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Simple Summary: Breast cancer cells exhibit several differences in store-operated Ca2+ entry (SOCE)
as compared to non-tumoral breast epithelial cells due to altered expression and post-translational
modification of STIM proteins and Orai channels, as well as their modulators. The aim of this study
was to analyze Orai1 and STIM1 N-linked glycosylation in SOCE in breast cancer cells and to ascertain
the potential functional relevance of this post-translational modification in the development of cancer
hallmarks. Using glycosylation-deficient STIM1 and Orai1 mutants we have found SOCE in breast
cancer cells is insensitive to N-linked glycosylation of these proteins, a mechanism that might be
relevant to evade apoptosis.

Abstract: N-linked glycosylation is a post-translational modification that affects protein function,
structure, and interaction with other proteins. The store-operated Ca2+ entry (SOCE) core proteins,
Orai1 and STIM1, exhibit N-glycosylation consensus motifs. Abnormal SOCE has been associated to
a number of disorders, including cancer, and alterations in Orai1 glycosylation have been related to
cancer invasiveness and metastasis. Here we show that treatment of non-tumoral breast epithelial
cells with tunicamycin attenuates SOCE. Meanwhile, tunicamycin was without effect on SOCE
in luminal MCF7 and triple negative breast cancer (TNBC) MDA-MB-231 cells. Ca2+ imaging
experiments revealed that expression of the glycosylation-deficient Orai1 mutant (Orai1N223A)
did not alter SOCE in MCF10A, MCF7 and MDA-MB-231 cells. However, expression of the non-
glycosylable STIM1 mutant (STIM1N131/171Q) significantly attenuated SOCE in MCF10A cells but
was without effect in SOCE in MCF7 and MDA-MB-231 cells. In non-tumoral cells impairment of
STIM1 N-linked glycosylation attenuated thapsigargin (TG)-induced caspase-3 activation while in
breast cancer cells, which exhibit a smaller caspase-3 activity in response to TG, expression of the
non-glycosylable STIM1 mutant (STIM1N131/171Q) was without effect on TG-evoked caspase-3
activation. Summarizing, STIM1 N-linked glycosylation is essential for full SOCE activation in
non-tumoral breast epithelial cells; by contrast, SOCE in breast cancer MCF7 and MDA-MB-231 cells
is insensitive to Orai1 and STIM1 N-linked glycosylation, and this event might participate in the
development of apoptosis resistance.

Keywords: Orai1; STIM1; glycosylation; Ca2+ entry; breast cancer cells; posttranslational modifications;
store-operated Ca2+ entry
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1. Introduction

Among the mechanisms involved in the modulation of cell function by physiological
agonist, store-operated Ca2+ entry (SOCE) plays an essential role. SOCE is a mechanism
for Ca2+ influx regulated by the filling state of the intracellular Ca2+ stores. Intracellular
Ca2+ store depletion leads to the activation of the two core proteins involved in the SOCE
machinery: (1) the stromal interaction molecule-1 (STIM1), located in the membrane of the
endoplasmic reticulum (ER), sensing intraluminal ER Ca2+ levels, that communicates the
filling state of the Ca2+ stores to (2) Orai1, the pore-forming subunit of the Ca2+ release-
activated Ca2+ (CRAC) channels that conducts the highly Ca2+ selective current ICRAC [1–6].

The regulation of Ca2+ influx through CRAC channels is essential to generate Ca2+

signals that match the strength of agonist stimulation and to maintain intracellular Ca2+

