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ABSTRACT 

Ca2+ is a ubiquitous and dynamic second messenger molecule that is induced by many 

factors including receptor activation, environmental factors, and voltage, leading to 

pleiotropic effects on cell function including changes in migration, metabolism and 

transcription. As such, it is not surprising that aberrant regulation of Ca2+ signals can lead 

to pathological phenotypes, including cancer progression. However, given the highly 

context-specific nature of Ca2+-dependent changes in cell function, delineation of its role 

in cancer has been a challenge. Hence, the role of store-operated Ca2+ entry (SOCE) in 

melanoma metastasis is still not fully elucidated. To address this, we examined UV-

dependent metastasis, revealing a critical role for SOCE suppression. As previous 

literature demonstrated a role for cholesterol (CHL) in melanoma progression, our 

investigations corroborate this revealing UV-induced CHL biosynthesis as a critical 

mediator for UV-induced SOCE suppression and subsequent metastasis. However, 

SOCE suppression alone was both necessary and sufficient for metastasis to occur. 

Further, SOCE suppression facilitated UV-dependent differences in gene expression 

associated with increased invasion through altered glucose utilization. Functional 

analyses further establish that increased glucose uptake leads to a metabolic shift towards 

biosynthetic pathways critical for melanoma metastasis. Finally, examination of fresh 

surgically isolated human melanoma explants revealed CHL dependent low SOCE. 

Invasiveness could be reversed with either CHL biosynthesis inhibitors, pharmacological 

inhibition of terminal glycosylation enzyme, OGT, or pharmacological SOCE potentiation. 

In parallel, we demonstrate that Geranylgeranylpyrophosphate (GGPP) can function as a 

novel SOCE inhibitor either by saturation or prevention of transfer to membrane proteins; 

both of which lead to GGPP accumulation in the cytosol. Collectively, we provide evidence 



iii 
 

that Ca2+ signals can block invasive behavior, and suppression of these signals promotes 

invasion and metastasis. 
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PREFACE: 

Ca2+ is a ubiquitous and dynamic second messenger molecule that regulates a 

variety of cellular functions including proliferation, cell cycle control, focal adhesion and 

others (1). As such, it is perhaps not surprising that the contribution of Ca2+ signals to the 

genesis and progression of cancer has long been under investigation. Hence, 

dysregulation of Ca2+ signaling is now well established to modulate oncogenic signaling 

pathways and promote invasive behavior (1). The oldest record of the use of Ca2+ in 

cancer treatment is from 1896, when Calcium Carbide (CaC2) was used as a clinical 

palliative treatment for uterine cancer (2), while the role of Calcium Chloride (CaCl2) in 

cancer growth was proposed in 1918 (3). As of today, there are over 42,000 publications 

featuring both Ca2+ and cancer listed in pubmed, a number that has increased 4-fold over 

the last 20 years. 

In considering the role of Ca2+ in cancer, it is important to recognize that the 

expression and function of Ca2+ permeable channels varies considerably between cell 

types, driving considerable heterogeneity across different forms of cancer. This results in 

what seems to be mutually exclusive roles in cancer biology; Ca2+ can drive proliferation, 

migration and invasion, but can also induce apoptosis. In conclusion, while it would appear 

that there is no relationship between Ca2+ and cancer, the reality is that Ca2+ signals serve 

distinct roles in different contexts, a point that we hope to clarify over the course of this 

work. 
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CHAPTER 1 

INTRODUCTION 

Part 1: Calcium 

I. Ca2+ signal generation: 

 

Ca2+ signals are generated in response to a wide variety of autocrine, paracrine, 

hormonal, neurocrine and environmental factors. Here, we will briefly discuss some of the 

major underlying approaches that cells use to generate Ca2+ responses. 

A.  Receptor-mediated control of Ca2+ signals 

G-Protein Coupled Receptor (GPCR) and Receptor Tyrosine Kinase (RTK) 

families are widely expressed and facilitate Ca2+ responses in virtually all cell types 

through phospholipase C (PLC). Briefly, as shown in Figure 1-1, when Gαq-coupled 

GPCRs (driving PLCβ activation) or RTKs with PLCγ docking sites are activated, PLC 

hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) into Inositol Trisphosphate 

(InsP3) and diacylglycerol (DAG). InsP3 diffuses within the cell towards the ER where it 

encounters InsP3 Receptors (InsP3Rs), ER-localized Ca2+ channels that mediate ER Ca2+ 

release. The resultant ER Ca2+ depletion leads to a highly conserved process known as 

store-operated Ca2+ entry (SOCE) (4-7). SOCE is initiated by Stromal Interaction Molecule 

(STIM), a single pass membrane protein that acts as an Endoplasmic Reticulum (ER) Ca2+ 

sensor, responding to ER Ca2+ depletion by translocating within the ER towards the 

plasma membrane (PM) where it binds to and activates members of the Orai family of 

Ca2+-selective channels (6, 8). STIM1 and Orai1 serve as the predominant mediators of 

SOCE in most cell types (8), although the other members of the STIM and Orai families 

can function analogously, although with distinct characteristics. For example, a decrease 



2 
 

in the Ca2+ affinity of STIM2’s EF hand causes its activation at near-resting ER Ca2+ levels 

(9-11). Given that, it is perhaps not surprising that STIM2 also exhibits a decreased 

capacity to activate Orai1 (12) which has been attributed to the presence of a leucine in 

place of a key phenylalanine within the Orai-binding region of STIM-Orai Activating Region 

(SOAR) (13). Orai2 and Orai3 can each be activated by STIM proteins expressed 

heterologously (14, 15), although the roles of the endogenous proteins are less clear. 

Transformed cells can exhibit fundamental changes in the expression and activation of all 

components of these pathways (GPCRs, RTKs, STIM, and Orai) (16-18), making this an 

important current area in the investigation of Ca2+ signaling in cancer cells. As such, this 

will be discussed considerably below. 

Although SOCE is a major source of Ca2+ entry, members of other classes of 

channels also mediate receptor-dependent Ca2+ signals. The Transient Receptor Potential 

(TRP) channel superfamily of non-selective cationic channels includes 28 different 

members organized into 6 families expressed in mammals: TRPA, TRPC, TRPM, TRPML, 

TRPP, and TRPV (19). The canonical TRP (TRPC) family is particularly relevant in this 

context since, similar to SOCE, they are activated downstream of PLC-coupled receptors 

(20), facilitating Ca2+ entry through SOCE-like mechanisms (21). Hence, DAG directly 

activates TRPC3/6/7 (22, 23) while TRPC1/4/5 activation is thought to be mediated by 

PIP2 depletion (24, 25). TRPC2 is not expressed in higher mammals (20) in rodents, it is 

found primarily within the vemeronasal organ (26). As discussed below, many TRPC 

family members exhibit dysregulated expression in cancer, making this area of 

considerable potential interest. 
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Figure 1-1. Model of Ca2+ Homeostasis. At rest Ca2+ levels are higher in Extracellular 

Matrix (ECM) and in the ER (darker blue), which functions as an intracellular Ca2+ store. 

Upon ligand binding to receptors, including GPCR and RTK, downstream effector PLC is 

activated which activates TRPC channels for Ca2+ entry and facilitates generation of IP3. 

IP3 binds to InsP3R which leads to Ca2+ exit from ER, thus depleting the intracellular store. 

Following Ca2+ release from InsP3R channels, Ca2+ either leaves the cytosol through 

PMCA pumps or is transferred to mitochondria, which orient themselves close to ER in 

response to elevated intracellular Ca2+ levels, where Ca2+ eventually enters the inner 

mitochondrial matrix through mitochondria IMM channel, MCU. Lower ER Ca2+ levels 

(lighter blue) lead to activation of ER Ca2+ sensors, STIM proteins. STIM then binds to PM 

Orai Ca2+ channels leading to SOCE. SOCE leads to increases in cytosolic Ca2+, which 

are then pumped into the ER by SERCA pumps to replete the store. Each step of 

regulating Ca2+ homeostasis plays a role in cancer progression. Cancers affected by each 

step labeled respectively.  
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B. Environmental triggers 

Several members of the TRPV, TRPM, and TRPA family are widely expressed, 

facilitate Ca2+ entry in a variety of cell types, and respond to a variety of environmental 

factors (see Table 1-1). For example, TRPV1-4, TRPM8, and TRPA1 are thermosensitive 

channels activated by temperature changes, each within a specific range (27, 28). In 

addition, there are several chemical activators of TRPs, which ultimately accounts for the 

sensory confusion between temperature changes and different sensations.  

For example, Capsaicin (the active ingredient in pepper) is a vanilloid (29) that 

stabilizes TRPV1 in its open conformation (30). In this conformation, ATP binds to the 

intracellular ankyrin-repeat domain (ARD) of TRPV1 (19, 31), lowering the threshold of 

temperature for channel activation (32). Resultant increases in cytosolic Ca2+ content 

cause channel inactivation due to competition between Ca2+/Calmodulin (Ca2+/CaM) and 

ATP for ARD binding (31). Independent of capsaicin, TRPV1-4 sense temperature 

increases, with TRPV2 activated in response to the most extreme temperature changes 

(27). Indeed, TRPV2 is only activated above 52°C and although the exact mechanism is 

not fully understood, it is hypothesized that the channel exhibits structural flexibility, 

resulting from enthalpy and entropy shifts allowing for conformation change in the channel. 

In support, TRPV2 enthalpy and entropy capacity are 2 fold larger than TRPV1, whose 

capacity is 5 fold larger than most other ligand- or voltage-gated channels (33), suggesting 

thermodynamics play a role in channel activation. Interestingly, the mechanisms that 

activate TRPV channels in response to temperature and agonists diverge in mechanism 

but converge onto the same activation gate (34-37) demonstrating the flexibility and 

versatility of these channels. TRPV3 responds to less extreme changes in temperature 

(~33°C) (27) and is activated through GPCR-induced breakdown of PIP2 that facilitates a 
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voltage-independent activation of the channel in response to colder temperatures (38), 

albeit temperatures resembling physiologic conditions. TRPV4, meanwhile, responds to a 

wide range of temperature (28-42°C) and is also activated by cAMP-induced PKA 

phosphorylation) at S824, which creates a binding site to Arachidonic Acid (AA) that can 

subsequently activate the channel (39). Hence, all 4 thermosensitive TRPV channels are 

activated in response to similar stimuli although different mechanisms. While temperature 

changes are not directly cancer relevant, different types of cancers exhibit different 

signaling dysregulation, which would have differential effects upon different TRPV 

channels, precisely exemplifying the context-dependent nature of Ca2+ signaling in a tumor 

environment. 

Conversely, TRPM8 and TRPA1, also thermo-sensitive, are activated by 

temperature decreases and agonists such as menthol and mustard oil/wasabi 

respectively. TRPM8 is activated at 28°C and its level of activation increases in response 

to temperatures colder than 15°C. It is hypothesized that it can be activated by depletion 

of membrane lysophospholipids and polyunsaturated fatty acids (PUFAs), since 

lysophospholipids lower the threshold of activation (40). This would fit into evolutionary 

biology that membrane fluidity decreases at cold temperatures, however it is more likely 

that TRPM8 is directly activated by cold temperatures leading to enthalpy and entropy 

changes (41), similar to te TRPV2 response to heat. Menthol-induced TRPM8 activation 

occurs through PIP2 synthesis as depletion inhibits the sensitivity of the channel (42), 

precisely the opposite relationship to that between PIP2 and TRPV1. TRPA1 also senses 

cold temperatures, although only in more noxious cold conditions (<17°C) (28). More 

importantly, TRPA1 is a potent sensor of exogenous stimuli as it is activated in response 

to many agonists, mainly mustard oil and wasabi, but also cinnamaldehyde (cinnamon) 
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and ginger (28) through binding to cysteine residues in the N-terminus of the channel via 

covalent interactions and/or disulfide bonds (43-46). TRPA1 also has the unique ability to 

function as a cannabinoid-sensitive pain receptor in response to inflammation (47, 48). 

These cannabinoids activate Ca2+/CaM signaling cascades which attenuate the response 

of TRPA1 to the exogenous agonists (47). There is also some evidence that cannabinoids 

can also inhibit TRPV1 activity (48), which in addition to TRPA1, can regulate inflammation 

(47). 
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Table 1-1. Environmental Triggers of TRP Channel Activation. Activators of TRP 

channels shown, which include temperature- and agonist-induced activation. Mechanisms 

of activation associated with each trigger are included as well as cancers affected. (P) 

indicates promotes, (S) indicates suppresses, (P/S) indicates both promotes and 

suppresses individual cancer upon activation. 
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C. Voltage-gated Ca2+ channels 

Members of the Voltage-Gated Ca2+-permeable Channel (VGCCs) superfamily are 

primarily expressed in excitable (neurons and muscle) cells and are activated by 

membrane depolarization (49). VGCCs can have up to 4 subunits, but all contain the α1 

subunit which is the pore-forming portion of the channel, consisting of 4 domains (I-IV) 

each containing 6 transmembrane segments (S1-S6). The S4 segment of each domain 

acts as a voltage sensor that rotates outward upon exposure to electrical current and 

facilitates a conformation change opening the pore, while the S5 and S6 subunits form a 

membrane-associated pore lining loop containing a series of glutamate residues that 

determine Ca2+ selectivity (50). Both α2δ and β subunits have been demonstrated to 

increase Ca2+ current VGCCs by recruiting and allosterically regulating α1 subunits (51). 

α2δ subunits are extracellular subunits (49) that are linked by disulfide bonds and mainly 

responsible for anchoring VGCCs to membranes using Glycophosphatidylinositol (GPI) 

anchoring sites most likely through hydrophobic sequences (52). β subunits are 

intracellular (49), facilitate channel trafficking to the PM (52) and can also shift voltage 

dependence to make activation easier (53). Finally, γ subunits are transmembrane 

glycoproteins that have been shown to actually limit Ca2+ current through stabilizing the 

inactivated state of VGCCs in skeletal muscle cells. Further, this subunit is only present in 

skeletal muscle cells and is not expressed heterologously in other cell types (54).  

Within the VGCC superfamily, there are 5 different classes consisting of L-, N-, 

P/Q-, R-, T-type channels. CaV1 channels, or L-type channels, are long-lasting 

dihydropyridine channels and are mainly responsible for excitation-contraction coupling in 

smooth muscle cells and consist of CaV1 𝛼𝛼1 pore-forming subunits (55). N-, P/Q-, and R-

type channels are all members of the CaV2 channel family. N-type channels are named 
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for the nervous system, where they are mainly expressed, however they can also be found 

in cell types throughout the body (56). P/Q-type channels are named after Purkinje cells 

where they were discovered and are mainly located in cardiac (Purkinje) and neuronal 

(cerebrellar granule) cells (57), where R-type channels are also expressed (55). Finally, 

CaV3 channels are T-type (transient or short-lasting) and can be activated at lower 

membrane potentials during membrane depolarization. Similar to L-type channels, they 

are expressed in most excitable cells (58) and involved in excitation-contraction coupling. 

In neurons, VGCCs are critical for synaptic transmission (59-61) while in muscle, they 

drive contraction (49, 62, 63). However, it has become increasingly clear that many non-

excitable cell types, including cancer cells (56) also express T-type channels. How they 

function in these systems and might contribute to cancer biology will be discussed further 

in subsequent sections. 

D. Ca2+ pumps 

As mentioned previously, the ER represents a major Ca2+ storage site in the cell. 

This is generated and maintained by the Sarco/Endoplasmic Reticulum Ca2+ ATPase 

(SERCA) pump, which catalyzes ATP to drive Ca2+ from the cytosol to the ER. SERCA 

exists in 3 isoforms (SERCA1, SERCA2, SERCA3) that are encoded by 3 different genes 

(ATP2A1, ATP2A2, ATP2A3 respectively), which all have highly conserved sequences 

and share similar functions within a variety of cells. SERCA1 is mainly expressed in fast 

twitch skeletal muscle, SERCA2a is mainly expressed in cardiac muscle cells, and 

SERCA2b and SERCA3 are ubiquitously co-expressed in most cells (64). As the primary 

regulator of ER Ca2+ content SERCA is not only critical for the generation of Ca2+ signals, 

but also, as discussed further in subsequent sections, protein processing, mitochondrial 

metabolism and/or Ca2+ overload. Hence, dysregulated expression and/or function of 
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SERCA function can contribute to the behavior of transformed cells while also offer 

potential insights into therapeutic opportunities. 

Ca2+ clearance across the PM is mediated by members of the Plasma Membrane 

Ca2+ ATPase (PMCA) family. PMCA proteins pump Ca2+ from the cytosol into the 

extracellular milieu. PMCA exists in 4 isoforms (PMCA1, PMCA2, PMCA3, PMCA4) 

encoded by 4 different genes (ATP2B1, ATP2B2, ATP2B3, ATP2B4 respectively) that 

together contain 20 different splice variants (65). PMCA1 is ubiquitously expressed in all 

cell types and ATP2B1KO is embryonic lethal (66), PMCA2/3 are expressed mainly in 

excitable cells such as neurons and striated smooth muscle, but also has been found in 

mammary gland and uterus (67). PMCA4 is expressed in most cells. ATP2B4KO is 

survivable, but leads to male infertility (68). These pumps are primarily activated by 

Ca2+/Calmodulin when cytosolic Ca2+ concentration increases (67), although several 

recent studies have demonstrated that PMCA is also modulated by protein-protein 

interactions (reviewed in (69)). PMCA dysregulation leads to a variety of diseases 

including deafness, hypertension, cardiovascular disease (70) as well as a variety of 

cancers, which will be detailed below. 

II. Effectors: 

A. Calcium and cell migration. 

Cell migration is a critical Ca2+-regulated cellular function for embryonic 

development (71), wound healing (72), angiogenesis (73) and cancer metastasis (74, 75). 

Cell migration involves 3 distinct steps; responding to environmental cues to determine 

direction of movement, generating and maintaining cell polarity and activating motility 

processes for linear movement (76). Cells can become polarized by extracellular stimuli, 
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which drive movement towards the source of the signal mediated by Ca2+ flickers caused 

by InsP3 production (77) and multiple ion channels, including TRPCs (78), and 

STIM/Orai(79, 80). Upon polarization, the cell commences moving forward with the initial 

process of protrusion which utilizes actin polymerization on cellular projections such as 

lamellopodia and filopodia (81). Subsequently, to terminate protrusion, the front of the cell 

retracts and attaches to lamella (82), located behind lamellipodia. Lamella recruit myosin 

to contract and turnover F-actin, leading to formation of further focal adhesions (83). Focal 

adhesions are stabilized by integrins and associated cytoskeletal proteins to withstand 

strong forces and facilitate forward motion (82). This occurs primarily in the front of the 

cell (74), fixing the front during forward motion and facilitating retraction of the rear portion 

of the cell.  

Small GTPases are ~20kDa GTP binding proteins that hydrolyze GTP to GDP and 

serve critical roles in many cellular processes (reviewed in (84)), including migration. Many 

GTPases such as RhoA, Rac and Cdc42 have positive bidirectional relationships with 

Ca2+ (85, 86), and thus, serve critical roles driving cell migration in response to polarity-

induced Ca2+-flickers. These small GTPases are known to coordinate myosin-induced 

contractions (87) through activity of Myosin Light Chain Kinases (MLCK) (77, 88) for cell 

movement, which is important for cells to thrive, especially during development, (further 

reviewed in (77)). MLCK are Ca2+/CaM-dependent kinases that phosphorylate MLC, 

leading to myosin cross bridging and cell contraction (reviewed in (89)), and have been 

demonstrated to facilitate cell movement and migration through regulating membrane 

tension and protrusion through binding and stabilizing F-actin (90). Hence, changes in 

Ca2+ lead to a signaling cascade culminating in increased cell movement and enhanced 

cell migration.  
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B. Calcium Signaling and Epithelial to Mesenchymal Transition 

An important step in cancer progression is metastasis, which heavily utilizes an 

invasive process called Epithelial to Mesenchymal Transition (EMT). Unaffected tissue 

tends to adopt an ordered structure of epithelial cells that exhibit polarity through apical 

and basolateral membranes attached by tight junctions, adherens junctions, and 

desmosomes that form an epithelial layer (91). However, when epithelial cells adopt a 

mesenchymal cell phenotype, they exhibit a change to a front to back polarity conformation 

(91), that enhances migration, invasiveness to increase cancer metastasis as discussed 

further below. 

i. Growth Factors 

EMT is induced by a variety of growth factors (GF) including Epidermal Growth 

Factor (EGF), Fibroblast Growth Factor (FGF), and Transforming Growth Factor β (TGFβ) 

(reviewed in (91)). These GFs can induce EMT by facilitating downstream signaling of 

EMT-associated pathways. For example, EGF can activate Signal Transducer and 

Activation of Transcription 3 (STAT3) (92, 93) or Similar to Drosophila Mothers Against 

Decapentaplegic 2/3 (Smad2/3) (94), both of which are transcription factors that transcribe 

mesenchymal signature genes. TGFβ uses a similar mechanism in that it can activate 

Smad2/3 (95). FGF uses a different mechanism of action in that it mainly contributes to 

loss of cell polarity, promotes cell division, and inhibition of cell-cell contact (96). Hence, 

GFs play several important roles in promoting EMT by facilitating downstream EMT-

associated pathways. 

Although these GFs use different mechanisms to promote EMT, it is important to 

note that in both cases, GFs rely on Ca2+ signals to exert their effects. This is perhaps 
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unsurprising as these GFs bind to RTKs that facilitate Ca2+ signaling as discussed above 

(see section IIA(97-101). Ca2+ signals serve a critical role in EMT by driving the expression 

of mesenchymal signature genes and facilitating ECM degradation, as outlined below. 

ii. Mesenchymal Signature 

EMT induction is associated with several transcription factors and changes in gene 

expression that comprise a mesenchymal signature. The most common of which are 

Twist, N-Cadherin, Zeb1/2, and Snai1/2 (Snail and Slug); loss of the epithelial marker, E-

Cadherin also occurs (91). This leads to the transcription of genes associated with survival 

and invasion pathways such as Mitogen Associated Protein Kinase (MAPK), AKT, and 

Smads among others (reviewed in (102)). Thus, cells can activate an entire program of 

transcriptional machinery to change the genetic profile of the cell, which inflicts invasive 

properties that allow for dissemination to other organs.  

In addition to these transcription factors, another important marker comprising the 

mesenchymal signature is intermediate filament, Vimentin (91). Vimentin mediates 

cytoskeletal organization and focal adhesion through modulating the expression of 

integrins and reorganizing the orientation of microtubules (103), which can lead to 

changes in cell polarity and increased motility which facilitate EMT (103, 104). Therefore, 

in addition to reprogramming the transcriptional machinery of a cell, the EMT process 

leads to changes in morphology and polarity. 

As discussed above (see section IIIA), many of the processes involved in focal 

adhesion and migration are dependent on Ca2+. Hence, CAMKII has been shown to 

phosphorylate and activate Vimentin (105) and Vimentin activation and STIM1/TRPC1-

dependent Ca2+ entry has been show to increase Vimentin activity (106). Further, much 
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of the transcriptional machinery activated during EMT is associated with Ca2+; an effect 

that appears to be very context-dependent. For example, TRPM7 activates STAT3, driving  

Twist, Zeb1/2, and N-cadherin expression in a Ca2+-dependent manner (107). 

Additionally, it has been demonstrated that Orai3 and STIM1 can mediate Ca2+-dependent 

TGFβ-induced Snai1 activation, yet blocking Orai1 leads has same effect (108), 

suggesting Orai3-specific control of EMT. 

iii. ECM Degradation 

Sometimes, cells require degrading the surrounding Extracellular Matrix (ECM) in 

the tissue microenvironment (TME) to facilitate movement. This is facilitated by the 

modulation of adhesion molecules by degrading appendages; invadopodia and matrix 

metalloproteinases (MMPs). 

Cells contain migratory appendages called podosomes that consist of actin and 

tyrosine-phosphorylated proteins that mediate cellular adhesion to the ECM (109). 

However, in transformed cells, podosome activity is altered due to oncogenic induction of 

aberrant tyrosine kinase activity, ultimately leading to ECM degradation; podosomes 

capable of this are commonly referred to as invadopodia (110, 111).  

Ca2+ serves a critical role in the formation of both podosomes and invadopodia 

(112, 113). For example, SOCE inhibitors block podosome formation through inhibition of 

MLCK activity (114). Further, STIM1/Orai1-dependent Ca2+ oscillations drive invadopodia 

formation, as well as Matrix Metalloproteinase (MMP) activity (113). Because constitutive 

Ca2+ entry would be cytotoxic for the cell due to mitochondrial Ca2+ overload, cells rely 

specifically on oscillations to regulate ECM degradation and invasion (113). Interestingly, 

it has been shown that downstream signaling is regulated by these oscillations and is 
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reliant on oscillation frequency and amplitude (11, 115). This explains the importance of 

Ca2+ signaling, and specifically SOCE, for invadopodia-induced ECM degradation as 

SOCE provides the metaphorical fuel for the Ca2+ oscillations to induce ECM degradation. 

Findings of this nature have driven numerous investigations of the potential link between 

Ca2+ signaling and metastasis in many different cancer lineages. 

Another factor in ECM degradation are MMPs, which are Ca2+-dependent 

endopeptidases responsible for remodeling of the ECM (116). Although MMPs are 

involved in non-pathological processes such as wound repair, development, and immune 

responses (116), MMPs can also exhibit pathological activity and have been found to 

directly contribute to invasion and metastasis in cancer by degrading adhesion molecules 

leading to changes in cell-cell contact and cell-ECM interactions (117). For example, 

MMPs are known to cleave E-Cadherin (118), the most widely studied epithelial marker, 

as well as bi-directionally associating with GFs such as TGFβ using Ca2+-dependent 

MAPK pathway in cancer (119, 120). Hence, Ca2+-dependent control of MMP activity plays 

an important role in EMT and cancer progression. 

C. Control of metabolism. 

Mitochondria are best known as the site of energy production, but also serve 

complex roles in ion signaling and cancer biology. The role of metabolism in cancer has 

been widely investigated, predating the discovery of oncogenes and tumor suppressors 

by many years (121-123). This “Warburg effect” can be summarized as a metabolic shift 

away from oxidative phosphorylation in cancer cells, leading to lactic acid fermentation 

(124). Although less efficient at energy generation, this favors anabolic growth and 

catabolism-induced cell survival (123, 125). The underlying mechanisms responsible for 
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the Warburg effect remain under investigation, however, it is important to recognize that 

increases in matrix Ca2+ content drive NADH, and thus ATP, production (126, 127). This 

is facilitated by a series of mitochondria-specific channels, exchangers and pumps that 

control mitochondrial ion content (reviewed in (128)).  

As shown in Figure 1-2, to enter the mitochondrial matrix, Ca2+ must pass through 

the outer mitochondrial membrane (OMM), the intermembrane space (IMS) and the inner 

mitochondrial membrane (IMM). Voltage-Dependent Anion Channels (VDACs) are 

located on the OMM. They are weakly selective for anions at lower membrane potentials 

(channel is in “open” state), but favor cations at higher membrane potentials (when the 

channel is in a “closed” state) (128).  
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Figure 1-2. Mitochondria-ER Regulation of Ca2+ and Metabolism. Upon Ca2+ entry 

through Store-Operated Calcium (SOC) channels, ER Ca2+ stores fill and are eventually 

relieved of Ca2+ by PLC-driven IP3 binding to InsP3 receptor (InsP3R). InsP3R directly 

binds to mitochondrial Voltage Dependent Anion Channel (VDAC), which is more 

permeable to Ca2+ in closed conformation to facilitate Ca2+ entry through mitochondrial 

outer membrane. Subsequently, Ca2+ enters into the inner mitochondrial matrix through 

mitochondrial Ca2+ uniporter (MCU) which is positively regulated by Ca2+-dependent 

Calmodulin (CaM) upon phosphorylation by Calmodulin Kinase II (CaMKII). Higher Ca2+ 

concentration in the inner mitochondrial matrix upregulates Pyruvate Dehydrogenase 

Phosphatase (PDP) to dephosphorylate Pyruvate Dehydrogenase (PDH) which facilitates 

pyruvate conversion to Acetyl-CoA and subsequent entry into The Citric Acid (TCA) cycle. 

Conversely, lower Ca2+ concentration inhibits PDP dephosphorylation of PDH leading to 

Lactic Acid Fermentation and cancer progression. 
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Although upon closure, VDACs allow entry of other cations, such as Na+ and K+, 

Ca2+ is favored (129). VDACs also serve a critical role in linking mitochondria to InsP3Rs 

and the ER, critical for mitochondrial Ca2+ loading (128, 130). These links permit 

preferential loading of the mitochondria since they experience Ca2+ concentrations at near 

ER Ca2+ levels, critical for the entry of Ca2+ into the matrix. Previously, it was thought that 

the major Ca2+ channel on the IMM is the mitochondrial Ca2+ uniporter (MCU) was a high 

capacity, low affinity Ca2+ channel (reviewed in (131)) that does not permit Ca2+ entry at 

less than 10 µM (132), a concentration not normally observed in the cytosol (on average). 

However, it has been recently determined that MCU actually is a high affinity Ca2+ channel 

that is regulated by MCU channel regulators, Mitochondrial Ca2+ uptake 1/2 (MICU1/2) 

(133). This movement across the IMM is driven by its highly negative membrane potential 

(~-180 mV) produced due to proton pumping during oxidative phosphorylation. Upon entry 

into the matrix, Ca2+ binds directly to  pyruvate dehydrogenase phosphatase (PDP) (134), 

the first step in the generation of acetyl CoA at the beginning of the TCA cycle along with 

the rate-limiting TCA cycle enzymes α-ketoglutarate dehydrogenase (αKGDH) and 

isocitrate dehydrogenase (IDH) (135) increasing their activity and driving NADH 

generation. Notably, decreased pyruvate dehydrogenase phosphatase activity at lower 

mitochondrial Ca2+ content leads to conversion into lactate via lactic acid 

fermentation(136, 137) . Hence, changes in mitochondrial Ca2+ loading may contribute to 

the Warburg effect and can be greatly altered in transformed cells. 

The sensitivity of mitochondria to Ca2+ levels has been considered a significant 

therapeutic opportunity. Hence, mitochondrial Ca2+ overload leads to Reactive Oxygen 

Species (ROS) generation due to overproduction of electrons from the ETC during 

oxidative phosphorylation (138). In contrast, if too little Ca2+ enters the mitochondria, 
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decreased ATP generation can lead to autophagy (139) due to AMPK activation (139, 

140). Although mitochondrial Ca2+ loading is primarily dependent upon MCU and VDAC, 

ultimately, it is dependent upon the overall availability of Ca2+ to the cell. As such, 

mitochondrial function represents a significant potential implication of any change in 

cytosolic Ca2+ signaling in cancer cells. 

D. Calcium and transcription factors. 

Ca2+ regulation throughout the cell has the ability to not only drive cellular 

processes, but also affect cellular physiology through control of transcription factor activity. 

Although crosstalk between signaling pathways can lead to pleiotropic effect on gene 

expression, several transcription factors are directly Ca2+-sensitive as shown in Figure 1-

3A and as discussed further below.  

1. NFAT 

The Nuclear Factor of Activated T-Cells (NFAT) family of Ca2+-dependent 

transcription factors consists of 4 classic NFAT family members: NFATc1 (NFATc or 

NFAT2), NFATc2 (NFATp or NFAT1), NFATc3 (NFAT4), and NFATc4 (NFAT3) and the 

Ca2+-insensitive NFAT5. Originally discovered in T cells, NFAT family members are widely 

expressed, with well-defined roles in muscle, neurons, heart, osteoclasts and adipocytes 

(reviewed in (141)).  

Structurally, NFAT members share a highly conserved Rel-Homology Domain 

(RHD) that gives them a similar DNA-binding specificity (142, 143). NFAT homology 

region (NHR), which regulates NFAT activity, consists of approximately 12 regulatory 

regions including: an N-terminal Transactivation Domain (TAD) (1) with a Casein Kinase 

1 (CK1) docking site (2), a Calcineurin Docking Site (CDS) (3), an additional CK1 docking 
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site outside of the TAD (4) 2 serine rich regions (SRR1 and SRR2) (6), 4 serine rich  motifs 

(SRM (SP1, SP2, SP3, KTS)) (10), a Nuclear Localization Sequence (NLS) (11), and 

Nuclear Export Signal (NES) (12) (141) (144) (see Figure 1-3B).  

As shown in Figure 1-3A, at rest, NFAT members reside in the cytoplasm (145). In 

response to increased intracellular Ca2+, PKC is activated and Ca2+/Calmodulin regulated 

protein phosphatase complex (CaM) associate with calcineurin. Following PKC activation 

and complex association, PKC activates Ca2+/CaM/Calcineurin complex to 

dephosphorylate NFAT, leading to translocation to the nucleus and subsequent 

transcription of target genes (144, 146, 147). Within NFAT, CDS facilitates calcineurin 

docking interactions (148) for dephosphorylation of NFAT at conserved phosphoserine 

residues (143). Mechanistically, dephosphorylation of NFAT SRR and SRM lead to a 

conformational change and subsequent exposure of its NLS (149). Following NFAT NLS 

exposure, NFAT proteins then translocate to the nucleus and transcribe NFAT target 

genes (141). In fact, it has also been shown that not only does NFAT dephosphorylation 

lead to nuclear localization, but it also leads to higher NFAT affinity for specific regions of 

DNA, further promoting transcription of NFAT target genes (145, 150-152). Following 

return to basal Ca2+ levels, SRR and SRM serve as phosphorylation sites (143, 145) 

leading to exposure of the NES which facilitates NFAT exit from the nucleus (145, 153). 

Hence, sustained NFAT-mediated gene transcription requires sustained Ca2+ signals. 

NFAT is linked to a variety of oncogenic pathways in different capacities including but not 

limited to: JAK/STAT(154), COX2(155), and MAPK(156). Because NFAT activity is 

dependent on Ca2+, it underscores the importance of Ca2+ in the context of cancer. In this 

regard, targeting NFAT could be an efficacious therapy for a variety of cancers which will 

be discussed in great detail below.  
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Figure 1-3. Transcriptional Regulators of Ca2+ Homeostasis. Upon ligand binding to 

receptors such as GPCR/RTK, Gαq activates PLC to breakdown PIP2 into IP3 and DAG. 

