 2010), NCX (Wang, Dostanic et al. 2005) and 

STIM1 (Ritchie, Yue et al. 2010) (Figure 5-2). These previous studies identified dramatic 

EGR1-dependent changes in Ca
2+

 dynamics. Given that EGR1 is a major receptor-

dependent transcription factor, it is logical to speculate that receptor-dependent 

remodeling of Ca
2+

 signals via transcriptional control of Ca
2+

 homeostatic proteins is 

conserved throughout cellular physiology. However, since EGR1-dependent gene 

transcription is negatively regulated by WT1, it is likely that these responses are both 

cell-type dependent and highly contextual. Nevertheless, this remodeling is by no means 

limited to EGR1; both NFAT and c-Myc regulate SERCA2 and PMCA, respectively, and 

are also exceedingly common receptor-dependent transcription factors. Considered 

collectively then, it seems reasonable to propose that transcriptional control of 

Ca
2+

 homeostasis proteins represents a new paradigm in receptor-dependent control of 

Ca
2+

 signaling. Future investigations directed at characterizing precisely how this 

receptor-dependent remodeling of Ca
2+

 homeostasis impacts Ca
2+

 signals will provide 

important insight into Ca
2+

-dependent changes in cellular physiology. 
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Fig. 5-2. Regulation of Ca2+ homeostasis by WT1 and EGR1. Early Growth Response 1 (EGR1) 

activation is achieved through multiple receptor-dependent signal transduction pathways. Activated 

EGR1 rapidly enters the nucleus where it induces STIM1 expression, yet negatively regulates the 

expression of regulates the expression of the sodium/calcium exchanger (NCX) and the 

sarco/endoplasmic calcium ATPase (SERCA); the potential relationship between EGR1 and PMCA 

expression remains currently undefined. However, in cells expressing Wilms Tumor Suppressor 1 

(WT1), EGR1-mediated changes in the expression of these Ca2+ signaling proteins are greatly 

attenuated.   
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STIM1 Mediated Attenuation of Ca
2+

 Clearance 

 During the course of efforts to define the mechanism how receptor mediated 

activation of EGR1 regulates STIM1 expression and SOCe, we uncovered a novel 

mechanism by which STIM1 regulates calcium levels in lymphocytes through regulation 

of cellular Ca
2+

 clearance during T cell activation.  My results have shown that during T 

cell activation Ca
2+

 signals return to basal levels over a dramatically extended period of 

time, indicating that Ca
2+

 clearance mechanisms are reduced.  Interestingly, by reducing 

STIM1 protein levels, this reduction in Ca
2+

 clearance during T cell activation is 

eliminated.  Furthermore, through the use of pharmacological inhibition of Ca
2+

 influx, I 

show that the attenuation of PMCA-mediated Ca
2+

 clearance during T cell activation is 

independent of the magnitude of Ca
2+

.  Additionally, I show that overexpression of 

STIM1wt alone attenuates cytosolic Ca
2+

 clearance (which demonstrates that the 

activation of other signaling paradigms during T cell activation is not crucial for 

attenuation of cytosolic Ca
2+

 clearance) and that the overexpression of STIM1Δ597, a 

STIM1 mutant which functionally activates SOCe, does not attenuate Ca
2+

 clearance.  

These results suggest a pivotal role for STIM1 (specifically through its proline rich 

region) in attenuating cellular Ca
2+

 clearance independent of its function as an activator 

of Ca
2+

 influx.   

 My results also show that pharmacological blockade of SERCA2 activity and 

mitochondrial Ca
2+

 uptake have no effect on the attenuation of cytosolic Ca
2+

 clearance 

during T cell activation, which demonstrates that neither SERCA2 nor mitochondrial 

Ca
2+

 dynamics are crucial for the attenuation of cytosolic Ca
2+ 

clearance during T cell 

activation.  Given that PMCA is the only other cytosolic Ca
2+

 clearance mechanism in T 
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cells (studies have shown that NCX is not expressed in T cells (Donnadieu and 

Trautmann 1993; Bautista, Hoth et al. 2002)), I propose that attenuation of Ca
2+

 clearance 

during T cell activation occurs through modulation of PMCA activity.  The protocol used 

in these studies (see materials and methods, Ca
2+

 clearance section) has been widely used 

and accepted as the best method for assessing PMCA-mediated Ca
2+

 clearance dynamics 

by investigators in the Ca
2+

 signaling (and specifically PMCA) field (Bautista, Hoth et al. 

2002; Bruce, Yule et al. 2002; Usachev, DeMarco et al. 2002; Bautista and Lewis 2004; 

Chen, McLean et al. 2004; Sasaki, Dayanithi et al. 2005; Habib, Park et al. 2007; 

Baggaley, Elliott et al. 2008; Zhang, Xiao et al. 2009; Ghosh, Li et al. 2011).   

