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Abstract 13 
Comprised of a complex network of numerous intertwining pathways, the Ca2+ signalling nexus 14 
is an essential mediator of many normal cellular activities. Like many other such functions, the 15 
normal physiological activity of Ca2+ signalling is frequently co-opted and reshaped in cases 16 
of breast cancer, creating a potent oncogenic drive within the affected cell population. Such 17 
modifications can occur within pathways mediating either Ca2+ import (e.g. TRP channels, 18 
ORAI-STIM1) or Ca2+ export (e.g. PMCA), indicating that both increases and decreases within 19 
cellular Ca2+ levels have the potential to increase the malignant potential of a cell.  Increased 20 
understanding of these pathways may offer clinical benefit in terms of both prognosis and 21 
treatment; patient survival has been linked to expression levels of certain Ca2+ transport 22 
proteins, whilst selective targeting of these factors with novel anti-cancer agents has 23 
demonstrated a variety of anti-tumour effects in in vitro studies. In addition, the activity of 24 
several Ca2+ signalling pathways has been shown to influence chemotherapy response, 25 
suggesting that a synergistic approach coupling traditional chemotherapy with Ca2+ targeting 26 
agents may also improve patient outcome. As such, targeted modulation of these pathways 27 
represents a novel approach in precision medicine and breast cancer therapy. 28 
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 32 

Introduction 33 
Ca2+ ions represent a highly versatile and widespread secondary messenger within multiple 34 

intracellular signalling pathways and are involved in the regulation of a multitude of important 35 

cellular activities including proliferation, motility and apoptosis [1]. Due to its status as an 36 

element, Ca2+ can neither be synthesised nor degraded within a cell, unlike most other 37 

signalling molecules. Its activity as a secondary messenger is therefore dependent on the 38 

ability of a cell to tightly regulate both the temporal and spatial distribution of Ca2+ ions. This is 39 

accomplished through a careful balance of multiple interlinked pathways of Ca2+ influx, efflux 40 

and sequestration.  41 

Many of the pathways regulated by Ca2+ are of significance to the development and spread of 42 

several forms of cancer[2]., including tumours of the breast [3]. Considering that the 43 



physiological function of breast tissue includes concentration of Ca2+ during lactation, it is of 44 

little surprise that many Ca2+ transport proteins are intimately involved in the function of both 45 

normal and cancerous breast tissue [1]. Breast tissue undergoes significant remodelling in 46 

preparation for lactation and these changes include upregulation of many Ca2+ handling 47 

proteins to facilitate transfer of Ca2+ first across the basolateral membrane and then through 48 

the apical membrane into the alveolar lumen  [4-10]. 49 

Similar changes in several of these Ca2+ transport proteins have been observed in breast 50 

tumours, with many studies also demonstrating mechanistic links between the alteration of a 51 

breast cells Ca2+ homeostatic system and increases in important tumour-associated properties 52 

such as proliferation, invasion and apoptotic resistance [11-14]. The ability of Ca2+ ions to 53 

influence development of a tumour is highly flexible as oncogenesis can be associated with 54 

increases in either Ca2+ influx or efflux, which typically lead to changes in proliferative and 55 

apoptotic signalling, respectively.  56 

Such alterations have a direct, translational relevance to patient care. Knowledge of a patient’s 57 

expression levels of key Ca2+ transport proteins has significant clinical value in prediction of 58 

both survival and response to treatment [15-17]. Furthermore, the presence of calcium 59 

hydroxyapatite microcalcifications, which we and other groups have suggested form as a 60 

consequence of dysregulation of Ca2+ pathways [18-20], are a common mammographic 61 

finding leading to the early detection of many breast tumours. 62 

Alterations in Ca2+ transport and signalling are involved in all stages of a breast tumours 63 

initiation and progression. This review will summarise key findings regarding oncogenic 64 

modification of a select set of Ca2+ pathways within breast tumours and their influence on 65 

cellular behaviour and explore their prognostic relevance and emerging clinical potential as 66 

future targets in precision medicine. 67 

 68 

Ca2+ signalling patterns  69 

An important feature of Ca2+ signalling is that both the temporal and spatial influx of Ca2+ can 70 
be modulated, allowing for the generation of a diverse range of signals of far greater 71 
complexity than if Ca2+ signalling operated as a simple “ON-OFF” switch. Activation of Ca2+ 72 
influx does not necessarily generate a uniform increase in concentration throughout all regions 73 
of the cell. Instead, Ca2+ signals may occur in spatially and temporally organised blips, sparks, 74 
puffs, flickers, waves and oscillations (Fig. 1), each of which may be decoded and interpreted 75 
differently by the cell [21].  76 

