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Simple Summary: A remodeling in calcium homeostasis and the protein kinase AKT signaling path-
way often promotes tumorigenic traits in cancer cells. Changes in calcium signaling can be mediated
through altered expression or activity of calcium channels and pumps, which constitute a class of
targetable therapeutic targets. Currently, the interplay between the two signaling pathways in breast
cancer cells is unclear. A better understanding of the association between calcium and AKT signaling,
and the molecular players involved may identify novel therapeutic strategies for breast cancers
with abnormal AKT signaling. Using fluorescence calcium imaging and gene silencing/knockout
techniques, we showed that increased AKT activation results in increased calcium entry, and that
this is mediated through ORAI1 calcium channels. Future studies exploring therapeutic strategies to
target PTEN-deficient or hyperactivated AKT cancers should consider this novel correlation between
AKT activation and ORAI1-mediated calcium influx.

Abstract: Although breast cancer cells often exhibit both abnormal AKT signaling and calcium
signaling, the association between these two pathways is unclear. Using a combination of pharmaco-
logical tools, siRNA and CRISPR/Cas9 gene silencing techniques, we investigated the association
between PTEN, AKT phosphorylation and calcium signaling in a basal breast cancer cell line. We
found that siRNA-mediated PTEN silencing promotes AKT phosphorylation and calcium influx in
MDA-MB-231 cells. This increase in AKT phosphorylation and calcium influx was phenocopied
by the pharmacological AKT activator, SC79. The increased calcium influx associated with SC79
is inhibited by silencing AKT2, but not AKT1. This increase in calcium influx is suppressed when
the store-operated calcium channel, ORAI1 is silenced. The results from this study open a novel
avenue for therapeutic targeting of cancer cells with increased AKT activation. Given the association
between ORAI1 and breast cancer, ORAI1 is a possible therapeutic target in cancers with abnormal
AKT signaling.

Keywords: breast cancer; AKT regulation; calcium signaling; PTEN; GCaMP6; ORAI1

1. Introduction

Breast cancer is the most common cancer in women and second leading cause of cancer-
related deaths [1]. Breast cancer cells often possess aberrant cell signaling mechanisms
that contribute to their cancerous phenotype. One such pathway commonly dysregulated
in breast cancer is the phoshoinositide-3-kinase (PI3K)/AKT pathway [2,3]. Cancer cells
with increased activation of the PI3K pathway often have either overexpression/mutation
of upstream receptor tyrosine kinases (e.g., human epidermal growth factor receptor),
or loss-of-function of the negative PI3K regulator/tumor suppressor, PTEN. This often
culminates in increased expression or activation of AKT. AKT is a major regulator of
important cellular processes including proliferation, survival and migration. As such, its
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dysregulation can promote the hallmarks of cancer such as resistance to cell death and
uncontrolled proliferation. AKT has three isoforms, AKT1, AKT2 and AKT3, each with
a homologous serine/threonine protein kinase site. The specific roles of each isoform
in cancer cells have been unclear, although recent studies suggest that these isoforms
possess non-redundant functions and specific activation mechanisms (reviewed in [4]). For
example, in transgenic mice with activated Akt1 or Akt2 expression within the mammary
gland, AKT1 is predominantly associated with tumor initiation, whereas AKT2 is involved
in tumor progression and metastasis [5]. AKT inhibitors such as MK2206 are being trialed
clinically in breast cancer patients with PTEN loss or mutations; however, benefits appear
modest, partially due to dose-limiting toxicities [6]. A comprehensive understanding of the
intricacies of the AKT signaling pathway and its interplay with other signaling pathways
may unravel more effective therapeutic strategies.

In addition to the PI3K/AKT signaling pathway, calcium ion (Ca2+) homeostasis is
also often dysregulated in cancer cells. Changes in cytosolic Ca2+ control various cellular
processes including apoptosis, proliferation, gene transcription and cellular energy pro-
duction (reviewed in [7]). Ca2+ signaling is regulated through the orchestrated actions
of specific Ca2+ channels, pumps and sensor proteins. As such, a remodeling in expres-
sion or activity of these Ca2+ regulating proteins can disrupt normal cellular homeostatic
processes and result in key tumorigenic traits (reviewed in [7,8]). In non-excitable cells
including breast cancer cells, Ca2+ influx mainly occurs through store-operated Ca2+ entry
(SOCE) [9–12]. During SOCE, release of stored Ca2+ in the endoplasmic reticulum results in
a conformational change of the sensor protein STIM1. STIM1 then activates ORAI channels
on the plasma membrane to mediate Ca2+ influx to replenish intracellular Ca2+ stores.
ORAI1 levels are greater in breast cancer cells of the basal molecular subtype [13,14] and is
associated with increased cancer cell invasion and migration [15].

