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New insights into store-independent Ca21 entry: secretory
pathway calcium ATPase 2 in normal physiology and cancer

Ming-Ye Feng1,2,* and Rajini Rao2,*

Recent studies in secretory pathway calcium ATPases (SPCA) revealed novel functions of SPCA2 in interacting with store-operated

Ca21 channel Orai1 and inducing Ca21 influx at the cell surface. Importantly, SPCA2-mediated Ca21 signaling is uncoupled from its

conventional role of Ca21-ATPase and independent of store-operated Ca21 signaling pathway. SPCA2-induced store-independent

Ca21 entry (SICE) plays essential roles in many important physiological processes, while unbalanced SICE leads to enhanced cell

proliferation and tumorigenesis. Finally, we have summarized the clinical implication of SICE in oral cancer prognosis and treatment.

Inhibition of SICE may be a new target for the development of cancer therapeutics.
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INTRODUCTION

In vertebrates, there are three families of P-type Ca21-ATPases regu-

lating intracellular Ca21 homeostasis. Functions and physiological

roles of two, the plasma membrane Ca21-ATPase (PMCA)1 and the

sarco/endoplasmic reticulumCa21-ATPase (SERCA),2 have been well

established. Located in the plasma and endoplasmic reticulum mem-

brane respectively, PMCAand SERCA transport Ca21 out of the cell or

into the internal stores, maintaining relatively low cytosolic Ca21 and

thus a steep inward gradient directed to the cytosol that enables rapid

transduction of Ca21 signaling by transient elevation of intracellular

Ca21 levels.1–2

The third family of Ca21-ATPases identified more recently, secre-

tory pathway calcium ATPase (SPCA), is essential for protein sorting,

processing and glycosylation in the Golgi and post-Golgi compart-

ments.3–4 The SPCAs are unique in transporting not only Ca21, but

also Mn21 with submicromolar affinity into secretory pathway, utili-

zing the energy of ATP hydrolysis.3–4 Whereas a single SPCA isoform

is found in lower eukaryotes from yeast to fish, two isoforms of SPCA

proteins, SPCA1 and SPCA2, have been identified in higher eukaryotes

including human.5–6

Until recently, the physiological role of SPCA2 has been puzzling.

The expression of SPCA2 seems to be redundant along with SPCA1 in

mammals. First, SPCA1 is ubiquitously distributed while the expres-

sion of SPCA2 is limited to gastrointestinal, genitourinary and nervous

systems, as well as mammary and salivary glands.5–6 Second, SPCA

proteins are highly conserved in the critical regions responsible for

their Ca21-ATPase activity suggesting that they share similar and

redundant catalytic activity.6 Third, SPCA2 appears to have a lower

affinity of Ca21 binding and lower turnover in transporting Ca21 into

the secretory pathway.6 Therefore, onemight expect SPCA1 alone to be

sufficient to carry out SPCA functions and the expression of SPCA2 to

be dispensable. Indeed, mice that are homozygous null for SPCA1

display embryonic lethality, indicating that SPCA2 cannot compensate

for loss of SPCA1 (ref. 7). However, recent progress has revealed a

novel function of SPCA2 superseding its conventional roles as a Golgi

Ca21 pump which is to directly interact with cell surface Ca21 channels

and elicit Ca21 entry.8 The investigation of this function which is

unique to SPCA2 but not SPCA1 shed light to the understanding of

many physiological and pathophysiological processes.