As an example, activation of certain signalling pathways can lead to a regular oscillation 77 
pattern in intracellular Ca2+. Information can be encoded into both the frequency or amplitude 78 
of these oscillations, allowing for downstream Ca2+ binding proteins with different binding 79 
kinetics to be specifically activated by distinct patterns of Ca2+ oscillations [22]. Highly 80 
metastatic MDA-MB-231 cells were recently observed to display spontaneous oscillations in 81 
intracellular Ca2+, which were not found in weakly metastatic MCF-7 cells [23], suggesting that 82 
these oscillations were associated with the metastatic potential of breast cancer cells.  83 

A wide variety of modifications in Ca2+ signalling patterns are possible, each of which may 84 

yield a different outcome on cell properties. Increased Ca2+ influx can lead to a higher peak 85 

Ca2+ following stimulation or sustained intracellular levels over a more prolonged period, both 86 

of which may activate proliferative pathways [24, 25]. Conversely, an increase in Ca2+ efflux 87 



activity will rapidly counteract any stimulation and can suppress apoptotic signalling, 88 

promoting cell survival.  These changes occur as the result of altered expression levels of the 89 

various transporters and Ca2+-binding proteins responsible for intracellular Ca2+ homeostasis. 90 

In order to understand the mechanistic link between altered Ca2+ signalling factors and 91 

tumourigenic properties, we will examine a select few of these factors and their possible 92 

clinical utility as prognostic markers and targets for personalised therapy.      93 

Intracellular Ca2+ storage and release  94 

Intracellular Ca2+ is typically maintained below 100 nM, significantly lower than the 1-2 mM 95 
found in the extracellular environment [26]. In order to maintain low intracellular Ca2+, cells 96 
utilise a combination of active ATPase pumps and exchange transporters to both export Ca2+ 97 
from the cell and sequester it within cytoplasmic organelles including mitochondria and the 98 
endoplasmic reticulum (ER). In addition to forming the main site for intracellular Ca2+ storage, 99 
with an intra-organelle Ca2+  concentration between 100 and 800 μM [27], the ER also contains 100 
large amounts of Ca2+  binding proteins including calreticulin and calnexin, which help to buffer 101 
Ca2+ as well as acting as molecular chaperones to assist in the folding of newly synthesised 102 
proteins [28]. The buffering function of these proteins is essential as both excess and 103 
inadequate Ca2+ is detrimental to ER function [29]. The effect of persistent Ca2+ depletion within 104 
the ER has been investigated experimentally using the inhibitor thapsigargin and has been 105 
shown to lead to an accumulation of misfolded proteins due to loss of calcium-dependent 106 
chaperone activity and subsequent activation of the unfolded protein response (UPR) [30]. 107 
UPR signalling in breast cancer has been linked to increased resistance to multiple forms of 108 
therapy [31, 32]. 109 

Prolonged rises in intracellular Ca2+ can trigger apoptosis [33], necessitating a swift return to 110 
physiological Ca2 levels  to avoid unwanted cell death. This is accomplished through active 111 
export via Ca2+ efflux pumps, such as the plasma membrane Ca2+ ATPase (PMCA) family, as 112 
well as re-uptake into the ER. Ca2+ is actively pumped into the ER by sarco/endoplasmic 113 
reticulum Ca2+ ATPase (SERCA) pumps. Vertebrates possess three paralogous SERCA 114 
genes, each capable of producing multiple isoforms via alternative-splicing [34]. The high-115 
affinity SERCA2b isoform is ubiquitously expressed and operates in a “house-keeping“ role to 116 
maintain a sufficient Ca2+  supply within the ER and buffer cytoplasmic Ca2+  to within the 117 
nanomolar range [35]. SERCA2b has been linked to acquisition of aromatase inhibitor 118 
resistance by reducing ER stress and retaining ERα expression [36]. SERCA3, which is 119 
expressed in luminal and HER2+ but not triple negative breast cancers [37, 38], is upregulated 120 
during TGF-β -induced epithelial-mesenchymal transition (EMT) [39] and has recently been 121 
shown to also undergo upregulation in response to progesterone, leading to alterations in ER 122 
Ca2+ efflux and chromatin condensation [40]. Because of these pro-tumourigenic effects, 123 
inhibition of SERCA activity has been proposed as a therapeutic strategy and several SERCA 124 
inhibitors have now been identified that show efficacy against breast cancer cell lines in in 125 
vitro studies [41, 42]. 126 