The cellular Ca2+ signaling machinery can also be hijacked by oncogenic proteins dur-
ing tumor transformation and progression. For example, the Bcl-2 family of anti-apoptotic
proteins can promote cancer cell resistance to apoptotic stimuli via modulating the activ-
ity of inositol 1,4,5-triphosphate (IP3) receptors (IP3R) (reviewed in [16]). Increased AKT
activity confers cancer cell resistance to apoptotic stimuli through IP3R phosphorylation,
reducing endoplasmic reticulum Ca2+ release [17,18]. More recently, Marchi et al. showed
that AKT promotes phosphorylation of the regulatory mitochondrial protein MICU1, and
this increases basal mitochondrial Ca2+ levels leading to tumor progression in various
cancer cell lines [19]. There is also some evidence that AKT phosphorylation is dependent
on and/or increases Ca2+ influx in some cancer cells, such as melanoma, ovarian and
prostate cancer cells [20–22]. For example, silencing of TRPM4, and in turn reduced Ca2+

influx in PC3 and LNCaP prostate cancer cell lines is associated with a decrease in basal
AKT1 phosphorylation and reduced proliferation [23]. As such, focussing on Ca2+ channels
that are associated with AKT activity in specific cancer cell types is a new strategy to target
cancer cells with increased constitutive AKT activity.

Currently, there are relatively few studies assessing the link between AKT activity
and Ca2+ signaling in breast cancer. Previous studies by our group have shown that the
PTEN-deficient MDA-MB-468 breast cancer cell line exhibits high levels of basal AKT
phosphorylation, and increased basal Ca2+ influx compared to the PTEN-functional MDA-
MB-231 breast cancer cell line [24,25]. However, it remains unknown whether this increased
basal Ca2+ influx in breast cancer cells is a direct consequence of high basal AKT activity.
In addition, the Ca2+ channel mediating possible AKT-sensitive Ca2+ influx has not been
identified. In this study, we used PTEN-functional MDA-MB-231 breast cancer cells stably
expressing the genetically encoded Ca2+ indicator GCaMP6m (GCaMP6m-MDA-MB-231)
as a model to assess the direct consequence of PTEN loss on Ca2+ signaling. We also
investigated the link between increased AKT phosphorylation and Ca2+ signaling using a
novel pharmacological AKT activator SC79. Increased AKT phosphorylation as a result
of both PTEN silencing and AKT pharmacological activation resulted in increased Ca2+

influx in MDA-MB-231 cells. Furthermore, this increased influx was mediated through
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the ORAI1 calcium channel. The findings from this study implicate a role for the ORAI1
calcium channel in mediating AKT-regulated Ca2+ influx.

2. Materials and Methods
2.1. Cell Culture

Clonal MDA-MB-231 cells stably expressing the GCaMP6m Ca2+ indicator (GCaMP6m-
MDA-MB-231) and ORAI1 knockout GCaMP6m-MDA-MB-231 (ORAI1KO) cells were
developed as previously described [26,27]. Experiments involving ORAI1KO cells also in-
cluded a non-clonal GCaMP6m-MDA-MB-231 variant as described previously [26]. Parental
MDA-MB-231 cells used in our laboratory were purchased from American Type Culture
Collection. All cell lines used were authenticated by short tandem repeat profiling at QIMR
Berghofer (Brisbane, Australia) using an Agilent Bioanalyzer 2100. Cells were cultured in
Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum
and 4 mM L-glutamine in a 37 ◦C, 5% CO2 humidified incubator. Hygromycin (400 µg/mL)
was included in the culture media for clonal GCaMP6m-MDA-MB-231 cells. Cells were
tested bi-annually for mycoplasma infection using the MycoAlertTM Mycoplasma Detection
Kit (Lonza) and cells were used in experiments for no more than six passages.

2.2. siRNA Transfection

siRNAs were transfected 24 h after cell seeding at a concentration of 100 nM using
DharmaFECT4 (0.1 µL per well; GE Healthcare-Dharmacon). The following SMARTpool
ON-TARGETplus siRNAs (Dharmacon) were used: Non-targeting (NT) Control pooled
siRNAs (D-001810-10), PTEN siRNA (L-003023-00), ORAI1 siRNA (L-014998-00), AKT1
siRNA (L-003000-00) and AKT2 siRNA (L-003001-00). siRNA knockdown of these targets
was confirmed with immunoblotting.

