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ABSTRACT 

Calcium dysregulation in breast cancer can occur early during dysplasia in 

mammary tissue, and persist throughout the progression of cancer. This 

perturbation to the homeostasis of calcium can be detrimental to the normal 

physiology of a cell. To elucidate some of the consequences of this 

dysregulation, we investigate the role of the Golgi pumps, the secretory pathway 

Ca2+-ATPases, SPCA1 and SPCA2 in breast cancer. First, we examine the 

formation of microcalcifications, which are mineralized deposits of calcium 

hydroxyapatite crystals that form precipitates in the extracellular matrix (ECM). 

These radiographic signatures are early indicators of malignancy and the 

mechanisms by which they form have not been well studied. Our findings show 

that both SPCA isoforms are induced in an in vitro model of calcification, and that 

their pump activity is required to promote calcified deposits. We suggest that 

early in dysplasia increased SPCA gene expression is important to shuttle the 

components that make up hydroxyapatite within secretory vesicles en route to 

the ECM. SPCA2 specifically plays an important role in tumorigenesis and in 

promoting proliferation by mediating Ca2+ entry. Unlike the formation of 

microcalcifications, we show that pumping activity is not required for 

tumorigenesis. Knockdown of SPCA2 results in a decrease in growth, stalling the 

cell cycle at G0/G1 and activating the p53-signaling pathway. We discovered that 

SPCA2 is co-expressed with E-cadherin as an epithelial gene and is required for 

the biogenesis of E-cadherin. Loss of SPCA2 alters proper E-cadherin trafficking 
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resulting in transcriptional induction of mesenchymal markers that characterize 

epithelial to mesenchymal transition (EMT). Breast cancer cells that undergo 

EMT can result in disease progression towards more aggressive cancers in later 

stages of breast cancer, thus promoting cancer evolution. In contrast to SPCA2, 

we show that SPCA1 is co-expressed with mesenchymal genes. We conclude 

that the SPCA isoforms can be utilized as markers to classify clinically significant 

cancer subtypes. Taken together, our studies provide valuable insight on 

understanding breast cancer progression, and identifies a novel target for 

personalized treatment. 
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1  Calcium-ATPases: Gene Disorders and 

Dysregulation in Cancer 
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1. Introduction to Ca2+ Transporters 

Ionic calcium is a ubiquitous second messenger in the activation of signaling 

cascades (Berridge, 1993; Berridge et al., 2003; Brini and Carafoli, 2000). Ca2+ 

signaling regulates a wide range of cellular and physiological processes, which 

include transcriptional activation, cell cycle control, muscle contraction, and 

lactation (Mooren and Kinne, 1998). On the other hand, prolonged cytoplasmic 

elevation of free Ca2+ is toxic and triggers cell death (Orrenius et al., 2015). 

Therefore, under normal circumstances, cells must tightly regulate cytoplasmic 

calcium levels between a resting (~100 nM) and an activated state (~500nM – 

1mM). This sensitive balance is maintained by a cadre of membrane transport 

proteins that work in concert to move Ca2+ across membranes, in and out of the 

cell or intracellular storage organelles (Brini and Carafoli, 2000). In terms of 

energetics and mechanism, Ca2+ transporters fall into the three broad classes of 

Ca2+ channels, exchangers, and pumps. Ca2+ channels are activated by a variety 

of chemical, mechanical or electrical signals: membrane voltage, ligand binding, 

mechanosensation and the endoplasmic reticulum (ER) store. In response to an 

activating signal, ion channels residing on cell or organellar membranes open, 

releasing a flood of Ca2+ down electrochemical gradients into the cytoplasm, 

resulting in signal transduction and amplification. Upon elevation of cytoplasmic 

Ca2+, energy-dependent active transporters, including pumps and exchangers, 

work to refill stores, reset calcium levels to the resting state and re-establish 

transmembrane electrochemical Ca2+ gradients. Secondary active transporters 

exemplified by the plasma membrane Na+/Ca2+ exchanger, couple to the sodium 
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electrochemical gradient to rapidly expel the bulk of cytoplasmic Ca2+. ATP-

dependent Ca2+ pumps, discussed in this review, scavenge the remaining Ca2+ to 

establish low, nanomolar resting levels of this second messenger by 

translocating it out of the cell or by sequestering it in the ER, Golgi or secretory 

vesicles. 

 

2. P-Type Ca2+- ATPases 

Calcium pumps belonging to the superfamily of P-Type ATPases (originally 

called E1E2-type) move ions across membranes, against their electrochemical 

gradient, by utilizing the energy from ATP hydrolysis (Kuhlbrandt, 2004; 

Palmgren and Axelsen, 1998; Palmgren and Nissen, 2011). Central to their 

mechanism is the formation of a phosphorylated reaction intermediate (E~P) that 

separates a series of distinct conformational states: E1 conformations display 

high Ca2+ affinity that bind the ion from the cytoplasmic side, and E2 

conformations in which the affinity for Ca2+ has been reduced by ~1000-fold 

following ATP hydrolysis, thereby facilitating release of the ion(s) to the 

lumenal/extracellular side.  Although related by sequence similarity, structural 

homology and common transport mechanism, there are three subtypes of 

calcium pumps that are phylogenetically distinct and marked according to their 

subcellular localizations: namely, the plasma membrane (Plasma Membrane 

Ca2+-ATPase or PMCA), endoplasmic reticulum (Sarco/Endoplasmic Reticulum 

Ca2+-ATPase or SERCA), and Golgi/Golgi-derived vesicles (Secretory Pathway 

Ca2+-ATPase or SPCA) (Vangheluwe et al., 2009). The separation of these 
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subtypes likely predates the emergence of eukaryotes since representative 

variants are found in archaea and eubacteria (Vangheluwe et al., 2009). In 

humans, multiple isoforms and splice variants exist within each subtype, adding 

flexibility to tissue specific expression, regulation and kinetic characteristics to 

fine-tune both temporal and spatial Ca2+ signatures (Brini et al., 2012).  

 

2.1 Sarco/Endoplasmic Reticulum Ca2+-ATPases 

The sarco/endoplasmic reticulum Ca2+-ATPases (SERCA) are the best 

characterized of the three subtypes, being highly expressed in the specialized 

ER of muscle where they reach abundance of ~50% of membrane protein 

(McFarland and Inesi, 1971). They are responsible for sequestering calcium in 

the ER, which is the most abundant and readily mobilized store for intracellular 

calcium (Bergner and Huber, 2008; Verkhratsky, 2005). There are 3 genes 

(ATP2A1-3) coding the SERCA1-3 pumps, and all have varying expression 

levels and tissue distributions in the body (Brini et al., 2012; Periasamy and 

Kalyanasundaram, 2007). SERCA1 is expressed in skeletal muscle with 2 

variants, SERCA1a, the adult form, and SERCA1b the neonatal form produced 

by alternate splicing of exon 22, which is expressed in the adult form only (Zhao 

et al., 2015). SERCA2 is ubiquitously expressed, with the SERCA2b variant 

serving an essential housekeeping function. SERCA2a is exclusively expressed 

in muscle and in neuronal cells, whereas SERCA2c and SERCA2d are 

expressed in the heart (Baba-Aissa et al., 1998; Vangheluwe et al., 2005). These 

specific tissues are physiologically demanding for processes that require Ca2+ 
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such as muscle contraction and propagation of action potentials in the nervous 

system. SERCA3 is the least characterized isoform with high expression in 

specific hematopoietic-derived cells of the immune system and in other cell 

types. There are many variants of SERCA3, with 6 in humans (SERCA3a-f), 3 in 

mice (SERCA3a-c), and 2 in rats (SERCA3a,b/c), suggesting that these pumps 

may have a more widespread role in cellular Ca2+ homeostasis than has been 

appreciated thus far (Dode et al., 1998; Martin et al., 2002). Aided by natural 

abundance and years of intensive study, skeletal muscle SERCA1a isoform has 

been crystallized in multiple distinct conformations, revealing unprecedented 

insight into the transport mechanism (Olesen et al., 2007; Toyoshima and 

Cornelius, 2013; Toyoshima and Mizutani, 2004).  

 

2.2 Plasma Membrane Ca2+-ATPases 

There are four plasma membrane Ca2+-ATPases (Krebs, 2015), which are 

PMCA1-4 (gene names ATP2B1-4). Whereas PMCA1 and PMCA4 are widely 

distributed, PMCA2 and PMCA3 show more restricted tissue expression. 

PMCA1, the most ubiquitously expressed of the four, has 5 variants (PMCA1a-e) 

where PMCA1b is ubiquitously expressed and the other isoforms are expressed 

in the brain and in skeletal muscle. PMCA2 has 6 variants and PMCA3 has 3 

variants, all of which are expressed in the brain and in tissues intimately 

connected to the nervous system (Chicka and Strehler, 2003; Strehler, 2015). 

PMCA2 is expressed in the apical membranes of mammary gland acinar cells, 

where it is substantially induced during lactation for calcium secretion into milk. In 
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mice lacking PMCA2, the milk contained 60% lower levels of Ca2+ relative to the 

control mice (Reinhardt et al., 2004). PMCA3 is exclusively found in the brain and 

in tissues that are closely associated with neuronal signals; interestingly, this 

isoform was shown to have a pre-synaptic distribution relative to PMCA2, which 

was found in post-synaptic regions of the cerebellar cortex (Burette and 

Weinberg, 2007). Similarly to PMCA1, PMCA4 is ubiquitously expressed and has 

8 variants, which are expressed in smooth muscle, the heart, and in the brain. 

PMCA4b is the variant that is ubiquitous and has been most widely investigated 

for function and regulation. (Chicka and Strehler, 2003; Strehler, 2015).  

 

2.3 Secretory Pathway Ca2+-ATPases 

The most recent of the three subtypes to be discovered, the secretory pathway 

Ca2+-ATPases (SPCA), comprise calcium pumps residing in the Golgi 

compartments and post-Golgi vesicles. The prototypic SPCA pump PMR1 (for 

Plasma Membrane ATPase-Related) was discovered by homology cloning in the 

yeast Saccharomyces cerevisiae (Rudolph et al., 1989) and shown to have 

unique biochemical properties distinct from the SERCA and PMCA subtypes 

(Sorin et al., 1997). For example, PMR1 is insensitive to inhibition by nanomolar 

concentrations of thapsigargin, a classical hallmark of SERCA pumps. In addition 

to delivering Ca2+ into the secretory pathway where it is required for cargo sorting 

and protein processing, PMR1 also transports Mn2+ with very high (~20 nM) 

affinity into the Golgi lumen, serving a dual role in clearing excess Mn2+ via 

exocytosis and providing an essential co-factor for mannosyltransferases, 
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required for protein glycosylation (Durr et al., 1998). Null mutants (Dpmr1) thus 

have pleiotropic defects, and require ion-supplemented media for growth (Durr et 

al., 1998; Yadav et al., 2007).  

 

Heterologous expression studies in yeast laid the groundwork for 

characterization of the mammalian orthologs (Ton and Rao, 2004b), represented 

by SPCA1 and SPCA2, which are encoded by ATP2C1 and ATP2C2 

respectively. It is interesting that invertebrates and lower vertebrates, including 

fish, have only one SPCA gene, as in yeast. A second gene appears in 

tetrapods, including modern amphibians, reptiles, birds and mammals (Pestov et 

al., 2012). SPCA1 is ubiquitously expressed in all tissues, whereas SPCA2 is 

restricted to absorptive (intestinal) and secretory (pancreas, salivary and 

mammary glands) epithelia (Vanoevelen et al., 2005). There are four splice 

variants of SPCA1, differing only at the C-terminus (Fairclough et al., 2003), and 

no known splice variants of SPCA2.  SPCA2 has ~65% identity with SPCA1, 

differing largely at the N-terminus which is significantly longer than that of SPCA1 

(Pestov et al., 2012). Both SPCA pumps share similar kinetic properties, with 

SPCA2 exhibiting lower apparent affinity for Ca2+ transport (Dode et al., 2006; 

Xiang et al., 2005). 

 

In addition to the full-length ~103 kDa SPCA2 protein, Garside et al. (Garside et 

al., 2010) demonstrated the presence of a much smaller transcript that generates 

a ~20 kDa C-terminal fragment, expressed in pancreatic acinar cells under 
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control of the MIST1 transcription factor (also known as basic helix loop helix 

a15, Bhlha15). Examination of other MIST1 expressing tissues (salivary, prostate 

and gastric glands, seminal vesicles) also revealed the presence of this shorter 

form, predicted to lack the majority of the membrane domains, as well as the 

essential phosphorylation and nucleotide-binding domains required for Ca2+ 

transport and ATP hydrolysis. Surprisingly, Mist1-/- mice lacking this fragment 

display defective Ca2+ signaling and secretion defects that suggest a functional 

role for the C-terminus, independent of Ca2+ pumping. An explanation for this 

“moon-lighting” function came from an independent study by Feng et al. (Feng et 

al., 2010) showing that the C-terminus of SPCA2 physically interacts with and 

restores trafficking of the calcium channel, Orai1, and rescues store-operated 

calcium entry (SOCE) in a SPCA2 knockdown model in mammary epithelial cells. 

Furthermore, the C-terminal domain is capable of store-independent activation of 

Ca2+ influx, mediated by Orai1 and possibly other channels. These studies 

assign a highly unusual and novel functional role of the SPCA2 C-terminus, 

independent of the Ca2+-ATPase function, in chaperoning and activation of ion 

channels. Similarly, some ABC-type transporters are famously known to interact 

with and regulate ion channels (Kunzelmann and Mehta, 2013; Proks et al., 

2014), and it remains to be seen if this function is shared by other P-type Ca2+-

ATPases.  

 

In secretory and absorptive epithelia, Ca2+ transport processes must be 

coordinated at multiple membranes to affect Ca2+ transcytosis, as exemplified by 
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movement from the blood to the lumen in the lactating mammary gland, resulting 

in accumulation of high millimolar concentrations of complexed calcium in milk 

(Neville, 2005). During lactation, the mammary gland undergoes drastic 

morphological changes and a coordinated induction of Ca2+ transport proteins 

(dubbed CALTRANS), which support the increased demand for calcium transport 

into the milk (Cross et al., 2014). Whereas SPCA2 expression is massively 

induced immediately prior to parturition, SPCA1 expression is relatively moderate 

and occurs during the mid phase of lactation (Cross et al., 2013; Reinhardt and 

Horst, 1999). Upon involution of the mammary gland and cessation of lactation, 

both isoforms return to basal levels (Reinhardt and Lippolis, 2009). Using a three 

dimensional mammosphere model of lactation induction, SPCA2 was shown to 

mediate basolateral Ca2+ influx, in conjunction with Orai1 (Cross et al., 2013).  

Taken together, these observations suggest that Ca2+ entering the polarized 

secretory cells of the mammary gland is pumped into vesicles by SPCA, 

packaged into casein-containing micelles and released into the lumen by 

exocytosis at the apical membrane, in addition to being pumped directly across 

the apical membrane by the PMCA2 isoform of the plasma membrane Ca2+-

ATPase (Cross et al., 2014). A recent study investigating the role of Orai1 in 

lactation in both Orai1 null and conditional knockout mouse models in the 

mammary gland, found that mammary development was undisrupted, but milk 

delivery was perturbed due to decreased SOCE and alveolar contractions (Davis 

et al., 2015). These contractions, generated by the surrounding myoepithelial 

cells, require Orai1-mediated Ca2+ transport.  
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3. Gene Disorders of Ca2+ Pumps 

Various genetic disorders have been associated with specific mutations of the 

Ca2+ pumps that show a wide range of different physiological phenotypes and 

clinical manifestations. Mouse models of Ca2+-ATPase knockouts have been 

particularly insightful in modeling human disease phenotypes, although 

differences exist. Here, we summarize disease phenotypes and physiological 

consequences of disrupting Ca2+-ATPase gene subtypes.  

 

3.1 Gene disorders of PMCA 

Mice homozygous for pmca1-/- null mutations were embryonic lethal whereas the 

heterozygous mice exhibited no apparent disease phenotype (Okunade et al., 

2004). Since PMCA1 is ubiquitously expressed, it was concluded that it serves 

as a housekeeping gene in all tissue types. Okunade et al. also found that 

pmca4-/- null mice had no noticeable phenotype but that sperm motility was 

impaired, resulting in infertility. Furthermore, this study showed that in 

heterozygous pmca1+/- mice with homozygous pmca4-/- knockout, there was 

vascular contraction impairment in the smooth muscle, but only with one copy of 

the PMCA1 (Okunade et al., 2004). A genome-wide association study linked 

ATP2B1, the gene encoding PMCA1, to hypertension, and the conditional 

knockout of PMCA1 in smooth muscle cells resulted in increased blood pressure 

(Kobayashi et al., 2012; Lu et al., 2012). Together, this provides evidence that 
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PMCA1 has an important role in muscle contraction in the vascular system and 

that its loss may result in having a predisposition for hypertension. 

 

Mutations or deletions resulting in the loss of function of PMCA2 lead to deafness 

phenotypes in both mice and humans (Bortolozzi et al., 2010; Kozel et al., 1998; 

Spiden et al., 2008). Another interesting disease phenotype that has been 

associated with mutations in PMCA2 is the impaired ability to balance and walk 

normally, which was produced in the Wriggle Sagami mouse model (Inoue et al., 

1993). The disorders associated with PMCA2 mutations result in impairment of 

organs and processes that are intimately connected with the nervous system. 

Disease phenotypes from PMCA3 mutations have a predominant effect on the 

nervous system due to its tissue distribution in the neurological organs. A 

knockout mouse model has not been developed, possibly consistent with an 

essential role for PMCA3 in early embryonic development.  

 

3.2 Gene disorders of SERCA 

Gene knockout studies of SERCA pumps in mouse models have revealed 

unexpected phenotypes, sometimes dissimilar to the loss of function gene effects 

in human (Prasad et al., 2004). There are two well-defined SERCA disorders, 

Brody and Darier disease, which are phenotypically quite different in their clinical 

manifestations. Brody disease is a rare autosomal recessive disorder affecting 

the skeletal muscle during exercise, with symptoms including painless cramps, 

slow muscle relaxation and stiffness (Brody, 1969). This disorder was linked to 
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the decreased uptake of Ca2+ in the sarcoplasmic reticulum and was later 

connected to the recessive mutations in ATP2A1, the gene encoding the 

SERCA1 isoform in Brody disease patients and in cultured muscle cells. 

Interestingly, some Brody disease patients do not harbor mutations in ATP2A1, 

suggesting that the disease may be heterogeneous in origin (Benders et al., 

1994; Odermatt et al., 2000; Odermatt et al., 1996). Null mutants of SERCA1 in 

mouse are born normal, but develop respiratory insufficiency due to contractile 

defects in the diaphragm muscle that leads to cyanosis and death (Pan et al., 

2003).  

 

Darier disease is a rare autosomal dominant genetic skin disorder that is 

characterized by keratotic papules as a result of the loss of desmosomal proteins 

at the cell-to-cell junctions that bind keratin filaments. Lesions can form resulting 

in plaques in specific areas of the body such as the nails and the scalp. There 

have been over 100 mutations in ATP2A2, the gene encoding SERCA2, reported 

in patients, distributed through the gene. The only mutations that are specific to 

SERCA2 in Darier disease are those that are common in the SERCA2a and the 

SERCA2b isoforms (Brini and Carafoli, 2009; Burge and Wilkinson, 1992). 

Patient-derived keratinocytes revealed lower Ca2+ concentrations in the ER, but 

cytosolic Ca2+ levels were compensated by SPCA1 in these patients (Foggia et 

al., 2006). Despite the compensated Ca2+ levels, the decreased ER 

concentrations could impact protein processing and the progression through the 

secretory pathway. This ER stress gives rise to the impaired sorting and 
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trafficking of desmosomes to the plasma membrane (Dhitavat et al., 2003). 

Although heterozygous SERCA2 knockout mouse models do not recapitulate 

Darier disease, other phenotypes ranging from a selective predisposition to heart 

failure (Prasad et al., 2015), to late developing squamous cell carcinoma (Prasad 

et al., 2004) may be predictive of similar problems in Darier patients. Similarly, 

mouse models of ATP2A3 knockout suggest subtle defects in vascular and 

tracheal smooth muscle contraction, as well as altered Ca2+ signaling in 

pancreatic b cells that potentially correlate with disease phenotypes in human 

(Prasad et al., 2004). This is partly corroborated by observations that SERCA3 

sequence variants have been associated with genetic susceptibility to Type II 

diabetes (Varadi et al., 1999).    

 

3.3 Gene disorders of SPCA 

Dysregulated expression or inactivating mutations in SPCA have been linked to 

two distinct disorders. Like SERCA2 (ATP2A2) mutations, heterozygous mutation 

of the ubiquitous SPCA isoform, ATP2C1 results in a blistering and ulcerative 

skin disorder reminiscent of Darier disease, known as Hailey-Hailey disease (Hu 

et al., 2000; Sudbrak et al., 2000). Haploinsufficiency, resulting from loss of 

function SPCA1 mutations (Ton and Rao, 2004a), appears to disrupt the 

processing of desmosomal and cell-cell adhesion proteins in keratinocytes that 

may result in the blistering symptoms in these patients. Given the ubiquitous 

expression and essential role of both SERCA2 and SPCA1, it is unclear why 

these disorders of calcium pump haploinsufficiency are largely confined to skin. 
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Presumably, there is adequate compensation by other pump isoforms in other 

tissues or the skin may be exquisitely and uniquely sensitive to perturbations of 

these intracellular calcium pump isoforms in ways that we do not yet understand. 

It has been suggested that skin phenotypes arise from lack of expression of the 

SERCA3 isoform in skin (Dhitavat et al., 2004). Consistent with its widespread 

distribution, SPCA1 has an essential housekeeping function: homozygous 

atp2c1-/- null mice show embryonic lethality, expansion of the Golgi and altered 

ER stress response, indicating that SPCA2 cannot adequately compensate for 

the loss (Okunade et al., 2007). Interestingly, heterozygous atp2c1+/- mice do not 

exhibit blistering phenotypes, similar to the atp2a2+/- mouse model. Instead, the 

mice displayed high propensity to develop squamous cell tumors in epithelia 

including skin and esophagus, as they matured into adulthood (Okunade et al., 

2007).  