The ER maintains an internal Ca2+ storage pool that can be selectively released in response 127 
to activation of pathways in order to propagate or amplify a Ca2+ signal. Ca2+ release from the 128 
ER is mediated by two families of intracellular channels. Inositol 1,4,5-trisphosphate receptors 129 
(IP3R), are activated by binding of the IP3 ligand, which is produced by phospholipase C (PLC) 130 
in response to triggering of an associated G‐protein‐coupled receptors (GPCR), receptor 131 
tyrosine kinase (RTK) or other associated receptor [43] Ryanodine receptors (RyR), on the 132 
other hand, are inactive at low levels of cytoplasmic Ca2+ but become activated by rises in 133 
intracellular  Ca2+ , causing a positive feedback loop [44]. 134 



Both these families of intracellular Ca2+ channels have been implicated in the development of 135 
mammary tumours. RyR expression correlates with tumour grade [45] and knockdown of the 136 
RyR3 isoform significantly reduced proliferation and migration in the MCF-7 and MDA-MB-231 137 
cell lines [46]. RyR channels were also recently shown to contribute to enrichment of breast 138 
cancer stem cells and development of resistance following chemotherapeutic treatment via 139 
cooperative interaction with glutathione S-transferase omega 1 (GSTO1) and activation of the 140 
STAT3/IL-6 pathway [47].  141 

Many studies on the role of IP3R in breast cancer have focused on the IP3R3 isoform. Estrogen 142 
regulates both the expression and activity of the IP3R3 isoform in MCF-7 cells, which 143 
contributes to the proliferative effect of estrogen signalling  [48]. IP3R also contributes to 144 
migration, with higher expression levels correlating with increased migratory rates in a panel 145 
of breast cancer cell lines and siRNA silencing markedly reducing migration through a Boyden 146 
chamber [49]. Both RyR and IP3R may contribute to EMT as induction of EMT in triple-negative 147 
MDA-MB-468 cells by epidermal growth factor (EGF) stimulation upregulates expression of 148 
the IP3R1, IP3R3 and RYR2 channels [50]. 149 

In addition to the ER, cytosolic Ca2+ is also regulated by the mitochondria. Ca2+ entering the 150 
mitochondria passes first through the outer membrane via the high-conductance voltage-151 
dependent anion channel 1 (VDAC1) before transport through the inner membrane via the 152 
mitochondrial Ca2+ uniporter (MCU) [51]. The low Ca2+ affinity of MCU [52] would render the 153 
transporter inefficient at physiological cytosolic Ca2+ concentrations. However, regions of  154 
close proximity between the ER and a subset of the cells mitochondria leads to creation of a 155 
localised micro-domain which, following  Ca2+ release from the ER, will be of a sufficient  Ca2+ 156 
concentration to stimulate mitochondrial uptake [53]. Transfer of Ca2+ across these 157 
mitochondria-associated ER membranes appears to play a significant role in tumour 158 
development as MCU expression correlates with tumour size and node infiltration and may 159 
promote growth and metastasis in triple-negative breast cancers [54, 55]. Mitochondrial Ca2+ 160 
uptake has also been shown to be crucial to cell movement by regulating cytoskeletal 161 
organisation [56, 57].  162 

 163 

Store Operated Ca2+ Entry 164 
As a certain amount of Ca2+ is lost through the activity of efflux pumps, the ER must periodically 165 
refill its internal stores from the extracellular environment through activation of store-operated 166 
calcium entry (SOCE), a ubiquitous Ca2+ influx pathway in eukaryotic cells. SOCE operates 167 
through Ca2+ release-activated Ca2+ (CRAC) channels, the precise nature of which remained 168 
unidentified until the mid-2000s, when they were revealed as a complex of the Ca2+ detector 169 
stromal interaction molecule 1 (STIM1) and the plasma membrane pore-forming protein 170 
Orai1 [58-62].  171 

SOCE is activated in response to decreased Ca2+ levels within the ER lumen as monitored by 172 
intraluminal Ca2+-binding domains of STIM1 [63]. Decreases in Ca2 within the ER lumen 173 
causes bound Ca2+ to dissociate from these domains [64], inducing a conformational change 174 
leading to translocation of the active-STIM1 to regions of the ER in close proximity to the 175 
plasma membrane. Activated STIM1 proteins can then associate with Orai1. Initially identified 176 
in a linkage analysis study of patients with severe combined immunodeficiency (SCID) due to 177 
lack of CRAC channel function [58], Orai1 is now known to be one of three mammalian Orai 178 
homologs which form hexameric pores in the plasma membrane with high Ca2+-selectivity. 179 
Tethering of STIM1 to Orai1 results in activation of the channel and an influx of Ca2+ from the 180 
extracellular environment. 181 