2.3. Antibodies and Immunoblotting

Cells were lysed using a tris-based protein lysis buffer containing protease (cOm-
pleteTM Mini Protease Inhibitor Cocktail) and phosphatase (PhosSTOPTM) inhibitors
(Roche). A Bradford assay was performed to determine the protein concentrations using
the Bio-Rad Protein Assay Dye Reagent (Bio-Rad Laboratories). Gel electrophoresis was
performed using a Bio-Rad Mini-PROTEAN® Tetra Cell 4-Gel System, and protein samples
were transferred onto a PVDF membrane using the Trans-Blot Turbo Transfer System.
Membranes were blocked using 5% skim milk in 0.1% PBST for 1 h and incubated with
primary antibodies overnight at 4 ◦C (1:1000 dilution), except β-actin, which was incubated
for 1 h at room temperature (1:10,000 dilution). Goat-anti-rabbit and goat anti-mouse
HRP-conjugated secondary antibodies (Bio-Rad Laboratories) were incubated for 1 h at
room temperature (1:10,000 dilution). The following primary antibodies were purchased
from Cell Signaling Technology: anti-PTEN (CST9559), phospho-AKT (Ser473) (CST4051),
total AKT (CST9272), AKT1 (CST2938), AKT2 (CST3063). ORAI1 antibody (4284) was
purchased from ProSci Incorporated. β-Actin was purchased from Merck Sigma. Blots
were imaged using the Bio-Rad ChemiDoc Touch Imaging System. Protein density was
quantified using the Bio-Rad ImageLab software (version 5.2.1) and individual protein
bands were normalized to corresponding β-actin band densities.

2.4. Fluorescence Imaging of Intracellular Ca2+ Signaling

Cytosolic Ca2+ changes were imaged using a Fluorescence Imaging Plate Reader
(FLIPRTETRA, Molecular Devices, San Jose, CA, USA). GCaMP6m-MDA-MB-231 cells were
plated in black-walled 96-well microplates at 4000 cells per well and WT and ORAI1KO
cells were plated at a density of 10,000 cells per well. To assess the effect of siPTEN on
cytosolic Ca2+ concentration ([Ca2+]CYT) changes, Ca2+ imaging was performed 96 h post-
transfection. Briefly, media was removed, and cells were washed twice with physiological
salt solution (PSS) containing nominal Ca2+ (no added CaCl2) before a 15 min incubation
with HEPES-buffered PSS nominal at room temperature. Reagents containing BAPTA
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(100 µM) (Invitrogen) and the Ca2+-mobilizing agonists ATP (Merck-Sigma) or trypsin
(Merck-Sigma) were then added. For assessment of unstimulated Ca2+ influx, 1.8 mM
CaCl2 was added. To assess the effect of AKT activation on Ca2+ influx, cells were pre-
incubated with SC79 (Merck-Sigma) for 1 h prior to imaging. To assess SOCE, cells were
first pre-incubated in PSS nominal for 15 min, followed by consequent additions of BAPTA
(100 µM) and then cyclopiazonic acid (CPA; 10 µM) (Merck-Sigma) to deplete Ca2+ stores.
DMSO (0.1%) was included as a control for CPA. CaCl2 (1.8 mM) was then added to the
cells to allow SOCE. Changes in fluorescence (F) were measured at 470–495 nm excitation
and 515–575 nm emission wavelengths. Fluorescence normalized to baseline fluorescence
(F/F0) values were exported from the ScreenWorks (Molecular Devices) software into
Microsoft Excel. Relative [Ca2+]CYT changes were represented as normalized fluorescence
change over time calculated using the formula: F/F0–1 (∆F/F0).

2.5. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0 (GraphPad Software,
Version 9.3.1). Statistical tests used for individual experiments were described in the
corresponding figure legends. Unless otherwise specified, all data shown in figures are
derived from three biological replicates (n = 3). For all Ca2+ imaging experiments, each n
value represents the mean of three technical replicates, i.e., three individual wells. p values
of less than 0.05 were considered statistically significant.

3. Results and Discussion

3.1. PTEN Silencing Alters Cytosolic Ca2+ Signaling in MDA-MB-231 Cells

To investigate the role of AKT on Ca2+ signaling in basal breast cancer cells, we
first characterized the effect of silencing PTEN, the upstream AKT regulator, on Ca2+

signaling in GCaMP6m-MDA-MB-231 cells. We confirmed that PTEN mRNA levels were
significantly reduced with PTEN siRNA (siPTEN) (Figure 1A). To assess the effect of
PTEN silencing on endoplasmic reticulum Ca2+ signaling, ATP, which activates purinergic
receptors, and trypsin, an activator of protease-activated receptors, were added to the
cells in the absence of extracellular Ca2+ [28]. As shown in Figure 1B, PTEN silencing
reduced the Ca2+ increase induced by ATP (100 µM) addition compared to non-target
siRNA control (siNT). PTEN silencing also reduced Ca2+ release as a result of trypsin
(100 nM) addition (Figure 1C). These results suggest that PTEN silencing either suppresses
endoplasmic reticulum Ca2+ release or reduces the levels of stored endoplasmic reticulum
Ca2+. To assess whether siPTEN affects the levels of stored endoplasmic reticulum Ca2+,
we assessed the Ca2+ increase associated with inhibition of endoplasmic reticulum Ca2+