 

Genome wide association studies have linked deletions and variants in ATP2C2 

with speech language impairment (SLI) disorders (Newbury et al., 2009; Smith et 

al., 2015). Risk genes in SLI disorders and in dyslexia have also been connected 

to children with autism spectrum disorders. SPCA2 has been detected in the 

brain, including hippocampal neurons (Xiang et al., 2005), and the general idea is 

that risk associated variants elicit neurological disorders although the cellular and 

physiological basis for etiology of the disorder is unclear. A knockout mouse 

model for SPCA2 has not yet been reported, but we anticipate that this deletion 

will not be as detrimental due to its limited tissue expression. 
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4. Calcium and Cancer 

There is increasing evidence for the importance of Ca2+ homeostasis in cancer 

(Stewart et al., 2015). A majority of the hallmarks of cancer (Hanahan and 

Weinberg, 2000), if not all, involve calcium signaling to mediate critical cellular 

processes, including transcriptional regulation which underlies  the gene 

expression in a wide range of pathways crucial to tumorigenesis and metastasis, 

such as proliferation, angiogenesis, migration, cell cycle progression, immune 

system evasion, and bypass of apoptosis. To acquire tumorigenic potential, a cell 

must undergo many transformations before becoming malignant. The cellular 

demands for tumorigenesis make cancer a disease of many mutations and not 

the result of one specific genetic alteration. Calcium dysregulation is an example 

of a low input change that results in a large impact, disrupting homeostasis 

across the entirety of a cell. A cancer cell can hijack and transform calcium 

transients such that they fulfill the needs of a malignant tumor for a constitutively 

active and dividing state.  

 

Many calcium transporters have altered expression levels in various cancers, 

which can accommodate this high demand for calcium movement within a cell. 

Within a cancer subtype, there are characteristic isoform specific alterations, as 

depicted in Figures 1-2, that contribute to the unique characteristics of each 

tumor. Patient derived tumor cell lines offer the opportunity to evaluate the role of 

individual Ca2+-ATPases using knockdown and overexpression strategies, as has 
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been reported for SPCA2 (Feng et al., 2010). An interesting aspect of breast 

cancer is the development of microcalcifications, which are common radiographic 

signature that serve as a diagnostic of both benign and malignant tumors (Cross 

et al., 2014). This phenomenon of excess calcium and phosphate depositions is 

not well understood at the mechanistic level but is a readily observable and 

common phenotype of calcium dysregulation in cancer (Burnside et al., 2007; 

Cox and Morgan, 2013; Morgan et al., 2005). Specific findings linking each of the 

three Ca2+-ATPase subtypes to cancer are summarized below. 

 

4.1 PMCA and Cancer 

A common hallmark of cancer, the Warburg effect, is characterized by a 

preferential and high glycolytic rate relative to mitochondrial respiration. This 

phenomenon occurs in pancreatic ductal adenocarcinoma (PDAC) where 

glycolytic ATP fuels Ca2+ efflux via the PMCA pumps. Inhibition of glycolysis in 

PDAC led to irreversible intracellular Ca2+ overload and cell death, thus exposing 

a special vulnerability of cancer cells (James et al., 2015). Altered expression of 

PMCA isoforms occurs in various types of cancer including lung, colon and 

breast. Certain breast cancer cell lines exhibit high expression of PMCA2, which 

is the isoform that is predominantly expressed in mammary epithelia for the 

apical efflux of Ca2+ during lactation. In parallel with the SPCA2 pump, PMCA2 

levels dramatically increase during lactation and return to basal levels upon 

reaching involution (Reinhardt et al., 2000). In these breast cancer cell lines, 

exemplified by ZR-75-1 where PMCA2 is constitutively expressed at levels as 
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high as 100-fold over non-tumorigenic lines (Lee et al., 2005), lowered cytosolic 

Ca2+ levels bypass apoptosis by preventing increased uptake of Ca2+ into 

mitochondria and activation of cell death cascades. Conversely, in colon cancer 

PMCA4 is downregulated, increasing cytosolic Ca2+ due to the decreased Ca2+ 

efflux and increasing cell proliferation (Aung et al., 2007; Ribiczey et al., 2007). 

Similarly, in human oral squamous cell carcinoma, epigenetic downregulation of 

PMCA1 was suggested to be an early event in malignancy that promotes cell 

proliferation (Saito et al., 2006). Thus calcium straddles a fine line between 

promoting apoptosis in cell death versus cell proliferation through activation of 

cell cycle. This unique quality of Ca2+ supports the observation that cancer is not 

a uniform disease and that both up and down regulation of Ca2+-ATPases can 

bypass normal cellular maintenance to promote tumorigenesis. 

 

4.2 SERCA and Cancer 

SERCA pumps have essential roles in calcium transport into the ER for 

replenishing stored calcium, promoting protein folding and maturation, and the 

synthesis of lipids and steroids. Within the ER lumen, calcium concentrations are 

tightly regulated to maintain sufficient stores for signaling, via release by calcium 

channels, and to activate calcium-dependent proteins such as the protein folding 

chaperones, calnexin and calreticulin. The importance of luminal Ca2+ is 

highlighted by the finding that SERCA inhibition preferentially impairs the 

maturation of leukemia-associated mutant NOTCH receptors, inducing a G0/G1 

arrest (Roti et al., 2013).  Mutations and altered expression levels of SERCA 
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isoforms have been implicated in many cancers, including colon, prostate, and in 

lung cancers. In colon adenocarcinoma cell lines, SERCA3 expression is induced 

during differentiation and appears to be progressively lost during multistage 

process of colon tumorigenesis (Brouland et al., 2005). Thus, it may be an 

important marker of colon cancer progression in patients that indicates the 

remodeling of calcium transients and ensuing morphological changes resulting in 

cancer differentiation (Gelebart et al., 2002). Papp and colleagues have shown 

that SERCA3 expression is modulated during differentiation of colon and gastric 

carcinomas, choroid plexus tumors, and in myeloid leukemias (Ait-Ghezali et al., 

2014; Brouland et al., 2005; Gelebart et al., 2002; Launay et al., 1999). SERCA3 

is also downregulated during immortalization of B lymphocytes by the Epstein 

Barr virus, a human gammaherpesvirus involved in various malignancies 

including Burkitt’s and other lymphomas, to shape the amplitude, intensity and 

duration of cytosolic calcium signals, and hence cell activation (Dellis et al., 

2009). Conversely, SERCA2 overexpression in colorectal cancer cells drives 

proliferation and migration and is reversed by treatment with the curcumin 

analog, F36 (Fan et al., 2014). Interestingly, although homozygous knockout of 

the SERCA2 gene in mouse is lethal, the heterozygous mutant develops high 

incidence of squamous cell tumors after a long latency, exemplifying the link 

between dysregulation of calcium homeostasis and cancer (Liu et al., 2001).  

 

4.3 SPCA and Cancer 
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Of the two Secretory Pathway Ca2+-ATPases, SPCA2 is frequently elevated in 

cancers of breast, prostate and colon, as exemplified in Figures 1-2. Patient data 

also showed that SPCA1 is highly expressed in basal-like breast cancers and 

has a low expression in the luminal subtypes (Grice et al., 2010). A good in vitro 

model cell line for basal cancers is MDA-MB-231, a claudin-low subtype, where 

ATP2C1 knockdown slowed proliferation and had a modest effect in reducing 

thrombin/trypsin (PAR)-mediated cytosolic calcium transients. Knockdown of 

SPCA1 had the interesting phenotype of halting the proteolytic processing of the 

pro-IGF1R protein (insulin growth factor 1 receptor) (Grice et al., 2010). The 

expression of pro-IGF1R has been correlated to poor prognosis in breast cancer 

suggesting that SPCA1 overexpression is a potential marker for basal-like breast 

cancers. Conversely, SPCA2 is significantly overexpressed in ERBB2/HER2-

positive and luminal breast cancer cell lines. MCF7 cells had a significant 

overexpression of SPCA2 with low expression of SPCA1 (Figure 1), which 

served as a good model for Feng et al. (Feng et al., 2010) to probe the role of 

SPCA2 in breast cancer. Knockdown of SPCA2 resulted in attenuated growth as 

well as decreased colony formation of MCF7 cells in soft agar. In mouse 

xenograft experiments, SPCA2 knockdown drastically reduced tumor formation 

relative to the control. Furthermore, SPCA2 was able to confer increased 

proliferation as well as ability for colony formation in soft agar upon 

overexpression in MCF10A cells, a nonmalignant mammary epithelial cell line. 

SPCA2 knockdown and low calcium conditions conferred decreased activity in 

the ERK1/2 pathway, which may explain the decrease in proliferation. Rao and 
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coworkers also showed that SPCA2 has the unique ability to elicit store-

independent calcium entry (SICE) through its physical interaction and activation 

of Orai1. With its ability to pump calcium and its ability to activate SICE, SPCA2 

may have an important role in the proliferative potential of cancer by enabling 

calcium entry for various calcium-dependent processes such as cell cycle 

progression. Mutations in the SPCA have not been linked to cancer but their 

constitutive levels of overexpression may have an important consequence in 

tumorigenesis. 
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Figure 1. 

Breast cancer cell lines from the NCI-60 human tumor cell line database (Kohn et 

al., 2014) showing expression profiles for each of the Ca2+ pump isoforms 

depicted as Z score. Z-scores indicate how many standard deviations away a 

sample is from the mean expression value that was measured in a reference or 

control sample. Positive values reflect overexpression. The MCF7 and T47D cell 

lines are representative of the luminal A subtype and MDA-MB-231 and BT549 

are representative of the claudin-low subtype. The database includes specific cell 

lines that are commonly utilized for cancer studies but is not comprehensive of all 

commercially available cancer cell lines. This database did not contain data for 

the SERCA1 isoform. 
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Figure 2.  

Colon cancer cell lines from the NCI-60 human tumor cell line database (Kohn et 

al., 2014) showing the expression profiles for each of the Ca2+ pump isoforms 

depicted as Z score. HCT-116 is a colorectal carcinoma cell line derived from a 

late stage primary tumor. HCT-15 and HT-29 are colorectal adenocarcinoma cell 

lines that have been derived from an advanced stage primary tumors. 

 

 

 

 

 

5. Clinical Relevance 
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Despite clear evidence linking Ca2+-ATPases and calcium signaling to 

tumorigenesis and malignancy, pharmacological targeting of calcium transporters 

is still at its infancy (Prevarskaya et al., 2013). The most promising development 

in this regard is the exploitation of the potent and selective inhibition of SERCA 

pumps by thapsigargin. As the active ingredient in the ancient medicinal 

Mediterranean plant Thapsia garganica, thapsigargin is responsible for intense 

skin irritation upon contact, resulting from Ca2+-induced histamine release from 

mast cells (Doan et al., 2015). When bound to thapsigargin, SERCA is locked in 

an inactive E2-like conformation and calcium entry into the ER is abrogated, 

leaving the IP3R calcium channel to leak calcium from the ER into the cytoplasm. 

Emptying of ER Ca2+ leads to organelle stress and induces programmed cell 

death pathways (Schonthal, 2012). To avoid widespread cell death, thapsigargin 

may be targeted to cancer cells in the form of a prodrug: for example, a peptide-

conjugated form of thapsigargin cannot enter cells to inhibit SERCA until the 

peptide is cleaved by a specific protease (Doan et al., 2015). When targeted for 

prostate cancer, the carboxypeptidase protease is the prostate specific 

membrane antigen (PMSA) found in the vicinity of prostate cells. Currently, the 

prodrug compound (G202) is in Phase II clinical trials for glioblastoma 

(GenSpera, 2015), having successfully concluded Phase I (Denmeade et al., 

2012).  

 

The overexpression of Ca2+-ATPase genes in breast cancer patients could have 

important clinical significance in defining specific cancer subtype. Subtype 
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specific preference in expression has also been observed in cell culture lines 

derived from various cancers. The majority of breast cancer patients are 

classified as either luminal A/B or ERBB2 (HER2), which are estrogen receptor 

(ER) positive and HER2 positive, respectively. These subtypes have treatment 

options that target the receptors to halt downstream activation of tumorigenic 

pathways. Analysis of patient tumor databases by Feng et al. (Feng et al., 2010) 

showed that SPCA2 was up regulated in ERBB2 subtype and down regulated in 

basal-like tumors. On the other hand, SPCA1 is overexpressed in basal-like 

tumors and down regulated in luminal subtypes (Grice et al., 2010). Tumors 

derived from basal cells that lack receptor targets have a poorer prognosis than 

other subtypes due to fewer treatment options. Thus, expression levels of SPCA 

genes could be differential markers for basal-like tumors and ERBB2 tumors, 

respectively. This leads to the question of whether this inverse correlation of 

isoform expression and cancer subtype-specificity has functional relevance. A 

recent study found that high SPCA2 expression was correlated with epithelial 

genes in cancer cell lines, whereas SPCA2 expression was low in cell lines that 

exhibited  mesenchymal phenotypes (Kohn et al., 2014). Epithelial gene 

expression is a hallmark of more differentiated cancers, whereas cancer cells 

that have acquired mesenchymal phenotypes are less differentiated and 

associated with metastasis. Patients with metastatic tumors have poor prognosis 

and may have developed drug-resistance. Epithelial-mesenchymal transition 

(EMT) is critical to initiate cancer metastasis, allowing cells of a primary tumor to 

detach from its neighbors and from the basement membrane, and migrate to 
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form secondary tumors in distant organs, such as the brain, bone, or liver (Kalluri 

and Weinberg, 2009). EMT should not be confused with mesenchymal-derived 

tumors, which are sarcomas that can develop in nonepithelial tissues such as the 

bone and muscle (Clark et al., 2005). It remains to be determined whether 

SPCA2 down regulation facilitates EMT, allowing tumor cells to lose their 

epithelial characteristics and acquire markers of less differentiated or 

mesenchymal cells.  

 

In summary, the role of SPCA and other calcium pump isoforms in breast and 

other cancers is an area of active investigation not only as biomarkers for 

characterizing tumors and their subtypes, but also as potential candidates for 

novel drug targeting.   

 



	

	 26	

REFERENCES 

Ait-Ghezali, L., Arbabian, A., Jeibmann, A., Hasselblatt, M., Hallaert, G. G., Van 

den Broecke, C., Gray, F., Brouland, J. P., Varin-Blank, N., and Papp, B. (2014). 

Loss of endoplasmic reticulum calcium pump expression in choroid plexus 

tumours. Neuropathol Appl Neurobiol 40, 726-735. 

Aung, C. S., Kruger, W. A., Poronnik, P., Roberts-Thomson, S. J., and Monteith, 

G. R. (2007). Plasma membrane Ca2+-ATPase expression during colon cancer 

cell line differentiation. Biochemical and biophysical research communications 

355, 932-936. 

Baba-Aissa, F., Raeymaekers, L., Wuytack, F., Dode, L., and Casteels, R. 

(1998). Distribution and isoform diversity of the organellar Ca2+ pumps in the 

brain. Mol Chem Neuropathol 33, 199-208. 

Benders, A. A., Veerkamp, J. H., Oosterhof, A., Jongen, P. J., Bindels, R. J., 

Smit, L. M., Busch, H. F., and Wevers, R. A. (1994). Ca2+ homeostasis in 

Brody's disease. A study in skeletal muscle and cultured muscle cells and the 

effects of dantrolene an verapamil. The Journal of clinical investigation 94, 741-

748. 

Bergner, A., and Huber, R. M. (2008). Regulation of the endoplasmic reticulum 

Ca(2+)-store in cancer. Anticancer Agents Med Chem 8, 705-709. 

Berridge, M. J. (1993). Inositol trisphosphate and calcium signalling. Nature 361, 

315-325. 



	

	 27	

Berridge, M. J., Bootman, M. D., and Roderick, H. L. (2003). Calcium signalling: 

dynamics, homeostasis and remodelling. Nature reviews Molecular cell biology 4, 

517-529. 

Bortolozzi, M., Brini, M., Parkinson, N., Crispino, G., Scimemi, P., De Siati, R. D., 

Di Leva, F., Parker, A., Ortolano, S., Arslan, E., et al. (2010). The novel PMCA2 

pump mutation Tommy impairs cytosolic calcium clearance in hair cells and links 

to deafness in mice. The Journal of biological chemistry 285, 37693-37703. 

Brini, M., Cali, T., Ottolini, D., and Carafoli, E. (2012). Calcium pumps: why so 

many? Compr Physiol 2, 1045-1060. 

Brini, M., and Carafoli, E. (2000). Calcium signalling: a historical account, recent 

developments and future perspectives. Cellular and molecular life sciences : 

CMLS 57, 354-370. 

Brini, M., and Carafoli, E. (2009). Calcium pumps in health and disease. Physiol 

Rev 89, 1341-1378. 

Brody, I. A. (1969). Muscle contracture induced by exercise. A syndrome 

attributable to decreased relaxing factor. N Engl J Med 281, 187-192. 

Brouland, J. P., Gelebart, P., Kovacs, T., Enouf, J., Grossmann, J., and Papp, B. 

(2005). The loss of sarco/endoplasmic reticulum calcium transport ATPase 3 

expression is an early event during the multistep process of colon 

carcinogenesis. The American journal of pathology 167, 233-242. 

Burette, A., and Weinberg, R. J. (2007). Perisynaptic organization of plasma 

membrane calcium pumps in cerebellar cortex. J Comp Neurol 500, 1127-1135. 



	

	 28	

Burge, S. M., and Wilkinson, J. D. (1992). Darier-White disease: a review of the 

clinical features in 163 patients. J Am Acad Dermatol 27, 40-50. 

Burnside, E. S., Ochsner, J. E., Fowler, K. J., Fine, J. P., Salkowski, L. R., Rubin, 

D. L., and Sisney, G. A. (2007). Use of microcalcification descriptors in BI-RADS 

4th edition to stratify risk of malignancy. Radiology 242, 388-395. 

Chicka, M. C., and Strehler, E. E. (2003). Alternative splicing of the first 

intracellular loop of plasma membrane Ca2+-ATPase isoform 2 alters its 

membrane targeting. The Journal of biological chemistry 278, 18464-18470. 

Clark, M. A., Fisher, C., Judson, I., and Thomas, J. M. (2005). Soft-tissue 

sarcomas in adults. N Engl J Med 353, 701-711. 

Cox, R. F., and Morgan, M. P. (2013). Microcalcifications in breast cancer: 

Lessons from physiological mineralization. Bone 53, 437-450. 

Cross, B. M., Breitwieser, G. E., Reinhardt, T. A., and Rao, R. (2014). Cellular 

calcium dynamics in lactation and breast cancer: from physiology to pathology. 

Am J Physiol Cell Physiol 306, C515-526. 

Cross, B. M., Hack, A., Reinhardt, T. A., and Rao, R. (2013). SPCA2 regulates 

Orai1 trafficking and store independent Ca2+ entry in a model of lactation. PLoS 

One 8, e67348. 

Davis, F. M., Janoshazi, A., Janardhan, K. S., Steinckwich, N., D'Agostin, D. M., 

Petranka, J. G., Desai, P. N., Roberts-Thomson, S. J., Bird, G. S., Tucker, D. K., 

et al. (2015). Essential role of Orai1 store-operated calcium channels in lactation. 

Proceedings of the National Academy of Sciences of the United States of 

America 112, 5827-5832. 



	

	 29	

Dellis, O., Arbabian, A., Brouland, J. P., Kovacs, T., Rowe, M., Chomienne, C., 

Joab, I., and Papp, B. (2009). Modulation of B-cell endoplasmic reticulum 

calcium homeostasis by Epstein-Barr virus latent membrane protein-1. Mol 

Cancer 8, 59. 

Denmeade, S. R., Mhaka, A. M., Rosen, D. M., Brennen, W. N., Dalrymple, S., 

Dach, I., Olesen, C., Gurel, B., Demarzo, A. M., Wilding, G., et al. (2012). 

Engineering a prostate-specific membrane antigen-activated tumor endothelial 

cell prodrug for cancer therapy. Sci Transl Med 4, 140ra186. 

Dhitavat, J., Cobbold, C., Leslie, N., Burge, S., and Hovnanian, A. (2003). 

Impaired trafficking of the desmoplakins in cultured Darier's disease 

keratinocytes. J Invest Dermatol 121, 1349-1355. 

Dhitavat, J., Fairclough, R. J., Hovnanian, A., and Burge, S. M. (2004). Calcium 

pumps and keratinocytes: lessons from Darier's disease and Hailey-Hailey 

disease. Br J Dermatol 150, 821-828. 

Doan, N. T., Paulsen, E. S., Sehgal, P., Moller, J. V., Nissen, P., Denmeade, S. 

R., Isaacs, J. T., Dionne, C. A., and Christensen, S. B. (2015). Targeting 

thapsigargin towards tumors. Steroids 97, 2-7. 

Dode, L., Andersen, J. P., Vanoevelen, J., Raeymaekers, L., Missiaen, L., Vilsen, 

B., and Wuytack, F. (2006). Dissection of the functional differences between 

human secretory pathway Ca2+/Mn2+-ATPase (SPCA) 1 and 2 isoenzymes by 

steady-state and transient kinetic analyses. The Journal of biological chemistry 

281, 3182-3189. 



	

	 30	

Dode, L., De Greef, C., Mountian, I., Attard, M., Town, M. M., Casteels, R., and 

Wuytack, F. (1998). Structure of the human sarco/endoplasmic reticulum Ca2+-

ATPase 3 gene. Promoter analysis and alternative splicing of the SERCA3 pre-

mRNA. The Journal of biological chemistry 273, 13982-13994. 

Durr, G., Strayle, J., Plemper, R., Elbs, S., Klee, S. K., Catty, P., Wolf, D. H., and 

Rudolph, H. K. (1998). The medial-Golgi ion pump Pmr1 supplies the yeast 

secretory pathway with Ca2+ and Mn2+ required for glycosylation, sorting, and 

endoplasmic reticulum-associated protein degradation. Mol Biol Cell 9, 1149-

1162. 

Fairclough, R. J., Dode, L., Vanoevelen, J., Andersen, J. P., Missiaen, L., 

Raeymaekers, L., Wuytack, F., and Hovnanian, A. (2003). Effect of Hailey-Hailey 

Disease mutations on the function of a new variant of human secretory pathway 

Ca2+/Mn2+-ATPase (hSPCA1). The Journal of biological chemistry 278, 24721-

24730. 

Fan, L., Li, A., Li, W., Cai, P., Yang, B., Zhang, M., Gu, Y., Shu, Y., Sun, Y., 

Shen, Y., et al. (2014). Novel role of Sarco/endoplasmic reticulum calcium 

ATPase 2 in development of colorectal cancer and its regulation by F36, a 

curcumin analog. Biomed Pharmacother 68, 1141-1148. 

Feng, M., Grice, D. M., Faddy, H. M., Nguyen, N., Leitch, S., Wang, Y., Muend, 

S., Kenny, P. A., Sukumar, S., Roberts-Thomson, S. J., et al. (2010). Store-

independent activation of Orai1 by SPCA2 in mammary tumors. Cell 143, 84-98. 

Foggia, L., Aronchik, I., Aberg, K., Brown, B., Hovnanian, A., and Mauro, T. M. 

(2006). Activity of the hSPCA1 Golgi Ca2+ pump is essential for Ca2+-mediated 



	

	 31	

Ca2+ response and cell viability in Darier disease. Journal of cell science 119, 

671-679. 