Although the canonical SOCE pathway is the best described function of the STIM1-Orai1 182 
complex, both proteins can also activate other modes of Ca2 transport. STIM1 has been shown 183 
to activate the transient receptor potential canonical 1 (TRPC1) channel in certain cell types, 184 
resulting in the generation of Ca2+ influx currents and downstream-signalling effects distinct 185 
from those generated by Orai1 activation [65]. Interestingly, Orai1 itself is necessary for 186 
TRPC1 activation [66] as Orai1-mediated Ca2+ entry first recruits TRPC1-containing vesicles 187 
to the plasma membrane [67] where they can subsequently be activated by interaction with 188 
STIM1.  189 

Alterations in both expression levels and functional activities of the SOCE pathway have now 190 
been demonstrated in several forms of cancer, including breast. Knockdown of either Orai1 or 191 
STIM1 significantly decreased migration and invasion of MDA-MB-231 cells while conversely, 192 
overexpression increased migration of non-tumourigenic MCF-10A epithelial cells [68]. 193 
Overexpression of STIM1 has been reported in breast cancer biopsy samples, with higher 194 
expression levels correlating with a decrease in disease-free survival (DFS) [69]. Further work 195 
from the same group showed that STIM1 expression is controlled by miR-223 and that 196 
decreased miR-223 levels in patients may increase proliferation and metastasis via a loss of 197 
STIM1 inhibition [70]. These effects may be linked to EMT as both STIM1 and the related 198 
STIM2 (which initiates a weaker but more prolonged SOCE in response to smaller ER Ca2+ 199 
shifts [71]) promote SOCE in response to TGF-β-induced EMT [72]. 200 

Orai1 is upregulated in breast cancer cell lines and is expressed particularly highly in cells of 201 
the basal subtype [15, 73]. Different subtypes of breast cancer appear to utilise different 202 
combinations of STIM and Orai proteins to mediate SOCE. Patch-clamp analysis of the ERα- 203 
MDA-MB-231 cell lines demonstrates an almost total loss of SOCE following knockdown of 204 
either STIM1 or Orai1, confirming activity of the canonical SOCE pathway [74]. In contrast, 205 
SOCE in the ERα+ MCF-7 cell line was unaffected by loss of Orai1 but was attenuated by 206 
knockdown of either STIM1, Orai3 and, to a smaller but significant extent, STIM2. These 207 
results indicate a preference for a STIM1/2 and Orai3 combination in ERα+ and the canonical 208 
STIM1 and Orai1 pathway in ERα- cells. This difference may be due to a direct impact of ERα 209 
on expression levels of SOCE-associated proteins as knockdown of ERα in MCF-7 cells 210 
causes decreased expression of Orai3 (but not Orai1), whilst treatment with the ERα ligand  211 
17β-estradiol results in a 3-fold increase in Orai3 mRNA levels [75].  212 

Orai3 may constitute a novel marker and therapeutic target within breast cancer as Orai3 213 
knockdown decreased anchorage-independent growth, Matrigel invasion and in vivo tumour 214 
development [75] as well as selectively inhibiting cell-cycle progression and proliferation in 215 
MCF-7 cells without affecting normal breast epithelial cells [76]. Furthermore, Orai3 216 
expression strongly correlates with expression of the oncogenic transcription factor c-Myc, 217 
with knockdown of Orai3 leading to a significant decrease in both expression and activity of c-218 
Myc via the MAPK pathway [77]. Recently, Orai3 was even shown to contribute to 219 
development of chemoresistance by increasing p53 degradation [78]. 220 

Considering the multitude of tumourigenic properties associated with SOCE, it is of no surprise 221 
that development of active agents targeting this pathway are currently under development with 222 
many showing significant anti-cancer effect. Carboxyamidotriazole, which is currently in 223 
clinical trials for several forms of solid tumour, suppresses several Ca2+ transport pathways 224 
including SOCE and has shown some promise in the treatment of breast tumours  [79, 80]. 225 
Phemindole acts a potent apoptotic inducer in triple-negative breast cancer cells by 226 
downregulating expression of STIM1 and decreasing SOCE, leading to ER stress mediated 227 
cell death and markedly inhibiting growth in an in vivo mouse model [81].  228 