reuptake using CPA. We found no significant change in CPA-mediated Ca2+ increase as
a result of siPTEN (Figure S1). Indeed, studies show that the loss of PTEN expression
and/or increased AKT phosphorylation in cancer cells reduces endoplasmic reticulum
Ca2+ release through the IP3R. This may be mediated via an inhibition of IP3R activity or
increased proteasomal degradation of IP3R [18,25,26,29,30]. Next, we assessed the effect of
PTEN silencing on unstimulated Ca2+ influx in GCaMP6m-MDA-MB-231 cells. As shown
in Figure 1D, siPTEN augmented basal Ca2+ influx, evident from the significant increase in
peak cytosolic free Ca2+ ([Ca2+]CYT) (Figure 1D(ii)) in GCaMP6m-MDA-MB-231 cells with
the addition of extracellular Ca2+. These results are consistent with an increased basal Ca2+

influx previously observed in the PTEN-deficient MDA-MB-468 cells [25].
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Figure 1. PTEN silencing remodels Ca2+ signaling in GCaMP6m-MDA-MB-231 cells. (A) Bar graph 
shows percent mRNA remaining in PTEN silenced (siPTEN) cells compared to NT control (siNT). 
Traces (i) show the mean relative [Ca2+]CYT increases in GCaMP6m-MDA-MB-231 cells as a result of 
(B) ATP 100 µM, (C) trypsin 100 nM or (D) CaCl2 (1.8 mM) addition to siNT or siPTEN-treated 
GCaMP6m-MDA-MB-231 cells. Dotted lines on the traces represent the S.E.M of the mean F/F0 of 
three biological replicates. Bar graphs compare the (ii) maximal or peak relative increase in [Ca2+]CYT 
between siNT and siPTEN transfected cells. Data represent the mean ± S.E.M. (n = 3) and were ana-
lyzed using a paired t-test. **** < p < 0.0001, * p < 0.05. 

3.2. Increased Ca2+ Influx Mediated by PTEN Silencing Is Phenocopied with a Direct AKT Acti-
vator 

Next, we wanted to confirm that the Ca2+ signaling changes observed with PTEN 
silencing are indeed associated with increased AKT activation. We first confirmed that 
PTEN silencing promotes AKT activation in GCaMP6m-MDA-MB-231 cells. PTEN silenc-
ing resulted in a time-dependent decrease in PTEN protein levels, and this was associated 

Figure 1. PTEN silencing remodels Ca2+ signaling in GCaMP6m-MDA-MB-231 cells. (A) Bar graph
shows percent mRNA remaining in PTEN silenced (siPTEN) cells compared to NT control (siNT).
Traces (i) show the mean relative [Ca2+]CYT increases in GCaMP6m-MDA-MB-231 cells as a result
of (B) ATP 100 µM, (C) trypsin 100 nM or (D) CaCl2 (1.8 mM) addition to siNT or siPTEN-treated
GCaMP6m-MDA-MB-231 cells. Dotted lines on the traces represent the S.E.M of the mean F/F0 of
three biological replicates. Bar graphs compare the (ii) maximal or peak relative increase in [Ca2+]CYT

between siNT and siPTEN transfected cells. Data represent the mean ± S.E.M. (n = 3) and were
analyzed using a paired t-test. **** < p < 0.0001, * p < 0.05.

3.2. Increased Ca2+ Influx Mediated by PTEN Silencing Is Phenocopied with a Direct
AKT Activator

Next, we wanted to confirm that the Ca2+ signaling changes observed with PTEN
silencing are indeed associated with increased AKT activation. We first confirmed that
PTEN silencing promotes AKT activation in GCaMP6m-MDA-MB-231 cells. PTEN silencing
resulted in a time-dependent decrease in PTEN protein levels, and this was associated with
a significant increase in AKT phosphorylation (Figure 2A). No effect on total AKT protein
levels was observed (Figure 2A(ii)). Maximal AKT phosphorylation was observed at 96 h
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post-PTEN silencing, which corresponded to complete knockdown of PTEN protein levels
(Figure 2A(ii)).

1 
 

 
Figure 2. PTEN silencing and SC79 promote AKT phosphorylation in GCaMP6m-MDA-MB-231
cells and increase Ca2+ influx. (A) (i) Immunoblot shows the effect of siPTEN on protein levels of
PTEN and phosphorylated AKT (p-Akt) at 48, 72 and 96 h post-transfection. Bar graphs compare
(ii) PTEN and (iii) p-Akt levels in siNT and siPTEN treated cells at 48, 72 and 96 h post-transfection.
Statistical analyses were done using a repeated measures one-way ANOVA with Bonferroni’s multiple
comparisons test. **** p < 0.001; * p < 0.05. (B) (i) Representative immunoblot and bar graph showing
the effect of SC79 (10 µM) 1 h incubation on p-Akt levels. (ii) Trace shows the mean relative [Ca2+]CYT

increase in GCaMP6m-MDA-MB-231 cells incubated with SC79 (10 µM) for 1 h. (iii) Bar graph
compares the mean peak relative increase in [Ca2+]CYT between 0 µM and 10 µM SC79 treatments.
Statistical analyses for (B) were performed using paired t-tests (n = 5). * p < 0.05. Uncropped Western
blots in Figure S4.

