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Abstract
Triple-negative breast cancer (TNBC) is characterized as an aggressive form of breast cancer (BC) associated with
poor patient outcomes. For the majority of patients, there is a lack of approved targeted therapies. Therefore,
chemotherapy remains a key treatment option for these patients, but significant issues around acquired resistance
limit its efficacy. Thus, TNBC has an unmet need for new targeted personalized medicine approaches. Calcium
(Ca2+) is a ubiquitous second messenger that is known to control a range of key cellular processes by mediating
signalling transduction and gene transcription. Changes in Ca2+ through altered calcium channel expression or
activity are known to promote tumorigenesis and treatment resistance in a range of cancers including BC. Emerging
evidence shows that this is mediated by Ca2+ modulation, supporting the function of tumour suppressor 
genes (TSGs) and oncogenes. This review provides insight into the underlying alterations in calcium signalling and 
how it plays a key role in promoting disease progression and therapy resistance in TNBC which harbours 
mutations in tumour protein p53 (TP53) and the PI3K/AKT pathway.
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INTRODUCTION
Triple-negative breast cancer is associated with a worse disease outcome
Breast cancer (BC) is the most common female-specific cancer in the world[1]. Triple-negative BC (TNBC) 
accounts for ~15% of all BC cases and is characterized by a clinically more aggressive disease, which is 
linked with higher recurrence rates, increased metastatic potential and poorer overall survival[2-4]. Unlike 
oestrogen receptor-positive (ER+) BC and human epidermal growth factor receptor 2 (HER2)-positive BC, 
TNBC lacks the expression of oestrogen, progesterone and HER2 receptors[5,6]. In both ER+ and HER2-
positive BC, the expression at the protein and/or gene level of these receptors has been successfully targeted 
as a cancer treatment with either small molecule inhibitors or monoclonal antibodies[7]. The results of these 
interventions in ER+ and HER2-positive BC have resulted in both improved response rates and overall 
survival of those BC patients[8,9]. In TNBC, the development of targeted approaches to treat the disease lags 
behind other BC subtypes meaning that TNBC has one of the poorest survival rates of all breast cancer 
subtypes[10,11].

In TNBC, chemotherapy remains one of the main treatment options for patients, but acquired resistance to 
chemotherapy remains a significant clinical problem[12]. In recent years, advances in treating TNBC patients 
with novel targeted agents have shown benefits. For example, for patients who have a germline breast cancer 
gene (BRCA) 1/2 mutation, poly(ADP-Ribose) polymerase (PARP) inhibitors are used to treat TNBC 
patients in both the adjuvant and metastatic settings[13-15]. However, patients with BRCA mutations account 
for only a small percentage of TNBC cases. Immunotherapy offers new hope for TNBC patients: results 
from the recent IMPASSION study demonstrate that immunotherapy combined with chemotherapy offers 
benefit to a subset of patients who have elevated programmed death ligand (PDL) 1 expression[16]. Lastly, 
tumour-associated calcium signal transducer 2 (TROP2), encoded by the (TACSTD2) gene, is a 
transmembrane glycoprotein expressed in approximately 80% of TNBC. The antibody-drug conjugate 
(ADC) sacituzumab govitecan, a TROP2-directed antibody and topoisomerase inhibitor drug conjugate, has 
been approved for the treatment of TNBC by the FDA[17]. However, there remains a significant proportion 
of TNBC patients for whom these therapies offer little benefit.

Calcium (Ca2+) is an essential component required for normal cellular function and is involved in the 
regulation of processes such as metabolism, muscle contraction and phagocytosis as well as cell growth, 
proliferation and apoptosis[18,19]. Local Ca2+ concentrations oscillate with varying frequency and amplitude, 
enabling the induction or modulation of signal transduction and gene transcription[20-22]. In line with this, it 
has become evident that Ca2+ supports the functions of key tumour suppressor genes (TSGs) and oncogenes 
commonly altered in BC, such as tumour protein p53 (TP53), phosphatase and tensin homolog (PTEN) and 
Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA), as well as a number of 
others reviewed elsewhere[23]. Generally, oncogenes promote cellular survival by dampening Ca2+ signalling, 
whereas TSGs induce apoptosis through Ca2+ influx[23]. Owing to this key role, it is unsurprising that Ca2+ is 
altered downstream of key driver genes, enabling cancer progression and treatment resistance[18,24,25]. 
Consequently, Ca2+ represents an area of interest for the development of new drug therapies targeted to 
specific genomic alternations[26-28]. This review outlines in detail the mechanisms of Ca2+ modulation and 
how these mechanisms are altered in specific TNBC cohorts who harbour mutations in TSGs such as TP53 
and PTEN and oncogenes such as PIK3CA.
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The role of calcium in cancer
Ca2+ plays a key role in cell growth, proliferation and apoptosis through rapid local fluctuations in 
intracellular calcium (Cai

2+), as well as long-term genomic changes by regulating signal transduction and 
gene transcription. In non-excitable cells such as epithelial cells in BC, Cai

2+ is predominately modulated 
through store-operated calcium (SOC). Here, store-operated calcium channels (SOCCs) allow the influx of 
Ca2+ into the cytosol due to differential Ca2+ concentrations which are established and tightly regulated 
through the continual action of various pumps and calcium channels[18,24,29]. Extracellular Ca2+ is maintained 
at a concentration of 2 mM and cytosolic Ca2+ at a concentration of 100 nM[30]. In addition, the ER and 
mitochondria act as Ca2+ stores, holding Ca2+ concentrations of ~1 mM and ~200 nM, respectively[31]. These 
differential calcium gradients allow for localised changes in Ca2+ through the action of calcium channels, 
which in turn promotes various functions such as signal transduction and gene transcription as well as 
cellular processes such as proliferation and apoptosis.

SOC is initiated by Ca2+ release from the endoplasmic reticulum (ER) through associated calcium channels 
such as inositol trisphosphate (IP3) receptors (IP3Rs) or ryanodine receptors (RyRs). IP3R activation is 
initiated by upstream activation of plasma membrane G protein-coupled receptors (GPCRs) and receptor 
tyrosine kinase (RTK)[32]. Following activation of these receptors by their associated ligands, phospholipase 
C (PLC) enzyme is produced, hydrolysing phosphatidylinositol 4,5-bisphosphate (PIP2) and resulting in the 
production of diacylglycerol (DAG) and IP3, the latter of which activates IP3R inducing ER Ca2+ release[33]. 
In addition, the channel can also be activated by common cellular stresses found in the tumour 
microenvironment (TME), such as reactive oxygen species (ROS), ER stress, altered cellular energetics, 
hypoxia and drug treatment[23]. Alternatively, RyR releases Ca2+ from the ER upon sensing changes in 
intracellular Ca2+[34]. Subsequently, the decrease in store Ca2+ is detected by a family of stromal interaction 
molecule (STIM) channels[35], which mediate store-operated calcium entry (SOCE) primarily through 
calcium release-activated calcium modulator (ORAI) and occasionally transient receptor potential (TRP) 
channels at the plasma membrane[36-38]. Normal Ca2+ concentrations are subsequently restored through Ca2+ 
efflux via the plasma membrane calcium pump (PMCA) and Na+/Ca2+ exchanger (NCX) along with 
reabsorption into the ER through the sarco/endoplasmic reticulum Ca2+ ATPase (SERCA). In addition, it 
has been increasingly found that the membrane potential of cancer cells has become more depolarised, and 
as such voltage-gated calcium channels (VGCC) have also been shown to contribute to calcium entry[39,40]. 
Furthermore, these channels have also been shown to contribute to SOCE in cancer cells[41].

Research has continued to demonstrate that aberrant Cai
2+ is a common feature in cancer that is able to 

promote neoplastic transformation and drug resistance[20,42,43]. This is mediated through altered calcium 
channel expression or activity, enabling cancer hallmarks such as migration/invasion, proliferation, survival 
and apoptotic resistance[25,27,28,44]. Typically, increased Cai

2+ enhances proliferation, while a reduction and 
faster recovery are linked to apoptotic resistance and decreased sensitivity to chemotherapeutic agents[45]. To 
date, several studies have shown various calcium channel families are altered in BC and linked to 
tumorigenesis[31]. Importantly, this work has also uncovered specific differences in channel expression 
between BC subtypes[46]. For example, IP3R2 and IP3R3 have been found to be upregulated in TNBC tissue 
compared to luminal subtypes. SOCE is also altered in TNBC through increased ORAI1 and STIM1 
expression, which promotes invasion and migration, while in patient samples, it was linked to poorer 
prognosis[47,48]. In contrast, ORAI3 was found upregulated in luminal and HER2 BC[49]. SOCE inhibitors in 
early preclinical studies have demonstrated an ability to inhibit proliferation and migration in MDA-MB-
231 TNBC cell lines and reduce tumour growth in TNBC mouse models[50]. In addition, Azimi et al. (2017) 
observed that TRPC1 is significantly increased in TNBC compared to all other BC subtypes, resulting in an 
enhanced epithelial-mesenchymal transition (EMT) phenotype[51]. Going forward, this review focuses on the 
role of Ca2+ in supporting TSGs and oncogenes commonly altered in TNBC; however, altered calcium 
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channel expression in BC subtypes has been extensively reviewed elsewhere[24,46,52].

The role that calcium plays on the impact of TP53 mutations in TNBC
TNBC is a heterogeneous disease, which includes distinct molecular subtypes[6,53-55]. This heterogeneity 
partly explains the limited impact that targeted therapeutic approaches have made in treating the majority 
of TNBC patients. Part of this heterogeneity is associated with the mutational background of TNBC, which 
could impact a patient’s response to therapeutic intervention. However, this could provide opportunities for 
scientists and clinicians to design novel approaches to treat TNBC.

Somatic mutations in the TSG TP53 (located at 17p13.1) occur in ~80% of TNBC cases[56,57]. Normally, TP53 
is activated due to various stress signals such as DNA damage, hypoxia, ROS, oncogenic activation and 
cancer treatment[23]. In this way, TP53 helps prevent tumorigenesis by regulating biological processes such 
as apoptosis, cell cycle, DNA repair and senescence[58]. Mutations that result in loss of TP53 activity and 
impair its normal cellular functions have been linked to chemoresistance as well as reduced overall 
survival[59-64]. Most (90%) functionally relevant TP53 mutations produce missense products that have both 
loss- and gain-of-function features[65,66] and are more resilient to degradation[57]. Most known cancer-
associated TP53 coding DNA sequence (CDS) changes are within the DNA-binding domain corresponding 
to exons 5-8 and amino acids 102-292, with > 28% of these nonsynonymous SNPs occurring at eight key 
sites[67]. Many of these originate from aberrant CpG methylation[67]. Notably, recurrent TP53 aberrations 
during cancer growth result in selective sweeps of new clones with independent mutant TP53 proteins[68].

In relation to Ca2+, TP53 is known to have a non-transcriptional role in the cytosol, inducing apoptosis in 
cells by regulating Ca2+ release from the ER[69,70]. Recent research has shown that wild-type TP53 localises to 
ER and mitochondria-associated membranes (MAMs), where it interacts with SERCA increasing Ca2+ 
loading in the ER by enhancing its activity[71,72] [Figure 1A]. In addition, TP53 also promotes ER Ca2+ 
transfer to the mitochondria inducing pro-apoptotic mitochondrial overload, leading to the release of pro-
apoptotic factors[72].

