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Breast cancer is the second leading cause of cancer mortality in women, estimated
at nearly 40,000 deaths and more than 230,000 new cases diagnosed in the U.S. this
year alone. One of the defining characteristics of breast cancer is the radiographic
presence of microcalcifications. These palpable mineral precipitates are commonly
found in the breast after formation of a tumor. Since free Ca2� plays a crucial role
as a second messenger inside cells, we hypothesize that these chelated precipitates
may be a result of dysregulated Ca2� secretion associated with tumorigenesis.
Transient and sustained elevations of intracellular Ca2� regulate cell proliferation,
apoptosis and cell migration, and offer numerous therapeutic possibilities in
controlling tumor growth and metastasis. During lactation, a developmentally
determined program of gene expression controls the massive transcellular mobili-
zation of Ca2� from the blood into milk by the coordinated action of calcium
transporters, including pumps, channels, sensors and buffers, in a functional
module that we term CALTRANS. Here we assess the evidence implicating genes
that regulate free and buffered Ca2� in normal breast epithelium and cancer cells
and discuss mechanisms that are likely to contribute to the pathological character-
istics of breast cancer.
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DIRECTIONAL REGULATION OF CALCIUM BY CALTRANS: A

CALCIUM TRANSPORTING MODULE

IONIZED Ca2� is a ubiquitous second messenger, regulating a

wide swathe of cellular events ranging in time scale from

nanoseconds (in vesicle fusion) through hours (in cell prolif-

eration) (11). Unlike other second messengers, however, ele-

mental Ca2� can neither be synthesized nor degraded. Hence,

regulation of cytosolic Ca2� (Ca2�
cyt) occurs by dynamic

compartmentalization and buffering.

An array of membrane-embedded transport proteins move

Ca2� into and out of the cytoplasm. Active transport mecha-

nisms drive the ion uphill, generating large transmembrane

Ca2� gradients of up to 10,000-fold. These include primary

active transporters, or calcium pumps, that directly harness

energy from ATP, and secondary active transporters that cou-

ple uphill movement of Ca2� to the energetically favorable

transport of Na� or H� down their electrochemical gradients.

Although there is scarce evidence for the role of secondary

transporters such as the Na�/Ca2� exchanger in mammary

epithelia, considerable attention has focused on the expression

and regulation of Ca2�-ATPases distributed in the membranes

of the endoplasmic reticulum (ER), secretory pathway, and
plasma membrane. They belong to the superfamily of P-type
ATPases, so-named after a conserved mechanism involving a
catalytic phosphorylated intermediate (87). Working in con-
cert, they establish pools of stored Ca2� within cellular organ-
elles and actively pump Ca2� out of the cell, maintaining
baseline Ca2�

cyt levels in the low submicromolar range. These
external and organellar reservoirs drive influx of Ca2� through
multiple classes of ion channels, activated by voltage, ligands,
or store depletion. Multiple modes of store-dependent and
-independent pathways for Ca2� influx have been described in
nonexcitable cells. For example, depletion of ER Ca2� stores
activates the STIM1,2 sensors that aggregate and signal to the
Orai1 channel on the plasma membrane via localized, direct
interactions (Fig. 1). This canonical mode of signaling, termed
SOCE, for store-operated calcium entry, has been the subject
of intensive study in recent years (reviewed by 68, 109). More
recently, we have described an unconventional interaction
between a secretory pathway Ca2�-ATPase, SPCA2, residing
on Golgi-derived vesicles, and the Orai1 channel, that elicits
Ca2� influx independent of stores, that we term SICE for store
independent calcium entry (24, 40; Fig. 1). The resultant
temporal and spatial elevations in Ca2�

cyt activate effectors
including calmodulin, Ca2� dependent kinases, and phospha-
tases that decode the signal and, in turn, act on secondary
effectors such as transcription factors that mediate gene regu-
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lation. The master regulator of systemic Ca2� is the calcium
sensing receptor, CaSR, a member of the large family of G
protein coupled receptors (class C), that monitors extracellular
free Ca2� in serum and is the principal regulator of expression
and secretion of parathyroid hormone (PTH) and the related
protein (PTHrP) (117). The induction of mammary PTHrP
seems to be under the control of serotonin (52).

In the breast, an exquisitely orchestrated program of changes
in the activity and expression of these Ca2� transporters and
modulators commences during pregnancy, culminates with the
initiation of lactation at parturition, and concludes with the
process of involution (reviewed in 62). Activation of a so-
called “alveolar switch” induces proliferation and differentia-
tion of the secretory alveolar compartment (84). Many of the
proteins in the secretory pathway, including milk proteins, are
transcriptionally upregulated prior to parturition (62, 67). Key
members of the CALTRANS module are upregulated during
alveolar differentiation and have been identified in microarray
studies of expressed transcripts during pregnancy, lactation,
and involution (reviewed in 63, 118). Conversely, abnormal
expression of several Ca2� transporters and ion channels has
been documented in breast cancer, resulting in oncogenic Ca2�

signaling that drives tumorigenesis. Therefore, we propose that
the CALTRANS module is coordinately regulated in normal
breast development and lactation, but components of the same
module are dysregulated upon transformation of some breast
cancer cells to the malignant phenotype. Subsets of CALTRANS
members could be linked to tumor phenotype, with differences
between primary and metastatic cancers. Further, we propose
that CALTRANS module interactions with the altered signal-
ing environment in transformed cells can lead to localized,
inappropriate secretion of calcium in the absence of calcium
buffers, resulting in microcalcifications which are diagnostic of
some breast cancers. Here, we will discuss the background and
evidence that supports this hypothesis and consider how dif-
ferential expression of CALTRANS members may be ex-
ploited in cancer therapy.