IP3 binds to InsP3R which facilitates Ca2+ release from ER store into the cytosol. DAG 

activates PKC, which is further activated by increases in cytosolic Ca2+ levels. PKC. PKC, 

then, facilitates 3 transcription regulating cascades. First, PKC phosphorylates IκK which 

facilitates the breakdown of p100 into p52 which is an active transcription factor within 

NFκB pathway. Subsequently, p52/RelB dimer translocates to nucleus, leading to 

transcription of NFκB-associated genes. Second, PKC activates calcineurin, which 

complexes with Ca2+/calmodulin regulated protein phosphatase (CaM) to 

dephosphorylate NFAT. Dephosphorylated NFAT translocates to nucleus to facilitate 

NFAT-associated genes, including EGR genes among others. Third, PKC phosphorylates 

Raf, which activates MAPK pathway. ERK translocates to nucleus and binds to Elk1 

substrate, facilitating transcription of EGR1, among other MAPK-associated genes.  EGR1 

activates ER Ca2+ sensor, STIM, which binds to PM Orai Ca2+ channel, which promotes 

SOCE upon ER Ca2+ store depletion.   
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2. NF-κB 

NF-κB is a family of transcription factors that give rise to seven proteins from the 

combination of five gene-coding subunits, RelA/p65, c-Rel, RelB, p50, and p52 (157). This 

family of inducible transcription factors with pleiotropic functions. Although heavily studied 

in lymphocytes, NF-κB signaling is present in a wide variety of cells(158). Further, its 

capacity to regulate cell survival can facilitate resistance to apoptosis in transformed cells.  

As shown in Figure 1-3A, although canonical NF-κB activation is Ca2+-

independent, Ca2+-dependent PKC activation facilitates CARMA1 phosphorylation to 

produce the CARMA1-Bcl10-MALT1 (CBM) complex in lymphocytes (159, 160). Further, 

calcineurin can promote NF-κB activation by promoting IKK phosphorylation of IκB (161-

163) (164), ultimately leading to proteasomal degradation. Upon IκB degradation, NFκB 

complexes translocate to the nucleus where they can drive gene transcription. NF-κB 

targets include cell cycle progression regulators such as Cyclin D, E, c-myc, and c-myb 

(as reviewed in {Dolcet, 2005 #6120)). Cyclin D and E induce cell cycle progression during 

mid-late G1 phase (165), and while Cyclin D suppresses differentiation (166). 

Concurrently, c-myc promotes many survival processes such as cell growth, while also 

facilitating differentiation, and death (167) and c-myb regulates growth through a variety 

of mechanisms depending on tissue type (168, 169). 

3. WT1/EGR1 

Wilm’s Tumor Suppressor 1 (WT1) and Early Growth Response 1 (EGR1) proteins 

are dueling zinc finger transcription factors that regulate Ca2+ homeostasis in a variety of 

cell types. Over the last 10 years, our group has demonstrated that WT1 expression leads 

to decreased STIM1 expression and SOCE, while EGR1 expression leads to enhanced 
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STIM1 and SOCE (170, 171), discussed in great detail in our recent review (172). Briefly, 

EGR1 is activated downstream of a wide variety of growth and stress signals (173). 

Although primarily associated with MAPK signaling, Ca2+ signals can also drive EGR 

expression (174, 175), revealing an intriguing feedback loop between Ca2+ and EGR1 

expression. The EGR1 promoter consists of 5 Serum Response Elements (SREs) and a 

cAMP Response Element (CRE). Currently, there is considerable evidence that Ca2+ 

regulates the transcription of CRE- and SRE-containing genes (176, 177), likely through 

Ca2+-dependent (178, 179) ERK activation (180). Dysregulated expression and function 

of WT1 and EGR1 are observed in a wide variety of cancers (reviewed in (172)), providing 

a potential causative explanation for why cancer cells often exhibit changes in Ca2+ 

signaling regulation.  

WT1 and EGR1 contribute to a variety of cellular processes including but not 

limited to cell cycle regulation, differentiation, and apoptosis. EGR1 controls cell cycle 

progression by downregulating CDK4, which maintains quiescence (181), Further, EGR1 

promotes the transcription of genes driving differentiation in response to a variety of 

growth factors the development of breast epithelial cells and immune cells among others 

(182, 183), whereas WT1 inhibits differentiation by displacing EGR transcription factors 

from its response elements (184). Under some conditions, EGR1 can induce apoptosis 

through activating pro-apoptotic factors such as p53 in response to increased intracellular 

Ca2+ in melanoma cells (185) whereas specific WT1 splice variants can facilitate apoptosis 

through repressing both intrinsic and extrinsic survival factors such as Bcl2 and IGF1 

respectively in hepatoma cells (186). As these processes are important for normal cellular 

physiology, they are also important for cancer progression. As discussed previously (172), 

EGR1 and WT1 play dual and opposing roles in cancer progression. Thus, targeting EGR1 
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and WT1 could be an effective, and further improved upon, therapeutic target in a variety 

of cancers and the current landscape of EGR1 and WT1 role in specific cancers, as well 

as any therapeutics targeting these transcription factors. 
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Part 2: Controversy Of Ca2+ Role In Cancer 

As discussed above, Ca2+ plays a dynamic role in many cellular processes. 

Therefore, it is perhaps not surprising that not only does Ca2+-dependent signaling plays 

a role in cancer progression, but it is a continued interest of the field to understand the 

mechanisms behind Ca2+ signaling and cancer. While many Ca2+-dependent processes 

affect cancer progression (187), here, we will delve into the affects SOCE has on many 

cancer-dependent processes and how SOCE ultimately can promote or inhibit cancer 

progression across many cancers in certain contexts.  

I. Breast Cancer 

a. Introduction 

According to 2019 cancer statistics from the American Cancer Society, breast cancer 

has the highest incidence and second highest total mortalities among women nationwide 

(188). Although breast cancer can be easily treated when detected early, high mortality 

rates indicate that breast cancer still presents challenges in treatment, especially in 

advanced stage disease. Clearly, the need for novel treatments exists.  

Breast cancer is considered an adenocarcinoma, a cancer that starts in glandular 

tissue, and is heavily reliant on receptor-mediated signaling to proliferate. Like normal 

cells, cancer cells receive extracellular signals to facilitate their growth. Within breast 

cancer, there are 3 major subtypes broken down by receptor status. The 3 major receptors 

involved in breast cancer are steroid hormone receptors, estrogen receptor (ER), and 

progesterone receptor (PR), as well as non-steroid hormone receptor Human Epidermal 

Growth Factor Receptor 2 (HER2). To this end, clinically breast cancer is either: hormone 

receptor positive or negative (HR±; expressing estrogen receptor (ER) and/or 
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progesterone receptor (PR)), HER2±, or triple negative (TNBC, negative for all 3 

receptors) (189). In addition to hormone and HER2 receptor status, a recently discovered 

marker for breast cancer classification is Ki67, which is normally a marker for proliferation, 

leading to additional classification subtypes: Luminal A (ER+, HER2-, PR+/Ki67-), Luminal 

B (ER+, HER2-, PR- or Ki67+), Luminal B-like (ER+, HER2+, PR+/-, Ki67+/-), HER2+ (ER-

, HER2+, PR-, Ki67+/-), and TNBC (ER-, HER2-, PR-, Ki67+/-). Further, there is some 

evidence of a basal-like subform of TNBC, that overexpresses basal cytokeratins, 

Epidermal Growth Factor Receptor (EGFR) and caveolin (CAV) 1/2 separate from 

traditional TNBC (190, 191). Although the luminal subtypes tend to be the most common, 

TNBC is the most aggressive (192). While treatment strategies are improving for breast 

cancer, it is important to note the highly mutually exclusive genetics between the subtypes, 

which can become even more variable between individual cases. This clearly presents a 

challenge that still exists in the breast cancer field in generating treatments amenable for 

the majority of breast cancer patients. Here, we delve into the current understanding of 

the role of Ca2+ signals in breast cancer biology and discuss its potential as a therapeutic 

target.   

Given the heavy reliance of breast cancer on receptor-mediated signaling, particularly 

in early stages, it’s reliance on multiple Ca2+-dependent signaling pathways including 

SOCE is, perhaps, not surprising. For example, it has been demonstrated that Orai1 RNAi 

attenuates proliferation, migration, invasion, and formation of lung metastases in vivo due 

to impaired focal adhesion turnover caused by impaired SOCE (193). Hence, not only 

does impaired SOCE limit the size of focal adhesions formed, the ability of focal adhesions 

to act as traction points for cellular movement was also compromised (193). Most likely, 

impaired SOCE inhibits polarization, causing retention of ER Ca2+, which inhibits InsP3-
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induced store depletion and Ca2+ flickers to allow cell movement. These observations 

implicate SOCE as a fundamental driver of breast cancer metastasis and could justify 

targeting SOCE to impede disease progression, although the efficacy of this strategy in 

patients has not been established. 

b. SOCE effects on Breast Cancer  

Interestingly, different subtypes of breast cancer exhibit distinct expression patterns of 

STIM/Orai, which serve distinct roles in cancer progression. Hence, it has been 

demonstrated that elevated STIM1/STIM2 ratio is associated with poor patient prognosis 

in TNBC (194). This is most likely because STIM1 is the more effective facilitator of SOCE 

and SOCE is associated with poor prognosis in TNBC. Furthermore, induction of EMT has 

been shown to elevate the expression of STIM1 along with associated SOCE in MCF7 

HR+ breast cancer cells (195, 196). Thus, STIM1 appears to be important in both HR+ and 

HR- subtypes of breast cancer. Further, differences in androgen signaling between ER+ 

and ER- breast cancer lead to a switch in Orai expression from Orai3 to Orai1 (197, 198). 

Hence, androgens are converted into estrogen using the enzyme aromatase (199), the 

primary therapeutic target for HR+ breast cancer (192). Androgen deprivation has been 

shown to inhibit Orai1 production in other tissues such as prostate cancer (200). Hence, 

differences in androgen-mediated Orai1 expression may contribute to fundamental 

differences between HR+ and HR- breast cancer, with Orai3 expression being driven as 

a compensatory mechanism due to loss of Orai1 in early stage disease (198). Notably, 

Orai1-mediated SOCE in TNBC drives Notch-mediated invasiveness under hypoxic 

conditions (Liu et al., 2018c). Hence, breast cancer progression is marked by significant 

changes in how SOCE is generated and resultant invasive behavior. 

II. Ovarian Cancer 
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a. Introduction 

Although breast cancer is the most common gynecologic cancer diagnosis among 

women, ovarian cancer is the most lethal (188, 201, 202). Generally, ovarian cancer is 

broken up into 3 subtypes. First, epithelial tumors account for up to 90% of ovarian cancers 

that consist of many different histological subtypes including serous, endometroid, clear 

cell, and mucinous carcinomas. (reviewed in (203)). Less commonly, ovarian cancer can 

also exist as germ cell and sex cord stromal tumors (202). Importantly, although it was 

previously thought that ovarian cancer arises from one entity, it is now accepted that 

ovarian cancers can form in different reproductive organs including the fallopian tube and 

peritoneum (202, 204). Formation of tumors in these other gynecologic areas yield similar 

molecular profiles, which clinically categorizes them as the same disease even if the site 

of origin is different. Because tumors can originate in multiple areas of the reproductive 

system, ovarian cancer is very difficult to detect early, and most clinically diagnosed cases 

are of higher grade. Hence, the most common form of ovarian cancer is High Grade 

Serous Carcinoma (HGSC) which accounts for roughly 70-80% of all ovarian cancer 

compared to 5% for its low-grade counterpart. This is significant as ovarian cancer 

typically presents as an aggressive malignancy that likely has generated invasive 

properties and because it can originate in many different organs, treatment is very 

challenging. Thus, novel therapeutic strategies are needed to treat this disease. 

Several different Ca2+-related pathways such as EGR1/WT1, TRP channels, and 

VGCC channels have been shown to cause ovarian cancer progression. Interestingly, 

much of what is known about ovarian cancer and Ca2+ is based on expression and 

prognosis correlations, yet no real consensus has been reached on mechanistic 
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contributions of many of these channels, or even transcription factors regulating Ca2+ 

signals, which will be discussed below.  

b. SOCE effects on Ovarian Cancer 

 There have been a number of studies demonstrating dysregulation of SOCE during 

ovarian cancer progression, although the relationship between SOCE and ovarian cancer 

progression remains unclear. Hence, STIM1 and Orai1 expression are both upregulated 

in therapy-resistant ovarian cancer cells compared to therapy-sensitive cells, leading to 

increased AKT activity that promotes therapy resistance (205). Further, Placental Growth 

Factor (PlGF), which is produced by gynecologic tumor cells, also upregulates expression 

of both STIM1 and Orai1, but has been proposed to promote ovarian cancer progression 

through STIM1- and Orai1-induced HIF1α expression (206). However, SOCE inhibition is 

protective against ROS-induced apoptosis (207) likely as a result of decreased 

mitochondrial Ca2+. Hence, SOCE both promotes ovarian cancer progression and 

sensitizes cells to apoptosis Future investigations may help to delineate the complex 

relationship between SOCE and ovarian cancer progression and survival. 

Interestingly, there have also been a number of studies linking EGR1 and WT1 with 

ovarian cancer progression; as discussed in section IIID, EGR1 and WT1 regulate STIM1 

expression (170-172) . The extent to which changes in STIM1 contributes to these effects 

is not currently clear, although these possibilities should be considered. For example, 

EGF-induced EGR1 expression has been demonstrated to upregulate the E-cadherin 

repressor Slug, leading to EMT which increases the invasive capacity and EMT activity of 

ovarian cancer in vitro (208)  (209). Downstream of EGR1, STIM1 expression has also 

been shown to be upregulated in cisplatin-resistant ovarian cancer leading to subsequent 



34 
 

activation of AKT (205). However, the effect of STIM1 on ovarian cancer progression is 

somewhat understudied, there is preliminary evidence that STIM1 is associated with 

disease progression. In this context, EGR1 would increase ovarian cancer invasiveness. 

Interestingly, the role of EGR1 shifts in late-stage ovarian cancer; analysis of patient 

databases reveal several-fold decreases in EGR1 expression in advanced carcinomas 

(210). Further, EGR1 can inhibit cyto-protective autophagy in the absence of autophagy 

regulator, ATG14, (211) indicating that these effects can be highly context-dependent.  

Interestingly, WT1 has been shown to drive EMT in early ovarian tumorigenesis (212, 

213). Further, because WT1 can be correlated with poor prognosis, it is usedas a marker 

to track ovarian cancer progression (214). The extent to which WT1-mediated suppression 

of STIM1 expression and SOCE affects EMT in ovarian cancer is unknown. However, 

given the established relationship between Ca2+ signals and EMT (see section IIID), it is 

reasonable to speculate on this possibility.  

c. Treatments targeting SOCE in Ovarian Cancer 

Therapeutically, Carboxyamidotriazole (CAI) (see table 1-2), has been proposed as a 

treatment for ovarian cancer (215, 216), has undergone phase II clinical trials and has 

been suggested as a maintenance drug for relapsed epithelial ovarian cancer (217), but 

has not been investigated as a first-line therapy. Although CAI has been well-established 

as a SOCE inhibitor, as an ovarian cancer therapeutic, CAI utilizes a different mechanism 

of action. Thus, CAI inhibits the expression of the Bcl2 family member myeloid leukemia 

cell differentiation 1 (Mcl-1) (218), itself a negative regulator of mitochondrial Ca2+ loading  

(219). As such, Mcl1 is highly protective against mitochondrial Ca2+ overload and is 

associated with poor prognosis in ovarian cancer (220). Further, CAI-induced Mcl-1 
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inhibition is correlated with inhibition of the mTORC1 pathway (215) because mTORC1 

controls Mcl-1 translation through 4E-BP1 phosphorylation in ovarian carcinoma (221). 

This process relies on Ca2+ as Ca2+/calmodulin regulates mTORC1 activity since CAMKs 

activate mTORC1 (222). In conclusion, CAI-inhibition of SOCE occurs through changes 

in Mcl1 expression which likely inhibits both Ca2+-dependent survival pathways and leads 

to mitochondrial Ca2+ overload as its primary mechanisms of action. This can prove to be 

promising as a novel potential target in treating ovarian cancer. 

III. Prostate Cancer 

a. Introduction 

Analogous to breast cancer in women, prostate cancer is treatable when detected 

early, yet prostate cancer has the highest cancer incidence and second highest total 

mortalities among cancers in men in the US (188). This portrays the challenge of 

treatments for advanced stages of disease and the need for novel treatments. Prostate 

cancer is also a form of adenocarcinoma mainly divided into subgroups consisting of 

Androgen Receptor positive (AR+) and negative (AR-). The differences between the 

subgroups and their dependence on Ca2+ will be discussed in great detail below.   

Also similar to breast cancer, prostate cancer is heavily reliant on receptor-mediated 

signaling. Specifically, normal prostates use nuclear receptor, AR, which are activated in 

response to androgens (223). Activation of this receptor leads to translocation to the 

nucleus where it facilitates transcription of androgen related genes, such as Prostate 

Specific Antigen (PSA), human glandular kallikrein (hK2), kallikrein related 

peptidase/serine protease 18 (prostase/PRSS18), and transmembrane serine protease 2 

(TMPRSS2). These genes encode for serine proteases that regulate the prostate gland 
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including facilitating proteolytic cascades leading to production of semen (224) and 

promoting sperm motility and cell movement (224, 225). However, because these 

proteases are involved in cell movement, it also has been characterized as invasive by 

degrading the surrounding ECM (224, 225). Among these proteases, there is some 

evidence that the presence of TMPRSS2 can act as a switch between normal prostate 

epithelium and prostate cancer. If untranslated, this gene fuses with E26 Transformation 

Specific (ETS)-transcription factors to form fusion proteins that make up the vast majority 

of prostate cancer subtypes (226). The most common ETS transcription factor is ERG. 

Thus, TMPRSS2-ERG (T2E) is the most common genetic background of prostate cancer 

(227). Furthermore, it has been shown that T2E is associated with Ca2+. Indeed, use of 

Ca2+ channel blockers has actually been shown to reduce risk of developing T2E prostate 

cancer (228), since T2E is heavily reliant on CaV1.3; CaV1.3-mediated Ca2+ entry 

activates AR (229). Additionally, other ETS-transcription factor subtypes, as well as 

subforms with mutations of Ras/Raf, and Speckle Type POZ Protein (SPOP), a cullin-

based E3 ubiquitin ligase, also make up many individual prostate cancer genetic 

backgrounds (226). Hence, Ca2+ regulation has been shown to play an important role in 

governing AR activity, which implicates Ca2+ as a promising target for prostate cancer.    

Currently, for AR+ prostate cancer, there are treatments involving inhibition of 

androgen production, namely Androgen-Deprivation Therapy (ADT). However, this 

appears to only be effective in early stages of prostate cancer and delay in treatment can 

lead to progression into castration resistance stages (230-233). This is significant as it 

appears that hormonal regulation of prostate cells can prevent progression into later 

stages of disease. Most likely this is because AR actually suppresses later stages of 

prostate cancer progression (230, 234-236), as androgen deprivation leads to EMT since 
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AR inhibits EMT marker, Zeb1 (237). This is further supported by evidence that androgens 

also contribute to homeostasis as deprivation activates damage-repairing cellular 

programs. For example, in the absence of androgens, cells upregulate anti-stress genes 

regulating detoxification, hypoxia response, DNA damage-repair, and p53 activation 

(238). Hence, targeting androgens appears to be very dependent on timing for 

effectiveness.  

Along with timing, one of the biggest downfalls of androgen deprivation is in addition 

to AR+ subtype, AR- subtype also interacts with RTKs such as JAK/STAT pathways 

(reviewed in (239)), which makes targeting specific pathways difficult. For example, 

whereas Stat5a/b are known to directly bind to AR and facilitate translocation to the 

nucleus in response to androgens (240), this effect can also occur in the absence of 

androgens due to genomic reprogramming in response to androgen deprivation (241). 

Thus, progression to AR- prostate cancer occurs through the upregulation of AR-

independent pathways that bypass or parallel AR signaling and lead to progression into 

CRPC and AR- prostate cancer (239, 242-244). An example of a bypass pathway includes 

activating the compensatory GPCR, glucocorticoid receptor (GR), in the absence of AR 

that induces a similar effect on disease progression (239, 243, 245, 246). However, in 

addition to receptor-mediated signaling, it is also proposed that prostate cancer cells can 

undergo a Darwinian-type event where cells are selected for surviving in androgen 

deprived conditions (239) most likely by the onset of Bcl2 expression (242). Because AR- 

prostate cancer is more advanced, it is more resistant to therapies including radiation, 

chemotherapy, and cytotoxic exposure attributing to stress responses activated in the 

absence of androgens (238). This makes treating AR- prostate cancer especially 

challenging. As a result, AR- prostate cancer therapies are limited at best. One attempt at 
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treating AR- prostate cancer is Diethylbestrol (DES) (see table 1-2), which is a synthetic 

ethinyl estrogen used to treat hormone-induced cancers such as CRPC in men and breast 

cancer in postmenopausal women42. In prostate cancer, DES reduces production of 

testosterone (androgen), which slows prostate cancer growth, however this was 

discontinued as it showed limited clinical response (247), demonstrating the clear need 

for novel therapeutics. Because AR+ and AR- subtypes of cancer rely on receptor-

mediated signaling, Ca2+ homeostasis has been implicated in the progression of prostate 

cancer with several Ca2+-sensitive pathways dysregulated in prostate cancer, (reviewed 

in (248)) which will be discussed in detail below.    

b. SOCE effects on Prostate Cancer 

Prostate cancer appears to rely heavily on Ca2+-dependent signaling that dynamically 

regulates disease progression based on disease stage and genetic background. To this 

end, STIM1 and Orai1 expression have been shown to be correlated with AR levels (249) 

(250, 251). This is likely because STIM1 and Orai1 activate signaling cascades that 

activate AR. For example, normally, IP3 is generated from the cleavage of PIP2 as 

discussed above. However, PIP2 also can be phosphorylated by PM-associated PI3 

kinase (PI3K) leading to the production of PI triphosphate (PIP3). PIP3 leads to activation 

of many downstream oncogenic pathways such as AKT and mTOR. In this regard, it has 

been shown that PI3K/AKT/mTOR pathway contributes to prostate cancer progression. In 

a previous cohort of prostate cancer patients, profound alterations were reported, in each 

of the three genes within this pathway. Further the entire pathway was deregulated in 

some capacity in 42% of localized and 100% of metastatic disease cases (252, 253). 

PI3K/AKT/mTOR pathway is Ca2+-dependent; an effect demonstrated in prostate cancer 

as STIM1 suppression inhibited migration and invasion of prostate cancer cells in vitro 
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through suppression of PI3K/AKT/mTOR pathway (254). Thus, Ca2+-regulation of pro-

invasive pathways such as PI3K/AKT/mTOR appear to play an instrumental role in 

prostate cancer progression. Further, this pathway also interacts with AR signaling (255), 

providing PI3K/AKT/mTOR as a potential mediator for how Ca2+ activates AR, a process 

that is known to occur in conjunction with gene fusions, such as T2E (256, 257).  This 

implicates SOCE as extremely important since it may serve as a marker for disease 

progression.  

A driving force for SOCE is receptor-mediated depletion of ER Ca2+ store release as 

a result of PIP2 cleavage. In contrast to PI3K converting PIP2 into PIP3, Phosphatase And 

Tensin Homolog (PTEN) is a PM-associated Phosphatidylinositol (PI) phosphatase which 

reverses this conversion leading to higher production of PIP2, and eventually IP3 ,and is 

widely portrayed as a tumor suppressor in prostate cancer (258). In essence, it opposes 

PI3K, which is discussed above. However, depletion of PTEN is also exhibited in prostate 

cancer (Li et al., 2018; Wise et al., 2017). PTEN actually uses a 2-pronged approach to 

suppressing prostate cancer progression. First, it blocks oncogenic pathways such as 

PI3K and AKT, but also helps restore normal Ca2+ homeostasis by facilitating SOCE 

through PIP2 production leading to IP3-induced ER Ca2+ store release. Clinically, there are 

no current agonists that directly bind to and activate PTEN, however, there are many 

agonists that activate upstream proteins that upregulate PTEN expression (reviewed 

in(259)).   Hence, PTEN agonists could present a new therapeutic target in treating 

prostate cancer, partially through regulating Ca2+ homeostasis.  

In addition to AR directly regulating both STIM and Orai, it appears androgens also 

regulate upstream transcriptional regulators of STIM and Orai such as WT1/EGR1. Since 
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EGR1/WT1 play a vital role in regulation of STIM1, and thus SOCE, it is unsurprising they 

significantly impact prostate cancer progression. In support, examination of WT1 and 

EGR1 expression in several prostate cancer cell lines revealed mainly elevated WT1 

expression coinciding with low EGR1 expression (260). However clinically, in some 

prostate cancer patient cohorts, EGR1 is overexpressed, and in EGR1-deficient mice, 

prostate tumorigenesis was impaired (261, 262). In this case, EGR1-induced STIM1 

expression may be vital for AR activity and disease induction, while serving as an inhibitory 

feature of disease progression. There is also evidence this effect could be further 

exacerbated by faulty imbalance between EGR1 and its corepressor, NAB2 (261). 

Conversely, corroborative studies show that WT1 is important to tumor angiogenesis and 

cell migration in prostate cancer (263, 264), as well as inhibition of STIM1 and SOCE 

(172), which promote disease progression. Because WT1 and EGR1 work in a dual and 

opposing fashion to regulate STIM1 (172), considered together,  timing appears to be 

paramount as EGR1 promotes tumorigenesis and may be reliant on NAB2 expression 

while WT1 promotes prostate cancer progression. Although the main role of EGR1 is 

transcriptional regulation of STIM1, interestingly, a group studying EGR1 binding to CpG 

sites in prostate cancer saw that CpG methylation was inversely correlated with disease 

severity, and that EGR1 binding was reduced in later stages of disease (265). This 

presents the possibility that CpG methylation and EGR1 binding could contribute to the 

mechanism of how EGR1 is inversely associated with disease progression as 

demethylation of EGR1 CpG-binding sites could be a potential target of prostate cancer 

therapy to facilitate EGR1 binding to suppress progression. 

SOCE as a marker for disease progression also has been substantiated clinically. 

STIM1 and Orai1 expression are inversely correlated with Gleason Score (266). Because 
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Gleason Score is a representative marker for prostate cancer progression, this supports 

the model that in early stages of disease exhibiting AR+ status, STIM1 and Orai1 levels, 

as well as SOCE, are increased, whereas advanced AR- stages of prostate cancer exhibit 

lower STIM1, Orai1, and ultimately SOCE. In support, it has been further demonstrated in 

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

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

conferred resistance to apoptosis. This suggests that acquired resistance to apoptosis 

arises in part from decreased Ca2+ influx (200). Collectively, both in basic and translational 

research loss of SOCE appears to be a marker for disease progression. 

c. Treatments targeting SOCE in Prostate Cancer 

Therapeutically, there are several promising SOCE-targeting candidates for treatment 

of prostate cancer. For early stages of disease, Drebrin, an actin reorganizing protein (see 

table 1-2), may be a potential prostate cancer target. Drebrin has been shown to facilitate 

invasion through colocalizing with actin filaments and filopodia increasing Ca2+ influx 

(267). Although this would inhibit disease progression as AR status changes expression 

of STIM1 and Orai1, this is likely a key step in facilitating early stage progression of 

prostate cancer. A potential method to thwart Drebrin-induced invasion, is through the use 

of pyzaroles, such as 3,5-bistrifluoromethyl pyrazole (BTP2), inhibit SOCE. Pyrazoles are 

pharmacological inhibitors of Orai, and can be used to therapeutically block SOCE in a 

dose-dependent manner (268, 269). However, not only is Drebrin associated with a variety 

of cancers including prostate (267) and bladder (270) among others, but knockdown of 

Drebrin inhibits SOCE to the same extent as inhibition by BTP2, suggesting BTP2 may 

inhibit Drebrin (271).  Although it has not been fully proven that BTP2 is associated with 
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Drebrin, it would strengthen an already known connection between Ca2+ channels and 

cytoskeletal organization and integrity. Therefore, using pyrazoles could effectively act as 

a Drebrin antagonist, leading to lower SOCE in presumably early stages of prostate cancer 

including High Grade Prostate Intraepithelial Neoplasia (HGPIN), which is a precursor for 

prostate cancer(272), or early AR+ stages. Although the distinction of Drebrin association 

with prostate cancer has been recently made known, this could be a potentially promising 

therapeutic target in early stages of prostate cancer, as well as other cancers where SOCE 

potentiates disease progression. For treatment of later stages of prostate cancer, in a first-

in-human phase I clinical trial, mipsagargin, a prostate-specific membrane antigen-

targeted SERCA inhibitor, was able to stabilize disease in patients with advanced prostate 

cancer and other solid tumors(273). By inhibiting SERCA, Ca2+ stores are depleted leading 

to activated SOCE, a known suppressor of prostate cancer progression during AR- stages. 

Thus, mipsagargin is a promising therapeutic target for late stages of prostate cancer by 

inducing SOCE.    

Reflecting this, SOCE plays dual and opposing roles in prostate cancer that are 

receptor-status dependent. However, it is intriguing that prostate cancer and breast 

cancer, which both use hormone-based mechanisms for disease progression 

demonstrate different effects resulting from changes in SOCE. Although different, these 

changes are stark and conclusive which underscores the importance of studying SOCE in 

the context of disease progression. Because SOCE plays different roles in different 

prostate cancer stages, it is important to develop therapies that both potentiate and 

attenuate SOCE, as these could make treatment for a wide range of prostate cancer cases 

more feasible. Although biologics targeting SOCE are beginning to emerge, efforts should 

continue to be made to investigate other drugs targeting SOCE, such as PTEN agonists, 
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as well as Drebrin and SERCA inhibitors, as novel therapeutic strategies for prostate 

cancer. 

IV. Glioblastoma 

a. Introduction 

Glioblastoma Multiforme (GBM) is the most common and aggressive brain 

malignancy and is characterized as a form of astrocytic tumor (274), arising from 

astrocytes, which are a subtype of glial cells, the most common cell type in the brain 

(275). As reviewed in (276), these astrocytes form as a result of Neural Stem Cell (NSC) 

differentiation that undergoes many intermediate steps including the formation of 

Multipotent Progenitors (MPPs) and Bipotential Progenitors (BPPs) (276). It is important 

to note that GBM is highly invasive and can spread throughout the brain. This occurs 

because not only does GBM exhibit high tumor heterogeneity, which often leads to 

recurrence (277), but during surgical removal, it is challenging to remove surrounding 

tissue. Therefore, it is paramount to find druggable targets to treat GBM.  

A significant challenge in treating GBM is generating drugs that cross the Blood-Brain 

Barrier (BBB). The BBB consists of endothelial cells that form adherens and tight junctions 

(AJ and TJ respectively). On the luminal side of this barrier, endothelial cells possess 

efflux pumps such as ABC transporters that prevent influx of lipophilic molecules, toxic 

reagents and many drugs (277, 278). This severely limits the treatment options for GBM, 

contributing to the bleak therapeutic outcomes of this disease. As reviewed in (277), the 

current standard of care is maximal surgical resection followed by post-surgical treatment 

using alkylating agents such as temozolomide (which can cross the BBB (279)) in 

conjunction with radiation (280). Unfortunately, only ~10% of GBM patients survive 2 years 
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on this regimen (281). Immunotherapies are amongst the potential future strategies; the 

checkpoint inhibitors targeting Programmed Death 1 (PD-1), Programmed Death Ligand 

1 (PD-L1) and Cytotoxic T-Lymphocyte-associated Antigen 4 (CTLA4) are all being 

targeted in clinical trials for recurrent GBM (282). However, the most promising targeted 

therapies consist of classes of GBM treatments targeting anti-angiogenesis, since not only 

is GBM among the most vascularized tumors (283), but VEGF is a major mediator of 

vascularization and has been linked to GBM progression (284). This can be therapeutically 

targeted with monoclonal antibodies, such as bevacizumab, an approach that has shown 

itself to be particularly effective in patients with recurrent GBM (285, 286). It appears that 

almost all GBM cases become recurrent, which demonstrates the lack of effectiveness in 

these targets in achieving prevention of relapse in primary GBM. 

b. SOCE effects on Glioblastoma 

There is considerable published evidence that GBM is highly dependent on Ca2+ 

signaling in general and SOCE specifically. For example, it has been shown that, 

compared to human primary astrocytes, malignant GBM cells derived from GBM patient 

explants exhibited increased SOCE and Ca2+-Release Activated Ca2+ (CRAC) current 

(287). Further, it was shown siRNA-mediated knockdown of STIM1 and Orai1 inhibited 

invasion in vitro based on a matrigel transwell invasion assay (287). These and other prior 

studies 376,377 illustrate the potential of regulating SOCE as a therapeutic target for 

GBM(288, 289)(288, 289)(288, 289).  

Considering the role of SOCE in GBM invasiveness, one might predict that EGR1 

would also promote GBM invasion since it drives STIM1 expression (172). Consistent with 

this concept, gene expression profiles show that both STIM1 (290) and STIM2 (291) are 
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upregulated in primary GBM. Interestingly, Cyclin D1 transcription has been shown to be 

EGR1-dependent (292), which drives cell cycle progression while shRNA-mediated 

STIM1 knockdown also led to cell cycle arrest at G0/G1 in GBM (293); the implication is 

that STIM1 is required for EGR1-induced cell cycle progression. This is further supported 

by previous observations that SOCE is required for CDK2 phosphorylation, driving the 

transition from G1 to S phase (294). Additionally, EGR1 drives the expression of both 

EGFR and PDGFαR, both of which are associated with enhanced cell motility and 

metastasis (288), as reported in multiple GBM cell lines (288). Since both receptors are 

PLC-linked, it is highly likely that SOCE contributes to these effects, particularly 

considering the established role of Ca2+ in cell motility (see section 3A). Future 

investigations delineating the relative roles of EGR1, STIM1 and Orai1 in GBM 

proliferation and invasion may be informative.  