Mutant TP53 disrupts these processes, leading to apoptotic resistance and reduced sensitivity to 
chemotherapy[69,72,73]. Here, TP53 fails to induce SERCA activity, reducing mitochondrial Ca2+ response, 
which also reduces caspase 3 and PARP cleavage, thus promoting an anti-apoptotic phenotype[72] 
[Figure 1B]. In addition, Giorgi et al. (2015) demonstrated that wild-type TP53 cells were sensitive to 
doxorubicin (Adriamycin) treatment, as TP53 mediated an increase in cleavage of PARP and caspase 3, 
which resulted in reduced cell survival[72]. However, in TNBC TP53 mutant MDA-MB 468 cell lines, 
doxorubicin failed to increase both SERCA activity and Ca2+ levels, thus conferring chemotherapy 
resistance[72]. This critical role of TP53 in promoting pro-apoptotic Ca2+ in treatment sensitivity was further 
confirmed by Giorgi et al., who demonstrated that overexpression of SERCA or mitochondrial calcium 
uniporter (MCU) restored treatment sensitivity[74]. This effect was lost when Ca2+ levels were reduced by 
chelation, highlighting how Ca2+ is integral to the function of TP53[74]. In addition, mouse xenograft tumours 
established using mouse embryo fibroblast (MEF) H-ras induced cells were observed to double in size with 
TP53 loss compared to wild-type controls, corresponding with an observed decrease in Cai

2+ Activity[74].

Other calcium channels such as TRP have also been linked to TP53 pro-apoptotic Cai
2+ changes in BC. TRP 

channels promote calcium entry at the plasma membrane following activation by PLC, DAG or store release 
from IP3R channels[75]. These channels support store refilling via SOCE through the interaction with ORAI 
and STIM[76]. A novel anti-neoplastic organic derivative GaQ3 (which has undergone phase 1 clinical trials 
in patients with solid tumours) was demonstrated to induce apoptosis by promoting TP53 expression 
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Figure 1. Summary of wild-type and mutant p53 calcium mediated cell death processes. (A) Wild-type p53: (1) induces apoptosis by 
different cellular stresses such as hypoxia and chemotherapy; (2) mediates an increase in ER Ca2+ through SERCA; (3) promotes ER 
Ca2+ transfer to the mitochondria resulting in a Ca2+ overloading activated caspase 3 and thus PARP; and (4) mediates apoptosis 
through an induction in TRPC6 expression and (5) associated Ca2+ influx. (B) (1) Mutations in TP53 result in a loss of function; (2) TP53 
fails to induce SERCA; (3) this leads to reduced mitochondrial Ca2+ promoting apoptotic resistance; (4) ORAI3 is increased in TNBC, 
promoting Ca2+-mediated increase in serum and glucocorticoid-induced protein kinase-1 (SGK-1) inducing TP53 degradation and (5) 
increased S100 calcium-binding protein P (S100P) also induces TP53 degradation. Both enhance cell survival. ER: Endoplasmic 
reticulum; PARP: poly(ADP-Ribose) polymerase; SERCA: sarco/endoplasmic reticulum Ca2+ ATPase.

through elevated Cai
2+ concentrations[77,78]. The key role of Ca2+ in this mechanism was confirmed using the 

Ca2+ quencher TMB-8, which prevented an increase in Cai
2+, leading to an inhibition of TP53-mediated 

apoptosis. Further work found that this increase in Cai
2+ was mediated by the binding of TP53 to the TRPC6 

promoter, resulting in the overexpression of TRPC6, enhancing Ca2+-dependent apoptosis in MCF-7 BC 
cells[78]. A putative TP53 binding site on the TRPC6 promoter was also identified by bioinformatic analysis 
using the Mat Inspector module of the genomatix database, suggesting TP53 is a potential regulator of 
TRPC6[78]. Thus, it was identified that the Cai

2+ released through TRPC6 is mediated by TP53 and plays a 
major role in promoting apoptosis in a range of cancer cell line models including MCF-7[77,78].

Research in a range of BC subtypes including TNBC has also observed that altered SOC channel expression 
is linked to apoptotic and chemotherapy resistance through the TP53 pathways[23,79]. A recent study 
demonstrated through bioinformatic analysis that ORAI3 was elevated in patients with poor response or 
residual disease following chemotherapy treatment, which was also predictive of poor patient outcomes[80]. 
Increases in ORAI3 expression induced resistance to the chemotherapeutic drugs cisplatin, 5-FU and 
paclitaxel by reducing apoptosis and increasing survival of T47D and MCF7 BC cell lines[80]. These effects 
were found to be mediated by ORAI3, promoting a decrease in TP53 and cyclin-dependent kinase inhibitor 
1A (p21). This was confirmed by the removal of extracellular Ca2+ and/or Orai3 functionality, which 
resulted in an increase in TP53 expression and reduced chemoresistance. Interestingly, Hasna et al. (2018) 
also discovered that the Phosphoinositide 3-Kinase (PI3K)-Protein Kinase B (AKT) pathway was also 
induced by the observed increase of ORAI3 expression in chemoresistant cells[80]. PI3K inhibitors partially 
inhibited resistance induced by TP53 expression. This chemoresistant effect was mediated by PI3K 
induction of the SGK-1, leading to TP53 degradation via MDM2 proto-oncogene (Mdm2) and Nedd4-like 
E3 ubiquitin-protein ligase (Nedd4-2). Prior to this work, Brickley et al. (2013) highlighted a link between 
SOCE and SGK-1 in TNBC cell lines[81]. SOCE activation induced the expression of SGK-1 following 
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exposure to cellular stress. This mechanism appeared cytoprotective, as siRNA targeting SGK-1 under the 
same conditions increased apoptosis.

Proteins such as S100P are also linked to TP53, where their expression was found to be altered in BC, 
enabling drug resistance[82]. Specifically, the expression of S100P is elevated in TNBC and linked to 
chemotherapy resistance and poor survival[83-86]. Gibadulinova et al. identified reduced phosphorylation and 
activity of TP53 in response to DNA damage following S100P binding in a range of cancer cell lines 
including BC cell lines MCF7 and T47D[87]. When bound to TP53 protein, S100P promotes cell survival and 
resistance towards anticancer drugs such as paclitaxel and cisplatin, evading senescence and thus promoting 
cancer progression[87].

Until recently, it has been challenging to develop drugs that can target TP53 for cancer treatment[88]. This is 
primarily because TP53 expression is lost in ~10% of cases, and in the other cases, the function of the 
mutant protein is changed. However, advances in drug design have enabled both scientists and clinicians to 
develop drugs such as Eprenetapopt (APR-246) and COTI-2, which aim to reactivate TP53. These TP53 
reactivators have been tested in preclinical studies in TNBC[89] but also in clinical trials of TP53-mutant 
myelodysplastic syndromes (MDS)[90] and solid tumours (NCT02433626). Further investigation is warranted 
to ascertain if these drugs impact any of the calcium signalling mechanisms mentioned previously.

Taken together, there is compelling evidence that Ca2+-dependent TP53 apoptosis and associated 
mechanisms contribute to poor outcomes in TNBC and resistance to chemotherapy. Consequently, it 
highlights calcium channels as a therapeutic target to modulate Ca2+ concentrations in mutant TP53 TNBC, 
which, through TP53 restoration or calcium channel activation drugs, could lead to improved responses to 
existing treatments and better overall patient survival.

Calcium signalling in PI3k/AKT and PTEN pathways in TNBC
PI3K/AKT oncogenic signalling through pathway activation is linked to cell survival, growth and 
apoptosis[91]. Alterations in this pathway are common in TNBC and are associated with poorer outcomes 
and treatment resistance[92]. Up to 30% of TNBC tumours harbour aberrations in the oncogenic PI3K/AKT 
pathway through mutation of either AKT serine/threonine kinase 1 (AKT1) or PIK3CA[93,94]. The loss of 
wild-type TP53 regulation of AKT (located at 14q32.33), PIK3CA (at 3q26.32) and PTEN (at 10q23.31) has 
consequences for the PI3K-AKT pathway. PIK3CA encodes an alpha subunit of Phosphatidylinositol 3-
Kinase (PI3K). PTEN is another TSG whose mutation can mimic the effects of mutant TP53[95]. PTEN is a 
negative regulator of the PI3K/AKT pathway through downregulation of phosphorylated AKT, and it is also 
commonly altered in TNBC[94,96].

TP53, AKT, PIK3CA and PTEN changes together constitute the genetic basis of the majority of TNBC cases 
and initiate the initial stages of tumour development[97]. Mutations at these four genes may be oncogenic on 
their own, or may occur in tandem with other TSG mutations: PIK3CA, PIK3R1 (encoding regulatory 
protein p85α) and PTEN commonly co-occur in BC[98]. Changes at AKT, PIK3CA and PTEN are much less 
common than those at TP53[61]. PIK3CA mutations are typically missense and constitute ~10%-18% of cases, 
and in ~4% of cases, PIK3R1 may be mutated[99,100] - often, PIK3CA and PIK3R1 co-occur independently[101]. 
PTEN is mutated in ~6%-7% of cases and AKT1 is rarer at ~3%[100]. Although all 4 genes may have cancer-
related SNPs, TP53 tends not to have other mutation types, in contrast to AKT and PIK3CA that can be 
amplified or possess CNVs; additionally, PTEN tends to be inactivated, often by deletion.
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There is an established link between the PI3K/AKT pathway and TP53 [Figure 2]. RTKs are usually 
activated and phosphorylated by growth factors and hormones. PI3K, consisting of p110 (α,β,γ,δ) and p85, is 
recruited to the RTK leading to phosphorylation of PtdIns (4,5) P2 to PtdIns (3,4,5) and subsequent 
recruitment of PDK1 to AKT at the PH domain. PDK1 is reliant on activation by PI3K. Activation of the 
AKT signalling pathway results in regulation of the cell cycle, promoting cell growth, survival and migration 
and inhibiting apoptosis[102]. mTORC2 activates AKT, thus leading to cell proliferation and survival. 
mTORC1 is activated by phosphorylated AKT and promotes protein translation and cell growth[103,104]. TP53 
has three primary domains - transactivation domain, DNA-binding domain and tetramerization 
domain[105]. TP53 is regulated by the MDM2 proto-oncogene (Hdm2) protein via binding and physical 
separation from target genes, resulting in low levels of TP53 in normal cells. TP53 regulates PI3K via 
binding and inhibition of PIK3CA, which encodes p110α, and reduces AKT activation. Mutations in TP53 
may lead to hyperactivation of PIK3CA and the PI3K signalling pathway[99]. Studies have demonstrated the 
regulatory effects of TP53 on PTEN via the functional TP53 binding site present within the PTEN promoter 
region, resulting in inhibition of PtdIns(4,5)phosphorylation and subsequent AKT activation. AKT can 
enhance the function of Hdm2 via phosphorylation, and evidence suggests that PTEN may prevent the 
degradation of TP53 through suppression of AKT activation[106]. PTEN has also been identified as a stabiliser 
of TP53 by way of physical association between the two, conferring protection from degradation to TP53. 
Despite these stabilising functions, deletion of PTEN and subsequent activation of the PI3K pathway have 
been shown to activate TP53, with significantly increased TP53 expression present in PTEN-/- cells[106].

PTEN has also been identified as a stabiliser of TP53 by way of physical association between the two, 
conferring protection from degradation to TP53. Despite these stabilising functions, deletion of PTEN and 
subsequent activation of the PI3K pathway has been shown to activate TP53, with significantly increased 
TP53 expression present in PTEN-/- cells[106].