MOBILIZATION OF CALCIUM IN BREAST DEVELOPMENT

AND LACTATION

Calcium is a key nutrient in milk, essential for the develop-
ment of teeth and bone in the neonate. Total milk calcium can

be as high as 80 mM in some mammals, such as mice, although
it is typically less than 10 mM in humans (83). Much of this
calcium is bound, variably to milk proteins (casein, �-lactal-
bumin) or to anionic carriers such as phosphate, citrate, and
bicarbonate. Free Ca2� levels are not much above 3 mM in
milk, limiting the osmotic stress on mammary epithelial cells.
To cope with this extra demand, Ca2� absorption from the
intestine is stimulated, resorption by the kidneys is increased,
and bone Ca2� is mobilized to the extent that bone density
declines by �5% over the course of nursing. Efficient delivery
into milk must be accompanied by synthesis, transport, and
secretion of milk proteins, triglycerides, phosphates, and other
anions that complex with Ca2�. There are mechanisms in place
to promote substantial transcytosis of Ca2� across the mam-
mary epithelium, beginning with elevated Ca2� influx at the
blood (basal) side and active secretion across apical (luminal)
membrane (Fig. 2). Despite increased transcellular Ca2� flux,
free Ca2�

cyt must be maintained in the submicromolar range to
minimize Ca2� mediated apoptosis. Finally, Ca2� may be a
trigger for regulated cell death during the process of mammary
involution, accompanied by extensive tissue remodeling. First,
we consider the mechanisms underlying massive transcytosis
of Ca2� across the mammary epithelium into milk.

Coordinated induction of Ca2� transporters and channels.
Early evidence pointed to a role for the Golgi and secretory
pathway for delivery of Ca2� to milk through the fusion of
secretory vesicles with the apical membrane (reviewed in 83).
Critical steps involved pumping of Ca2� into the lumen of the
Golgi by Ca2�-ATPases, against a gradient of 3 orders in
magnitude, along with sequestration of citrate and phosphate
and the formation of Ca2� casein micelles within the secretory
pathway (Fig. 2). The secretory pathway Ca2�-ATPase
(SPCA), an ortholog of the yeast Golgi Ca2�-ATPase (PMR1),
is induced 1 wk before parturition, and steadily increases as
lactation progresses (94, 95). Subsequent studies demonstrated
two distinct SPCA pump isoforms: the ubiquitous isoform
SPCA1 increased modestly upon lactation, while the SPCA2
transcript was dramatically upregulated by �35-fold (37) and
�100-fold at the protein level (24). Furthermore, whereas
SPCA1 was ubiquitously distributed to the Golgi organelle in
all cells of the mammary gland, including myoepithelial and
stromal cells, SPCA2 expression was confined to luminal

Fig. 1. Multiple modes of Ca2� entry occur
in mammary epithelial cells. Left: store-op-
erated mechanisms are triggered by aggre-
gation of STIM proteins that sense luminal
Ca2� in endoplasmic reticulum (ER) stores.
Direct interaction with plasma membrane
Orai1 channels elicits Ca2� entry, localized
increase in Ca2�

cyt, and refilling of stores by
the sarcoendoplasmic reticulum Ca2�-ATPase
(SERCA) pump. SOCE, store-operated Ca2�

entry. Right: store-independent mechanisms
include a direct interaction between the secre-
tory pathway Ca2�-ATPase-2 (SPCA2) pump
located in Golgi-derived vesicles (GDV) and
Orai1 channels resulting in Ca2� influx and
potential refilling of Golgi stores by fusion
of Ca2�-loaded vesicles. Red arrows indi-
cate ATP utilization by the SERCA and
SPCA2 pumps; dotted lines show movement
of STIM or SPCA2, required for Ca2� entry
mechanisms. SICE, store-independent Ca2�

entry.
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epithelial cells of the mouse lactating mammary gland where it
was found to be predominantly in vesicles (24, 37). Recently,
using a three-dimensional cell culture model of lactating mouse
mammary glands embedded in extracellular matrix (“mammo-
spheres”), we demonstrated a critical role for SPCA2 in mo-
bilizing Ca2� by store-independent and store-dependent mech-
anisms. Knockdown of SPCA2 resulted in biosynthetic arrest
of Orai1 in a circumnuclear, ER-like compartment, drastically
reduced Ca2� influx at the basal membrane, and reduced
formation of mammary organoids. Ectopic expression of either
full-length or the COOH-terminal domain of SPCA2 reconsti-
tuted Orai1 trafficking and Ca2� influx. These findings were
consistent with the interaction of the SPCA2 tail domain with
Orai1 previously observed in breast cancer cells (40). Targeted,
mammary-specific knockout of SPCA2 in a mouse model is
needed to confirm the role of secretory pathway pumps in Ca2�

secretion into milk.
The molecular identity of the Ca2� influx channel(s) at the

basolateral membrane of lactating mammary epithelium that
contribute to Ca2� transcytosis has recently been identified.
Although several voltage-gated and TRP-type Ca2� channels
are expressed in mammary epithelia (118), none is as dramat-
ically induced upon lactation as the Orai1 channel (24, 79).
Consistent with a role in mediating Ca2� influx, endogenous
Orai1 localizes to the basolateral membrane of lactating mouse
mammary epithelia and differentiated mammospheres cultured
in vitro. Finally, knockdown of Orai1 in vitro drastically
blocked Ca2� influx and mammosphere development (24).
Although Orai1 has been dubbed the store-operated channel
(SOC) because of its activation by the Ca2� sensor STIM1 in
response to ER store depletion, its role as the major Ca2�

influx pathway on the basolateral membrane in mammary
epithelia is largely store independent, consistent with the Ca2�-
replete status of stores during lactation (Fig. 1). Store-indepen-
dent activation of Orai1 during lactation likely commences

upon induction of SPCA2, which appears to have a dual
function both as a chaperone for Orai1 trafficking as well as in
eliciting Ca2� influx at the basal plasma membrane (24, 40)
(Fig. 2).