STORE-INDEPENDENT CA21 SIGNALING MEDIATED BY

SPCA2

The paradigm for Ca21 entry in non-excitable cells is store-operated

Ca21 entry (SOCE), responsible for refilling the endoplasmic reticu-

lum (ER) store and maintaining a number of important biological

processes involved in cell proliferation, differentiation and mobiliza-

tion.9 Translocation of ER-localized Ca21 sensor STIM1 to ER-plasma

membrane junctions is a key event in SOC signaling connecting deple-

tion of ER store and activation of cell surface Ca21-release-activating-

Ca21 channel (CRAC) Orai1 (ref.10–13). Named after a keeper of the

gates of heaven in Greek mythology, Orai1 is the core subunit of SOC

channels, mediating rapid and highly selective Ca21 influx to induce

a range of downstream signaling events.14–16 Interestingly, there is

new evidence for store-independent opening of Orai1, termed store-

independent Ca21 entry (SICE), mediated by SPCA2 (ref. 8). In con-

trast to SPCA1 whose expression is limited to Golgi and secretory
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pathway, SPCA2 is able to traffic to the plasmamembrane. Interaction

between SPCA2 and Orai1 on the cell surface, detected by co-immu-

noprecipitation and pull-down methods, resulted in activation of

Orai1 and elevation of cytosolic Ca21. SICE had two noteworthy

features: (i) independence from the ER stores and SOC pathway,

and (ii) uncoupling from Ca21 pump activity of SPCA2. Thus knock-

down of the STIM sensors or mutational inactivation of the Ca21-

ATPase activity of SPCA2 did not affect SICE (ref. 8). An inves-

tigation of the molecular mechanism for SPCA2–Orai1 interaction

and activation revealed that the short 26 amino acid C-terminal

domain of SPCA2 mediated Ca21 entry, possibly by gating the Orai1

channel through electrostatic interactions. The SPCA2N-terminus also

interacted directly with both N- and C-terminal domains of Orai1, and

this interaction appeared to induce the exposure of SPCA2 C-terminal

activating domain. Although C-terminus of SPCA1 was also able to

activate Orai1, lack of the ability to bind to Orai1 through its N-

terminal binding domain led to a failure to expose the C-terminus

and activate Ca21 entry.8

PHYSIOLOGICAL FUNCTIONS OF SICE IN TRANSCELLULAR

Ca21 TRANSPORT

It is worth noting that SPCA2 expression is correlated with highly

active Ca21 absorbance and secretion in tissues such as salivary gland,

mammary gland and intestine. This is reminiscent of the constitutive

Ca21 entry pathway mediated by SPCA2. Interestingly, a transcript of

SPCA2 encoding exons 24–27, corresponding to the membrane-

anchored C-terminal domain, was identified in exocrine pancreas.

The expression of this transcript was under the regulation of a basic

helix–loop–helix transcription factorMIST1, and appeared to be inde-

pendent of the transcription of full-length SPCA2 (ref. 17). A signifi-

cant upregulation of the Ca21 entry-activating domain may correlate

with effectivelymanagedCa21 transport and secretion in pancreas and

other secretory tissue including the mammary glands. During lacta-

tion, high-throughput transcellular transport of Ca21 is carried out

from maternal blood to milk, which is essential for maintaining total

Ca21 levels up to 100 m mol?L21 in the milk.18 Despite the physiolo-

gical importance of this process, its molecular mechanism has only

begun to be elucidated by recent studies. Consistent with the secretory

pathway playing an essential role in Ca21 secretion in mammary

gland, expression of both isoforms of SPCA was induced during lacta-

tion. Whereas the change in SPCA1 was more modest and relatively

late, the expression of SPCA2 was dramatically enhanced during mid-

pregnancy and upon parturition and stayed high through lactation.19

Similarly, in vitro treatment of mammary epithelial cells with pro-

lactin, a polypeptide hormone essential for milk production and

secretion, induced an increase of SPCA2 expression, as well as a

change of intracellular Ca21 mobilization.20 In lactating mammary

tissues, SPCA1 was localized to Golgi apparatus of all mammary gland

cells, while SPCA2 and Orai1 coexpressed in luminal epithelial cells

(unpublished results). Investigation using a three-dimensional mam-

mosphere differentiation model of mouse mammary epithelial cell

line SCp2 suggested colocalization of SPCA2 and Orai1 at the basal

membrane. SICEmediated by SPCA2 andOrai1 was elevated inmam-

mospheres which was critical for mammosphere differentiation and

formation. Further study suggested that knockdown of SPCA2 in

mammospheres impaired trafficking of Orai1 to the cell surface and

C-terminal Ca21 entry-activating domain or full length SPCA2 both

were able to rescue this defect and restore SICE (unpublished results).