TP53 can regulate cell survival via inhibition of the PIK3CA as well as the PI3K/AKT pathway, independent 
of PTEN. This transcriptional downregulation of PIK3CA via TP53 has been demonstrated in head and 
neck cancer cell lines, where the PTEN protein was not detected and induction of TP53 resulted in 
decreased PIK3CA expression and reduced AKT phosphorylation, indicating the transcriptional regulatory 
effects of TP53 on PIK3CA[107]. A study investigating the mechanisms involved in the regulation of PIK3CA 
transcription via TP53 in ovarian cancer described two promoters present on the PIK3CA gene that have 
been shown to directly bind TP53 resulting in transcriptional inhibition. It was found that suppression of 
TP53 resulted in increased levels of p110α transcripts, proteins and PI3K signalling pathway activity, while 
overexpression of TP53 resulted in decreased levels of p110α protein[108]. Loss-of-function mutations in 
TP53 correlate with hyperactivation of PIK3CA and the PI3K pathway, resulting in worse prognoses for 
head and neck squamous cell carcinoma patients[99].

Research has demonstrated that the PI3K/AKT pathway can modulate Ca2+ release from ER stores via 
interaction with IP3R[23] [Figure 3A]. This calcium channel is found on the ER membrane, where it controls 
the frequency and amplitude of Ca2+ oscillations to either promote cell survival or induce apoptosis[109]. 
Under hypoxia conditions or chemotherapy treatment, IP3R promotes Ca2+ transfer to the mitochondria, 
inducing the release of pro-apoptotic factors[23]. However, the anti-apoptotic protein AKT has been shown 
to phosphorylate IP3R, preventing ER Ca2+ transfer to the mitochondria and inhibiting apoptosis[110,111] 
[Figure 3B]. This, in turn, enables resistance to chemotherapy and promotes survival during hypoxia[110,111]. 
The PI3K/AKT pathway is also negatively regulated by the TSG PTEN[112], which is commonly lost or 
mutated in TNBC and associated with poorer prognosis as well as treatment resistance[113,114]. PTEN is 
known to localise at the ER and reduce AKT-induced phosphorylation of IP3R, thus promoting ER Ca2+ 
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Figure 2. The role of TP53 in the PI3K/AKT signalling pathway. RTKs are activated by hormones and growth factors, leading to the 
recruitment and phosphorylation of PI3K. PDK1 is then recruited to AKT at the PH domain. Cell cycle, survival, migration and apoptosis 
regulation occur as a result of AKT signalling pathway activation. AKT is also activated by mTORC2 and mTORC1 is activated by 
phosphorylated AKT, promoting protein translation and cell growth. Hdm2 regulates P53 in normal healthy cells, resulting in low levels. 
P53 regulates PTEN, inhibiting PI3K phosphorylation and AKT activation. AKT may enhance the function of Hdm2 and PTEN may 
prevent P53 degradation via AKT pathway inhibition. P53 binds to PI3K to inhibit PIK3CA and mutations in TP53 may result in PIK3CA 
hyperactivation and subsequent PI3K signalling pathway activation. AKT: Protein kinase B; PTEN: phosphatase and tensin homolog.

release. In addition, it also associates with MAM and regulates the transfer of Ca2+ to the mitochondria, 
enabling Ca2+-mediated apoptosis[115]. In PTEN mutant BC, IP3R becomes phosphorylated and inactivated 
by AKT, decreasing Ca2+ release from the ER and associated transients to the mitochondria, reducing the 
sensitivity to Ca2+-mediated apoptosis[115]. This work highlights a potential link between PTEN loss and AKT 
activation, supporting treatment resistance and disease progression via deactivated IP3R mediated apoptotic 
resistance.

In relation to IP3R, its ability to mediate Ca2+ release from ER can be finetuned through interaction with 
calcium binding proteins such as neuronal calcium sensor-1 (NCS-1)[116]. Recent studies in TNBC cells have 
shown that overexpression of NCS-1 increases Ca2+, promoting survival[117]. Furthermore, this mechanism 
was linked to paclitaxel resistance, where NCS-1 binding to IP3R promotes drug resistance[116,118] 
[Figure 3B]. Interestingly, researchers found IP3R2 and IP3R3 expression was elevated in breast tumours 
compared to adjacent normal cells[119]. Furthermore, Singh et al. (2017), analysing MCF-7 cells, 
demonstrated that IP3R inhibition is able to induce autophagy and subsequent cell death, an effect not 
observed in non-tumorigenic cells[119]. In addition, IP3Rs are also associated with the nuclear envelope and 
nucleoplasmic reticulum, where I3PRs can also regulate Ca2+ levels within the nucleus to promote cell 
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Figure 3. Role of calcium store release via IP3R in mediating apoptosis and its regulation via PI3K/AKT pathways. (A) (1) G protein-
coupled receptors (GPCR), Receptor tyrosine kinase (RTK) and others, along with cellular stress, can induce PLC, PIP2 and IP3, leading 
to activation of IP3R channels on the ER, promoting Ca2+ store release. (3) This mediates Ca2+ transfer to the mitochondria inducing 
apoptosis. (4) PTEN also plays a role in mediating this pathway in part by blocking anti-apoptotic oncogene AKT. (B) (1) Activation of 
oncogenes such as AKT inhibits IP3R Ca2+ release from ER stores under chemotherapy and GPCR activation. (2) This is achieved by 
phosphorylating IP3R and (3) reducing Ca2+ transfer to the mitochondria, enabling apoptotic resistance. (4) PTEN loss is common in 
TNBC, enabling AKT signalling. (5) NCS-1 is increased in TNBC, promoting IP3R inactivation as well. (6) SOCE is mediated after store 
release via IP3R; channels such as ORAI and TRP that are activated have increased expression in TNBC and are linked to promoting 
EMT and thus chemotherapy resistance. RTK: Receptor tyrosine kinase; Orai: calcium release-activated calcium channel protein; PLC: 
phospholipase C; GPCR: G protein-coupled receptors.

proliferation[120,121]. In TNBC, reducing nuclear IP3R Ca2+ by chelation decreased cell proliferation and 
induced tumour necrosis[122]. Overall, this research identified that IP3R can impact both PI3K/AKT 
dependant and independent pathways.

Ca2+ store release via IP3R, which is modulated by PI3K-AKT/PTEN pathways, has an indirect contribution 
to drug-resistant mechanisms by association with Ca2+ binding proteins. For example, Ca2+/calmodulin-
dependent kinase (CAMKK) is essential for AMP-activated protein kinase (AMPK) induction following 
activation by epidermal growth factor (EGF) in TNBC cell lines[123]. AMPK is an essential regulator of AKT 
activation under cellular stress such as drug treatment and hypoxia[123]. Ca2+ is a requirement for this 
mechanism as its chelation using BAPTA-2AM completely inhibits AMPK-induced phosphorylated AKT. 
Specifically, AMPK phosphorylates s-phase kinase-associated protein 2 (Skp2) at S256, triggering the 
formation of an E3 ligase complex that promotes activation of AKT[123]. This outlined mechanism was 
shown to promote cell survival and apoptotic resistance. In BC patient samples, Skp2 activation correlates 
with increased AKT and AMPK expression and is associated with poor survival outcomes. In addition, Han 
et al. (2018) found that targeting AMPK-Skp2 in TNBC MDA-MB-231 cell lines increased their sensitivity 
to anti-EGF receptor-targeted therapy[123]. Furthermore, this study also showed in the same TNBC cell lines 
that this mechanism is not only induced by EGF but also hypoxia, promoting survival under such 
conditions. Hypoxia is a common characteristic in the tumour microenvironment (TME), which is also 
linked to chemotherapeutic resistance[73].

SOCE mediated through ORAI and STIM as well as TRP enables the refiling of ER stores following PI3K-
IP3R induced release, which supports signal transduction. Both ORAI and STIM have been shown to be 
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upregulated in TNBC, enabling disease progression and promoting treatment resistance[124]. Using TNBC 
MDA-MB-231 cell lines, Bhattacharya et al. further demonstrated that (in the presence of phosphorylated 
AKT) ORAI3- and STIM1-mediated Ca2+ promotes the induction of Snail family transcriptional repressor 
(SNAIL)[125]. Induction of SNAIL expression is known to mediate EMT, a cellular phenotype linked to drug 
resistance[126,127]. In addition, TRPC1 has also been shown to play a role in EMT of TNBC via regulation of 
hypoxia-inducible factor 1 alpha (HIF-1α) and AKT signalling in PTEN-deficient BC cells[51]. Azimi et al.  
also noted that TRPC1 has a prognostic value in basal BC a molecular subtype associated with TNBC[51]. 
Specifically, high TRPC1 expression was associated with significantly poorer patient relapse-free survival[51]. 
Furthermore, it was noted that TRPC1 can induce EMT and promote chemotherapy resistance in MDA-
MB-468 TNBC cell lines through the upregulated ATP-binding cassette, subfamily C, member 3 (ABCC3), a 
multidrug resistance ATP-binding cassette (ABC) transporter[128]. In addition, this channel, alongside 
ORAI1 and IP3R2, has been found to be upregulated following doxorubicin treatment in MDA-MB-231 
TNBC cells[129].

TRPC5 is another family member whose overexpression is linked to chemotherapy resistance by induction 
of a protective autophagy mechanism which promotes cancer cell survival[130]. Adriamycin 
(ADM/doxorubicin) was found to induce an increase in Cai

2+ which was reduced with siRNA targeting of 
TRPC5. Exploration of the underlying pathway discovered that Ca2+ mediated through TRPC5 could 
activate CaMKKβ, AMPKα and mammalian target of rapamycin (mTOR), which resulted in the induction 
of autophagy[130]. As noted above, AMPK modulates AKT activation, which can regulate ER store release, 
and this can then facilitate chemotherapy resistance. In the study by Zhang et al. (2017), targeting the 
TRPC5-mediated CaMKKβ/AMPKα/mTOR pathway increased sensitivity to ADM[130]. Furthermore, 
analysis of patient samples via a tissue microarray (TMA) found that TRPC5 was significantly increased in 
patient samples post chemotherapy treatment when compared to pre-treated samples. Supporting the role 
of TRPC5 in chemotherapy resistance, studies have linked TRPC5 expression to the induction of expression 
of the multidrug resistance protein 1 (MDR1) in TNBC cells[18].

Because of the large number of TNBCs that have an activated PI3K/AKT pathway, it is unsurprising that 
early phase clinical trials of both PI3K inhibitors such as buparlisib[131,132] and AKT inhibitors such as 
capivasertib[133] and ipatasertib[134] have been conducted in this setting. Interestingly, these trials have 
reported clinical activity and benefits to patients. The identification of key biomarkers of response to these 
treatments and their study in combination with chemotherapy or other targeted therapies warrants further 
investigation.

Furthermore, as discussed above, there is a strong link between Ca2+ signalling and those TNBC cancers that 
have a TP53 mutation and/or activation of the PI3K/AKT pathway. Activation of the PI3K/AKT pathway 
can be achieved through either mutation of PIK3CA/AKT1 or loss of expression of PTEN. Our review 
highlights that several calcium channels associated with Ca2+ release from ER and subsequent SOCE are 
linked to the activation of the PI3K/AKT pathway. Aberrations in the PI3K/AKT pathway disturb Ca2+ 
handling and enable escape mechanisms such as cell survival and apoptotic resistance, thus promoting 
chemotherapy resistance.

Current approaches to target calcium channel signalling in cancer
The role of calcium channels in mediating therapy resistance through interplay with genomic alternations 
in TNBC highlights calcium channels as potential targets for personalized medicine approaches. The study 
of calcium channel blockers (CCBs) is an area of intense research[26-28,135]. Several calcium blocking drugs 
have been developed which can modulate calcium channels and be exploited as cancer treatments[27,43,135,136]. 
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Calcium channels provide a plethora of targets to modulate Cai
2+, and ion channel targeting drugs are 

currently the second largest group of FDA-approved drugs, therefore providing a bank of new drugs which 
can be repurposed for the treatment of cancer[137].