At the apical membrane, there is abundant evidence pointing
to a critical role for ATP-driven calcium pumps in mediating
Ca2� efflux into milk (Fig. 2). Plasma membrane Ca2�-ATPases
(PMCAs) are major contributors to the homeostasis of Ca2� in
the breast, through development, lactation, and/or the onset of
cancer. PMCA1 is the ubiquitous isoform and has a house-
keeping function in Ca2�

cyt homeostasis, while other PMCA
isoforms show limited tissue distribution and specialized func-
tions in lactation and tumorigenesis. PMCA2 has the highest
affinity for Ca2� and a specific splice variant, PMCA2bw,
containing a unique 45 amino acid insert, is upregulated by
200-fold at the peak of lactation (94). PMCA2bw is targeted to
the apical membrane of the secretory cell via its unique insert
(20), from where it is secreted in the milk fat globule mem-
brane (94). Mice completely lacking the PMCA2 isoform have
a 60% reduction in the amount of Ca2� in milk, when com-
pared with heterozygous littermates (97). During lactation,
PMCA2 extrudes Ca2� directly into the milk duct in its ionic
form, rather than bound to phosphates or milk caseins.

Physiological regulation of mammary gland Ca2� secretion.
Vitamin D is a prohormone that the body converts to 25-
hydroxyvitamin D (25OHD) in the liver. 25OHD, the inactive
circulating form of vitamin D, is converted to the steroid
hormone 1,25-dihydroxyvitamin D [1,25(OH)2D] in the kidney
by the enzyme CYP27B1. In its endocrine role, 1,25(OH)2D
travels from the kidney to sites of action where it binds to the
transcription factor, vitamin D receptor (VDR), in intestine,
bone, and kidney, resulting in specific gene activation and the
regulation of organismal calcium homeostasis (1, 98, 125). In
other cell types, like mammary cells, 1,25(OH)2D is produced
by conversion of 25OHD directly in the specific cells, as

Fig. 2. Calcium movement by the calcium trans-
porter (CALTRANS) module during lactation.
During lactation, the coordinated induction of
milk proteins (�/�-casein) and calcium pumps
[SPCA2, plasma membrane Ca2�-ATPase-2
(PMCA2), SERCA2] and channels (TRPC6,
Orai1) ensures the efficient transcytosis of
Ca2� ions from the blood (basolateral side)
to the lumen (apical side) of the mammary
gland. Interaction between SPCA2, localized to
Golgi-derived vesicles, and Orai1 (and possi-
bly TRPC6) elicits Ca2� influx at the basal
membrane. Ca2� forms complexes with casein
and anions within secretory vesicles, which
fuse with the apical membrane. Direct pump-
ing of Ca2� ions into the lumen by the
PMCA2 pump also elevates calcium to total
levels of 40–60 mM (ionized and bound) in
milk.
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needed, by locally expressed CYP27B1 (125). 1,25(OH)2D
then acts in an intracrine/autocrine fashion through VDR,
mediating specific gene activation that regulates cell growth,
differentiation, and death (120, 121, 124, 125).

In normal mammary tissue VDR expression is upregulated
with mammary development and 1,25(OH)2D inhibits estro-
gen-induced ductal proliferation/branching (124, 126). Mam-
mary glands from VDR null mice experience accelerated
development during puberty and pregnancy. VDR null mouse
mammary glands also have reduced apoptosis, thus delaying
mammary involution after cessation of lactation. These data
indicate that VDR, following 1,25(OH)2D binding, regulates
mammary proliferation, differentiation, and apoptosis (121,
125).

CaSR is expressed in the basolateral membrane of the
lactating alveolus and regulates parathyroid hormone-related
peptide (PTHrP) secretion (114). In a haploinsufficiency model
of CaSR (CaSR�/�), an increase in PTHrP and decrease in
calcium transport into milk was observed, confirming the impor-
tant role of CaSR in lactation (2). Mammary-specific knockdown
of CaSR was recently achieved by mating CaSRflox/flox

mice with mice expressing Cre driven by the �-lactoglobin
gene, which leads to CaSR knockdown in late pregnancy and
during lactation (74). These studies demonstrated that CaSR is
not required for mammary cell differentiation or lactation, but
mammary-specific CaSR knockout during lactation signifi-
cantly decreased the calcium content in milk without reducing
PMCA2 expression, leading to attenuated calcium accrual in
the pups. Independent studies have shown that CaSR does not
regulate PMCA2 expression, but increases PMCA2 activity
(52, 116). CaSR is also involved in regulation of systemic
calcium homeostasis during lactation, regulating PTHrP con-
tent in milk and maternal circulation, and PTH secretion,
modulating maternal bone mineralization and calcium excre-
tion (15, 106). CaSR in the parathyroid gland and kidneys
compensated for loss of mammary CaSR, since global knock-
out of CaSR in CaSR�/� � PTH�/� mice caused persistent
hypercalcemia throughout lactation due to reduced calcium
excretion. Overall, the study suggests that CaSR in breast
coordinates maternal and fetal calcium metabolism by regulat-
ing both calcium and PTHrP levels.

INTRACELLULAR CALCIUM OVERLOAD AS AN EARLY

SIGNAL FOR MAMMARY INVOLUTION

Mammary gland involution has been extensively studied and
many comprehensive reviews have described what is known at
the transcriptional level (8, 50, 110, 111). During involution,
there is a reversible stage in the first 48 h following abrupt
cessation of nursing, with widespread apoptosis. This is fol-
lowed by an irreversible stage accompanied by extensive tissue
remodeling. The primary signal(s) that initiate mammary in-
volution following weaning appear to be local factors of
elusive identity (8, 69). Much of the research in this area has
focused on endocrine and transcription factors as primary
regulators of mammary gland involution and ignored the po-
tential for regulation by intracellular Ca2� ions. We note that
following abrupt cessation of lactation expression of SPCA1,
SPCA2 and PMCA2 is reduced by �90% resulting in mam-
mary tissue accumulation of calcium that peaks at 24 h and
remains high through 48 h (96). This suggests that a precipi-

tous loss of the major Ca2�-ATPases required by the mammary
gland to regulate the large amount of calcium associated with
milk production could lead to accumulation of cell calcium,
mitochondria Ca2� overload, and calcium-mediated cell death.

Consistent with this hypothesis, Vanhouten et al. (115)
showed that the loss of PMCA2 causes a “cellular calcium
crisis” leading to apoptosis and accelerated mammary involu-
tion. In the deafwaddler-2 J (dfw-2J) mouse, which carries a
null mutation for PMCA2, there was increased apoptosis and
reduced mammary mass in lactating glands compared with
wild-type controls. Mammospheres derived from dfw-2J mice
were more sensitive to ionomycin-induced Ca2� release, as
indicated by increased apoptosis, and accumulated more Ca2�

relative to control mammospheres. These studies suggest that
Ca2� may be one of the hypothesized local factor(s) (69) in
early signaling of mammary involution.