 Collectively, these results suggest a novel role for STIM1 whereby during T cell 

activation STIM1 attenuates PMCA-mediated Ca
2+

 clearance.  During T cell activation, I 

also observe both STIM1 and PMCA moving to the site of the IS which I propose is the 

location where the STIM1/PMCA interaction occurs to effectively modify cytosolic Ca
2+

 

dynamics.  While more studies are needed to provide additional mechanistic insight, 

immunoprecipitation experiments showing the interaction between PMCA and STIM1wt, 

but not STIM1Δ597, suggests that this mechanism may involve an interaction between 

PMCA and the STIM1 proline rich domain, whether direct or indirect. 

 PMCA4b, the major isoform and splice variant expressed in T cells (Guse, da Silva et 

al. 1999) contains a PDZ binding domain near the c-terminus (Strehler, Filoteo et al. 

2007).  Several scaffolding proteins have been shown to bind to this domain on PMCA, 

such as HOMER, SAP97 CASK among others, to regulate PMCA function (Strehler, 

Filoteo et al. 2007).  Indeed, HOMER, SAP97 and CASK all also contain SH3 domains 

which bind proline rich motifs (Barzik, Carl et al. 2001; Mayer 2001).  Thus, it is perhaps 
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not surprising that I found that STIM1Δ597 neither interacts with nor does it modify Ca
2+

 

clearance in T cells, as demonstrated by co-immunoprecipitation and Ca
2+

 signaling 

assays.  Accordingly, it is quite plausible that STIM1 interacts with PMCA through one 

of these scaffolding proteins and imparts a regulatory function on the pump.  There are a 

multitude of mechanisms by which STIM1 could regulate PMCA under these conditions.  

Correspondingly, it is possible that upon binding to a scaffolding protein on PMCA, 

STIM1 also binds to and displaces calmodulin from the CaM-BD and reduces the Ca
2+

 

Kd for the pump leading to lower activity at higher cytosolic Ca
2+

 levels.  Interestingly, 

STIM1 has been shown to also bind to calmodulin through its c-terminus (Bauer, 

O'Connell et al. 2008; Mullins, Park et al. 2009).  Alternatively, STIM1 binding to a PDZ 

scaffolding protein on PMCA may reduce the Ca
2+

 binding affinity through some other 

mechanism.  Nevertheless, a substantial amount of subsequent studies are required to 

define whether these scenarios are indeed true.     

 Given the exhaustive number of regulatory paradigms that PMCA is controlled by, 

other possibilities should be considered when attempting to reconcile the mechanism 

mediating attenuation of PMCA-mediated Ca
2+ 

clearance during T cell activation.  

Regulatory elements such as changes in the phorphorylation status of PMCA, changes in 

membrane phospholipid architecture, or modulation of PMCA by ions such as pH or Ca
2+

 

should be considered.  First, while it is possible that STIM1 could directly regulate the 

state of PMCA phosphorylation, there is currently no known role for STIM1 in regulating 

kinase or phosphatase activity independent of its role as an activator of Ca
2+

 entry.  

Second, while STIM1 has been shown to interact with phosphoinositides on the plasma 

membrane, the possibility was raised that STIM1 could be altering the architecture of the 
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plasma membrane phospholipid content.  However, STIM1 has been shown to interact 

with phospholipids via the c-terminal lysine rich domain and I found that STIM1 could 

still attenuate PMCA-mediated Ca
2+

 clearance with this lysine rich region deleted 

(Korzeniowski, Popovic et al. 2009; Walsh, Chvanov et al. 2010). Conversely, the 

possibility that a reduction in PIP2 levels during T cell activation leads to PMCA 

attenuation should also be considered.  Accordingly, the activation of the T cell receptor 

does indeed lead to activation of PLCγ and the subsequent cleavage of PIP2; thus a 

reduction in PIP2 under these circumstances could account for attenuation of PMCA.  

However, given that that that PIP2 cleavage occurs upstream of STIM1 activation during 

T cell activation, STIM1 is required for attenuation of PMCA during T cell activation and 

that overexpression of STIM1 reduced PMCA-mediated Ca
2+

 clearance, it seems unlikely 

that a change in PIP2 levels contributes substantially to PMCA attenuation in my 

experiments.  Lastly, changes in ion concentrations such as H
+
 or Ca

2+
, which regulate 

PMCA, should be considered.  Currently there is no known role for STIM1 in mediating 

changes in extracellular H
+
 levels, however future studies may be revealing.  However, 