Several studies have identified existing FDA-approved drugs that can modulate store-operated release and 
entry through key channels such as ORAI, STIM, TRP and IP3R, as outlined herein, thus representing 
potential future therapeutics for the tackling disease progression and chemotherapy resistance in the TNBC 
cohorts outlined. For example, an extensive screen of 1118 unique FDA-approved drugs discovered 11, 
mainly cardiac glycosides, which have the ability to modify Ca2+ signalling, promote Ca2+-calmodulin kinase 
(CamK) activity and reverse the suppression of TSGs such as secreted frizzled related protein 1 (SFRP1), 
tissue inhibitor of metallopeptidase-3 (TIMP-3) and WNT inhibitory factor 1 (WIF-1), leading to cell death 
of colorectal cells[26]. Other similar studies identified the ability of the immunosuppressant drugs to regulate 
SOCE, namely, leflunomide used to treat arthritis and teriflunomide used for multiple sclerosis[138]. In 
addition, the drug eflornithine, also known as DFMO, has been found to reduce SOCE and promote a 
decrease in cell proliferation and cell death resistance in colorectal cancer[139]. Eflornithine has been found to 
inhibit TRPC1 expression, which, as outlined above, plays a role in AKT signalling in PTEN deficient 
TNBC.

Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed anti-inflammatory, anti-pyretic 
drugs that have demonstrated anti-cancer activity[140]. The metabolite of aspirin, salicylate, has been found to 
inhibit SOCE and mediate mitochondrial uncoupling, reducing mitochondrial Ca2+ uptake and leading to a 
decrease in the proliferation of colon cancer cells[141]. Furthermore, other NSAIDs such as ibuprofen and 
indomethacin have also been shown to modulate SOCE through STIM1, which decreased colorectal cancer 
growth[142]. The CCB mibefradil, previously used to treat hypertension, can also inhibit SOCE by blocking 
ORAI channels, promoting cell apoptosis and cell cycle arrest[143]. In addition, a potent synthetic oestrogen 
used in the treatment of prostate and breast cancer, diethylstilbesterol, can inhibit SOCE via TRPM7 
channels[144,145]. The potential to target SOCE modulation for disease benefit has led to the development of a 
number of drugs, such as CM2489, which has entered into phase 1 clinical trial for psoriasis; if successful, it 
could prove useful for TNBC treatment[146]. CM2489 is a first-in-class calcium release-activated calcium 
(CRAC) channel inhibitor that targets ORAI channels. Lastly, IP3R channels appear to be a key target in 
PI3K/AKT pathways mediating chemoresistance; both caffeine and heparin have been shown to inhibit 
these channels and could hold future potential as novel treatments in combination with existing anti-cancer 
agents[147,148].

CONCLUSION
Targeting calcium channel signalling and key oncogenic pathways is a novel therapeutic approach 
to treating TNBC
TNBC is characterized as an aggressive form of BC associated with poor patient outcomes. For the majority 
of patients, there is a lack of approved targeted therapies. TNBC has frequent genomic alternations in TP53 
and the PI3K/AKT pathway. This review provides insight into the underlying alterations in Cai

2+ mediated 
through calcium channels and how this plays an important role in promoting disease progression and 
therapy resistance in TNBC harbouring mutations in key TSG and oncogenes. Specifically, TNBC with 
mutant TP53 is associated with a loss of Ca2+ store release via SECRA, leading to reduced mitochondrial Ca2+ 
loading; this, in turn, promotes cell survival and apoptotic resistance, thus enabling treatment resistance. In 
addition, I3PR-mediated ER store release and SOCE modulation are altered by PI3K/AKT activation, 
promoting apoptotic resistance. Consequently, the outlined evidence highlights calcium channels as 
therapeutic targets to modulate altered Cai

2+ downstream of common genomic alterations in TNBC.
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This promise is supported by the fact that a growing number of calcium targeting drugs are under 
development, as well as a number of existing FDA-approved drugs. However, owing to the complexity of 
calcium signalling, its ubiquitous nature and differential expression between cell types and genomic 
alterations, care needs to be exercised when targeting Ca2+ signalling. It may be that targeting Ca2+ signalling, 
whilst beneficial for one cancer, could be detrimental for another. Overall, this review highlights Ca2+ 
electroporation as an emerging area in TNBC that could hold significant potential as disease biomarkers as 
well as future therapeutics when combined with treatments that can inhibit the PI3K-AKT pathway or 
reactivate TP53 expression.

DECLARATIONS
Authors’ contributions
Conception and design: Buchanan PJ, Eustace AJ, Downing T
Funding acquisition: Buchanan PJ, Eustace AJ, Downing T
Writing - original draft:  Buchanan PJ, Eustace AJ, Downing T, Lee MJ, Colley G, Roban J
Writing - review and Editing: Buchanan PJ, Eustace AJ, Downing T
Supervision: Buchanan PJ, Eustace AJ, Downing T
Visualisation: Buchanan PJ, Colley G

Availability of data and materials 
Not applicable.

Financial support and sponsorship
This project was supported by funding from Dublin City University School of Biotechnology and the School 
of Nursing, Psychotherapy and Community Health. As well as the Cancer Clinical Research Trust and 
Health Research Board Emerging Investigator Award Grant code: EIA-2019-011.

Conflicts of interest
All authors declared that there are no conflicts of interest.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Copyright
© The Author(s) 2022.

REFERENCES
Sung H, Ferlay J, Siegel RL, et al. Global Cancer Statistics 2020: GLOBOCAN estimates of incidence and mortality worldwide for 
36 cancers in 185 countries. CA Cancer J Clin 2021;71:209-49.  DOI  PubMed

1.     

Dawson S, Provenzano E, Caldas C. Triple negative breast cancers: clinical and prognostic implications. EJC 2009;45:27-40.  DOI  
PubMed

2.     

Dent R, Trudeau M, Pritchard KI, et al. Triple-negative breast cancer: clinical features and patterns of recurrence. Clin Cancer Res 
2007;13:4429-34.  DOI  PubMed

3.     

Liedtke C, Mazouni C, Hess KR, et al. Response to neoadjuvant therapy and long-term survival in patients with triple-negative breast 
cancer. J Clin Oncol 2008;26:1275-81.  DOI  PubMed

4.     

Lehmann BD, Bauer JA, Chen X, et al. Identification of human triple-negative breast cancer subtypes and preclinical models for 
selection of targeted therapies. J Clin Invest 2011;121:2750-67.  DOI  PubMed  PMC

5.     

Lehmann BD, Jovanović B, Chen X, et al. Refinement of triple-negative breast cancer molecular subtypes: implications for 6.     

https://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
https://dx.doi.org/10.1016/S0959-8049(09)70013-9
http://www.ncbi.nlm.nih.gov/pubmed/19775602
https://dx.doi.org/10.1158/1078-0432.CCR-06-3045
http://www.ncbi.nlm.nih.gov/pubmed/17671126
https://dx.doi.org/10.1200/JCO.2007.14.4147
http://www.ncbi.nlm.nih.gov/pubmed/18250347
https://dx.doi.org/10.1172/JCI45014
http://www.ncbi.nlm.nih.gov/pubmed/21633166
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3127435


Page 572Eustace et al. Cancer Drug Resist 2022;5:560-76 https://dx.doi.org/10.20517/cdr.2022.41

neoadjuvant chemotherapy selection. PLoS One 2016;11:e0157368.  DOI  PubMed  PMC
Waks AG, Winer EP. Breast cancer treatment: a review. JAMA 2019;321:288-300.  DOI  PubMed7.     
Burstein HJ. Systemic therapy for estrogen receptor-positive, HER2-negative breast cancer. N Engl J Med 2020;383:2557-70.  DOI  
PubMed

8.     

Elster N, Collins DM, Toomey S, Crown J, Eustace AJ, Hennessy BT. HER2-family signalling mechanisms, clinical implications and 
targeting in breast cancer. Breast Cancer Res Treat 2015;149:5-15.  DOI  PubMed

9.     

Reddy KB. Triple-negative breast cancers: an updated review on treatment options. Curr Oncol 2011;18:e173-9.  DOI  PubMed  
PMC

10.     

McCann KE, Hurvitz SA, McAndrew N. Advances in targeted therapies for triple-negative breast cancer. Drugs 2019;79:1217-30.  
DOI  PubMed

11.     

Lynce F, Nunes R. Role of platinums in triple-negative breast cancer. Curr Oncol Rep 2021;23:50.  DOI  PubMed12.     
Litton JK, Rugo HS, Ettl J, et al. Talazoparib in patients with advanced breast cancer and a germline BRCA mutation. N Engl J Med 
2018;379:753-63.  DOI  PubMed

13.     

Tutt ANJ, Garber JE, Kaufman B, et al; OlympiA clinical trial steering committee and investigators. Adjuvant olaparib for patients 
with BRCA1- or BRCA2-mutated breast cancer. N Engl J Med 2021;384:2394-405.  DOI  PubMed  PMC

14.     

Lebert JM, Lester R, Powell E, Seal M, McCarthy J. Advances in the systemic treatment of triple-negative breast cancer. Curr Oncol 
2018;25:S142-50.  DOI  PubMed  PMC

15.     

Schmid P, Adams S, Rugo HS, et al; IMpassion130 Trial Investigators. Atezolizumab and nab-paclitaxel in advanced triple-negative 
breast cancer. N Engl J Med 2018;379:2108-21.  DOI  PubMed

16.     

Bardia A, Hurvitz SA, Tolaney SM, et al; ASCENT clinical trial investigators. Sacituzumab govitecan in metastatic triple-negative 
breast cancer. N Engl J Med 2021;384:1529-41.  DOI  PubMed

17.     

Monteith GR, Prevarskaya N, Roberts-Thomson SJ. The calcium-cancer signalling nexus. Nat Rev Cancer 2017;17:367-80.  DOI  
PubMed

18.     

Clapham DE. Calcium signaling. Cell 2007;131:1047-58.  DOI  PubMed19.     
Stewart TA, Yapa KT, Monteith GR. Altered calcium signaling in cancer cells. Biochim Biophys Acta 2015;1848:2502-11.  DOI  
PubMed

20.     

21.     Smedler E, Uhlén P. Frequency decoding of calcium oscillations. Biochim Biophys Acta 2014;1840:964-9.  DOI  PubMed
22.     Marchi S, Pinton P. Alterations of calcium homeostasis in cancer cells. Curr Opin Pharmacol 2016;29:1-6.  DOI  PubMed

Bittremieux M, Parys JB, Pinton P, Bultynck G. ER functions of oncogenes and tumor suppressors: modulators of intracellular
Ca2+ signaling. Biochim Biophys Acta 2016;1863:1364-78.  DOI  PubMed

23.     

So CL, Saunus JM, Roberts-Thomson SJ, Monteith GR. Calcium signalling and breast cancer. Semin Cell Dev Biol 2019;94:74-83.  
DOI  PubMed

24.     

Monteith GR, Davis FM, Roberts-Thomson SJ. Calcium channels and pumps in cancer: changes and consequences. J Biol Chem 
2012;287:31666-73.  DOI  PubMed  PMC

25.     

Raynal NJ, Lee JT, Wang Y, et al. Targeting calcium signaling induces epigenetic reactivation of tumor suppressor genes in cancer. 
Cancer Res 2016;76:1494-505.  DOI  PubMed  PMC

26.     