Recent studies have suggested that mammary involution is
the result of a nonclassical lysosomal-mediated pathway of cell
death resulting from induced lysosomal membrane permeabi-
lization (LMP) (60). The process requires Stat3, and cell death
differs from classical apoptosis. Postweaning, the rise in
Ca2�

cyt elicits both the transcription and enzymatic activation
of calpains, which are Ca2�-dependent cysteine proteases that
translocate to the lysosomes and mitochondria where they
initiate LMP and mitochondrial permeabilization (3). In con-
trast, PMCA2 overexpression prevents calpain activation, by
lowering intracellular calcium, thereby preventing cell death in
a T47D breast cancer cell model (115). These data together
provide additional evidence for a central role of calcium in
involution/cell death for both normal and cancerous breast
tissue. The interplay and expression of all the major breast
calcium channels and Ca2�-ATPases in the regulation of
intracellular calcium will be key to understanding involution
and cell death in both normal and cancerous breast tissue
(24, 40, 96).

MICROCALCIFICATIONS IN BREAST CANCER: DIAGNOSTIC

EVIDENCE OF DYSREGULATED CALCIUM TRANSPORT

Microcalcifications have been used extensively to diagnose
and characterize breast (23, 81) and other cancers including
thyroid (7) and renal (4). The mechanism(s) producing them
remain largely undefined, although aberrant secretion and ne-
crosis have been hypothesized to contribute to their formation
(93). Two types of microcalcifications—calcium oxalate and
calcium apatite—can be distinguished by their radiographic
“signatures” on mammograms, with the latter type correlating
more closely with malignant transformation (14, 42, 46; re-
viewed in 101). We propose that microcalcifications result
from abnormal expression of bone matrix proteins (osteonec-
tin, osteopontin, bone sialoprotein, bone matrix proteins) in
breast cancer cells (10) coupled with an inappropriate upregu-
lation of calcium secretion (9, 16) in the absence of caseins and
other calcium buffers (80). Abnormal secretion of Ca2� may
arise by dysregulation of CALTRANS components and signal
an early event in tumorigenesis. As seen in subsequent sec-
tions, inappropriate and/or sustained elevation of secretory
pathway Ca2�-ATPases is typical of luminal subtypes of breast
cancer and may lead to extracellular, insoluble deposits of
secreted Ca2�. High levels of PMCA2 seen in breast cancer
cells (115) would also be conducive to elevation of extracel-
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lular Ca2� and formation of extracellular microcalcifications.
Select components of the pathway(s) regulating normal bone
mineralization are upregulated in soft tissue calcifications in
breast cancer, particularly those regulating phosphate transport
and extracellular matrix composition (23). The combined ef-
fect of increased extracellular Ca2� and phosphates plus matrix
remodeling is conducive to mineralization. A mechanistic
understanding of the source(s) of Ca2� and implications of
distinct microcalcification “signatures” will improve diagnosis
and stratification of breast cancer metastatic risk.

DYSREGULATION OF CALTRANS IN BREAST CANCER

Ca2� is a double-edged sword, promoting both cell growth
and cell death, and hence Ca2�

cyt levels must be tightly
regulated and finely tuned. This rationalizes the complex mod-
ulation of Ca2� transporters accompanying oncogenic trans-
formation and the seemingly contradictory effects of inactiva-
tion and activation of specific CALTRANS members in pro-
tecting against or promoting tumorigenesis.

CALCIUM PUMPS

In general, elevation of Ca2�-ATPases serves to remove
Ca2� ions from the cytoplasm, clamping Ca2�

cyt to resting
levels. However, at least one isoform, SPCA2, also elevates
Ca2� entry via a novel interaction with plasma membrane
Ca2� channels. In cancer, abnormal expression of several Ca2�

pumps and channels results in dysregulated Ca2� homeostasis
that drives tumor growth and migration on the one hand and on
the other, confers resistance to apoptosis and poor prognosis
for survival.

Secretory pathway Ca2�-ATPases (SPCA). Homozygous
deletion of the ATP2C1 gene encoding the ubiquitously ex-
pressed, housekeeping isoform SPCA1 is not viable in mouse
models, but the aged heterozygotes exhibit squamous tumors in
keratinized epithelia and esophagus cells (85). Although the
same genotype causes the ulcerative skin disorder Hailey-
Hailey disease in humans, it is interesting that some studies
show an association with preneoplastic lesions and malignancy
(43). SPCA1 levels were found to be elevated in basal-like
breast cancers compared with luminal types, and knockdown
of SPCA1 in MDA-MB-231 cells delays the Golgi processing
of pro-IGF1 receptor, whose expression corresponds with poor
prognosis in breast cancer (48).

A second isoform, SPCA2, was highly expressed in luminal-
type breast cancer lines, with highest levels in ERBB2� breast
tumors (40). Knockdown of SPCA2 in MCF7 cells attenuated
cell proliferation, colony formation in soft agar, and tumor
formation in nude mice. Ectopic expression of SPCA2 in the
nontumorigenic cell line MCF10A conferred increased cell
proliferation and soft agar colony formation, which could be
abrogated by knockdown of the Orai1 channel. SPCA2 was
partially localized to vesicles near the plasma membrane where
it interacted with and elicited opening of Orai1 Ca2� channels,
resulting in the elevation of Ca2�

cyt and activation of ERK1/2
signaling pathways. Thus inappropriate expression of SPCA2
confers oncogenic potential via store-independent Ca2� entry
(SICE). Since activation of Ca2� influx by SPCA2 was inde-
pendent of its Ca2�-ATPase and transport function (40), active
site inhibitors of the pump would not be effective as a cancer
therapeutic. However, a 40-amino acid fragment of the NH2-

terminal domain of SPCA2 functioned as a dominant negative
blocker of the SPCA2-Orai1 interaction, suggesting that a
peptide-based approach may be an option. Of note, SPCA2 was
not expressed in the highly metastatic cell line, MDA-MB-231,
where STIM1/Orai1-mediated SOCE was required for cell
migration (122). Understanding the specific molecular signa-
ture of dysregulated CALTRANS components would thus be
important in directing treatment approaches.