AKT is endogenously activated via a PIP3-mediated mechanism involving AKT re-
cruitment to the plasma membrane, where it is phosphorylated by the kinases PDK1 and
mTORC2 (reviewed in [31,32]). PTEN counters this pathway via dephosphorylating PIP3
to PIP2. Given that PIP2/PIP3 levels on the plasma membrane can also affect the activity
of Ca2+ influx channels [33,34], we used SC79, a direct pharmacological activator of AKT,
to define the direct link between AKT activity and Ca2+ influx [35]. As shown in Figure 2B,
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SC79 (1 h treatment) significantly increased Akt phosphorylation in MDA-MB-231 cells.
To investigate whether the increased Ca2+ influx observed in PTEN-silenced cells may
be attributed to increased AKT phosphorylation, we assessed Ca2+ influx in cells treated
with SC79. As shown in Figure 2B(ii), SC79 treatment significantly promoted Ca2+ influx.
Our results suggest that increased AKT activation increases Ca2+ influx in breast cancer
cells. This is in contrast to many studies showing that AKT activation is often preceded by
increased cytosolic Ca2+, such as in ovarian cancer cells and osteoblasts [21,36]. However,
a small number of studies using cardiomyocytes have instead shown that AKT activity
is associated with increased Ca2+ influx, through increased stabilization of L-type Ca2+

channels at the plasma membrane [37,38]. Further studies will be required to explore the
mechanism by which AKT increases Ca2+ influx in breast cancer cells.

3.3. SC79-Induced Ca2+ Influx Is Inhibited by AKT2 but Not AKT1 Silencing

SC79 is a pan-AKT activator, which promotes the phosphorylation of all AKT iso-
forms [35]. Given that AKT plays isoform-specific roles in cancer cells, and there are
currently a lack of studies assessing isoform-specific effects of AKT on Ca2+ signaling,
we assessed if specifically silencing the AKT1 or AKT2 isoforms had any effect on SC79-
mediated Ca2+ influx. We first confirmed that AKT1 and AKT2 silencing reduced the
protein expression of AKT1 and AKT2, respectively (Figure 3A). AKT1 and AKT2 siRNA
did not reduce the low level of basal Ca2+ influx in MDA-MB-231 cells in the absence of
AKT activation compared to siNT (Figure 3B(i)). Likewise, when cells were treated with
SC79, Ca2+ influx in cells treated with siAKT1 were not significantly different to cells trans-
fected with siNT (Figure 3B(ii)). However, when AKT2 was silenced Ca2+ influx induced by
SC79 was suppressed (Figure 3B(iii,iv)), suggesting that AKT2 is the predominant isoform
responsible for augmenting Ca2+ influx as a result of AKT activation in MDA-MB-231
breast cancer cells.

3.4. Increased Ca2+ Influx Associated with AKT Activation Is Mediated through ORAI1

Higher AKT2 expression and/or activity is associated with the acquisition of metastatic
capabilities including tumor cell migration and invasion in breast cancer [5,39,40]. Increased
Ca2+ influx through ORAI1 is also associated with increased breast cancer cell migration
and metastasis in vivo [15]. We thus investigated the possibility that AKT-mediated Ca2+

influx in our cells occurs through ORAI1. To do this, we used ORAI1KO-GCaMP6m-
MDA-MB-231 (ORAI1KO) cells (Figure 4A) previously generated [26] using CRISPR/Cas9
gene editing. We first confirmed that these ORAI1KO cells were deficient in SOCE stim-
ulated with CPA treatment, compared to parental GCaMP6m-MDA-MB-231 cells (WT)
(Figure 4B). As expected, the ORAI1KO cells also exhibited lower Ca2+ increases as a result
of CPA treatment (Peak 1) compared to WT cells. This reflects lower levels of stored Ca2+

in the endoplasmic reticulum, which is expected since the store-refilling mechanism is
impaired in these cells [41]. We further assessed whether these ORAI1KO cells could
produce physiologically meaningful Ca2+ responses by treating these cells with different
concentrations of ATP. Both WT (Figure 4C(i)) and ORAI1KO (Figure 4C(ii)) cells exhibited
concentration-dependent increases in the [Ca2+]CYT peak with ATP addition, with peak
[Ca2+]CYT increases lower in ORAI1KO. Compared to WT cells, where sustained Ca2+ ele-
vations (i.e., SOCE) were observed at 10 µM ATP and above (Figure 4C(i)), ORAI1KO cells
had no sustained Ca2+ increases at any ATP concentration (Figure 4C(ii)). The initial peak
[Ca2+]CYT increases were also lower in ORAI1KO cells at 0.1–100 µM ATP concentrations,
suggesting that in MDA-MB-231 cells at least, the size of the endoplasmic reticulum Ca2+