Garside, V. C., Kowalik, A. S., Johnson, C. L., DiRenzo, D., Konieczny, S. F., 

and Pin, C. L. (2010). MIST1 regulates the pancreatic acinar cell expression of 

Atp2c2, the gene encoding secretory pathway calcium ATPase 2. Experimental 

cell research 316, 2859-2870. 

Gelebart, P., Kovacs, T., Brouland, J. P., van Gorp, R., Grossmann, J., Rivard, 

N., Panis, Y., Martin, V., Bredoux, R., Enouf, J., and Papp, B. (2002). Expression 

of endomembrane calcium pumps in colon and gastric cancer cells. Induction of 

SERCA3 expression during differentiation. The Journal of biological chemistry 

277, 26310-26320. 

GenSpera (2015). Efficacy, Safety and CNS Exposure of G-202 in Patients With 

Recurrent or Progressive Glioblastoma. Clinical Trialsgov. 

Grice, D. M., Vetter, I., Faddy, H. M., Kenny, P. A., Roberts-Thomson, S. J., and 

Monteith, G. R. (2010). Golgi calcium pump secretory pathway calcium ATPase 1 

(SPCA1) is a key regulator of insulin-like growth factor receptor (IGF1R) 

processing in the basal-like breast cancer cell line MDA-MB-231. The Journal of 

biological chemistry 285, 37458-37466. 

Hanahan, D., and Weinberg, R. A. (2000). The hallmarks of cancer. Cell 100, 57-

70. 

Hu, Z., Bonifas, J. M., Beech, J., Bench, G., Shigihara, T., Ogawa, H., Ikeda, S., 

Mauro, T., and Epstein, E. H., Jr. (2000). Mutations in ATP2C1, encoding a 

calcium pump, cause Hailey-Hailey disease. Nat Genet 24, 61-65. 



	

	 32	

Inoue, Y., Matsumura, Y., Inoue, K., Ichikawa, R., and Takayama, C. (1993). 

Abnormal synaptic architecture in the cerebellar cortex of a new dystonic mutant 

mouse, Wriggle Mouse Sagami. Neurosci Res 16, 39-48. 

James, A. D., Patel, W., Butt, Z., Adiamah, M., Dakhel, R., Latif, A., Uggenti, C., 

Swanton, E., Imamura, H., Siriwardena, A. K., and Bruce, J. I. (2015). The 

Plasma Membrane Calcium Pump in Pancreatic Cancer Cells Exhibiting the 

Warburg Effect Relies on Glycolytic ATP. The Journal of biological chemistry 

290, 24760-24771. 

Kalluri, R., and Weinberg, R. A. (2009). The basics of epithelial-mesenchymal 

transition. The Journal of clinical investigation 119, 1420-1428. 

Kobayashi, Y., Hirawa, N., Tabara, Y., Muraoka, H., Fujita, M., Miyazaki, N., 

Fujiwara, A., Ichikawa, Y., Yamamoto, Y., Ichihara, N., et al. (2012). Mice lacking 

hypertension candidate gene ATP2B1 in vascular smooth muscle cells show 

significant blood pressure elevation. Hypertension 59, 854-860. 

Kohn, K. W., Zeeberg, B. M., Reinhold, W. C., and Pommier, Y. (2014). Gene 

expression correlations in human cancer cell lines define molecular interaction 

networks for epithelial phenotype. PLoS One 9, e99269. 

Kozel, P. J., Friedman, R. A., Erway, L. C., Yamoah, E. N., Liu, L. H., Riddle, T., 

Duffy, J. J., Doetschman, T., Miller, M. L., Cardell, E. L., and Shull, G. E. (1998). 

Balance and hearing deficits in mice with a null mutation in the gene encoding 

plasma membrane Ca2+-ATPase isoform 2. The Journal of biological chemistry 

273, 18693-18696. 



	

	 33	

Krebs, J. (2015). The plethora of PMCA isoforms: Alternative splicing and 

differential expression. Biochimica et biophysica acta 1853, 2018-2024. 

Kuhlbrandt, W. (2004). Biology, structure and mechanism of P-type ATPases. 

Nature reviews Molecular cell biology 5, 282-295. 

Kunzelmann, K., and Mehta, A. (2013). CFTR: a hub for kinases and crosstalk of 

cAMP and Ca2+. Febs J 280, 4417-4429. 

Launay, S., Gianni, M., Kovacs, T., Bredoux, R., Bruel, A., Gelebart, P., 

Zassadowski, F., Chomienne, C., Enouf, J., and Papp, B. (1999). Lineage-

specific modulation of calcium pump expression during myeloid differentiation. 

Blood 93, 4395-4405. 

Lee, W. J., Roberts-Thomson, S. J., and Monteith, G. R. (2005). Plasma 

membrane calcium-ATPase 2 and 4 in human breast cancer cell lines. 

Biochemical and biophysical research communications 337, 779-783. 

Liu, L. H., Boivin, G. P., Prasad, V., Periasamy, M., and Shull, G. E. (2001). 

Squamous cell tumors in mice heterozygous for a null allele of Atp2a2, encoding 

the sarco(endo)plasmic reticulum Ca2+-ATPase isoform 2 Ca2+ pump. The 

Journal of biological chemistry 276, 26737-26740. 

Lu, X., Wang, L., Chen, S., He, L., Yang, X., Shi, Y., Cheng, J., Zhang, L., Gu, C. 

C., Huang, J., et al. (2012). Genome-wide association study in Han Chinese 

identifies four new susceptibility loci for coronary artery disease. Nat Genet 44, 

890-894. 

Martin, V., Bredoux, R., Corvazier, E., Van Gorp, R., Kovacs, T., Gelebart, P., 

and Enouf, J. (2002). Three novel sarco/endoplasmic reticulum Ca2+-ATPase 



	

	 34	

(SERCA) 3 isoforms. Expression, regulation, and function of the membranes of 

the SERCA3 family. The Journal of biological chemistry 277, 24442-24452. 

McFarland, B. H., and Inesi, G. (1971). Solubilization of sarcoplasmic reticulum 

with Triton X-100. Archives of biochemistry and biophysics 145, 456-464. 

Mooren, F. C., and Kinne, R. K. (1998). Cellular calcium in health and disease. 

Biochimica et biophysica acta 1406, 127-151. 

Morgan, M. P., Cooke, M. M., and McCarthy, G. M. (2005). Microcalcifications 

associated with breast cancer: an epiphenomenon or biologically significant 

feature of selected tumors? Journal of mammary gland biology and neoplasia 10, 

181-187. 

Neville, M. C. (2005). Calcium secretion into milk. Journal of mammary gland 

biology and neoplasia 10, 119-128. 

Newbury, D. F., Winchester, L., Addis, L., Paracchini, S., Buckingham, L. L., 

Clark, A., Cohen, W., Cowie, H., Dworzynski, K., Everitt, A., et al. (2009). CMIP 

and ATP2C2 modulate phonological short-term memory in language impairment. 

Am J Hum Genet 85, 264-272. 

Odermatt, A., Barton, K., Khanna, V. K., Mathieu, J., Escolar, D., Kuntzer, T., 

Karpati, G., and MacLennan, D. H. (2000). The mutation of Pro789 to Leu 

reduces the activity of the fast-twitch skeletal muscle sarco(endo)plasmic 

reticulum Ca2+ ATPase (SERCA1) and is associated with Brody disease. Hum 

Genet 106, 482-491. 

Odermatt, A., Taschner, P. E., Khanna, V. K., Busch, H. F., Karpati, G., Jablecki, 

C. K., Breuning, M. H., and MacLennan, D. H. (1996). Mutations in the gene-



	

	 35	

encoding SERCA1, the fast-twitch skeletal muscle sarcoplasmic reticulum Ca2+ 

ATPase, are associated with Brody disease. Nat Genet 14, 191-194. 

Okunade, G. W., Miller, M. L., Azhar, M., Andringa, A., Sanford, L. P., 

Doetschman, T., Prasad, V., and Shull, G. E. (2007). Loss of the Atp2c1 

secretory pathway Ca(2+)-ATPase (SPCA1) in mice causes Golgi stress, 

apoptosis, and midgestational death in homozygous embryos and squamous cell 

tumors in adult heterozygotes. The Journal of biological chemistry 282, 26517-

26527. 

Okunade, G. W., Miller, M. L., Pyne, G. J., Sutliff, R. L., O'Connor, K. T., 

Neumann, J. C., Andringa, A., Miller, D. A., Prasad, V., Doetschman, T., et al. 

(2004). Targeted ablation of plasma membrane Ca2+-ATPase (PMCA) 1 and 4 

indicates a major housekeeping function for PMCA1 and a critical role in 

hyperactivated sperm motility and male fertility for PMCA4. The Journal of 

biological chemistry 279, 33742-33750. 

Olesen, C., Picard, M., Winther, A. M., Gyrup, C., Morth, J. P., Oxvig, C., Moller, 

J. V., and Nissen, P. (2007). The structural basis of calcium transport by the 

calcium pump. Nature 450, 1036-1042. 

Orrenius, S., Gogvadze, V., and Zhivotovsky, B. (2015). Calcium and 

mitochondria in the regulation of cell death. Biochemical and biophysical 

research communications 460, 72-81. 

Palmgren, M. G., and Axelsen, K. B. (1998). Evolution of P-type ATPases. 

Biochimica et biophysica acta 1365, 37-45. 



	

	 36	

Palmgren, M. G., and Nissen, P. (2011). P-type ATPases. Annual review of 

biophysics 40, 243-266. 

Pan, Y., Zvaritch, E., Tupling, A. R., Rice, W. J., de Leon, S., Rudnicki, M., 

McKerlie, C., Banwell, B. L., and MacLennan, D. H. (2003). Targeted disruption 

of the ATP2A1 gene encoding the sarco(endo)plasmic reticulum Ca2+ ATPase 

isoform 1 (SERCA1) impairs diaphragm function and is lethal in neonatal mice. 

The Journal of biological chemistry 278, 13367-13375. 

Periasamy, M., and Kalyanasundaram, A. (2007). SERCA pump isoforms: their 

role in calcium transport and disease. Muscle Nerve 35, 430-442. 

Pestov, N. B., Dmitriev, R. I., Kostina, M. B., Korneenko, T. V., Shakhparonov, M. 

I., and Modyanov, N. N. (2012). Structural evolution and tissue-specific 

expression of tetrapod-specific second isoform of secretory pathway Ca2+-

ATPase. Biochemical and biophysical research communications 417, 1298-1303. 

Prasad, V., Lorenz, J. N., Lasko, V. M., Nieman, M. L., Huang, W., Wang, Y., 

Wieczorek, D. W., and Shull, G. E. (2015). SERCA2 Haploinsufficiency in a 

Mouse Model of Darier Disease Causes a Selective Predisposition to Heart 

Failure. Biomed Res Int 2015, 251598. 

Prasad, V., Okunade, G. W., Miller, M. L., and Shull, G. E. (2004). Phenotypes of 

SERCA and PMCA knockout mice. Biochemical and biophysical research 

communications 322, 1192-1203. 

Prevarskaya, N., Skryma, R., and Shuba, Y. (2013). Targeting Ca(2)(+) transport 

in cancer: close reality or long perspective? Expert Opin Ther Targets 17, 225-

241. 



	

	 37	

Proks, P., de Wet, H., and Ashcroft, F. M. (2014). Sulfonylureas suppress the 

stimulatory action of Mg-nucleotides on Kir6.2/SUR1 but not Kir6.2/SUR2A KATP 

channels: a mechanistic study. J Gen Physiol 144, 469-486. 

Reinhardt, T. A., Filoteo, A. G., Penniston, J. T., and Horst, R. L. (2000). Ca(2+)-

ATPase protein expression in mammary tissue. Am J Physiol Cell Physiol 279, 

C1595-1602. 

Reinhardt, T. A., and Horst, R. L. (1999). Ca2+-ATPases and their expression in 

the mammary gland of pregnant and lactating rats. Am J Physiol 276, C796-802. 

Reinhardt, T. A., and Lippolis, J. D. (2009). Mammary gland involution is 

associated with rapid down regulation of major mammary Ca2+-ATPases. 

Biochemical and biophysical research communications 378, 99-102. 

Reinhardt, T. A., Lippolis, J. D., Shull, G. E., and Horst, R. L. (2004). Null 

mutation in the gene encoding plasma membrane Ca2+-ATPase isoform 2 

impairs calcium transport into milk. The Journal of biological chemistry 279, 

42369-42373. 

Ribiczey, P., Tordai, A., Andrikovics, H., Filoteo, A. G., Penniston, J. T., Enouf, 

J., Enyedi, A., Papp, B., and Kovacs, T. (2007). Isoform-specific up-regulation of 

plasma membrane Ca2+ATPase expression during colon and gastric cancer cell 

differentiation. Cell calcium 42, 590-605. 

Roti, G., Carlton, A., Ross, K. N., Markstein, M., Pajcini, K., Su, A. H., Perrimon, 

N., Pear, W. S., Kung, A. L., Blacklow, S. C., et al. (2013). Complementary 

genomic screens identify SERCA as a therapeutic target in NOTCH1 mutated 

cancer. Cancer Cell 23, 390-405. 



	

	 38	

Rudolph, H. K., Antebi, A., Fink, G. R., Buckley, C. M., Dorman, T. E., LeVitre, J., 

Davidow, L. S., Mao, J. I., and Moir, D. T. (1989). The yeast secretory pathway is 

perturbed by mutations in PMR1, a member of a Ca2+ ATPase family. Cell 58, 

133-145. 

Saito, K., Uzawa, K., Endo, Y., Kato, Y., Nakashima, D., Ogawara, K., Shiba, M., 

Bukawa, H., Yokoe, H., and Tanzawa, H. (2006). Plasma membrane Ca2+ 

ATPase isoform 1 down-regulated in human oral cancer. Oncology reports 15, 

49-55. 

Schonthal, A. H. (2012). Targeting endoplasmic reticulum stress for cancer 

therapy. Front Biosci (Schol Ed) 4, 412-431. 

Smith, A. W., Holden, K. R., Dwivedi, A., Dupont, B. R., and Lyons, M. J. (2015). 

Deletion of 16q24.1 supports a role for the ATP2C2 gene in specific language 

impairment. J Child Neurol 30, 517-521. 

Sorin, A., Rosas, G., and Rao, R. (1997). PMR1, a Ca2+-ATPase in yeast Golgi, 

has properties distinct from sarco/endoplasmic reticulum and plasma membrane 

calcium pumps. The Journal of biological chemistry 272, 9895-9901. 

Spiden, S. L., Bortolozzi, M., Di Leva, F., de Angelis, M. H., Fuchs, H., Lim, D., 

Ortolano, S., Ingham, N. J., Brini, M., Carafoli, E., et al. (2008). The novel mouse 

mutation Oblivion inactivates the PMCA2 pump and causes progressive hearing 

loss. PLoS Genet 4, e1000238. 

Stewart, T. A., Yapa, K. T., and Monteith, G. R. (2015). Altered calcium signaling 

in cancer cells. Biochimica et biophysica acta 1848, 2502-2511. 



	

	 39	

Strehler, E. E. (2015). Plasma membrane calcium ATPases: From generic 

Ca(2+) sump pumps to versatile systems for fine-tuning cellular Ca(2.). 

Biochemical and biophysical research communications 460, 26-33. 

Sudbrak, R., Brown, J., Dobson-Stone, C., Carter, S., Ramser, J., White, J., 

Healy, E., Dissanayake, M., Larregue, M., Perrussel, M., et al. (2000). Hailey-

Hailey disease is caused by mutations in ATP2C1 encoding a novel Ca(2+) 

pump. Hum Mol Genet 9, 1131-1140. 

Ton, V. K., and Rao, R. (2004a). Expression of Hailey-Hailey disease mutations 

in yeast. The Journal of investigative dermatology 123, 1192-1194. 

Ton, V. K., and Rao, R. (2004b). Functional expression of heterologous proteins 

in yeast: insights into Ca2+ signaling and Ca2+-transporting ATPases. Am J 

Physiol Cell Physiol 287, C580-589. 

Toyoshima, C., and Cornelius, F. (2013). New crystal structures of PII-type 

ATPases: excitement continues. Curr Opin Struct Biol 23, 507-514. 

Toyoshima, C., and Mizutani, T. (2004). Crystal structure of the calcium pump 

with a bound ATP analogue. Nature 430, 529-535. 

Vangheluwe, P., Raeymaekers, L., Dode, L., and Wuytack, F. (2005). Modulating 

sarco(endo)plasmic reticulum Ca2+ ATPase 2 (SERCA2) activity: cell biological 

implications. Cell calcium 38, 291-302. 

Vangheluwe, P., Sepulveda, M. R., Missiaen, L., Raeymaekers, L., Wuytack, F., 

and Vanoevelen, J. (2009). Intracellular Ca2+- and Mn2+-transport ATPases. 

Chem Rev 109, 4733-4759. 



	

	 40	

Vanoevelen, J., Dode, L., Van Baelen, K., Fairclough, R. J., Missiaen, L., 

Raeymaekers, L., and Wuytack, F. (2005). The secretory pathway Ca2+/Mn2+-

ATPase 2 is a Golgi-localized pump with high affinity for Ca2+ ions. The Journal 

of biological chemistry 280, 22800-22808. 

Varadi, A., Lebel, L., Hashim, Y., Mehta, Z., Ashcroft, S. J., and Turner, R. 

(1999). Sequence variants of the sarco(endo)plasmic reticulum Ca(2+)-transport 

ATPase 3 gene (SERCA3) in Caucasian type II diabetic patients (UK Prospective 

Diabetes Study 48). Diabetologia 42, 1240-1243. 

Verkhratsky, A. (2005). Physiology and pathophysiology of the calcium store in 

the endoplasmic reticulum of neurons. Physiological reviews 85, 201-279. 

Xiang, M., Mohamalawari, D., and Rao, R. (2005). A novel isoform of the 

secretory pathway Ca2+,Mn(2+)-ATPase, hSPCA2, has unusual properties and 

is expressed in the brain. The Journal of biological chemistry 280, 11608-11614. 

Yadav, J., Muend, S., Zhang, Y., and Rao, R. (2007). A phenomics approach in 

yeast links proton and calcium pump function in the Golgi. Mol Biol Cell 18, 1480-

1489. 

Zhao, Y., Ogawa, H., Yonekura, S., Mitsuhashi, H., Mitsuhashi, S., Nishino, I., 

Toyoshima, C., and Ishiura, S. (2015). Functional analysis of SERCA1b, a highly 

expressed SERCA1 variant in myotonic dystrophy type 1 muscle. Biochimica et 

biophysica acta 1852, 2042-2047. 

 

 



	

	 41	

2  Secretory Pathway Ca2+-ATPases Promote In 
Vitro Microcalcifications in Breast Cancer Cells 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The chapter has appeared as part of the following publication:  

Dang D, Prasad H, Rao R. Secretory pathway Ca2+-ATPases promote in vitro 

microcalcifications in breast cancer cells. Molecular Carcinogenesis. 2017. DOI: 

10.1002/mc.22695. PMID: 28618103.  
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INTRODUCTION 

Microcalcifications are radiographically dense deposits of calcium oxalate 

or calcium apatite crystals in the soft tissue of breast (Cox and Morgan, 2013; 

Morgan et al., 2005). Observed since the early 1900’s, microcalcifications are 

one of the most easily detectable anomalies in a mammogram. Based on their 

appearance and chemical composition, microcalcifications are classified into two 

types: Type I are calcium oxalate deposits that are typically associated with 

benign conditions (Radi, 1989), whereas Type II are composed of bone-like 

mineralization of hydroxyapatite (Frappart et al., 1984; Sakka et al., 2006). The 

latter are found in about 40% of primary breast cancers and 90% of ductal 

carcinoma in situ, where they may be associated with malignancy, bone 

metastases and poor prognosis. Calcium hydroxyapatite is strongly mitogenic 

(Morgan et al., 2001), promotes tumor cell migration (Cox et al., 2012a), and has 

been shown to induce the expression of tumorigenic factors, including matrix 

metalloproteinases in human breast cancer cell lines (Cooke et al., 2003). Often, 

microcalcifications are the only mammographic signature of disease, and as a 

result, it is critically important to understand their underlying etiology. Early 

detection of harmful microcalcifications and therapeutic intervention could offer 

novel approaches in the diagnosis and treatment of breast cancers.   

 

Not much is known about the process of microcalcification in breast, and 

molecular pathways remain poorly understood (Cox and Morgan, 2013; Sharma 

et al., 2016).  In contrast, a wide range of cellular mechanisms has been 
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implicated in physiological bone mineralization and pathological formation of 

atherosclerotic plaques (Golub, 2011; Ruiz et al., 2016). These include the 

formation and exocytosis of matrix vesicles loaded with calcium phosphate, 

exosome release, and direct secretion of non-membrane bound apatite crystals 

into the extracellular matrix. Common to many of these mechanisms is the role of 

transporters and enzymes that fuel the accumulation of mineral ions, including 

Ca2+ and Pi. The phosphatase PHOSPHO1 generates phosphates by hydrolysis 

of phosphocholine and phosphoethanolamine, derived from membrane 

phospholipids by phospholipase C (Orimo, 2010). Alkaline phosphatase (AP) and 

nucleotide pyrophosphatase phosphodiesterase I (NPP1) have also been 

implicated in generating inorganic phosphates from organic precursors that are 

delivered to calcification sites by the Type III Na/Pi co-transporter found on cell 

and vesicle membranes (Orimo, 2010).  

 

Although the obvious importance of Ca2+ transporters in formation of 

breast microcalcifications has been recognized (Sharma et al., 2016), evidence 

supporting their molecular identity and function is surprisingly lacking. A few Ca2+ 

channels, including annexins (Cmoch et al., 2011; Cox and Morgan, 2013; 

Kapustin et al., 2011) and TRP isoforms (Mandavilli et al., 2012; Sharma et al., 

2016) have been associated with vascular or breast calcifications, respectively. 