Plasma membrane Ca2�-ATPases (PMCA). Isoform-spe-
cific upregulation of PMCA has been observed in a variety of
breast cancer tissues and cell lines, with up to 100-fold eleva-
tion of PMCA2 in some cancer cell lines relative to nontrans-
formed cells (64). In comparison, PMCA1 levels were only
modestly increased, and a small decrease in the PMCA4
isoform was observed (64). The latter was confirmed in colon
cancer cells, where PMCA4 is upregulated accompanying
differentiation postconfluence, but downregulated in prolifer-
ating cancer cells (5). Silencing of all PMCA isoforms in
MCF7 cells at levels that did induce cell death was shown to
slow cell cycle progression through G2/M phase (65). It has
been suggested that PMCA remodeling in cancer recapitulates
the changes in lactation to counter Ca2�-mediated apoptotic
pathways (25). Indeed, high expression of PMCA2 inhibits
apoptosis in breast cancer cells and is correlated with a poor
prognosis in breast cancer outcome (115). These observations
suggest that isoform-specific inhibitors may be useful in cancer
therapy. In one approach, a random peptide phage display
library was screened against an extracellular domain of
PMCA4 to generate a series of specific inhibitors with micro-
molar affinity (112). Such approaches applied to PMCA2 may
yield novel drugs to modulate Ca2� handling and induce
apoptosis in breast cancers.

Sarcoendoplasmic reticulum Ca2�-ATPases (SERCA). A
highly specific noncompetitive inhibitor of SERCA pumps is
thapsigargin, a sesquiterpene lactone from the roots of Thapsia
garganica. Thapsigargin was initially recognized as a tumor
promoter in a mouse model of skin cancer (51). Additionally,
a null mutation in one copy of the SERCA2 gene leads to
squamous cell carcinomas in the murine model (91). This
phenotype was demonstrated in cells which had no ras or p53
mutations and showed that haploinsufficiency of SERCA2 can
predispose to a cancer phenotype even when tumor-suppress-
ing genes have a normal genotype. However, thapsigargin has
been shown to inhibit cancer cell proliferation and migration in
multiple cell types, including breast cancer (56). Because
thapsigargin is a nonselective cytotoxin, therapeutic efforts via
clinical trials (NCT01056029 and NCT01734681) focus on the
use of a prodrug form that specifically targets cytotoxicity to
cancer cells, exemplified by coupling to prostate specific anti-
gen (PSA) in the treatment of prostate cancer (33). While
SERCA has not been specifically evaluated in breast cancer
tumors or cell culture models, it is reasonable to conclude that
the effects of thapsigargin may also implicate SERCAs in
breast cancer.

CALCIUM CHANNELS

Ca2�
cyt elevations in mammary epithelia derive from two

sources: extracellular via a variety of ion channels, and intra-
cellular, primarily from the ER and secretory pathway via the
IP3-gated receptor channel (IP3R).
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IP3-receptor channels. The inositol 1,4,5-trisphosphate re-
ceptor (IP3R) is the main Ca2� release channel in the ER.
There are three isoforms of IP3R, and two, IP3R1 and IP3R3,
are upregulated and hyperphosphorylated in the breast cancer
cell line, T47D (108). Further, IP3R1 and IP3R3 functionally
interacted with cy/cdk complexes (cyclin/cyclin-dependent ki-
nases) in T47D cells, suggesting that cy/cdk complexes not
only regulate cell proliferation, but also cellular Ca2� (108).

TRP channels. Transient receptor potential (TRP)-mediated
channels are a large superfamily of Ca2� channels, including
TRPC, TRPV, and TRPM subtypes, that play important roles
in several cancers (reviewed in 41, 66, 86). Isoforms of the
canonical, nonselective, and lipid-regulated TRPC family have
been implicated in tumor formation, breast cancer cell prolif-
eration, and migration. In MCF7 cells, activation of CaSR by
extracellular Ca2� turned on PLC/PKC signaling pathways to
elicit Ca2� influx via TRPC1. Silencing of TRPC1 blocked
downstream phosphorylation of ERK1/2 and proliferation of
MCF7 cells. Furthermore, TRPC1 expression itself was ele-
vated by ERK1/2 phosphorylation in MCF7 cells (35). TRPC6
was not detected in normal breast tissue (6), but was consis-
tently elevated in biopsies of breast tumors, albeit without
correlation to tumor grade, estrogen receptor expression, and
lymph node metastasis (49). Whereas TRPC3 and TRPC6
isoforms were upregulated in MCF-7 cells, in the highly
metastatic breast cancer cell line MDA-MB-231 both isoforms
showed intracellular localization. Despite differences in local-
ization, hyperforin, an activator of TRPC6 and component of
St. John’s wort, inhibited proliferation of these cancer cell lines
but not of the control MCF10A cells, and silencing of TRPC6
reduced cell proliferation without an effect on cell viability (6).
The TRPM (melastatin-related TRP) family includes cold-
activated TRP channels that are Ca2� and Mg2� permeable.
They appear to play a significant role in cancers involving the
reproductive organs. Specifically, TRPM7 was expressed at
high levels in grade III breast tumors and plays a role in uptake
of intracellular Ca2� into breast cancer cells (49). TRPM8
expression is regulated by the estrogen receptor ER alpha and
correlates with the ER� state of tumors (22). TRPV (vanilloid-
activated) channels are typically expressed in epithelial cells,
and comprise six isoforms. TRPV1 is associated with sensing
of menstrual breast pain, raising the possibility that pain
associated with breast cancer may be mediated by TRPV1
nociception (47). Not much is known about the localization
and specificity of the TRPV channels in mammary tissue,
except in the case of TRPV6, which is upregulated at the
mRNA level in T47D cells and can be regulated by vitamin D
and estrogen/progesterone. Furthermore, TRPV6 mediates the
action of tamoxifen on breast cancer cells (12, 13), suggesting
that the therapeutic effects of tamoxifen and protein kinase C
inhibitors in breast cancer therapy may be related to modula-
tion of TRPV6-mediated calcium entry.