Cui C, Merritt R, Fu L, Pan Z. Targeting calcium signaling in cancer therapy. Acta Pharm Sin B 2017;7:3-17.  DOI  PubMed  PMC27.     
Bong AHL, Monteith GR. Calcium signaling and the therapeutic targeting of cancer cells. Biochim Biophys Acta Mol Cell Res 
2018;1865:1786-94.  DOI  PubMed

28.     

Catterall W. Calcium Channels. Encyclopedia of neuroscience. Elsevier; 2009. pp. 543-50.29.     
Bagur R, Hajnóczky G. Intracellular Ca2+ sensing: its role in calcium homeostasis and signaling. Mol Cell 2017;66:780-8.  DOI  
PubMed  PMC

30.     

Varghese E, Samuel SM, Sadiq Z, et al. Anti-cancer agents in proliferation and cell death: the calcium connection. IJMS 
2019;20:3017.  DOI  PubMed  PMC

31.     

Foskett JK, White C, Cheung KH, Mak DO. Inositol trisphosphate receptor Ca2+ release channels. Physiol Rev 2007;87:593-658.  
DOI  PubMed  PMC

32.     

Berridge MJ. Inositol trisphosphate and diacylglycerol: two interacting second messengers. Annu Rev Biochem 1987;56:159-93.  DOI  
PubMed

33.     

Endo M, Tanaka M, Ogawa Y. Calcium induced release of calcium from the sarcoplasmic reticulum of skinned skeletal muscle 
fibres. Nature 1970;228:34-6.  DOI  PubMed

34.     

Liou J, Kim ML, Heo WD, et al. STIM is a Ca2+ sensor essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr Biol 
2005;15:1235-41.  DOI  PubMed  PMC

35.     

Salido GM, Sage SO, Rosado JA. TRPC channels and store-operated Ca2+ entry. Biochim Biophys Acta 2009;1793:223-30.  DOI
PubMed

36.     

Worley PF, Zeng W, Huang GN, et al. TRPC channels as STIM1-regulated store-operated channels. Cell Calcium 2007;42:205-11.  
DOI  PubMed  PMC

37.     

Pla A, Kondratska K, Prevarskaya N. STIM and ORAI proteins: crucial roles in hallmarks of cancer. Am J Physiol Cell Physiol 
2016;310:C509-19.  DOI  PubMed

38.     

Buchanan PJ, McCloskey KD. CaV channels and cancer: canonical functions indicate benefits of repurposed drugs as cancer 39.     

https://dx.doi.org/10.1371/journal.pone.0157368
http://www.ncbi.nlm.nih.gov/pubmed/27310713
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4911051
https://dx.doi.org/10.1001/jama.2018.19323
http://www.ncbi.nlm.nih.gov/pubmed/30667505
https://dx.doi.org/10.1056/NEJMra1307118
http://www.ncbi.nlm.nih.gov/pubmed/33369357
https://dx.doi.org/10.1007/s10549-014-3250-x
http://www.ncbi.nlm.nih.gov/pubmed/25542271
https://dx.doi.org/10.3747/co.v18i4.738
http://www.ncbi.nlm.nih.gov/pubmed/21874107
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3149549
https://dx.doi.org/10.1007/s40265-019-01155-4
http://www.ncbi.nlm.nih.gov/pubmed/31254268
https://dx.doi.org/10.1007/s11912-021-01041-x
http://www.ncbi.nlm.nih.gov/pubmed/33754211
https://dx.doi.org/10.1056/NEJMoa1802905
http://www.ncbi.nlm.nih.gov/pubmed/30110579
https://dx.doi.org/10.1056/NEJMoa2105215
http://www.ncbi.nlm.nih.gov/pubmed/34081848
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9126186
https://dx.doi.org/10.3747/co.25.3954
http://www.ncbi.nlm.nih.gov/pubmed/29910657
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6001760
https://dx.doi.org/10.1056/NEJMoa1809615
http://www.ncbi.nlm.nih.gov/pubmed/30345906
https://dx.doi.org/10.1056/NEJMoa2028485
http://www.ncbi.nlm.nih.gov/pubmed/33882206
https://dx.doi.org/10.1038/nrc.2017.18
http://www.ncbi.nlm.nih.gov/pubmed/28386091
https://dx.doi.org/10.1016/j.cell.2007.11.028
http://www.ncbi.nlm.nih.gov/pubmed/18083096
https://dx.doi.org/10.1016/j.bbamem.2014.08.016
http://www.ncbi.nlm.nih.gov/pubmed/25150047
https://dx.doi.org/10.1016/j.bbagen.2013.11.015
http://www.ncbi.nlm.nih.gov/pubmed/24269537
https://dx.doi.org/10.1016/j.coph.2016.03.002
http://www.ncbi.nlm.nih.gov/pubmed/27043073
https://dx.doi.org/10.1016/j.bbamcr.2016.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26772784
https://dx.doi.org/10.1016/j.semcdb.2018.11.001
http://www.ncbi.nlm.nih.gov/pubmed/30439562
https://dx.doi.org/10.1074/jbc.R112.343061
http://www.ncbi.nlm.nih.gov/pubmed/22822055
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3442501
https://dx.doi.org/10.1158/0008-5472.CAN-14-2391
http://www.ncbi.nlm.nih.gov/pubmed/26719529
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4794357
https://dx.doi.org/10.1016/j.apsb.2016.11.001
http://www.ncbi.nlm.nih.gov/pubmed/28119804
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5237760
https://dx.doi.org/10.1016/j.bbamcr.2018.05.015
http://www.ncbi.nlm.nih.gov/pubmed/29842892
https://dx.doi.org/10.1016/j.molcel.2017.05.028
http://www.ncbi.nlm.nih.gov/pubmed/28622523
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5657234
https://dx.doi.org/10.3390/ijms20123017
http://www.ncbi.nlm.nih.gov/pubmed/31226817
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6627763
https://dx.doi.org/10.1152/physrev.00035.2006
http://www.ncbi.nlm.nih.gov/pubmed/17429043
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2901638
https://dx.doi.org/10.1146/annurev.bi.56.070187.001111
http://www.ncbi.nlm.nih.gov/pubmed/3304132
https://dx.doi.org/10.1038/228034a0
http://www.ncbi.nlm.nih.gov/pubmed/5456208
https://dx.doi.org/10.1016/j.cub.2005.05.055
http://www.ncbi.nlm.nih.gov/pubmed/16005298
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3186072
https://dx.doi.org/10.1016/j.bbamcr.2008.11.001
http://www.ncbi.nlm.nih.gov/pubmed/19061922
https://dx.doi.org/10.1016/j.ceca.2007.03.004
http://www.ncbi.nlm.nih.gov/pubmed/17517433
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2764400
https://dx.doi.org/10.1152/ajpcell.00364.2015
http://www.ncbi.nlm.nih.gov/pubmed/26791491


Page 573 Eustace et al. Cancer Drug Resist 2022;5:560-76 https://dx.doi.org/10.20517/cdr.2022.41

therapeutics. Eur Biophys J 2016;45:621-33.  DOI  PubMed  PMC
Yang M, Brackenbury WJ. Membrane potential and cancer progression. Front Physiol 2013:4.  DOI  PubMed  PMC40.     
O’Reilly D, Downing T, Kouba S, et al. CaV1.3 enhanced store operated calcium promotes resistance to androgen deprivation in 
prostate cancer. Cell Calcium 2022;103:102554.

41.     

Nielsen N, Lindemann O, Schwab A. TRP channels and STIM/ORAI proteins: sensors and effectors of cancer and stroma cell 
migration. Br J Pharmacol 2014;171:5524-40.  DOI  PubMed  PMC

42.     

Tajada S, Villalobos C. Calcium permeable channels in cancer hallmarks. Front Pharmacol 2020;11:968.  DOI  PubMed  PMC43.     
Déliot N, Constantin B. Plasma membrane calcium channels in cancer: alterations and consequences for cell proliferation and 
migration. Biochim Biophys Acta 2015;1848:2512-22.  DOI  PubMed

44.     

Roderick HL, Cook SJ. Ca2+ signalling checkpoints in cancer: remodelling Ca2+ for cancer cell proliferation and survival. Nat Rev 
Cancer 2008;8:361-75.  DOI  PubMed

45.     

Makena MR, Rao R. Subtype specific targeting of calcium signaling in breast cancer. Cell Calcium 2020;85:102109.  DOI  PubMed  
PMC

46.     

McAndrew D, Grice DM, Peters AA, et al. ORAI1-mediated calcium influx in lactation and in breast cancer. Mol Cancer Ther 
2011;10:448-60.  DOI  PubMed

47.     

Yang Y, Jiang Z, Wang B, et al. Expression of STIM1 is associated with tumor aggressiveness and poor prognosis in breast cancer. 
Pathol Res Pract 2017;213:1043-7.  DOI  PubMed

48.     

Motiani RK, Zhang X, Harmon KE, et al. Orai3 is an estrogen receptor α-regulated Ca2+ channel that promotes tumorigenesis. FASEB 
J 2013;27:63-75.  DOI  PubMed  PMC

49.     

Chakraborty S, Ghosh S, Banerjee B, et al. Phemindole, a Synthetic Di-indole derivative maneuvers the store operated calcium entry 
(SOCE) to induce potent anti-carcinogenic activity in human triple negative breast cancer cells. Front Pharmacol 2016;7:114.  DOI  
PubMed  PMC

50.     

Azimi I, Milevskiy MJG, Kaemmerer E, et al. TRPC1 is a differential regulator of hypoxia-mediated events and Akt signalling in 
PTEN-deficient breast cancer cells. J Cell Sci 2017;130:2292-305.  DOI  PubMed

51.     

Lu C, Ma Z, Cheng X, et al. Pathological role of ion channels and transporters in the development and progression of triple-negative 
breast cancer. Cancer Cell Int 2020;20:377.  DOI  PubMed  PMC

52.     

Lehmann BD, Colaprico A, Silva TC, et al. Multi-omics analysis identifies therapeutic vulnerabilities in triple-negative breast cancer 
subtypes. Nat Commun 2021;12:6276.  DOI  PubMed  PMC

53.     

Chen X, Li J, Gray WH, et al. TNBCtype: A subtyping tool for triple-negative breast cancer. Cancer Inform 2012;11:CIN.S9983.  
DOI  PubMed  PMC

54.     

Lehmann BD, Bauer JA, Chen X, et al. Identification of human triple-negative breast cancer subtypes and preclinical models for 
selection of targeted therapies. J Clin Invest 2011;121:2750-67.

55.     

Liu H, Murphy CJ, Karreth FA, et al. Identifying and targeting sporadic oncogenic genetic aberrations in mouse models of triple-
negative breast cancer. Cancer Discov 2018;8:354-69.  DOI  PubMed  PMC

56.     

Duffy MJ, Synnott NC, Crown J. Mutant p53 as a target for cancer treatment. Eur J Cancer 2017;83:258-65.  DOI  PubMed57.     
Liu J, Zhang C, Feng Z. Tumor suppressor p53 and its gain-of-function mutants in cancer. Acta Biochim Biophys Sin (Shanghai) 
2014;46:170-9.

58.     

Coradini D, Biganzoli E, Ardoino I, et al. p53 status identifies triple-negative breast cancer patients who do not respond to adjuvant 
chemotherapy. Breast 2015;24:294-7.  DOI

59.     

Li JP, Zhang XM, Zhang Z, Zheng LH, Jindal S, Liu YJ. Association of p53 expression with poor prognosis in patients with triple-
negative breast invasive ductal carcinoma. Medicine (Baltimore) 2019;98:e15449.  DOI  PubMed  PMC

60.     