homeostasis. This modulation involves the participation of the mammalian homologs of
Orai1, Orai2 and Orai3, and STIM1, STIM2 [7–10]. In addition, a variety of regulatory
proteins are involved in the modulation of CRAC channels. Regulatory proteins include
SARAF (SOCE-associated regulatory factor), which is involved in the mechanism under-
lying slow Ca2+-dependent inactivation of CRAC channels [11–13], CRACR2A (CRAC
regulator 2A), STIMATE, septins, golli and ORMDL3 (Orosomucoid like 3) (for a review
see [14]). Similarly, a variety of post-translational modifications, including phosphorylation
at serine or tyrosine residues [15–18], S-glutathionylation [19], redox modulation and O-
and N-linked glycosylation modulate CRAC channels (for a review see [20]). N-linked gly-
cosylation consists in the covalent attachment of an oligosaccharide to the amide nitrogen
of an Asn residue that mostly occurs in the ER and Golgi. Both Orai1 and STIM1, as well as
STIM2, are susceptible to be N-linked glycosylated. STIM1 is N-linked glycosylated at N131
and N171, located within the EF-SAM domain, while Orai1 contains a single N-linked gly-
cosylation site at N223. The functional role of Orai1 N-linked glycosylation is controversial
and exhibits cell type-specificity. In HEK-293 cells, introduction of a glycosylation-deficient
mutant of Orai1 (Orai1N223A) does not significantly alter Orai1 function or localization [21].
In contrast, in fibroblasts derived from SCID (severe combined immunodeficiency) patients,
overexpression of the Orai1N223A mutant enhances SOCE as compared to Orai1 wild
type [22] and similar results were found in Jurkat T and CHO cells [23]. The reason of
this apparent discrepancy is unclear, but it has been attributed to differences in the sialic
acid-binding partners expressed [23]. On the other hand, STIM1 N-linked glycosylation has
been reported to facilitate EF-SAM destabilization and oligomerization through structural
changes in the core α8 helix, in the EF-SAM domain, resulting in enhanced Ca2+ influx
through CRAC channels [24,25]. Abnormal N-linked glycosylation of STIM1 and Orai1 has
been observed in a variety of pathologies, including myopathies with tubular aggregates
or septic myocardial depression [26,27].

Cancer cells are mostly characterized by uncontrolled proliferation, invasion of local
tissue and spreading to other organic territories [28]. The mechanisms underlying these
changes involve abnormal Ca2+ homeostasis mediated by up- or downregulation of Ca2+

channels and regulatory proteins, including the SOCE core proteins STIM1 and Orai1.
Breast cancer is one of the most common cancer types in women. Orai1 is upregulated
in estrogen receptor positive (ER+) and triple negative breast cancer cells [29,30] and this
channel regulates the transcription of genes that contribute to cancer progression [31]. SOCE
has been reported to be critical for the development of different breast cancer hallmarks,
such as cell proliferation, migration and metastatic spread [29,30,32,33]. Aberrant SOCE has
been associated to a variety of disorders, including cancer [34]. Furthermore, alterations in
Orai1 glycosylation have been observed in cancer cells and overexpression of the enzyme
β-galactoside α-2,6-sialyltransferase 1 (ST6GAL1) has been reported to play a relevant role
in cancer invasiveness and metastasis. This enzyme glycosylates Orai1, which results in
reduced SOCE [34].

In the present study we have investigated the role of STIM1 and Orai1 N-linked
glycosylation in SOCE in non-tumoral breast epithelial cells as well as in ER+ and triple
negative breast cancer (TNBC) cells. Here we show that while STIM1 and Orai1 N-linked
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glycosylation has a significant effect on SOCE in non-tumoral breast epithelial cells, both
ER+ and triple negative breast cancer (TNBC) cells are unaffected by this mechanism. These
findings provide evidence for a mechanism to evade the regulation of Ca2+ influx in breast
cancer cells.