SOCE was also recently shown to be decreased by several receptor tyrosine kinase (RTK) 229 
inhibitors, used in the treatment of patients with HER2-overexpressing breast tumours [82]. 230 
This may represent a novel mechanism of these drugs, with the authors also suggesting that 231 
the frequent upregulation of the SOCE pathway in breast cancer could contribute to resistance 232 
against such therapies. SOCE may also contribute to resistance against other forms of 233 
therapy, as the high sodium content found within the breast tumour microenvironment can 234 
activate SOCE and increase expression of P-glycoprotein, a known promoter of drug 235 
resistance [83].  236 

 237 

Lactation-associated Ca2+ transport: Relevance to breast cancer  238 
Ca2+ transport pathways within breast tissue undergoes a significant remodelling process 239 
during mammary gland development preceding lactation [1], and it has been suggested that 240 
the oncogenic transformation of breast epithelial cells to a malignant phenotype may 241 
recapitulate this process (Fig. 2). The secretory pathway calcium ATPases (SPCA) are 242 
responsible for supplying the Golgi apparatus with Ca2+ and Mn2+ ions, essential to the 243 
organelles function of protein sorting and processing [84]. Both SPCA1 and SPCA2 are 244 
significantly upregulated during lactation [10, 85], where they are hypothesised to contribute 245 
to the extensive transcellular flux of Ca2+ into the alveolar lumen [10]. Both isoforms are also 246 
upregulated in cases of breast cancer [20, 86], and have been shown to contribute to tumour 247 
development [86]. 248 

Unexpectedly, Feng et al found that knockdown of SPCA2 in MCF-7 cells lead to a significant 249 
reduction of intracellular Ca2+[86]. SPCA2 was subsequently shown to traffic to the plasma 250 
membrane where it could directly interact with Orai1 leading to channel opening and 251 
constitutive Ca2+ influx. This unusual method of Orai1 activation was also found to be 252 
independent of Ca2+ levels within the ER lumen and to contribute to the tumourigenicity of 253 
breast cancer, with SPCA2 knockdown leading to decreases in proliferation, anchorage-254 
independent growth and RAS signalling. SPCA2 was also recently shown to play  role in the 255 
formation of microcalcifications [20], an important mammographic indication leading to early 256 
detection of  many breast tumours. The precise mechanism by which SPCA2 promotes 257 
calcification is not clear but may involve intravesicular concentration of Ca2+ and nucleation of 258 
hydroxyapatite crystals. Studies from our lab and others have suggested microcalcifications 259 
to occur as the result of an active, cellular process involving not only SPCA2 but additional 260 
Ca2+ transport mechanisms [19, 46], ectopic expression of bone-associated proteins [87] and 261 
acquisition of a mesenchymal-phenotype [88]. The presence of microcalcifications has long 262 
been recognised for its efficacy in breast tumour detection, with some studies also suggesting 263 
links between these calcium deposits and important clinical considerations such as prognosis, 264 
HER2 expression and invasion [19]. Experimental evidence suggests that the increased 265 
aggressiveness often observed in calcification-associated breast tumours may stem from a 266 
direct influence on Ca2+ signalling within the tumour. Stimulation of breast cancer cells with 267 
hydroxyapatite nanocrystals stimulates proliferation, migration, and expression of 268 
inflammatory mediators and metalloproteinases [89-91].  269 

Although the potential contribution of SPCA1 to breast cancer is less understood than SPCA2, 270 
SPCA1 has been shown to be upregulated in breast cancer of the basal subtype where it plays 271 
a significant role in promoting proteolytic cleavage and activation of IGF1R [92]. 272 

 273 

In addition to SPCA1/2, transcellular flow of Ca2+ ions during lactation is mediated by a second 274 
family of ATPase proteins. The plasma membrane Ca2+ ATPase (PMCA) family consist of four 275 



isoforms each capable of producing multiple variant proteins through alternative splicing [93], 276 
which are expressed at varying levels in different tissues. PMCA1 and PMCA4 are considered 277 
to be ubiquitously expressed [94] with studies of breast cancer cell lines demonstrating altered 278 
expression of both isoforms [95, 96]. The PMCA2 isoform is crucial for lactation as evidenced 279 
by its strong upregulation in murine models of lactation and the 60% reduction in Ca2+ levels 280 
in milk from PMCA2-null mice [5].  281 