store is highly dependent on ORAI1-mediated SOCE. This confirms that while these cells
are deficient in SOCE, Ca2+ signaling is not generally impaired.
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siAKT1 and siAKT2 treatment in GCaMP6m-MDA-MB-231 cells. Statistical analyses were done us-
ing a one-way ANOVA with Bonferroni’s test. ** p < 0.01, * p < 0.05. (B) Traces show the effect of 
AKT1 (siAKT1) and AKT2 (siAKT2) silencing on (i) basal Ca2+ influx and (ii) SC79-mediated Ca2+ 
influx (3 µM) in GCaMP6m-MDA-MB-231 cells. (iii) Bar graph show the mean ± S.E.M. of the peak 
relative Ca2+ increase induced by SC79 (3 µM) in cells transfected with siAKT1 and siAKT2 com-
pared to siNT. Statistical analysis was performed using a one-way ANOVA with Bonferroni’s test. 
* p < 0.05. (iv) Concentration-response curve comparing the effect of siAKT1 and siAKT2 on area 
under curve as a result of SC79-mediated Ca2+ influx. Data points on the curves were normalized to 
the DMSO control for each biological replicate. Statistical analysis was performed using a repeated 
measures two-way ANOVA with Bonferroni’s test. * denotes statistical difference between siAKT2 
and siNT; # denotes statistical difference between siAKT1 and siAKT2. **** p < 0.0001; *** p < 0.001, 
** p < 0.01. Uncropped Western blots in Figure S4. 
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diated Ca2+ influx in our cells occurs through ORAI1. To do this, we used ORAI1KO-

Figure 3. Effect of AKT1 and AKT2 silencing on SC79-mediated Ca2+ influx. (A) (i) Immunoblot
shows the protein levels of AKT1 and AKT2 with siAKT1 and siAKT2 compared to siNT control.
Bar graphs show the densitometry analysis of (ii) AKT1 and (iii) AKT2 protein levels as a result of
siAKT1 and siAKT2 treatment in GCaMP6m-MDA-MB-231 cells. Statistical analyses were done using
a one-way ANOVA with Bonferroni’s test. ** p < 0.01, * p < 0.05. (B) Traces show the effect of AKT1
(siAKT1) and AKT2 (siAKT2) silencing on (i) basal Ca2+ influx and (ii) SC79-mediated Ca2+ influx
(3 µM) in GCaMP6m-MDA-MB-231 cells. (iii) Bar graph show the mean ± S.E.M. of the peak relative
Ca2+ increase induced by SC79 (3 µM) in cells transfected with siAKT1 and siAKT2 compared to
siNT. Statistical analysis was performed using a one-way ANOVA with Bonferroni’s test. * p < 0.05.
(iv) Concentration-response curve comparing the effect of siAKT1 and siAKT2 on area under curve
as a result of SC79-mediated Ca2+ influx. Data points on the curves were normalized to the DMSO
control for each biological replicate. Statistical analysis was performed using a repeated measures
two-way ANOVA with Bonferroni’s test. * denotes statistical difference between siAKT2 and siNT;
# denotes statistical difference between siAKT1 and siAKT2. **** p < 0.0001; *** p < 0.001, ** p < 0.01.
Uncropped Western blots in Figure S4.
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Figure 4. Characterization of ORAI1KO-GCaMP6m-MDA-MB-231 (ORAI1KO) cells. (A) (i) Repre-
sentative immunoblot showing ORAI1 protein levels in GCaMP6m-MDA-MB-231 (WT) and 
ORAI1KO-GCaMP6m-MDA-MB-231 (ORAI1KO) cells. (ii) Densitometry comparing the levels of 
ORAI1 protein in WT and ORAI1KO cells. Statistical analysis was performed using a paired t-test. 
* p < 0.05 (B) (i) Trace shows Ca2+ influx (CaCl2 addition) following a 690 s pre-incubation with 
DMSO (unstimulated Ca2+ influx) and CPA (SOCE) in WT and ORAI1KO cells. Bar graphs show the 
mean ± S.E.M of the ratio of peak 2 (Ca2+ re-addition or SOCE) relative to peak 1 (CPA addition). 
Statistical analysis was performed using a one-way ANOVA with Bonferroni’s test. *** p < 0.001; ** 
p < 0.01 (C) Traces show mean [Ca2+]CYT increase as a result of ATP addition in (i) WT and (ii) 
ORAI1KO cells. Concentration-response curves compare the (iii) peak relative increase in [Ca2+]CYT 
and (iv) sustained increases in [Ca2+]CYT at 600 s between WT and ORAI1KO cells treated with SC79. 
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ORAI1KO cells. As shown in Figure 5(i), SC79 induced a concentration-dependent 