2. Materials and Methods
2.1. Materials and Reagents

Fura-2 acetoxymethyl ester (fura-2/AM) was purchased from Molecular Probes (Lei-
den, The Netherlands). Insulin, TG, rabbit anti-β-actin antibody (catalog number A2066,
epitope: sequence 365–375 of human β-actin), epidermal growth factor, bovine serum
albumin (BSA), rabbit polyclonal anti-Orai1 antibody (catalog number O8264, epitope:
amino acids 288-301 of human Orai1), mouse monoclonal anti-PMCA antibody (clone
5F10; epitope: sequence 724–783 of human PMCA; catalog number MA3-914), HEPES,
EGTA, caspase-3 substrate Z-DEVD-AFC and EDTA (ethylenedinitrilotetraacetic acid) were
obtained from Sigma (Madrid, Spain). Polyclonal anti-caspse-3 (catalog number 9662) and
anti-cleaved caspase-3 (Asp175) (catalog number 9664) antibodies were from Cell Signaling
(Leiden, The Netherlands). Trypsin, penicillin/streptomycin, EZ-Link™ Sulfo-NHS-LC-
Biotin, BCA protein assay kit and high-glucose Dulbecco’s modified Eagle’s medium
(DMEM) were purchased from ThermoFisher Scientific (Waltham, MA, USA). Mouse
monoclonal Anti-GOK/Stim1 antibody (Clone 44/GOK; catalog number 610954, epitope:
amino acids: 25–139 of human STIM1) was purchased from BD Biosciences (San Jose, CA,
USA). Tunicamycin was from Proquinorte (Zamudio, Spain). DharmaFECT was from
Dharmacon (Lafayette, CO, USA). Horseradish peroxidase-conjugated goat anti-mouse
immunoglobulin G (IgG) antibody and goat anti-rabbit IgG antibody were from Jackson
laboratories (West Grove, PA, USA). Enhanced chemiluminescence detection reagents were
from Pierce (Cheshire, UK). Bromodeoxyuridine (BrdU) cell proliferation assay kit was
from BioVision. CMV-promoter STIM1-YFP was kindly provided by Christoph Romanin
(University of Linz, Linz, Austria). CMV-promoter STIM1N131Q/STIM1N171Q mCherry
plasmid was kindly provided by Peter Stathopulos (Western University, London, Ontario,
Canada). MO70-Orai1 WT was kindly provided by Olivier Mignen (University of Brest,
Brest, France). MO70 Orai1 N223A was a gift from Anjana Rao (Addgene plasmid # 21663;
http://n2t.net/addgene:21663, accessed on 1 December 2022; RRID:Addgene_21663). All
other reagents were of analytical grade.

2.2. Cell Culture and Transfections

CRISPR-generated Orai1 single-knockout MCF-7 and MDA-MB-231 cells, STIM1
single-knockout MCF-7 and MDA-MB-231 cells and parental MCF-7 and MDA-MB-231
cells were kindly provided by Rajesh Bhardwaj (Hediger Membrane Transport Discovery
Lab, University of Bern, Switzerland) and cultured at 37 °C with a 5% CO2 in high-glucose
DMEM supplemented with 10% (v/v) fetal bovine serum and 100 U/mL penicillin and
streptomycin, as described previously [30]. MCF10A cells were purchased from ATCC and
cultured at 37 ◦C with a 5% CO2 in Dulbecco’s Modified Eagle Medium-F12, supplemented
with 5% (v/v) horse serum, 0.5 µg/mL hydrocortisone, 20 ng/mL epidermal growth factor,
10 µg/mL insulin, and 100 ng/mL cholera toxin [35].

For transient transfections, cells were grown to 60 to 80% confluency and transfected
with the indicated plasmids using DharmaFECT kb transfection reagent and were used
48 h after transfection. For Western blotting, cells (2 × 106) were plated in 100-mm petri
dish and cultured for 48 h, while, for Ca2+ imaging and confocal analysis cells (4 × 105)
were seeded in a 35 mm six-well multidish.

2.3. Determination of Cytosolic Free-Ca2+ Concentration

Cells were loaded with fura-2 by incubation with 2 µM fura 2/AM for 30 min at
37 ◦C. Ca2+ determination was performed using an epifluorescence inverted microscope
(Nikon Eclipse Ti2, Amsterdam, The Netherlands) with image acquisition and analysis

http://n2t.net/addgene:21663
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software (NIS-Elements Imaging Software v.5.02.00, Nikon, Japan). Cells were super-
fused with HEPES-buffered saline containing 125 mM NaCl, 5 mM KCl, 1 mM MgCl2,
5 mM glucose, 25 mM HEPES, and pH 7.4, supplemented with 0.1% (w/v) BSA. Samples
were alternatively excited at 340/380 nm with light from a xenon lamp passed through a
high-speed monochromator (Optoscan ELE 450, Cairn Research, Faversham, UK). Fluores-
cence emission was detected at 505 nm using a sCMOS camera (PCO Panda 4.2 (Excelitas
PCO GmbH, Kelheim, Germany)) and recorded using NIS-Elements AR software (Nikon,
Amsterdam, The Netherlands). Fluorescence ratio (F340/F380) was calculated pixel by
pixel [36]. TG-evoked Ca2+ release and entry were measured as the integral for 3 and
21/2 min, respectively, of the rise in the fura-2 fluorescence ratio after the addition of TG or
Ca2+, respectively.