Taken together, SICEmediated by SPCA2–Orai1 is essential for main-

taining transcellular Ca21 transport during lactation by inducing ele-

vated Ca21 entry frommaternal blood side for secretion into the milk

by secretory pathways and efflux transporters on the apical membrane

of mammary gland (Figure 1).

PATHOPHYSIOLOGICAL ROLES OF SICE IN CELL

PROLIFERATION AND TUMORIGENESIS

In normal physiological conditions, the enhancement of Ca21 ‘IN’ by

SPCA2 upregulation is well balanced by a hyperactive Ca21 ‘OUT’

process mediated by increased expression of a number of components

in Ca21 signaling system, including PMCApumps and Ca21 buffering

proteins, to ensure high rate transcellular Ca21 transport while main-

taining normal cytosolic Ca21 levels. However, when this orchestra-

tion is disrupted, high levels of SPCA2 induce unbalanced Ca21 influx

and constitutive activation of downstream signaling cascades that lead

to enhanced cell proliferation and transformation (Figure 1). Many

breast cancer tumor cell lines show upregulation of SPCA2 but not
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Figure 1 Function and regulation of SPCA2 in normal physiological conditions and cancerous cells. In normal physiological conditions, enhanced Ca21 entry

induced by upregulation of SPCA2 and its interaction with Orai1 is balanced by increased expression of Ca21 pumps and buffering proteins mediating Ca21 OUT.

When transcellular Ca21 is augmented, cytosolic Ca21 is maintained at a low level. While in cancer cells, this orchestration is disrupted. Inhibited Ca21OUT synergizes

with upregulated Ca21 IN elicited by SPCA2–Orai1 to yield sustained elevation of cytosolic Ca21 and thus constitutive activation of downstream signaling events

controlling cell growth and survival which promote cell proliferation and tumorigenesis. SPCA, secretory pathway calcium ATPase.
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SPCA1 as compared to the normal breast epithelial cells.8 Suppression

of SPCA2 expression in breast cancer cells lowered basal Ca21 levels,

which led to the attenuation of cell growth and tumorigenicity in vivo.