However, passive, downhill Ca2+ flux by ion channels is unlikely to play a primary 

role in the accumulation of Ca2+ at microcalcification sites. Therefore, we 

considered the role of ATP-driven Ca2+ pumps that localize to the Golgi and post-
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Golgi vesicles, belonging to the subgroup of Secretory Pathway Ca2+-ATPases 

(Cross et al., 2014; Sorin et al., 1997). In mammary tissue, there are two SPCA 

pump isoforms that mediate high affinity transport of Ca2+ and Mn2+ from the 

cytoplasm to the lumen (Dang and Rao, 2016; Reinhardt et al., 2000; 

Vanoevelen et al., 2005). The delivery of these cations to secretory 

compartments is critical for post-translational protein processing, glycosylation, 

sorting and quality control (Durr et al., 1998; Xiang et al., 2005). In the lactating 

breast, expression of SPCA isoforms is dramatically elevated to facilitate 

transcytosis of Ca2+ from the blood to the lumen of the mammary gland where it 

accumulates in milk at concentrations of 40-80 mM (Cross et al., 2013; Reinhardt 

and Horst, 1999; Reinhardt and Lippolis, 2009). Of particular relevance, an 

unconventional interaction of SPCA2 with the Ca2+ influx channel Orai1, 

evidenced by co-induction by lactogenic hormones, and co-immunoprecipitation, 

was required for Ca2+ transport in three-dimensional mammosphere cultures 

(Cross et al., 2013; Feng et al., 2010). Gene dysregulation of both SPCA1 

(ATP2C1) and SPCA2 (ATP2C2) has been linked to breast cancers (Dang and 

Rao, 2016): SPCA1 is important for promoting processing of the insulin-like 

growth factor 1 receptor (IGF-1R), and SPCA2 promotes tumor growth by 

increasing Ca2+ entry through activation of the Orai1 calcium channel (Feng et 

al., 2010; Grice et al., 2010). Thus, we reasoned that the SPCA pumps are likely 

to be important players in formation of breast microcalcifications.  
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A major impediment to the identification of novel genes and cellular 

pathways of microcalcification is a lack of a convenient and quantifiable assay of 

calcium deposition using well-characterized human breast tumor cell lines. A 

cocktail of extrinsic factors that are important for osteogenic differentiation of 

bone marrow derived mesenchymal stem cells is typically used to elicit 

mineralization in vitro (Boskey and Roy, 2008; Langenbach and Handschel, 

2013). This includes (i) dexamethasone, a synthetic glucocorticoid that activates 

Wnt/beta catenin signaling to augment the effect of bone morphogenetic protein 

(BMP-2) in a concentration and species dependent manner (Diefenderfer et al., 

2003), (ii) ascorbic acid, required as cofactor for enzymes that hydroxylate 

proline and lysine in procollagen, thereby enhancing the secretion of collagen 

into the extracellular matrix, and (iii) inorganic phosphate (Pi) or a hydrolysable 

precursor such as beta-glycerophosphate, for development of hydroxyapatite 

crystals. An in vitro model of mammary cell mineralization was developed using 

the mouse mammary adenocarcinoma 4T1 cell line, with visible deposits of 

calcium and phosphate revealed by Alizarin Red and von Kossa staining 

respectively, beginning at day 11 and continuing through day 28 of culture in 

osteogenic cocktail (Cox and Morgan, 2013). Mineralization was not observed 

with human breast tumor lines, with the exception of a highly metastatic clone of 

Hs578T that produced hydroxyapatite after 21 days (Cox and Morgan, 2013). 

Therefore, a major incentive for this study was to establish assay conditions for 

shorter and quantifiable measurement of in vitro calcium deposition using well 

characterized and widely used human breast cancer cell models.    
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We hypothesized that up regulation of secretory pathway Ca2+-ATPases 

would increase luminal Ca2+ in Golgi-derived secretory vesicles and create the 

appropriate microenvironment for crystallization of calcium and phosphate into 

hydroxyapatite, in concert with bone mineralization proteins. In this study, we use 

quantitative in vitro measurements of human cancer cell mineralization to 

evaluate the role of SPCA pumps and provide insight into the process of 

malignant microcalcifications in breast tissues.  

METHODS 

Cell lines and Media 

MCF10A (ATCC CRL-10317) monolayer cells were cultured in DMEM/F12 

containing 5% horse serum, 20ng/ml EGF, 0.5mg/ml hydrocortisone, 100ng/ml 

cholera toxin, 10µg/ml insulin, and 1X penicillin/streptomycin. MCF7 (ATCC HTB-

22) and MDA-MB-231 (ATCC HTB-26) cells were cultured in monolayer with 

DMEM containing 1X antibiotic/antimycotic, and 10% FBS. Hs578T (ATCC HTB-

126) monolayer cells were cultured in DMEM containing 10mg/mL insulin, 1X 

antibiotic/antimycotic, and 10% FBS. Cells were cultured in 5% CO2 and at 37°C 

in a humidified incubator.  

 

Osteogenic Cocktail (OC) and in vitro Cell Mineralization 

Cells were cultured in their respective full media supplemented with the OC 

containing 50mg/ml ascorbic acid (Sigma-Aldrich #A4403), 5-10mM Pi (J.T. 

Baker #3246-01), 10nM dexamethasone (Sigma-Aldrich #D4902) to induce 
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mineralization. Where noted, BMP2 (PeproTech #120-02) was added to 100-

400ng/ml, as specified. Cells were cultured for 3 – 5 days with fresh media every 

2 days. 

 

Calcium Solubilization using o-cresolphthalien 

After culturing cells in OC media, cells were washed with PBS and were 

incubated at room temperature in 1M nitric acid for 1 hour. Absorbance was read 

at 572 nm after treating samples with 0.3 mM o-cresolphthalein and 1M 2-amino-

2methyl-1-propanol. 

 

Calcium Staining with Alizarin Red and von Kossa 

Cells were cultured on glass coverslips and washed with PBS and fixed in 4% 

paraformaldehyde for 30 minutes at room temperature. Fixed cells were 

rehydrated 2 – 3 times and washed 3 times for 5 minutes. For von Kossa 

staining, coverslips were incubated with 1% silver nitrate (Sigma-Aldrich 

#209139) under a UV lamp (300nm) for 5 minutes. Coverslips were rinsed 3 

times with distilled water and incubated with 5% sodium thiosulfate (Sigma-

Aldrich #72049) for 5 minutes to remove any unreacted silver. Cells were stained 

with Nuclear Fast Red Solution (Sigma-Aldrich #N3020) for 5 minutes and were 

thoroughly rinsed with distilled water prior to mounting. For Alizarin Red, fixed 

coverslips were stained with 2%, pH 4.4 Alizarin Red S (Cox et al., 2012a) for 5 

minutes and washed 3 times for 5 minutes in PBS and mounted sealed on slides 

for imaging on an Olympus BX51 DP70 color microscope. 
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Gene Knockdown and Overexpression 

shRNA knockdown constructs and were packaged into the pLK0.1 lentiviral 

system whereas SPCA2 and SPCA2 D379N rescue constructs were packaged 

into the FUGW lentiviral backbones. These lentiviruses were produced with 

pCMV-Δ8.9 and PMDG using a 9:8:1 ratio respectively in HEK293T cells. 

Following 48 hours, virus was filtered and concentrated using the Lenti-X 

Concentrator (Clontech #631231). Cells were transfected with lentivirus for 48 

hours and selected with 1-2.5mg/ml puromycin for an additional 48 hours. 

Knockdowns were confirmed by qPCR. All experiments were performed within 5 

passages to maintain the knockdown. Expression constructs (empty vector, myc-

SPCA1, myc-SPCA2, and FLAG-D379N) were cloned into pcDNA3.1 expression 

vector and were transiently transfected using Lipofectamine 3000 (Invitrogen 

#L3000008) according to the manufacturer’s protocol. 

 

Real-time Quantitative PCR 

RNA was collected and 1µg was used for cDNA synthesis (Applied Biosystems, 

cat#4387406). The qPCR mastermix was made with EagleTaq Universal 

Mastermix (Roche, cat#07260296190), 1X Taqman probe, and 50ng of cDNA. 

The following Taqman probes were utilized: GAPDH (Hs02758991_g1), SPCA2 

(Hs00939492_m1), SPCA1 (Hs00995930_m1), BSP2 (Hs00173720_m1), and 

ALP (Hs02758991_g1).  
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Western Blot Analysis 

Adherent cells were lysed in NP-40 buffer containing protease cocktail inhibitor 

(Roche cat#11-836-170-001), sonicated, and centrifuged at 14,000rpm for 15 

min at 4°C. Lysates were collected and protein concentration was determined 

using the BCA assay (Thermo cat#23225). 35-50µg of protein was prepared in 

NuPAGE sample buffer (Invitrogen cat#NP0007) and reducing agent (Ivitrogen 

cat#NP0004). Proteins were separated on a SDS-PAGE gel under reducing 

conditions and were transferred to nitrocellulose membranes (Bio-Rad 

cat#1620115). The membrane was then blocked in 1% fish gelatin blocking 

buffer (Amresco cat#M319) at room temperature for 1 hour and primary 

antibodies (1:1000 Myc-tag (71D10) rabbit monoclonal antibody, Cell Signaling 

Technology cat#2278; 1:1000 FLAG-tag rabbit polgyclonal antibody, Invitrogen 

cat#PA1-984B) were applied overnight at 4°C. GAPDH (Sigma cat#G9295) 

loading control was probed on membranes at 1:20,000 for 1 hour room 

temperature. SuperSignal West Pico Chemiluminescent Substrate (Thermo 

cat#34077) was used for detection. 

 

Image Quantification and Statistical Analysis 

All raw images were converted to a digitized 8-bit binary image in ImageJ by 

adjusting the threshold to correct for the background (lower limit: 0, upper limit: 

70). The Analyze Particle tool of ImageJ software was utilized to outline each 

microcalcification and generate counts and areas of outlined particles.  

Histograms and bar graphs were made using GraphPad Prism and statistical 
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analysis using an unpaired Student’s t-test was applied to the quantifications 

where applicable.  

 

Bioinformatics Analysis 

The Cancer Genome Atlas (TCGA) invasive breast carcinoma project datasets 

were accessed through the cBioPortal (http://www.cbioportal.org/) (Cancer 

Genome Atlas, 2012). The microarray data set GSE21422 was analyzed to 

compare SPCA1 (ATP2C1) and SPCA2 (ATP2C2) gene expression in control 

healthy breast, ductal carcinoma in situ (DCIS), and invasive ductal carcinoma 

(IDC) (n= 19) (Kretschmer et al., 2011). 
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RESULTS 

Human breast carcinoma cells form microcalcifications in vitro  

An in vitro model for calcification has been achieved by culturing cells in 

an osteogenic cocktail (OC) containing organic or inorganic phosphate (β-

glycerolphosphate or Pi, respectively), ascorbic acid, and the steroid hormone, 

dexamethasone (Cox et al., 2012b). When combined and cultured with full 

media, these three components were sufficient to induce visually prominent 

calcifications, as revealed by Alizarin Red or von Kossa staining, over a period of 

about 14 – 28 days in murine metastatic mammary 4TI cells (Cox et al., 2012a; 

Cox et al., 2012b). We wanted to extend these observations to more widely used 

human breast cancer lines, shorten incubation times and develop more 

quantifiable results that would be amenable to statistical analysis. In light of 

recent findings that inorganic phosphate is essential for osteogenic gene 

expression and differentiation (Beck, 2003; Beck et al., 2000), and that beta-

glycerophosphate causes non-physiological fluctuations in the concentrations of 

free phosphate (Schack et al., 2013), we concluded that inorganic phosphate is a 

more reliable phosphate source in mineralization assays. By replacing β-

glycerolphosphate with inorganic phosphate, microcalcifications were observed 

within 5 days. Here we show Alizarin Red staining of microcalcifications in human 

breast cancer cell lines, including the estrogen-responsive, ductal carcinoma-

derived MCF7 cells, the triple-negative breast cancer line lacking hormone 

receptors, Hs578T (Figure 2A), and the highly metastatic MDA-MB-231 cell line 

characterized as claudin-low (Figure 1A). In contrast, no significant mineralization 
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was observed with the nonmalignant, immortalized human mammary epithelial 

cell line MCF10A (Figure 2A). The presence of phosphate in the mineral deposits 

was revealed by von Kossa stain, although staining was relatively weak due to 

the short incubation period (Figure 2B). No mineralization was observed in the 

absence of cells, ruling out nonspecific precipitation of salts in culture medium 

(Figure 2A-B). As expected, fewer microcalcifications were observed in 3 days 

(Figure 1C), consistent with time-dependent generation of calcium deposits. 

Examination of images under high magnification (40x) revealed the presence of 

prominent Alizarin Red staining along cell boundaries in OC supplemented media 

that was absent in control conditions (Figure 3 A-D).  

Quantitative measurement of solubilized calcium using the chromogenic 

substrate o-cresolphthalein confirmed increases in total calcium of approximately 

4-fold and 2-fold in MCF7 cells and Hs578T cells respectively, in OC 

supplemented media relative to control media conditions. Consistent with Figure 

1A, there was no significant change in total calcium levels associated with 

MCF10A cells upon OC supplementation   (Figure 2C).  

The shorter generation time resulted in smaller crystals that were 

amenable to quantitative analysis. In order to more accurately identify 

microcalcifications and quantify their number and size, Alizarin Red images were 

digitized and background corrected by adjusting the threshold values to generate 

binary images as exemplified for MCF7 in Figure 2D. These images were then 

analyzed using the Particle Counter plug-in in ImageJ to quantify their areas 

(µm2) as well as their frequency. As shown by the histograms, a range of 
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microcalcification numbers and sizes could be detected in the human carcinoma 

cells (Figure 2E and 2F, Figure 1B, D). The observed differences reveal cell type 

specificity consistent with differing abilities of breast cancer subtypes to form 

microcalcifications in vivo, as discussed ahead.  
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Figure 1. Time-dependent generation of microcalcifications in multiple cell 

lines 

(A) MDA-MB-231 cells were grown to confluency and were cultured with OC 

supplemented media for 5 days before staining with Alizarin Red S. Scale bar = 

200 µm, n=3. (B) Frequency of microcalcifications binned according to size in 

200 µm2 increments from the digitized binary images. (B) MCF7 cells cultured in 

OC supplemented media for 3 days after confluency and were then stained with 

Alizarin Red S. Scale bar = 200 µm, n=3. (C) Frequency of microcalcifications 

binned according to size in 300 µm2 increments. 
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Figure 2. Microcalcifications in cultured breast cancer tumor cells  

(A) MCF10A, MCF7, and Hs578T cells were grown to confluency, then cultured 

for 5 days with or without OC supplemented media before staining with Alizarin 

Red S. Scale bar = 200 µm, n=3. No cell controls are included in the top panel.  

(B) MCF10A, MCF7, and Hs578T cells were cultured as described in (A) and 

stained with von Kossa. Scale bar = 200 µm, n=3. No cell controls are included in 

the top panel.  (C) Cells were cultured as described in (A), then total Ca2+ was 

solubilized with nitric acid and quantified using the o-cresolphthalein colorimetric 

assay as described in Methods. *p<0.05, ***p<0.001, Student’s t-test, n=3. (D) 

Digitized binary image of Alizarin Red stained MCF7 cells treated with OC 
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supplemented media (shown in A), using ImageJ. (E) Frequency of 

microcalcifications binned according to size in 500 µm2 increments from the 

digitized binary images of MCF7 cells as shown in (D). (F) Frequency of 

microcalcifications in Hs578T cells as described in (D).		
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Figure 3. Initiation of mineralization occurs at the interfaces between cells 

MCF7 cells were grown to confluency and cultured with or without OC 

supplemented media for 5 days before staining with Alizarin Red S.  (A – B) Cells 

cultured without OC show minimal to no staining at the interfaces at a 40X 

magnification. Scale bar = 20 µm. (C-D) Cells cultured with OC media show 

staining between the cells as depicted by the black arrows. A fully developed 

microcalcification is shown with a white asterisk. Scale bar = 20 µm. 
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Next, we assessed whether the calcium deposits observed within this 

short time frame were related to previously reported microcalcifications.  A well 

known physiological regulator of mineralization is bone morphogenetic protein-2 

(BMP2), a secreted protein of the transforming growth factor-β (TGF-β) family 

that has been implicated as a driver of luminal-type breast cancers (Chapellier 

and Maguer-Satta, 2016). Binding of BMP2 to the serine/threonine kinase 

receptor BMP receptor 1 (BMPR1) activates the downstream phosphorylation 

pathway of the Smad proteins to induce expression of bone matrix proteins. 

BMP2 has been shown to induce mineralization of breast tumors in a rodent 

model in vivo, (Liu et al., 2008; Liu et al., 2010) and to enhance 

microcalcifications in mouse mammary 4T1 cells in vitro (Cox et al., 2012b). 

Here, we show that addition of BMP2 results in dose-dependent enhancement of 

in vitro microcalcifications in MCF7 cancer cells (Figure 4A-E). Due to the 

accelerated time course, supraphysiological levels of BMP2 were most effective, 

which is not surprising given that calcifications occur over the period of months 

and years, in vivo. Our data suggest that in vitro microcalcifications in human 

breast cancer cells recapitulate physiological mineralization of breast tumors and 

may be a useful model to determine underlying molecular mechanism.   
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Figure 4. Effect of BMP2 on in vitro mineralization  

 MCF7 cells were grown to confluency and cultured with OC supplemented 

media in the absence (A) or presence  (B-D) of human recombinant BMP2 at the 

indicated concentrations, for 5 days. After staining with Alizarin Red, images 

were digitized (A-D). Total calcification (E) was calculated by summing areas 

defined by the digitized binary images, and expressed as percentage of control 

lacking BMP2.	
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The Secretory Pathway Ca2+-ATPases, SPCA1 and SPCA2, are upregulated 

in breast cancer subtypes associated with microcalcifications 

Molecular subtyping of breast cancers is important for individualized 

treatment and disease prognosis. Several studies have established strong 

correlations between cancer subtype and the frequency and morphology of 

mammographically detected microcalcifications. Ductal carcinoma in situ (DCIS) 

collectively form 15-20% of all breast cancers and are primarily diagnosed by 

mammography. Strikingly, up to 90% of DCIS present with breast calcifications 

which may be linear or granular, depending on grade (Evans, 2003). Whereas 

basal cancers are not associated with calcification (Cho, 2016), luminal A/B types 

have amorphous deposits with poorly circumscribed margins (Cen et al., 2017). 

Mammographic microcalcifications are most likely to be found in HER2-positive 

breast cancers, where they are large and infiltrating (Cen et al., 2017; Patel et al., 

2017; Seo et al., 2006).  

As a first step towards evaluating the role of secretory pathway Ca2+ 

pumps in development of breast microcalcifications, we assessed the expression 

of SPCA1 and SPCA2 transcripts in mammary cancer subtypes. The 

housekeeping (i.e., ubiquitously expressed) SPCA1 isoform was modestly, albeit 

significantly, up regulated in mammary ductal carcinoma in situ (DCIS; 1.59-fold 

higher, p = 0.0083; Student’s t-test), but not in invasive ductal carcinoma (IDC; p 

= 0.24), relative to healthy control breast samples (Fig. 5A). Notably, SPCA2 
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transcript was significantly up regulated both DCIS (6.18-fold higher, p = 0.02; 

Student’s t-test) and in IDC (6.12-fold higher, p = 0.03; Student’s t-test) (Fig. 

5B)(Kretschmer et al., 2011).  Next, we analyzed sub-type specific expression of 

SPCA isoforms in 508 breast cancer samples from the TCGA dataset. Whereas 

high SPCA1 levels were associated with basal subtype of cancer, SPCA2 was 

significantly elevated in Luminal A/B and HER2+ subtypes (p<0.001) that are 

strongly associated with breast microcalcifications (Fig. 5C and 5D). Whereas 

both SPCA isoforms may contribute to calcifications observed in DCIS, high 

expression of SPCA2 appears to be more predictive of breast microcalcifications. 

These results are intriguing because the two SPCA isoforms share 64% 

sequence identity and similar ion selectivity and transport properties (Dang and 

Rao, 2016), but show distinct and subtype-specific associations in breast cancer. 
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Figure 5. Subtype-specific expression of SPCA isoforms in breast cancer 

tumors  

(A) mRNA expression of SPCA1 levels in ductal carcinoma in situ (DCIS) and in 

invasive ductal carcinomas (IDC) normalized to normal patient tissue from the 

GSE1422 data set. **p<0.01, Student’s t-test, normal n=5, DCIS n=10, IDC n=5. 

(B) mRNA expression of SPCA2 levels in ductal carcinoma in situ (DCIS) and in 

invasive ductal carcinomas (IDC) normalized to normal patient tissue from the 

GSE1422 data set(Kretschmer et al., 2011). *p<0.05, Student’s t-test, normal 
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n=5, DCIS n=9, IDC n=5. (C) Subtype-specific gene expression of SPCA1 in 

tumors from The Cancer Genome Atlas (TCGA); ***p<0.001, Student’s t-test. (D) 

Subtype-specific gene expression of SPCA2 in tumors from TCGA(Cancer 

Genome Atlas, 2012); ***p<0.001, Student’s t-test. 
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SPCA isoforms are induced in osteogenic conditions 

Genes involved in the formation of calcifications may show transcriptional 

changes in response to osteogenic conditions. We observed robust induction of 

both SPCA isoforms in OC supplemented media, in MCF7 and Hs578T cells. 

Concomitantly, alkaline phosphatase (ALP) and bone sialoprotein (BSP2) were 

also induced, as previously reported (Cox et al., 2012a) (Figure 6A and 6B).  

Given the paucity of information on transcriptional control of SPCA genes, it was 

of interest to determine whether induction was mediated by any particular 

component of OC. We found that addition of individual OC components to growth 

media failed to elicit increases in SPCA transcripts in MCF7 (not shown), as did 

combinations of OC components (Figure 6C). Similarly, we failed to observe 

increases in BSP2 transcript in the absence of complete OC (not shown).  Thus, 

the addition of ascorbic acid, phosphate and dexamethasone is necessary and 

sufficient for eliciting SPCA transcript increases during microcalcification 

formation in MCF7 tumor cells.   
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Figure 6. Osteomimetic induction of SPCA pumps in breast cancer 

mineralization 

(A) Hs578T cells were grown to confluency and cultured for 5 days with or 

without OC supplemented media. RNA was collected from biological triplicates 

and cDNA was synthesized. qPCR was performed for SPCA1 (**p<0.01, 

Student’s t-test, n=3), SPCA2 (**p<0.01, Student’s t-test, n=3), ALP 

(***p<0.0001, Student’s t-test, n=3), and BSP2 (*p<0.05, Student’s t-test, n=3). 