Figure 4. Characterization of ORAI1KO-GCaMP6m-MDA-MB-231 (ORAI1KO) cells. (A) (i) Represen-
tative immunoblot showing ORAI1 protein levels in GCaMP6m-MDA-MB-231 (WT) and ORAI1KO-
GCaMP6m-MDA-MB-231 (ORAI1KO) cells. (ii) Densitometry comparing the levels of ORAI1 protein
in WT and ORAI1KO cells. Statistical analysis was performed using a paired t-test. * p < 0.05 (B) (i)
Trace shows Ca2+ influx (CaCl2 addition) following a 690 s pre-incubation with DMSO (unstimulated
Ca2+ influx) and CPA (SOCE) in WT and ORAI1KO cells. Bar graphs show the mean ± S.E.M of the
ratio of peak 2 (Ca2+ re-addition or SOCE) relative to peak 1 (CPA addition). Statistical analysis was
performed using a one-way ANOVA with Bonferroni’s test. *** p < 0.001; ** p < 0.01 (C) Traces show
mean [Ca2+]CYT increase as a result of ATP addition in (i) WT and (ii) ORAI1KO cells. Concentration-
response curves compare the (iii) peak relative increase in [Ca2+]CYT and (iv) sustained increases
in [Ca2+]CYT at 600 s between WT and ORAI1KO cells treated with SC79. Statistical analyses were
performed using a two-way ANOVA with a Bonferroni’s test. **** p < 0.0001, ** p < 0.01. Uncropped
Western blots in Figure S4.
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Next, we investigated the effect of AKT activation using SC79 on Ca2+ influx in
ORAI1KO cells. As shown in Figure 5(i), SC79 induced a concentration-dependent in-
crease in Ca2+ influx in WT-GCaMP6m-MDA-MB-231 cells. However, in ORAI1KO cells,
Ca2+ influx induced by SC79 was completely abolished (Figure 5(ii)), demonstrating the
dependence of [Ca2+]CYT increases on ORAI1. Finally, we further validated the role of
ORAI1 on AKT-mediated Ca2+ influx using ORAI1 siRNA in WT-GCaMP6m-MDA-MB-231
cells (Figure S2A). Consistent with results observed with ORAI1KO cells, siORAI1 also
suppressed SC79-mediated Ca2+ influx in WT cells (Figure S2B). We also confirmed via
immunoblot that both P2Y6 receptor and AKT2 expression was unaltered in ORAI1KO
cells compared to WT cells (Figure S3A,B), showing that the suppressed SC79-induced Ca2+

influx in ORAI1KO cells is not due to a downregulation of purinergic receptor nor AKT.
These results using both CRISPR/Cas9 and siRNA-mediated ORAI1 silencing confirm that
AKT-mediated Ca2+ influx occurs through ORAI1.
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Figure 5. SC79-mediated Ca2+ influx is abolished in ORAI1KO-GCaMP6m-MDA-MB-231 cells.
Traces show Ca2+ influx as a result of SC79 treatment (1 h) in (i) WT and (ii) ORAI1KO cells. (iii)
Concentration-response curve compares the sustained increases in [Ca2+]CYT at 600 s between WT
and ORAI1KO cells. Statistical analysis was done using a two-way ANOVA with a Bonferroni’s test.
**** p < 0.0001, *** p < 0.001.

To date, many studies suggest that increases in Ca2+ influx can promote the activation
of the PI3K/Akt pathway in cancer cells [21,22,41,42]. However, whether AKT activity can
alter Ca2+ influx has remained unclear. In A431 carcinoma cells, pharmacological inhibition
of AKT reduces SOCE [43], suggesting that changes in Ca2+ signaling may also occur as
a result of AKT activity. Collectively, our results demonstrate that activation of AKT as a
consequence of both PTEN silencing and direct pharmacological activation promotes Ca2+

influx through the ORAI1 calcium channel (Figure 6). Our results also implicate a role for
the AKT2 isoform in this mechanism. These observations are significant since both ORAI1
and AKT2 are commonly involved in cancer cell migration and invasion [5,15,32,39,41].
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Figure 6. Graphical schematic summarizes the regulation of ORAI1-mediated Ca2+ influx by AKT.
Increased AKT phosphorylation as a result of either PTEN silencing or pharmacological activation
with SC79, results in increased Ca2+ influx through ORAI1 channels.