clearly STIM1 has a role in mediating intracellular Ca
2+

 levels, which both activate and 

modify PMCA activity.  Though, during T cell activation and after STIM1 

overexpression, the magnitude of cytosolic Ca
2+

 levels was increased; based on previous 

studies which show that increases in cytosolic Ca
2+

 activate and potentiate PMCA 

function, one would assume that an increase in cytosolic Ca
2+

 levels would actually 

increase PMCA activity under these conditions.  Furthermore, through the 

pharmacological inhibition of Ca
2+

 entry with BTP2 and knockdown of STIM1 via 

siRNA and shRNA, I have shown that attenuation of PMCA-mediated Ca
2+

 entry during 
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T cell activation is dependent on the presence of STIM1, but independent of the the role 

of STIM1 acting as an activator of SOCe.  Thus, given the data presented in this thesis, it 

is difficult to reconcile that any of the known PMCA regulatory elements are contributing 

to the attenuation of PMCA in my experiments.  However, subsequent studies which aim 

to further define this novel regulatory paradigm could yield additional insight to the 

mechanism investigated in this thesis.          

 That I observe these events occurring during T cell activation seems fitting since 

there is substantial evidence that elevated Ca
2+

 signals are required for NFAT activation 

and subsequent cytokine production during T cell activation. Whereas the requirement of 

STIM1 to activate NFAT during T cell activation is now well established (Oh-Hora, 

Yamashita et al. 2008), our findings provide an additional role for STIM1 in this process 

via local modulation of PMCA function to enhance NFAT activity in the peri-synaptic 

area. This function may be further supported by the previously reported ability of PMCA 

to serve as a scaffold for calcineurin (Buch, Pickard et al. 2005), the effector of NFAT 

activation. Finally, the current study reveals PMCA as a member of a growing list of 

STIM1 targets that include members of the Orai (Mercer, Dehaven et al. 2006; Peinelt, 

Vig et al. 2006; Soboloff, Spassova et al. 2006) and TRPC (Ong, Cheng et al. 2007; 

Worley, Zeng et al. 2007; Yuan, Zeng et al. 2007) families, adenylate cyclases 

(Lefkimmiatis, Srikanthan et al. 2009) and CaV1.2 (Park, Shcheglovitov et al. 2010; 

Wang, Deng et al. 2010). Given the relatively wide expression of STIM1 and how few of 

its many distinct domains are now understood, future studies directed at other potential 

targets may be revealing. 
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Table 5.1. Calculated kinetic constants of Ca
2+

 clearance in Jurkat cells  

 

 

*Constants were obtained from the equation: Y = B + A1
(-k

1
* t)

 + A2
(-k

2
* t) 

  
Y0 is the Y value when X (time) is zero. It is expressed in the same units as Y, 

B is the Y value at infinite times, expressed in the same units as Y. 

k1 and k2 are the two rate constants, expressed in reciprocal of the X axis time units.  If X 

is in sec, then k is expressed in inverse sec. 

A1 and A2 are the amplitudes for the fast and slow phase of decay, respectively.  

t is time. 

 

Condition Yo (F340/F380) A1 (F340/F380) k1 (s
-1) A2 (F340/F380) k2 (s

-1) B (F340/F380) R2 

WT Ctl 2.49±.026 1.64 ±.021  0.060±.003 0.42±.021 0.011±.001 0.42±.004 0.85 

WT PHA 2.87±.061 1.61±.051 0.046±.002 0.85±.012 0.005±.001 0.40±.030 0.91 

WT OKT3 4.12±.063 2.46±.051 0.024±.008 1.04±.015 0.005±.0011 0.62±.030 0.9 

STIM1 2.79±.045  1.58±.004 0.075±.008 0.60±.001 0.005±.008 0.47±.014 0.81 

STIM1 + 

PHA 2.6±.031 1.42±.001 0.06±.002 0.63±.001 0.006±.001 0.54±.012 0.9 

STIM2 2.71±.026 1.95±.007 0.076±.002 0.30±.007 0.007±.001 0.44±.007 0.94 

Delta K 6.12±.071 4.6±.001 0.081±.004 0.55±.001 0.004±.001 1.05±.062 0.92 

Ctl-Ru360 3.45±.04 1.73±.14 0.050±.008 1.15±.14 0.012±.003 0.56±.006 0.91 

PHA-Ru360 4.02±.02 1.82±.013 0.051±.003 1.48±.013 0.008±.001 0.71±.006 0.98 

Scr Ctl 2.9±.030 2.2±.011 0.046±.026 0.12±.011 0.010±.007 0.50±.002 0.78 

Scr PHA 3.1±.012 2.28±.003 0.050±.027 0.35±.003 0.004±.003 0.46±.003 0.78 

S1KD Ctl 2.0±.011 1.5±.004 0.030±.001   0.50±.001 0.86 

S1KD PHA 1.70±.023 1.15±.005 0.03±.002   0.55±.004 0.83 

Ctl-BTP2 1.98±.012 1.59±.016 .030 ± .001   0.39±.001 0.94 

PHA-BTP2 1.43±.023 1.04±.023 .013 ± .001   0.39±.001 0.78 
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Figure 5-3. Model depicting STIM1/PMCA dynamics. In resting T cells, STIM1 

and PMCA are distributed evenly with a limited, basal interaction.  Upon activation 

of the TCR, STIM1 and PMCA move towards the active TCR where STIM1/PMCA 

interaction increases dramatically creating a local environment of high [Ca2+]c. 
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Future Directions 