Interestingly, EGR1 was originally identified as a tumor suppressor in GBM; NMDA-

induced EGR1 expression was decreased in primary GBM and was associated with 

decreased patient survival (295). Further, WT1 expression is increased in GBM, which 

supports GBM proliferation (296), and can be a marker for distinguishing between 

astrocytoma and normal astrocytic cells (297). This unusual dichotomy is likely explained 

by differences in other factors, such as p53 (298), the presence or absence of which may 

determine whether EGR1 functions as a tumor promoter or a tumor suppressor in this 

cancer type. Further, whereas WT1 is a marker for grades II and III GBM, it is not present 

in recurrent GBM (299). Hence, the timing of their expression may ultimately determine 

their roles with WT1 promoting initial tumorigenesis and EGR1 driving a metastatic 

phenotype. If so, then the introduction of WT1 in recurrent GBM or EGR1 to primary GBM 

would be expected to drive opposing processes. Since EGR1 and WT1 also have mutually 
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opposing roles in STIM1 transcription, differences in SOCE are likely in GBM from different 

stages, although the extent to which that is correct has yet to be established. 

c. Treatments Targeting SOCE in Glioblastoma 

Imidazoles (see table 1-2) are a class of antimycotics used as inhibitors of SOCE 

channels, both in vitro and in vivo (300). Preliminary investigations using imidazoles have 

been performed as proof-of-principle regarding the potential of SOCE as a therapeutic 

target for GBM. SKF-96365 (1-[2-(4-methoxyphenyl)-2-[3-(4-methoxyphenyl) 

propoxy]ethyl-1H-imidazole) blocks cell proliferation and SOCE in GBM cells in vitro (289, 

301). Although in vivo studies have demonstrated effectiveness of this drug on metastasis 

in breast cancer (193), some hurdles exist in GBM treatment. For example, SKF-96365 

not only blocks Orai1, but also is a pan-TRPC antagonist as well (301). Because TRPC-

mediated Ca2+ influx leads to myosin-actin contractions on the cells of the BBB(302), SKF-

93635 inhibits this effect (303), thereby strengthening BBB integrity. As such, future 

investigations using more specific SOCE inhibitors are needed to assess the viability of 

SOCE as a GBM target in vivo. By understanding in vivo effects, further development of 

drugs targeting SOCE can be generated to treat GBM.  

Overall, it is notable that, GBM is highly Ca2+-dependent. Not only does Ca2+ 

homeostasis regulate BBB integrity, but also drives GBM progression. The therapeutic 

landscape is currently very bleak as it is difficult to effectively treat a highly heterogeneous 

tumor without flexibility in removing surrounding tissue to prevent recurrence. With that 

said, there are many Ca2+-modulating therapeutic pathways that warrant further 

investigation and therapeutic strategies to further target to create improved approaches 

for treating GBM.  
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V. Myeloid Leukemia 

a. Introduction 

Leukemia is a group of cancers that arise from white blood cells generated from the 

bone marrow. Leukemia is stratified by the precursor cells from which it arises, which 

include lymphocytes and myeloid cells. Lymphocytic Leukemia derived from B-cells (and 

also sometimes T-cells), are broken down into chronic (CLL) and acute (ALL). In parallel, 

myeloid-derived Leukemia arising from the bone marrow are also broken up into chronic 

(CML) and acute (AML) reviewed in (304). The role of Ca2+ in the progression of myeloid-

derived tumors is much more extensively described, which will be the focus of this section. 

Normally, leukocytes undergo multiple steps of maturation starting as Hematopoietic Stem 

Cells (HSCs) and later differentiating into mature immune cells. HSCs are mainly present 

in the bone marrow where they differentiate into multipotent progenitors (MPPs) and 

gradually lose their potential for differentiating into different lineages. Specifically, HSCs 

exist in 2 populations. Long-term HSCs (LT-HSCs) have life-long self-renewal capabilities 

and contribute to multiple lineages upon necessity, while Short-term HSCs (ST-HSCs) 

have limited self-renewal capabilities, but can give rise to MPPs (reviewed in (305)). In 

fact, LT-HSCs can also differentiate into ST-HSCs (306, 307). Subsequently, MPPs 

differentiate into either Common Lymphoid Progenitors (CLPs) or Common Myeloid 

Progenitors (CMPs). 

CMP production is dependent on expression of 2 genes during MPP differentiation: 

FMS-like Tyrosine Kinase 3 (Flt3) and Vascular Cell Adhesion Molecule 1 (VCAM-1). 

During differentiation, MPPs undergo lineage-restricted differentiation, that are broken into 

3 subgroups based on expression (Flt3loVCAM-1+, Flt3hiVCAM-1+, and Flt3hiVCAM-1−) 

(305, 308, 309). Flt3loVCAM-1+ subgroup has full multipotent potential, marking it the 
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“classical MPP” that can subsequently generate CMPs, whereas Flt3hiVCAM-1+ cells 

typically precede differentiation into granulocyte/macrophage lineage-restricted 

progenitors (GMPs) or lymphocytes and Flt3hiVCAM-1- cells lymphocytic progenitors 

(309). Therefore, it is likely that canonical CMP generation proceeds through Flt3lo 

selection, while non-canonical proceeds through Flt3hi selection. Upon differentiation of 

MPPs into CMPs, CMPs differentiate into myeloid cells. However, aberrations in the 

differentiation process can lead to myelopathies including myeloid leukemia, which is the 

focus of this section. 

Flt3 expression has been closely linked with AML progression. Hence, Flt3 expression 

is normally lost normal myeloid cell development, but expressed in most AML and some 

CML patients (310, 311). Further, roughly 1/3 of AML patients exhibit mutations in Flt3 

which include constitutively activating internal tandem repeats (Flt3-ITD; 25% of AML 

patients) and D835 and I836 point mutations of the kinase domain (Flt3-TKD; 7-10% of 

AML patients) (310, 311). Although both mutations appear to be important, Flt3-ITD is 

more prevalent and of more clinical interest. In this regard, there is a stark contrast in 

patient survival in those with and without Flt3-ITD mutations (7% to 44% respectively) 

(312). Mechanistically, Flt3 mutations function through RTK signaling by facilitating 

downstream STAT3 pathway, which stimulates proliferation and survival (reviewed in 

(313)). Clinically, AML progression has poorer prognosis in response to higher allelic ratio 

of mutant to wild type Flt3 and larger size of the ITD (311). Furthermore, it has also been 

found that Flt3 mutations can be acquired during relapse when no original mutation was 

present but 75% of patients that originally have the mutation maintain the mutation through 

relapse (311). Hence, Flt3 mutations, especially Flt3-ITD, are important to AML 
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progression and have been a widespread target for therapies, which will be discussed 

below. 

To treat AML, most patients start with induction therapy to achieve complete remission. 

Induction therapy usually consists of a “7+3 regimen” of 7 consecutive days of infusion 

with cytarabine (ara-C; antimetabolic agent) followed by 3 days of anthracycline (DNA-

intercalating agent). However, other therapeutic options include FLT3-ITD inhibitors for 

those exhibiting this mutation (314) and monoclonal antibodies targeting FLT3, FLT3-ITD 

and other RTKs associated with initiating AML (313). Despite the promise of these 

therapies in targeting a variety of RTKs, long-term prognoses of patients with AML remains 

poor as a major challenge is targeting specifically malignant and not unaffected myeloid 

precursors (313). Thus, most AML treatments exist targeting RTKs, there is a need for 

novel AML-specific treatments that come with less off-target and clinical side effects.  

Although CML arises differently than AML, a common similarity between these subsets 

of Leukemia is their reliance on RTK signaling. CML arises from splenomegaly and 

hyperactive bone marrow expanding the abundance of pluripotent hematopoietic 

progenitor cells and blood leukocytes (315). In CML, this occurs over a long (chronic) 

period of time followed by an acute crisis of an overabundance of undifferentiated 

myeloblasts (often referred to as blasts) (304), whereas AML arises from an acute massive 

increase in blast cells without the chronic phase preceding it. Although both CML and AML 

arise from blast crises, they have different genetic profiles both reliant on RTKs that initiate 

disease. For example, CML is well-established to be caused by Breakpoint Cluster 

Region-Abelson Murine Leukemia 1 fusion (Bcr-Abl) (316), that occurs during the 

incomplete differentiation of CD34 and CD90 myeloid progenitors (317), similar to AML. 

Bcr-Abl promotes cancer-promoting processes such as growth and proliferation as well as 
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downstream signaling of cancer pathways such as Ras, Raf, Jun, Myc and STAT 

(reviewed in (316)). Together, CML differs from AML in its initiating mechanism, but exerts 

its effects similarly by targeting RTKs for progression. 

Unsurprisingly based on the mechanism of action of CML, currently, one of the most 

widespread treatments for CML are small RTK inhibitors such as Imatinib. Imatinib is an 

inhibitor of Bcr-Abl and has been shown as an effective therapeutic against CML. 

Specifically, in clinical trials examining Imatinib efficacy, it was shown that overall survival 

(OS) of patients who took Imatinib reached 85%, while 49-77% exhibited complete 

cytogenic response (CCyR) and 18-58% of patients exhibited a major molecular response 

(MMR). However, even those that demonstrate MMR initially are at risk for resistance to 

RTK inhibitors (316). Furthermore, approximately 1/3 of patients who discontinued 

administration of the drug exhibited molecular relapse (318), suggesting both the 

dependency on this drug for long-term survival and the transient nature of its effect 

simultaneously. In addition to Imatinib, there are other RTK inhibitors available such as 

Dasitinib (350x more potent second generation analog of Imatinib), Nilotinib (30-50x 

stronger affinity for Bcr-Abl than Imatinib), and Bosutinib (targets both Src kinase and Abl) 

that all exhibited drawbacks of low to modest clinical tolerability including gastrointestinal 

and pulmonary clinical side effects (reviewed in (316)). Hence, although these drugs may 

be promising for CML treatment, newer drugs with fewer or no clinical side effects are 

needed.   

b. SOCE effects on Myeloid Leukemia 

Leukemia is among the cancer types that is reliant on lower SOCE for disease 

progression. Previously, we showed minimal SOCE to be observed in 3 of 5 AML cell lines 
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examined (170, 319). Yet, the underlying mechanistic link between dysregulation of SOCE 

and leukemia is poorly defined.  

One possible mechanism is through changes in WT1 and EGR1, whose expression 

and activity are known to be dysregulated in AML. Hence, whereas WT1 expression is 

normally lost during leukocyte maturation, it is expressed in 73-93% of primary AML 

samples (170, 320, 321). Further, inactivating WT1 mutations are observed in 10–12% of 

patients, which is a negative prognostic indicator for AML (321, 322). WT1-inactivating 

mutations have been linked to the failure of WT1 to direct TET2 to its transcription site, 

leading to hypermethylation signatures that resemble TET2 mutant-induced 

hypermethylation (323). Because WT1 expression is lost during leukocyte maturation and 

AML is associated with lower SOCE, it is quite possible that loss of SOCE is a prognostic 

marker for leukemia, and could be associated with enhanced WT1 expression and activity. 

This would be an interesting future direction to examine, as it could reveal a previously 

unknown mechanism in how SOCE drives AML.  

Conversely, EGR1 is expressed during normal myeloid differentiation (324, 325) and 

may prevent leukemogenesis through inhibiting oncogenes E2F-1 and c-myc (326, 327). 

Furthermore, it has been demonstrated that HL60 AML cells, which normally have low 

SOCE, can induce EGR1 expression in response to vitamin D3, which leads to 

differentiation into monocytes and recovered SOCE (328-330), which suggests that Ca2+ 

plays a vital role in differentiation and could be a powerful tool in preventing disease 

progression.  

Another possible mechanism contributing to SOCE effect on myeloid leukemia is 

deregulation of STIM and Orai proteins. In support, it has been shown in Bcr-Abl-
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dependent CML, that STIM1/Orai1 ratio is deregulated and TRPC1 expression is 

decreased leading to suppressed SOCE (331). Notably, the main culprit in SOCE 

suppression here is not the levels of Orai1 and STIM1 expression but actually the 

stoichiometry between STIM1 and Orai1. In support, it has been shown previously that 

stoichiometric imbalance between STIM and Orai, actually leads to SOCE suppression 

(332-334), even if Orai1 is overexpressed (335). This is important since it was found that 

Orai1, Orai2, STIM1 and STIM2 are actually overexpressed, but disproportionately, at the 

transcript level, while Orai2 and STIM2 levels are overexpressed at the protein level in 

HL60 AML cells with knockdown of Orai1 and Orai2 leading to inhibition of migration via 

focal adhesion (336). Therefore, it is possible HL60 cells begin with a disproportionate 

amount of STIM and Orai proteins, that lead to suppressed SOCE compared to 

differentiated myeloid cells which subsequently facilitates cancer-driving pathways such 

as PKC which can inhibit Orai1 (see melanoma section) as well as deregulate 

Mitochondrial Redox homeostasis in AML (337), but knocking down Orai proteins leads to 

inhibition of Ca2+-dependent cancer-related pathways such as focal adhesion regulation 

(336). Interestingly, time appears to be a factor in their activity, as in early stages of 

migration, Orai2 knockdown induces a more significant inhibition of migration, while Orai1 

knockdown contributes in later stages (336).  Further, this is supported by evidence that 

knockdown of STIM1 in HL60 cells can lead to impaired activation of Ca2+-dependent 

cancer driving pathways including AKT, Src, and cytoskeletal remodeling Rac2, which 

subsequently impairs AML progression (338). Considered together, it is likely that 

deregulation of the ratio of STIM and Orai proteins, which leads to SOCE suppression, 

could be a mechanism that can be further extrapolated therapeutically for the treatment of 

ovarian cancer. 
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VI. Concluding Remarks 

Considered together, this presents a wide body of evidence that the relationship 

between Ca2+ and cancer is not so much linear, as it is contextual in nature. For 

example, many hormone-induced processes such as ER and AR, as well as receptor-

mediated processes such as AKT and Src tend to rely on higher levels of SOCE. 

Conversely, there are also some contexts where gene expression and activity of 

transcription factors governing STIM1 and Orai1 expression (such as WT1/EGR1) can 

facilitate lower SOCE levels leading to cancer progression. This brings to light the 

concept that Ca2+ signaling can lead to dual and opposing effects on cancer progression. 

In the next section, we will discuss melanoma specifically. While melanoma progression 

was thought to rely on higher levels of SOCE, recently previous work done by our group 

as well as the work discussed in these investigations demonstrates that just like 

throughout cancer, in some contexts lower SOCE levels can be indicative of enhanced 

invasiveness and progression as well.   
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Part 3: Melanoma 

I. Introduction 

Skin cancer, including melanoma as well as other forms of skin cancer, while 

trailing cancers such as breast and prostate cancer in total incidence, are the most 

common type of malignancy among Caucasians (339). Although, the most common forms 

of skin cancer are carcinomas including Basal Cell, Squamous Cell, and Merkel Cell, the 

deadliest and most challenging skin cancer to attenuate is melanoma. Melanoma is the 

fifth deadliest cancer among men and women (188). Not only is it deadly, its incidence is 

rising especially in younger patients as evidenced by surpassing breast cancer as the 

most prevalent cancer among women under 40 (340). Melanoma arises from neural-crest 

derived melanocytes, which are the pigment-producing cells found in the skin, ears, eyes, 

meninges, and other mucosal surfaces (341). This disease is normally classified in 2 

subtypes, sporadic and familial, with sporadic being considerably more common (342). 

Thus, the high prevalence and mortality of this disease illustrates the importance of finding 

novel treatments for this disease. 

Melanoma, exhibits a significant sex bias, in which women are diagnosed more 

frequently at younger ages and men are diagnosed more frequently at older ages (343). 

There are 2 distinct factors that contribute to this phenomenon. First, younger women have 

a higher likelihood to use artificial tanning booths, which emit a UVA concentration 

approximately 13 times higher than peak summer sun exposure. The likelihood of 

melanoma is raised 16-20% if tanning booths have ever been used; this likelihood is 

doubled when used before the age of 35 (344, 345). Second, melanoma appears to be 

heavily regulated by hormones. For example, estrogen binding to ERβ has been shown 



55 
 

to occur in early stages of melanomagenesis and is a marker for melanoma proliferation 

(345, 346). However ERβ expression is decreased during melanoma progression and its 

expression is actually inversely correlated with progression into later stages (347). This is 

likely because ERβ induces phosphorylation of ERK1/2 to promote proliferation (348), but 

inhibits the PI3K/AKT pathway, thereby inhibiting invasion (347). Therefore, it appears the 

timing of ERβ expression and function is key to determining the role it plays in melanoma 

progression. Further, during menopause, ERβ diminishes rapidly, leading to impaired 

melanomagenesis and progression for post-menopausal women (345). Whereas women 

tend to have decreased Hormone Receptor (HR) over time and use HR signaling as a 

protective factor against melanoma progression, the opposite is true in men. Unlike 

women who have diminished production of hormones over time, men produce androgens 

throughout their lives (349) and androgens promote melanomagenesis and progression 

(345). This is likely because not only does testosterone inhibit protective enzymes against 

oxidative stress like Superoxide Dismutase (SOD) and Catalase (350), but AR directly 

promotes transcription of miRNA that suppress the inhibition of melanoma-inducing 

oncogenes, such as microphthalmia-associated transcription factor (MITF) and leads to 

subsequent invasion (351). Therefore, women, especially post-menopausal women, have 

a survival advantage over men (345). In conclusion, both behavioral factors such as 

frequent exposure to artificial tanning, as well as hormonal factors, such as androgen 

production, lead to a considerable sex bias for age at diagnosis of melanoma.  

The most common cause of melanoma is UV radiation (UVR). UVR is considered 

a “complete carcinogen” (352) and consists of long wavelength UVA (320-400nm), shorter 

wavelength UVB (290-320), and shortest wavelength UVC (~200-280nm), the last of 

which is blocked by the ozone layer and does not reach the earth (353). UVR is well known 
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for its role in inducing melanin production, with melanin acting as a protecting factor 

against UV-induced damage in skin (354). Therefore, the relative lack of melanin in 

Caucasians makes them the most susceptible to UV-induced DNA damage and, 

ultimately, melanoma (355). Although about 95% of the rays absorbed in skin are UVA, 

UVB is more heavily associated with skin cancer as it directly induces DNA damage (352). 

The response to UVB starts in keratinocytes; UVB-induced DNA damage leads to 

αMelanin-Stimulating Hormone (αMSH) production on the keratinocytes which binds to 

Melanocortin 1 Receptor (MC1R) on the melanocytes, which stimulates melanin 

production and whose variants lead to either protective eumelanin, creating darker skin 

and hair color or pheomelanin production leading to pale skin, red hair and increased 

melanoma risk (356-358). Melanin is then transported in melanosomes to the 

keratinocytes where it is positioned facing outward from the nucleus toward the sun to act 

as a shield against further DNA damage (358). Unfortunately, each UV exposure leads to 

the introduction of CT and GT mutations, ultimately leading to DNA damage and/or 

mutations that tend to promote melanomagenesis and progression. However, while it is 

clear that UVR is the major driver of melanomagenesis, the molecular pathways linking 

UVR and driver mutations is somewhat unclear since the most common mutations 

associated with melanoma do not have a UV signature mutation of C/GT. For example, 

BRAFV600E, which is found in 50% of melanoma cases (341, 342, 359), does not consist 

of a C/GT mutation, and is UV-independent (360). Conversely, NRAS mutations tend to 

appear in older patients with chronic sun exposure (reviewed in (361). The most common 

NRAS mutations occur at G12 (G12D, G12S), G13 (G13R), and Q61 (Q61K, Q61R, Q61L, 

Q61V, Q61H) (362), which are found in 15-20% of melanoma cases (361), do not have 

an association with MC1R (363) and are also not UV-signature mutations. Hence, despite 
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the fact that NRAS mutations are not UV signature mutations, UVR may be required for 

transformation associated with NRAS mutations. The remaining 30-35% of melanoma 

exhibit a variety of mutations including  Neurofimbrin 1 (NF1), KIT, CDKN2A, PTEN and 

many others (342). Considered collectively, it is surprising that, despite the well-

established role of UVR in melanomagenesis and progression, the underlying molecular 

mechanisms remain very unclear. A more fundamental understanding of the disease is 

needed to address this shortcoming.   

II. SOCE:  

1. Src and Increased SOCE 

As previously discussed in (364), melanoma is a highly heterogeneous disease 

with SOCE demonstrating differential, context-dependent roles in melanoma progression 

like many other cancers as discussed in Part 2. Hence, SOCE has been strongly 

associated with disease progression in many different tumor types (365). Similar 

observations have been made in melanoma in some contexts. For example, it has been 

shown that Orai1 and STIM2 expression and activation, which lead to higher intracellular 

Ca2+ levels, can induce a shift between proliferative and migratory activity (366), 

suggesting that timing of SOCE can play an important role in melanoma disease 

progression. This effect is demonstrated by the fact that B16BL6 mouse melanoma cells 

have enhanced invasiveness resulting from higher SOCE because higher intracellular 

Ca2+ levels lead to higher levels of constitutively active PKB/AKT and increased cell 

survival (367). Moreover, in this case, PKB is activated by mitochondrial Ca2+ flux that 

shunts Ca2+ away from Store-Operated Channels. In turn, this enables a feedback 

mechanism with mitochondrial Na+/Ca2+ exchanger (NCLX). NCLX further facilitates trans-

mitochondrial Ca2+ flux contributing to intracellular Ca2+ shuttling (367) and is known to 
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induce SOCE through regulating Orai1 redox at C195 (368, 369).  Further, the effect of 

this signaling cascade was supported by SOCE coupling with lipid rafts to activate lipid 

raft-residing calmodulin and subsequent activation of protein tyrosine kinase, Src, as well 

as AKT (370). Because it has been shown that tyrosine phosphorylation by Src is essential 

for biological function of AKT (371), it is likely that lipid raft-activation of Src phosphorylates 

and activates AKT in a Ca2+-dependent manner and leads to melanoma progression 

through Ca2+-activated Calmodulin binding to Src kinase which administers an inhibitory 

phosphorylation of PP2A, preventing dephosphorylation and inhibition of AKT (370). 

Interestingly though, the relationship between SOCE and Src activation goes beyond just 

AKT activation. For example, Ca2+ oscillations activate Src to recruit cortactin and the 

adaptor protein, SH3 containing protein 2a (TKS5), to promote invadopodia-induced 

degradation of the ECM through actin remodeling (113), suggesting that Src activation 

could have dual effects on melanoma progression, both of which are Ca2+-dependent. The 

concept that SOCE drives melanoma progression is further supported by the observation 

that SOCE blockade through either genetic or pharmacological strategies decreases 

invasion both in vitro and in vivo (372). Thus, it appears that SOCE can induce melanoma 

progression when melanoma is highly dependent on Src signaling.  

Currently, there are 2 strategies for targeting melanoma in the context of 

suppressing melanomas reliant on enhanced SOCE. First, Pyrazoles are a class of drugs 

that are heterocyclic nitrogen-containing molecules that have been shown to inhibit SOCE. 

A commonly used pyrazole, 3,5-Bis(trifluoromethyl)pyrazole (BTP2/Pyr2) has been shown 

to block both Orai1-mediated SOCE and TRPC-mediated Ca2+ entry (373-375) and inhibit 

melanoma in some contexts (376). Although these drugs have not undergone clinical trials 

in melanoma patients, the potential drawback of these drugs is globally inhibiting SOCE, 
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could have off-target effects on melanoma that have not yet been examined. Second, 

BRAF inhibitors, such as Vemurafenib and Trametinib, are currently a widespread 

therapeutic for melanomas, but a major drawback is that resistance is acquired in 

approximately 50% patients after 6 months (377). This resistance occurs mainly because 

of reactivation of the MAPK pathway. In this regard, Src activation has been shown to be 

an important tyrosine kinase that can reactivate the MAPK pathway, which contrives Src 

activation important in these melanoma types (378). In this regard, the most commonly 

Src-activated melanomas are those exhibiting Src pY416, for which inhibitors have been 

generated (379), and have undergone clinical trials (380). However, clinical trials have 

been moderately effective at best only providing clinical benefit to less than a quarter of 

patients (380). Novel Src inhibitors continue to be examined (381), and could perhaps be 

more effective than previous generations of Src inhibitors. However, a new strategy for 

treating melanoma has been the development of inhibitors that have dual roles as pan-

RAF inhibitors (including targeting of BRAF) and Src inhibitors (CCT196969 and 

CCT241161) (378). Moreover, these inhibitors appear to be effective in both cells 

harboring BRAF and NRAS mutations (378), which broadens the candidacy of these 

therapeutics. Clinical trials assessing the efficacy of these drugs were planned for 2015 

(378), but there is no update on results from these studies. Yet, this offers a novel and 

exciting strategy to combat melanomas in specific contexts, and may present fewer off-

target effects than global SOCE inhibition via Pyrazoles. Thus, administering a dual 

inhibitor for BRAF and Src could provide a method to permanently turn off the MAPK 

pathway and prevent resistance in BRAF mutant melanomas that are highly dependent 

on Src signaling. 
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Considered together, some subsets of melanoma rely heavily on enhanced 

intracellular Ca2+ levels and SOCE. SOCE can act not only as a dynamic switch of cellular 

activity, but also functions as an important mediator for cell signaling that enhances cell 

survival and drug resistance. As melanoma is heterogeneous, it is important to understand 

which subtypes of melanoma exhibit reliance on enhanced SOCE. Characterizing a profile 

of melanoma subtypes that rely on enhanced SOCE for progression could increase the 

efficacy of targeting SOCE as a novel therapeutic and could improve personalizing 

medicine for patients based on the genetic background of their melanomas.  

2. Wnt5a and Decreased SOCE 

As noted above, melanoma is highly heterogeneous; in some contexts, the role of 

SOCE in melanoma is fundamentally changed. Wnt5a is an oncogene strongly associated 

with aggressive melanoma (382-384). In a recent study from our group, we observed that 

highly invasive Wnt5a-expressing human melanoma cells exhibited marked SOCE 

suppression (385). Further, it was demonstrated that knockdown of Wnt5a in invasive cell 

lines raised SOCE and inhibited invasiveness, while overexpressing Wnt5a in non-

invasive cells had the inverse effect (385). This effect was mediated by PKC, which 

suppresses SOCE via phosphorylation of Orai1 S27 and S30 (385, 386), which provides 

a potential mechanism for how Wnt5a induces SOCE suppression. Since PKC appears to 

be the mediator between Wnt5a and SOCE suppression, it is logical to associate PKC 

with invasive melanomas that rely on suppressed SOCE. This logical assumption is 

supported by that fact that PKC is associated with melanoma progression in a context-

specific manner, that is discussed extensively in (387). Although PKC facilitates 

melanoma progression in a context-specific manner, it is important to note this occurs 

across many different types of melanoma including BRAF and NRAS mutant subsets. 
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Interestingly, PKC has been shown to negatively regulate AKT (388), which as described 

previously facilitates progression in melanomas reliant on enhanced SOCE. This puts 

considerable intrigue into the relationship between AKT and PKC, which could be 

significant in understanding how Ca2+ regulation affects melanoma. Because melanoma 

is highly heterogeneous with SOCE playing opposing context-dependent roles depending 

on the subtype, AKT and PKC could provide a biological switch that each melanoma 

utilizes differently depending on the genetic mutations of the melanoma. Although the 

relationship between AKT/PKC and common genetic or UV-induced mutations have not 

been examined, it has been previously suggested that targeting PKC could be effective 

for NRAS mutant melanomas (389), which provides insight into where to commence these 

investigations. Therefore, elucidating and understanding the role of AKT and PKC in 

melanoma progression and their relationships with common genetic mutations could shed 

light on molecular mechanisms underlying the context-specific roles of SOCE in 

melanoma progression. Understanding these mechanisms would not only be instrumental 

in clarifying some of the heterogeneity in melanomas, but also improve targeting of specific 

Ca2+-dependent pathways in specific melanoma contexts as a novel therapeutic strategy 

across different melanomas.  

The heterogeneity of melanoma makes generating treatments extremely 

challenging, which is illustrated by the fact that currently there are minimal therapeutic 

strategies targeting Ca2+ that exist for melanoma. It has been discussed earlier that 

melanomas reliant on AKT and enhanced SOCE could benefit from treatment with 

BRAF/Src dual inhibitors, but treatments for melanomas reliant on PKC and suppressed 

SOCE must also be addressed. Although treatments such as previously aforementioned 

PTEN-upregulating molecules, as well as Drebrin, would all theoretically increase SOCE 
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and inhibit melanoma progression in melanomas that are Wnt5a-positive and rely on 

suppressed SOCE (385), the most promising treatments are Wnt5a biologics. Although 

most Wnt-targeting molecules target the canonical pathway (Wnt3a), other biologics 

targeting the non-canonical pathway (Wnt5a) are currently being investigated. For 

example, Box5 is a hexapeptide containing a t-butyloxide carbonyl developed by the 

laboratory of Tommy Andersson that mimics a fragment of Wnt5a (390). This peptide 

antagonizes the effect of Wnt5a by binding to the frizzled 5 GPCR (FZD5), which directly 

inhibits Wnt5a activation of PKC. This molecule  has been developed as a Wnt5a 

antagonist in metastatic melanoma (390), and has been shown to inhibit both migration 

and invasion of melanoma cells in vitro. Although this molecule is a derivative of Foxy5, 

an N-formyl group-containing small molecule agonist of Wnt5a that has undergone clinical 

trials for cancers reliant on enhanced SOCE, such as breast cancer (391), the effects of 

Box5 have not yet been examined in vivo and this molecule has not undergone clinical 

trials. Other Wnt5a biologics have been developed, which mainly act as Porcupine 

inhibitors. Porcupine is a membrane-bound O-acetyltransferase that facilitates acylation 

of Wnt molecules, which is required for Wnt secretion (392). A specific example of this 

within industry is LGK974 (Novartis), which is currently undergoing clinical trials for 

melanoma (391). Together, there is promise in targeting Wnt5a as a novel class of 

therapeutics that could be effective in melanomas reliant on suppressed SOCE. 

In conclusion, because melanomas are highly heterogeneous, conversely to 

melanomas that utilize AKT and enhanced SOCE, some melanomas utilize Wnt5a/PKC 

and suppressed SOCE for progression. This necessitates discovering and generating 

novel drugs that enhance SOCE to combat melanoma in some contexts. The most 

effective way to target these melanoma subtypes is to explore drugs that inhibit the non-
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canonical Wnt5a pathway, especially Wnt5a itself. Currently drugs targeting this pathway 

are still being explored. Although understanding of the in vivo effects of Wnt5a antagonists 

like Box5 leave more to be desired, there is promising progression of novel therapies 

inhibiting Wnt5a secretion (Porcupine inhibitors) and activity (Box5) ongoing, which offers 

exciting new opportunities to treating Wnt5a-expressing melanomas reliant on lower 

SOCE for progression. 

3. RAS, RAF and Altered SOCE 

RAS and RAF family of proteins are small GTPases that facilitate transduction of 

signals from plasma membrane growth factors to downstream pathways regulating 

proliferation, migration and survival (393). Mutations within RAS and RAF can lead to 

constitutive activation and cancer progression including in melanoma, where 15-20% of 

all melanomas exhibit NRAS mutations (361) and BRAF accounts for up to 50-60% of 

melanomas (394). Although well-known for being an oncogenes involved in the MAPK 

pathway (395, 396), recent attention has been given to RAS and RAF interaction with Ca2+ 

signals. For example, when compared to one another, it was shown that while melanoma 

exhibiting NRASQ61R mutations led to increased sensitivity of extracellular Ca2+ withdraw 

and lower SOCE, BRAFV600E mutations led to enhanced cytosolic Ca2+ increase and SOCE 

(397). In fact, there appears to be mounting evidence that NRAS and BRAF mutations 

actually exert different effects on SOCE in cancer. For example, it has been shown that 

KRASG13D mutation leads to suppressed SOCE, ER Ca2+ release, and mitochondrial Ca2+ 

uptake leading to enhanced survival in colorectal cancer. Further, MEK inhibition, which 

functions downstream of RAS and RAF, enhanced STIM1 expression and rescued this 

effect (393). Finally, it has been shown that BRAF resistant cells also exhibit upregulated 

Wnt5a expression which is likely associated to lower SOCE (364, 385, 398). Thus, there 
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appears to be a relationship in which RAS is associated with lower SOCE and RAF is 

associated with higher SOCE. A possibility for this difference is that RAF has been shown 

to be activated via Src to facilitate changes in Ca2+ homeostasis (399), which may provide 

an alternative context that is already associated with increased SOCE (see Part II-1) for 

RAF activation independent of RAS. In addition, RAS being upstream of RAF is involved 

in activating many other pathways. For example, it has been shown that PI3K signaling, 

which is a downstream effector of NRAS (400), was inhibited by STIM1 suppression (254). 

Therefore, it is plausible that NRAS mutations contribute to a variety of downstream 

pathways including PI3K signaling, whereas BRAF mutations drive changes in MAPK 

pathway leading to dual and opposing effects on SOCE. Even though we have some 

insight into RAS and RAF effects on SOCE, the molecular mechanisms driving these 

changes still remains not fully clear and should be investigated further. Considered 

together, as melanoma is very heterogeneous, as are the driver mutations regulating 

progression through cellular functions such as SOCE, which offer novel avenues of 

research in creating potential therapeutics combating melanoma.  