Our findings that PTEN silencing and AKT activation promoted Ca2+ influx were
counter-intuitive to reports that phosphorylated AKT reduces endoplasmic reticulum
Ca2+ release [17,18]. It would be expected that reducing Ca2+ release would lower the
driving force for Ca2+ influx to refill the endoplasmic reticulum Ca2+ stores. Therefore, it is
possible that AKT-mediated Ca2+ influx through ORAI1 occurs through a store-independent
mechanism. In HCT116 colon cancer cells, EGF stimulation increases AKT activation and in
turn promotes STIM1 phosphorylation [41]. This results in increased Ca2+ influx through
the formation of a TRPC1/ORAI1/SK3 complex [41]. Increased AKT phosphorylation
due to insulin stimulation also increases ORAI1 trafficking to the plasma membrane in
podocytes [44], where AKT2 is the predominant isoform [45]. Alternatively, AKT may also
regulate ORAI1-mediated Ca2+ influx through more indirect pathways. In this regard, AKT
and the serum- and glucocorticoid-inducible kinase 1 (SGK1) both share similar structures
and function and are both substrates of the upstream kinase PDK1. Increased SGK1
expression enhances ORAI1-dependent Ca2+ influx via preventing NEDD,3,4-mediated
degradation [46] or increasing ORAI1 expression through NF-κB [47]. It is possible that
AKT could indirectly regulate the activity of ORAI1 via direct interactions and/or binding
to SGK1. Indeed, SGK1 forms multimeric protein complexes with both Akt1 and Akt2 in
C. elegans [48]. Further studies will be required to confirm if this phenomenon occurs in
breast cancer cells and the consequences on Ca2+ signaling.

This study has some limitations. Firstly, our initial investigation into the link between
increased AKT activity and ORAI1-mediated Ca2+ influx was done using a high through-
put assay with the genetically encoded GCaMP6m sensor. Future studies could further
characterize this initial modest Ca2+ phenotype as a result of increased AKT activation via
single cell imaging to identify changes in calcium oscillations. These studies could incorpo-
rate the use of newer, genetically encoded ratiometric Ca2+ sensors such as mScarlet [49]
or ratiometric dyes to better quantify changes in basal Ca2+. Secondly, the link between
increased AKT activity and ORAI1-mediated Ca2+ influx should be investigated in more
cell lines. Previous studies in our laboratory have already shown that MDA-MB-468 cells,
which are PTEN-deficient and have increased AKT activity also exhibit increased basal
Ca2+ influx [25]. Future studies should investigate this phenomenon in other breast cancer
cell lines with high basal levels of phosphorylated AKT, such as SKBR3 cells [50]. Finally,
there is a potential for off-target effects as a high siRNA (100 nM) concentration was used to



Cancers 2022, 14, 4794 12 of 14

achieve optimal AKT1 and AKT2 silencing in our study. As such, further studies exploring
the role of AKT2 in SC79-mediated Ca2+ influx should optimize for AKT2 isoform-specific
knockout such as the use of CRISPR/Cas9 gene knockout.

4. Conclusions

Our study showed that both PTEN knockdown and AKT pharmacological activation
increased Ca2+ influx in MDA-MB-231 breast cancer cells. This Ca2+ influx is regulated
partially by AKT2 and is mediated through ORAI1 calcium channels. Future studies
assessing the mechanism by which increased AKT activation enhances ORAI1-mediated
Ca2+ influx will further define the role of ORAI1 as a therapeutic target in cancers with
AKT hyperactivation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers14194794/s1, Figure S1: PTEN silencing has no effect
on CPA-induced Ca2+ increase in GCaMP6m-MDA-MB-231 cells. (A) (i) shows the representative
Ca2+ trace as a result of CPA addition in GCaMP6m-MDA-MB-231 cells transfected with siNT or
siPTEN. (ii) Bar graph compares the mean ± S.E.M. of the peak relative [Ca2+]CYT increase in siNT
and siPTEN transfected cells. Statistical analysis was done using a paired t-test. ns, not significant.
Figure S2: ORAI1 silencing suppresses SC79-induced increases in Ca2+ influx in GCaMP6m-MDA-
MB-231 cells. (A) shows ORAI1 protein levels after ORAI1 silencing (siORAI1). (B) (i) Representative
trace shows the effect of siORAI1 on Ca2+ influx in GCaMP6m-MDA-MB-231 cells pre-incubated
with SC79 (3 µM) for 1 h. (ii) Bar graph shows mean ± S.E.M. of the peak relative Ca2+ increase
as a result of SC79 (3 µM) treatment. Statistical analysis was done using a paired t-test. ** p < 0.01.
(iii) Concentration-response curve shows the effect of siORAI1 on the area under the curve of SC79-
induced Ca2+ influx. Statistical analysis was done using a two-way ANOVA with a Bonferroni’s
test. *** p < 0.001, ** p < 0.01, * p < 0.05. Figure S3: P2Y6 receptor and AKT2 protein levels are not
altered in ORAI1KO cells. A(i) and B(i) Representative immunoblots showing the expression levels
of P2Y6 receptor and AKT2 in ORAI1KO cells compared to WT cells. (ii) Bar graphs compare the
mean ± S.E.M. of P2Y6 and AKT2 expression normalized to β-actin in ORAI1KO and WT cells.
Statistical analysis was done using a paired t-test. ns, not significant. Figure S4: Uncropped Western
blots for Figures Figures 2–4 and S3.
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