Identifying the full spectrum of STIM1 transcriptional regulators 

Studies from this thesis have provided a great deal of insight toward the 

transcriptional and molecular mechanisms that regulate Ca
2+

 signals.  The identification 

of WT1 and EGR1 as regulators of STIM1 expression is a key step forward in the 

investigations of how SOCe signals contribute to cell function as well as in pathology.  

However, it is likely that other transcriptional regulators of STIM1 exist; this will need to 

be investigated in order to comprehensively understand the molecular mechanisms that 

lead to dysregulated Ca2+ homeostasis.  In support of this concept, analyses of STIM1 

expression in various tissue extracted from EGR1 knockout mice has shown that EGR1-

dependent regulation of STIM1 is tissue specific and thus EGR1 is not the sole regulator 

of STIM1.  It is should be noted that a great deal of redundancy exists between the EGR 

family members, but future studies will need to be undertaken in order to elucidate if 

these transcription factors regulate STIM1 as well. 

Reverse ChIP is an extremely difficult, but powerful technique which allows an 

investigator to identify proteins that bind to a specific nucleotide sequence of interest.  In 

this protocol, a specific biotin-tagged nucleotide sequence is immunoprecipitated with a 

biotin antibody, and the proteins bound (after cross-linking stabilization) to this sequence 

are identified via mass spectrometry.  Thus, employing reverse ChIP would reveal what 

other transcription factors bind to the STIM1 promoter region studied in this thesis.   

However it is certainly possible that non-EGR family transcription factors regulate 

STIM1.  Accordingly, it is also likely that the STIM1 promoter region investigated in this 
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thesis is not the full bona-fide STIM1 promoter.  Thus, other regions surrounding the 

11p15.5 genomic region will also need to be analyzed.  Once reverse ChIP has identified 

an array of proteins that bind to this genomic region, systematic expression and 

functional analyses will need to be employed in order to identify whether these proteins 

actually influence STIM1 gene expression and Ca
2+

 signaling.         

Investigating the physiological significance of the STIM1/PMCA interaction.   

A very elegant way to investigate the physiological significance of the STIM1/PMCA 

interaction would be to generate a mouse model expressing STIM1Δ597.  To generate 

STIM1Δ597 knock-in (KI) mice, a STIM1Δ597 construct suitable for microinjection must 

first be designed and created.  This construct will include STIM1Δ597, a strong mouse 

gene promoter and enhancer to allow the gene to be expressed and vector DNA to enable 

the transgene to be inserted into the mouse genome.  Once this vector is created, 

transgenic mice will be generated by injecting this transgene into C57/BL6 blastocysts. 

The chimeric offspring will then be crossed to F1 hybrids of C57/BL6 mice to obtain 

heterozygous mutant mice.  Further mating will establish homozygous KI mice. 

After considerable biochemical analysis of these mice (in order to confirm expression 

of STIM1Δ597) a comprehensive characterization of the phenotype of these mice should 

be undertaken.  Investigations should include the assessment of thymic cell development 

by the analysis of CD4/CD8 double positive, double negative or single positive count by 

flow cytometry.  Further, analyses of NFAT activation should be investigated.  This can 

be accomplished via many methods, such as immunostaining to analyze cytolocalization, 

the usage of a luciferase vector with NFAT target sequences, or cellular fractionation of 
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the nucleus and cytoplasm followed by western blot analysis.  Further analyses of IL-2, 

Il-4, IL-5 and TNF cytokine production should also0 be asessed via flow cytometry.   

Unfortunately, loss of STIM1 function has devastating effects on mice as STIM1 

knockout mice generated by various methods perish in utero or soon after birth due to 

various organ defects (Baba, Nishida et al. 2008; Oh-Hora, Yamashita et al. 2008; Stiber, 

Hawkins et al. 2008).  While this is likely due to the loss of STIM1 mediated Ca
2+

 influx, 

the loss of STIM1 mediated inhibition of PMCA cannot be excluded as having a role in 

the lethality of these mice.  Thus, it may be necessary to generate a transgenic mouse 

with the STIM1Δ597 KI restricted to a cell specific lineage.  In light of the importance of 

Ca
2+

 signaling in T cells and that our preliminary studies were performed in T cells, I 

would propose a model in which the STIM1Δ597 KI is restricted to the T cell lineage.  This 

particular study has the potential for several pitfalls; however it also has the potential to 

greatly enhance our understanding of the role of STIM1 in cell physiology.  
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