In addition to their physiological role, PMCA transporters have also been shown to be 282 
important mediators of response to apoptotic stimuli in breast cancer cells. Silencing of 283 
PCMA2 in MDA-MB-231 cells reduced proliferation and enhanced sensitivity to doxorubicin, 284 
ionomycin and the Bcl-2 inhibitor ABT-263 [16, 97]. Similar to the PMCA2 isoform, both 285 
PMCA1 and PMCA4 appear to act in a protective fashion against different cytotoxic agents. 286 
In a study of the relative contributions of both isoforms to Ca2+ regulation in MDA-MB-231 cells, 287 
knockdown of PMCA1 reduced Ca2+ influx in response to a variety of inducers including the 288 
SERCA inhibitor cyclopiazonic acid, ATP and ionomycin, indicating this isoform acts as a 289 
major modulator of cytoplasmic Ca2+ within the MDA-MB-231 cell line [98]. Although cell 290 
viability was unaltered by knockdown of either PMCA1 or PMCA4 knockdown, loss of PMCA1 291 
was observed to significantly increase the number of necrotic cells following ionomycin 292 
treatment, highlighting the essential role of PMCA1 in preventing excessive Ca2+ influx. 293 
Interestingly, although knockdown of PMCA4 caused little alteration in cytoplasmic Ca2+, it did 294 
significantly increase cellular sensitivity to the pro-apoptotic agent ABT-263, further 295 
demonstrating an isoform-specific modulation of cellular death pathways.  296 

PMCA2 is perhaps the best characterised isoform in the context of breast cancer and has 297 
been shown to be upregulated in studies of both cell lines and patient samples [16, 96] , with 298 
high expression levels correlating with a high tumour grade, lymph node involvement and a 299 
decrease in patient survival [12]. Several studies have also identified an association between 300 
PMCA2 and HER2 positivity, with PMCA2 activity also appearing to play a vital role in HER2 301 
protein localisation and signalling. This association was amply demonstrated by Jeong et al., 302 
who used  tissue microarray staining to show correlation between expression of PMCA2 and 303 
HER2 and co-localisation of the two proteins within the cell plasma membrane [99]. PMCA2 304 
knockdown reduced levels of total and phosphorylated HER2 in the HER2+ SKBR3 and 305 
BT474 cell lines, whilst overexpression in the luminal T47D cell line lead to increased HER2 306 
expression and activity and a significantly enhanced tumour forming capability when implanted 307 
into immunocompromised mice. 308 

A subsequent study showed that PMCA2 expression is itself regulated by HER2 signalling, 309 
allowing for HER2 protein to promote its own stability and activity via increasing PMCA2 310 
expression and decreasing intracellular Ca2+ [100]. Interestingly, the influence of PMCA2 on 311 
HER2 was found to be highly dependent on PMCA2’s ability to regulate intracellular Ca2+, as 312 
expression of a catalytically inactive form of PMCA2 failed to support HER2 activity whilst 313 
treatment of SKBR3 cells with a combination of high extracellular Ca2+ and ionomycin 314 
decreased HER2-PMCA2 interaction. This is in contrast to some studies of PMCA2 function 315 
in the MDA-MB-231 cell line, where knockdown decreased proliferation and increased 316 
chemosensitivity without altering intracellular Ca2+ levels [16, 97]. This may be due to 317 
differences in the relative contributions of different PMCA isoforms to the behaviour of 318 
individual cell lines.  PMCA1 has previously been shown to be the predominant PMCA isoform 319 
involved in global Ca2+ regulation in MDA-MB-231 cells [98]. 320 

In addition, PMCA isoforms are now thought to operate through a “fine-tuning” process, 321 
whereby they may affect processing of Ca2+ signals without significant alteration of global Ca2+ 322 
concentrations. One method by which this may be accomplished is through binding with Ca2+-323 



regulated proteins and isolating them in localised regions of low Ca2+, generated by the Ca2+ 324 
efflux activity of PCMA itself [101]. An example of this is the calcineurin/ nuclear factor of 325 
activated T-cells (NFAT) pathway. Calcineurin is a serine/threonine phosphatase that 326 
becomes activated in response to increased intracellular Ca2+, triggering further activation of 327 
multiple signalling factors including NFAT. Activation of the calcineurin/NFAT pathway is often 328 
considered tumourigenic as it has been shown to promote migration and invasion in breast 329 
cancer cells [102]. However, high levels of calcineurin activation may also promote apoptosis 330 
[103].  331 