Orai channels. The store-operated Ca2� entry (SOCE) path-
way is regulated by the ER localized single-pass protein,
STIM1. When ER stores are low, STIM1 forms puncta at
ER/plasma membrane junctions to open the Ca2� selective,
plasma membrane channel, Orai1. The coupling of STIM1
with Orai1 is dependent upon the absence of Ca2� from the
EF-hand of the luminal portion of STIM1, which signals store
depletion. Subsequent refilling of the ER store through the
SERCA pump reloads Ca2� in the EF-hand domain of STIM1,

uncoupling STIM1 from Orai1. In the lactating breast, ER and
Golgi complex volumes are increased to maximize Ca2� trans-
cytosis and secretory capacity for milk production. However,
in breast cancer, abnormal elevation of SPCA2 allows Orai
channels to open independent of the ER store Ca2� concen-
trations (40). During lactation, there is a significant increase in
the amount of Orai1, but not Orai2 or -3 (79). On the patho-
logical end of the spectrum, Orai1 is dramatically increased in
basal-type tumor samples and in the mammary tumor cell lines
MCF-7 and MDA-MB-231 (79).

Estrogen receptor positive mammary cancer cells (ER�) use
the Orai1/STIM1 pathways while estrogen receptor negative
(ER�) mammary cancer cell lines may use the elusive Orai3
coupling mechanism, thought to have the same or a similar
mechanism as the canonical Orai1/STIM1 pathway (82). The
specific STIM isoform partner for Orai3 and its direct mech-
anism of coupling, however, remain to be identified. siRNA
inhibition of Orai3 in MCF-7 cells arrested cell cycle progres-
sion at the G1 phase, inhibiting cell proliferation (39). Silenc-
ing of Orai3 also reduced the cyclin-dependent kinases (CDKs
2/4), cyclin E and cyclin D1 coupled with the accumulation of
p21 and p53. In the normal, immortalized cell line, MCF-10A,
the silencing of Orai3 had no significant effect on cell prolif-
eration, viability, or [Ca2�

cyt]. The altered regulation of Ca2�

in breast cancer may optimize proliferation and apoptosis
resistance, which are hallmarks of the cancerous state (38).

CALCIUM REGULATORS AND BINDING PROTEINS

Calcium channels and transporters play a significant role in
controlling compartment-specific Ca2� concentrations. The
critical importance of adequate regulation of Ca2� is under-
scored, however, by an additional level of sensing and modu-
lation afforded by the CaSR, which monitors changes in
extracellular Ca2�, and calcium buffering proteins, which al-
low increases in net cellular Ca2� without catastrophic changes
in free Ca2�

cyt.
Ca2� sensing receptor (CaSR). CaSR is expressed in nor-

mal, fibrocystic, and cancerous human breast epithelium (19).
Given the roles of CaSR in normal mammary gland/breast, it is
not surprising that CaSR is also expressed in many breast
cancer cell lines, where it regulates parathyroid hormone-
related peptide (PTHrP) secretion (102). Studies of CaSR
signaling in mammary epithelium have focused primarily on
alterations associated with breast cancer. In MCF-7 cells,
activation of CaSR by either extracellular calcium or neomy-
cin, an allosteric activator of CaSR, led to increases in Ca2�

cyt,
and increased colocalization of calbindin-D28k and CaSR, al-
though the mechanism and significance of the association
remains to be explored (89). The estrogen receptor expression
status of breast cancers has implications for the likelihood of
bone metastases and treatment outcomes. MCF-7 cells treated
with elevated extracellular calcium (up to 20 mM, reflecting
the bone resorptive niche) or CaSR allosteric agonists show a
decrease in estrogen receptor protein but increase in transcrip-
tional activation (58). If these results are verified in vivo, they
suggest CaSR serves as a link between estrogen receptor status
and bone metastases. CaSR activation by extracellular calcium
triggers breast cancer cell migration (100), providing indepen-
dent evidence for a second role for CaSR in bone targeting.
CaSR undergoes unique alterations in signaling preference in
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malignant breast cells, shifting from Gq/11/Gi/G12/13 in normal
breast epithelium to Gs in malignant cells (75). This shift
converts the normal downregulation of PTHrP secretion upon
CaSR activation into increased secretion, contributing to hy-
percalcemia of malignancy (75). In breast cancer cell lines
(MDA-MB-231 or MCF-7) but not in nonmalignant lines (Hs
578Bst or MCF-10A), CaSR activates choline kinase through a
G�12- and Rho-dependent pathway (54). The mechanism(s)
contributing to these shifts in CaSR signaling preference are
not known, but likely include a combination of altered expres-
sion and/or subcellular targeting of CaSR and/or differential
expression of interacting proteins.

Differences in CaSR expression and/or signaling have been
explored as potential targets in treatment of breast cancer
and/or attenuation of bone targeting. CaSR stimulation leads to
increased proliferation of MCF-7 cells, through pathway(s)
involving extracellular signal-regulated kinases 1 and 2, and
transient receptor potential channel TRPC1 (35, 36). Other
studies, however, argue that activation of CaSR reduces breast
cancer cell proliferation, decreases expression of survivin, and
sensitizes cells to the cytotoxic agent paclitaxel, suggesting
CaSR acts as a tumor suppressor in breast epithelium (72, 92).
Sorting out the discriminators which determine whether CaSR
promotes or hinders proliferation will determine whether it
represents a viable target in anti-breast cancer therapies.
BRCA1 mutations which inactivate the protein represent a
major risk factor for breast cancer. BRCA1 activity is required
for CaSR expression in MCF-7/MDA-MB-231 cells, which
leads to suppression of survivin expression (92). Ectopic ex-
pression of CaSR in BRCA1 defective cells restores survivin
suppression and attenuates proliferation (92). If these mecha-
nisms operate in vivo, modulation of CaSR expression may
present a novel treatment opportunity. Our understanding of
the contributions of CaSR to normal physiology and its de-
rangements in cancer is at present rudimentary, although the
weight of evidence argues that targeting CaSR in combinatorial
cancer therapies may prove beneficial (17, 100, 107).