2.4. Western Blotting

Cell lysates were analyzed by 10% SDS-PAGE. Proteins were electrophoretically trans-
ferred onto nitrocellulose membranes for subsequent probing. Nitrocelulose membranes
were incubated overnight with blocking buffer (containing: 10% (w/v) BSA in Tris-buffered
saline and 0.1% Tween 20 (TBST)) to block residual protein binding sites. Detection of
Orai1, STIM1, caspase-3, cleaved caspase-3 and β-actin was performed by incubation with
anti-Orai1 or anti-STIM1 antibodies diluted 1:1000 in TBST for 1 h, with the anti-caspase-3
or anti-cleaved caspase-3 antibodies diluted 1:1000 in TBST for 2 h, or by incubation with
the anti-β-actin antibody diluted 1:2000 in TBST for 1 h. Blots were washed with TBST
and were incubated for 1 h with horseradish peroxidase-conjugated goat anti-rabbit IgG
antibody or goat anti-mouse antibody diluted 1:10,000 in TBST. Blots were then exposed
to enhanced chemiluminescence reagents for 5 min. The density of bands was measured
using ChemiDoc MP Imaging System (Bio-Rad, Madrid, Spain) and Fiji-ImageJ software
(NIH, Bethesda, MD, USA).

2.5. Biotinylation of Cell Surface Proteins

The labeling and isolation of cell surface proteins were performed by surface biotiny-
lation assay, as described previously [37]. Cells were washed three times with phosphate-
buffered saline (PBS, NaCl 137 mM, KCl 2.7 mM, KH2PO4 1.5 mM, Na2HPO4·2H2O 8 mM,
pH 8). Cells were then incubated at 4 ◦C for 1 h with biotynilation buffer consisting of PBS
supplemented with 1 mg/mL EZ-Link sulfo-NHS-LC-biotin. The reaction was terminated
by addition of Tris base (50 mM). Cells were disrupted using Nonidet P-40 buffer and
sonicated, and lysates were centrifuged (16,000× g for 5 min at 4 ◦C). Protein concentration
was measured using BCA assay. Samples were incubated for 2 h with 50 µL streptavidin
beads at 4 ◦C and re-suspended in Laemmli buffer. The biotinylated and non-biotinylated
fractions were separated in 8% SDS-PAGE and Orai1 and PMCA surface expression were
detected by Western blotting using specific antibodies.

2.6. Caspase-3 Activity Assay

To determine caspase-3 activity, 2 × 106 cells were lysed using ice-cold Nonidet
P-40 buffer and sonicated. Cell lysates were mixed with Nonidet P-40 (supplemented with
5 mM DTT and 8.25 mM of caspase-3 substrate Z-DEVD-AFC). Samples were incubated at
37 ◦C for 2 h. as described previously [38]. Cleaving of the caspase-3 substrate was deter-
mined with a fluorescence spectrophotometer with excitation wavelength of 400 nm and
emission at 505 nm. Caspase-3 activity was calculated from the cleavage of its fluorogenic
substrate following the manufacturer’s instructions.

2.7. CRISPR/Cas9 Mediated Generation of STIM1 and Orai1 KO MDA-MB-231 and
MCF-7 Cells

STIM1 KO and Orai1 KO MDA-MB-231 cells were generated and validated in [39].
MCF-7 STIM1 KO cells were generated using earlier described methods for generating
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STIM1 knockout [40] and MCF-7 Orai1 KO cells were generated following the methodology
described in [41].

2.8. Statistical Analysis

Statistical analysis was performed using the Kruskal-Wallis test combined with Dunn’s
post hoc test (GraphPad Prism Windows 8, San Diego, CA, USA). To compare two groups,
the Mann-Whitney U test (or Student’s t test for the analysis of Ca2+ determinations) was
used. p values < 0.05 were considered statistically significant.