PMCA2 regulates activation of the calcineurin/NFAT pathway through direct interaction with 332 
calcineurin, sequestering it within “cellular micro-domains” [104, 105]. Baggott et al 333 
demonstrated that this interaction could be blocked by overexpression of a PMCA2 peptide 334 
fragment responsible for calcineurin binding, which competes with endogenous PMCA2 and 335 
reduces the levels of calcineurin sequestered within low-Ca2+ plasma membrane micro 336 
domains, allowing for its activation. Disruption of PMCA2-calcineurin interactions was also 337 
shown to increase levels of pro-apoptotic FasL with a consequent activation of apoptosis and 338 
enhancement of paclitaxel cytotoxicity.  339 

 340 

Transient receptor potential channels  341 
Transient receptor potential (TRP) channels represent a large family of ion channel proteins 342 
which can be further divided into multiple subfamilies including TRPC (canonical), TRPV 343 
(vanilloid) and TRPM (melastatin). These diverse channels can be gated by a variety of stimuli, 344 
including temperature, mechanical stimulation, chemical ligands and ion concentrations. Many 345 
TRP channels have been implicated in breast tumourigenesis [106].   346 

The canonical TRP channels (TRPC1-7) are the most conserved members of the TRP family 347 
to the originally identified drosophilia protein. As previously discussed, the TRPC1 channel 348 
can activate an alternative mechanism of SOCE in certain cell types [66, 67] and is also the 349 
best characterised TRPC channel in relation to breast cancer. TRPC1 is upregulated in breast 350 
cancer [18], especially within the basal subtype where it appears to act as an important 351 
mediator of hypoxic response. Knockdown of TRPC1 decreased hypoxia-induced 352 
phosphorylation of STAT3 and EGFR and subsequent induction of the EMT marker Snail 353 
[107]. Induction of EMT in breast cancer cells is known to be a Ca2+ dependent process [108] 354 
and other studies have also highlighted a role for TRPC1 (and other TRP channels) in 355 
promoting EMT. TGF-β stimulation promotes SOCE in murine mammary epithelial cells, which 356 
acts to increase migration and expression of mesenchymal markers [109]. These increases 357 
were found to be abrogated following silencing of the TRPC1 channel and conversely 358 
increased by TRPC1 overexpression.  Similarly, knockdown of TRPC1 in MDA-MB-468 cells 359 
blocks EGF-mediated upregulation of ATP-binding cassette, sub-family C, member 3 360 
(ABCC3), a known promoter of multidrug resistance [110]. In addition to TRPC1, studies have 361 
also shown upregulation of TRPC3 and TRPC6 in breast cancer samples [13]. TRPC3 362 
expression is elevated in the triple-negative MDA-MB-231 cell line compared to luminal MCF-363 
7 cells, where its inhibition markedly reduced proliferation and increased apoptosis [111]. 364 
Similarly, TRPC6 is upregulated in breast cancer cell lines [112], where it promotes 365 
proliferation, migration and invasion, likely through regulating localisation of Orai1 and Orai3 366 
channels [13, 113].  367 

The TRP-melastatin (TRPM) subfamily contains 8 members, named after the first identified 368 
member melastatin 1 (TRPM1). Several members of the TRPM family contains enzymatic 369 
domains in addition to their ion channel function. For example, TRPM7 which is overexpressed 370 



in breast cancer patients [11, 18, 112] and has been shown to correlate with decreased patient 371 
survival [114], contains a kinase domain which promotes a mesenchymal phenotype in breast 372 
cancer cells with associated increases in migration and invasion [115]. Knockdown of TRPM7 373 
reduced vimentin levels and activation of STAT3 pathways in response to EGF stimulation in 374 
MDA-MB-468 cells [108], as well as significantly reducing focal adhesion, cell migration and 375 
invasion and tumour formation in a xenograft model [11, 114]. TRPM7 may also play a role in 376 
formation of microcalcifications as pharmacological inhibition and siRNA knockdown reduced 377 
calcification in an in vitro model [19]. 378 