Calcium buffering proteins. Several small molecular weight
proteins with EF hand domains bind Ca2� in the cytosol,
effectively buffering intracellular concentrations, and altering
the balance of cellular progression to apoptosis or proliferation.
The interaction between Calbindin-D28k and CaSR in MCF-7
breast cancer cells was described above (89). Members of the
S100 family of calcium binding proteins function intra- and
extracellularly to affect metastatic potential (57, 119). The
calcium binding protein sorcin was found to be upregulated in
a paclitaxel-resistant ovarian carcinoma line, and forced over-
expression in breast cancer cells also conferred paclitaxel
resistance, although the mechanism remained unknown (88).

Annexins. This large family of calcium-dependent phospho-
lipid binding proteins are known to promote cancer cell inva-
sion and migration in a variety of cancers. By providing a
membrane scaffold, annexins link intracellular Ca2� levels to a
wide variety of membrane events ranging from vesicle exo-
and endocytosis to cell differentiation and migration (reviewed
in 45). Although annexins show voltage-dependent Ca2�-
selective ion channel activity in artificial lipid bilayers, their in
vivo function as bona fide channels is less defined. In complex
with S100A10 protein, annexin A2 is required for biosynthetic
trafficking of several ion channels to the plasma membrane.
Annexins A2, A4 and A5 are upregulated in breast cancer (32)

and annexin A3 levels were correlated with poor prognosis for
survival (123).

SMALL MOLECULE REGULATORS OF CALCIUM

HOMEOSTASIS

Because of their small size and permeability, chemical
modulators of Ca2� homeostasis, both endogenous and extrin-
sic, offer therapeutic potential to control the efficiency of
lactation as well as inhibit tumor growth and migration. Here,
we briefly summarize evidence implicating some small mole-
cule Ca2� regulators in mammary biology.

Vitamin D. It is well established that vitamin D deficiency in
the pregnant and lactating mother predisposes the breastfed
infant to rickets, still a major public health concern in large
parts of the world (90). Several studies report that calcium and
dietary vitamin D play key roles in the prevention of breast
cancer (21, 44, 71, 98, 105) in pre- and postmenopausal
women. In breast cancer 1,25(OH)2D promotes cell differen-
tiation, inhibits proliferation, and induces apoptosis (73, 98,
103, 104, 120, 121). The amount of 1,25(OH)2D needed to
mediate these anticancer effects is above physiological/endo-
crine levels. Therefore, the positive effects of 1,25(OH)2D on
cancer are believed to be mediated by intracrine/autocrine
pathways following intramammary production of 1,25(OH)2D
from dietary derived 25OHD (61, 98, 121).

The difference in pathology for many breast cancers lies in
the balance of intracellular and plasma membrane calcium
transporters. 1,25(OH)2D increases Ca2�

cyt via both plasma
membrane entry and ER Ca2� release (78, 103, 104). Thus in
breast cancer cells, with less calcium buffering capacity than
normal breast cells, 1,25(OH)2D increases Ca2�

cyt to a con-
centration needed to promote apoptosis in several breast cancer
cell lines, resulting in caspase-independent and caspase-depen-
dent cell death (78, 104). Both the amount of VDR and the
expression of CYP27B1 in breast cancer cells will determine
their sensitivity to 1,25(OH)2D-induced, calcium-mediated ap-
optosis (61, 121).

Nitric oxide (NO). During lactation, NO enhances blood
flow to mammary glands and improves lactation performance
through dietary supplementation with arginine (59). NO also
promotes intracellular Ca2� release from mitochondria as well
as induces Ca2� influx in a variety of cell types, including
HeLa cells (34, 55), where it may promote tumorigenicity
through constitutive activation of Wnt/�-catenin signaling
(34). Increased nitric oxide synthase (NOS) activity, both
constitutive and inducible, was associated with highly meta-
static tumors (113). Ductal carcinomas showed significant
differences in NO biosynthesis in grade II vs. grade III tumors,
suggesting a correlation between tumor grade and NO syn-
thase. Additionally, tumor-associated activated macrophages
have significant NO synthase activity, which may work syner-
gistically with NO synthase activity in the myoepithelium and
vascular endothelial cells (113).

Cannabinoids. Endocannabinoids have been proposed to
play a key role in the suckling response and in mother-infant
bonds, based on rodent studies (76). There is growing evidence
that cannabinoid compounds from the Cannabis plant also
mediate calcium-dependent inhibition of proliferation or induc-
tion of apoptosis in mammary tumors (reviewed in 29). The
endogenous cannabinoid anandamide and several exogenous
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cannabinoid mimetics were shown to arrest the proliferation of
human breast cancer cells, including MCF-7 (31). Submicro-
molar levels of anandamide suppressed the mitogenic action of
prolactin by suppression of prolactin receptor synthesis and
resulting in downregulation of the oncogene product brca1
(31). In MDA-MB-231 cells, cannabidiol elicited both rapid
and sustained elevation of Ca2� that was independent of
extracellular Ca2� (70) suggesting release from intracellular
stores, possibly the mitochondria (99). Although TRPV chan-
nels have been implicated in the pathway, direct inhibition of
TRPV1 did not alter Ca2� release (70). A systematic analysis
of the ability of 11 purified compounds to elicit Ca2� eleva-
tions in HEK293 cells showed that cannabinoids activate
TRPA1, TRPV1, and TRPV2 channels, and antagonize TRPM8
(30). Given the resurgent interest in the therapeutic use of

Cannabis compounds, further mechanistic studies on their
antitumor properties, particularly by the nonpsychotropic can-
nabinoids, are warranted.