(B) MCF7 cells were grown and treated as in (A). qPCR was performed for SPCA 

(**p<0.01, Student’s t-test, n=3), SPCA2 (**p<0.01, Student’s t-test, n=3), ALP 

(*p<0.05, Student’s t-test, n=3), and BSP2 (***p<0.001, Student’s t-test, n=3). (C) 

MCF7 cells were grown to confluency and cultured for 5 days in various media 

supplemented with two or more components of OC as indicated: dexamethasone 

(Dex), ascorbic acid (AA), and inorganic phosphate (P). RNA was collected from 

biological triplicates and cDNA was synthesized. qPCR was performed for 

SPCA1 (**p<0.01, Student’s t-test, n=3) and SPCA2 (**p<0.01, Student’s t-test, 

n=3).
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SPCA1 and SPCA2 promote microcalcification mineralization in vitro 

We reasoned that SPCA overexpression should enhance Ca2+ loading of 

the Golgi stores, leading to increased Ca2+ secretion and promotion of 

extracellular calcification. To directly test this hypothesis, we transiently 

overexpressed SPCA1 in MCF7 cells (Figure 7A-C), which have relatively low 

endogenous expression of this isoform (Cancer Genome Atlas, 2012). Following 

culture in OC supplemented media for 5 days we observed stronger Alizarin Red 

staining (Figure 7A) and significant increase in number of microcalcifications 

(Figure 7B) compared with vector-transformed control. Whereas endogenous 

SPCA2 levels are high in MCF7 cells, expression of this isoform is relatively low 

in Hs578T cells (Cancer Genome Atlas, 2012). We show that ectopic expression 

of SPCA2 in Hs578T cells also significantly enhanced in vitro microcalcifications 

in Hs578T (Figure 7D-F). Previously, SPCA2 was shown to exhibit ATPase-

dependent role in sequestering Ca2+ into Golgi stores, as well as an 

unconventional pump-independent role in mediating tumor cell proliferation by 

eliciting Ca2+ influx through plasma membrane ion channels (Feng et al., 2010). 

To distinguish between these two roles, we evaluated the effect of a catalytically 

inactive SPCA2 mutant, D379N, previously shown to lack ATPase and Ca2+ 

pumping activity while retaining normal expression levels and localization (Feng 

et al., 2010).  Unlike the wild type control, mutant D379N failed to increase 

mineralization in cells, above that of the empty vector control (Figure 7D-E), 

showing that formation of calcium deposits in OC-supplemented media by 

SPCA2 is an active, pump-dependent process.  



	

	 69	

 

 

Figure 7. Functional expression of SPCA pumps increases 

microcalcifications 

(A) MCF7 cells were transfected with empty vector (pcDNA plasmid) or SPCA1 

gene. Cells were cultured with and without OC supplemented media upon 

confluency post transfection for 5 days. Cells were then fixed and stained with 

Alizarin Red and imaged. (B) The number of microcalcifications for each field 

was quantified for each condition. **p<0.01, Student’s t-test, n=3. (C) Western 

blot showing ectopic expression of SPCA1 in MCF7 cells. (D) Hs578T cells were 

transfected with pcDNA plasmids containing an empty vector, SPCA2, or SPCA2 

D379N. Cells were cultured with and without OC supplemented media upon 
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confluency post transfection for 5 days. Cells were then fixed, stained with 

Alizarin Red, and imaged. (E) The number of microcalcifications was quantified 

for each condition. *p<0.05, ns p>0.05, Student’s t-test, n=3. (F) Western blot of 

Hs578T cell lysates showing ectopic expression of wild type SPCA2 and SPCA2 

D378N mutant, as described in Methods. (G) MCF10A cells were transfected 

with pcDNA plasmids containing empty vector, SPCA1, or SPCA2. Cells were 

cultured with and without OC supplemented media upon confluency post 

transfection for 5 days. Cells were then stained with Alizarin Red and imaged.  

(H) Western blot of MCF10A cell lysates showing ectopic expression of SPCA1 

and SPCA2.
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Loss of SPCA impairs formation of microcalcifications in breast tumor cells 

As a further test of a putative role for secretory pathway Ca2+-ATPases in 

mineralization by tumor cells in vitro, we used mixtures of isoform-specific 

lentivirus-packaged shRNA (Feng et al., 2010) to knockdown the dominant SPCA 

isoforms in two breast cancer lines; specifically, SPCA2 in MCF7 (Figure 8A-D) 

and SPCA1 in Hs578T (Figure 8E-H). Control cells were treated with scrambled 

shRNA. In the absence of reliable antibodies targeting human SPCA isoforms, 

we confirmed effective knockdown of target genes using qPCR transcript 

analysis of transfected cells (Figure 8I). Following transfection and growth to 

confluency, cells were cultured in OC supplemented media for 5 days. Staining 

with Alizarin Red and image quantification revealed striking reduction in numbers 

of microcalcifications upon transcript depletion of either SPCA1 or SPCA2 

relative to scramble shRNA treated control in Hs578T and MCF7, respectively. 

To control for potential off-target effects, shSPCA2 treated MCF7 cells were 

transfected with silencing-resistant SPCA2 constructs (Figure 8J-K). We show 

that the number of microcalcifications was restored to control levels by wild type 

SPCA2, but not by the pump-inactive D378N mutant, confirming the observation 

of Figure 7D-E. Taken together, these findings reveal, for the first time, a major 

role for secretory pathway localized Ca2+-ATPases in the formation of 

microcalcifications in breast cancer cells. 
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Figure 8. Effect of SPCA gene knockdown on breast cancer 

microcalcifications  

MCF7 cells treated with scrambled (A-B), shSPCA2 (C-D), and Hs578T cells 

were treated with scrambled (E-F) or shSPCA1 (G-H) lentiviral constructs, then 

cultured in OC supplemented media post confluency for 5 days. Cells were 

stained with Alizarin Red S, and the digitized images (A, C, E and G) were 

analyzed for the number and size of microcalcifications (B, D, F and H) as 

described in Methods. Microcalcifications were binned by 10 µm2 (MCF7 

scrambled control and shSPCA2 cells) or 200 µm2 (Hs578T scrambled control 

cells) or 300 µm2 (shSPCA1 cells) increments. Knockdown of SPCA isoforms 

was confirmed by qPCR (I); **p<0.01 and ***p<0.001, Student’s t-test, n=3 for 

each condition. MCF7 cells treated with shSPCA2 were transfected with wild type 

or D379N silencing-resistant SPCA2 constructs. Transcripts were monitored by 

qPCR (J) and microcalcifications were quantified as described above (K); 

**p<0.01, Student’s t-test.
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DISCUSSION 

Calcification of breast carcinomas is a well-recognized histological and 

radiographic feature that has been associated with poorer survival in breast 

cancer patients (Morgan et al., 2005). Although detailed descriptive information is 

available on the detection, composition and morphology of breast 

microcalcifications, surprisingly little is known about the underlying cellular 

pathways. The generation of microcalcifications reflects the biological state of 

mammary cells, and can provide powerful insight into tumor microenvironment 

and pathophysiology since breast microcalcifications are correlated with tumor 

progression and malignancy (Baker et al., 2010; Tabar et al., 2004; Thurfjell et 

al., 2001). In this context, we have described a fast and quantitative in vitro 

mineralization assay in human breast cancer cells that may be key to deciphering 

critical players and molecular events leading to formation of microcalcifications. 

We show here that the secretory pathway Ca2+-ATPase isoforms, SPCA1 

and SPCA2, are important for in vitro microcalcifications in human breast cancer 

cells. We suggest that active, energy dependent pumping of Ca2+ ions into the 

secretory pathway lumen, together with accumulation of anions (phosphate, 

oxalate) and bone matrix proteins (bone sialoprotein) is necessary for initiation 

and accumulation of extracellular mineralization (Figure 9). In addition, SPCA2 

activates Orai channels at the plasma membrane to elevate cytoplasmic calcium 

through store-independent calcium entry (SICE), which could drive Golgi and 

vesicular Ca2+ accumulation (Feng et al., 2010; Smaardijk et al., 2016). 



	

	 75	

Hydroxyapatite is the main component of malignant microcalcification and it is 

comprised of Ca2+, Pi, and hydroxide ions (OH-) to form mineral depositions on 

the collagen I fibers of the extracellular matrix. Although these components can 

precipitate outside the cell, there is persuasive evidence that breast 

microcalcifications result from an active cellular process and are not a dystrophic 

remnant of dead cells. Breast tumor cells have been shown to produce small (20-

200 nm) membrane bound vesicles, similar to matrix vesicles produced by 

calcifying osteoblasts, odontoblasts and chondrocytes (Sharma et al., 2016), 

within which hydroxyapatite crystals initially deposit. Ultrastructural analysis of 

breast carcinomas by electron diffraction revealed prominent needle-shaped 

crystals inside tumor cells, enclosed within cytoplasmic lumina and membrane-

bound vesicles, or in gland-like spaces between tumor cells (Ahmed, 1975).  
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Figure 9. Vesicular calcium sequestration in microcalcification 

This schematic proposes a role for SPCA pumps in Ca2+ loading of Golgi-derived 

vesicles in microcalcification of breast tumor cells. Pi can enter the cell through 

the Na-Pi cotransporter and can be shuttled into organelles. Whereas both SPCA 

isoforms function to concentrate Ca2+ into the Golgi and secretory vesicles, only 

SPCA2 activates store-independent calcium entry (SICE) through the Orai1 Ca2+ 

channel. Accumulation of Ca2+ and Pi ions leads to precipitation of 

hydroxyapatite crystals inside vesicles. The vesicles are trafficked to the plasma 

membrane to be released to the extracellular matrix (ECM) where the ions can 

react with exogenous hydroxide ions (OH-) to form microcalcifications. These 

crystals, together with bone matrix proteins, lay down a foundation for 
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mineralization.
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Recently, it was shown that inhibition of carbonic anhydrase (Zheng et al., 

2015) and alkaline phosphatase (Morgan et al., 2001) diminished 

microcalcification production in mouse 4T1 mammary tumor cells. It has been 

proposed that calcium channels of the Transient Receptor Potential (TRPC1, 

TRPM7, TRPV6) and Annexin (A1, A2, A4, A5) families, highly expressed in 

breast cancer tissues, are responsible for supplying Ca2+ to the vesicle lumen for 

microcalcification formation (Sharma et al., 2016). However, the energy-

dependent uphill movement of Ca2+ from submicromolar cytoplasmic 

concentrations into the vesicle lumen is unlikely to be mediated by passive 

transport mechanisms. Therefore, elucidation of the role of calcium channels in 

formation of microcalcifications awaits specific knockdown and overexpression 

approaches as described for the SPCA pumps in this study. 

Another key step in the formation of hydroxyapatite crystals in breast 

tissue is the ectopic expression of bone matrix proteins such as BSP2 by breast 

cancer cells. Normally expressed by osteoblasts during bone mineralization, 

secreted glyco/phosphoproteins can bind calcium through their phosphate 

groups to nucleate the formation of apatite crystals. Furthermore, their ability to 

bind type I collagen can serve to link the mineral phase to the collagen matrix, 

and the presence of RGD domains (Arg-Gly-Asp sequence) binds to cell surface 

integrins and may be important for the preferred bone homing of breast 

metastases (Ibrahim et al., 2000; Waltregny et al., 2000). The inappropriate 
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expression of bone matrix proteins in breast tumors has been linked to bone 

metastases, which is significant because breast cancer metastasizes to bone 

more than any other organ, and over 80% of advanced breast cancer patients 

develop bone metastases accounting for significant morbidity and mortality 

(Ibrahim et al., 2000; Waltregny et al., 2000). Breast, prostate and lung cancers 

are the three most osteotropic of malignant tumors, accounting for 80% of all 

bone metastases.  

Both SPCA isoforms have previously reported roles in breast cancer 

oncogenesis: SPCA2 elevates cytoplasmic Ca2+ to drive proliferation in epithelial-

like breast cancers and SPCA1 is important in processing of the insulin-like 

growth factor 1 receptor (IGF-1R) in basal-like breast cancers (Dang and Rao, 

2016; Feng et al., 2010; Grice et al., 2010). Expression of SPCA2 is high in 

breast, prostate and lung tissues, whereas SPCA1 has ubiquitous tissue 

expression (Vanoevelen et al., 2005). Microcalcifications are significantly more 

prevalent in patients with amplification of the proto-oncogene HER2 (also known 

as c-erbB2) breast tumors, compared to tumors without amplification of HER2 

(Naseem et al., 2015; Seo et al., 2006; Wang et al., 2008).  It is noteworthy that 

SPCA2 up regulation is most prominent in ductal carcinomas, and more 

specifically in HER2 positive breast tumors (Dang and Rao, 2016; Kretschmer et 

al., 2011). We have shown that high levels of SPCA2 expression in mammary 

cancers correlate with tumor proliferation and poor survival prognosis (Feng et 

al., 2010). These correlative observations, taken together with in vitro evidence 

from this study strongly suggest that SPCA pumps are a driver of 
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microcalcifications in breast tumors and may offer clinical and physiological 

insight into the formation of microcalcifications and the tumor microenvironment.  
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3  Calcium-Mediated Growth and Proliferation in 
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INTRODUCTION 

 Ca2+ levels in the cytoplasm and outside the cell must be maintained at 

approximately 100nM and 2mM respectively. To achieve Ca2+ homeostasis, 

various pumps, carriers and channels regulate Ca2+ flux, whereby upon its entry 

into the cell, it is shuttled into organelles including the endoplasmic reticulum 

(ER), the trans Golgi network (TGN), and the mitochondria. Ionic calcium that 

remains in the cytoplasm can be buffered by Ca2+-binding proteins or serve as a 

second messenger to activate numerous signaling pathways (Brini and Carafoli, 

2000). The dysregulation of calcium handling plays a major role in various 

malignancies, one of which being breast cancer. 

 According to the National Cancer Institute, breast cancer is the most 

common cancer in women and falls second behind lung cancer in cancer 

mortalities in women. While prognosis is good for the majority of patients that are 

positive for the hormonal receptors, estrogen receptor (ER), human epidermal 

growth factor receptor (HER2), and progesterone receptor (PR), patients who are 

receptor negative have poorer prognosis. The presence or the absence of these 

receptors present differences in malignancies and therefore dictate the method of 

treatment for a patient. Breast cancer remains a major public health issue with a 

need to understand cancer heterogeneity so that clinicians can tailor treatments 

to move towards personalized medicine. 

 The dysregulation of cell proliferation is a hallmark of breast cancer. One 

of the major signaling pathways constitutively active in breast cancer is KRAS 

signaling. Our work previously showed that loss of a calcium pump, the secretory 
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pathway Ca2+-ATPase isoform 2, SPCA2, perturbs downstream KRAS signaling 

(Feng et al., 2010). In normal physiology, SPCA2 levels are expressed in a 

tissue-specific manner, with high expression in secretory tissue such as the 

mammary glands where it plays a role in calcium transport during lactation 

(Xiang et al., 2005). We have also shown that SPCA2 activates the Ca2+ channel 

Orai1 at the plasma membrane to allow the influx of calcium during store-

independent calcium entry (SICE) (Cross et al., 2013). While SPCA2 is 

expressed in the Golgi, it’s unique ability to stimulate calcium entry at the plasma 

membrane, independent of pump function, points to a potential role in cancer 

proliferation and signaling.  

 This study examines the role of SPCA2 in breast cancer proliferation. We 

previously showed that SPCA2 plays a role during early stages of dysplasia to 

promote mammary microcalcifications, which are radiographic signatures of 

malignancy (Dang et al., 2017). Here we demonstrate that SPCA2 expression is 

important for promoting cell growth and cell cycle progression at the G1/S 

transition. We also document differentially expressed genetic pathways that are 

upregulated upon loss of SPCA2, which include p53 signaling and the activation 

of p21 in response to DNA damage that likely underlie the observed cell cycle 

effects.   
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MATERIALS AND METHODS 

Cell lines and Media 

MCF10A (ATCC CRL-10317) monolayer cells were cultured in DMEM/F12 

containing 5% horse serum, 20ng/ml EGF, 0.5mg/ml hydrocortisone, 100ng/ml 

cholera toxin, 10µg/ml insulin, and 1X penicillin/streptomycin. MCF7 (ATCC HTB-

22) and MDA-MB-231 (ATCC HTB-26) cells were cultured in monolayer with 

DMEM containing 1X antibiotic/antimycotic, and 10% FBS. Hs578T (ATCC HTB-

126) monolayer cells were cultured in DMEM containing 10mg/mL insulin, 1X 

antibiotic/antimycotic, and 10% FBS. Cells were cultured in 5% CO2 and at 37°C 

in a humidified incubator.  

MTS Proliferation Assay 

MTS growth assays were performed on adherent cells by plating 1000-5000 cells 

per well in a 96-well plate and assaying using CellTiter 96® AQueous One 

Solution (Promega, cat#G3580) and incubating for 2 hours and reading at 

490nm. 

3D culturing in Matrigel 

A thin layer of Matrigel (Corning, cat#354277) was solidified in 6-well plates as a 

basement membrane. Cells were trypsinized and counted where 500 cells were 

seeded in a 10% Matrigel mixture containing full media. This matrigel mixture 

containing the cells was seeded onto the basement membrane and allowed to 

set for 2 – 3 hours in a 5% CO2 and 37°C humidified incubator. Once the cells 

are set, full media was gently added to completely submerge the semi-solid 
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mixture. Media was changed every other day for 14 days. Cells were imaged on 

a brightfield microscope and taken at 10X magnification. 

Gene Knockdown and Overexpression 

shRNA knockdown constructs and were packaged into the pLK0.1 lentiviral 

system whereas SPCA2 and SPCA2 D379N rescue constructs were packaged 

into the FUGW lentiviral backbones. These lentiviruses were produced with 

pCMV-Δ8.9 and PMDG using a 9:8:1 ratio respectively in HEK293T cells. 

Following 48 hours, virus was filtered and concentrated using the Lenti-X 

Concentrator (Clontech #631231). Cells were transfected with lentivirus for 48 

hours and selected with 1-2.5mg/ml puromycin for an additional 48 hours. 

Knockdowns were confirmed by qPCR. All experiments were performed within 5 

passages to maintain the knockdown. Expression constructs (empty vector, myc-

SPCA1, myc-SPCA2, and FLAG-D379N) were cloned into pcDNA3.1 expression 

vector and were transiently transfected using Lipofectamine 3000 (Invitrogen 

#L3000008) according to the manufacturer’s protocol. 

Real-time Quantitative PCR 

RNA was collected and 1µg was used for cDNA synthesis (Applied Biosystems, 

cat#4387406). The qPCR mastermix was made with EagleTaq Universal 

Mastermix (Roche, cat#07260296190), 1X Taqman probe, and 50ng of cDNA. 

The following Taqman probes were utilized: GAPDH (Hs02758991_g1), SPCA2 

(Hs00939492_m1), SPCA1 (Hs00995930_m1).  

Cell Cycle Analysis 
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Cell cycle analysis was performed by dissociating adherent cells and fixing them 

in 4% paraformaldehyde for 30 minutes on ice. For better nuclear staining, fixed 

cells were then frozen for 1 to 2 weeks and thawed on ice and washed with PBS. 

Cells were treated with 100µg/ml of RNAse A (Thermo Fisher Scientific, 

cat#EN0531) and stained with 50µg/ml propidium iodide (Invitrogen, cat#P3566) 

prior to running flow cytometry. 

Annexin V apoptosis staining 

Adherent MCF7 cells were disassociated with trypsin and washed with once with 

PBS and then once in 1X annexin V binding buffer (Thermo Fisher Scientific, 

cat#V13246). Cells were pelleted and resuspended in binding buffer. Annexin V 

conjugate (Thermo Fisher Scientific, cat#A23204) was added to the cells and 

incubated in the dark for 15 minutes at room temperature. Cells were washed 

once with binding buffer and spun for 5 minutes. Cells were treated with 

propidium iodide (Invitrogen, cat#P3566) and incubated for 15 minutes at room 

temperate. 10,000 cells were analyzed on the BD FacsCalibur flow cytometer 

and analyzed with FlowJo software.  

Microarray geneset analysis 

RNA samples from MCF7 shScramble and shSPCA2 were collected and 

converted to cDNA and ran on an Affymetrix GeneChip platform (Affymetrix 

HGU133plus2). Differential expression analysis was performed with the Limma 

package, and the gene set analysis was analyzed using the Hallmark gene sets 

from the Molecular Signatures Database (Liberzon et al., 2015). Significant p-

values were set at p<0.05 and the false discovery rate (FDR) was <0.05.  



	

	 96	

Image Quantification and Statistical Analysis 

Graphs were made using GraphPad Prism and statistical analysis using an 

unpaired Student’s t-test and a log-rank test was applied to the quantifications 

where applicable.  

 

RESULTS 

Breast cancer patients with SPCA2 upregulation have poorer prognosis 

 Previous work from our lab and others has shown that SPCA2 expression 

is significantly elevated in both patient tumors and in breast cancer-derived cell 

lines (Dang et al., 2017; Dang and Rao, 2016; Feng et al., 2010; Grice et al., 

2010). To evaluate clinical implications of SPCA2 upregulation in patients, we 

analyzed The Cancer Genome Atlas (TCGA) dataset. Patients with SPCA2 

upregulated by a Z-score of 1 or more had significantly lower median survival of 

68.9 months compared to patients with unaltered SPCA2 levels whose median 

survival was 129.5 months (Fig. 1, p = 0.009; log-rank test). This observation 

points to the importance of understanding the effect of SPCA2 on tumor growth.  
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Figure 1. Breast cancer patients with elevated SPCA2 levels have poorer 

prognosis 

Kaplan-Meier survival analysis from the TCGA database on patients with 

unaltered SPCA2 levels (n=465; median survival=129.5 months) and SPCA2 up 

regulation (n=61; median survival=68.9 months). **p<0.01, log-rank test. Figure 

contributed by JP Llongueras. 
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SPCA2 drives cancer cell proliferation independent of ATPase activity 

As a starting point to probe isoform-specific differences in cell growth 

phenotype, we evaluated SPCA gene expression levels in a collection of 56 

breast cancer derived cell lines (Fig. 2A). Whereas the estrogen-responsive, 

ductal carcinoma-derived MCF7 cells displayed elevated levels of SPCA2 and 

low SPCA1, this expression pattern was reversed in Hs578T, a breast cancer 

line lacking estrogen receptor. The well-known metastatic and hormone receptor 

triple negative cell line MDA-MB-231 expressed relatively moderate levels of 

SPCA1 and very low SPCA2 levels (Fig. 2A-C). The distinct expression pattern 

of the SPCA isoforms in these cell lines, relative to the non-malignant breast cell 

line MCF-10A, was confirmed by quantitative PCR analysis, (Fig. 2B-C). 

Although non-isogenic and differing in morphology and phenotype, the widely 

differing SPCA expression patterns in these cell lines provided an opportunity to 

systematically assess isoform-specific roles using knock down and ectopic 

expression approaches.  
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Figure 2. SPCA isoforms in breast cancer cell lines  

(A) Expression levels of two SPCA isoforms in 56 breast cancer cell lines from 

the Cancer Cell Line Encyclopedia (CCLE) (Barretina et al., 2012). Three cell 

lines were chosen based on widely differing isoform expression. Quantitative 

PCR (qPCR) was performed to confirm expression levels of SPCA1 (B) and 

SPCA2 (C). Expression levels are plotted as fold-change relative to MCF10A. 

MCF7: SPCA2, 6.80-fold; SPCA1, 0.54-fold. Hs578T: SPCA2, 0.11-fold; SPCA1, 

3.29-fold; MDA-MB-231: SPCA2, 0.01-fold; SPCA1, 1.04-fold. Panel A 

contributed by JP Llongueras. 
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Thus, we transiently overexpressed SPCA2 in MDA-MB-231 cells, with 

SPCA1 levels remaining unchanged, as confirmed by qPCR (Fig. 3A). 