Ectopic expression of full length SPCA2 or the C-terminal Ca21 entry-

activating domain in normal mammary gland epithelial cells signifi-

cantly elevated cytosolic Ca21 level which was sufficient to drive trans-

formation of these cells. Further studies revealed that SPCA2

interacted with Orai1 to induce constitutive SICE in cancer cells, while

SOC signaling mediated by STIM proteins appeared to play a minor

role in tumor proliferation.8 In contrast, STIM1-Orai1-mediated SOC

was shown to be indispensable for invasion and colonization of meta-

static cancer cells in which the expression of SPCA2 was undetectable,

suggesting an interesting possibility that SICE and SOCE may con-

tribute to different stages of cancer progression. Importantly, SPCA2-

induced elevation of cytosolic Ca21 is correlated with constitutive

activation of RAS–ERK signaling pathway, by eliciting ERK1/2 phos-

phorylation and Cyclin D1 expression.8

THERAPEUTIC IMPLICATIONSOF SICE INORALMALIGNANCY

Oral cancer is one of the most common malignancies in the world,

with 350 000–400 000 new cases of oral squamous cell carcinoma iden-

tified each year.21 Despite its prevalence, the prognosis and develop-

ment of therapies for the treatment of oral cancers still remains in its

infancy. Importantly, salivary gland was one of the tissues in which

both full-length and the membrane-anchored C-terminal Ca21 entry-

activating domain of SPCA2 was expressed, under the regulation of

MIST1, suggesting a potential role of SICE in oral tissue development

and homeostasis.17 In oral epithelial cells, dysregulation of the Ca21-

signaling components for Ca21 ‘OUT’ may synergize with the effects

of enhanced Ca21 influx induced by SPCA2, to yield sustained

increase of cytosolic Ca21 level and constitutive activation of signaling

controlling cell growth and survival which promotes transformation

and tumorigenesis (Figure 1). Indeed, heterozygous deletion of

SERCA2, an isoform of SERCA pumps in mice led to the sponta-

neous development of squamous cell tumors in oral cavities.22 More

importantly, studies comparing patient samples from human oral

premalignant lesion and oral squamous cell carcinoma indicated

downregulation of SERCA2 and PMCA1 in oral cancer cells which

contributed to the increase of cytosolic Ca21 concentration.23–24 In

addition, a carcinogen safrole was shown to induce cell proliferation of

human oral cancer cells by augmenting cytosolic Ca21 level.25

Identification of the pathophysiological role of Ca21 signaling high-

lighted its clinically implications in prognosis and treatment of oral

malignancy. A systemic examination of the expression of SICE regu-

lators in normal, premalignant and tumor samples from oral tissues

will reveal specific expression patterns of SICE components at diffe-

rent stages of cancer development, establish the role of SICE in oral

cancer initiation and progression, and provide molecular signatures

for oral cancer prognosis. The critical role of SICE in cancer cells

revealed the therapeutic potential of SPCA2 and Orai1 as druggable

targets for cancer treatment. There are potentially three strategies for

targeting SPCA2–Orai1 complex. First, we may screen for specific

antibodies or small molecules which directly bind to and inhibit C-

terminal Ca21 entry-activating domain of SPCA2. Second, disruption

of the interaction between SPCA2 and Orai1 would diminish SICE. A

polypeptide of 40 amino acids in the N-terminus of SPCA2 was iden-

tified to be the minimal binding domain to Orai1. Overexpression of

this domain showed a dominant-negative effect by competitively

binding to Orai1 and inhibiting activation of Orai1 by full-length

SPCA2 (ref. 8). Therefore, this polypeptide may be delivered into

the cancer cells to disrupt SPCA2–Orai1 complex and block SICE.

Third, we may directly disrupt the transcripts of SPCA2 through

molecular biological methodology.

CONCLUSION AND PERSPECTIVES

The novel function of SPCA2 in mediating SICE underscores the

importance of Ca21 signaling in normal physiological processes and

human diseases. Highly active SICE is important for maintaining

regular Ca21 secretion and absorption, but constitutive activation of

SICE in a microenvironment not well orchestrated may also leads to

uncontrolled cell growth and enhanced tumorigenecity. Despite the

exciting progress toward physiological and pathophysiological func-

tions of SPCA2-mediated SICE, many questions remain unexplored.

First, SPCA2 is localized to both Golgi and plasma membrane while

SPCA1 ismostly restricted toGolgi and post Golgi vesicles.What is the

signaling event triggering the trafficking of SPCA2 between Golgi

apparatus and cell surface? Second, what are the differences between

pump-functional and SICE-activating populations SPCA2 and is

additional post-translational modification processed for SPCA2 to

carry out this ‘moonlighting’ function of SICE induction? Third,

Orai1 is involved in both SOCE and SICE. How are Orai1 channels

distributed between these two processes and are they undergoing si-

milar mechanisms of membrane docking and activation? Fourth, how

is the expression of SPCA2 regulated at different stages of cancer

progression and is cell surface expression of SPCA2 on the primary

tumors a poor-prognosis signature? Further investigation of SPCA2-

induced SICE should shed light to the understanding of the basic

principles of Ca21 signaling in many important biological processes,

and stimulate the development of new strategies for druggable targets

selection and cancer treatment.
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