Cancer Genome Atlas Network. Comprehensive molecular portraits of human breast tumours. Nature 2012;490:61-70.  DOI  
PubMed  PMC

61.     

Pan Y, Yuan Y, Liu G, Wei Y. P53 and Ki-67 as prognostic markers in triple-negative breast cancer patients. PLoS One 
2017;12:e0172324.

62.     

Biganzoli E, Coradini D, Ambrogi F, et al. p53 status identifies two subgroups of triple-negative breast cancers with distinct 
biological features. Jpn J Clin Oncol 2011;41:172-9.  DOI  PubMed

63.     

Fournier MV, Goodwin EC, Chen J, Obenauer JC, Tannenbaum SH, Brufsky AM. A predictor of pathological complete response to 
neoadjuvant chemotherapy stratifies triple negative breast cancer patients with high risk of recurrence. Sci Rep 2019;9:14863.  DOI  
PubMed  PMC

64.     

Dittmer D, Pati S, Zambetti G, et al. Gain of function mutations in p53. Nat Genet 1993;4:42-6.  DOI  PubMed65.     
Yue X, Zhao Y, Xu Y, Zheng M, Feng Z, Hu W. Mutant p53 in cancer: accumulation, gain-of-function, and therapy. J Mol Biol 
2017;429:1595-606.  DOI  PubMed  PMC

66.     

Baugh EH, Ke H, Levine AJ, Bonneau RA, Chan CS. Why are there hotspot mutations in the TP53 gene in human cancers? Cell 
Death Differ 2018;25:154-60.  DOI  PubMed  PMC

67.     

Klein K, Oualkacha K, Lafond MH, Bhatnagar S, Tonin PN, Greenwood CM. Gene coexpression analyses differentiate networks 
associated with diverse cancers harboring TP53 missense or null mutations. Front Genet 2016;7:137.  DOI  PubMed  PMC

68.     

Bittremieux M, Bultynck G. p53 and Ca2+ signaling from the endoplasmic reticulum: partners in anti-cancer therapies.
Oncoscience 2015;2:233-8.  DOI  PubMed  PMC

69.     

https://dx.doi.org/10.1007/s00249-016-1144-z
http://www.ncbi.nlm.nih.gov/pubmed/27342111
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5045480
https://dx.doi.org/10.3389/fphys.2013.00185
http://www.ncbi.nlm.nih.gov/pubmed/23882223
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3713347
https://dx.doi.org/10.1111/bph.12721
http://www.ncbi.nlm.nih.gov/pubmed/24724725
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4290700
https://dx.doi.org/10.3389/fphar.2020.00968
http://www.ncbi.nlm.nih.gov/pubmed/32733237
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7358640
https://dx.doi.org/10.1016/j.bbamem.2015.06.009
http://www.ncbi.nlm.nih.gov/pubmed/26072287
https://dx.doi.org/10.1038/nrc2374
http://www.ncbi.nlm.nih.gov/pubmed/18432251
https://dx.doi.org/10.1016/j.ceca.2019.102109
http://www.ncbi.nlm.nih.gov/pubmed/31783287
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6931135
https://dx.doi.org/10.1158/1535-7163.MCT-10-0923
http://www.ncbi.nlm.nih.gov/pubmed/21224390
https://dx.doi.org/10.1016/j.prp.2017.08.006
http://www.ncbi.nlm.nih.gov/pubmed/28869106
https://dx.doi.org/10.1096/fj.12-213801
http://www.ncbi.nlm.nih.gov/pubmed/22993197
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3528310
https://dx.doi.org/10.3389/fphar.2016.00114
http://www.ncbi.nlm.nih.gov/pubmed/27199756
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4854895
https://dx.doi.org/10.1242/jcs.196659
http://www.ncbi.nlm.nih.gov/pubmed/28559303
https://dx.doi.org/10.1186/s12935-020-01464-9
http://www.ncbi.nlm.nih.gov/pubmed/32782435
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7409684
https://dx.doi.org/10.1038/s41467-021-26502-6
http://www.ncbi.nlm.nih.gov/pubmed/34725325
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8560912
https://dx.doi.org/10.4137/CIN.S9983
http://www.ncbi.nlm.nih.gov/pubmed/22872785
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3412597
https://dx.doi.org/10.1158/2159-8290.CD-17-0679
http://www.ncbi.nlm.nih.gov/pubmed/29203461
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5907916
https://dx.doi.org/10.1016/j.ejca.2017.06.023
http://www.ncbi.nlm.nih.gov/pubmed/28756138
https://dx.doi.org/10.1016/j.breast.2015.01.007
https://dx.doi.org/10.1097/MD.0000000000015449
http://www.ncbi.nlm.nih.gov/pubmed/31045815
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6504250
https://dx.doi.org/10.1038/nature11412
http://www.ncbi.nlm.nih.gov/pubmed/23000897
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3465532
https://dx.doi.org/10.1093/jjco/hyq227
http://www.ncbi.nlm.nih.gov/pubmed/21199790
https://dx.doi.org/10.1038/s41598-019-51335-1
http://www.ncbi.nlm.nih.gov/pubmed/31619719
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6795899
https://dx.doi.org/10.1038/ng0593-42
http://www.ncbi.nlm.nih.gov/pubmed/8099841
https://dx.doi.org/10.1016/j.jmb.2017.03.030
http://www.ncbi.nlm.nih.gov/pubmed/28390900
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5663274
https://dx.doi.org/10.1038/cdd.2017.180
http://www.ncbi.nlm.nih.gov/pubmed/29099487
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5729536
https://dx.doi.org/10.3389/fgene.2016.00137
http://www.ncbi.nlm.nih.gov/pubmed/27536319
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4971393
https://dx.doi.org/10.18632/oncoscience.139
http://www.ncbi.nlm.nih.gov/pubmed/25897426
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4394128


Page 574Eustace et al. Cancer Drug Resist 2022;5:560-76 https://dx.doi.org/10.20517/cdr.2022.41

Haupt S, Raghu D, Haupt Y. p53 calls upon CIA (Calcium Induced Apoptosis) to counter stress. Front Oncol 2015;5:57.  DOI  
PubMed  PMC

70.     

Bonora M, Pinton P. The mitochondrial permeability transition pore and cancer: molecular mechanisms involved in cell death. Front 
Oncol 2014;4:302.  DOI  PubMed  PMC

71.     

Giorgi C, Bonora M, Sorrentino G, et al. p53 at the endoplasmic reticulum regulates apoptosis in a Ca2+-dependent manner. Proc Natl 
Acad Sci U S A 2015;112:1779-84.

72.     

Nedeljković M, Damjanović A. Mechanisms of chemotherapy resistance in triple-negative breast cancer-how we can rise to the 
challenge. Cells 2019;8:957.  DOI  PubMed  PMC

73.     

Giorgi C, Bonora M, Missiroli S, et al. Intravital imaging reveals p53-dependent cancer cell death induced by phototherapy via 
calcium signaling. Oncotarget 2015;6:1435-45.  DOI  PubMed  PMC

74.     

Rohacs T. Regulation of transient receptor potential channels by the phospholipase C pathway. Adv Biol Regul 2013;53:341-55.  DOI  
PubMed  PMC

75.     

Nilius B, Owsianik G, Voets T, Peters JA. Transient receptor potential cation channels in disease. Physiol Rev 2007;87:165-217.76.     
Gogna R, Madan E, Keppler B, Pati U. Gallium compound GaQ3-induced Ca2+ signalling triggers p53-dependent and -independent 
apoptosis in cancer cells: GaQ3 induces Ca2+ signalling and p53 activation. Br J Pharmacol 2012;166:617-36.  DOI

77.     

Madan E, Gogna R, Keppler B, Pati U. p53 increases intra-cellular calcium release by transcriptional regulation of calcium channel 
TRPC6 in GaQ3-treated cancer cells. PLoS One 2013;8:e71016.  DOI  PubMed  PMC

78.     

Kischel P, Girault A, Rodat-Despoix L, et al. Ion channels: new actors playing in chemotherapeutic resistance. Cancers (Basel) 
2019;11:376.  DOI  PubMed  PMC

79.     

Hasna J, Hague F, Rodat-Despoix L, et al. Orai3 calcium channel and resistance to chemotherapy in breast cancer cells: the p53 
connection. Cell Death Differ 2018;25:693-707.  DOI  PubMed  PMC

80.     

Brickley DR, Agyeman AS, Kopp RF, et al. Serum- and glucocorticoid-induced protein kinase 1 (SGK1) is regulated by store-
operated Ca2+ entry and mediates cytoprotection against necrotic cell death. J Biol Chem 2013;288:32708-19.  DOI  PubMed  PMC

81.     

Gibadulinova A, Tothova V, Pastorek J, Pastorekova S. Transcriptional regulation and functional implication of S100P in cancer. 
Amino Acids 2011;41:885-92.  DOI  PubMed

82.     

Cong Y, Cui Y, Wang S, et al. Calcium-binding protein S100P promotes tumor progression but enhances chemosensitivity in breast 
cancer. Front Oncol 2020;10:566302.

83.     

Arumugam T, Logsdon CD. S100P: a novel therapeutic target for cancer. Amino Acids 2011;41:893-9.  DOI  PubMed  PMC84.     
Komatsu M, Yoshimaru T, Matsuo T, et al. Molecular features of triple negative breast cancer cells by genome-wide gene expression 
profiling analysis. Int J Oncol 2013;42:478-506.

85.     

Maierthaler M, Kriegsmann M, Peng C, et al. S100P and HYAL2 as prognostic markers for patients with triple-negative breast 
cancer. Exp Mol Pathol 2015;99:180-7.  DOI  PubMed

86.     

Gibadulinova A, Pastorek M, Filipcik P, et al. Cancer-associated S100P protein binds and inactivates p53, permits therapy-induced 
senescence and supports chemoresistance. Oncotarget 2016;7:22508-22.  DOI  PubMed  PMC

87.     

Duffy MJ, Crown J. Drugging “undruggable” genes for cancer treatment: are we making progress? Int J Cancer 2021;148:8-17.88.     
Synnott NC, O'Connell D, Crown J, Duffy MJ. COTI-2 reactivates mutant p53 and inhibits growth of triple-negative breast cancer 
cells. Breast Cancer Res Treat 2020;179:47-56.  DOI  PubMed

89.     

Sallman DA, DeZern AE, Garcia-Manero G, et al. Eprenetapopt (APR-246) and Azacitidine in TP53-Mutant Myelodysplastic 
Syndromes. J Clin Oncol 2021;39:1584-94.  DOI  PubMed  PMC

90.     

Hemmings BA, Restuccia DF. PI3K-PKB/Akt pathway. Cold Spring Harb Perspect Biol 2012;4:a011189.  DOI  PubMed  PMC91.     
Dong C, Wu J, Chen Y, Nie J, Chen C. Activation of PI3K/AKT/mTOR pathway causes drug resistance in breast cancer. Front 
Pharmacol 2021;12:628690.

92.     

Costa RLB, Han HS, Gradishar WJ. Targeting the PI3K/AKT/mTOR pathway in triple-negative breast cancer: a review. Breast 
Cancer Res Treat 2018;169:397-406.  DOI  PubMed

93.     

Pascual J, Turner NC. Targeting the PI3-kinase pathway in triple-negative breast cancer. Ann Oncol 2019;30:1051-60.  DOI  PubMed94.     
Collavin L, Lunardi A, Del Sal G. p53-family proteins and their regulators: hubs and spokes in tumor suppression. Cell Death Differ 
2010;17:901-11.  DOI  PubMed

95.     