Introduction of SPCA2 conferred robust increase in proliferation when compared 

to the empty vector control (Fig. 3B). We considered the possibility that growth is 

limited by luminal Golgi levels in MDA-MB-231 cells, which have relatively 

moderate expression of the essential housekeeping SPCA1 isoform. However, 

despite high levels of endogenous SPCA1 in Hs578T, ectopic expression of 

SPCA2 also resulted in higher proliferation (Fig. 3C – D). This gain of function 

phenotype was unique to SPCA2, as overexpression of SPCA1 failed to increase 

proliferation in MCF7 cells (Fig. 3E – F).  
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Figure 3. SPCA2 and not SPCA1 promotes proliferation in breast cancer 

cells 

(A) Transient overexpression of SPCA2 transcript in MDA-MB-231 cells was 

confirmed by qPCR ***p<0.001, Student’s t-test, n=3. There was no change in 

SPCA1 transcript. (B) Proliferation in MDA-MB-231 cells transiently expressing 

SPCA2 or empty vector was measured using MTS assay. ***p<0.001, **p<0.01, 

two-tailed Welch’s t-test, n=3. (C) Transient overexpression of SPCA2 in Hs578T 

cells was confirmed by qPCR. ***p<0.001, Student’s t-test. There was no change 

in SPCA1 transcript. (D) Proliferation in Hs578T cells transiently expressing 

SPCA2 or empty vector was measured using MTS assay. *p<0.05, two-tailed 

Welch’s t-test, n=3. (E) SPCA1 was transiently overexpressed in MCF7 cells and 

increase in transcript was measured by qPCR. *p<0.05, Student’s t-test. There 

was no change in SPCA2 transcript. (F) Proliferation in MCF7 cells expressing 

SPCA1 or empty vector was measured using MTS assay. Panels A – B 

contributed by JP Llongueras. 
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These results, as well as the similarity in ion transport kinetics between 

the two Ca2+-ATPase isoforms suggested that luminal Golgi Ca2+ is not critical for 

proliferation and that SPCA2 may be driving growth by a pump-independent 

mechanism. To test this hypothesis, we used a transport-inactive mutant of 

SPCA2 wherein Asp 379 was mutated to Asn. In all P-type ATPases, an aspartic 

acid residue at this position receives the terminal phosphate from ATP to form 

the phosphoenzyme intermediate central to the pumping mechanism (Fig. 4A). 

The residue equivalent to Asp379 is invariant all Ca2+-ATPases (Fig. 4B), and 

replacement with Asn completely abolishes ATPase and ion transport activity 

(Feng et al., 2010). Nevertheless, mutant D379N increased cell proliferation in 

both non-cancerous (MCF10A; Fig. 4C, 6.2-fold increase compared to control) 

and breast cancer cells (MDA-MB-231; Fig. 4D, 1.75-fold increase compared to 

control). Cells grown in 2D culture have different physiology than cells grown in 

3D matrigel. Despite this, we grew MDA-MB-231 cells in matrigel and found that 

compared to the cells treated with GFP control, both the wild type and the D379N 

mutant exhibit a striking growth phenotype (Fig. 4E). These data support the 

hypothesis that SPCA2 drives cell proliferation without increasing luminal Ca2+
. 
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Figure 4. SPCA2 pump activity is not required for proliferation 

(A) Model structure of SPCA2 based on homology with rabbit SERCA1 was 

colored turquoise through maroon, indicating variable through conserved amino 

acid positions, determined by ConSurf (Ashkenazy et al., 2016). Asp379 is 

invariate and was mutated (D379N) to inactivate ATP hydrolysis and Ca2+ 

pumping. (B) Alignment of the sequences of human P-type ATPases (PMCA1, 

SERCA, SPCA1 & SPCA2) and SPCA2 orthologs in S. cerevisiae (ScPMR1), D. 

melanogaster (DmSPoCk) and C. elegans (CePMR1) showing non-variance of 
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Asp379 in SPCA2 (arrowhead). Mutant D379N was transiently overexpressed in 

MCF10A (C) and MDA-MB-231 (D) cells and proliferation was measured using 

the MTS assay. **p<0.01, *p<0.05, two-tailed Welch’s t-test, n=3. (E) MDA-MB-

231 cells transfected with GFP control, SPCA2, and D379N grown in matrigel for 

14 days. Scale bars represent 50µm. Panels A – B contributed by JP Llongueras.



	

	 106	

 

 

Cell cycle progression is arrested in G0/G1 upon SPCA2 knockdown in 

MCF7 cells 

Previously, we showed that SPCA2 activates the Orai1 Ca2+ channel to 

elicit store-independent calcium entry (SICE) in breast cancer cells (Feng et al., 

2010). Furthermore, trafficking and activation of Orai1 was mediated by isoform-

specific N- and C-terminal domains of SPCA2, and independent of ATPase 

activity (Cross et al., 2013; Feng et al., 2010). Therefore, we reasoned that 

elevated cytoplasmic Ca2+ resulting from this interaction could control cell cycle 

progression. Calcium is a key regulator of cell cycle checkpoints, with greatest 

sensitivity to Ca2+ depletion appearing in early G1 and G1/S boundary in 

mammalian cells (Roderick and Cook, 2008).  We used lentiviral delivery of 

shRNA constructs to specifically knockdown SPCA isoforms in breast cancer cell 

lines.  Depletion of SPCA2 mRNA in MCF7 cells (Fig. 5A) greatly diminished 

growth (Fig 5B). Analysis of the cell cycle revealed a significant increase in the 

number of cells in the G0/G1 phase from about 40% in control to approximately 

60% in the shSPCA2 cells (Fig. 5C – E). Concomitantly, there was a decrease in 

the number of cells that progressed to the S and G2/M phases (Fig. 5C – E). 

Consistent with these observations, we previously noted significant reduction in 

Cyclin D protein, which controls G1 phase progression, upon knockdown of 

SPCA2 and Orai1, or depletion of extracellular Ca2+ in MCF7 cells (Feng et al., 

2010). Similarly, silencing of STIM1 or Orai1 has also been reported to cause G1 
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arrest and decrease cancer cell proliferation, pointing to a critical role for Ca2+ 

influx in cell cycle progression at the G1/S checkpoint (Chen et al., 2016; Sun et 

al., 2015). Whereas knock down of SPCA1 expression in MDA-MB-231 cells 

(Fig. 5F) also diminished growth (Fig. 5G), consistent with an essential, 

housekeeping function of this isoform, there was no difference in the ability of the 

shSPCA1-treated cells to progress through the cell cycle when compared to 

control cells (Fig. 5I – J).  

To determine whether the MCF7 cells treated with SPCA2 knockdown 

were undergoing apoptosis, we stained the cells with annexin V and found that 

these cells had an increased exposure of external phosphotidyl serine, consistent 

with elevated levels of apoptosis (Fig. 6A – B). Thus, cells that are arrested or 

cannot pass through G1/S checkpoints likely undergo apoptosis. Taken together, 

our observations demonstrate that elevated SPCA2 expression in breast cancer 

cells promotes cell cycle progression, independent of Ca2+-ATPase activity. The 

significance of proliferative pathways in breast cancer is well known, as tumors 

that show higher proliferation correlate strongly with poor prognosis (van Diest et 

al., 2004).  
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Figure 5. Isoform-specific effect of SPCA2 on cell cycle progression 

(A) MCF7 cells were treated with scrambled (control) or shSPCA2 constructs. 

Knockdown of SPCA2, but not SPCA1 was confirmed by qPCR. ***p<0.001, 

Student’s t-test. (B) Proliferation of MCF7 cells treated with scrambled or 

shSPCA2 construct was measured using the MTS assay. ***p<0.001, two-tailed 

Welch’s t-test, n=3. (C - E) MCF7 cells were fixed, stained with propidium iodide 

and analyzed by flow cytometry (n=10,000 cells). Cell cycle phase was assigned 

based on fluorescence intensity. *p<0.05, two-tailed Welch’s t-test, n=3. Note the 

significant increase in Go/G1 and corresponding decrease in S and G2/M phase 

cells upon SPCA2 knockdown. (F) MDA-MB-231 cells were treated with 
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scrambled (control) or shSPCA1 constructs. Knockdown of SPCA1, but not 

SPCA2 was confirmed by qPCR. **p<0.01, Student’s t-test. (G) Proliferation of 

MDA-MB-231 cells was measured using the MTS assay. **p<0.01, two-tailed 

Welch’s t-test, n=3. (H – J) Cell cycle phase distribution of MDA-MB-231 cells 

(n=10,000) was determined as described in panels (C – E). There was no 

significant difference in cell cycle phase distribution upon SPCA1 knockdown. 

Figure made in collaboration with JP Llongueras and Michelle G. Acoba. 
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Figure 6. SPCA2 knockdown in MCF7 increases apoptosis 

(A) MCF7 cells were treated with shScramble and treated with annexin V for 

apoptosis. Cells that stained positive were analyzed with flow cytometry. (B) 

Cells stained positive for annexin V were quantified. *p < 0.05, Student’s t-test, 

n=3. 
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Various pathways including p53 signaling are differentially upregulated in 

SPCA2-depleted MCF7 cells 

 To gain insight into specific pathways that are impacted by SPCA2, we 

performed a microarray analysis of gene expression in MCF7 cells treated with 

scrambled RNA (control) or shRNA targeted against SPCA2. Knockdown of 

SPCA2 was validated by qPCR (Fig. 5A). In comparison to the knockdown, 

scrambled controls were enriched in genes that are hallmarks of hypoxia, 

myogenesis, coagulation, glycolysis, E2F targets, and KRAS signaling (Table 1). 

We previously showed that loss of SPCA2 perturbs the downstream signaling of 

KRAS similar to the effects of calcium depletion (Feng et al., 2010). In the 

knockdown samples, the most differentially expressed gene set with p<0.05 and 

a false discovery rate of <0.05 were genes in the p53 pathway, the unfolded 

protein response, and oxidative phosphorylation (Table 2). The gene encoding 

p21, CDKN1A, is the primary mediator of cell cycle arrest at the G1/S interface, 

downstream from p53, and plays a critical role in DNA damage response, 

consistent with the effect of SPCA2 knockdown on cell cycle (Fig. 3C – E). 

GADD45A is induced in response to DNA damage that is also significantly 

expressed our analysis. In concordance with cell cycle arrest, cells that cannot 

repair DNA damage undergo apoptosis (Fig. 6). Another gene from this dataset, 

the apoptotic receptor FAS, is also highly upregulated in the MCF7 shSPCA2 

samples further supporting the in vitro results that we observe. We propose that 

loss of SPCA2 results in the loss of cytoplasmic calcium, which is required for 

progression through several of the cell cycle phases. Loss of calcium will result in 
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decreased KRAS signaling and in cell cycle arrest as well as apoptosis.
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Pathway p-value FDR N Genes 

Hypoxia 0 0 197 

PGK1, PDK1, ALDOA, ENO2, 
PGM1, NDRG1, ALDOC, GPI, 
MXI1, P4HA1, P4HA2, ENO1, 
PFKP, AK4, PFKFB3, VEGFA, 
BNIP3L, CCNG2, LDHA, PPFIA4, 
MAFF, DDIT4, SLC2A3, STC1, 
VLDLR, PDK3, ANKZF1, 
TMEM45A, IRS2, IER3, WISP2, 
ADORA2B, MT1E, MT2A, PGAM2, 
EFNA3, PAM, CDKN1C, ILVBL 

Myogenesis 0.00015 0.00371 200 
SGCG, TNNT1, PGAM2, PPFIA4, 
MB, SPHK1, CRAT, CKB, PC, 
SCD, GADD45B, EFS, SPDEF 

Coagulation 0.00022 0.00371 136 
MMP9, HPN, TIMP1, CTSH, 
LAMP2, APOC1, MSRB2, APOA1, 
MAFF, ITGA2 

Glycolysis 0.00173 0.02162 198 

PGK1, ALDOA, ENO1, PFKP, 
VEGFA, MXI1, LDHA, AK4, P4HA1, 
PC, PPFIA4, G6PD, PGAM2, 
GFPT1, PLOD2, QSOX1, SPAG4, 
P4HA2, ENO2, HMMR, PDK3, 
ADORA2B, IRS2, EFNA3, VLDLR, 
DDIT4, TFF3, STC1, PAM, CTH, 
ANKZF1, IER3 

E2F Targets 0.00343 0.03429 198 
MCM5, PLK4, KIF2C, HMMR, 
BRCA1, MYBL2, NOLC1, NAP1L1, 
HMGB3 

KRAS Signaling 
(Downstream) 0.00537 0.04475 194 SIDT1, FAM46C, YBX2, OXT, 

LYPD3, EFHD1 

EMT 0.01854 0.12234 196 

TIMP1, QSOX1, EMP3, VEGFA, 
PLOD2, MEST, CD59, EFEMP2, 
GADD45B, ITGA2, SGCG, ENO2, 
WIPF1 

KRAS Signaling 
(Upstream) 0.01957 0.12234 195 

ITGA2, SPRY2, ITGB2, MMP9, 
MMD, F2RL1, KCNN4, LCP1, 
IL10RA 

Apical Surface 0.02809 0.15605 44 LYPD3, PKHD1, ATP6V0A4, 
GSTM3, BRCA1, CX3CL1 

Estrogen Response 
(Early) 0.05242 0.2621 199 

MYB, MLPH, EGR3, SCNN1A, 
FLNB, RAB31, MSMB, ZNF185, 
TSKU, MUC1, CBFA2T3, TFF3, 
UGCG, CCND1, WISP2, TJP3, 
FRK, AQP3, SLC7A5, BLVRB, 
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CISH, ADD3, DHRS3, FDFT1, 
INHBB, SLC24A3 

G2/M Checkpoint 0.05955 0.2707 199 
KIF2C, HMMR, PLK4, MCM5, 
HMGB3, NOLC1, CCND1, MYBL2, 
SLC7A5, MNAT1, SMAD3, MT2A 

Spermatogensis 0.07561 0.30045 134 YBX2, GSTM3, KIF2C, NPHP1 

Heme Metabolism 0.07812 0.30045 197 

BLVRB, BNIP3L, KAT2B, H1F0, 
MXI1, LAMP2, ADIPOR1, PC, 
FAM46C, AQP3, ALDH6A1, NEK7, 
P4HA2 

Estrogen Response 
(Late) 0.08898 0.3178 199 

TJP3, MYB, EGR3, SCNN1A, 
ASS1, TFF3, WISP2, BLVRB, 
FLNB, RAB31, SLC7A5, IMPA2, 
CISH, CCND1, FRK, SLC24A3, 
FDFT1, MEST, MDK, SNX10, 
PLK4, NMU, TH, CKB, ADD3 

Mitotic Spindle 0.09778 0.32594 199 KIF2C, FLNB, MYH10, PALLD, 
KNTC1, SUN2, CEP72 

Adipogenesis 0.10934 0.34168 195 
PGM1, PIM3, ECH1, CRAT, 
ALDOA, BCKDHA, ESYT1, COQ5, 
PFKFB3, CD302, CCNG2 

Pancreatic Beta 
Cells 0.14128 0.4087 40 STXBP1 

Apical Junction 0.14713 0.4087 196 
CDH3, LIMA1, INSIG1, CNN2, 
AMIGO2, MDK, CX3CL1, MYH10, 
ITGA2, CRAT, MMP9, RRAS 

TNF-A Signaling 
(NF-kB) 0.20748 0.54601 198 

IER3, MAFF, EGR3, ZC3H12A, 
EGR1, PHLDA2, PFKFB3, 
IFNGR2, GADD45B, VEGFA, 
F2RL1, CCND1, SPHK1, IRS2, 
SLC2A3, SMAD3 

Allograft Rejection 0.24658 0.59182 200 
ITGB2, INHBB, TIMP1, IFNGR2, 
MMP9, GBP2, EIF3D, IL13, DARS, 
DEGS1, BRCA1 

Androgen 
Response 0.24856 0.59182 100 

INSIG1, NDRG1, SPDEF, GPD1L, 
RPS6KA3, SCD, H1F0, CCND1 

Complement 0.29664 0.67418 195 
TIMP1, CD59, CASP7, APOC1, 
PRKCD, MAFF, CD46, LAMP2, 
GCA, CTSH 

Inflammatory 
Response 0.33907 0.73711 197 

IFNGR2, BDKRB1, ADORA2B, 
TIMP1, EBI3, IL10RA, HPN, 
KCNJ2, SPHK1, NOD2, EMP3, 
CX3CL1 
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Angiogenesis 0.37389 0.7668 36 STC1, VEGFA, TIMP1 

UV Response 
(Downstream) 0.38624 0.7668 141 

ADD3, ATXN1, SMAD3, INSIG1, 
NEK7, ERBB2, VLDLR, ADORA2B, 
IGFBP5, MT1E, SLC22A18 

Bile Acid 
Metabolism 0.39874 0.7668 112 APOA1, ALDH1A1, SLC22A18, 

ATXN1 

IL-2 STAT5 
Signaling 0.42886 0.79051 196 

CISH, DHRS3, SLC2A3, 
GADD45B, NDRG1, IL13, MUC1, 
IL3RA, MAFF, CDKN1C, P4HA1, 
GALM, IL10RA 

Apoptosis 0.44268 0.79051 159 

CASP7, EGR3, IGFBP6, CCND1, 
BNIP3L, TIMP1, AIFM3, GADD45B, 
ENO2, IER3, BRCA1, CTH, H1F0, 
CYLD, BCL2L2, ERBB2, GUCY2D 

Protein Secretion 0.46195 0.79646 96 
LAMP2, PAM, USO1, SCRN1, 
AP2B1, BNIP3, GALC, RPS6KA3 

mTORC1 Signaling 0.49579 0.82632 198 

DDIT4, PGK1, SLC7A5, PLOD2, 
LDHA, VLDLR, SCD, P4HA1, 
PDK1, INSIG1, IGFBP5, ENO1, 
G6PD, SLC2A3, EDEM1, ITGB2, 
AK4, ADD3, ALDOA, STC1, CTH, 
PGM1, USO1, STARD4, GPI 

 
Table 1. Pathways that are enriched in MCF7 shScramble (control) cells 

compared to MCF7 shSPCA2 

Hallmark gene sets and their most differentially expressed genes. Significant p-

values and FDR are <0.05 for both values. FDR refers to false discovery rate and 

N refers to the number of genes differentially expressed in these gene sets. 

Microarray dataset analyzed by Sean Cho.
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Pathway p-value FDR N Genes 

p53 Pathway 0.00109 0.0181 198 

CDKN1A, FAS, GADD45A, 
PHLDA3, TAP1, ZMAT3, FDXR, 
AEN, SLC19A2, CYFIP2, PLK2, 
RPS27L, H2AFJ, NUPR1, 
CDK5R1, STEAP3, SLC35D1, 
BLCAP, TCHH, TM7SF3 

Unfolded Protein 
Response 0.00162 0.02031 110 WIPI1, PSAT1, IFIT1, TUBB2A 

Oxidative 
Phosphorylation 0.00391 0.03906 197 NDUFA6, HCCS, PDP1 

UV Response 
(Upstream) 0.01038 0.08651 155 

RASGRP1, TAP1, LYN, SEPW1, 
DNAJA1, BID, TCHH 

Myc Targets (1) 0.01403 0.10025 58 NDUFAF4, SRM, DUSP2 
Myc Targets (2) 0.02507 0.15667 197 SRM 

Peroxisome 0.06763 0.37572 103 ACOT8, ACSL1, PEX11A, STS, 
CEL 

Wnt/Beta-Catenin 
Signaling 0.08615 0.43073 42 GNAI1 

Notch Signaling 0.14339 0.63476 32  
PI3K, AKT, mTOR 

Signaling 0.15234 0.63476 105 
PIK3R3, CDKN1A, RIPK1, MYD88, 
CFL1, TIAM1 

TGF-B Signaling 0.16574 0.63745 54 SMAD1, ID1, SLC20A1, ID3, ID2 
Cholesterol 

Homeostasis 0.24905 0.78736 73 
TM7SF2, ATF5, PLSCR1, 
FAM129A, GNAI1, FABP5 

ROS Pathway 0.25394 0.78736 47 GLRX2, NDUFA6, GLRX 
Hedgehog 
Signaling 0.2591 0.78736 35 SHH, UNC5C, RTN1, CDK5R1 

Fatty Acid 
Metabolism 0.2677 0.78736 155 

ACOT8, ACSL1, HPGD, UGDH, 
HCCS, UBE2L6, CEL 

DNA Repair 0.33981 0.94393 143 TAF13, CMPK2, CCNO 
IL-6, JAK/STAT3 

Signaling 0.36243 0.95376 87 
STAT1, IL1R1, SOCS3, MYD88, 
IRF9, FAS, TNFRSF21 

Xenobiotic 
Metabolism 0.39211 0.98028 199 

UGDH, SLC35D1, AKR1C3, 
PAPSS2, GAD1, CYFIP2, IL1R1, 
ID2, SLC46A3, PSMB10, FAS, 
MAN1A1, TPST1 
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Table 2. Pathways that are enriched in MCF7 shSPCA2 cells as compared 

to MCF7 shScramble 

Hallmark gene sets and their most differentially expressed genes. Significant p-

values and FDR are <0.05 for both values. FDR refers to false discovery rate and 

N refers to the number of genes differentially expressed in these gene sets. 

Microarray dataset analyzed by Sean Cho. 



	

	 119	

 
DISCUSSION 

 Breast cancer is a complex and diverse disease that remains a large 

public health issue. To develop prognostic markers and improve treatment and 

prevention, it is important to understand and probe the underlying genes and 

pathways involved. Our work here has helped elucidate the role of SPCA2 in 

breast cancers where it is constitutively expressed at high levels resulting in 

dysregulation of cellular calcium transients. As we showed earlier, this 

dysregulation enables breast cancer cells to form microcalcifications during early 

stages of breast cancer and to progress to a proliferative stage in breast cancer 

(Dang et al., 2017). 

In this study, we observe that the presence of SPCA2 enhances cancer 

cell growth by a mechanism that is independent of pumping activity. Previously, 

we showed that both SPCA2 and the catalytically inactive D379N mutant retain 

the ability to bind and activate the Orai1 calcium channel, promoting store 

independent Ca2+ entry, SICE (Cross et al., 2013; Feng et al., 2010). SICE offers 

a rapid mechanism of raising cytoplasmic calcium levels, presumably upon 

induction of SPCA2 expression, to turn on calcium-dependent signaling 

pathways and promote cell proliferation. In contrast, store-operated calcium entry 

(SOCE) occurs when the ER stores are depleted and the STIM1 proteins traffic 

and bind Orai channels to stimulate calcium entry. This is important in 

replenishing ER stores and activating signaling pathways, including NF-κB 

transcription. Other groups have shown that SOCE is required for the initiation of 

the epithelial to mesenchymal gene transcription as well as prostate cancer 
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oncogenesis (Davis et al., 2013; Dubois et al., 2014). Taken together, these 

studies indicate that Ca2+ influx is necessary for the survival of a cancer cell.  