The TRPM2 channel appears to protect breast cancer cells from genomic damage, as 379 
knockdown has been shown to increase both sensitivity to chemotherapeutic agents and 380 
levels of DNA damage under resting conditions, as well as reducing proliferation [116, 117]. 381 
The fact that these effects were observed only in transformed breast cancer cells and not in 382 
noncancerous cells raises the possibility of targeting TRPM2 as a viable therapeutic strategy. 383 
Additionally, bioinformatic analysis has suggested it may be of prognostic value in ERα- and 384 
HER2+ patients [118]. Interestingly, although reduced expression of TRPM2 renders breast 385 
cancer cells more susceptible to chemotherapeutic damage, it conversely increases 386 
resistance to neutrophil-cytotoxicity and metastatic potential, suggesting that expression of 387 
this channel may be a positive or negative factor, depending on the stage of tumour growth 388 
and spread [119]. TRPM8 is important in the perception of cold, and is responsive to 389 
decreases in temperature and menthol. It is also highly expressed in many breast tumours 390 
[112, 120], with expression levels being regulated in part by estrogen signalling  [121]. 391 
Knockdown of TRPM8 decreased migration, invasion and expression of mesenchymal 392 
markers in MDA-MB-231 cells, with overexpression in MCF-7 conversely promoting an EMT 393 
effect via activation of the AKT/GSK-3β pathway [120]. 394 

TRP- vanilloid (TRPV) channels are a family of 6 TRP channels, several of which are 395 
thermosensitive and play a role in temperature detection. A recent examination of the 396 
subcellular distribution of TRPV1 channels found that patients with aggregation of TRPV1 397 
protein within the ER or Golgi apparatus had a significantly reduced survival rate compared to 398 
patients with a more diffuse pattern of staining [122]. Activation of TRPV1 may promote cellular 399 
death in breast cancer cells suggesting that channel agonists could have some therapeutic 400 
efficacy as was demonstrated in a study by Wu et al., which demonstrated a TRPV1-401 
dependent induction of necrosis in MCF-7 cells following treatment with the TRPV1 agonist 402 
capsaicin [123]. Other studies have also found that proliferation could be disrupted by both 403 
agonists and antagonists of the channel, suggesting a range of potential clinical strategies 404 
[124].  405 

The TRPV6 channel may also be a promising target as its expression is elevated in breast 406 
cancer and associated with poor survival [112, 125]. Knockdown of TRPV6 decreased 407 
proliferation and increased apoptosis in T47D cells [126]. The ERα-modulator tamoxifen has 408 
also been shown to inhibit both expression and activity of TRPV1, suggesting that reduced 409 
TRPV-1-mediated Ca2+ could play a role in the anti-proliferative effect of tamoxifen [126, 127]. 410 
Interestingly, similar levels of TRPV6 inhibition were observed in the ERα- MDA-MB-231 cell 411 
line as ERα+ MCF-7, indicating that this effect was independent of estrogen signalling and 412 
could be effective even in patients with ERα- tumours [127] 413 

The TRPV4 channel was also found to be upregulated in breast cancer, with further 414 
increased levels observed in metastatic lesions and expression correlated with tumour 415 
grade, size, and decreased survival [128]. Although this upregulation confers breast cancer 416 
cells with increased tumourigenic properties including loss of E-cadherin expression and 417 
supporting migration and invasion [128, 129], excessive activation can also promote cell 418 



death [130] and may improve response  to chemotherapy via normalisation of the tumour 419 
vasculature [131].  420 

Conclusion  421 
 422 

Considering the diverse range of physiological activities regulated by Ca2+ signalling, it is of 423 
little surprise that alterations within this complex signalling network have the potential to 424 
influence tumour behaviour.  Ca2+ signalling within tumours is controlled by an ever-expanding 425 
family of transporters, many of which have now been demonstrated to be dysregulated. Many 426 
studies have correlated expression levels of these channels with important clinical attributes 427 
such as proliferative rate and HER2 status, suggesting they may be clinically useful as 428 
prognostic tests. Looking towards therapeutic options, in vitro studies have demonstrated 429 
clear proof of concept in both inhibiting and activating certain channels to alter key tumour 430 
properties such as proliferation and apoptosis. Although promising, some challenges remain 431 
before translation of these findings can truly begin. Perhaps the most significant hurdle to be 432 
overcome is the generation of novel agents with improved specificity, as many inhibitors 433 
commonly used in in vitro studies are capable of inhibiting related channels, and in some 434 
cases, even activating them [132]. However, this work is currently under way [133], with 435 
several promising agents in development, some of which have undergone early clinical trial 436 
[134]. In addition, many Ca2+ transporters have differential expression patterns between 437 
tumour types and even subtypes, requiring a careful selection of targets to maximise clinical 438 
benefit and reduce the risk of side-effects. It is hoped that continuing study and improved 439 
understanding of tumourigenic Ca2+ signalling pathways will soon allow for translation of these 440 
findings to the clinic in order to improve patient outcome. 441 
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