López-Knowles E, O'Toole SA, McNeil CM, et al. PI3K pathway activation in breast cancer is associated with the basal-like 
phenotype and cancer-specific mortality. Int J Cancer 2010;126:1121-31.  DOI  PubMed

96.     

Shah SP, Roth A, Goya R, et al. The clonal and mutational evolution spectrum of primary triple-negative breast cancers. Nature 
2012;486:395-9.  DOI  PubMed  PMC

97.     

Pereira B, Chin SF, Rueda OM, et al. The somatic mutation profiles of 2,433 breast cancers refines their genomic and transcriptomic 
landscapes. Nat Commun 2016;7:11479.  DOI  PubMed  PMC

98.     

Chen SMY, Li B, Nicklawsky AG, et al. Deletion of p53 and hyper-activation of PIK3CA in Keratin-15+ stem cells lead to the 
development of spontaneous squamous cell carcinoma. Int J Mol Sci 2020;21:6585.  DOI  PubMed  PMC

99.     

Jiang YZ, Ma D, Suo C, et al. Genomic and transcriptomic landscape of triple-negative breast cancers: subtypes and treatment 
strategies. Cancer Cell 2019;35:428-440.e5.  DOI  PubMed

100.     

Chen L, Yang L, Yao L, et al. Characterization of PIK3CA and PIK3R1 somatic mutations in Chinese breast cancer patients. Nat 
Commun 2018;9:1357.  DOI  PubMed  PMC

101.     

https://dx.doi.org/10.3389/fonc.2015.00057
http://www.ncbi.nlm.nih.gov/pubmed/25806354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4354267
https://dx.doi.org/10.3389/fonc.2014.00302
http://www.ncbi.nlm.nih.gov/pubmed/25478322
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4235083
https://dx.doi.org/10.3390/cells8090957
http://www.ncbi.nlm.nih.gov/pubmed/31443516
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6770896
https://dx.doi.org/10.18632/oncotarget.2935
http://www.ncbi.nlm.nih.gov/pubmed/25544762
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4359305
https://dx.doi.org/10.1016/j.jbior.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23916247
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3805701
https://dx.doi.org/10.1111/j.1476-5381.2011.01780.x
https://dx.doi.org/10.1371/journal.pone.0071016
http://www.ncbi.nlm.nih.gov/pubmed/23976973
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3745406
https://dx.doi.org/10.3390/cancers11030376
http://www.ncbi.nlm.nih.gov/pubmed/30884858
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6468599
https://dx.doi.org/10.1038/s41418-017-0007-1
http://www.ncbi.nlm.nih.gov/pubmed/29323264
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5864197
https://dx.doi.org/10.1074/jbc.M113.507210
http://www.ncbi.nlm.nih.gov/pubmed/24043625
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3820905
https://dx.doi.org/10.1007/s00726-010-0495-5
http://www.ncbi.nlm.nih.gov/pubmed/20155429
https://dx.doi.org/10.1007/s00726-010-0496-4
http://www.ncbi.nlm.nih.gov/pubmed/20509035
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4041611
https://dx.doi.org/10.1016/j.yexmp.2015.06.010
http://www.ncbi.nlm.nih.gov/pubmed/26112095
https://dx.doi.org/10.18632/oncotarget.7999
http://www.ncbi.nlm.nih.gov/pubmed/26967060
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5008377
https://dx.doi.org/10.1007/s10549-019-05435-1
http://www.ncbi.nlm.nih.gov/pubmed/31538264
https://dx.doi.org/10.1200/JCO.20.02341
http://www.ncbi.nlm.nih.gov/pubmed/33449813
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8099410
https://dx.doi.org/10.1101/cshperspect.a011189
http://www.ncbi.nlm.nih.gov/pubmed/22952397
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3428770
https://dx.doi.org/10.1007/s10549-018-4697-y
http://www.ncbi.nlm.nih.gov/pubmed/29417298
https://dx.doi.org/10.1093/annonc/mdz133
http://www.ncbi.nlm.nih.gov/pubmed/31050709
https://dx.doi.org/10.1038/cdd.2010.35
http://www.ncbi.nlm.nih.gov/pubmed/20379196
https://dx.doi.org/10.1002/ijc.24831
http://www.ncbi.nlm.nih.gov/pubmed/19685490
https://dx.doi.org/10.1038/nature10933
http://www.ncbi.nlm.nih.gov/pubmed/22495314
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3863681
https://dx.doi.org/10.1038/ncomms11479
http://www.ncbi.nlm.nih.gov/pubmed/27161491
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4866047
https://dx.doi.org/10.3390/ijms21186585
http://www.ncbi.nlm.nih.gov/pubmed/32916850
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7554792
https://dx.doi.org/10.1016/j.ccell.2019.02.001
http://www.ncbi.nlm.nih.gov/pubmed/30853353
https://dx.doi.org/10.1038/s41467-018-03867-9
http://www.ncbi.nlm.nih.gov/pubmed/29636477
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5893593


Page 575 Eustace et al. Cancer Drug Resist 2022;5:560-76 https://dx.doi.org/10.20517/cdr.2022.41

Shi X, Wang J, Lei Y, Cong C, Tan D, Zhou X. Research progress on the PI3K/AKT signaling pathway in gynecological cancer 
(Review). Mol Med Rep 2019;19:4529-35.  DOI  PubMed  PMC

102.     

Porta C, Paglino C, Mosca A. Targeting PI3K/Akt/mTOR signaling in cancer. Front Oncol 2014;4:64.  DOI  PubMed  PMC103.     
Showkat M, Beigh MA, Andrabi KI. mTOR Signaling in protein translation regulation: implications in cancer genesis and therapeutic 
interventions. Mol Biol Int 2014;2014:686984.  DOI  PubMed  PMC

104.     

Harms KL, Chen X. The functional domains in p53 family proteins exhibit both common and distinct properties. Cell Death Differ 
2006;13:890-7.  DOI  PubMed

105.     

Lee C, Kim JS, Waldman T. Activated PI3K signaling as an endogenous inducer of p53 in human cancer. Cell Cycle 2007;6:394-6.  
DOI  PubMed  PMC

106.     

Singh B, Reddy PG, Goberdhan A, et al. p53 regulates cell survival by inhibiting PIK3CA in squamous cell carcinomas. Genes Dev 
2002;16:984-93.  DOI  PubMed  PMC

107.     

Astanehe A, Arenillas D, Wasserman WW, et al. Mechanisms underlying p53 regulation of PIK3CA transcription in ovarian surface 
epithelium and in ovarian cancer. J Cell Sci 2008;121:664-74.  DOI  PubMed

108.     

Wen J, Huang YC, Xiu HH, Shan ZM, Xu KQ. Altered expression of stromal interaction molecule (STIM)-calcium release-activated 
calcium channel protein (ORAI) and inositol 1,4,5-trisphosphate receptors (IP3Rs) in cancer: will they become a new battlefield for 
oncotherapy? Chin J Cancer 2016;35:32.  DOI  PubMed  PMC

109.     

Marchi S, Marinello M, Bononi A, et al. Selective modulation of subtype III IP3R by Akt regulates ER Ca2+ release and apoptosis. 
Cell Death Dis 2012;3:e304.  DOI  PubMed  PMC

110.     

Marchi S, Rimessi A, Giorgi C, et al. Akt kinase reducing endoplasmic reticulum Ca2+ release protects cells from Ca2+-dependent 
apoptotic stimuli. Biochem Biophys Res Commun 2008;375:501-5.  DOI  PubMed  PMC

111.     

Milella M, Falcone I, Conciatori F, et al. PTEN: multiple functions in human malignant tumors. Front Oncol 2015;5:24.  DOI  
PubMed  PMC

112.     

Beg S, Siraj AK, Prabhakaran S, et al. Loss of PTEN expression is associated with aggressive behavior and poor prognosis in Middle 
Eastern triple-negative breast cancer. Breast Cancer Res Treat 2015;151:541-53.  DOI  PubMed

113.     

Li S, Shen Y, Wang M, et al. Loss of PTEN expression in breast cancer: association with clinicopathological characteristics and 
prognosis. Oncotarget 2017;8:32043-54.  DOI  PubMed  PMC

114.     

Bononi A, Bonora M, Marchi S, et al. Identification of PTEN at the ER and MAMs and its regulation of Ca2+ signaling and
apoptosis in a protein phosphatase-dependent manner. Cell Death Differ 2013;20:1631-43.  DOI  PubMed  PMC

115.     

Boehmerle W, Splittgerber U, Lazarus MB, et al. Paclitaxel induces calcium oscillations via an inositol 1,4,5-trisphosphate receptor 
and neuronal calcium sensor 1-dependent mechanism. Proc Natl Acad Sci U S A 2006;103:18356-61.  DOI  PubMed  PMC

116.     

Nguyen LD, Petri ET, Huynh LK, Ehrlich BE. Characterization of NCS1-InsP3R1 interaction and its functional significance. J Biol 
Chem 2019;294:18923-33.  DOI  PubMed  PMC

117.     

Boehmerle W, Zhang K, Sivula M, et al. Chronic exposure to paclitaxel diminishes phosphoinositide signaling by calpain-mediated 
neuronal calcium sensor-1 degradation. Proc Natl Acad Sci U S A 2007;104:11103-8.  DOI  PubMed  PMC

118.     

Singh A, Chagtoo M, Tiwari S, et al. Inhibition of Inositol 1, 4, 5-Trisphosphate Receptor Induce Breast Cancer Cell Death Through 
Deregulated Autophagy and Cellular Bioenergetics. J Cell Biochem 2017;118:2333-46.  DOI  PubMed

119.     

Leite MF, Thrower EC, Echevarria W, et al. Nuclear and cytosolic calcium are regulated independently. Proc Natl Acad Sci U S A 
2003;100:2975-80.  DOI  PubMed  PMC

120.     

Rodrigues MA, Gomes DA, Leite MF, et al. Nucleoplasmic calcium is required for cell proliferation. J Biol Chem 2007;282:17061-8.  
DOI  PubMed  PMC

121.     

Guimarães E, Machado R, Fonseca MC, et al. Inositol 1, 4, 5-trisphosphate-dependent nuclear calcium signals regulate angiogenesis 
and cell motility in triple negative breast cancer. PLoS One 2017;12:e0175041.  DOI  PubMed  PMC

122.     

Han F, Li CF, Cai Z, et al. The critical role of AMPK in driving Akt activation under stress, tumorigenesis and drug resistance. Nat 
Commun 2018;9:4728.  DOI  PubMed  PMC

123.     

Jardin I, Lopez JJ, Salido GM, Rosado JA. Store-operated Ca2+ entry in breast cancer cells: remodeling and functional role. Int J Mol 
Sci 2018;19:4053.

124.     

Bhattacharya A, Kumar J, Hermanson K, et al. The calcium channel proteins ORAI3 and STIM1 mediate TGF-β induced Snai1 
expression. Oncotarget 2018;9:29468-83.  DOI  PubMed  PMC

125.     

Davis FM, Azimi I, Faville RA, et al. Induction of epithelial-mesenchymal transition (EMT) in breast cancer cells is calcium signal 
dependent. Oncogene 2014;33:2307-16.

126.     

Zheng HC. The molecular mechanisms of chemoresistance in cancers. Oncotarget 2017;8:59950-64.  DOI  PubMed  PMC127.     
Stewart TA, Azimi I, Thompson EW, Roberts-Thomson SJ, Monteith GR. A role for calcium in the regulation of ATP-binding 
cassette, sub-family C, member 3 (ABCC3) gene expression in a model of epidermal growth factor-mediated breast cancer epithelial-
mesenchymal transition. Biochem Biophys Res Commun 2015;458:509-14.  DOI  PubMed

128.     