3. Results
3.1. Orai1 and STIM1 Glycosylation in Breast Cancer and Non-Tumoral Breast Epithelial Cells

We have analyzed native STIM1 and Orai1 N-linked glycosylation in non-tumoral
breast epithelial cells, ER+, HER2 and TNBC cells. The normal breast epithelial cell
MCF10A, the ER+ breast cancer cell lines T47D and MCF7, the HER2 cell line SKBR3
and the TNBC cell lines BT20, MDA-MB-468, MDA-MB-231 and HS578T were treated with
PNGase F, to remove N-linked oligosaccharides [42], or the vehicle and then subjected
to Western blotting with specific anti-STIM1 or anti-Orai1 antibodies. STIM1 and Orai1
are N-glycosylated and, as shown in Figure 1, Western blot analysis of whole-cell lysates
with specific anti-STIM1 antibody revealed a band with smaller size in samples treated
with PNGase F, corresponding to non-glycosylated STIM1. Multiple bands corresponding
to Orai1 glycosylated were observed in untreated cells (Figure 1). These multiple bands
almostly disappear upon treatment, with PNGase F mostly leaving two bands correspond-
ing to the two Orai1 forms identified in mammalian cells, the full length Orai1α, with a
predicted size of 33 kDa, and a shorter form lacking 63 amino acids at the N-terminus,
Orai1β of 23 kDa [43]. Our results indicate that all the cells investigated show a similar
STIM1 glycosylation pattern and cell type-specific Orai1 glycosylation patterns, as we
found that in all the cells investigated, the pattern of Orai1 immunoreactivity appeared
with distinct molecular masses (Figure 1).
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Figure 1. Characterization of the Orai1 and STIM1 N-linked glycosylation pattern in non-tumoral
breast epithelial cells and breast cancer cells. MCF10A, T47D, MCF7, SKBR3, BT20, MDA-MB-468,
MDA-MB-231 and HS578T cells were lysed. Cell lysates treated in the absence or presence of PNGase
F, as indicated, and analyzed by Western blotting using specific anti-STIM1 or anti-Orai1 antibody.
The membrane was reprobed with anti-β-actin antibody for protein loading control. Molecular
masses indicated on the right were determined using molecular-mass markers run in the same gel.

3.2. Effect of Tunicamycin in TG-Induced Ca2+ Release and Entry in Breast Cancer and
Non-Tumoral Breast Epithelial Cells

To investigate the possible functional role of Orai1 and STIM proteins N-linked gly-
cosylation in breast cancer cells, we treated cells with tunicamycin, a nucleoside antibi-
otic that inhibits the initial step of N-linked glycosylation by preventing the transfer of
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N-acetylglucosamine-1-phosphate from UDP-GlcNAc to dolichol-P [44]. Non-tumoral
breast epithelial MCF10A cells, ER+ breast cancer MCF7 cells and MDA-MB-231 TNBC
cells were incubated overnight with 2 µM tunicamycin or the vehicle. The MCF7 and
MDA-MB-231 cell lines were chosen to perform the study as they are commonly used
breast cancer cell lines for in vitro studies on ER+ and triple negative breast cancers [45].
To confirm the effect of tunicamycin in protein glycosylation we assessed the pattern of
STIM1, STIM2 and Orai1 immunoreactivity by Western blotting. As depicted in Figure 2a,
in mock-treated cells STIM1 and STIM2 appear predominantly as a single band at the
predicted size and, upon treatment with tunicamycin the predicted band appear slightly
faint and the non-glycosylated proteins run at a lightly lower molecular mass. Orai1 exhibit
a band pattern above 33 kDa, the predicted size of the full-length of Orai1 [43] in all the
cells investigated, and treatment with tunicamycin decreases the intensity of the bands
corresponding to glycosylated Orai1 and evidenced an increase in the 23 kDa band, the
predicted size of the short form of Orai1, Orai1β [37,42,43] (Figure 2a).