III. TRP Channels: 

Melastatin, the protein defining the TRPM channel family, is produced on the N-

terminal side of the TRP protein (401), was originally discovered in melanocytes, and was 

shown to be downregulated in melanoma cells compared to melanocytes (402). Hence, 

melastatin has been characterized as a tumor suppressor in melanoma (403) and the 

potential involvement of the TRPM channel family in melanoma has been carefully 

investigated. For example, TRPM1, the founding member of the TRPM channel family 

(404) is heavily expressed in normal human epidermal melanocytes, however, its 

expression is lost as cells progress through the radial and vertical growth phases; TRPM1 
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expression is ablated in metastatic melanoma (402). As a result of these findings, TRPM1 

expression is a therapeutic marker for disease-free survival (404). Mechanistically, it is 

proposed that melastatin may facilitate differentiation of neural crest stem cells into 

melanocytes (402). However, it is also feasible that expression of TRPM1-mediated Ca2+ 

entry counteracts Wnt5a-mediated SOCE suppression, thereby attenuating the 

progression of Wnt5a-expressing, aggressive melanomas. Consistent with this concept, 

TRPM1 expression and intracellular Ca2+ levels are both lowered in rapidly dividing 

melanocytes, compared to slower growing and differentiated melanocytes. This is likely 

because induction of p53 by ultraviolet B (UVB) leads to inhibited TRPM1 expression and 

Ca2+ influx (405). Therefore, a potential alternative mechanism by which UV, and 

specifically UVB, induces melanomagenesis is through suppression of TRPM1 expression 

and Ca2+ influx, whereas TRPM1 inhibits this process by slowing melanocyte growth and 

promoting differentiation. Although Wnt5a status was unknown in these investigations, it 

is likely that rapidly developing melanocytes exhibited high Wnt5a as they transform and 

become malignant melanoma cells. Overall, activation of TRPM1, and its subsequent 

promotion of Ca2+ influx, leads to tumor suppressive roles such as promotion of 

differentiation and suppression of growth and proliferation in melanoma cells.  

Currently, little is known about what specifically activates TRPM1 (406), especially 

in melanoma, although it is likely activated by GPCRs (407). One potential mechanism is 

TRPM1 is kept closed by metabotropic glutamate receptor 6 (mGlur6), which is a GPCR 

predominantly located on retinal cells (408). In support, a specific subset of melanoma 

patients exhibit melanoma-associated retinopathy (MAR) and TRPM1 is the likely link 

between melanoma and MAR (409). Additionally, it has been previously shown that 

mGlur6 antagonists transiently open TRPM1 channels in mouse retinal cells (410), 
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therefore it is likely mGlur6 is the predominant regulator of TRPM1 in melanoma. Once it 

is clearly determined how TRPM1 is activated, TRPM1 agonists, such as potentially 

mGlur6 antagonists, could be a promising candidate for novel therapeutic treatments for 

melanoma as a way to slow progression and potentially induce differentiation of 

melanocytes. 

Besides TRPM1, other TRPM channels such as TRPM7 and TRPM8, as well as 

TRPV1, have been demonstrated to play a role in melanoma progression through various 

mechanisms. First, TRPM7 can act as a tumor suppressor in melanoma by preventing the 

accumulation of cytotoxic intermediates of melanin synthesis in melanophores (fish 

equivalent of melanocytes) (411) leading to the detoxification of melanocytes (412). In 

addition, TRPM7 has the capacity, through Ca2+ influx, to activate Ca2+-dependent 

protease, m-calpain, (411), which inhibits focal adhesion (413), and in turn likely leads to 

anoikis. In this regard, TRPM7 agonists have been identified (414, 415), but have not 

undergone clinical trials. Thus, TRPM7 remains a promising therapeutic target in the 

treatment of melanoma. Second, TRPM8 has also been demonstrated to act as a tumor 

suppressor in melanoma. This is demonstrated by the fact that menthol has been shown 

to inhibit melanoma cell viability in a dose-dependent manner through activation of 

TRPM8, leading to increased Ca2+ influx (416). This increased Ca2+ influx  has been shown 

to cause Ca2+-dependent cell death in melanoma cells (417), an effect that intriguingly 

also occurred in capsaicin-induced TRPV1 activation. Although capsaicin-induced TRPV1 

activation leads to a similar raise in intracellular Ca2+, the downstream effects are slightly 

different. Whereas TRPM8 activation can suppress cell viability and has been proposed 

to be an effect of Ca2+-dependent inhibition of cell cycle progression (416), TRPV1-

induced Ca2+ entry leads to activation of calcineurin, which suppresses expression of p53 
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transcriptional repressor, ATF3, subsequently activating p53, and inducing programmed 

cell death (418). Therefore, different TRP channels activate different Ca2+-dependent 

pathways, even if they all induce similar increases in intracellular Ca2+ entry. In this regard, 

biologics targeting TRPM1, TRPM7, TRPM8, and TRPV1 are currently being investigated 

(419), and could provide novel therapeutics preventing melanoma progression, through 

activation of different Ca2+-dependent pathways that attenuate melanoma. However, 

collectively, it appears that TRP channels play many roles, mainly as tumor suppressors 

in preventing melanoma progression, and should continue to be further investigated as 

potential melanoma therapeutics.  

IV. Melanoma Treatments 

 Recently, melanoma treatments have been revolutionized by the emergence of 

immunotherapies. Currently, there are 2 major approaches to treating metastatic 

melanoma which include targeted therapies and immunotherapies (420). 

Immunotherapies are an exciting new class of therapeutics that were designed based on 

the rising melanoma incidence observed in immunosuppressed patients (421). Immune 

checkpoint inhibitors targeting Cytotoxic T-Lymphocyte Antigen 4 (CTLA4) (ipilimumab) 

and Programmed Cell Death-1 (PD1) (Pembrolizumab) have shown significant promise 

and are currently being tested in clinical trials in conjunction with targeted therapies. 

Targeted therapies include inhibitors of the Mitogen-Activated Protein Kinase (MAPK) 

pathway such as Vemurafenib, which specifically targets the oncogenic BRAFV600E mutant 

and the MEK inhibitor Trametinib (422, 423).  Unfortunately, this strategy has 

demonstrated only short-term success thus far due to drug resistance and relapse through 

reactivation of MAPK or PI3K/AKT pathways, which can lead to decreased immune 

function or epigenetic changes (reviewed in (424)). Interestingly, Vemurafenib has been 
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shown to increase intracellular cytosolic Ca2+ levels coincident with initiation of an ER 

stress response (425), implying that ER Ca2+ release may contribute to its effectiveness. 

It is possible that this transient effect occurs because raising intracellular Ca2+ inhibits 

progression transiently followed by relapse in response to eventual Ca2+-dependent 

PI3K/AKT activation in conjunction with immune suppression, important factors leading to 

melanoma progression. Considered in combination with the observations above, these 

observations highlight the potential significance of investigating Ca2+ signaling in the 

design of future therapeutic strategies for the treatment of melanoma. 
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Table 1-2. Ca2+ Therapeutics for Cancer. Therapies that either target Non-SOCE- or 

SOCE-based mechanisms of Ca2+ regulation. Within Non-SOCE, classes of drugs include 

drugs targeting VGCC, TRP, and P2X channels. Within SOCE, classes of drugs include 

those targeting multiple modulators of SOCE (SOCE) or Orai or STIM1 individually. Known 

mechanisms of action for each drug are listed as described.    
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Part 4: Cholesterol 

I. Cholesterol in Cancer 

1. Introduction 

Evidence for a role of cholesterol (CHL) in cancer cells was first discovered in the 

early 1900s (426, 427). Indeed, CHL levels tend to be higher in cancer (428). Hence, it 

has been shown that increased serum CHL levels have been widely associated with 

increased risk of a variety of cancers including colon, rectal, renal, prostate, testicular 

and breast cancer among others (426, 429). Additionally, previous research showed 

melanoma cell CHL uptake contributed to melanoma progression in vivo (430). 

Furthermore, it has been shown that CHL facilitates oncogenic activities such as GPCR 

and RTK signaling, and lipid raft production (429) perhaps providing mechanistic insight 

into CHL contribution to cancer progression. Finally, it has also widely been accepted 

that metabolic disruptions such as changes in CHL levels are now considered a “cancer 

hallmark” (431). Thus, CHL production, processing, and metabolism is a potentially 

paramount avenue for cancer research. 

As the role of CHL in cancer has gained attention in recent years, CHL levels 

have also been examined as potential causes of melanoma. In fact, it has been 

demonstrated that melanoma cells are more sensitive to changes in intracellular CHL 

transport, potentially through CHL regulating cell-surface expression of integrins that are 

facilitate migration and metastasis (reviewed in (428)). Hence, the introduction and wide-

spread use of statins for the control of clinical CHL levels has facilitated research of the 

association between statins and cancer progression. Hence, evidence suggests that 

statins inhibit melanomagenesis (432) and slow progression (433). Also, statin-
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independent therapeutics targeting CHL biosynthesis pathways have shown suppressed 

metastasis (434). Thus, a clear therapeutic target has emerged to combat melanoma. 

CHL association with melanoma metastasis has even been shown on a 

population science level. It is well established that minority groups such as South Asians 

(Indian subcontinent), Filipinos, Hispanics, and African-Americans have increased 

susceptibility to dyslipidemia and other cardiovascular diseases associated with aberrant 

CHL regulation compared to Caucasians (435, 436). Additionally, although Caucasians 

have a 27-fold higher likelihood of melanomagenesis, the 5 year survival rate is 17.8% 

lower in African Americans (437), and also significantly lower in Hispanics with both 

African-Americans and Hispanics usually presenting more advanced tumor progression 

at diagnosis (438). Further, it is known that cancer cells rely on increased CHL levels 

that can occur through either enhanced CHL biosynthesis via the Mevalonate Pathway 

or enhanced uptake of CHL via Low Density Lipoprotein Receptor (LDLR). Together, this 

provides evidence that CHL facilitates disease progression to some capacity. Thus, as 

CHL has wide ranging effects across multiple populations, there is a clear need to 

investigate the role of CHL in cancer as a future potential therapeutic.  

2. CHL and SOCE 

CHL has previously been established as a negative SOCE regulator. For 

instance, it was reported that CHL depletion enhanced SOCE in both human embryonic 

kidney (HEK) 293 and rat basophilic leukemia (RBL) 2H3 cells since CHL can directly 

bind to Orai1 in an N-terminal region termed “CHL binding” (CB) region between amino 

acids 74-83 leading to steric hindrance (439, 440).  Interestingly, the effect of CHL on 

STIM-Orai interaction is debatable. For example, the Romanin group showed while CHL 

had no effect on STIM-Orai interaction, it bound directly to Orai1 in a region critical for 
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the STIM-mediated transition to the open state (440). However, the Vaca group showed 

that CHL bound to the SOAR region of STIM1, where depletion of CHL induces SOAR 

detachment from the plasma membrane to associate  with Orai1 (441). Hence, CHL 

appears to play a role in the regulation of SOCE but the exact mechanism of how CHL 

regulating SOCE leads to cancer progression remains unknown.  

II. CHL Production via the Mevalonate Pathway 

1. Introduction to the Mevalonate Pathway 

CHL is mainly produced within cells via the Mevalonate Pathway which converts 

Acetyl-CoA into sterol isoprenoids, as well as non-sterol isoprenoids such as heme-A, 

dolichol, ubiquinone, and isopentenyl tRNA (442). In brief, the Mevalonate Pathway has 

many intermediate steps, the first of which is combining 3 molecules of Acetyl-CoA to 

form 3-hydroxy-3-methylglutaryl CoA (HMG-CoA) via enzyme HMG-CoA Synthase 

(HMGCS). HMG-CoA is then reduced to Mevalonate through rate-limiting enzyme HMG-

CoA Reductase (HMGCR), which is the mechanism of action of a well-known class of 

clinical drugs combating high cholesterol called statins (443). Mevalonate is then 

phosphorylated by Mevalonate Kinase (MVK) to form Mevalonate 5-Phosphate (M5P). 

M5P is then phosphorylated a second time by Phosphomevalonate Kinase (PMVK) to 

form Mevalonate Pyrophosphate (MPP). MPP is subsequently decarboxylated by 

Mevalonate Decarboxylase (MVD) to form Isopentenyl-5-Pyrophosphate (IPP). Equal 

portions of IPP produced remain or are siphoned off to be isomerized via IPP Isomerase 

(IDI1) into Dimethylallyl Pyrophosphate (DMAPP) which is combined with IPP to form 

Geranyl-Pyrophosphate (GPP) via Geranyl Pyrophosphate Synthase (GPPS). Following 

production of GPP, Farnesyl Diphosphate Synthase (FDPS) converts GPP into Farnesyl 
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Pyrophosphate (FPP). FPP is the main precursor for all downstream branches and end 

products of the Mevalonate Pathway. 

The Mevalonate Pathway creates many endpoints. For example, Farnesyl 

Diphosphate Farnesyl Transferase/Squalene Synthase (FDFT1/SS) attaches a C-15 

isoprene FPP group to commence a series of intermediate steps to form CHL including 

the production and oxidation of squalene and lanosterol as well as the reduction of 7-

dehydroxysterol into CHL (444). Furthermore, FPP can be converted to GGPP through 

enzyme, Geranylgeranyl pyrophosphate synthase (GGPS) which is then utilized for 

protein prenylation of membrane proteins via Geranylgeranyl Transferase (GGT) (431) 

which is discussed in greater detail below.  

In addition to CHL and GGPP, other endpoints of the Mevalonate Pathway 

include Ubiquinone (CoQ10) and Dolichol. CoQ10 is an antioxidant that is essential for 

the electron transport chain (ETC). Isoprenoids such as FPP and GGPP transport 

CoQ10 to the mitochondria. Once in the mitochondria, the quinone group of CoQ10 

transfers electrons from either complex I or complex II to complex III of the ETC, which 

facilitates energy production (431, 445). Dolichol is also an antioxidant that acts as a 

carrier of lipids and oligosaccharides in the production of complex sugars such as Uridyl-

Diphosphate-Glucose (UDP-Glc) and Guanosine-5-Diphosphoglucose-mannose (GDP-

Man), which facilitate N-linked glycosylation (446). Thus, the Mevalonate Pathway is 

multifaceted in that many endpoints are produced, contributing to a variety of cellular 

processes. 

2. Regulation of the Mevalonate Pathway 

The Mevalonate Pathway is regulated by a series of transcription factors that 

facilitate the production of the rate-limiting enzyme HMGCR. Transcriptional regulation of 
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HMGCR occurs through 2 members of a family of transcription factors called Sterol 

Regulatory Binding Element Proteins 1 and 2 (SREBP1 and SREBP2; reviewed in 

(447)). SREBP1 generally regulates lipid and fatty acid synthesis, whereas SREBP2 

generally regulates sterol production. SREBP proteins have a basic helix-loop-helix-

leucine zipper (bHLH-LZ) structure and are bound to the ER at their C-terminal domain 

through binding to SREBP-cleavage activating protein (SCAP) which interacts with 

Insulin-induced Gene 1 proteins (INSIGs) under high sterol conditions. Under low sterol 

conditions, INSIG is ubiquitylated and degraded which allows SCAP to escort SREBP2 

from the ER to the Golgi via COPII vesicle coat protein, followed by cleavage via site-1 

protease (S1P) and site-2 protease (S2P) which generates a transcriptionally active N-

terminal SRE domain which can be translocated to the nucleus via Importin-B to allow 

transcription of Mevalonate Pathway genes such as HMGCR (447-449).   

3. Mevalonate Pathway and Cancer 

As CHL levels have been demonstrated to be altered across many cancer types, 

the Mevalonate Pathway has become a target of cancer therapeutics. For instance, it 

has been shown that low CHL levels are associated with increased antiviral type 1 

interferon (IFN) response, suggesting CHL plays a role in evading immunosurveillance 

(450-452). Yet, CHL is not the only target among the Mevalonate Pathway.  

For example, although mostly studied in metabolic cancers such as 

Hepatocellular Carcinoma (HCC), it is known that Mevalonate Pathway master 

transcription factor SREBP2 is regulated by PI3K/AKT, mTORC1, AMPK, p53, RB, and 

MYC (reviewed in (450)). Further, it has been shown across a variety of cancers that 

mutations of p53 (TP53R273H and TP53R280K) enable functional interaction with 

SREBP2 to increase production of Mevalonate Pathway genes (453). Within melanoma, 
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it has been shown that circulating tumor cells (CTCs) have increased levels of SREBP2 

which confer resistance to cell death and promote dissemination (454).  

 

In addition to upstream regulation of the Mevalonate Pathway, CHL also have 

downstream effectors. Further, it is known that CHL production can lead to covalent 

attachment of CHL to Hedgehog (Hh) ligands for Hh activation, which has been shown 

to be very prevalent in melanoma metastasis (455-457), or can be converted into steroid 

hormones such as Estrogen Receptor (ER) or Androgen Receptor (AR) leading to 

oncogenic signaling (450). Thus, Mevalonate Pathway not only is regulated by 

oncogenic signaling but also regulates downstream effectors of oncogenic signaling as 

well. Collectively, as the Mevalonate Pathway seems to be heavily intertwined with a 

variety of oncogenic pathways, it presents an exciting and impactful avenue for future 

therapeutic research.    

III. CHL Uptake via LDLR 

To this point we have mainly discussed CHL biosynthesis as a means of 

enhanced CHL levels, however CHL can also be taken in from outside of cells. Indeed, 

CHL esters and triglycerides are lipid molecules needed for cell function including 

membrane fluidity and trafficking paramount for a cell to thrive (458). However, CHL and 

triglycerides are water insoluble, therefore they have to associate with a water-soluble 

transporter that can travel through the bloodstream (459). In this case, the water-soluble 

transporters are lipoproteins such as Low Density Lipoprotein (LDL) and Very Low 

Density Lipoprotein (VLDL). LDL is the most common ligand for Low Density Lipoprotein 

Receptor (LDLR) which are a family of lipoproteins receptors primarily responsible for 

binding and internalizing apolipoprotein E and B (apoE- and apoB)-containing 
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lipoproteins (460). As lipoproteins function as transporters, apolipoproteins are proteins 

found within lipoproteins that allow for binding to receptors (461). Thus, LDL containing a 

single copy of apoB-100 is responsible for carrying about 65-70% of all CHL in humans 

(462). In brief, CHL is internalized by apolipoproteins undergoing endocytic clustering of 

coated pits followed by transport into early and late endosomes followed by lysosomal 

processing and recycling of lipids through the cell to the membrane (460).  

CHL internalization and homeostasis is an important process for organism 

viability. For example, it has been previously demonstrated that mice that have LDLR 

knockout genetic background (LDLR-/-) and fed a high fat diet exhibit enhanced 

hyperlipidemia, hypercholesterolemia, and atherosclerosis (463, 464). This is because if 

CHL cannot be internalized by the cell, the CHL esters remain in the plasma where they 

form atherosclerotic lesions and cause endogenous CHL synthesis of cells that are not 

receiving CHL from the extracellular environment (465). Atherosclerotic lesions can lead 

to cancer progression through promoting oxidative stress, inflammation, dysregulated 

proliferation, and angiogenesis (466). Thus, LDLR-/- mice provide a good in vivo model 

for examining CHL in the context of melanoma progression. 
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Part 5: Glycosylation 

I. Glycosylation and SOCE 

i. Introduction to Glycosylation 

Glycosylation is a post-translational modification of proteins where sugars 

(glycans) are covalently added to proteins and lipids to form glycoproteins (467, 468) 

leading to differences in protein expression, degradation, trafficking (469, 470) and 

protein stability (471). Glycoproteins consist of Uridyl-acetylglucosamine (UDP-GlcNAc) 

and sometimes other sugars that are formed via the Hexosamine Biosynthesis Pathway 

(HBP) and derivative glycosylation pathways (472). While many alternative glycosylation 

pathways exist such as the formation of proteoglycans, glycosphingolipids, and 

glycosaminoglycans (467), as well as less commonly utilized in cancer and less 

elucidated C-linked glycosylation (473), the 2 main types of glycosylation in a cell are N-

linked and O-linked glycosylation will be discussed in-depth below.  

N-linked glycosylation occurs in the ER (472) when UDP-GlcNAc is added to an 

amino group (N) at the glycosylation consensus motif Asn-X-Ser/Thr (where X is any 

amino acid except Proline) (467). The N-linked glycosylation mechanism begins with two 

N-acetylglucosamines (GlcNAc) binding to dolichol pyrophosphate on the cytosolic side 

of the ER (474). Dolichol is a long unsaturated chain  of isoprene units and acts as a 

carrier in N-linked glycosylation (474). The lipid linked glycan is then inverted to the 

luminal side of the ER and nine mannoses and three glucoses are added to form a more 

mature lipid linked glycan (474, 475). Then oligosaccharyltransferase (OST) transfers 

the structure to the amide of asparagine residue within the consensus sequence -N-X-

T/S (474) with the catalytic region of OST (Subunit Of The Oligosaccharyltransferase 
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Complex 3A/3B (STT3A/STT3B) also known as oligosaccharyltransferase catalytic 

subunit/tumor suppressor candidate 3 (OSTC/TUSC3) respectively (476) completing the 

transfer (477). 

Conversely, O-linked glycosylation occurs primarily in the Golgi apparatus where 

different sugars including UDP-GlcNAc and N-acetylgalactosamine (UDP-GalNAc) are 

added to a hydroxyl group (O) of a S/T amino acid (467, 472). In parallel, O-

GlcNAcylation is special type of O-glycosylation where UDP-GlcNAc is transferred via O-

GlcNac Transferase (OGT) to proteins primarily in the cytosol and less commonly in the 

nucleus or mitochondria of eukaryotic cells (467, 468, 472). O-GlcNAcylation is the most 

common form of O-linked glycosylation in mammals (478) and most commonly 

dysregulated in cancer progression (472). 

The level of O-GlcNAcylation depends on glucose metabolism by the 

hexosamine biosynthesis pathway (HBP), which forms the substrate for O-GlcNAcylation 

(479, 480). Extracellular glucose can be taken up by the cell through glucose transporter 

(GLUT) proteins (481). After being phosphorylated and/or isomerized, the majority of this 

glucose is utilized in glycolysis, glycogen synthesis, or the pentose phosphate shunt, but 

about 2-5% fluxes through the HBP in non-cancerous cells (482, 483). Glutamine-

fructose-6-phosphate aminotransferase 1 (GFAT1) is the first and the rate-limiting 

enzyme of the HBP, which converts fructose-6-phosphate (F6P) and glutamine into 

glucosamine-6-phosphate (GlcN-6P) (484). After subsequent acetylation and 

isomerization, newly formed N-acetylglucosamine-1-phosphate (GlcNAc-1P) goes 

through uridylation to yield UDP-GlcNAc, which is the substrate for O-GlcNAcylation 

(481). O-GlcNAc addition to proteins is regulated by 2 opposing enzymes; O-GlcNAc 

transferase (OGT) attaches O-GlcNAc to proteins, while O-GlcNAcase (OGA) removes 
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O-GlcNAc from protein to its unmodified state (485, 486). It should be noted, OGT and 

OGA function in equilibrium, however, shifting the equilibrium dysregulates O-

GlcNAcyIation, leading to pathology (487). Subsequently, we will discuss the effects of 

O-GlcNAcylation on STIM and Orai function. 

ii. STIM1 N-linked Glycosylation 

STIM1 and STIM2 can both be N-linked glycosylated within the sterile alpha motif 

(SAM) domain at glycosylation sites Asn131 and Asn171 (488). Analysis of the primary 

amino acid sequence of human STIM1 determined three consensus sites for N-linked 

glycosylation at N131, N171, and N658, however only N131 and N171 could only be 

modified in vivo (470). Determination of these two sites was further verified through 

titration of STIM1 treated with Endoglycosidase H (EndoH) and truncated STIM1 that is 

terminated at the N658 site (470). EndoH is an enzyme that cleaves glycan groups 

attached by N-linked glycosylation and is utilized to monitor N-linked glycosylation. 

When both variations of STIM1 were added to immunoblots, they migrated as a mixture 

of three isoforms: non-, mono-, and diglycosylated STIM1 species (470). These results 

demonstrated STIM1 is N-linked glycosylated in vivo at both N131 and N171 (470). In 

comparison to STIM1, STIM2 only has one site for N-linked glycosylation at the Asn135 

site, which is analogous to the Asn131 site in STIM1 (470, 471). STIM1 and STIM2 

contain a single SAM (sterile α-motif) and an unpaired EF-hand in the extracellular 

region but diverge structurally in the C-terminal half of the cytoplasmic domain (488). 

Although the interactions of STIM1 glycosylation are known, the topic of STIM2 

glycosylation is still not well understood. 

STIM and Orai are primarily known for their role in the formation of the CRAC 

channel, however, they have also been shown to form arachidonate‐regulated Ca2+‐
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selective (ARC) channels (489, 490). ARC channels function independently of ER Ca2+ 

depletion and are activated by arachidonic acid production at the PM (491, 492). While 

this activity has been well demonstrated, the underlying mechanisms driving these 

distinct roles for STIM and Orai are somewhat unclear. One possibility is that PM-STIM1 

contributes to ARC function; a fraction representing ~10% of STIM1 in the cell (493-496). 

This concept is based on several lines of evidence. First, tunicamycin, a non-selective 

blocker of N-linked glycosylation, blocks ARC activity (489). Further, although antibodies 

targeting the STIM1 N-terminus block CRAC channel function (494), in a subsequent 

study inhibition of ARC channels was shown to occur with greater efficacy (489, 490). 

Finally, the introduction of N131Q/N171Q (QQ) mutants led to a marked reduction in 

ARC activity (490). However, while N-linked glycosylation at N131 and N171 of STIM1 

has been conceptually linked with the delivery and insertion of STIM1 into the PM (470, 

497), it has seen been established that the STIM1-QQ mutant does not exhibit any 

defect in PM localization (498). As such, whether or not STIM1 glycosylation contributes 

to ARC activity due to control of PM localization or due to other as-yet-to-be established 

mechanisms remains unclear.  

Irrespective of its role in ARC activity, STIM1 glycosylation has also been shown 

to contribute to CRAC channel activation (490, 499). This was demonstrated through the 

smaller Ca2+ influx and smaller current density through CRAC channels compared to the 

STIM WT in smooth muscle cells (490, 499). This was established using both the 

STIM1-QQ mutant and a STIM1 N131D/N171Q (DQ) mutant, both of which eliminate N-

linked glycosylation of STIM1 (498, 500). Interestingly, while expression of STIM1-QQ 

led to decreased CRAC channel function, STIM1-DQ proved to be a gain of function 

mutation, driving increased current density and Ca2+ entry through store-operated 



82 
 

channels (490, 498). This was shown to be the result of increased translocation to the 

ER/PM junction resulting in a decrease in current latency through CRAC channels due at 

least in part to a partial destabilization of the EF-SAM domain (471, 498). It was also 

observed that co-expression of STIM1-DQ with Orai1 led to a three-fold increase in the 

STIM1:Orai1 ratio relative to STIM1-WT: Orai1 (498). In contrast, co-expression of 

STIM1-QQ with Orai1 decreased the STIM1:Orai1 ratio (498). These observations 

reveal that N131 and N171 serve critical roles in control of STIM1 activation, likely due to 

the cross proximity of these residues to the EF and SAM domains. The fact that different 

mutations of these residues led to mutually opposing outcomes reveals how functionally 

significant glycosylation of these residues would have to be, although how glycosylation 

would affect function is somewhat more difficult to assess given the profound impact of 

residue changes at these sites. 

iii. Orai1 N-linked Glycosylation 

Orai1 contains an N-linked glycosylation site at asparagine 223 (N223) that 

regulates CRAC channel function (501), while Orai2 and Orai3 do not contain any known 

N-linked glycosylation sites (502, 503). Determining the functional role of N-linked 

glycosylation of Orai1 has been somewhat challenging due to celltype-specificity. Hence, 

in HEK293 cells, no differences in Orai1 localization or function were observed between 

Orai1-N223A and Orai1-WT (498), yet, in both Jurkat T cells and SCID fibroblasts, 

expression of Orai1-N223A led to enhanced SOCE either, suggesting that glycosylation 

attenuates Orai1 function in these cell types (502, 504). While the reasons for these 

differences are not fully established, it is likely a reflection of the fact that glycosylation 

patterns exhibit considerable cell type specificity due to differences in when the terminal 

sialic acid is added and which sialic acid-binding partners are expressed (503, 505). 
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Further, alterations to the glycosylation of Orai1 has been observed in aging, cancer, 

and immune disease (504, 505). For instance, the enzyme β-Galactoside α-2,6-

sialyltransferase 1 (ST6GAL1) has been implication in cancer invasiveness and 

metastatic spread when elevated and has been shown to glycosylate Orai1, leading to 

reduced SOCE due to attachment of α-2,6-linked sialic acids (504). In addition, sialic 

acid-binding immunoglobulin-type lectins (Siglecs) are glycan-binding proteins (504) with 

roles in mast cell and eosinophil-associated disease (504, 505). Further, desulfation of 

Orai1 leads to an increase in Orai1-mediated Ca2+ entry and downregulation of Siglec-8 

(504, 505). Considered collectively, these data reveal Orai1 glycosylation as a 

fundamental contributor to celltype-specific differences in Orai1 function. 

iv. STIM1 O-linked Glycosylation 

STIM1 function can be significantly altered by O-GlcNAc modification, which has 

been shown to regulate SOCE (479). As previously discussed, ER Ca2+ depletion leads 

to the translocation of STIM1 to ER/PM junctions (506, 507), where it physically 

associates with Orai1, ultimately leading to its activation and Ca2+ entry (506). 

Interesingly, STIM1 O-GlcNAcylation impairs its translocation to the ER/PM junction, 

which prevents STIM1-Orai1 association, thereby impairing SOCE (479, 508). This to 

STIM1 translocation was shown by immunostaining of primary hepatocytes from 

genetically obese and lean wild-type (WT) mice treated with the irreversible SERCA 

pump inhibitor, thapsigargin (Tg), to induce ER Ca2+ depletion (508). In WT hepatocytes 

from the lean mice, STIM1 is distributed throughout the ER at rest; Tg treatment led to 

marked STIM1 translocation to ER/PM junctions (508). In contrast to hepatocytes from 

lean mice, in hepatocytes from obese mice treated with Tg, exhibited increased STIM1 

signal intensity, but no translocation of STIM1 from the cytosol to the periphery of the 
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cell (508). Notably, obese mice are known to have generally higher global O-

GlcNAcylation levels (509), which has been specifically demonstrated for STIM1 (508). 

Elevated O-GlcNAc levels can result from a higher flux through the HBP which have 

been demonstrated by an increase of HBP metabolites, induced by glucosamine (510, 

511) or caused by hyperglycemia (512) and obesity (508), or through alterations to HBP 

enzymes, like in the inhibition of OGA or overexpression of OGT (508). This is important 

because that indicates that obesity might lead to impaired STIM1 translocation and lower 

SOCE, which, may contribute to cardiovascular disease, diabetes (see Diabetes section) 

and, potentially, other pathological conditions.  

Similar observations were made in neonatal cardiomyocytes treated with Tg 

(479). STIM1 oligomerization and translocation to the ER-PM junction to form puncta 

structures are key features in STIM1-mediated SOCE. These features were seen in 

neonatal cardiomyocytes transfected with enhanced yellow fluorescent protein (eYFP)-

STIM1 and treated with EGTA and Tg to replicate Ca2+ depletion. However when O-

GlcNAcyIation levels were increased with thiamet-G (TMG; highly-selective OGA 

inhibitor (513)) or glucosamine, there was a decrease in both the number of puncta 

positive cells and the average number of STIM1 puncta per cell (479). Increased O-

GlcNAcylation demonstrated through metabolic stress in obesity or through the use of 

glucosamine or TMG has been shown to inhibit STIM1 oligomerization, translocation, 

and puncta formation, which are sequential steps in SOCE activation (479). 

Since serine/threonine can be both phosphorylated and glycosylated (514), 

investigations into post-translational modifications of STIM1 can be somewhat complex. 

Initial interest in O-GlcNAcylation modification of STIM1 arose from the fact that STIM1 

contains cytosolic regions rich in proline (P), glutamic acid (E), serine (S), and threonine 
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(T), which has a high tendency to by modified by O-GlcNAcylation (479, 515). Proteins 

that contain PEST sequences are often targeted for rapid degradation (516, 517). 

However, O-GlcNAcylation of PEST sequences may slow or prevents proteins, like 

STIM1, from degradation (469). STIM1 has a PEST sequence in the cytosolic C-terminal 

region (479, 516) and where O-GlcNAcylation occurs at both Ser621 and Thr626 (518). 

Since Ser621 is also phosphorylated (519), this creates a scenario where the processes 

of phosphorylation and O-GlcNAcylation compete for the same residues, with functional 

consequences. 

Computational prediction identified STIM1’s O-GlcNAcylation sites at Ser621 and 

Thr626 and these results were confirmed in HEK293 cells by co-immunoprecipitation 

assay. Further, since no O-GlcNAcylation occurred in an S621A/T626A STIM1 mutant, 

these may be the sole O-GlcNAcylation sites in STIM1 (518). Further, the fact that TMG 

treatment increased O-GlcNAcylation in STIM1WT and STIM1T626A but, not STIM1S621A or 

STIM1S621/T626A indicates that T626 is constitutively O-GlcNAcylated, while S621 O-

GlcNAcylation is inducible (518). Since S621 phosphorylation promotes STIM1 

activation (see phosphorylation section), it is not surprising that O-GlcNAcylation at this 

site would lead to the opposite outcome. That seems to be the case, since TMG 

treatments resulting in S621 O-GlcNAcylation ultimately resulted in SOCE suppression. 

However, the relationship between Thr626 O-GlcNAcylation, Ser621 phosphorylation 

and SOCE is more complex. 

To determine the relationship between STIM1 O-GlcNAcylation at T626 and 

phosphorylation of STIM1 at S621, STIM1-null HEK293 cells were transfected with 

STIM1T626A exhibiting at least one of the phosphomimetic mutations S575E, S608E and/or 

S621E (518). STIM1-KO cells expressing STIM1S621E/T626A exhibited increased SOCE 
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while no differences in SOCE were observed in cells expressing STIM1T626A, 

STIM1S575E/T626A or STIM1S508E/T626A (518). Therefore, this suggests that decreased STIM1 

O-GlcNAcylation at T626 can lower SOCE activity by decreasing STIM1 phosphorylation 

at S621 (518). Precisely how T626 O-GlcNAcylation controls S621 phosphorylation is not 

entirely clear, although it seems reasonable to speculate that it may increase access for 

modification of S621 through conformational changes. 

v. Orai1 O-linked Glycosylation 

The topic of Orai O-linked glycosylation has not been specific explored. However, 

the established effects of STIM1 O-GlcNAcylation, the required STIM1-Orai1 association 

for SOCE and the cytosolic domains of Orai1, may point to the possibility of Orai1 being 

regulated by O-linked glycosylation (479).  