Bong AHL, Bassett JJ, Roberts-Thomson SJ, Monteith GR. Assessment of doxorubicin-induced remodeling of Ca2+ signaling and 
associated Ca2+ regulating proteins in MDA-MB-231 breast cancer cells. Biochem Biophys Res Commun 2020;522:532-8.  DOI  
PubMed

129.     

Zhang P, Liu X, Li H, et al. TRPC5-induced autophagy promotes drug resistance in breast carcinoma via CaMKKβ/AMPKα/mTOR 
pathway. Sci Rep 2017;7:3158.  DOI  PubMed  PMC

130.     

https://dx.doi.org/10.3892/mmr.2019.10121
http://www.ncbi.nlm.nih.gov/pubmed/30942405
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6522820
https://dx.doi.org/10.3389/fonc.2014.00064
http://www.ncbi.nlm.nih.gov/pubmed/24782981
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3995050
https://dx.doi.org/10.1155/2014/686984
http://www.ncbi.nlm.nih.gov/pubmed/25505994
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4258317
https://dx.doi.org/10.1038/sj.cdd.4401904
http://www.ncbi.nlm.nih.gov/pubmed/16543939
https://dx.doi.org/10.4161/cc.6.4.3810
http://www.ncbi.nlm.nih.gov/pubmed/17329971
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4394610
https://dx.doi.org/10.1101/gad.973602
http://www.ncbi.nlm.nih.gov/pubmed/11959846
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC152354
https://dx.doi.org/10.1242/jcs.013029
http://www.ncbi.nlm.nih.gov/pubmed/18270270
https://dx.doi.org/10.1186/s40880-016-0094-2
http://www.ncbi.nlm.nih.gov/pubmed/27013185
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4807559
https://dx.doi.org/10.1038/cddis.2012.45
http://www.ncbi.nlm.nih.gov/pubmed/22552281
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3366079
https://dx.doi.org/10.1016/j.bbrc.2008.07.153
http://www.ncbi.nlm.nih.gov/pubmed/18723000
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2576286
https://dx.doi.org/10.3389/fonc.2015.00024
http://www.ncbi.nlm.nih.gov/pubmed/25763354
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4329810
https://dx.doi.org/10.1007/s10549-015-3430-3
http://www.ncbi.nlm.nih.gov/pubmed/25981902
https://dx.doi.org/10.18632/oncotarget.16761
http://www.ncbi.nlm.nih.gov/pubmed/28410191
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5458267
https://dx.doi.org/10.1038/cdd.2013.77 
http://www.ncbi.nlm.nih.gov/pubmed/23811847
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3824603
https://dx.doi.org/10.1073/pnas.0607240103
http://www.ncbi.nlm.nih.gov/pubmed/17114292
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1838755
https://dx.doi.org/10.1074/jbc.RA119.009736
http://www.ncbi.nlm.nih.gov/pubmed/31659121
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6901312
https://dx.doi.org/10.1073/pnas.0701546104
http://www.ncbi.nlm.nih.gov/pubmed/17581879
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1904151
https://dx.doi.org/10.1002/jcb.25891
http://www.ncbi.nlm.nih.gov/pubmed/28106298
https://dx.doi.org/10.1073/pnas.0536590100
http://www.ncbi.nlm.nih.gov/pubmed/12606721
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC151451
https://dx.doi.org/10.1074/jbc.M700490200
http://www.ncbi.nlm.nih.gov/pubmed/17420246
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2825877
https://dx.doi.org/10.1371/journal.pone.0175041
http://www.ncbi.nlm.nih.gov/pubmed/28376104
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5380351
https://dx.doi.org/10.1038/s41467-018-07188-9
http://www.ncbi.nlm.nih.gov/pubmed/30413706
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6226490
https://dx.doi.org/10.18632/oncotarget.25672
http://www.ncbi.nlm.nih.gov/pubmed/30034631
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6047677
https://dx.doi.org/10.18632/oncotarget.19048
http://www.ncbi.nlm.nih.gov/pubmed/28938696
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5601792
https://dx.doi.org/10.1016/j.bbrc.2015.01.141
http://www.ncbi.nlm.nih.gov/pubmed/25666946
https://dx.doi.org/10.1016/j.bbrc.2019.11.136
http://www.ncbi.nlm.nih.gov/pubmed/31780263
https://dx.doi.org/10.1038/s41598-017-03230-w
http://www.ncbi.nlm.nih.gov/pubmed/28600513
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5466655


Page 576Eustace et al. Cancer Drug Resist 2022;5:560-76 https://dx.doi.org/10.20517/cdr.2022.41

Garrido-Castro AC, Saura C, Barroso-Sousa R, et al. Phase 2 study of buparlisib (BKM120), a pan-class I PI3K inhibitor, in patients 
with metastatic triple-negative breast cancer. Breast Cancer Res 2020;22:120.  DOI  PubMed  PMC

131.     

Martín M, Chan A, Dirix L, et al. A randomized adaptive phase II/III study of buparlisib, a pan-class I PI3K inhibitor, combined with 
paclitaxel for the treatment of HER2- advanced breast cancer (BELLE-4). Ann Oncol 2017;28:313-20.  DOI  PubMed

132.     

Schmid P, Abraham J, Chan S, et al. Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel As First-Line Therapy for Metastatic 
Triple-Negative Breast Cancer: The PAKT Trial. J Clin Oncol 2020;38:423-33.  DOI  PubMed

133.     

Turner N, Dent RA, O'Shaughnessy J, et al. Ipatasertib plus paclitaxel for PIK3CA/AKT1/PTEN-altered hormone receptor-positive 
HER2-negative advanced breast cancer: primary results from cohort B of the IPATunity130 randomized phase 3 trial. Breast Cancer 
Res Treat 2022;191:565-76.  DOI  PubMed  PMC

134.     

Liang X, Zhang N, Pan H, Xie J, Han W. Development of store-operated calcium entry-targeted compounds in cancer. Front 
Pharmacol 2021;12:688244.  DOI  PubMed  PMC

135.     

Vashisht A, Trebak M, Motiani RK. STIM and Orai proteins as novel targets for cancer therapy. a review in the theme: cell and 
molecular processes in cancer metastasis. Am J Physiol Cell Physiol 2015;309:C457-69.  DOI  PubMed  PMC

136.     

Santos R, Ursu O, Gaulton A, et al. A comprehensive map of molecular drug targets. Nat Rev Drug Discov 2017;16:19-34.  DOI  
PubMed  PMC

137.     

Rahman S, Rahman T. Unveiling some FDA-approved drugs as inhibitors of the store-operated Ca2+ entry pathway. Sci Rep 
2017;7:12881.  DOI  PubMed  PMC

138.     

Gutiérrez LG, Hernández-Morales M, Núñez L, Villalobos C. Inhibition of polyamine biosynthesis reverses Ca2+ channel remodeling 
in colon cancer cells. Cancers (Basel) 2019;11:83.  DOI  PubMed  PMC

139.     

Zhang X, Feng Y, Liu X, et al. Beyond a chemopreventive reagent, aspirin is a master regulator of the hallmarks of cancer. J Cancer 
Res Clin Oncol 2019;145:1387-403.  DOI  PubMed

140.     

Núñez L, Valero RA, Senovilla L, Sanz-Blasco S, García-Sancho J, Villalobos C. Cell proliferation depends on mitochondrial Ca2+ 
uptake: inhibition by salicylate. J Physiol 2006;571:57-73.  DOI  PubMed  PMC

141.     

Wang JY, Sun J, Huang MY, et al. STIM1 overexpression promotes colorectal cancer progression, cell motility and COX-2 
expression. Oncogene 2015;34:4358-67.  DOI  PubMed  PMC

142.     

Li P, Rubaiy HN, Chen GL, et al. Mibefradil, a T-type Ca2+ channel blocker also blocks Orai channels by action at the extracellular 
surface. Br J Pharmacol 2019;176:3845-56.  DOI  PubMed  PMC

143.     

Im J. COX-2 regulates the insulin-like growth factor i-induced potentiation of Zn2+-toxicity in primary cortical culture. Mol 
Pharmacol 2004;66:368-76.  DOI

144.     

Dobrydneva Y, Williams RL, Blackmore PF. Diethylstilbestrol and other nonsteroidal estrogens: novel class of store-operated 
calcium channel modulators. J Cardiovasc Pharmacol 2010;55:522-30.  DOI  PubMed

145.     

Tian C, Du L, Zhou Y, Li M. Store-operated CRAC channel inhibitors: opportunities and challenges. Future Med Chem 2016;8:817-
32.  DOI  PubMed  PMC

146.     

Kang SS, Han KS, Ku BM, et al. Caffeine-mediated inhibition of calcium release channel inositol 1,4,5-trisphosphate receptor 
subtype 3 blocks glioblastoma invasion and extends survival. Cancer Res 2010;70:1173-83.  DOI  PubMed  PMC

147.     

Saleem H, Tovey SC, Molinski TF, Taylor CW. Interactions of antagonists with subtypes of inositol 1,4,5-trisphosphate (IP3) 
receptor. Br J Pharmacol 2014;171:3298-312.  DOI  PubMed  PMC

148.     

https://dx.doi.org/10.1186/s13058-020-01354-y
http://www.ncbi.nlm.nih.gov/pubmed/33138866
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7607628
https://dx.doi.org/10.1093/annonc/mdw562
http://www.ncbi.nlm.nih.gov/pubmed/27803006
https://dx.doi.org/10.1200/JCO.19.00368
http://www.ncbi.nlm.nih.gov/pubmed/31841354
https://dx.doi.org/10.1007/s10549-021-06450-x
http://www.ncbi.nlm.nih.gov/pubmed/34860318
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8831286
https://dx.doi.org/10.3389/fphar.2021.688244
http://www.ncbi.nlm.nih.gov/pubmed/34122115
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8194303
https://dx.doi.org/10.1152/ajpcell.00064.2015
http://www.ncbi.nlm.nih.gov/pubmed/26017146
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4593768
https://dx.doi.org/10.1038/nrd.2016.230
http://www.ncbi.nlm.nih.gov/pubmed/27910877
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6314433
https://dx.doi.org/10.1038/s41598-017-13343-x
http://www.ncbi.nlm.nih.gov/pubmed/29038464
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5643495
https://dx.doi.org/10.3390/cancers11010083
http://www.ncbi.nlm.nih.gov/pubmed/30642111
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6357118
https://dx.doi.org/10.1007/s00432-019-02902-6
http://www.ncbi.nlm.nih.gov/pubmed/31037399
https://dx.doi.org/10.1113/jphysiol.2005.100586
http://www.ncbi.nlm.nih.gov/pubmed/16339178
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC1805645
https://dx.doi.org/10.1038/onc.2014.366
http://www.ncbi.nlm.nih.gov/pubmed/25381814
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4426254
https://dx.doi.org/10.1111/bph.14788
http://www.ncbi.nlm.nih.gov/pubmed/31271653
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6780027
https://dx.doi.org/10.1124/mol.66.3.
https://dx.doi.org/10.1097/FJC.0b013e3181d64b33
http://www.ncbi.nlm.nih.gov/pubmed/20147843
https://dx.doi.org/10.4155/fmc-2016-0024
http://www.ncbi.nlm.nih.gov/pubmed/27149324
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5558521
https://dx.doi.org/10.1158/0008-5472.CAN-09-2886
http://www.ncbi.nlm.nih.gov/pubmed/20103623
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3273964
https://dx.doi.org/10.1111/bph.12685
http://www.ncbi.nlm.nih.gov/pubmed/24628114
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4080982