SOCE in MCF10A and MDA-MB-231 cells has been reported to be strongly dependent
on STIM1 and Orai1, while in MCF7 cells is mostly regulated by STIM1 and Orai3 [29,30]. In
contrast to STIM1 and Orai1, Orai3 has no N-glycosylation consensus motifs [23]; therefore,
we have focused our studies in the functional role of STIM1 and Orai1 glycosylation
in SOCE in the breast cancer cell types as compared to MCF10A breast epithelial cells.
MCF10A, MCF7 and MDA-MB-231 cells were incubated with tunicamycin or the vehicle to
analyze the effect of glycosylation on TG-evoked Ca2+ release and entry. Cell treatment
with 1 µM TG, an inhibitor of the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA),
induced a transient increase in the fura-2 fluorescence ratio as a result of Ca2+ release from
the intracellular Ca2+ stores. Subsequent addition of extracellular Ca2+ leads to a rise in the
fura-2 fluorescence ratio that is indicative of Ca2+ influx. As shown in Figure 2b, in MCF10A
cells tunicamycin significantly enhanced TG-induced Ca2+ release from the intracellular
stores but, by contrast, attenuated SOCE by 30% (p < 0.001; Student t-test). As depicted in
Figure 2c, in MCF7 cells tunicamycin results in a significant increase in TG-evoked Ca2+

release but it did not modify SOCE. Similarly, tunicamycin was unable to alter SOCE in
the TNBC cell line MDA-MB-231 although inhibition of protein glycosylation significantly
attenuated TG-induced Ca2+ release (Figure 2d). These findings indicate that a blockade
of protein glycosylation by tunicamycin exhibits cell-specific effects on the ability of these
cells to accumulate Ca2+ into the intracellular stores or the Ca2+ leakage rate from the
stores. Interestingly, SOCE in non-tumoral breast epithelial MCF10A cells was sensitive to
treatment with tunicamycin while in breast cancer cells this mechanism exhibits resistance
to inhibition of protein glycosylation.

Since tunicamycin attenuates SOCE in MCF10A, we have further investigated whether
tunicamycin might influence the plasma membrane expression of Orai1 in these cells.
MCF10A cells were treated overnight with tunicamycin or the vehicle and surface expres-
sion of Orai1 was assessed by biotinylation. As depicted in Figure S1, our results indicate
that the plasma membrane location of Orai1 was significantly reduced by tunicamycin,
thus suggesting that the effect of tunicamycin on SOCE in MCF10A involves the attenu-
ation of Orai1 plasma membrane expression. We also performed this analysis in breast
cancer MDA-MB-231 cells where the surface expression of Orai1 was not significantly
altered by treatment with tunicamycin, which supports the lack of effect of tunicamycin
on SOCE in these cells (Figure S1). Tunicamycin has been reported to inhibit protein
synthesis by disturbing ER homeostasis due to accumulation of misfolded proteins [46].
Hence, we have further explored the possible effect of tunicamycin on Orai1 and STIM1
protein expression in MCF10A cells and MDA-MB-231 breast cancer cells. As shown
in Supplemental Table S1, treatment with tunicamycin significantly attenuates Orai1 and
STIM1 expression in MCF10A cells. In the presence of cycloheximide (CHX), a well-known
inhibitor of protein synthesis [47], tunicamycin was unable to further decrease Orai1 and
STIM1 expression significantly (Supplementary Table S1), which suggests that tunicamycin
attenuates Orai1 and STIM1 protein synthesis in MCF10A cells. Similarly, in MDA-MB-
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231 cells, tunicamycin slightly attenuate Orai1 and STIM1 expression in the absence and
presence of CHX (Supplementary Table S1). It is worth to mention that both CHX and tuni-
camycin have a smaller effect in MDA-MB-231 cells than in MCF10A cells, thus suggesting
that Orai1 and STIM1 protein degradation is slower in MDA-MB-231 breast cancer cells
(Supplementary Table S1).
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Figure 2. Effect of tunicamycin on Ca2+ release and entry in non-tumoral breast epithelial cells and
breast cancer cells. (a) MCF10A, MCF7 and MDA-MB-231 cells were incubated with 2 µM tunicamycin
or the vehicle (Mock) overnight, as indicated, and then were lysed. Cell lysates were analyzed by Western
blotting using specific anti-STIM2 antibody, anti-STIM1 antibody or anti-Orai1 antibody. The membrane
was reprobed with anti-β-actin antibody for protein loading control. Molecular masses indicated on the
right were determined using molecular-mass markers run in the same gel. (b–d) MCF10A (b), MCF7 (c)
and MDA-MB-231 (d) cells were incubated overnight with 2 µM tunicamycin or the vehicle (Mock), as
indicated. Fura-2-loaded cells were perfused with a Ca2+-free medium (100 µM EGTA was added) and
stimulated with TG (1 µM). Six minutes later Ca2+ (1 mM) was added to the extracellular medium to
initiate Ca2+ entry. Bar graphs represent TG-stimulated Ca2+ release and entry in MCF10A (b), MCF7 (c)
and MDA-MB-231 (d), expressed as fold change experimental over control. Data are mean ± SEM of
40 cells/day/3–5 days and were statistically analyzed using Student t-test. ** p < 0.01, *** p < 0.001 and
**** p < 0.0001 compared to Ca2+ release or entry in control cells.
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3.3. Characterization of the Functional Role of Orai1 and STIM1 N-Linked Glycosylation in
TG-Induced Ca2+ Release and Entry in Breast Cancer and Non-Tumoral Breast Epithelial Cells