Calcium can bind and initiate tumorigenic pathways such as KRAS and 

MAPK to induce proliferation (Bos, 1989). Previously, we showed that Ca2+ is 

required for Cyclin D1 expression and signaling, which is important for 

progression through the G1 phase of the cell cycle (Feng et al., 2010).  

Consistent with these previous findings, we observe that knockdown of SPCA2 in 

MCF7 result in G1 arrest. In contrast, knockdown SPCA1 in MDA-MB-231 cells, 

where it is the predominant isoform, slowed cell growth but did not perturb cell 

cycle. This difference could be attributed to the activity of p53 in these cells: 

whereas MCF7 cells have wild type p53, MDA-MB-231 cell are known to express 

a mutant form of p53 which acts in a dominant-negative manner to suppress 

wild-type p53 and allow the cell to bypass apoptotic pathways (Hui et al., 2006). 

Further studies of SPCA1 knockdown in p53 wild type cells could clarify the 

importance of the p53 pathway in cell cycle arrest. The microarray analysis 

supports our cell cycle data showing the upregulation of the p53 pathway in the 

absence of SPCA2, including key effectors such as CDKN1A (p21) and 

GADD45A, which are expressed during DNA damage. During the cell cycle, cells 

will pause and fail to pass through the checkpoints in the presence of stressors 

including DNA damage, viruses and oxidative stress. In response to DNA 

damage, p53 can initiate p21 transcription, which will arrest the cells at G1/S 

phase (Abbas and Dutta, 2009). Given this information, the expression of genes 
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involved in DNA damage response in SPCA2 knockdown cells, suggests that 

loss of SPCA2 in breast cancer cells induces DNA damage.  

In addition to SPCA2 upregulation being a marker for early stages of 

cancer associated with microcalcifications, we show here that SPCA2 promotes 

proliferation during tumorigenic stages of breast cancer. This suggests that 

SPCA2 is important during both early stages and more progressive disease in 

breast cancer and that depletion of SPCA2 could result in an abrogation of 

disease state in both stages. We previously show that pumping activity of SPCA2 

was required for formation of microcalcifcations via sequestration of Ca2+ in the 

secretory pathway where it can be shuttled to the extracellular matrix (Dang et 

al., 2017). However, SPCA2 pumping activity is not required for growth 

stimulation, as the catalytically dead mutant can still maintain calcium entry 

through SICE. From a clinical perspective, SPCA2 may be useful as a prognostic 

marker and is a potential druggable target in breast cancer. 
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4  The Golgi Ca2+ Pump SPCA2 is Required for E-

cadherin Biogenesis 
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INTRODUCTION 

Ca2+ signaling impacts all aspects of cell fate and function (Roderick and 

Cook, 2008). An extensive toolkit of Ca2+ pumps, channels, receptors and 

binding proteins maintains ionic Ca2+ within a narrow sub-micromolar range 

required for downstream effector pathways integral to gene transcription, cell 

cycle control, differentiation, proliferation, cell migration, and apoptosis (Berridge 

et al., 2003; Clapham, 2007; Dubois et al., 2014; Roderick and Cook, 2008). 

Dysregulation of individual components of the Ca2+ toolkit underlies many cancer 

phenotypes, offering the potential for therapeutic intervention. Most studies on 

Ca2+ signaling in tumor biology have focused on cancer cell proliferation, 

apoptosis or migration. For example, constitutive activation or overexpression of 

plasma membrane Ca2+ channels, including isoforms of the Orai and TRP family, 

causes sustained elevation of cytosolic Ca2+ to drive tumor proliferation and 

migration (Chen et al., 2016; Dubois et al., 2014; Iordanskaia and Nawshad, 

2011; Reinhardt and Lippolis, 2009; Yang et al., 2006). Similarly, elevated 

expression of the secretory pathway Ca2+-ATPase, SPCA2, in HER2+ and 

luminal breast cancers (Dang and Rao, 2016) activates the Orai1 channel to elicit 

Ca2+ influx at the plasma membrane resulting in tumor cell proliferation (Cross et 

al., 2013; Feng et al., 2010; Smaardijk et al., 2016). The acquisition of 

malignancy requires further remodeling of Ca2+ homeostasis. Thus, a shift in 

relative expression of Orai1 and Orai3 isoforms led to heteromeric Orai channels 

that triggered an oncogenic switch to a more aggressive, apoptosis resistant form 

of prostate cancer (Dubois et al., 2014). 
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Mortality from breast cancer is invariably due to tumor metastasis, which 

requires a key step known as epithelial to mesenchymal transition (EMT) during 

which cancer cells lose their polarity and cell-cell contacts, and acquire the ability 

to migrate (Kalluri and Weinberg, 2009; Vega et al., 2004). Monteith and 

coworkers showed that induction of EMT in breast cancer cells invoked a Ca2+ 

wave, and that attenuation of the Ca2+ signal by cell-permeable chelators blocked 

the induction of many EMT markers (Davis et al., 2013). However, the underlying 

molecular links between Ca2+ and EMT are not fully understood. The process of 

EMT coincides with the loss of epithelial markers, notably the Ca2+ binding cell-

cell adhesion protein E-cadherin, and the induction of zinc-finger transcription 

factors such as Snail, Slug and Zeb1 that reprogram the cancer cell to acquire 

malignant invasive phenotypes (Dubois et al., 2014). E-cadherin mediates 

contact inhibition of growth through the Hippo signaling pathway, which 

stimulates the nuclear exclusion and inactivation of the transcriptional co-

activator YAP (Yes-activated protein) and its paralog, TAZ (transcriptional 

activator with PDZ binding motif) (Gumbiner and Kim, 2014; Kim et al., 2011). 

Loss of Hippo signaling or overexpression of YAP/TAZ promotes metastatic 

phenotypes, including EMT (Janse van Rensburg and Yang, 2016). These 

observations suggest that E-cadherin may be involved in the Ca2+ dependence of 

EMT.  

In this study, we describe a novel role for SPCA2 in contact-mediated 

suppression of EMT. We show that SPCA2 is required for biogenesis of E-

cadherin and maintenance of contact inhibition of growth. By acting upstream of 
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the Hippo pathway, SPCA2 mediates nuclear exclusion of YAP and 

transcriptional repression of EMT genes. Remarkably, these findings reveal a 

dual role for SPCA2 in both oncogenesis and tumor suppression, highlighting the 

complexity of Ca2+ signaling in breast cancer.   

 

MATERIALS AND METHODS 

Hierarchical clustering 

The Broad Institute’s Cancer Cell Line Encyclopedia microarray dataset and The 

Cancer Genome Atlas (TCGA) invasive breast carcinoma project datasets were 

accessed through the cBioPortal (http://www.cbioportal.org/) (Cerami et al., 

2012). Hierarchical clustering to analyze gene expression data was performed 

with statistiXL software and results were displayed as a dendrogram and 

correlation coefficient matrix heat map. 

Cell Growth  

Cells used in this study were MDA-MB-231 (ATCC HTB-26), MCF7 (ATCC HTB-

22), and MCF10A (ATCC CRL-10317). Culture media and transfection are 

described in Supplemental Experimental Procedures. MTS growth assays were 

performed on adherent cells by plating 1000-5000 cells per well in a 96-well plate 

and assaying using CellTiter 96® AQueous One Solution (Promega, cat#G3580) 

and incubating for 2 hours and reading at 490nm. 

cDNA synthesis & Quantitative PCR 

1µg of RNA was collected and used for cDNA synthesis (Applied Biosystems, 

cat#4387406). The qPCR mastermix was made with EagleTaq Universal 
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Mastermix (Roche, cat#07260296190), Taqman probe (Applied Biosystems; 

sequences are in Supplemental Experimental Procedures), and 50ng of cDNA. 

The following human Taqman probes from Applied Biosystems were used: 

GAPDH (Hs02758991_g1), SPCA2 (Hs00939492_m1), SPCA1 

(Hs00995930_m1), E-cadherin (Hs01023894_m1), N-cadherin 

(Hs00983056_m1), Zeb1 (Hs00232783_m1), Snail1 (Hs00195591_m1), and 

Vimentin (Hs00958111_m1). 

 Lentiviral Transfection 

pLK0.1 shRNA lentiviral construction of both SPCA isoforms was packaged and 

transfected according to previous methods using pCMV-Δ8.9 and PMDG at a 

ratio using 9:8:1 in HEK293T cells. Virus was collected after 48 hours and 

concentrated with Lenti-X Concentrator (Clontech, Cat#631231) (Feng et al., 

2010). After 48 hours of transfection, cells were selected with puromycin at 

varying concentrations according to kill curves performed for each specific cell 

line (1 – 2.5 mg/mL). Experiments were performed within 5 passages to ensure 

maintained knockdown.  

Overexpression Transient Transfection 

Constructs were cloned into the pcDNA 3.1 vector (empty vector control, SPCA1, 

SPCA2, and SPCA2 D379N) (Feng et al., 2010; Xiang et al., 2005). Plasmids 

were transiently transfected with Lipofectamine 3000 (Invitrogen, cat#L3000008) 

according to the manufacturer’s protocol for 48 hours.  

Co-immunoprecipitation pull down 
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Cell lysates were collected in NP-40 lysis buffer and quantified using the 

Pierce BCA Assay Kit (Thermo Scientific, cat#23225). 150µg of the lysate 

was resuspended in 150µl of lysis buffer for each antibody. For each co-ip, 

30µl of Dynabeads magnetic protein G beads (Thermo Scientific, 

cat#10003D) were pre-cleared with resuspended lysates on a rotating rack 

for 30 minutes at 4°C. Pre-cleared lysates were incubated with 1.5µg of the 

following antibodies on a rotating rack overnight at 4°C: IgG control (Cell 

Signaling Technology, cat#5415S), E-cadherin (BD Transduction 

Laboratories, cat#sc10804), and Myc (Cell Signaling Technology, 

cat#2276S). The antibody-lysate mixture was then incubated on a rotating 

rack for 4 hours at 4°C with 30µl of magnetic beads. Flow through was 

collected and saved, and the beads were washed 2 times with PBS 0.01% 

tween buffer before eluting in 17µl 50mM glycine (pH 2.8). 6.25µl of 

NuPAGE LDS sample buffer (Thermo Fisher Scientific, cat#NP0007) and 

2.5µl of NuPAGE sample reducing agent (Thermo Fisher Scientific, 

cat#NP0004) were added to the eluate. Samples were prepared and ran on 

an SDS-PAGE protein gel and transferred to a membrane for western 

blotting analysis. 

Western Blotting 

35 – 50µg of lysates were utilized for protein analysis. GAPDH (Sigma-Aldrich, 

cat#G9295) was used as the loading control for Western blotting. E-cadherin (BD 

Transduction Laboratories, cat#610181), ZO-1 (H-300) (Santa Cruz 
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Biotechnology, cat#sc-10804), and EGFR antibody (Abcam, cat# ab2430) was 

analyzed for total protein. Blots were analyzed using ImageJ. 

Immunofluorescence 

Cells were cultured on glass coverslips and were rinsed with PBS and pre-

extracted with 1X PHEM buffer, 8% sucrose and 0.025% saponin. Cells were 

fixed with 4% paraformaldehyde for 30 minutes and were rinsed and washed with 

PBS 3 times for 5 minutes each. After blocking in 1% BSA, cells were incubated 

with primary antibody overnight in 4°C. Cells were rinsed with 0.2% BSA 3 times 

for 5 minutes and were then incubated with a fluorescent secondary antibody in 

1% BSA and 0.025% saponin buffer for 30 minutes at room temperature. 

Coverslips were washed and mounted onto slides with mounting media (Dako, 

cat#S3023). Immunofluorescent staining was analyzed using ImageJ. Antibodies 

and fluorescent probes are specified in Supplemental Experimental Procedures. 

Antibodies and Fluorescent Probes 

E-cadherin antibody against the cytoplasmic domain (BD Transduction 

Laboratories, cat#610181) was used for Western blotting and for permeablized 

immunofluorescence. The E-cadherin antibody against the extracellular domain 

(BD Pharmigen, cat#562869) was used for surface labeling immunofluorescence. 

Phalloidin was imaged using Alexa Flour® 467 Phalloidin (Molecular Probes, 

cat#A22287). Nuclear staining was achieved with DAPI (Molecular Probes, cat# 

D1306) staining. The secondary antibody used was Goat anti-Mouse IgG (H+L), 

Alexa Fluor® 488 (Invitrogen, cat#A-11001). 

Tumorsphere Suspension Assay 
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MCF7 cells were cultured and in serum free suspension media (DMEM, 31% L-

glutamine, 1% penicillin/streptomycin, 2% B27 Supplement, 20ng/ml EGF, and 

20ng/ml FGFb) in 6-well culture plates according to the method from Iglesias et 

al. (Manuel Iglesias et al., 2013). Culture plates were treated with poly (2-

hydroxethyl methacrylate) (Sigma-Aldrich, cat# P3932) prior to culturing to 

prevent adherence. Tumorspheres were counted and measured using ImageJ. 

Statistical Analysis 

StatPlus:mac, GraphPad Prism, and Excel software was used for all analysis. 

Data were analyzed using the Student’s t-test or two-tailed Welch’s t-test, unless 

otherwise noted. In all cases, data are presented as mean ± S.D. with p < 0.5 (*), 

p < .01 (**), and p < .001 (***) denoting level of significance.  

  

RESULTS 

SPCA2 is a novel epithelial marker that is tightly linked to E-cadherin 

expression 

Genetic architecture and gene expression correlations are proven 

approaches in understanding pathophysiology of human disease, based on the 

premise that genes that are expressed together are likely to function together in a 

pathway (Kohn et al., 2014; Tan et al., 2014). To gain novel insight on isoform 

specific functions of secretory pathway Ca2+-ATPases, we compared expression 

of SPCA1 and SPCA2 genes in breast cancer patient specimens from TCGA 

dataset (n=526) with a “benchmark” gene set, consisting of 18 candidate 

epithelial signature genes (ESG) and 13 candidate mesenchymal signature 
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genes (MSG), described previously (Kohn et al., 2014). As expected, we 

observed a sharp dichotomy between ESG and MSG, with the epithelial and 

mesenchymal genes separating as two tightly distinct and mutually correlated 

clusters (Fig. 1A). Patient breast cancer specimens with up regulation of 

epithelial genes tend to have down regulation of mesenchymal genes, and vice 

versa. These findings support the idea that the ESG serve as a signature for 

epithelial character in human breast cancer samples and on the other hand, 

MSG constitutes a coherent functional network defining mesenchymal character. 

SPCA1 and SPCA2 showed differential clustering with MSG and ESG, 

respectively, suggestive of isoform-specific cell functions despite their high 

identity (64%) in amino acid sequence and similar Ca2+ transport properties 

(Vanoevelen et al., 2005; Xiang et al., 2005). Unexpectedly, we observed a 

strong correlation between SPCA2 and the cell adherens junction protein E-

cadherin (CDH1) (Fig. 1A). Expression of E-cadherin is a hallmark of epithelial 

differentiation and is seen in non-invasive carcinomas of the breast, pancreas, 

bladder and lung. Furthermore, downregulation of E-cadherin during epithelial-to-

mesenchymal transition (EMT) is an essential prerequisite to tumor cell 

detachment and migration in cancer metastasis (Dawson et al., 2014). To verify 

the findings from patient tumor samples, we compared the expression of SPCA1 

and SPCA2 genes in breast cancer cell lines of the Broad Institute’s Cancer Cell 

Line Encyclopedia (CCLE) classified into epithelial and mesenchymal subtypes 

based on their consensus signatures (Kohn et al., 2014). In agreement with the 

observation in Fig. 1A, there was up regulation (1.89-fold change) of SPCA2 (Fig. 
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1B) and conversely, down regulation (-0.61-fold change) of SPCA1 in epithelial-

like breast cancer cell lines (Fig. 1C). Thus, isoform specific expression of Golgi 

calcium pumps may be useful in defining breast cancer subtypes and may 

underlie functional differences.  
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Figure 1. SPCA2 is an epithelial gene and is co-expressed with E-cadherin 
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(A) Hierarchical clustering and heat map of the correlation coefficient matrix of 

both SPCA isoforms with epithelial signature genes (ESG) and mesenchymal 

signature genes (MSG) in breast cancer samples from the TCGA dataset (low 

correlation, blue; high correlation, red; n=526) (Cancer Genome Atlas, 2012). 

SPCA1 and SPCA2 cluster with MSG and ESG, respectively. Note the strong 

correlation of SPCA2 with the cell adherens junction protein E-cadherin (CDH1) 

(red asterisk).  (B and C) Breast cancer cell lines from the Cancer Cell Line 

Encyclopedia are grouped as either mesenchymal or epithelial to show Z-scores 

for SPCA2 (B) and SPCA1 (C) mRNA (Barretina et al., 2012; Kohn et al., 2014). 

Note, significant up regulation of SPCA2 and conversely, significant 

downregulation of SPCA1 in epithelial-like breast cancer cell lines. ***p<0.001, 

Student’s t-test. Panel A contributed by Hari Prasad.
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To test the hypothesis that SPCA1 and SPCA2 show reciprocal 

expression patterns associated with mesenchymal and epithelial phenotypes, 

respectively, in non-malignant mammary epithelial cells we examined cell density 

related changes in gene expression in sparse and confluent cultures of MCF10A. 

Unlike cancer cells, sparsely seeded MCF10A cells ceased to proliferate upon 

reaching confluence (Fig. 2A), due to contact inhibition. In 3-day post-confluent 

MCF10A cells, SPCA2 was sharply up regulated by 5-fold, whereas SPCA1 

levels decreased by 2-fold (Fig. 2B). Similarly, E-cadherin expression was 

reciprocally regulated with that of N-cadherin, characteristic of the so-called 

“cadherin switch” that accompanies EMT (Fig. 2B).  
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Figure 2. SPCA2 is induced upon epithelial formation 

(A) MCF10A cells were cultured in both sparse and confluent conditions and DIC 

images were taken with 10X and 20X objectives on a Zeiss Axio Observer A.1 

microscope. (B) qPCR analysis of SPCA2, SPCA1, E-cadherin and N-cadherin 

expression in cDNA extracted from sparse cells or after 72-hours post 

confluence. Data for cadherin transcripts was obtained in collaboration with 

Monish Makena. ***p<0.001, **p<0.01, two-tailed Welch’s t-test, n=3. 
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We note that the genes encoding E-cadherin (CDH1) and SPCA2 

(ATP2C2) are both located on the long arm of chromosome 16, whereas SPCA1 

(ATP2C1) is on chromosome 3 (Fig. 3A). Consequently, copy number variations 

of SPCA2 and E-cadherin are tightly linked (Fig. 3B; Pearson coefficient 0.81; p = 

9.99 x 10-124) across 526 breast cancer samples from the TCGA database. 

Significant correlation was also observed between mRNA transcripts of the two 

genes (Fig. 3C; Pearson coefficient 0.44; p = 2.52 x 10-26), consistent with the co-

expression data from patient tumors (Fig. 1A). In contrast, there was no 

significant correlation, either in copy number variation or mRNA transcript, 

between SPCA1 and E-cadherin expression  (Fig. 3D-E). Taken together, these 

findings point to a potential functional link between SPCA2 and E-cadherin in 

breast cancer cells. 
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Figure 3. SPCA2, not SPCA1 is correlated with E-cadherin expression 

(A) Chromosomal locations of genes for E-cadherin and SPCA2 on chromosome 

16, and for SPCA1 on chromosome 3 are indicated by red lines. (B) Correlation 

of E-cadherin and SPCA2 copy number variation in cancer cell lines. Pearson 

coefficient = 0.81, p=9.99x10-124. (C) Correlation of E-cadherin and SPCA2 

mRNA expression in cancer cell lines. Pearson coefficient = 0.44, p=2.52x10-26. 

(D) Correlation of E-cadherin and SPCA1 copy number variation in cancer cell 

lines. Pearson coefficient = 0.13, p=0.004. (E) Correlatoin of E-cadherin and 

SPCA1 mRNA expression in cancer cell lines. Pearson coefficient = 0.01, 

p=0.82. Figure contributed by JP Llongueras.
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Loss of SPCA2 impairs E-cadherin biogenesis  

Down regulation of E-cadherin and disruption of cell adherens junctions, 

by tightly regulated transcriptional and post-translational mechanisms, is central 

to the conversion of non-invasive tumors to metastatic cancer (Vergara et al., 

2015). Although targeted knockdown of SPCA2 in MCF7 cells did not alter E-

cadherin mRNA (Fig. 4A), we consistently observed significant reduction (53 ± 

7.6% of control; p < 0.05) in total E-cadherin protein levels (Fig. 4B – C). In 

contrast, knockdown of SPCA1 increased E-cadherin mRNA although this did not 

translate into significant differences in protein levels (Fig. 5A – C).  No reduction 

of the growth factor receptor protein EGFR (Fig. 6A – B), or of the tight junction 

protein zona occludens-1 (ZO-1) was observed in shSPCA2 treated cells (Fig. 7A 

– B), suggesting a selective defect in E-cadherin biogenesis. Diminished E-

cadherin expression in SPCA2 depleted MCF7 cells was confirmed by 

quantitative immunofluorescence microscopy (Fig. 8A – B), which also revealed 

the bulk of the E-cadherin signal to be within intracellular compartments. 