II. Glycosylation and Cancer 

i. Oncogenic Signaling 

There is extensive evidence that glycosylation is linked to cancer that dates back 

over 70 years ago (520-522). This is a bidirectional process where HBP is upregulated in 

response to oncogenic signaling such as Ras (523), mTORC2 (524, 525), and TGFb 

(526), but it is also well-known that many proteins involved in EMT such as Snai1, 

YAP/TAZ, NFκB, and c-myc rely on O-GlcNAcylation for activation (472). Further, many 

of these signaling molecules interact bidirectionally with OGT. For example, studies have 

shown crosstalk between AMPK, mTOR, and O-GlcNAcylation. AMPK is known to 

phosphorylate OGT at Thr244, thus activating it, while creating a negative feedback loop 

where O-GlcNAcylation of AMPK inactivates it (527). Additionally. when cancer cells 

were treated with mTOR inhibitor Rapamycin, this actually led to reduced O-
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GlcNAcylation and even reduced OGT levels (472, 528, 529). Thus, it is quite possible 

that OGT and oncogenic signals interact bidirectionally to promote cancer progression.  

ii. EMT 

In addition to the effects of glycosylation on signaling, glycans also can affect 

cell-cell adhesion and promote EMT. Similar to oncogenic signaling, this appears to be 

bidirectional. For example, it has been shown that EMT results in enhanced levels of 

UDP-GlcNAc and OGT in cancer cells (530). In addition, OGT levels have been shown 

to specifically correlate with invasiveness (526). To this end, it also has been shown that 

OGT levels directly correlate with IL6-induced N-Cadherin upregulation leading to EMT 

(531). Conversely, there is an inverse correlation with expression of E-Cadherin with the 

addition of UDP-GlcNAc to E-Cadherin in an O-GlcNAcylation process impairing cell 

adhesion and promoting tumor cell invasion (522, 532). Further, it has been shown that 

many integrins, receptor tyrosine kinases, as well as Wnt, Notch and Hh proteins are 

dependent on N-linked glycosylation that regulates EMT (533), while many EMT-

associated proteins like TGFb, NFkB, and FOXO1 are regulated trough O-GlcNAcylation 

(102). Therefore, it appears that bidirectional interaction between OGT/O-GlcNAcylation 

and oncogenic signaling is driving cancer progression which provides a foundation for 

studying SOCE as a potential mediator of this process. 

III. Targeting Glycosylation 

Currently, there is evidence that targeting HBP can facilitate anti-tumor activity. 

For example, Azaserine (Aza) and 6-diazo-5-oxo-L-norleucine (DON) can inhibit HBP via 

inhibition of GFAT1 (534) and inhibit tumor progression in vitro (535) and in vivo (536). 

However, these drugs generally have off-target effects and exhibit high toxicity (472). 

Within the current study, we utilized a small molecule OGT inhibitor (OSMI1) developed 
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from a high-throughput screen that does not affect cell surface glycans and has less off-

target effects (537). Since some toxicity is still observed, future new generations of 

compounds targeting OGT could be a future avenue of therapeutic research with 

potential to attenuate cellular glycosylation and cancer progression.  
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CHAPTER 2 

STATEMENT OF GOALS 

Melanoma is a cancer of the cells of the melanocyte lineage, which are 

predominantly responsible for the melanin pigment production that defines skin and eye 

tone (Slominski et al, 2004). Melanoma incidence has progressively risen over the last 

30 years (Schadendorf et al, 2018), and is now the fifth most common cancer among 

men and women in the US (Alteri, 2019). Although melanoma is easily treated by 

surgical resection when detected early, if undetected, melanoma progresses from a 

radial to vertical growth phase to become an aggressive malignancy that easily 

metastasizes from the skin to the lymph nodes and other distal sites (Schadendorf et al., 

2018). Currently, there are two major approaches to treating metastatic melanoma: 

targeted therapies and immunotherapies (Neves de Oliveira et al, 2018). Targeted 

therapies include inhibitors of targets in the Mitogen-Activated Protein Kinase (MAPK) 

pathway, including oncogenic BRAFV600E and MEK1/2 (trametinib) inhibitors. These 

drugs transiently increase progression-free survival, although this is typically followed by 

drug resistance and relapse (Neves de Oliveira et al., 2018). Additionally, though 

promising, MAPK pathway inhibitors inhibit immune cell function, leading to increased 

clinical toxicity (Boni et al, 2010). Immunotherapies were first explored as first-line 

melanoma treatments due to the observation that incidence of melanoma increased in 

immunosuppressed patients (Greene et al, 1981); targets of immune checkpoint 

inhibitors (ICIs) including Cytotoxic T-Lymphocyte Antigen 4 (CTLA4) (ipilimumab) and 

Programmed Cell Death-1 (PD1) (pembrolizumab). ICI therapies in conjunction with 

targeted therapies are currently in use. Continued efforts to identify new strategies are 

needed to control this deadly disease.  
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Ultraviolet (UV) radiation exposure is a major risk factor in melanoma, and the 

rising incidence of melanoma has been linked to increased sun exposure and artificial 

tanning (Matthews, 2017; Schadendorf et al., 2018). UV triggers melanin production in 

melanocytes, which protects against UV-induced damage in skin (Brenner & Hearing, 

2008). However, UV exposure affects multiple cellular processes ultimately promoting 

cancer initiation and progression; as such, UV is considered a “complete carcinogen”, 

(D'Orazio et al, 2013). The most immediate consequence of UV exposure is induction of 

pyrimidine dimers that can cause DNA damage and/or mutations. While the evidence 

that UV drives melanomagenesis is undeniable, the molecular pathways linking UV and 

driver mutations are unclear since the most common mutations associated with 

melanoma, such as BRAF and NRAS mutations, do not possess the UV signature 

mutations. Further, while UV has long been associated with melanomagenesis, UV also 

has been reported to drive melanoma progression (Arisi et al, 2018; Bald et al, 2014), 

marked by entry into the vertical growth phase (Guerry et al, 1993). The mechanism by 

which UV supports progression is not well understood and is thus the focus of the 

current study, which identifies a critical role for UV-dependent suppression of store-

operated Ca2+ entry (SOCE) in regulating melanoma migration and invasion.  

SOCE is mediated by the members of the Orai and STIM families. Orai channels 

are Ca2+- selective ion channels located at the plasma membrane (PM) (Feske et al, 

2006; Vig et al, 2006b; Zhang et al, 2006); STIM is a type 1A transmembrane protein 

primarily found in the endoplasmic reticulum (ER) membrane (Liou et al, 2005; Roos et 

al, 2005). STIM responds to ER Ca2+ depletion by translocating within the ER towards 

the PM, and physically associates with PM-localized Orai channels to facilitate Ca2+ 

entry (ie SOCE (Putney, 1986); reviewed in (Soboloff et al, 2012)). SOCE has been 
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linked to melanoma progression previously, although the nature of this relationship is 

somewhat unclear. Hence, a prior study from our group, revealed an inverse correlation 

between SOCE and invasiveness (Hooper et al, 2015), suggestive of an inverse 

relationship between SOCE and melanoma progression. Further, a randomized, 

unbiased ribozyme screen for metastasis related genes identified STIM1 as a repressor 

of melanoma metastasis (Suyama et al, 2004). In contrast, invasive melanoma has been 

shown to rely on enhanced SOCE and AKT activity for growth and survival (Fedida-

Metula et al, 2012; 5  Feldman et al, 2010). Further, invasive melanoma exhibiting 

activated MAPKs were shown to exhibit higher STIM1 and Orai1 expression (Stanisz et 

al, 2014; Sun et al, 2014; Umemura et al, 2014). Given these seemingly contradictory 

findings, further effort is needed to understand the relationship between SOCE and 

melanoma progression, an important goal of the current investigation. Further, since UV 

exposure is the major driver of melanoma progression and the relationship between UV 

and SOCE has not previously been determined, this investigation focuses on UV-

dependent control of both SOCE and melanoma progression, using both in vitro and in 

vivo approaches. 

Currently, it is widely believed that STIM1- and Orai1-generated Ca2+ signals 

facilitate cancer progression (364). Numerous studies have shown that STIM1 and Orai1 

expression are correlated with melanoma progression (365, 366, 372, 538). Likely, this 

is a result of STIM1- and Orai1-dependent processes promoting invasiveness such as 

control of migration (79, 80) and invadopodia formation (539-541), or reliance on lipid 

raft modulation by membrane kinases Src/AKT (367, 370, 371). However, it is likely that 

STIM1- and Orai1-mediated melanoma progression is context specific (187). For 

example, previous work showed that Wnt5a phosphorylates and inactivates Orai1 
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leading to diminished SOCE and enhanced invasion in vitro (385). Likely this is due to 

the fact that Ca2+ can be protective against certain cellular processes leading to 

melanoma progression such as pyruvate dehydrogenase phosphatase (PDP) promoting 

dephosphorylation of PDH leading to TCA cycle and oxidative phosphorylation 

(134)(See Fig 1-2). Due to the heterogeneity of melanoma, it is perhaps unsurprising 

that it is not a clear linear relationship between SOCE and melanoma progression. 

UV is well-known to induce melanoma progression (425, 542). Yet, very few prior 

investigations previously examined whether UV has any effect on Ca2+ signaling, and 

more specifically SOCE. Yet, previous studies suggest SOCE is an underappreciated, 

and relatively unknown potential therapeutic target in melanoma. In this regard, 

understanding the mechanisms behind how UV modulates SOCE and how SOCE 

regulates melanoma progression could yield a whole new avenue of research and 

potentially a new class of therapeutic drugs combating melanoma progression. Thus, the 

identification of regulatory mechanisms modulating suppression of SOCE mediated by 

UV would yield a better understanding of the basic biological mechanisms facilitating 

melanoma progression.      
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CHAPTER 3 

MATERIALS AND METHODS 

Methods 

Cell Culture- SKMEL5, UACC1273, SKMEL2, FS13, WM983 B-Raf-inhibitor resistant 

(WM983BR), SKMEL28, WM983, UACC257, B16N, B2905A cells were grown in DMEM 

with 4.5g/L glucose supplemented with 10% FBS and 1% Gentamycin (Full DMEM media; 

ThermoFisher Scientific, Waltham, MA) at 37°C and 5% CO2. Cells were grown in Falcon 

T75 flasks until ~70% confluency. Cells in conditions <70% confluency were removed of 

media, washed with PBS and then administered fresh Full DMEM media and incubated 

until confluency. Upon confluency, cells were removed of media, washed with PBS and 

treated with 0.25% Trypsin for 10 minutes at 37°C and 5% CO2. Cells were then split 1:10 

and allowed to incubate in 37°C and 5% CO2 and while cells were checked daily, they 

typically grew for 3 days before reaching ~70% confluency. 

UV Exposure- Cells were plated on glass coverslips for 24 hrs before changing to PBS. 

Lids were replaced with a thin layer of taut plastic wrap before irradiating with two FS20 

bulbs (with the same spectral output as FS40 bulbs used in reference) which emit a 

broadband UV spectrum containing 35% UVA and 65% UVB (with peak emission at 

313nm in the UVB range (543)). Cells received a total UV dose of 175J/M2 over 90 

seconds at a rate of 1.94W/m2. Approximately 80% of the melanoma cells survive this 

exposure. Cells were cultured under growth optimal conditions (B16N cells were split 1:20 

while every other cell lines line was split 1:10 approximately every 3 days) for the indicated 

time period before subsequent experimentation. 
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Generating Stable Lentiviral Transduction of GFP- (Adapted from Applied Biological 

Materials, Inc.) B16N cells were plated in a 24 well plate at a density of 1E4 cells/well in 

500ul Full DMEM, 24 hours prior to viral infection in Full DMEM media. Cells grown to 

50% confluency and spinoculated with 2.19E7virus/ml and incubated for 1-2 days. Cells 

were then grown on larger tissue culture dishes and allowed to grow to 10E6 cells following 

≥2 passages. Cells then sorted in the middle of the distribution curve eliminating very high 

and low expressing GFP.   

Generating stable Orai1-WT-CFP and Orai1-E106A-CFP cell lines- B16N-GFP and 

WM983 cells were grown to 50% confluency followed by transfection with 14ug of pIRES-

NEO Orai1-WT-CFP, B16N-GFP cells were grown to 50% confluency followed by 

transfection with 14ug of pIRES-NEO Orai1-E106A-CFP vector via electroporation using 

Gene Pulser Xcell (Biorad). After electroporation, cells were incubated in Opti-MEM 

Reduced Serum Media (described above) for 2 hours before adding 10% FBS and 1% 

antibiotics and incubating overnight. After overnight incubation cells were supplied Full 

DMEM media and cultured for 1 week. After 1 week, cells were treated with 500ng/ml of 

G418 antibiotic for selection and selected for 2 weeks. Following selection, cells were 

sorted by FACS for top 5% expression of CFP (and GFP in B16N cells) and placed as 

single cell clones in a 96 well plate. Individual clones took about 2 months to grow to either 

70% confluency of the entire plate or a noticeable colony. Clones were then expanded 

and examined for GFP and CFP fluorescence intensity and SOCE on Leica DMI 6000B 

fluorescence microscope controlled by Slidebook software. 

Transient transfection of mCherry-PFO-D4H - WM983 and UACC257 human 

melanoma cells were grown to 50% confluency on 10cm3 plates and transfected with PFO 

D4H-mcherry plasmid via electroporation using Gene Pulser Xcell (Biorad, Hercules, CA). 
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After electroporation, cells were plated on glass coverslips under growth optimal 

conditions before capturing images by confocal microscopy (Leica SP8 Laser Scanning 

Microscope; Buffalo Grove, IL). Fluorescence intensity was measured using Leica LASX 

software.  

Plasmid Protocol Type Voltage Pulse Length Number of Pulses 
Orai1-WT Square Wave 220 25ms 1 
Orai1-DN Square Wave 220 25ms 1 
PFO-D4H Square Wave 220 25ms 1x2 

 

siRNA transfection- 5x105 cells were plated in 6 well plates overnight prior to treatment. 

Cells were transfected with 25 pmol of scRNA kit (Invitrogen, Waltham, MA) or siOGT 

(Sense: 5’- GCAGUUCGCUUGUAUCGUAtt-3’; Antisense: 5’-

UACGAUACAAGCGAACUGct-3’; Invitrogen, Waltham, MA) using a Lipofectamine-based 

RNAimax kit (Invitrogen, Waltham, MA) according to kit protocol (DOI: 

10.1016/j.cell.2010.05.017). 

SOCE Measurement- Cells grown on glass coverslips were incubated in a cation-safe 

buffer (107mM NaCl, 7.2mM KCl, 1.2mM MgCl2, 11.5mM Glucose, 20mM HEPES-NaOH, 

1mM CaCl2, pH 7.2) and loaded with Fura2-acetoxymethylester (Fura2-AM; 2μM) for 30 

min at 24°C as previously described (385, 544). Cells were washed and allowed to de-

esterify for a minimum of 30 min at 24°C. Following de-esterification, cells were treated 

with 2 μM Thapsigargin (SERCA inhibitor) for 10 minutes prior to imaging. Ca2+ 

measurements were taken using a Leica DMI 6000B fluorescence microscope controlled 

by Slidebook software (Intelligent Imaging Innovations, Denver, CO). Fluorescence 

emission at 505nm was monitored in response to excitation at alternating 340nm and 

380nm wavelengths at a frequency of 0.67 Hz; intracellular Ca2+ measurements are shown 
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at 340/380nm ratios obtained from groups (2-45 for patient samples, 35-45 for established 

cell lines) of single cells. 

RT-qPCR- Cells were grown to 70% confluency and collected as cell pellets prior to RNA 

extraction using a kit (Ambion, Austin, TX). Following RNA extraction, 500ng RNA was 

converted to cDNA using ezDNAse and Superscript IV Reverse Transcriptase Assay Kit 

(Invitrogen, Waltham, MA) and diluted 1:10 for working concentration of 50ng per reaction. 

500nM housekeeping 18S ribosomal RNA (18S) and genes of interest were used for each 

reaction mixed with Powerhouse SYBR green (Applied Biosystems, Bedford, MA) and 

analyzed using QuantStudio8 software (Applied Biosystems, Bedford, MA).  

Proliferation Assays- 500 cells/well were plated on a 96 well plate for the indicated time 

point and treated with 1:10 Water Soluble Tetrazolium (WST-1) dye that forms water-

soluble formazan for 1 hour at 37°C, 5% CO2. The conversion of WST-1 to Formazan 

leads to oxidation of mitochondrial NADH to NAD+ which changes color and can be 

measured through absorption via GloMax plate reader at 450nm. 

Migration Assay - Cells were plated on glass coverslips (Ibidi, Fitchburg, WI) overnight 

to form a complete monolayer before “wounding” with a p20 pipette tip. Coverslips were 

placed in an incubation chamber (37°C; 5% CO2) and monitored by confocal microscopy 

(Leica SP8 Laser Scanning Microscope).  Z-stack brightfield images were obtained every 

20 minutes for 20 hours; the % of the would that was refilled over time was calculated 

using ImageJ. 

Transwell Migration Assays- Matrigel transwell chambers were purchased (Corning, 

Bedford, MA) and stored at -20C until use. Chambers were thawed at 24C and hydrated 

with Opti-MEM Reduced Serum Media with Glutamax, HEPES, 2.4g/L Sodium 
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Bicarbonate (Full Opti-MEM media) for 2 hours at 37C in 4% CO2. After hydration, 2500 

cells were plated on top of the chambers in same Opti-MEM media. Full DMEM media as 

a chemoattractant was placed on the bottom of the chamber and incubated at 37C and 

4% CO2 for approximately 20 hours. After incubation, cells were placed on ice and media 

was removed. After media removal, top of the chamber was swept with a wet Q-tip to 

move all non-invasive cells to the edges. Top and bottom of chambers were then soaked 

in 500ul of ice-cold PBS and then 500ul of ice-cold 100% methanol and stored at -20C for 

10 minutes. After storage, methanol was removed and cells were stained with 0.5% 

Crystal Violet for 2 minutes and then de-stained with water 1-3x depending on the intensity 

of the crystal violet stain and then allowed to dry overnight. Images were taken by EVOS 

cell imager and quantified on ImageJ. 

Viability Assays- 500,000 cells were plated in 24 well plates overnight in the absence or 

presence of 2 µM IA65. Cells were then trypsinized with 0.25% Trypsin-EDTA for 10 

minutes at 37°C. Following, cells were treated with 0.4% Trypan Blue and placed in 

Countess II FL slidereader (Invitrogen, Waltham, MA) and comparing the number of 

stained vs. unstained cells. 

In vivo metastasis assays- Experiments were performed in C57Bl/6 mice (Jax) housed 

in standard cages (≤5/cage) at LKSOM in accordance with Temple University guidelines 

(Animal welfare # A3594-01). B16N cells were counted using a hemocytometer and 1x106 

cells in 200 µl sterile PBS were injected subcutaneously on the right flank of syngeneic 

C57BL6 mice. Mice were monitored for 14 days and then sacrificed followed by full body 

dissection and histopathological analysis. Tissues were fixed in 10% Neutral-Buffered 

Formalin (pH 6.8-7.2) followed by H&E staining and Aperio Imagescope software (Leica 

Biosystems; Buffalo Grove, IL) scan for peritoneal wall invasion. 
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RNA sequencing analysis- Raw RNA-Seq data was processed using the subread 

algorithm established in (545). Preprocessed data files from the samples were subject to 

RNA sequencing data analysis using Rsubread package (546). Genome indices were 

built using the buildindex function in Rsubread package. RNA transcripts from each 

sample were mapped to the mouse genome reference consortium build 38 (GRCm38) 

genome. Alignment of the sample reads to the reference genome was performed using 

the align function within the Rsubread package. featureCounts function within 

the Rsubread package was used to summarize the data to integer-based, gene-level read 

counts. Read counts generated from the pipeline were annotated using mm10 annotation. 

Differential expression analysis of the read counts was performed using the DESeq2 

package (547). Differentially expressed genes generated from the DESeq2 analysis were 

subjected to pathway analysis using Ingenuity Pathway Analysis tool (Ingenuity® Inc, 

Redwood city, CA) with default settings. 

Cholesterol measurement- WM983 and UACC257 human melanoma cells were grown 

to 50% confluency before transfecting with PFO D4H-mcherry via electroporation using 

Gene Pulser Xcell (Biorad, Hercules, CA). Cells were then plated on glass coverslips 

under growth optimal conditions before capturing images by confocal microscopy (Leica 

SP8 Laser Scanning Microscope; Buffalo Grove, IL). Fluorescence intensity was 

measured using Leica LASX software. 

Isolation of Cells from Patient Surgical Explants - Freshly isolated Patient Surgical 

Explants - Patient surgical explants were received from Dr. Jeffrey Farma at Fox Chase 

Cancer Center with all personal identification information being protected by HIPAA 

privacy. All patients had given informed consent to have their tissue used for research in 

accordance to protocols from Fox Chase Cancer Center. Freshly isolated patient explants 
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were incubated in DMEM containing Liberase TL (Roche Applied Science; 37°C, 30 min). 

Following incubation, tissue was cut using a sharp razor and dissociated through 50 µM 

Medicon screens (Becton Dickinson Biosciences, San Jose, CA; 2 min). Tissue samples 

were resuspended in DFD media (DMEM, 20% FBS; 500ug/ml DNAse I, Sigma, St. Louis, 

MO) and passed through an 18-gauge syringe to break up clumps of cells before filtration 

(70 µm, Corning, Glendale, AZ, centrifugation and resuspension in DMEM (2% FBS; 1% 

Gentamycin) for 3 days before use. 

 

Metabolism Assays: 

Glucose Uptake Assay – Glucose Uptake-Glo Assay (Promega) uses 2-deoxyglucose 

(2-DG) which is a fluorescent glucose analog that can be absorbed into cells similarly to 

glucose. Once in cells, 2-DG is converted to 2-Deoxyglucose-6-Phosphate (2DG6P) by 

cellular hexokinases. 2DG6P can then be oxidized into Glucose-6-Phosphate 

Dehyodrogranse (6PDG) via Glucose-6-Phosphate Dehydrogenase (G6PDH). In parallel, 

G6PDH also simultaneously reduces NADP+ to NADPH, which in turn is used by a kit 

reductase given to cells to convert proluciferin to luciferin which is used by kit luciferase 

enzymes to create luminescence. B16N, WM983 and UACC257 cells either 

overexpressing Orai1 or UV exposed (permitted to recover for 5 weeks) were cultured 

under growth optimal conditions parallel to unmanipulated control cells. Cells were seeded 

at density of 15,000 cells/well in 96 well plates. Glucose uptake was measured using the 

Promega Glucose Uptake-Glo Assay (Madison, WI); luminescence was recorded using 

0.3-1 second integration using a Tecan INFINITE M1000 PRO monochromator-based 

microplate reader. 

1. Diluted 100mM 2-deoxyglucose (2-DG) to 1mM 2-DG in PBS 
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2. Added 50ul of 1mM 2-DG, shaken briefly and incubated at room temperature for 

10 minutes.  

3. Added 25ul of Stop Buffer, shake briefly 

4. Added 25ul of Neutralization Buffer, shake briefly 

5. Added 100ul of 2-DG6P detection reagent (100ul Luciferase reagent, 1ul NADP+, 

2.5ul G6PDH, 0.5ul Reductase, 0.0625ul Reductase Substrate), shake briefly 

6. Incubate at room temperature for 0.5-5 hours 

7. Record luminescence using 0.3-1 second integration on a luminometer 

 

Seahorse Assays – Oxygen Consumption Rate (OCR) and Extracellular Acidification rate 

(ECAR) were measured using an Agilent Seahorse XF96 (Wilmington, DE). B16N, 

WM983 and UACC257 cells either overexpressing Orai1 or UV exposed (permitted to 

recover for 5 weeks) were cultured under growth optimal conditions parallel to 

unmanipulated control cells. 15,000 cells/well were seeded in Seahorse 96 well cell culture 

plates for all experiments. Basal OCR was measured in media supplemented with 1mM 

pyruvate, 2mM glutamine, and 10mM glucose followed by the sequential addition of 

Oligomycin (1.5μM), FCCP (1μM) and Rotenone/Antimycin-A (1μM) to perform the 

mitochondrial stress test. Basal ECAR was measured in media supplemented with 2mM 

glutamine followed by the sequential addition of glucose (10mM), oligomycin (1µM) and 

2-Deoxy-d-glucose (2-DG: 50mM) to perform the glycolysis stress test. Results were 

quantified using Wave software (Agilent Technologies, Santa Clara, CA). 

OCR- 

1. Turn on Agilent Seahorse XFe/XF Analyzer and allowed to warm up overnight 

2. Plate 15,000 cells/well in 96 well plate 
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3. Hydrate a sensor cartridge in Seahorse XF Calibrant at 37C in a non-CO2 

incubator overnight. 

4. Supplement Seahorse XF with 1mM pyruvate, 2mM glutamine, and 10mM glucose 

5. Bring XF medium with pH 7.4 and XF supplements into a cell culture hood and 

transfer to sterile bottle 

6. Warm XF medium with supplements to 37C in waterbath 

7. While XF media is warming in water bath, resuspend compounds (Oligomycin, 

FCCP, Rotenone/Antimycin A(AA)) in XF medium 

8. Use compound stock solutions (10X) to make working solutions (1.5μM 

Oligomycin, 0.5μM FCCP, 0.5μM Rot/AA) 

9. Add 1/10 volume of each compound to port for future administration to cells 

10. Remove cells from 37C incubator and add warm XF media to cells and place in 

37C non-CO2 incubator for 1 hour prior to assay 

11. Place port over plate with cells and run Seahorse Agilent XF Analyzer which will 

add indicated compounds at indicated time points 

12. Quantify results in Wave software 

ECAR- 

1. Turn on Agilent Seahorse XFe/XF Analyzer and allowed to warm up overnight 

2. Plate 15,000 cells/well in 96 well plate 

3. Hydrate a sensor cartridge in Seahorse XF Calibrant at 37C in a non-CO2 

incubator overnight. 

4. Prepare stock solutions of 100mM Glucose, 100μM Oligomycin, 500mM 2-DG in 

XF glycolysis medium 
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5. Add proper volumes to achieve 10mM Glucose, 1μM Oligomycin, and 50mM 2-

DG to the port in XF glycolysis medium 

6. Remove cells from 37C incubator, remove DMEM media and add warmed XF 

glycolysis medium  

7. Incubate in 37C, non-CO2 incubator for 1 hour prior to assay 

8. Place port over plate with cells and run Seahorse Agilent XF Analyzer which will 

add indicated compounds at indicated time points 

9. Quantify results in Wave software 

 

FRET- HEK293 cells were transfected with pIRES-NEO-STIM1-YFP or pIRES-NEO-

ORAI-CFP plasmids and then isolated as individual clones as described (see Generating 

stable Orai1-WT-CFP and Orai1-E106A-CFP cell lines). Following, cells were grown on 

glass coverslips overnight in Full DMEM media in the presence or absence of GGPP 

(3μM), GGTI (15μM), or both. After overnight incubation cells were photobleached (90% 

gain, 10% laser power, 405nm excitation) before and 15 minutes after the addition of 2μM 

Thapsigargin. FRET efficiency was measured by Leica LASX software.   
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Materials 

All cell lines were acquired from American Type Culture Collection (ATCC; Manassas, 

VA). All patient melanoma surgical explants were acquired under IRB protocols from Fox 

Chase Cancer Center Biosample Repository. Media was purchased from Corning and 

Gibco (Waltham, MA). TAK475 and DNAse I were purchased from Sigma-Aldrich (St. 

Louis, MO). Compactin and BTP2 were purchased from Tocris Bio-Techne Corporation 

(Minneapolis, MN). OSMI1 was purchased from Millipore Sigma (Burlington, MA). Matrigel 

Transwell Chambers were purchased from Corning (Waltham, MA). Liberase TL was 

purchased from Roche Applied Science (Indianapolis, IN). 50μM Medicons and the 

medimachine were purchased from Becton Dickinson Biosciences (San Jose, CA). 8 well 

u-slides migration plates were purchased from Ibidi (Fitchburg, WI). Fura2-AM was 

purchased from Thermo-Scientific (Waltham, MA). Glucose Uptake Kit was purchased 

from Promega (Madison, WI), Lactate Production Kit was purchased from Sigma-Aldrich 

(St. Louis, MO). High fat mouse chow was purchased from Harlan labs (Frederick, MD). 

Orai1-WT-CFP and Orai1-E106A-CFP were generated as previously described (12); the 

mCherry-PFO-D4 gene was synthesized by Integrated DNA Technologies (Coralville, IA) 

and combined via PCR into an mCherry-C1 backbone (Addgene). PFO-D4H was 

constructed via site-directed mutagenesis. 

 

Primer Sequences:  

18S:  

Forward: CTT AGA GGG ACA AGT GGC G  

Reverse: ACG CTG AGC CAG TCA GTG TA  
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hOrai1:  

Forward: AGG TGA TGA GCC TCA ACG AGC A  

Reverse: AGT CGT GGT CAG CGT CCA GCT  

 

hOrai2:  

Forward: CCT GTC GTG GCG GAA GCT CTA  

Reverse: ACT GGT ACT GCG TCT CCA GCT G  

 

hOrai3:  

Forward: TTA GCA AGG GTT GGG TAA GG  

Reverse: TTT CCA GGG CTA AGG ACT GG  

 

hSTIM1: 

Forward: CAC TCT TTG GCA CCT TCC ACG T 

Reverse: CTG TCA CCT CGC TCA GTG CTT G 

 

hSTIM2:  

Forward: CAG TCT TTG GGA CTC TGC ACG T 

Reverse: GCC AGC GAA AAA GTC GTT CTC G 

 

mOrai1:  

Forward: GTT ACT CCG AGG TGA TGA GCC T  

Reverse: AGC TGG ACT TCC ACC ATC GCT A  
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mOrai2:  

Forward: GAC ACA GAC GCT AGC CAC GA  

Reverse: ATG GGC ACA TTG AGC TCT GC  

 

mOrai3:  

Forward: TTA CCA CAT CAC AAC AGC CT  

Reverse: TGG TCC ATG AGC ACT ATC AC  

 

mSTIM1: 

Forward: TGG ATG AGG AGA TTG TGT CGC C 

Reverse: GAC TCC GAA TCG GAA TGG GTC A 

 

mSTIM2:  

Forward: GCC AGT ATG CAG AGC AGG AAC T 

Reverse: GCT GAA GCC ATT TCT GTA GTG CG 

 

hOGT:  

Forward: CAG GAA GGC TAT TGC TGA GAG G  

Reverse: CGG AAC TCA CAT ATC CTA CAC GC 
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Statistics 

Unpaired T-test- Unpaired T-test statistical analysis compares the averages/means of 

two independent or unrelated groups to determine if there is a significance between the 

groups. The Unpaired T-Test can either compare between two unrelated groups that 

have normal and equal distributions or can be amended using Welch’s correction which 

does not assume equal distribution between the groups.   

Equal Distribution: 

𝑇𝑇 =  
𝑋𝑋1 − 𝑋𝑋2

𝑠𝑠2(�1
𝑛𝑛�+ �1

𝑛𝑛�)
 

where X are the group means, s is the standard deviation, and n is the number of 

samples  

 

Welch’s Correction: 

𝑇𝑇 =  
𝑚𝑚𝐴𝐴 −𝑚𝑚𝐵𝐵

�𝑠𝑠𝐴𝐴
2

𝑛𝑛𝐴𝐴
+  𝑠𝑠𝐵𝐵

2

𝑛𝑛𝐵𝐵

 

where m are the group means, s is the standard deviation, and n is the number of 

samples. The difference between the two tests is that classic Unpaired T-test pools the 

standard deviations together of the samples, whereas the Welch’s correction separates 

each standard deviation for comparison. 
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Paired T-test- Paired T-test statistical analysis compares the difference of means 

between pairs. The T-test compares the means between pairs assuming normal 

distribution of both groups and uses the following equation: 

𝑇𝑇 =  
√𝑛𝑛 ∗ (�̅�𝑥 − 𝐷𝐷)

𝑆𝑆
 

where n is the number of samples, �̅�𝑥  is the sample mean difference between the 

observations, D is the expected mean difference (different from the null hypothesis), and 

S is standard deviation. Significance was measured by α=0.05. Therefore, to determine 

whether the result was significant the T statistic was compared to the corresponding 

value of the t table of significance, with a larger T statistic resulting in significance.   

One-Way ANOVA- One-Way ANOVA statistical analysis compares the mean of one 

variable across more than two groups assuming normal distribution and equal variance 

among the dependent variable. The ANOVA produces the f statistic, the ratio of the 

variance among the means to the variance within the samples, which basically is 

demonstrating the ratio of variance across the groups compared to within the groups. 

This ratio directly correlates with significance and the equation for the F ratio is as 

follows: 

𝑓𝑓 =
[𝑠𝑠

2

𝜎𝜎2]

[𝑠𝑠
2

𝜎𝜎2]
 

where the numerator is population 1 and denominator is population 2. S represents 

standard deviation of the sample drawn from the population while σ is standard deviation 

of the population. The F ratio is then compared to the F statistic (degrees of freedom; 

number of samples subtracting 1), and if the F ratio is greater than the F statistic, the 

differences are statistically significant.  
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Chi-Squared Test- Chi-Squared statistic analysis is used to determine whether there is 

a statistically significant difference between the expected and observed frequencies in a 

contingency table to determine if sample data matches a population. Thus, calculating a 

Chi-square (X2) statistic. The X2 statistic is calculated using the following formula: 

𝑋𝑋2 =  �(𝑂𝑂 − 𝐸𝐸)2/𝐸𝐸 

𝑬𝑬 = �
𝑹𝑹𝑹𝑹
𝒏𝒏
��
𝑪𝑪𝑹𝑹
𝒏𝒏
� ∗ 𝒏𝒏 

where O is observed number of changes in a population and E is expected number of 

changes in a population. Expected value is calculated by taking the Row Total and 

Column totals divided by the amount of samples tested (n) and multiplying them by the 

number of samples tested (n). To determine if the X2 statistic is significant you calculate 

the alpha statistic (α=0.05) and the degrees of freedom (the number of groups 

subtracting 1) to generate a critical value. If the X2 statistic is greater than the critical 

value, the statistic is significant.  