As mentioned above, studies on Orai1 N-linked glycosylation have reported cell-
specific effects on CRAC channel function and SOCE [21–23]. Hence, we have further
explored the specific functional role of Orai1 glycosylation in SOCE in non-tumoral breast
epithelial cells and breast cancer cells. To address this issue, we have expressed the
glycosylation-deficient Orai1 mutant, Orai1N223A, in Orai1KO-MCF7 and Orai1KO-MDA-
MB-231 cells as well as in MCF10A cells, which exhibit a very low endogenous Orai1
expression [42], as see Figure 2a. Expression of Orai1WT in the three cell lines results in the
typical pattern of glycosylated Orai1 bands; however, the Orai1N223A mutant leads to two
clear bands corresponding to the two forms of Orai1, Orai1α, the long form of 33 kDa, and
Orai1β, the short form of predicted 23 kDa [43] (Figure 3a). As shown in Figure 3b–d, expres-
sion of the Orai1N223A mutant in non-tumoral MCF10A cells did not significantly modify
TG-induced Ca2+ release or entry, and similar results were observed upon expression of the
glycosylation-deficient Orai1 mutant in Orai1-KO MCF7 and Orai1-KO MDA-MB-231 cells.
Transfected cells were analyzed for Orai1 expression by confocal microscopy. Cells trans-
fected with either Orai1WT or Orai1N223A confirmed fluorescence labeling at the cytosol
and at/by the plasma membrane (Figure 3e). These findings indicate that Orai1 glycosy-
lation does not play any significant role in SOCE or the ability of accumulate Ca2+ in the
intracellular stores in breast cancer or breast epithelial cells.