Similarly, treatment of non-permeabilized MCF7 cells with antibody directed 

against an external epitope of E-cadherin revealed a significant reduction in its 

surface expression in SPCA2-depleted cells (Fig. 8C – D). Although the 

cytoplasmic domain of E-cadherin links to, and organizes the actin cytoskeleton 

through alpha and beta catenins, our preliminary observations did not reveal 

major disruption in actin cytoskeleton organization in response to SPCA2 

knockdown (Fig. 8E – F). 
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Figure 4. SPCA2 depletion decreases total E-cadherin protein 

(A) Knockdown of SPCA2 in MCF7 cells was confirmed by qPCR. There was no 

change in E-cadherin transcript. **p<0.01, Student’s t-test. (B) Western blot of 

cell lysates probed with antibody against E-cadherin and β-Actin. (C) E-cadherin 

protein expression from densitometric analysis of Western blots, normalized 

against β-Actin. *p<0.05, Student’s t-test, n=3. 
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Figure 5. Loss of SPCA1 does not alter E-cadherin protein levels 

(A) MCF7 cells were treated with scramble (control) or shSPCA1 constructs. 

mRNA for SPCA1 and E-cadherin was determined by qPCR. **p<0.01, 

***p<0.001; Student’s t-test, n=3. (B and C) Western blotting of E-cadherin in 

lysates from MCF7 cells treated with control or shSPCA1; protein levels were 

normalized to β-Actin, n=3. Figure made in collaboration with Michelle G. Acoba. 
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Figure 6. Loss of SPCA2 does not affect EGFR protein expression 

(A) Western blotting of EGF receptor in MCF7 cells treated with control or 

shSPCA2. (B) Protein levels were normalized to GAPDH, n=3. Figure contributed 

by JP Llongueras. 
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Figure 7. ZO-1 levels are unaltered upon SPCA2 knockdown 

(A) Western blotting of ZO-1 in MCF7 cells treated with control or shSPCA2. (B) 

Protein levels were normalized to GAPDH, n=3.  
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Figure 8. SPCA2 knockdown disrupts E-cadherin trafficking 

(A) Immunofluorescence of E-cadherin in permeabilized MCF7 cells treated with 

both control and shSPCA2. Note that the antibody recognizes a cytoplasmic 
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epitope (B) Total mean fluorescence from (A) was quantified. ***p<0.001, 

Student’s t-test, control n=91, shSPCA2 n=44. (C) Immunofluorescence of 

surface E-cadherin in non-permeabilized MCF7 cells treated with both control 

and shSPCA2. Note that the antibody recognizes an extracellular epitope. (D) 

Total mean fluorescence was quantified. *p<0.05, Student’s t-test, control n=276, 

shSPCA2 n=47. (E) Actin staining using fluorescent phalloidin in MCF7 cells 

treated with control and shSPCA2.  (F) Total mean fluorescence was quantified. 

Panels E – F contributed by JP Llongueras. 
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Tumorsphere formation requires SPCA2  

The ability to form free-floating spheroids, known as tumorspheres or 

mammospheres, in suspension culture is broadly used to test cancer stem cell 

(CSC) activity (Fig. 9A) and has been shown to depend on surface expression of 

E-cadherin (Manuel Iglesias et al., 2013). We evaluated tumorsphere formation 

in MCF7 cells that were treated with shRNA constructs to silence SPCA1 or 

SPCA2 expression. Depletion of SPCA2 resulted in nearly complete loss of 

tumorspheres, both in number and size (Fig. 9B – D), consistent with an 

important role for SPCA2 in post-translational stability and trafficking of E-

cadherin. In contrast, SPCA1 knockdown had no significant effect on 

tumorsphere number and size (Fig. 9C – D).  

We have previously shown that SPCA2 acts as a chaperone to properly 

traffic the calcium channel Orai1 to the plasma membrane (Cross et al., 2013). 

To determine if SPCA2 has a similar role in chaperoning E-cadherin, we 

performed a co-immunoprecipitation experiment. In HEK293T cells that 

ectopically expressed myc-SPCA2 and E-cadherin, antibody directed against E-

cadherin was observed to pull down predominantly multimeric forms of myc-

SPCA2 (Fig. 10A). Conversely, antibody directed against the myc-epitope was 

capable of pulling down E-cadherin, also in the form of multiple bands on the 

Western blot, confirming protein interaction (Fig. 10B). These findings suggest 

that SPCA2 may selectively regulate the trafficking and delivery of E-cadherin to 

maintain epithelial phenotypes.  
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Figure 9. SPCA2 is required for tumorsphere formation 

(A) Schematic of tumorsphere formation from MCF-7 cells cultured in 

suspension. (B – D) MCF-7 cells treated with scramble (control), shSPCA1 or 
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shSPCA2 constructs were cultured to form tumorspheres. Representative 

images are shown in (B). The numbers of tumorspheres (C) and their diameters 

(D) were quantified. **p<0.01, ***p<0.001, Student’s t-test, n=3. Figure made in 

collaboration with JP Llongueras. 
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Figure 10. SPCA2 and E-cadherin interact 

Co-immunoprecipitation pull down of SPCA2 with E-cadherin in HEK293T cells 

that were ectopically expressing both E-cadherin and myc-SPCA2. (A) 

Immunoprecipitation using antibodies against anti-IgG isotype and an anti-E-

cadherin antibody bound to magnetic protein G Dynabeads. An anti-myc 

antibody was utilized to western blot for myc-SPCA2 in lanes containing the IgG 

isotype control, whole cell lysate input, and beads. (B) Immunoprecipitation using 

antibodies against anti-IgG isotype and an anti-myc antibody bound to magnetic 

protein G Dynabeads. An anti-E-cadherin antibody was utilized to western blot 

for E-cadherin in lanes containing the IgG isotype control, whole cell lysate input, 

and beads. 
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SPCA2 loss predisposes cells to EMT  

Cell-adhesion mediated signaling pathways are important in contact 

inhibition of proliferation (Ozawa, 2015). Loss of E-cadherin at the cell surface is 

known to disrupt homotypic interactions required to maintain epithelial 

morphology and function. We have shown that loss of SPCA2 directly influences 

biogenesis of E-cadherin, which may compromise its ability to promote contact 

inhibition. Upon confluency, E-cadherin signals through the Hippo pathway to 

phosphorylate the YES-associated protein (YAP), which is a transcriptional co-

activator when unphosphorylated. The phosphorylation of YAP prevents its 

nuclear localization where it can induce EMT gene expression (Gumbiner and 

Kim, 2014; Kim et al., 2011). In other studies from our lab, we have shown that 

loss of SPCA2 results in nuclear re-localization of YAP independent of high 

confluency (data not shown). Therefore, down regulation of SPCA2 may be 

permissive and prerequisite for EMT in breast cancer cells. To evaluate this 

possibility, we elicited EMT in MCF7 cells by treatment with EGF. Although 

SPCA1 transcript levels remained unchanged, SPCA2 levels decreased 

substantially upon EGF treatment (Fig. 11A). Consistent with induction of EMT, 

cells treated with EGF showed enhanced expression of the transcription factor 

ZEB1 (Zinc finger E-box binding homeobox 1) known to repress many epithelial 

genes including E-cadherin and cell polarity factors, thereby stimulating 

undifferentiated and motile phenotypes associated with metastasis and 

aggressive tumor phenotypes (Fig. 11B, blue bars). Similarly, EGF treatment 

also induced other EMT associated genes including N-cadherin, Slug/SNAI2 and 
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Fibronectin (Fig. 11C, D, E; blue bars). For each of these genes, shSPCA2 

treatment was sufficient to elicit transcriptional induction even in the absence of 

EGF, and a further elevation of transcript was observed upon EGF treatment 

(Fig. 11C, D, E; gray bars). SPCA2 depletion also induced Vimentin transcription 

in MCF7 cells despite lack of effect of EGF treatment (Fig. 11F).  We observed 

no changes in E-cadherin transcript levels, either upon EGF or shSPCA2 

treatment (Fig. 11G). Although the EMT associated transcriptional factor Snail 

(SNA1) was induced by EGF, we observed no affect of SPCA2 knockdown (Fig. 

11H). Thus, SPCA2 depletion alters the transcription of a subset of EMT 

associated genes.  



	

	 154	

 

 

 
Figure 11. SPCA2 knockdown induces EMT gene expression 

(A) Effect of EGF (20 ng/ml) on mRNA levels of SPCA1 and SPCA2 in MCF7 

cells determined by qPCR. *p<0.05, Student’s t-test. (B – F) MCF7 cells (control 

or SPCA2 knockdown) were treated with 20 ng/ml EGF and transcript levels of 

the following genes were determined by qPCR: Zeb1 (B), N-cadherin (C), SNAI2 



	

	 155	

(D), fibronectin (E), vimentin (F), E-cadherin (G), and SNAI1 (H). *p<0.05, 

**p<0.01, Student’s t-test. Figure contributed by JP Llongueras. 
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DISCUSSION 

The expression of SPCA2 in breast cancer cells is clinically and 

pathologically relevant. SPCA2 is transcriptionally regulated together with a 

cohort of epithelial signature genes, most notably E-cadherin. Down regulation of 

SPCA2 is associated with basal and claudin-low breast cancer subtypes, and 

characterized by hormone receptor negativity, a high degree of invasion and 

metastasis. Therefore, low SPCA2 may be a novel prognostic marker of the 

malignant invasive phenotype. Here, we demonstrate a causal link between 

SPCA2 down regulation and induction of EMT.  

We propose a model to summarize the role of SPCA2 in breast cancer 

(Fig. 12). In the early stages of breast oncogenesis, proliferation and dysplasia of 

epithelial cells results in carcinoma in situ. Tumor cells in this stage express high 

levels of SPCA2, elevated cytoplasmic Ca2+ and rapid cell cycle progression. 

Biogenesis and trafficking of E-cadherin is normal, cell-cell contacts are 

maintained and EMT genes are repressed. Induction of EMT in a subset of 

breast cancer cells is associated with down regulation of the epithelial profile, 

including SPCA2 and E-cadherin. These breast cancer cells show reduced 

cytoplasmic Ca2+, cell-cycle arrest, disrupted E-cadherin trafficking and 

enhanced EMT gene expression, all factors that facilitate their intravasation and 

escape into the blood stream. We suggest that the Ca2+-deprived EMT state in 

cells with down regulated SPCA2 may promote metastasis to Ca2+ rich tissues 

such as the bone, possibly through aberrant signaling of the Ca2+ sensing 
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receptor, CaSR (Cross et al., 2014). Extravasation of these breast cancer cells 

from the blood stream into tissues may be followed by a reversal process known 

as mesenchymal to epithelial transition (MET) that reinstates expression of 

SPCA2 and other epithelial genes such as E-cadherin (Wells et al., 2008), 

resulting in secondary tumors at metastatic sites.  
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Figure 12. Schematic for remodeling calcium homeostasis in cancer 

progression 

The model proposes that high SPCA2 in breast cancer is indicative of an 

epithelial, proliferative phenotype whereas, low SPCA2 is predictive of a 

mesenchymal, metastatic character. Early in the breast oncogenesis, epithelial 

cells proliferate and become dysplastic, resulting in carcinoma in situ. Tumor 

cells in this stage have high SPCA2 and E-cadherin expression, and cell 

junctions are preserved. Induction of EMT in a subset of breast cancer cells is 

associated with down regulation of SPCA2 and E-cadherin expression and 

disruption of cell-cell contacts. Store-depletion elicits calcium entry, which 

promotes migration of cancer cells to distant sites via blood/lymphatic-stream. 

Subsequent restoration of SPCA2 and E-cadherin expression by mesenchymal 

to epithelial transition results in metastasis and secondary tumors. Figure made 

in collaboration with JP Llongueras. 
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In this study, we have an identified a novel role for SPCA2 in E-cadherin 

biogenesis and formation of the adherens junction. Interestingly, mutations 

causing haploinsufficiency of closely related Ca2+-ATPase isoforms, SPCA1 and 

SERCA2, result in Hailey-Hailey and Darier disease respectively, which are 

ulcerative skin disorders arising from the loss of desmosomal adhesion in 

epidermal cells. Thus, our findings may provide new insights and therapeutic 

options for intractable and life long inherited or autoimmune disorders that affect 

the heart and skin. Like E-cadherin, desmosomal cadherins (desmogleins and 

desmocollins) are also Ca2+ dependent. Although the structural role of Ca2+ on 

the ordering and stiffness of the extracellular domains of cadherin proteins has 

been studied in detail (Sotomayor and Schulten, 2008), the role of the secretory 

pathway in cadherin folding and biogenesis is largely unknown. Luminal Ca2+ in 

the endoplasmic reticulum and Golgi may play an important role in tertiary 

structure stabilization, trafficking and protein complex assembly for these 

epidermal adhesion formations (Dhitavat et al., 2003; Raiko et al., 2012). Further 

studies are needed to clarify the mechanism of the SPCA2 and E-cadherin 

interaction. Intriguingly, deficient intracellular calcium pools, high TAZ/YAP 

activity and EMT has been associated with doxorubicin drug-resistance in breast 

cancer cells(Chen et al., 2002; Cordenonsi et al., 2011; Liu et al., 2013), although 

the role of SPCA2 in cancer chemoresistance remains to be investigated. 

Given the developmental and pathological implications of understanding 

the EMT program, several efforts have been made to decipher underlying 

molecular mechanisms and regulatory networks. Downregulation of E-cadherin 
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function is a defining mechanism underlying EMT. Most studies in the literature 

have focused primarily on silencing mutations in E-cadherin and its 

transcriptional loss, as is the case with loss of FOXA1/2 and gain of Snail and 

Zeb1-mediated repression of E-cadherin transcription(Ashaie and Chowdhury, 

2016). However, a significant percentage of invasive tumors have normal E-

cadherin gene and transcription, consistent with post-translational 

downregulation of E-cadherin in EMT, although much less is known about these 

mechanisms. Intriguingly, dysregulation of membrane trafficking of E-cadherin 

has been implicated in EMT associated with viral oncogenesis, such as Rous 

sarcoma and Kaposi’s sarcoma(Palacios et al., 2005; Qian et al., 2008). In this 

study, we report a novel post-translational, SPCA2-mediated regulation of E-

cadherin trafficking that might help in better understanding of molecular 

mechanisms that regulate adherens junction stability in viral and nonviral 

oncogenesis.  

Ca2+ is a crucial regulator of various cellular processes including cell cycle, 

EMT and apoptosis, so careful control of Ca2+-toolkit is essential. SPCA2 

expression levels vary with breast cancer subtype, making this transporter an 

appealing prognostic/predictive biomarker for clinical risk stratification and a 

therapeutic target in precision oncology. Our observations that SPCA2 may play 

a dual role in breast cancer, either as an oncogene or tumor suppressor in a 

subtype-specific context, exemplify the “Goldilocks Principle” in cancer biology, 

where both extremes of SPCA2 expression have poor patient outcomes and only 

tight regulation of Ca2+ toolkit is compatible with normal physiology.  
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5  Summary and Clinical Significance 
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Calcium regulation and transport within the cell 

 In order for a cell to maintain Ca2+ homeostasis, in the cytoplasm and 

within intracellular stores, there must be a highly coordinated expression and 

cooperation between the proteins that transport and bind calcium. In Chapter 1, 

we highlighted that any disturbance in this tightly regulated system can critically 

alter the ability of a cell to function properly. Dysregulation can result from 

alterations at both the genetic level and the post-translational expression of 

proteins that handle calcium. While cells are typically robust enough to correct for 

these variations, in many instances the chronic dysregulation of calcium and 

these proteins can develop into pathophysiological disorders. 

 The proteins that move Ca2+ across membranes include calcium 

transporting pumps, channels, and carriers. Calcium channels move ions 

passively down their electrochemical gradient, whereas pumps and carriers 

harness energy directly from ATP or an ion motive force, respectively to move 

calcium against its electrochemical gradient. Of these, we have studied a novel 

Golgi pump that was first biochemically defined in yeast, Pmr1 (Sorin et al., 

1997). The human orthologs are the secretory pathway Ca2+-ATPases, SPCA, 

which occur in two isoforms: SPCA1 and SPCA2 (Pestov et al., 2012; Ton and 

Rao, 2004b; Vanoevelen et al., 2005; Xiang et al., 2005). SPCA1 is the well-

known isoform and has been implicated in the ulcerative blistering disease 

Hailey-Hailey disease (Hu et al., 2000; Sudbrak et al., 2000), caused by the loss 

of desmosomal proteins that play a role in anchoring the epithelium to the 

basement membrane (Ton and Rao, 2004a). A role for SPCA1 has also been 
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described in breast cancer cells where it promotes the posttranslational 

processing of the insulin-like growth factor receptor 1 (IGF1R) in breast cancer 

cells (Grice et al., 2010). Until recently, SPCA2 has been implicated in both 

breast and colon cancer (Dang et al., 2017; Feng et al., 2010; Jenkins et al., 

2016). 

 

SPCA Pumps and breast cancer 

 Our work probes the roles of both SPCA isoforms in breast cancer. When 

mining data from the Cancer Genome Atlas (TCGA) database, we show that both 

isoforms are dysregulated at the transcriptional level, with distinct expression 

profiles in the different breast cancer subtypes (Cancer Genome Atlas, 2012). 

SPCA1 is highly expressed in the basal and in the claudin-low subtypes, 

whereas SPCA2 is expressed in HER2+ and luminal subtypes. Both SPCA 

isoforms are differentially expressed in cancer subtypes and through the course 

of cancer evolution. Thus, probing for overexpression of the SPCA isoforms 

during different stages of breast cancer progression could help stratify clinical 

breast cancer subtypes and also aid in proper diagnosis and treatment. 

In Chapter 2 we show, using an in vitro assay, that the upregulation of the 

SPCAs promote the formation of microcalcifications, which are radiographic 

signatures that potentially indicate disease pathology. Loss of the SPCAs 

significantly diminishes the formation of microcalcifications. Calcium deposit 

formation is restored by rescue with the wild type, but not with the catalytically 

inactive SPCA2. Thus, promotion of microcalcification is dependent upon pump 
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activity. We suggest that the SPCAs play a role in moving calcium ions into 

secretory vesicles and on to the extracellular matrix where the microenvironment 

can promote the deposition of these components to form microcalcifications 

(Dang et al., 2017). The presence of these depositions is clinically significant in 

that they are prognostic indicators of early stage malignancy.  

Previously, we show that SPCA2 was highly upregulated in luminal and in 

HER2+ breast cancer patients and in patient-derived cell lines. When 

overexpressed in nonmalignant MCF10A cells, these cells grew significantly 

faster than their controls. We observed that MCF7 cells with SPCA2 knockdown 

improved survival in mice, indicating that SPCA2 plays a crucial role in 

tumorigenesis and in activating calcium influx through store-independent calcium 

entry to induce proliferation (Feng et al., 2010). To expand on this, in Chapter 3 

we examined the effect that knocking down SPCA2 would have on the cell cycle. 

We observed slow growth and a stalling of cells at the G1/S checkpoint where 

cells were arrested in the G0/G1 phase. These cells also experienced an increase 

in apoptosis suggesting that the cells that could not make it beyond the 

checkpoints were directed to apoptosis. We performed a microarray analysis and 

found that the pathways enriched in the knockdown cells included p53 signaling, 

indicating that these cells were responding to DNA damage. The findings in our 

analysis further supported our in vitro data showing that SPCA2 is instrumental in 

promoting tumorigenesis. Taken together, we not only show that the SPCAs are 

important during early stages for microcalcifications, but that SPCA2 and not 

SPCA1 is required in more progressive disease for tumorigenesis.   
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 In Chapter 4, we link SPCA2 to E-cadherin, which is a defining marker for 

epithelial gene expression. It is well studied that cancers that lose or do not 

express the epithelial gene profile express mesenchymal genes instead. As a 

result, these cancers that are mesenchymal exhibit more aggressive phenotypes 

such as an increased capacity to undergo the epithelial to mesenchymal 

transition (EMT), which is a precursor for metastasis (Kalluri and Weinberg, 

2009). Cancers that are metastatic and are less differentiated are difficult to treat 

and therefore, patients with these cancers have poorer prognosis. In this study, 

we show that both SPCA2 and E-cadherin cluster together with other epithelial 

genes, and we also observe that SPCA1 clusters with mesenchymal genes, 

supporting data where SPCA1 is expressed in the more aggressive subtypes. 

We also show that SPCA2 is required for E-cadherin biogenesis and that loss of 

SPCA2 alters proper expression and downstream signaling to maintain proper 

epithelial gene expression. SPCA2 depletion results in improper E-cadherin 

trafficking and in EMT gene expression. While this does not cause cells to 

metastasize and to migrate, the absence of SPCA2 predisposes these cancers to 

undergo EMT. 

 This body of work exhibits the multifaceted roles that SPCA2 has at 

various stages of breast cancer. In Chapter 4 a model is proposed for the 

calcium-dependent evolution of breast cancer starting with dysplasia and 

progression to ductal carcinoma in situ (DCIS) where we propose SPCA 

upregulation during microcalcification development. Once cells become 

tumorigenic, we suggest that SPCA2 is the predominant isoform promoting 
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growth and proliferation. Upon further progression, tumor cells may lose epithelial 

characteristics to undergo EMT, leading to metastasis. We suggest that 

downregulation of SPCA2 is permissive for EMT. Loss of SPCA2 can be 

reinstated within micrometastases, allowing the establishment of secondary 

tumors in organs such as the brain or the bone, which are rich sources of 

calcium. Thus, this completes the cancer evolution cycle. 

 

Translational implications 

 SPCA1 is ubiquitously expressed in all tissues and appears to be 

essential for life (Okunade et al., 2007; Vanoevelen et al., 2005). Therefore, as a 

housekeeping gene, it is a poor candidate for therapeutic intervention. In 

contrast, SPCA2 is selectively expressed in a subset of absorptive and secretory 

tissues and is a potential candidate for drug development. However, it is 

important to understand that there are potential complications relating to the 

development of SPCA2 as a therapeutic target. First, we have shown that both 

too much and too little of SPCA2 function has negative consequences on cell 

growth and oncogenic potential, illustrating the “Goldilocks principle” in biology. 

Thus, high levels of SPCA2 promote proliferation and tumorigenesis, whereas 

low levels result in the loss of E-cadherin and potential metastasis. It may be 

crucial that SPCA2 expression is balanced at levels where it does not promote 

cancer growth or migration. Secondly, some of the oncogenic functions of 

SPCA2 are independent of ATPase or Ca2+ pumping activity, and instead 

depend on specific protein-protein interactions. The latter are more challenging to 
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target by pharmacological intervention. It remains to be determined which of the 

oncogenic functions of SPCA2 depend on ATPase activity, which could be 

targeted by catalytic site inhibitors to be developed in the future. Taken together, 

more work needs to be done to understand the role of SPCA2 and calcium 

dysregulation in breast cancer. Further exploration of both will help manage 

disease progression in patients. 

 While our findings are significant in the context of breast cancer, it is also 

known that SPCA2 is highly expressed in many forms of cancer. The TCGA 

dataset across all cancer studies show that SPCA2 is expressed in the majority 

of the most prevalent cancers (Fig. 1) (Cerami et al., 2012).  Most notably, 

SPCA2 is overexpressed in colorectal, prostate, lung adenocarcinoma, and in 

pancreatic cancers. This data is striking supporting that SPCA2 dysregulation 

occurs in the tissue that it is normally expressed in. Only a few studies have been 

published examining the role of SPCA2 in either breast or in colon cancer. It is 

important to show that SPCA2 is an understudied protein and that its implication 

across various types of cancers will not only unveil the role of SPCA2, but will 

give more clinical insight to understanding calcium and its relationship with 

cancer. 
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Figure 1. SPCA2 is highly expressed across most cancers 

RNA sequencing data from the TCGA studies across all major cancers from 

cBioPortal. SPCA2 expression levels plotted on a log scale with box and whisker 

plots. Each point represents a sequenced tumor (Cerami et al., 2012).
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