 

Kruskal-Wallis Non-Parametric Test- Non-Parametric statistical analyses compares 

groups of data when data is not normally distributed. Kruskal-Wallis test is used in place 

of a One-Way ANOVA with non-normal distribution datasets and is performed by ranking 

the data points and then comparing the median ranks instead of the raw data points to 

calculate the H statistic. The H statistic is calculated using the following formula: 

𝐻𝐻 = �
12

𝑛𝑛(𝑛𝑛 + 1)�
𝑇𝑇2

𝑛𝑛𝑛𝑛

𝑐𝑐

𝑗𝑗=1

� − 3(𝑛𝑛 + 1)  
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Where n is the sum of the sample sizes for all samples, c is the number of samples, T is 

the sum of ranks in the jth percentile, nj is the size of the jth sample. To determine 

significance, you find the critical X2 value and if the H statistic is greater than the critical 

X2 value, then the differences in medians are significant.  

Two-Way ANOVA- A Two-Way ANOVA compares the means of 2 variables across 

multiple groups assuming normal distribution and equal variance among the dependent 

variable. Two-Way ANOVA is calculated using sum of squares (SS) statistic, mean of 

squares (MS) statistic and degrees of freedom within and across groups. 

 

𝑆𝑆𝑆𝑆(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛) =  �1
1

𝑖𝑖=1

�1
2

𝑗𝑗=1

�(𝑌𝑌𝑤𝑤𝑛𝑛𝑌𝑌 − 𝑌𝑌𝑤𝑤𝑛𝑛)^2
3

𝑘𝑘=1

 

𝑑𝑑𝑓𝑓(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛) = 𝑛𝑛 − 1 

𝑀𝑀𝑆𝑆(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛) = 𝑆𝑆𝑆𝑆(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛)/𝑑𝑑𝑓𝑓(𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑤𝑤𝑛𝑛) 

Here, Yijk are the elements within a single group and Yij are the number of combinations 

possible. N is the number of samples tested. Then, these same calculations occur 

across groups for how many variables there are across groups. 

Group 1 (“A” number of groups) 

𝑆𝑆𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑎𝑎 ∗ 𝑎𝑎 ∗  �(𝑌𝑌𝑤𝑤 − 𝑌𝑌)^2
2

𝑖𝑖=1

 

𝑑𝑑𝑓𝑓(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑎𝑎 − 1 

𝑀𝑀𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑆𝑆𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠)/𝑑𝑑𝑓𝑓(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) 
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Group 2 (“B” number of groups) 

𝑆𝑆𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑎𝑎 ∗ 𝑏𝑏 ∗  �(𝑌𝑌𝑤𝑤 − 𝑌𝑌)^2
3

𝑖𝑖=1

 

𝑑𝑑𝑓𝑓(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑎𝑎 − 1 

𝑀𝑀𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) = 𝑆𝑆𝑆𝑆(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠)/𝑑𝑑𝑓𝑓(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑠𝑠𝑠𝑠) 

 

Finally, we calculate the interaction within and across groups  

𝑆𝑆𝑆𝑆(𝑤𝑤𝑛𝑛𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛) = �1
2

𝑖𝑖=1

�(𝑌𝑌𝑤𝑤𝑛𝑛 − 𝑌𝑌𝑤𝑤 − 𝑌𝑌𝑛𝑛 − 𝑌𝑌)^2
3

𝑗𝑗=1

 

𝑑𝑑𝑓𝑓(𝑤𝑤𝑛𝑛𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛) = (𝑎𝑎 ∗ 𝑏𝑏) − 1 

𝑀𝑀𝑆𝑆(𝑤𝑤𝑛𝑛𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛) = 𝑆𝑆𝑆𝑆(𝑤𝑤𝑛𝑛𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛)/𝑑𝑑𝑓𝑓(𝑤𝑤𝑛𝑛𝑤𝑤𝑖𝑖𝑎𝑎𝑎𝑎𝑎𝑎𝑤𝑤𝑤𝑤𝑎𝑎𝑛𝑛) 

After calculating the within, across, and interaction between group deviation we calculate 

the F-value: 

MS(group A)/MS(within)= F(group A) 

MS(group B)/MS(within)=F(group B) 

MS(interaction)/MS(within)=F(interaction) 

Finally, we take the F values and compare to the F critical values in an F table and if the 

F value is higher, we have a statistically significant difference.  
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CHAPTER 4 

RESULTS 

UV Suppresses SOCE And Enhances Invasion In Melanoma 

We assessed the effect of UV on SOCE in melanoma in a panel of established 

non-metastatic human melanoma cell lines containing a range of different common driver 

mutations common to melanoma (SKMEL5, UACC1273, SKMEL2, FS13, SKMEL28, 

UACC257)(548)) and ((WM983, WM983BR)(549)) (Table 4-1). Cells were exposed to UV 

(175J/M2), then allowed to recover for 24 hours. To induce SOCE, cells were treated with 

the Sarco/Endoplasmic Reticulum Calcium ATPase (SERCA) pump inhibitor thapsigargin 

(Tg; 2µM) for 10 minutes to deplete the ER of Ca2+ prior to the addition of 1mM Ca2+. 

Addition of exogenous Ca2+ induced SOCE in all cell lines, although variable SOCE 

amplitudes were observed amongst the different cell lines (Fig 4-1A). Prior exposure to 

UV suppressed SOCE in all cell lines tested 24 hours after a single UV exposure (Fig 4-

1A-B); no relationship to driver mutations in the different cell lines could be detected. To 

determine if this was a transient or stable effect, Basal Calcium (Fig 4-2A-C), Tg-Induced 

Ca2+ release (Fig 4-2A-B,D), and SOCE (Fig 4-1C, 4-2A-B) were tracked on a weekly 

basis for 5 weeks in WM983 and UACC257 cells after a single exposure to UV. In result, 

WM983 cells exhibited substantial SOCE suppression at 2-3 weeks after UV exposure, 

after which, there was a short recovery period followed by a second, steeper suppression 

of SOCE between 4 and 5 weeks. Despite these differences in SOCE, there were no 

significant changes in Basal or Tg-Induced Ca2+ release in response to UV exposure (Fig 

4-2A,C-D). Conversely, UACC257 cells did not exhibit any significant changes in Basal 
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(Fig 4-2B-C), Tg-Induced Ca2+ release (Fig 4-2B,D) or SOCE (Fig 4-1D, 4-2B) in response 

to UV exposure.  

To determine if differences in the stability of UV-induced SOCE suppression in 

WM983 and UACC257 cells correlated with invasiveness, transwell invasion assays were 

performed on non-irradiated cells or cells exposed to UV and allowed to recover for either 

2 or 5 weeks (hereafter termed UV2 or UV5, respectively; Fig 4-1D). Notably, whereas 

several-fold increases in the number of invasive UV2 and UV5 WM983 cells were 

observed, at the 2 and 5 week timepoints, WM983, but not UACC257, cells exhibited 

increased invasiveness, correlating with the SOCE phenotypes of these models.  

A significant question to consider is whether UV exposure and SOCE suppression 

cause changes in proliferative ability since melanoma is well-known to undergo a 

phenotypic switch from radial to vertical growth phase (342) and a widespread hypothesis 

of cancer cell behavior is that cancer cells follow a “go or grow” hypothesis where cells 

either proliferate or invade; an effect that is widely considered mutually exclusive (550). 

To determine if increased invasiveness might reflect UV-dependent effects on cell viability 

and/or proliferation, we performed WST-1 proliferation assays (Fig 4-3A-B), with no UV-

dependent differences found in WM983 or UACC257 cells, suggesting that UV-exposed 

melanoma cells are not only still viable after UV exposure, but are able to invade without 

changes to their proliferative capacity.  Hence, these data demonstrate a direct correlation 

between SOCE suppression and invasive behavior in UV-induced melanoma progression, 

along with an intriguing delay between UV exposure and reprogramming of invasive 

responses. 



113 
 

To determine if UV-induced SOCE suppression and invasiveness would also occur 

in vivo, we extended our study to B16N melanoma cells, with the ultimate goal of 

assessing metastasis in immunocompetent C57Bl/6 mice. Paralleling results in human 

melanoma cells, UV exposure led to SOCE suppression after a 5-week incubation (Fig 4-

1E-F), with a similar increase in invasion through Matrigel in a transwell invasion assay in 

vitro (Fig 4-1G). In complementary work, untreated, UV2 or UV5 B16N cells were injected 

s.c. in syngeneic C57BL/6 mice and allowed to grow for 2 weeks before being euthanized 

and assessing metastasis by pathology. Consistent with prior studies (551, 552), in 26 out 

of 28 mice injected with untreated B16N cells, no evidence of metastasis was found using 

full body histopathology and aperio scan analysis (Table 4-2). In contrast, over half of the 

mice (8/15) injected with UV2 B16N cells had detectable metastases, as did 79% (19/24) 

of mice injected with UV5 B16N cells (Table 4-2). Interestingly, for all B16N models, 

infiltration was observed throughout the peritoneum, but not in the lungs (Fig 4-1H; Table 

4-2). While it is more typical for melanoma to metastasize to the lungs, these data 

nevertheless demonstrate a potent UV-dependent shift towards invasive behavior. 
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Table 4-1: Mutation Status of Human Melanoma Cell lines 

 

X- Mutation exists but is not specified 

 

 

 

 

 

 

 

 

 

 

 BRAF NRAS TP53 EGFR CDKN2A TERT Other 
SKMEL5 Het 

V600E 
   X C242T/

C243T 
 

UACC1273        
SKMEL2  Q61R Het 

G245S 
  C250T  

FS13        
WM983BR V600E  P278F  X X Homozygou

s Loss- 
CCND1, 
CCND2, 
FGF4, 
HRAS, 
MMP8 

SKMEL28 V600E  L145R P753S  A161C PTEN 
T167A 
Het CDK4 
R24C 

WM983 Het 
V600E 

 P278F  X  Homozygou
s Loss- 
CCND2, 
MMP8 
High Copy 
Gain- MITF 

UACC257 Het 
V600E 

    C250T  
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Figure 4-1: UV exposure suppresses SOCE and enhances invasion. (A-D) Human 

melanoma cells were plated on glass coverslips overnight before exposure to 175J/m2 

UV. (A) Representative traces showing the effect of UV on SOCE in 8 human melanoma 

cell lines. Cells were incubated overnight before loading with Fura2; cells were treated 

with 2μM Tg for 15 minutes in the absence of extracellular Ca2+ (not shown) before the 

addition of 1mM Ca2+. Dashed lines indicate SEM. (B) UV-dependent differences in SOCE 

were determined by comparing the maximal change in Fura2 ratio between UV-treated 

and untreated cells after the addition of extracellular Ca2. There was no statistically 

significant change in rate of entry (not shown). Each cell line is represented as a different 

color as depicted; each replicate included 10 to 60 individual cells. Data was analyzed by 

two-way ANOVA with multiple comparisons (UV effect, p < 0.0001; effect of cell line, p > 

0.05; interaction, p > 0.05). (C-D) UACC257 and WM983 cells were treated as described 

for panel A, except the incubation periods were extended as depicted (N≥3). Data was 

analyzed by 2-way ANOVA with multiple comparisons (UV effect, p < 0.01; Effect of cell 

line, p < 0.05; interaction, p > 0.05). (E) UV-treated cells were placed in Matrigel transwell 

inserts in OptiMEM reduced serum media; DMEM with 10% FBS was used as a 

chemoattractant. Crystal violet-stained invaded cells were measured 20 hrs after initiation 

of assay (N≥4). Sample images for each condition are shown above the corresponding 

bar. Data was analyzed by two-way ANOVA with multiple comparisons (UV effect, p < 

0.0001; Effect of cell line, p > 0.05; interaction, p < 0.01). (F-G) B16N murine melanoma 

cells were plated on glass coverslips overnight before exposure to 175J/m2 UV and then 

incubated under growth optimal conditions for 0, 2 or 5 weeks. (F) SOCE was measured 

in B16N murine melanoma cells as in (A). (G) SOCE results from (F) were quantified as 

in (B) (N≥15). Data were analyzed by one way ANOVA with multiple comparisons (p < 
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0.05). (I-J) B16N cell gene expression was measured as in (C-D)  (I) B16N invasiveness 

was determined as in (E) (N≥9). Data was analyzed by one way ANOVA with multiple 

comparisons (p = 0.0001). (J) B16N cells were exposed to UV and incubated for the 

indicated time before subcutaneous injection into the right flank of syngeneic C57Bl6 mice. 

Shown, representative pictures of abdominal organs, peritoneal wall, and crude abdomen 

after 2 weeks of tumor cell in vivo growth (N≥9). Each dot on each bar is a biological 

replicate. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-2. Extended Calcium data from UVR-treated Human Melanoma Cells from 

Figure 4-1. WM983 and UACC257 human melanoma cells were plated overnight before 

exposure to 175 J/m2 UVR. Cells were cultured under growth optimal conditions for the 

indicated time period before plating on glass coverslips and loading with Fura2. (A,B) 

Representative examples of Ca2+ measurements; recording began in the presence of Ca2+ 

(1mM). Ca2+ was removed at least 1 minute prior to the addition of Tg (2µM) followed by 

the re-addition of Ca2+ (1mM). (C) Basal Ca2+ is the average Fura2 ratio or Rhod2 

fluorescence during the first minute. (D) Tg-induced Ca2+ release was quantified by 

calculating “area under curve” as a measure of total concentration to determine total Ca2+ 

release after the addition of Tg, but prior to the re-addition of Ca2+. Data (n≥3) was 

analyzed by one way ANOVA. 
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Figure 4-3. Effect of UV and SOCE Suppression on Proliferation. WM983 (A), 

UACC257 (B) and B16N (C) cells were exposed to 175J/m2 UVR followed by 1 to 5 week 

incubations in growth optimal media, respectively. O1C78 (WM983) and O1C44 (B16N) 

are melanoma cells stably expressing Orai1-WT-CFP. To measure proliferation, equal 

numbers of cells were plated in 96 well plates and incubated for 3 days before being 

treated with 10% WST-1 for 1 hour prior to absorbance reading. Each dot on each bar is 

a biological replicate. Data was analyzed by one way ANOVA. *** P < 0.001 
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Table 4-2: Metastasis in mice after introduction of subcutaneous B16N tumors 

Mouse 
Condition 

Total 
Mouse 
Number 

Invasion 
through 
Peritoneal 
Wall**** 

Abdominal 
Metastases 
Formed from 
Subcutaneous 
Tumors** 

Sites of Mets Found 

Control 28 2/28 (7.14%) 0/28 (0%) 
 

Peritoneum (2 mice) 

UV2 15 8/15 (53.3%) 2/15 (13.3%) Peritoneum (2 mice) 
Liver (2 mice) 
Pancreas (2 mice) 
Kidney (1 mouse) 

UV5 24 19/24 
(79.1%) 

9/24 (37.5%) Peritoneum (9 mice) 
LN (8 mice) 
Pancreas (4 mice) 
Intestine (3 mice) 
Liver (8 mice) 
Mesentery (1 mouse) 
Spleen (1 mouse) 

O1C44 14 13/14 
(92.9%) 

3/14 (21.4%) Peritoneum (3 mice) 
LN (3 mice) 
Kidney (3 mice) 
Intestine (2 mice) 
Spleen (1 mouse) 
Liver 
 

O1DN 10 3/10 (30%) 1/10 (10%) Peritoneum (3 mice) 
Mesentery (1 mouse) 

 

Significant differences in invasiveness through the peritoneal wall and into the abdomen 
was determined by the chi squared test. ** P<0.01; ****P<0.0001 
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Melanoma Progression Mediated By SOCE Suppression Exhibits A “Goldilocks 

Effect”. 

UV has a wide range of short- and long-term effects on cell function (Coelho et 

al, 2009), only one of which is SOCE suppression. To more directly establish a 

relationship between suppressed SOCE and invasiveness, we suppressed SOCE in 

B16N cells using 3,5- Bis(trifluoromethyl)pyrazole (BTP2), a well-established inhibitor of 

both Orai1-mediated SOCE and TRPC-mediated Ca2+ entry (He et al, 2005; Ishikawa et 

al, 2003; Schleifer et al, 2012; Zitt et al, 2004). Titration of BTP2 at a concentration 

range of 20 to 100nM suppressed SOCE at levels comparable to UV (Fig 4-4A-B) and 

additionally stimulated several-fold increases in invasiveness through transwell invasion 

assays (Fig 4-4C). The effect on invasiveness was lost at higher BTP2 concentrations 

(e.g. 200nM) suggesting an intriguing “Goldilocks effect.” Similar observations were 

made in WM983 cells (Fig 4-5A-B). To further probe this concept, non-invasive UV2 

B16N melanoma cells were treated with BTP2 (20nM), a concentration that had no effect 

on invasiveness in parental B16N cells (Fig 4-4D). Remarkably, increased invasiveness 

was observed, suggesting that SOCE was insufficiently suppressed in both cases to 

drive an increase in invasiveness through Matrigel. We then assessed the contribution of 

SOCE to the enhanced invasiveness of B16N UV5 cells by measuring invasiveness in 

the presence of BTP2 (200nM; Fig 4-4E). This completely blocked invasiveness, 

indicating that a minimum amount of SOCE is needed to support invasive behavior, 

consistent with the proposed “Goldilocks Effect.” We note that these are very low 

concentrations of BTP2, well below toxic levels (Ishikawa et al., 2003; Zitt et al., 2004).  

As another approach, we asked if genetic manipulation of SOCE would lead to a 

similar outcome. Overexpression of Orai1 has been reported to suppress SOCE through 
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stoichiometric imbalance with STIM1 (Hoover & Lewis, 2011; Soboloff et al, 2006). 

Therefore, we generated a series of B16N cell lines stably expressing Orai1 and 

screened them to determine the level of SOCE suppression. Two Orai1-overexpressing 

clones that exhibited SOCE suppression at levels similar to UV5 B16N cells were 

identified and designated O1C3 and O1C44 (Fig 4-4F-G). In both cases, these cells 

demonstrated enhanced invasion through Matrigel in a transwell invasion assay, to 

levels similar to those seen with UV5 B16N cells (Fig 4-4H). Similar observations were 

made in an Orai1-overexpressing clone of WM983 cells (Fig 4-5C-D).  

Finally, we assessed the impact of a dominant negative Orai1 mutant (Orai1-

E106ACFP; Orai1-DN; (Prakriya et al, 2006; Vig et al, 2006a; Yeromin et al, 2006)) 

previously shown to block invasion (Sun et al., 2014; Umemura et al., 2014). B16N cells 

stably expressing Orai1- DN (O1DN) exhibited both ablated SOCE (Fig 4-4I) and 

diminished invasion in a transwell invasion assay (Fig 4-4J). These observations reveal 

a non-linear relationship between SOCE and invasiveness in melanoma, in which partial 

suppression enhances invasion, but SOCE blockade abrogates it. An important property 

of invasion is migration, which is regulated in part by transient changes in Ca2+ levels 

that facilitate filipodia formation, lamellipodia attachment, and activation of myosin light 

chain kinases (MLCKs) that control movement (reviewed in (Gross et al, 2020b)). To 

assess the effect of SOCE on migratory potential, O1C44 and UV5 B16N cells were 

seeded as monolayers, grown overnight, scratched to create a wound, then imaged 

every 20 minutes for 20 hours. Both O1C44 and UV5 B16N cells exhibited greater 

migratory behavior compared to control cells (Fig 4-4K; 4-6). Interestingly, SOCE 

suppression in the absence of UV had a more profound effect on migration, with Orai1-

overexpressing cells nearly completely filling the wound 10 hours after initial scratch. 
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Considered together, these data demonstrate SOCE suppression as a driving force 

behind migration and a mediator of UV-dependent enhancement of melanoma invasion. 

To determine if SOCE suppression is sufficient to drive invasiveness in syngeneic mice, 

Orai1-overexpressing B16N cells were injected s.c. and metastasis was assessed by 

pathology. Similar to mice injected with UV-irradiated cells, extensive metastasis was 

observed throughout the peritoneal cavity in 13 out of 14 mice (Table 4-2; Fig 4-4L). 

Although less common for melanoma, there is evidence showing that several metastatic 

cancers have been known to penetrate the peritoneal cavity through the peritoneal wall, 

a process commonly referred to as intraperitoneal carcinomatosis (IC) (Desai Jay P., 

2020; Lee et al, 2014; McBride & Calhoun, 2019; Mikuła-Pietrasik et al, 2018). 

Additionally, when O1DN cells were injected s.c., 3 out of 10 mice exhibited contact with 

the peritoneal wall (Table 4-2; Fig 4-4L, M). Further, high resolution images of the 

peritoneal wall reveal no untreated B16N cells, but significant penetration of UVirradiated 

or Orai1-expressing B16N cells (Fig 4-4M,N). The 3 mice containing O1DN tumors 

showed less than 0.1 mm2 of total invasion, even less than the 2 control mice, exhibiting 

peritoneal wall invasion (Fig 4-4N). Considered collectively, these data reveal that 

modest SOCE suppression promotes metastasis from an s.c. melanoma, while SOCE 

ablation has minimal or no effect. 
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Figure 4-4. Partial SOCE suppression increases invasiveness. (A) Representative 

traces of SOCE in Fura-2 loaded B16N cells treated with the indicated concentrations of 

BTP2 for 15 minutes, in the presence of Tg. A representative trace of UV5 B16N is also 

shown for reference. (B) SOCE from (A) was quantified; dose dependence was measured 

by non-linear regression (n= 6). UV5 SOCE is shown as a purple bar for comparison (C) 

BTP2-treated B16N cells were plated on Matrigel transwell inserts in OptiMEM reduced 

serum media; DMEM with 10% FBS was used as a chemoattractant. Crystal violet-stained 

invaded cells were measured 20 hrs after initiation of assay (N≥3). Sample images for 

each condition are shown above the corresponding bar. Data were analyzed by one-way 

ANOVA with multiple comparisons (p < 0.01). (D) UV2 or (E) UV5 B16N cellstreated with 

indicated concentrations of BTP2 followed by plating on matrigel transwell inserts as 

described (C). (F) Representative traces of SOCE in 2 Orai1-CFPexpressing cell lines 

exhibiting SOCE suppression similar to BTP2 (40nM). (G) Relative SOCE suppression 

observed in Orai1-expressing or UV5 B16N cells (N≥5). Data were analyzed by one-way 

ANOVA with multiple comparisons (p < 0.01). (H) Transwell migration assays of Parental, 

UV2, UV5, O1C3 and O1C44 B16N cells as described in (C) (N≥6). Data were analyzed 

by one-way ANOVA with multiple comparisons (p < 0.001). (I) Representative traces of 

SOCE in B16N cells stably expressing the dominant negative form of Orai1-CFP (E106A; 

O1-DN). (J) Transwell migration assays of B16N parental versus O1-DN-expressing cells 

as described in (C) (N≥4). Data was analyzed by unpaired T test (p < 0.05). (K) 

Quantitation of B16N cell monolayers 20 hours after being scratched (representative 

images in Figure S3). UV2, UV5 and O1C44 cells were incubated overnight in the 

presence (+) or absence (-) of 2 µM IA65. The cell-free area was quantified by ImageJ 

(N≥3). Data was analyzed by 2-way ANOVA. In the absence of IA65, SOCE suppression 
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effect was p< 0.0001; interaction was p>0.05. In the presence of IA65, SOCE suppression 

effect was p>0.05; effect of time was p < 0.0001; interaction was p< 0.001. (L-N) B16N 

parental, O1C44, and O1DN cells were subcutaneously injected in the right flank of 

syngeneic C57Bl6 mice revealing the presence of O1C44 (but not B16N-WT) cells in 

abdominal organs and within the peritoneal wall (L). (M) H&E stains of the peritoneal wall 

revealing the presence of melanoma cells in the peritoneal wall ( =Tumor/Peritoneal wall 

barrier,  =Tumor cell infiltration). (N) Quantitative measurement of degree of invasion 

within and through the peritoneal wall. Data was analyzed using the Kruskal-Wallis Rank 

Sum test (P < 0.001). Each dot on each bar is a biological replicate *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. 
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Figure 4-5. SOCE Suppression in Human Melanoma Cells Exhibits a “Goldilocks 

Effect”.  (A) Representative traces of SOCE in Fura-2 loaded WM983 cells treated with 

the indicated concentrations of BTP2 for 15 minutes in the presence of Tg. Data are 

representative of 5 experiments. UV2 and UV5 WM983 cells are also shown for 

comparison. (B) BTP2-treated WM983 cells were plated on Matrigel transwell inserts in 

OptiMEM reduced serum media; DMEM with 10% FBS was used as a chemoattractant. 

Invaded cells were measured after 20 hrs after staining with crystal violet (N≥3). UV2 and 

UV5 WM983 cells are also shown for comparison. (C) Representative traces of SOCE in 

parental and an Orai1-CFP-expressing WM983 cells named O1C78 exhibiting SOCE 

suppression similar to BTP2 (80nM). (D) Invasion assays performed as in panel B 

comparing the number of invaded cells in O1C78 cells to either untreated parental WM983 

cells or WM983 cells exposed to UV irradiation and allowed to recover for 2 weeks (N≥4). 

Data was analyzed by one way ANOVA. Each dot on each bar is a biological replicate * P 

< 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001 
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Figure 4-6. Pictures in support of Figure 4-4K. Untreated, UV5 or Orai1 overexpressing 

clones O1C44 and O1C3 B16N cells were plated in a monolayer overnight followed by 

scratching with a p10 pipette to create a cell-free zone. Migration into this zone was 

monitored by time lapse bright field microscopy for 20 hrs at 37°C and 5% CO2. 

Representative images and times 0, 10 and 20 hrs are depicted, with cell-free areas 

demarcated by the yellow lines. 
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SOCE Recovery Inhibits Invasion 

To further establish the concept that SOCE suppression contributes to UV-induced 

invasiveness, we used 4-((5-Phenyl-4-(trifluoromethyl)thiazol-2- yl)amino)benzoic acid 

(IA65), a potentiator of Orai1 and SOCE (Azimi et al, 2020; Zhang et al, 2020). IA65 had 

no effect on cell viability (Fig 4-7) or on SOCE in untreated WM983 cells, but strikingly 

reversed UV-induced SOCE suppression (Fig 4-8A-B). Notably, WM983 cells treated with 

IA65 failed to invade through Matrigel in a transwell assay even after exposure to UV (Fig 

4-8C) and did not have UV-induced enhanced cell migration (Fig 4-8D-F). Similar 

observations of the effect of IA65 on SOCE, migration, and invasion were made in B16N 

cells (Fig 4-9). Collectively, these observations indicate that SOCE suppression is a 

required component of UV-induced increases in invasiveness in melanoma cells. 
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Figure 4-7. Assessing toxicity of IA65 on melanoma cells. WM983 (A) and B16N (B) 

cells were exposed to 175J/m2 UVR followed by 2 (UV2) or 5 (UV5) weeks incubation in 

growth optimal media, respectively. To measure viability, equal numbers of cells were 

plated in 24 well plates and incubated overnight before being treated with 0.4% Trypan 

Blue and comparing the number of stained vs. unstained cells. Each dot on each bar is a 

biological replicate. Data was analyzed by one way ANOVA. *** P < 0.001 
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Figure 4-8: Enhancing SOCE suppresses UV-induced invasiveness. WM983 cells 

were plated on glass coverslips overnight before exposure to 175J/m2 UV and then 

incubated under growth optimal conditions for 0 (control), 2 (UV2) or 5 (UV5) weeks. (A) 

Representative traces of SOCE in Fura2-loaded cells treated with 2 µM IA65 or vehicle 

(Control) in the presence of Tg in nominally Ca2+-free media for 15 minutes prior to the 

addition of Ca2+ (1mM) (B) Quantitation of SOCE from panel A (N≥4); data was analyzed 

by 2-way ANOVA (effect of UV, p > 0.05; IA65, p < 0.001; interaction was p < 0.01). (C) 

Control, UV2 and UV5 cells were treated with IA65 (0 or 2 µM) for 15 minutes before being 

placed in Matrigel transwell inserts in OptiMEM reduced serum media; DMEM with 10% 

FBS was used as a chemoattractant. Crystal violet-stained invaded cells were measured 

20 hrs after initiation of assay (N≥4). Sample images for each condition are shown above 

the corresponding bar. Data was analyzed by 2-way ANOVA (effect of UV, p < 0.01; IA65, 

p < 0.0001; interaction was p < 0.01). (D-F) Confluent layers of WM983 cells treated as 

indicated were ‘scratched’ followed by a 20 hour incubation at 37°C with 5% CO2. (D) 

Representative images of cells after being scratched after being incubated for 0, 10 or 20 

hours in the absence (-) or presence (+) of 2μM IA65. (E-F) The cell-free area was 

quantified by ImageJ (N≥8). Data was analyzed by 2-way ANOVA. In the absence of IA65, 

SOCE suppression effect was p< 0.0001; interaction was p0.05; effect of time was p < 

0.0001; interaction was p>0.05. Each dot on each bar is a biological replicate. In the 

presence of IA65, SOCE suppression effect was p>0.05; effect of time was p < 0.0001; 

interaction was p>0.05. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 
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Figure 4-9. IA65 reverses SOCE suppression and inhibits invasiveness in B16N 

melanoma cells. (A-C) B16N cells were plated on glass coverslips overnight before 

exposure to 175J/m2 UVR and then incubated under growth optimal conditions for 0 

(control), 2 (UV2) or 5 (UV5) weeks. (A) Representative traces of SOCE in Fura2-loaded 

cells treated with IA65 (0 or 2 µM) in the presence of Tg in nominally Ca2+-free media for 

15 minutes prior to the addition of Ca2+ (1mM) (B) Quantitation of SOCE from panel A 

(N≥4). (C) Control, UV2 and UV5 cells were treated with IA65 (0 or 2 µM) for 15 minutes 

before placing in Matrigel transwell inserts; the number of cells migrating through Matrigel 

was quantified as described in figure 4-1F (N≥3). (D) Representative traces of SOCE in 

Fura2-loaded cells treated with IA65 (0 or 2 µM) in the presence of Tg in nominally Ca2+-

free media for 15 minutes prior to the addition of Ca2+ (1mM) (E) Quantitation of SOCE 

from panel D (N≥4). (F) Parental and O1C44 cells were treated with IA65 (0 or 2 µM) for 

15 minutes before placing in Matrigel transwell inserts; the number of cells migrating 

through Matrigel was quantified as described in figure 4-1F (N≥6). Each dot on each bar 

is a biological replicate 
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Identification Of The Mechanism Of UV-Induced SOCE Suppression 

To determine the mechanism of UV-induced SOCE suppression, we first 

measured the level of expression of the 5 members of the STIM and Orai families by RT-

qPCR (Fig 4-10). No significant UV-induced changes in the expression of Orai genes were 

observed in WM983 or B16N cells (Fig 4-10A, C), although significant UV-induced 

increases in Orai1 expression did occur in UACC257 (p=0.0441; Fig 4-10B). Since no 

significant UV-induced changes in SOCE were observed in UACC257 cells, the biological 

significance of this observation is unclear. Both O1C78 WM983 and O1C44 B16N cells 

exhibited a modest, but statistically significant increase in Orai1 expression (Fig 4-10A,C). 

No significant, changes in the expression of either STIM1 or STIM2 were observed in 

WM983, UACC257 or B16N cells (Fig 4-10D-F). Since no decreases in STIM or Orai 

expression were observed in UV5 cells, these data do not provide an explanation for 

UVinduced SOCE suppression. Therefore, we performed RNAseq, taking advantage of 

the observed differences in SOCE suppression in WM983 and UACC257 cells 2 weeks 

after UV exposure, comparing each cell model to non-irradiated cells (see Figs 1C; 4-11A-

C). Principal component analysis (PCA) revealed both minimal replicate variability and the 

existence of 4 discrete groups, with UV having distinct effects in WM983 and UACC257 

cells (Fig 4-11D). Comparison of the genes changed in these cell types reveals marked 

expression differences in the effect of UV on UACC257 and WM983 cells (Fig 4-11E). To 

identify those genes whose expression was altered by UV that could contribute to SOCE 

suppression, we then performed a Venn analysis comparing the genes whose expression 

was significantly altered (p<0.01) by UV exposure in WM983, but not UACC257 cells (Fig 

4-11F), performing Ingenuity Pathway Analysis (IPA) on this group of 421 genes. 

Interestingly, the pathway whose expression was most altered was the superpathway of 
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cholesterol (CHL) biosynthesis (also known as the mevalonate pathway; Table 4-3) with 

8 out of 28 genes upregulated (Table 4-3). CHL has been previously identified as an 

endogenous inhibitor of SOCE due to a direct interaction with Orai1 (Derler et al, 2016). 

Further, the mevalonate pathway has been to shown to contribute to melanoma 

progression in vivo (Pencheva et al, 2014). Finally, we performed Cancer Genome Atlas 

(TCGA) analysis to determine if the mevalonate pathway was similarly altered in clinical 

tumor samples (Fig 4-11G). Notably, melanoma was the second most likely tumor-type to 

exhibit mevalonate pathway dysregulation (3.4%); the most likely tumor type to exhibit 

mevalonate pathway dysregulation was anal cancer; however, since this was based on 

only 1 tumor (out of only 21 total), this is likely irrelevant. Therefore, we assessed the 

possibility that enhanced CHL biosynthetic pathways contributes to SOCE suppression 

and UV-induced melanoma invasiveness and metastasis.  