CALCIUM SIGNATURES IN PHYSIOLOGY AND

PATHOPHYSIOLOGY: LESSONS LEARNED AND ANTICIPATED

Thus far, we have documented how Ca2� compartmental-
ization, mobilization, sensing, and signaling are physiologi-
cally regulated under normal conditions of cell growth and
differentiation, and in mammary gland development and lac-
tation. It is also clear that these same processes are hijacked in
maintaining and promoting breast cancers. However, we are
only beginning to appreciate the specificity of such changes
associated with various tumor types. A better understanding of

Fig. 3. Distinct modes of calcium remodeling in
cancer. A: we hypothesize that in rapidly proliferat-
ing, primary tumors intracellular Ca2� stores are
replete due to elevated expression of SERCA2 and
SPCA2, and Ca2� entry occurs by SICE. B: in
cancer cells that have undergone epithelial to mes-
enchymal transition, ER Ca2� stores are released
under stimulation by increased GPCR signaling at
the plasma membrane, and migration requires
SOCE.
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how distinct calcium signatures may be driving different stages
and phenotypes of cancer development is an essential prereq-
uisite to tailoring personalized treatment and in predicting
patient outcome.

The differential expression and cellular phenotypes of two
secretory pathway Ca2�-ATPases is illustrative of this exqui-
site specificity. Both SPCA isoforms have similar transport
characteristics, and are expressed in breast where they localize
to Golgi compartments, although SPCA2 appears to have a
more prominent extra-Golgi vesicular localization. However,
elevated SPCA2 levels are associated with luminal, rather than
basal, breast cancers, with highest levels found in ERBB2�

cancers, of five transcriptional subtypes that have been defined
(40). This fits well with observations that SPCA2 expression is
restricted to luminal epithelial cells of the mammary gland,
whereas SPCA1 is found in both basal and luminal cell types
(37). Consistent with this distinct expression pattern, SPCA1
was found to be elevated in the more aggressive basal-like
breast cancers (48). Whereas SPCA2 elevation resulted in a
rise in Cacyt, through activation of Ca2� influx channels, and
activation of signaling pathways (pERK), the effect of SPCA1
appeared to be via processing and sorting of insulin-like
growth factor receptor, IGF-1, independent of alterations in
global Ca2� (48). Furthermore, the observation that SPCA2
levels are high in MCF-7, a human breast adenocarcinoma line
that forms rapidly growing, well defined tumors, but low in the
non-tumor-forming, highly metastatic cancer line MDA-MB-
231, could hint at underlying mechanistic differences in Ca2�

signaling between these cancer phenotypes. Thus we speculate
that SPCA2 elevation may be characteristic and permissive for
early stages in tumor formation where cell growth and prolif-
eration dominate. Under these conditions, stores are Ca2�

filled, and Ca2� influx occurs largely through store-indepen-
dent mechanisms (SICE), as depicted in Fig. 3A. MAP kinase
and cyclin D levels are constitutively activated, leading to high
levels of cell proliferation. Although cell polarity and tight
junctions may be lost, adhesion between cells must be largely
intact, as evidenced by expression of E-cadherin and the ability
to form “tumorspheres” in extracellular matrix or soft agar
(77). We propose a different scenario of Ca2� dynamics that
accompanies the epithelial to mesenchymal transition (EMT),
and acquisition of cell migratory capability (Fig. 3B). As
characterized by the MDA-MB-231 cell line, SPCA2 levels are
low, Ca2� release channels are elevated and stores are Ca2�-
depleted, and as a consequence, store-operated Ca2� entry
mechanisms are constitutively active, possibly due to increased
Ca2� signaling at the cell surface and release of ER Ca2�

stores. Consistent with our hypothesis, when MCF7 cells were
induced to undergo an EMT-like transition by activation with
TGF�, both Orai1 and STIM1 levels were elevated, resulting
in higher SOCE as shown in Fig. 3B (53). Blocking SOCE
mediated by STIM1 and Orai1 in MDA-MB-231 cells inhibits
cell migration (122), and STIM1 overexpression significantly
promoted tumor growth, metastasis and angiogenesis in human
cervical cancer xenograft experiments (reviewed in 18). Con-
sistent with the observation of SOCE, cell migration in meta-
static cells is mediated by activation of aberrant CaSR signal-
ing and directed to Ca2� rich microenvironments, such as bone
(75). Furthermore, cell junctions have been lost and focal
adhesions strengthened, as evidenced by loss of E-cadherin
expression (77). Although speculative, such a scenario would

account for distinct alterations of Ca2� channels, transporters,
and other homeostatic mechanisms in different stages or types
of breast cancer.

Recently, there has been growing emphasis on deciphering
the role of Ca2� signaling in the transition from epithelial to
the more aggressive mesenchymal type associated with breast
cancer metastasis, with emerging support for some aspects of
the model shown in Fig. 3, although some inconsistencies
remain likely due to differences in cancer cell models used.
Davis and colleagues investigated EGF-induced EMT in
MDA-MB-468 cells, a model of mammary cells considered
more epithelial compared with MDA-MB-231. Consistent with
our hypothesis, they observed store-independent Ca2� influx
(also termed nonstimulated Ca2� influx) to be significantly
greater in MDA-MB-468 cells relative to MDA-MB-231, and
diminished following EMT conversion (28). Following selec-
tive knockdown, they concluded that both TRPC1 and Orai1
contributed to SICE, whereas Orai1 had a prominent role in
SOCE, as expected. EGF-induced EMT was accompanied by
an elevation of Ca2�

cyt which was required for induction of
many EMT-related genes including vimentin, Twist and N-
cadherin (26). Curiously, although TRPM7 was required for
vimentin expression, no difference was detected in EGF-
mediated elevation of Ca2�

cyt following silencing of TRPM7
(26). As depicted in Fig. 3B, there was increased expression of
Ca2� release channels, including IP3 receptors (IP3R1, IP3R3)
and ryanodine receptor, RYR2, and SOCE (Orai1 and STIM1)
following EMT transition (27, 53). It remains to be determined
how subtle changes in isoform specificity, as was observed for
SERCA pumps in response to EGF stimulation in MBA-MD-
468 cells (27), contribute toward remodeling of Ca2� dynamics
to impact tumor initiation, proliferation, and progression. A
more comprehensive understanding of these changes will allow
therapeutic options to be better tailored to the individual,
improving efficacy and mitigating unwanted side effects in the
treatment of breast cancers.
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