To determine if UV treatment increased CHL content, we designed CHL sensors 

based on Perfringolysin O (PFO) toxin), a toxin with CHL-binding activity (Maekawa, 

2017). Briefly, the CHL-binding portion of the PFO toxin was mutated to increase affinity 

with a D434S point mutation within the D4 domain (D4H), tagged with mCherry and 

transfected into WM983 and UACC257 cells (Fig 4-11H-I). UV markedly increased 

mCherry expression in WM983 in a time-dependent manner but did not do so in UACC257 

cells (Fig 4-11H-I), consistent with the effect of UV on SOCE on these 2 cell types (Fig 4-

1C). Analogous experiments were done in an Orai1 overexpressing clone of WM983 cells 

(O1C78) and showed no significant change in mCherry fluorescence, indicative of no 

change in cholesterol levels, revealing that cholesterol upregulation is upstream of SOCE 

suppression and is likely not bidirectional (Fig 4-11J-K). To assess if UV-induced CHL 

production contributes to UV-induced SOCE suppression, cells were treated with either 
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the HMG-CoA reductase inhibitor compactin (a statin drug) or the squalene synthase (SS) 

inhibitor TAK475, which targets a downstream step in the CHL biosynthesis pathway. 

While neither agent significantly affected SOCE in untreated WM983 cells, SOCE in UV5 

WM983 cells was markedly enhanced after a 24 hr treatment with either agent (Fig 4-12A-

B). Further, when these same CHL inhibitor drugs were given to non-SOCE suppressed 

UACC257 UV5 cells, no change occurred in SOCE (Fig 4-13). Additionally, both drugs 

abrogated UV-induced increases in WM983 melanoma invasiveness through Matrigel on 

a transwell assay, while having no effect on invasiveness in untreated cells (Fig 4-12).  

Finally, to assess the contribution of CHL on melanoma metastasis in vivo, we 

analyzed the metastasis of parental and UV5 B16N cells grown for 5 weeks post-

irradiation before implantation s.c. in Ldlr-/- mice (Fig 4-12D-E). Ldlr-/- mice exhibit 

relatively modest 50 to 300% increases in CHL levels when fed regular chow and a greater 

than 800% increase in CHL when fed high fat diet in comparison to WT C57Bl/6 mice 

(Franciosi et al, 2009; Hartvigsen et al, 2007). Interestingly, very modest invasion of 

untreated B16N cells into the peritoneal wall was observed in mice fed regular chow that 

was dramatically increased by high fat chow (Fig 4-12D-E). UV5 B16N cells exhibited 

substantial invasiveness in Ldlr-/- mice fed either regular chow or high fat diet. These data 

demonstrate that elevated CHL levels are sufficient to mimic UV-induced melanoma 

metastasis and support a model in which UV drives melanoma metastasis due to SOCE 

suppression mediated by increased CHL biosynthesis. 
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Figure 4-10. Orai and STIM family gene expression patterns in response to SOCE 

suppression. Orai1 (A-C) and STIM (D-F) expression were measured by RT-qPCR 

from WM983 (A,D) UACC257 (B,E) human and B16N (C,F) murine melanoma cell lines. 

UV2 and UV5 cells are melanoma cells that were exposed to 175J/m2 UVR followed by 

2 or 5 week incubations in growth optimal media, respectively. O1C78 (WM983) and 

O1C44 (B16N) are melanoma cells stably expressing Orai1-WT-CFP. 18S rRNA was 

used as a housekeeping gene; data (N≥3) are presented as normalized to control. Each 

dot on each bar is a biological replicate. UV data was analyzed by one way ANOVA; 

Orai1 overexpressing clones were compared to control by T test. 
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Figure 4-11. Mevalonate pathway upregulation correlates with UV-induced SOCE 

suppression. (A-C) WM983 and UACC257 cells were plated on glass coverslips 

overnight before exposure to 175J/m2 UV and then incubated under growth optimal 

conditions for 0 (control) or 2 (UV) weeks followed by plating on glass coverslips, Fura2 

loading and administration of Tg in nominally Ca2+-free media for 15 minutes prior to the 

addition of Ca2+ (1mM), as in Fig 1A-C. (D-F) RNA was extracted from WM983 or 

UACC257 cells 2 weeks after UV exposure (0 or 175 J/m2 ) followed by cDNA 

production and analysis (3 biological replicates per condition). (D) Principal component 

(PC) analysis showing the variability between the replicates. (E) Heatmap comparing 

genes significantly differing in WM983 and UACC257 cells two weeks after UV exposure 

(p< 0.001, q<0.01). (F) Venn diagram showing the genes significantly changed due to 

UV in WM983 but not significantly changed in UACC257 cells. (G) The percentage of 

tumors in which the mevalonate pathway by tumor type; data was obtained from TCGA. 

The numbers indicate the total number of samples available for each tumor type; the. (H-

K) WM983 and UACC257 human melanoma cells were transfected with Perfringolysin O 

(PFO)-mCherry D4H cholesterol sensor and plated on glass coverslips. (H-J) Cells were 

exposed to UV (0 or 175 J/m2) and incubated for 0, 2 or 5 weeks as indicated. (H) 

Representative cell images. (I) Fluorescence intensity from cells analyzed in (H) was 

measured and quantified using LASX analysis software (N≥8). Each dot on each bar is a 

biological replicate. Data was analyzed using 1-way ANOVA with multiple comparisons 

(WM983, p < 0.001; UACC257 p > 0.05). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

(J-K) O1C78 WM983 cells expressing the PFO-mCherry D4H cholesterol sensor were 

examined as in panels H and I (N≥8). 



147 
 

Table 4-3: IPA Analysis of RNAseq of WM983 and UACC257 from Figure 7-4 showing 
top ranked upregulated pathways 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ingenuity Canonical 
Pathways 

-log p-
value 

Ratio Molecules 

Superpathway of 
Cholesterol Biosynthesis 

7.76 0.286 MVD, FDPS, IDI1, LSS, 
HMGCR, HMGCS1, 
GGPS1 

Superpathway of 
Geranylgeranyldiphosphate 
Biosynthesis I (via 
Mevalonate)  

6.56 0.353 MVD, FDPS, IDI1, 
HMGCR, HMGCS1, 
GGPS1 

Ethanol Degradation IV 5.46 0.24 TYRP1, ALDH1L2, 
ALDH1A3, ACSS2, CAT, 
ALDH3B1 

Trans, trans-farnesyl 
Diphosphate Biosynthesis 

4.3 0.6 FDPS, IDI1, GGPS1 

Mevalonate Pathway I 4.25 0.308 MVD, IDI1, HMGCR, 
HMGCS1 

Oxidative Ethanol 
Degradation III 

3.38 0.19 ALDH1L2, ALDH1A3, 
ACSS2, ALDH3B1 

Oleate Biosynthesis II 
(Animals) 

2.89 0.231 FADS2, ALDH6A1, FADS1 

Geranylgeranyldiphosphate 
Biosynthesis 

2.76 0.5 FDPS, GGPS1 

Ethanol Degradation II 2.43 0.108 ALDH1L2, ALDH1A3, 
ACSS2, ALDH3B1 

Histamine Degradation  2.39 0.158 ALDH1L2, ALDH1A3, 
ALDH3B1 

Antigen Presentation 
Pathway  

2.39 0.105 HLA-A, HLA-F, TAP2, 
HLA-DPA1 

Fatty Acid α-oxidation 2.21 0.136 ALDH1L2, ALDH1A3, 
ALDH3B1 

Putrescine Degradation III 2.15 0.13 ALDH1L2, ALDH1A3, 
ALDH3B1 

Molecular Mechanisms of 
Cancer 

1.69 0.033 ALDH1L2, ALDH1A3, 
ALDH3B1, RAC2, LRP5, 
GSK3A, RALBP1, CCND1, 
PAK1, CCNE, CDK11B, 
SMO, PRKAR1B, APH1B, 
ARHGEF9, BCL2L11 
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Figure 4-12. Cholesterol production is a key mediator of UV-induced metastasis. 

WM983 cells were plated overnight before exposure to 175 J/m2 UV and then incubated 

under growth optimal conditions for 0 (control), 2 (UV2) or 5 (UV5) weeks. (A) Following 

UV exposure and incubation, WM983 human melanoma cells were plated on glass 

coverslips and treated with or without the cholesterol synthesis inhibitors TAK475 

(10μM) or compactin (2μM) overnight followed by Fura2 loading and administration of Tg 

in nominally Ca2+-free media for 15 minutes prior to the addition of Ca2+ (1mM). (B) 

SOCE from panel A was quantified and compared by two-way ANOVA (N≥5; cholesterol 

inhibition was p = 0.0014; incubation time, p > 0.05; interaction was p < 0.0001). (C) 

UV5 or control WM983 cells were placed in Matrigel transwell inserts in OptiMEM 

reduced serum media with or without TAK475 or compactin; DMEM with 10% FBS was 

used as a chemoattractant. Crystal violet-stained invaded cells were measured 20 hrs 

after initiation of assay (N≥4). Sample images for each condition are shown above the 

corresponding bar. Data was analyzed by 2-way ANOVA (cholesterol inhibition was p = 

0.0004; incubation time, p > 0.05; interaction was p = 0.0002). (D) B16N murine 

melanoma cells were treated with or without UV and incubated for 5 weeks. Ldlr-/- 

C57Bl6 mice were fed with regular chow or high fat diet for 2 weeks prior to 

administration of syngeneic B16N cells (N=10). Each dot on each bar is a biological 

replicate. The area of cell invasion into and through peritoneal wall measured using 

Aperio Imagescope software and analyzed by 2- way ANOVA (high fat diet, p > 0.05; UV 

exposure, p > 0.05; interaction was p < 0.05). (E) Representative images of invasion into 

the peritoneal wall. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001  
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Figure 4-13. No effect of cholesterol synthesis inhibitors on SOCE in UACC257 

cells. UACC257 cells were plated on glass coverslips overnight before exposure to 175 

J/m2 UV and then incubated under growth optimal conditions for 0 (control), 2 (UV2) or 5 

(UV5) weeks. (A) Following UV exposure and incubation, WM983 human melanoma 

cells were plated on glass coverslips and treated with or without the CHL synthesis 

inhibitors TAK475 or Compactin overnight followed by Fura2 loading and administration 

of Tg in nominally Ca2+-free media for 15 minutes prior to the addition of Ca2+ (1mM). (B) 

SOCE from panel A was quantified and compared by two way ANOVA (N≥5; CHL 

inhibition was p = 0.0014; incubation time, p > 0.05; interaction was p < 0.0001). Each 

dot on each bar is a biological replicate. 
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SOCE Suppression Drives A Metabolic Shift Towards Anabolic Pathways 

In an effort to determine how SOCE suppression might contribute to invasive behavior in 

melanoma, we performed RNAseq analysis of untreated, UV2, UV5 and O1C44 B16N 

cells (Fig 4-14A-B). PCA revealed minimal replicate variability and significant differences 

from control for each experimental condition (Fig 4-15) and marked differences in 

expression patterns between each of the 3 groups (Fig 4-14A; 4-15). To identify genes 

associated with both SOCE suppression and invasiveness, we then performed a Venn 

analysis comparing the genes whose expression was significantly altered (p<0.01, 

q<0.01) in UV5, O1C44 and/or UV2. The exclusion of UV2 in one group was performed 

because these cells did not exhibit SOCE suppression (Fig 4-1E-F), were not invasive 

through a transwell assay (Fig 4-1G) but did exhibit metastatic properties in a small 

subset of mice (Fig 4-4M,N; Table 4-2). There were 187 genes changed that were 

common to all 3 groups, including multiple genes associated with epithelial-

mesenchymal transition (EMT), melanocyte dedifferentiation, metabolism and cell 

survival (Table 4-4, Table 4-5, Table 4-6). If the non-SOCE suppressed UV2 cells are 

excluded, there were 472 genes changed. Interestingly, with the exception of 

dedifferentiation, the number of pathways changed in each category increased when 

UV2 was excluded, particularly as related to control of glucose uptake and metabolism 

(Table 4-4, Table 4-6). Dysregulation of both Ca2+ signals and metabolism in the context 

of cancer has been extensively reported (Reviewed in (Dejos et al, 2020; Prevarskaya et 

al, 2018)); since all gene changes were observed in O1C44 cells in which SOCE is 

suppressed, we assessed metabolic function.  

Analysis of glucose uptake revealed significant many-fold increases in the highly 

invasive UV5 and O1C44 B16N cells, UV5 and O1C78 WM983 cells, although not in 
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UV5 UACC257 cells (Fig 4-14C). Further, analysis of oxygen consumption rate (OCR) 

and extracellular acidification rate (ECAR) revealed only modest UV or Orai1-dependent 

changes in OCR in B16N, WM983, and UACC257 cells (Fig 4-14D) and either 

decreased or unchanged ECAR (Fig 4-14E). Measurements of Basal Respiration and 

Basal Glycolysis show either decreased or unchanged aerobic respiration of glycolytic 

activity across both human and murine cells (Fig 4-14F). Importantly, these changes in 

ECAR and OCR did not correlate well with the invasiveness phenotypes of these cells, 

implying the highly elevated levels of imported glucose were being used for alternative 

purposes than glycolysis.  

Although most glucose is normally processed through glycolysis, glucose can 

also be shunted down an alternative biosynthetic route, the hexosamine biosynthetic 

pathway (HBP). In normal cells, this represents roughly 2-5% of glucose consumption, 

however, cancer cells have been shown upregulate use of the HBP (Akella et al, 2019; 

Marshall et al, 1991). Elevated HBP 14 increases uridine diphosphate-N-

acetylglucosamine (UDP-GlcNAc) production, which ultimately drives post-transcriptional 

O-GlcNAcylation mediated by the enzyme O-linked Nacetylglucosamine (GlcNAc) 

transferase (OGT), promoting EMT, proliferation, cell survival, and transcription (Akella 

et al., 2019). Interestingly, RT-qPCR analysis of OGT gene expression revealed either 

unchanged or decreased levels of OGT in response to UV exposure or SOCE 

suppression (Fig 4-14G) which implies that changes in HBP activity are likely caused by 

increased substrate and OGT activity. To determine whether elevated OGT activity 

contributes to the increased invasiveness of cells with depressed SOCE, cells were 

either transfected with an siRNA targeting OGT (siOGT; Fig 4-14G) or incubated with 

specific and selective pharmacological inhibitor of OGT, OSMI1 (Barkovskaya et al, 
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2019) (Fig 4-14H). OGT knockdown decreased OGT expression between 50-70% 

across all conditions relative to scrambled RNA control (Fig 6G). Further, both OGT 

knockdown and OGT inhibition using OSMI1 blocked invasiveness for both WM983 and 

B16N cells (Fig 4-14H). These observations reveal a critical role for OGT activity in the 

observed increase in invasiveness due to SOCE suppression in melanoma cells. 
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Figure 4-14. RNAseq reveals SOCE suppression drives invasion. (A-B) RNA was 

extracted from UV2, UV5, O1C44 or control B16N murine melanoma cells followed by 

RNAseq analysis (3 biological replicates per condition). (A) Heatmap containing gene 

expression differences. (B) Venn diagram comparing genes significant changed in B16N 

cells 2 weeks (UV2) or 5 weeks (UV5) after exposure to those changed by Orai1 

overexpression (O1C44) (p0.05). (D-E) Oxygen consumption rate (OCR; D) extracellular 

acidification rate (ECAR; E), were measured in Control, UV5 and O1C44 B16N 

melanoma cells (n≥15), Control, UV5 and O1C78 WM983 melanoma cells (n≥10) and 

Control, UV2 and UV5 UACC257 melanoma cells (n≥12) using an Agilent Seahorse 

XF96. (F) Basal respiration and basal glycolysis data were determined based on data in 

panels D and E, respectively, prior to the addition of oligomycin and glucose, 

respectively. Data was analyzed by one way ANOVA (p<0.0001). (G) 5x105 WM983 

cells were transfected with 25 pmol siOGT (Invitrogen) or a scrambled control RNA 

(Ambion). Cells were split into 2 groups and incubated under growth optimal conditions 

for 2 days. LEFT: Cells were lysed and qPCR for OGT1 was performed using 18S 

ribosomal gene as a control. data was analyzed by two-way ANOVA (siRNA effect was 

p<0.0001; no change in OGT1 expression between control, UV5, and O1C78), RIGHT: 

Cells were plated in Matrigel transwell inserts in OptiMEM reduced serum media. Crystal 

violetstained invaded cells were measured 20 hrs after initiation of assay (N≥3). Invasion 

data was analyzed by 2-way ANOVA (siOGT effect was p=0.0002; interaction of 

treatment and siOGT was p=0.0449) (H) B16N or WM983 cells were placed in Matrigel 

transwell inserts in OptiMEM reduced-serum media, with or without OSMI1 (40 µM); 

DMEM with 10% FBS was used as a chemoattractant. Crystal violet-stained invaded 

cells were measured 20 hrs after initiation of assay (N≥4). Sample images for each 
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condition are shown above the corresponding bar. Each dot on each bar is a biological 

replicate. Data was analyzed by 2-way ANOVA (OSMI1 effect was p<0.0001 in B16N 

and WM983 cells). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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Figure 4-15. RNAseq analysis in support of Figure 4-14A. (A-C) PCA analysis of (A) 

Orai1 over-expressing and (B-C) UV exposed B16N cells relative to control. (D) 

Heatmap comparing the genes altered in O1C44 and UV5 cells relative to B16N WT 

cells.  
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Table 4-4: IPA Analysis showing key pathways altered from RNAseq 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

*Number of genes changed out of the number of genes in the pathway 
**Number of genes in the category out of the number entered into IPA 

Target 
groups 

Category Pathway -log(p-
value) 

#genes 
affected* 

O1C44, 
UV5 
and 
UV2 

Cancer Biology Molecular Mechanisms of 
Cancer 
Wnt-Beta Catenin 
Signaling 
ERBB Signaling 

 
2.52 
2.99 
3.42 

 
9/453 
6/174 
5/94 

Invasion Epithelial-Mesenchymal 
Transition 
Epithelial Adherens 
Junction Signaling 
Gap Junction Signaling 
Integrin Signaling 

 
3.52 
 
4.05 
3.31 
2.54 

 
7/195 
 
7/160 
7/211 
6/214 

Dedifferentiation Melanocyte Development 
and Pigmentation 
Signaling 

 
4.39 

 
6/96 

Metabolism Acetyl-CoA Biosynthesis 
from Citrate 

 
2.94 

 
2/8 

Cell survival Ferroptosis 4.11 7/156 

O1C44, 
UV5 
not 
UV2 

Cancer Biology Molecular Mechanisms of 
Cancer 

 
1.77 

 
14/400 

Metabolism Aryl Hydrocarbon 
Signaling 
Xenobiotic Metabolism of 
Aryl Hydrocarbon 
Signaling 
Pentose Phosphate 
Pathway (Non-oxidative) 
Glucose Metabolism 
Disorder 
Impaired Glucose 
Tolerance 

5.6 
 
4.58 
 
2.32 
 
3.78 
2.85 

13/143 
 
9/85 
 
2/6 
 
69/472** 
10/472** 

Cell Survival ERK/MAPK Signaling 
Sirtuin Signaling 
Myc-Mediated Apoptosis 
Signaling 

2.36 
2.1 
 
1.87 

10/202 
12/291 
 
4/50 

Invasion/Cell-
Cell Contact 

Gap Junction Signaling 
FAK Signaling 
Integrin Signaling 

1.95 
1.9 
1.76 

9/198 
6/104 
9/213 
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Table 4-5: Selected Genes Altered in Epithelial-Mesenchymal Transition Pathway 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Log2Fold Change p-value 
CDH2 1.155354 4.19E-23 
FGFR1 1.794002 7.39E-11 
FZD2 0.689054 3.83E-07 
FZD7 0.376354 0.000169 
KRAS 0.947452 9.31E-21 
SOS1 1.158508 1.53E-17 
TCF7L1 1.247981 1.36E-11 
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Table 4-6: Genes associated with melanocyte dedifferentiation significantly altered in 
UV2, UV5 and O1C44 B16N cells from Figure 4-14A 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Fold Change p-value 
AXL 2.745258616 

 
6.06E-77 
 

FGFR1 1.794001682 
 

7.39E-11 
 

ADAMTS1 1.779215309 
 

3.61E-66 
 

S100B 1.68057003 
 

3.94E-25 
 

SLC16a1 1.158508258 
 

1.53E-17 
 

CDH2 1.155354466 
 

4.19E-23 
 

MC1R 1.061204029 6.92E-27 
 

ERBB3 0.998760776 
 

6.39E-09 
 

TIMP2 0.969856716 
 

2.27E-28 
 

KRAS 0.947452115 
 

9.31E-21 
 

SOX4 0.829085205 
 

1.11E-16 
 

DCT 0.610499384 
 

3.70E-11 
 

SLC45a2 -1.636666872 
 

5.25E-52 
 

SLC24a5 -1.532121739 5.92E-44 
 

PMEL -0.918125782 
 

5.41E-21 
 



163 
 

Table 4-7: Selected Genes Altered in Glucose Metabolism Disorder Pathway  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Expression Log Ratio Function 
PAM 0.751 Regulates Glucose-Responsive Insulin 

Secretion(553) 
ANXA2 0.599 Involved in Insulin-Induced GLUT4 

Translocation(554) 
MEN1 0.515 Mutations lead to hyperglycemia(555) 
GRB2 0.338 Downregulation leads to insulin 

sensitivity(556) 
LRP1 -1.233 Regulates Glucose Metabolism(557) and 

Homeostasis(558) 
ANK2 -0.895 Loss of AnkB in Adipose Tissue leads to 

enhanced glucose uptake(559) 
HAX1 -0.749 Loss of HAX1 activates Pyruvate 

Dehydrogenase to facilitate glucose 
metabolism(560) 
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Patient Surgical Explants Have Low SOCE And A Similar Pharmacological Profile 

To Melanoma Cell Lines 

To determine the extent to which the observations reported here can be extended 

to human melanoma, we used a series of freshly isolated primary patient surgical explants 

(Fig 4-16). The majority of patient samples exhibited a “low SOCE” profile (Fig 4-16A), 

similar to the SOCE suppressed samples reported elsewhere in this study. Given this 

profile, it is not entirely surprising that UV-irradiation failed to further suppress SOCE 

across all 27 samples (Fig 4-16B) although the top 15% of SOCE responders (4 highest 

out of 27 tested) tended to respond more to UV exposure (Fig 4-16A). We were able to 

obtain both primary and metastatic lymph nodes (LN) tumor samples from two of the 27 

patients (P4 and P8; Fig 4-16C); the LN tumors in both patients exhibited substantially 

lower SOCE than the primary tumor (Fig 4-16C) consistent with the concept that SOCE 

suppression is a component of metastasis. Finally, since all samples were genetically 

profiled for somatic mutations (Table 4-8), we attempted to determine if SOCE levels had 

any link to mutation status. Consistent with prior studies (Esteves et al, 2020), BRAF 

mutations were associated with significantly elevated SOCE (Fig 4-16D); although, 

inconsistent with this previous study, statistically significant changes in SOCE due to 

NRAS mutations were not observed (p=0.09; Fig 4-16D), although, we attribute this 

discrepancy primarily to sample size. No other relationships between SOCE and 

mutations were observed within the statistical power of our sample size. To assess the 

effect of inhibition of CHL biosynthesis and SOCE augmentation on human melanomas, 

several of the patient samples were treated with the mevalonate pathway inhibitors 

compactin and TAK475 and the Orai potentiator IA65 (Fig 4-16E). Both TAK475 and 

compactin significantly enhanced SOCE, indicating SOCE was being suppressed by CHL 



165 
 

biosynthesis in the clinical samples. No significant effect of IA65 was observed, although 

a smaller pool was tested due to limited sample availability. Finally, treatment with 

mevalonate pathway inhibitors compactin and TAK475, the Orai1 potentiator IA65 or the 

OGT inhibitor OSMI1 all led to diminished invasion in vitro (Fig 4-16F). Overall, these 

observations reveal the clinical relevance of CHL-mediated SOCE suppression and 

subsequent O-GlcNAcylation in melanoma. 
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Figure 4-16. Analysis of patient surgical explants reveals clinical relevance of low 

SOCE and cholesterol. Patient surgical explants were received from the biosample 

repository of FCCC. Cells were isolated from tumors using 50 µM Medicons and the 

Medimachine system and grown for 3 days before experimentation to eliminate non-

melanoma cells. (A-B) Plated control or UV irradiated (175J/m2) cells were then incubated 

overnight on glass coverslips prior to Fura2 loading and administration of Tg in Ca2+-free 

media for 15 minutes. (A) Representative examples of SOCE responses in patient 

samples following the addition of Ca2+ (1mM). (B) Each dot represents SOCE in a different 

patient sample. The effect of UV on SOCE was determined by one way ANOVA (p > 0.05). 

(C) Comparison of SOCE in cells collected from both primary tumors and metastatic lymph 

nodes from the same patient (from patients analyzed in panels A, B). (D) SOCE in samples 

exhibiting NRAS (8 of 27 samples), BRAF (8 of 27 samples), TERT promoter (6 of 27 

samples), NF1 (5 of 27 samples), and CDKN2A (5 of 27 samples) alterations were 

compared to SOCE in samples that expressed WT or the unaltered gene. (E) Single cells 

from patient samples were treated with or without the indicated drug in the presence of Tg 

in nominally Ca2+-free media for 15 minutes prior to the addition of Ca2+ (1mM). The 

number on each bar represents the number of patient specimens tested. Data were 

compared against their matched control analyzed by the unpaired T test (Tak475, p = 

0.015; compactin, p = 0.0049; IA65, p = 0.0390). (F) Patient cells were placed in Matrigel 

transwell inserts in OptiMEM reduced serum media with or without TAK475 (10μM), 

compactin (2µM), IA65 (2µM) or OSMI1 (40µM); DMEM with 10% FBS was used as a 

chemoattractant. Crystal violet-stained invaded cells were measured 20 hrs after initiation 

of assay. Each dot represents 1 patient sample. Each dot on each bar is a biological 

replicate. Data analyzed by 2-way ANOVA (cholesterol inhibition was p < 0.0001; patient 
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samples were p < 0.001; interaction was p < 0.01). For IA65, (inhibition was p < 0.0001; 

patient samples were p < 0.01; interaction was p < 0.0001). For OSMI1, (inhibition was p 

< 0.05; patient samples were p > 0.05; interaction was p < 0.05). *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001 
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Table 4-8: List of genes altered in freshly isolated patient samples. 

Gene # of 
Alterations 

Type of Alteration (Total # affected; (PT#)) 

NRAS 8 Q61R (4; (3, 4, 6, 11)) 
Q61L (2; (5, 27)) 
Q61H (1; (13)) 
Unknown mutation (1; (15)) 

BRAF 6 D594N (1; (8)) 
G469K (1; (10)) 
V600K (1; (16)) 
V600E (3; (22, 26, 31)) 

TERT 6 Expression (6; (10, 11, 12, 13, 15, 16) 
CDKN2A 5 R80* (2; (1, 31)) 

Expression (2; (11, 15) 
Loss (1; (20)) 
P114L (1; (30)) 

NF1 5 Q1158 (1; (8)) 
Q853 (1; (8)) 
R2450 (1; (10)) 
Q1336 (1; (10)) 
Expression (4; (11, 12, 20, 31)) 

FGFR2 1 VUS (1; (8)) 
FGF3/4/19 1 Amplification (1; (12)) 
ATM 2 N6* (1; (12)) 

Unknown mutation (1; (28)) 
CBL 1 E366K (1; (12)) 

Alternative Splice site (1; (12)) 
CCND1 1 Amplification (1; (12)) 
CHEK2 1 S248F (1; (13)) 
STK11 3 Q302S (1; (14)) 

Expression (2; (16, 20)) 
TP53 1 Expression (1; (16)) 
LRP1B 1 Expression (1; (27)) 
HRAS 1 Expression (1; (10)) 
KRAS 1 S65N (1; (30)) 
ROS1 1 VUS (1; (8)) 
EGFR 1 L862V (1; (5)) 
PTEN 2 Expression (2; (3, 10)) 
ARAF 1 S214F (1; (13)) 
TET2 1 Unknown mutation (1; (28)) 
EPHA3 1 Expression (1; (11)) 
RBM10 1 Expression (1; (11)) 
EMSY 1 Amplification (1; (12)) 
JAK3 1 Amplification (1; (10)) 
No specific mutations 
reported 

 2, 7, 9, 14, 21, 23, 25, 29, 33 
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CHAPTER 5 

DISCUSSION 

In the current study, we have demonstrated that a single exposure to UV 

suppresses SOCE, which promotes melanoma migration, invasion, and metastasis. This 

effect is both rapid, occurring within 24 hours after UV exposure, and durable for at least 

5 weeks after exposure. This effect is reversable, in that an Orai1 potentiator blocked both 

migration and invasion. We further established UV-induced SOCE suppression was 

mediated by induction of CHL, which is not only an established inhibitor of endogenous 

Orai1 channel activity (Derler et al., 2016), but also a modulator of UV-induced ROS 

production (561). Finally, we established that UV-induced SOCE suppression drives a 

phenotypic shift towards invasive behavior due to a combination of transcriptional and 

post-transcriptional changes.  

This study demonstrates that suppression of Ca2+ signals through UV exposure or 

inhibition of Orai1-STIM signaling drives invasion and metastasis; however, numerous 

prior investigations have observed that increased Ca2+ signals drive invasive behavior 

(Bong & Monteith, 2018; Gross et al, 2020a; Umemura et al., 2014). While the conclusions 

of these investigations would seem to be contradictory, it is likely a reflection of different 

contexts. Importantly, using both pharmacological and genetic approaches, we 

established that the anti-invasive properties of Ca2+ are limited to a very narrow range; if 

SOCE is abrogated rather than attenuated, invasion did not occur. The major pathway 

identified in other works as responsible for pro-invasive Ca2+ functions is invadopodia 

formation (Leslie, 2014; Pourfarhangi et al, 2018; Sun et al, 2015). In the current study, 

we show that SOCE suppression drives changes in the expression of a large number of 
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genes associated with EMT, cell survival, contact inhibition and metabolism. We further 

establish that post-translational O-GlcNAcylation drives invasive behavior in multiple cell 

lines and surgically collected patient explants. Given that Ca2+-dependent signaling is 

highly dependent upon concentration, context and intracellular location, these data are 

consistent with a model in which Ca2+ signals can be either pro- or anti-invasive depending 

on cell type, degree of change and the signaling environment.  

RNA-seq analysis of UV- and SOCE suppression sensitive genes revealed Aryl 

Hydrocarbon Signaling, Glucose Metabolism Disorder and Impaired Glucose Metabolism 

as 3 of the top hits (Table 4-4). It is interesting to note that these pathways are associated 

with altered insulin sensitivity leading to increased glucose uptake (Natividad et al, 2018; 

Wang et al, 2011), which ultimately does occur in these cells. Further, within glucose 

metabolism disorder pathways, many genes were altered including those associated with 

glucose uptake, insulin sensitivity, glucose homeostasis, GLUT4 translocation and 

regulation of pyruvate dehydrogenase (Table 4-4). We were also intrigued by the 

observation that 7 genes associated with EMT were upregulated, since the activity of 

some EMT genes (eg. Snai1, c-myc, YAP, and NF-κB) is driven by O-GlcNAcylation 

(Akella et al., 2019). Further, a shift to HBP could drive other pro-EMT posttranslational 

modifications such as TGFβ glycosylation (Akella et al., 2019), although this was not 

demonstrated in this study. Considered collectively, these observations demonstrate that 

SOCE suppression drives a shift to EMT through coordinated changes in both 

transcriptional and post-translational events.  

In considering the lack of effect of UV exposure on SOCE in patient melanoma 

samples, it is important to recognize that the series of human cell lines exhibiting UV-

induced SOCE suppression in Figure 4-1A were all non-invasive. This is because we 
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established that invasive melanoma cells exhibit lower SOCE in a prior study (Hooper et 

al., 2015); the goal of this investigation was to examine the relationship between SOCE 

suppression and invasiveness within the same cell lines. Since a selection process like 

this was not possible with freshly isolated surgical explants, the likely explanation for the 

lack of effect of UV on SOCE is that the majority of the patients that donated melanoma 

samples for this study were afflicted with an invasive form of this disease.  

The connection between UV and CHL production established here is also of 

clinical relevance. The introduction and wide-spread use of statins for the control of clinical 

CHL levels has provided an opportunity to assess the relationship between CHL and 

cancer progression. Statins have been shown to significantly decrease melanomagenesis 

(Lee et al, 2016) and slow progression (Pich et al, 2013), although, they cannot decrease 

the number or clinical profile of pre-existing dysplastic nevi (Linden et al, 2014). Further, 

it was found that melanoma metastasis could be suppressed in mice using therapeutics 

including LXRb (a CHL sensor/transcription factor) agonists GW3965 or T0901317 

(Pencheva et al., 2014; Zhao & Dahlman-Wright, 2010)), and statins (Favero et al, 2010; 

Tsubaki et al, 2015) which target CHL biosynthetic pathways. In the current investigation, 

we show that UV exposure leads to upregulation of the mevalonate pathway and 

increases cellular CHL levels. While it is known that CHL can sterically hinder Orai1 as 

discussed above, it should also be noted that CHL can also independently promote ROS 

production and mitochondrial dysfunction (561) as well as directly facilitating UV-induced 

generation of ROS (562). Thus, it appears that CHL has a multifaceted effect on inhibition 

of SOCE, while also enhancing invasiveness in melanoma cells. Since blocking the 

mevalonate pathway blocked invasion in vitro and metastasis and high CHL in vivo was 

sufficient to promote metastasis independent of UV, our findings support the concept that 
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CHL serves a critical role as a mediator of UV-induced melanoma metastasis and reveals 

a new mechanism through which CHL promotes metastasis; SOCE inhibition. Hence, 

blockade of the mevalonate pathway completely reversed UV-induced SOCE inhibition 

and invasiveness in vitro. Since SOCE inhibition was sufficient to drive invasiveness both 

in vitro and in vivo, these data reveal SOCE suppression as a new mechanism for CHL-

induced metastasis. While we have not investigated how CHL inhibits SOCE in this study, 

CHL has previously been shown to bind directly to Orai1 where it interferes with the STIM-

mediated transition to the open state (Derler et al., 2016; Hooper et al, 2016). Interestingly, 

the effect of CHL on SOCE appears to be unidirectional with CHL serving as an 

endogenous upstream inhibitor SOCE. Our data are highly consistent with these findings 

and provides a new pathophysiological context for this observation.  

It was notable that the majority of samples tested exhibited a “low SOCE” 

phenotype, showing no change in SOCE in response to UV exposure. In our prior study 

(Hooper et al., 2015), we observed that invasive melanoma exhibits a “low SOCE” 

phenotype, while noninvasive cells have substantially more SOCE. In the current study, 

only non-invasive melanoma cell lines exhibiting “higher SOCE” were exposed to UV and 

tested, as the focus of the work was to determine if SOCE had a mediatory role in UV-

induced melanoma progression. However, this principle was not applied to obtaining 

patient surgical explants; here, we examined all samples that were made available to us. 

Further, since the clinic retains tissue samples for pathological analysis and genetic 

profiling, patients with relatively small lesions had insufficient material to be shared with 

us; as such we only received samples from relatively advanced patient samples, likely 

creating a selection bias towards more advanced melanoma. 
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CHAPTER 6 

UVA AND UVB EXERT DIFFERENTIAL EFFECTS ON SOCE SUPPRESION AND 

INVASION 

I. Introduction 

 As described in Chapter 1: Part 3, UV is a complete carcinogen consisting of 

longer wavelength UVA and shorter wavelength UVB which have dual and differing 

effects on melanoma progression. While UVA is much more abundant in normal UV 

exposure from the sun (95%; (563)) and penetrates deeper into the sublayers of the skin 

than UVB (564), UVB is more genotoxic (565, 566). This is important to note since UVA 

and UVB appear to facilitate different mechanisms for inducing melanoma progression.  

UVA appears to mainly facilitate oxidative stress through impaired DNA damage 

response leading to the production of 8-oxo-7,8-dihydroguanine. In turn, this leads to an 

oxidated guanine and production of a singlet oxygen radical and oxidative stress (567). 

Oxidative stress, normally in the form of ROS, yields the production of Dark cyclobutene 

pyrimidine dimer (CPDs) (565) in both melanocytes and keratinocytes containing 

primarily pheomelanin (568). Conversely, UVB appears to cause direct DNA damage 

through formation of CPDs, and their subsequent covalent bonds between the adjacent 

pyrimidine carbons (C6 of 5’ base, C4 of 3’ base), called 6-4 photoproducts (6-4PPs) 

(569, 570). These CPDs and 6-4 photoproducts lead to DNA damage response ATR 

activation (571), and if the DNA damage remains unrepaired it can cause gene 

mutations leading to melanomagenesis and progression (572).  

As UVA and UVB both induce DNA damage in some capacity, it is perhaps 

unsurprising that melanoma has a very high mutational load with genetic changes 
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occurring from both UVA and UVB leading to thymine dimer formation (CT resulting 

from UVB, GT resulting from UVA) (reviewed in (342)) and epigenetic modulation from 

increased methylation. Since UVA and UVB have shown ability to cause CPDs, it is 

thought that UV leads to its own unique signature of mutations that are set apart from 

the more common melanoma mutations such as BRAF, NRAS, CDKN2A, etc. (342, 

573). While it is now known that UV can synergize these mutations to promote 

melanomagenesis and progression, it is not a direct cause of these mutations (reviewed 

in (573)). For example, it has been shown that UVB contributes little to epigenetic 

changes of cells since irradiation did not change levels of DNA methylation in 

keratinocytes (574). As a result, UVB tends to lead to more direct DNA damage 

activating downstream pathways such as mutant p53 and c-myc leading to cell survival 

pathways and cancer progression (575). In parallel, UVA exposure has been shown to 

have both a transient and long-term DNA methylation response, indicative of epigenetic 

changes (576). This leads to longer term changes in cell growth such as epigenetic 

regulation of p16(INK4a) enrichment of histone H3K9me3 (577). Much of the work done 

on genetic and epigenetic mutation profiles of UVA and UVB have been done using 

genomic sequencing, yet further investigating which genes are mutated or are 

methylated still remain a promising therapeutic. Thus, while there are similarities in how 

UVA and UVB facilitate melanoma progression, their specific mechanistic functions vary 

leading to intrigue of investigating whether there are ways to individually target UVA and 

UVB for novel therapeutics. Therefore, a goal of this chapter of work is to examine the 

role of UVA and UVB in SOCE suppression and melanoma invasiveness. 
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II. Results 

UVA And UVB Exert Differing Effect On SOCE And Invasion. To determine the 

independent effects (if any) of UVA vs. UVB on both SOCE and invasion, WM983 cells 

and B16N cells were treated with UVA (N to N J/m2) or 175 J/m2 UVA+B as previously 

described (see Chapter 4; Fig 4.1). Notably, even significantly higher doses of UVA 

alone had no significant impact on SOCE 24 hours after exposure (Fig 6-1A-B) in 

WM983 cells. This correlated with no change in invasiveness relative to control in 

WM983 cells exposed to only UVA, even though UVA+B led to enhanced invasion at 2 

weeks after UV exposure (Fig 6-1D). However, 4 to 5 weeks after exposure to UVA, a 

sharp decreases in SOCE were observed (Fig 6-1C). Interestingly, 5 weeks after UVA 

exposure, no change in invasion occurred relative to control, while enhanced invasion 

occurred after UVA+B exposure (Fig 6-1D).  
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Figure 6-1. UVA and UVB exert differing effects on SOCE and invasion. (A-B) 

WM983 cells were plated on glass coverslips overnight prior to UV exposure. Cells 

exposed to UVA only were provided a thin layer of mylar film to filter out UVB during UV 

exposure. (A) Representative traces of SOCE in Fura2 loaded B16N cells treated with 

the indicated UV exposure conditions, in the presence of Tg for 15 minutes. (B) Cells 

were plated on glass coverslips overnight in the presence or absence of UVA and/or 

UVB (N≥3) (Effect of UVA+B compared to No UV p=0.0111, Effect of UVA or UVA+B 

compared to No UV p=0.0357). (C) WM983 cells were treated as described for panel A, 

except the incubation periods were extended as depicted (N≥2). Data was analyzed by 

2-way ANOVA with multiple comparisons (interaction p = 0.0214; Effect of Time, p = 

0.0005; Effect of UV, p > 0.05). (D) UVA and UVA+B-treated cells were placed in 

Matrigel transwell inserts in OptiMEM reduced serum media; DMEM with 10% FBS was 

used as a chemoattractant. Crystal violet-stained invaded cells were measured 20 hrs 

after initiation of assay (N≥2). Sample images for each condition are shown above the 

corresponding bar. Data was analyzed by one-way ANOVA with multiple comparisons 

(ANOVA effect, p < 0.0001). (E) B16N cells were plated on glass coverslips as described 

in panels A-C with amount of time incubated post-UV indicated (N≥2). Data was 

analyzed by two-way ANOVA with multiple comparisons (Effect of Time, p=0.0009; 

Effect of UV, p>0.05, interaction p>0.05). (F) UVA and UVA+B-treated cells were placed 

in Matrigel transwell inserts as described in panel D (N≥2). Each dot on each bar is a 

biological replicate. Data was analyzed by one-way ANOVA with multiple comparisons 

(ANOVA effect, p=0.0094).  
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III. Discussion 

In this current study, we have suggested that UVA and UVB have differing effects on 

SOCE. In this regard, UVB to be the driving force behind transient UV-induced SOCE 

suppression. In support, UVA exposure at intensities greater than UVA+B exposure had 

no change in SOCE for not only 24 hours (Fig 6-1A) but also for as long as 3 weeks after 

exposure (Fig 6-1C). While a sharp decrease in SOCE occurs from weeks 4-5, it is 

interesting that 5 weeks after UVA exposure, there was no increase in invasion (Fig 6-

1C-D). As discussed in Chapter 4, SOCE suppression the results demonstrate a 

“Goldilocks Effect” on invasion. Therefore, it can be speculated that 5 weeks after UVA 

exposure SOCE has been suppressed past the point of the “Goldilocks Effect” optimal 

level for invasion. Thus, 5 weeks after UVA exposure may actually inhibit Ca2+-

dependent invasive properties such as invadopodia formation. 

B16N cells revealed a similar effect where UVA is shown to drive long-term SOCE 

suppression similar to WM983 cells (Fig 6-1E). However contrary to WM983 cells, 5 

weeks after UVA exposure also led to increased invasiveness (Fig 6-1F). One possibility 

for this is that since B16N cells are already pigmented, whereas WM983 cells are 

amelanotic, it is possible they would be more sensitive to UVA which causes less DNA-

damage inducing responses such as pigmentation and would be more prone to 

epigenetic modifications. Considered together, we have demonstrated differing effects of 

UVA and UVB on SOCE suppression with further evidence supporting a “Goldilocks 

Effect” of optimal SOCE suppression leading to enhanced  invasion. 
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CHAPTER 7 

GERANYLGERANYL TRANSFERASE INHIBITORS AS A NOVEL STIM2 INHIBITOR 

I. Introduction 

We have previously focused on how UV induces Mevalonate Pathway 

upregulation and enhanced cholesterol biosynthesis, which in turn leads to SOCE 

suppression-induced changes in glycosylation and subsequent invasion. However, the 

Mevalonate Pathway has many intermediate steps that lead to the production of many 

different molecules. Besides CHL, one molecule produced as a function of the 

Mevalonate Pathway is Geranylgeranyl Pyrophosphate (GGPP), known for its role in 

protein prenylation. In short, FPP can also be utilized via Geranylgeranylpyrophosphate 

Synthase (GGPS1) to form Geranylgeranylpyrophosphate (GGPP). GGPP is then 

transferred as a C-20 isoprenyl group using Geranylgeranyltransferase 1 (GGT; 

PGGT1B) to a protein containing a CaaX motif at the C-terminus for protein prenylation 

(431, 442, 444, 578). Farnesyl Pyrophosphate (FPP), GGPP, and even upstream 

molecule Isopentyl Pyrophosphate (IPP), have all garnered clinical attention as cancer 

therapeutics. This is likely since the majority of prenylated proteins are small GTPases 

involved in cancer progression like Ras, RhoA, and Arf among others (444). Hence, it is 

perhaps unsurprising that FPP and GGPP have been shown to be paramount in 

promoting tumor cell viability as inhibition of Mevalonate Pathway leads to reduced 

isoprenylation of many small GTPases leading to cell death. Conversely this effect can 

be rescued with addition of FPP and GGPP (reviewed in (450). Together this 

demonstrates a clear link between prenylation and cancer progression.  
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Generally, the mechanisms behind FPP and GGPP facilitating tumor progression 

are widely under investigated, but there is some recent evidence that FPP and GGPP 

can induce oncogenic signaling pathways such as Hh, PI3K, AKT, mTORC1, Wnt/β-

catenin pathways (reviewed in (579)). Further it is known that prenylation of RhoA leads 

to dephosphorylation of YAP/TAZ which facilitates nuclear translocation. YAP/TAZ is a 

tumor promoter within melanoma as BRAF, NRAS, and KRAS mutant melanomas with 

high YAP/TAZ expression confer low sensitivity to RAF/MEK inhibitors (580). However, 

more investigation is needed for how FPP and GGP individually exert prenylation since 

this process appears to be dependent on a “class effect” where FPP and GGPP are 

interchangeable for prenylation (581). With regards to this class effect, targeting the 

inhibition of prenyltransferase enzymes (Farnesyl Transferase Inhibitor (FTI) and 

Geranylgeranyltransferase Inhibitor (GGTI)) has had little therapeutic success due to 

isoprenylation compensation and toxicity issues respectively (450). Previous research 

has provided optimism that inhibition of the Mevalonate Pathway can have therapeutics 

effects. In support, a previous melanoma using FTI with an M1 virus to induce oncolysis 

and inhibit melanoma progression in vitro, in vivo, and ex vivo (582), but no clinical trials 

have been done targeting prenylation in melanoma. Since the mechanisms behind 

prenylation and how inhibition diminishes cancer progression are widely understudied 

and not fully understood, this presents future avenues of research for therapeutics 

targeting Mevalonate Pathway in cancer. 

 

While there is currently no previous literature regarding GGPP regulating SOCE 

or interacting with STIM1 or Orai1, our previous work showed a UV-induced upregulation 

of the Mevalonate Pathway (see Chapter 4) driving investigations into GGPP and GGT 
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effects on SOCE. Previous literature within the last year found that GGPP can 

counteract statin-induced changes in cholesterol levels in human and rat pulmonary 

smooth muscle cells via RhoA/ROCK2 cascade activating Calcium Sensing Receptor 

(CaSR) membrane trafficking (583). This suggests that products of the Mevalonate 

Pathway may positively regulate the activity of each other, driving cancer progression 

and these processes could rely on Ca2+ signaling. By examining this, we can hopefully 

provide new insights into metabolic regulation of SOCE that could lead to novel and 

potentially impactful future avenues of therapeutic research targeting metabolism and 

Ca2+ signaling. Therefore, the goal of this investigation was to determine whether GGPP, 

GGT, as well as other molecules along the Mevalonate Pathway, regulate SOCE.    
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II. Results 

Characterization Of Mevalonate Pathway Endpoints. Since Mevalonate Pathway 

endpoints CHL production lead to SOCE suppression, we investigated other endpoints 

of the Mevalonate Pathway to determine if other endpoints have effects on SOCE. 

Therefore, we plated cells on glass coverslips overnight in the presence or absence of 

indicated substances (Farnesyl Pyrophosphate (FPP; Fig 7-1A), Ubiquinone (CoQ10; 

Fig 7-1B) and Dolichol; Fig 7-1C, GGPP and/or GGTI-298 (GGTI); Fig 7-1D-E). 

Astonishingly, while FPP, CoQ10 and Dolichol failed to achieve any significant changes 

in SOCE, addition of GGTI yielded highly significant inhibition of SOCE; an effect that 

was synergized by the addition of GGPP. Thus, ruling out the possibility that SOCE is 

affected by CoQ10-induced changes in energy production, or Dolichol-induced changes 

in N-linked glycosylation. Further, this suggests that the conversion of FPP to GGPP is 

pivotal in the SOCE suppression since FPP accumulation failed to suppress SOCE, 

while GGPP synergized the effect of inhibition of GGT transfer of GGPP to membrane 

proteins. This suggests the effects GGTI on SOCE results from accumulation of GGPP 

in the cytosol that is unable to be transferred to the membrane.  
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Figure 7-1 Characterization Of Mevalonate Pathway Endpoints. (A-E) B16N murine 

melanoma were exposed incubated after the absence (Control) or presence of 175J/m2 

UV for 5 weeks (UV5) (see Fig 4-1). (A-C) Following incubation, cells were plated on 

glass coverslips and incubated with the indicated substance overnight (A- Farnesyl 

Pyrophosphate (FPP; 10μM), B- Ubiquinone (CoQ10; 50μM), C- Dolichol (10μM)). 

Following overnight incubation, cells were loaded with Fura2 and treated with Tg for 15 

minutes in the absence of extracellular Ca2+ (not shown) before the addition of 1mM 

Ca2+ (see Fig 4-1). Error bars represent SEM, data was analyzed by two way ANOVA 

with multiple comparisons *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (Effect of FPP, 

CoQ10, Dolichol, p>0.05). (D-E) Cells were plated on glass coverslips and incubated 

with the indicated substance overnight (D- Geranylgeranyl pyrophosphate (GGPP; 3μM), 

E- Geranylgeranyltransferase Inhibitor (GGTI; 15μM). Following overnight incubation, 

cells were loaded with Fura2 and treated with Tg for 15 minutes in the absence of 

extracellular Ca2+ (not shown) before the addition of 1mM Ca2+ (see Fig 4-1). Each dot 

on each bar is a biological replicate. Error bars represent SEM, data was analyzed by 

one-way ANOVA with multiple comparisons (ANOVA, p<0.0001; Effect of GGTI, 

p<0.001; Effect of GGPP+GGTI, p<0.0001) *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. 
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Depletion Of Lipids Drives GGPP Accumulation In Cytosol And SOCE 

Suppression.  Since we have demonstrated that inhibition of GGPP transfer to the 

membrane is paramount to SOCE suppression, we assessed the effect of lipid depletion 

on SOCE in both human (WM983) and mouse (B16N) melanoma cell lines to determine 

whether the effect of lipid depletion on the membrane regulates SOCE. Hence, cells 

were treated either in the presence or absence of GGTI overnight and Lipid Depleted 

Serum (LDS) for 4 hours prior to loading with Fura2 and addition of Tg (see Fig 4-1). 

Addition of GGTI led to full suppression of SOCE with no observable impact on cell 

viability, while addition of LDS only led to no significant change in SOCE, while also not 

visibly affecting viability. Interestingly, addition of LDS to GGTI-treated cells, led to partial 

rescue of SOCE, suggesting that lipid composition on the membrane plays a role in 

GGTI-induced SOCE suppression (Fig 7-2A-B). Since GGPP is transferred to the 

membrane to activate membrane proteins, this further suggests a likelihood of GGPP 

accumulation in the cytosol is inhibiting SOCE, which can be combated by clearing 

membrane of lipids to rescue SOCE activity.  
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Figure 7-2. Depletion Of Lipids Drives GGPP Accumulation In Cytosol And SOCE 

Suppression. WM983 (A) and B16N (B) cells were treated either in the presence or 

absence of GGTI (15μM, overnight) and Lipid Depleted Serum (LDS; 40mg/ml) for 4 

hours. Following incubation, cells were loaded with Fura2 and treated with Tg for 15 

minutes in the absence of extracellular Ca2+ (not shown) before the addition of 1mM 

Ca2+ (see Fig 4-1). Error bars represent SEM.  
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Variable Inhibition Of SOCE By A GeranylgernaylTransferase Inhibitor (GGTI-298). 

We investigated whether GGT inhibition led to reduction in SOCE across multiple types 

of human cell lines including Jurkat (T-cells), CEM (lymphoblasts), MG63 

(osteosarcoma), MDA-MB-231 (triple negative breast cancer), and UACC257 

(melanoma). Much to our astonishment, not only did GGTI-298 exert a significant effect 

on SOCE in melanoma cells, but we found that GGTI led to significant SOCE reduction 

in a dose dependent manner across all cell lines tested (Fig 7-3A-E). Interestingly, the 

effect of GGTI on SOCE was not uniform throughout the cell lines. In Jurkat T-cells, 

GGTI exerted an IC50 of 9.5μM, while CEM lymphoblasts had an IC50 of 25μM 

demonstrating a 2.6-fold difference in GGTI sensitivity across parallel immune cell lines 

(Fig 7-3F). Furthermore, IC50 concentrations varied across a variety of cancer cell lines 

ranging 5.2μM in UAC257 cells to 36μM in MDA-MB-231 cells (Fig 7-3G). Thus, we 

demonstrate that GGTI is a global SOCE inhibitor with varying degrees of cell-specific 

sensitivity across both immune and cancer cells. 
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Figure 7-3. Variable Inhibition Of SOCE By A GeranylgernaylTransferase Inhibitor 

(GGTI-298). (A-E) Jurkat (A), CEM (B), MG63 (C), MDA-MB-231 (D), UACC257 (E) cells 

were plated on glass coverslips overnight, loaded with Fura2, and treated with indicated 

concentrations of GGTI concurrently with 2μM Tg for 15 min (not shown) in the absence 

of extracellular Ca2+ (not shown), followed by addition of 1mM Ca2+ (see Fig 4-1). (F) 

Jurkat and CEM cells were attached to coverslips using 3ug/ul Poly-D-Lysine for 2 hours 

prior to treating cells with Fura2 and Tg as described (see Fig 4-1), indicated GGTI 

concentrations were administered concurrently with Tg for 15 min in the absence of 

extracellular Ca2+ (not shown) followed by the addition of 1mM Ca2+, with IC50 and Hill 

Slopes analyzed using a non-linear regression as described (see Fig 4-4). (G) MG63, 

MDA-MB-231 and UACC257 cells were plated on glass coverslips overnight prior to 

Fura2 loading and concurrent Tg and GGTI addition (see Fig 4-1, 7-1). IC50 and Hill 

Slopes analyzed using a non-linear regression as described (see Fig 4-4). Error bars 

represent +/- SEM, IC50 and Hill slopes examined through non-linear regression as 

described (see Fig 4-5) showing titration of GGTI on 5 different cell lines. 
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STIM2 Overexpression Increases GGTI Sensitivity. Since we have demonstrated that 

GGTI is a novel SOCE inhibitor, we aimed to investigate whether there were differences 

in GGTI sensitivity between cells exhibiting differences in STIM1 and STIM2 expression. 

Therefore, we transfected HEK293 cells with Orai2-WT-CFP and either STIM1-WT-YFP 

or STIM2-WT-YFP to create both STIM1/Orai2 (S1O2; Fig 7-4A,C) and STIM2/Orai2 

(S2O2; Fig 7-4B-C) overexpressing individual clones as described (see Fig 4-4). Orai2-

overexpressed cells were readily available, whereas Orai1- and Orai3- overexpressed 

cell production is still in progress. Surprisingly, after titration with various GGTI 

concentrations, we found that STIM2 overexpressed cells had between a 276-828x 

higher sensitivity to GGTI than STIM1 overexpressed cells with STIM2 overexpressed 

cells exhibiting IC50 levels in the nM range (Fig 7-4C). This suggests that GGTI’s effect 

is more sensitive to STIM2 expression leading to speculation that STIM2 may have a 

previously unknown role in facilitating geranylgeranylation of lipids while also regulating 

the effect of GGPP accumulation on SOCE. Further, this also yields the possibility that 

cancer cells that exhibit higher levels of STIM2 expression relative to STIM1 may be 

more sensitive to GGTI as a cancer therapeutic.   
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Figure 7-4. STIM2 Overexpression Increases GGTI Sensitivity. HEK293 cells were 

transfected with Orai2-WT-CFP and either STIM1-WT-CFP (S1O2; A,C) or STIM2-WT-

CFP (S2O2; B-C) and selected as described (see Fig 4-4). HEK293 S1O2 and S2O2 

cells were plated on glass coverslips overnight prior to Fura2 loading and concurrent Tg 

and indicated concentration of GGTI addition (see Fig 4-1, Fig 7-1). (A-B) 

Representative traces showing the effect of GGTI on SOCE on HEK293 S1O2 (A) and 

HEK293 S2O2 (B) cells following concurrent Tg and indicated concentration of GGTI 

addition. Dashed lines indicate SEM. (C) MG63, MDA-MB-231 and UACC257 cells were 

plated on glass coverslips overnight prior to Fura2 loading and concurrent Tg and 

indicated concentration of GGTI addition (see Fig 4-1, 7-1). IC50 and Hill Slopes 

analyzed using a non-linear regression as described (see Fig 4-4). Error bars represent 

+/- SEM, IC50 and Hill slopes examined through non-linear regression as described (see 

Fig 4-5). 
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GGPP Accumulation Inhibits STIM/Orai Interactions. As our investigations have 

shown differences in GGTI sensitivity between cells overexpressing STIM1 and STIM2, 

we investigated whether GGPP accumulation either through GGPP addition, inhibition of 

GGT or both inhibited STIM1 and Orai1 interactions. To do so, we plated HEK293 cells 

transfected with STIM1-YFP and Orai1-CFP (S1O1) on glass coverslips with either 

GGPP, GGTI or both (Fig 7-5A-D). Following, cell videos were captured before and after 

the addition of 2μM Tg. It was found that untreated cells appeared to have more STIM1 

localization to the membrane following Tg addition than those treated with GGPP, GGTI, 

or both. Further, HEK293 S1O1 cells were photobleached with high laser intensity 

before and after the addition of 2μM Tg and measured for FRET intensity via confocal 

microscopy (Fig 7-5E). Interestingly While GGPP appears to be mildly sufficient to 

suppress STIM1 and Orai1 interaction, GGTI and GGPP synergistically appear to 

suppress STIM1 and Orai1 interaction via FRET. Thus, it appears that the inhibition of 

STIM1 and Orai1 interactions is the result of GGPP accumulation that is driven primarily 

by the inhibition of endogenous GGPP transfer to the membrane that can be synergized 

with exogenous addition of GGPP to further accumulate in the cytosol. This sets the 

foundation for mechanistic insights demonstrating that GGPP accumulation in the 

cytosol regulates STIM and Orai interactions.  
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Figure 7-5. GGPP Accumulation Inhibits STIM/Orai1 Interactions. (A-D) 

Representative images of HEK293 cells previously transfected with STIM1-YFP and 

Orai1-CFP (HEKS1O1) plated on glass coverslips and treated with either GGPP (3μM, 

overnight), GGTI (15μM, overnight), or both were measured for fluorescence intensity in 

2D (TOP) and 3D (Bottom) before and after the addition of 2μM Tg. (E) HEKS1O1 cells 

were measured for FRET with photobleaching laser intensity (UV laser, 90% gain, 10%, 

excitation 405nm) via confocal microscopy before and after being treated with 2μM Tg. 

Bars represent normalized FRET efficiency of post-Tg acquisition normalized to pre-Tg 

acquisition, no bars represents lack of measurable FRET occurring.    
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III. Discussion 

In this current investigation, we have shown evidence that GGTI is a novel SOCE 

inhibitor across a variety of cell types (Fig 7-3), which appears to have some 

dependence on cell-type specific reliance on STIM2 (Fig 7-2). Interestingly, besides CHL 

(as discussed in Chapter 4) and inhibition of GGT (as discussed in Chapter 7), no other 

mevalonate pathway endpoints appear to have any significant effect on SOCE (Fig 7-1). 

While much of the mechanism remains unknown and requires further investigation, it 

appears there may be evidence that the effect of GGTI-induced SOCE suppression is 

lipid dependent (Fig 7-2) with the potential to also inhibit STIM1/Orai1 interactions (Fig 7-

5). Collectively, there is foundation for studies on GGTI as a novel STIM2 inhibitor. 

While much of the previous research both before and during these studies have 

investigated the role of CHL as the major endpoint in the mevalonate pathway that 

facilitates SOCE suppression, we present another endpoint in the mevalonate pathway 

(GGT inhibition) that plays a vital role in SOCE suppression. Most known inhibitors of 

SOCE target STIM1 and Orai1, however GGTI seems to target STIM2-dependent cells. 

This could have significant consequences as STIM2 has roles in disease such as colon 

cancer, melanoma, esophageal squamous cell carcinoma, triple negative breast cancer, 

glioblastoma, and acute myeloid leukemia (187, 365). Likely, GGTI inhibits the 

prenylation of membrane proteins that facilitate STIM2-dependent processes. While it is 

unknown how lipidation of the membrane targets STIM2 specifically, it sets the 

foundation for mechanistic studies to understand this process that is currently elusive. 

Thus, future investigations into the mechanism and understanding of GGTI-induced 

SOCE suppression could provide a strong foundation for future therapeutic targets for a 

variety of cancers.   



199 
 

CHAPTER 8 

CONCLUSIONS AND FUTURE DIRECTIONS 

I. Conclusions 

Within the current investigations, we have defined a previously unknown 

relationship between UV, CHL biosynthesis/mevalonate pathway, Ca2+ signaling and 

invasive behavior. While CHL biosynthetic pathways have been proposed to drive 

melanoma progression previously, the molecular context for why CHL biosynthesis 

might be dysregulated in melanoma had not previously been defined. Additionally, the 

mechanisms why certain mevalonate pathway endpoints and how complete UV 

exposure regulates SOCE were further explored. As a result, we have demonstrated that 

UV leads to upregulation of the Mevalonate Pathway and CHL biosynthesis. In turn, CHL 

biosynthesis facilitates both SOCE suppression and melanoma invasiveness. In addition 

to CHL, other products of the Mevalonate Pathway have a previously unknown effect on 

SOCE where accumulation of GGPP in the cytosol either from upregulation of GGPP 

production or inhibition of transfer of GGPP to membrane proteins leads to SOCE 

suppression. Further, the effect of GGTI on SOCE occurs in a STIM2-dependent 

manner, revealing a novel STIM2 inhibitor.  

Subsequently, SOCE suppression leads to changes in glucose utilization. As 

opposed to non-transformed cells preferentially metabolizing glucose for oxidative 

phosphorylation, cancer cells preferentially metabolizing glucose for lactic acid 

fermentation via the “Warburg Effect”, melanoma cells exhibiting SOCE suppression 

prefer an alternative of shunting glycolysis intermediate, F6P, toward anabolic pathways 

such as HBP leading to enhanced invasiveness. This corroborates previous research 
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showing upregulation of CHL and HBP lead to cancer progression while introducing a 

previously unknown mediator of these processes in the form of Ca2+ signaling.  

While it is clear from these investigations that UV and SOCE suppression lead to 

enhanced melanoma invasiveness, the relationship presented here is not linear. We 

have illustrated a "Goldilocks Effect” where a specific window of SOCE suppression is 

optimal for invasiveness that appears to be between 20-40% suppression. When cells 

have minimal SOCE suppression, Ca2+ levels are elevated enough to not induce 

metabolic changes, while when SOCE suppression is too severe such as in an Orai1-DN 

phenotype, it likely inhibits Ca2+-dependent invasive properties like invadopodia 

formation. Further, it appears that SOCE suppression-induced invasiveness is 

reversible, as pharmacological enhancement of SOCE removed invasive properties in 

both UV-exposed and Orai1-overexpressed cells.   

Interestingly, it appears that the effects of UV on SOCE differ in UVA and UVA+B 

exposed cells. While UVA is driving long-term SOCE suppression starting at 4 weeks 

post-exposure, UVB appears to drive the transient effect of SOCE suppression at 2-3 

weeks post-UVA+B exposure. Further, UVA and UVA+B exposure have both shown the 

ability to induce enhanced invasiveness in cells, but the effect occurs when the condition 

is sufficient to drive SOCE suppression to the “Goldilocks Effect” optimal window for 

invasion.   

Considered collectively, the relationship between Ca2+ signals and tumor 

progression is less linear than previously believed with Ca2+ signals serving anti-invasive 

role in melanoma progression. It is interesting to note that, unlike most tissues, 

melanocytes grow within the low extracellular Ca2+ concentration of the basal layer of 
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skin. If so, the suppression of Ca2+ entry may be an adaptation used by melanoma cells 

to tolerate the high extracellular Ca2+ content of nonnative tissues. However, whether the 

anti-invasive properties of Ca2+ signals are a property unique to melanoma and/or other 

skin tumors is not known and may be the topic of future investigations.  

II. Future Directions 

These investigations have set the foundations for many future directions 

contributing to cancer therapeutics. First and foremost, while it is clear that HBP 

upregulation leads to enhanced invasion via OGT and O-GlcNAcylation, questions 

remain about which proteins are O-GlcNAcylated that drive invasion. While it is known 

that many oncogenic signals rely on O-GlcNAcylation as previously described (Chapter 

1: Part II-i), elucidating which proteins are O-GlcNAcylated as a result of SOCE 

suppression could drive future therapeutic research to inhibit melanoma progression. 

Also, while it is currently known why UVA and UVB lead to melanomagenesis 

and progression (see Chapter 6: Part I), further investigations are required to understand 

mechanistic insights into how UVA and UVB lead to SOCE suppression. While it is likely 

that UVB leads to DNA damage, it is unclear whether UVB leads to synergistic effects 

with well-established gene mutations or if there are specific gene mutations that occur 

because of UVB-induced DNA damage. Future investigations could provide therapeutic 

potential against certain gene mutations. In parallel, while it is likely UVA leads to ROS 

production and epigenetic changes, it is unclear which if either is the main cause of 

stable SOCE suppression. With regards to the former, it is unclear if UVA-induced ROS 

production inhibits SOCE through having effects on STIM and Orai interaction or activity. 

In regard to the latter, it is unclear whether UVA-induced epigenetic mutation occur and 
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if they do which genes are modulated. Both of these possibilities warrant further 

investigation and provide promising therapeutic potential.  

Finally, it is clear that GGPP accumulation inhibits SOCE, but the conceptual 

basis of why GGPP accumulation leads to SOCE suppression and the understanding 

the complete mechanism of how GGPP inhibits SOCE warrant further investigations. 

Demonstrating GGPP as a novel STIM2 inhibitor introduces a new class of SOCE-

modulating inhibitors that could have novel therapeutic effects, not just on melanoma but 

also on diseases reliant on STIM2 activity. 

III. Final Remarks 

Collectively, this works provides the foundation for many exciting avenues of 

research. Introducing Ca2+ signaling as a novel class of melanoma therapeutics adds a 

new and innovative way to target melanoma that has been previously under-

investigated. Not only have we presented a context to target melanoma through SOCE 

levels, but we have presented mechanistic insights that will also drive future research. 

Further, we have provided context for how other processes such as CHL and anabolic 

pathways drive progression, which can help advance other fields of research to drive 

future novel melanoma therapeutics. Thus, these investigations are an exciting, 

innovative, and novel addition to the landscapes of Ca2+ signaling, melanoma, and 

cancer.    
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APPENDIX 

Abbreviations 

ANOVA: Analysis of Variance  

BTP2: 3,5-Bis(Trifluoromethyl)pyrazole  

CHL: Cholesterol  

DN: Dominant Negative  

ECAR: Extracellular Acidification Rate  

ER: Endoplasmic Reticulum IA65: 4-((5-Phenyl-4-(trifluoromethyl)thiazol-2-
yl)amino)benzoic acid 

LDLR-/-: Low Density Lipoprotein Receptor knockout  

LN: Lymph Node  

MAPK: Mitogen Associated Protein Kinase  

PCA: Principal Component Analysis  

PFO: Perfringolysin-O  

PM: Plasma Membrane  

O1C44: Orai1WT overexpressing clone 44  

O1C78: Orai1WT overexpressing clone 78  

O1o/e: Orai1WT overexpressed  

OCR: Oxygen Consumption Rate  

OGT: O-GlcNAc Transferase  

s.c.: subcutaneous injection  

SOCE: Store-Operated Ca2+ Entry  

SS: Squalene Synthase  

STIM: Stromal Interaction Molecule  

Tg: Thapsigargin  

UV: Ultraviolet  

UV2: Cells UV exposed 2 weeks prior to measurement  

UV5: Cells UV exposed 5 weeks prior to measurement 