We have further investigated the specific functional role of STIM1 glycosylation in
SOCE in tumoral and non-tumoral breast cells. To address this issue, we have expressed
the glycosylation-deficient STIM1 mutant, STIM1N131/171Q, in STIM1KO-MCF7 and
STIM1KO-MDA-MB-231 cells as well as in MCF10A cells. As shown in Figure 4a, expres-
sion of STIM1-YFP results in a single band, while, the STIM1N131/171Q-mCherry mutant
leads to a slightly smaller band corresponding to unglycosylated STIM1, as well as other
faint bands of smaller size of unknown nature. In MCF10A cells, due to the limited expres-
sion of Orai1 (see Figure 1), STIM1 or the STIM1N131/171Q mutant were co-expressed
with Orai1. Expression of the STIM1N131/171Q mutant in non-tumoral MCF10A cells
significantly attenuated TG-induced Ca2+ entry without having any effect on TG-evoked
Ca2+ release from the intracellular stores, thus suggesting that STIM1 glycosylation plays
a positive role in SOCE but have no effect on the ability to accumulate Ca2+ into the in-
tracellular stores (Figure 4b). By contrast, expression of the glycosylation-deficient STIM1
mutant in STIM1-KO MCF7 and STIM1-KO MDA-MB-231 cells did not significantly alter
either TG-induced Ca2+ release or SOCE (Figure 4c,d). Transfected cells were analyzed
for STIM1 expression by confocal microscopy. Cells transfected with either STIM1-YFP
or STIM1N131/171Q-mCherry confirmed fluorescence labeling at the cytosol (Figure 4e).
Interestingly, co-transfection of MCF10A with STIM1N131/171Q and Orai1N223A expres-
sion plasmids reduced SOCE to a similar extent as expression of STIM1N131/171Q and
WT-Orai1 (Figure 5). These findings indicate that STIM1 glycosylation plays a relevant and
predominant role in SOCE in non-tumoral breast epithelial cells, but breast cancer cells
escape from that regulatory mechanism.
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Figure 3. Characterization of Ca2+ mobilization in non-tumoral breast epithelial and breast cancer cells
expressing Orai1WT and Orai1N223A. (a) MCF10A, MCF7-Orai1KO (MCF7 O1KO) and MDA-MB-231-
Orai1KO (MDA-MB-231 O1KO) cells were transfected with Orai1WT or Orai1N223A expression plasmids
or empty vector (Mock), as indicated. After 48 h cells were lysed and analyzed using Western blotting
with anti-Orai1 antibody, followed by reprobing with anti-β-actin antibody for protein loading control.
(b–d) MCF10A, MCF7-Orai1KO and MDA-MB-231-Orai1KO cells were transfected with Orai1WT or
Orai1N223A expression plasmids as indicated. Forty-eight hours after transfection, fura-2-loaded cells
were perfused with a Ca2+-free medium (100 µM EGTA added) and stimulated with TG (1 µM) followed
by reintroduction of external Ca2+ (final concentration 1 mM) to initiate Ca2+ entry. Bar graphs represent
TG-evoked Ca2+ release and entry in MCF10A (b), MCF7 (c) and MDA-MB-231 (d), expressed as fold
increase experimental/control (Orai1WT-expressing cells). Data are mean ± SEM of 40 cells/day/3–5 days
and were statistically analyzed using Student t-test. (e) Representative confocal images of Orai1WT and
Orai1N223A cellular localization in MCF10A, MCF7 and MDA-MB-231 cells. The fluorescence signals of
DAPI and PE were examined under a confocal laser scanning microscope. Scale bar: 25 µm.
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Figure 4. Characterization of Ca2+ mobilization in non-tumoral breast epithelial and breast cancer cells
expressing STIM1WT and STIM1N131/171Q. (a) MCF7-STIM1KO (MCF7 S1KO) and MDA-MB-231-
STIM1KO (MDA-MB-231 S1KO) cells were transfected with STIM1-YFP or STIM1N131/171Q-mCherry
expression plasmids or empty vector (Mock), as indicated. MCF10A cells were transfected with STIM1-
YFP or STIM1N131/171Q-mCherry in combination with Orai1. After 48 h cells were lysed and analyzed
using Western blotting with anti-STIM1 antibody, followed by reprobing with anti-β-actin antibody
for protein loading control. (b–d) MCF10A, MCF7-STIM1KO and MDA-MB-231-STIM1KO cells were
transfected with STIM1-YFP or STIM1N131/171Q-mCherry expression plasmids as indicated. Forty-eight
hours after transfection, fura-2-loaded cells were perfused with a Ca2+-free medium (100 µM EGTA was
added) and stimulated with TG (1 µM; arrow) followed by reintroduction of external Ca2+ (1 mM). Bar
graphs represent TG-stimulated Ca2+ release and entry in MCF10A (b), MCF7 (c) and MDA-MB-231 (d),
expressed as fold change, experimental over control (STIM1-YFP-expressing cells). Data are mean ± SEM
of 40 cells/day/3–5 days and were statistically analyzed using Student t-test (* p < 0.05). (e) Representative
confocal images of STIM1-YFP and STIM1N131/171Q-mCherry cellular localization in MCF10A, MCF7
and MDA-MB-231 cells. The fluorescence signals of DAPI, YFP and mCherry were examined under a
confocal laser scanning microscope. Scale bar: 25 µm.
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Figure 5. Expression of glycosylation-deficient mutants of Orai1 and STIM1 attenuate SOCE in
non-tumoral breast epithelial cells. MCF10A cells were co-transfected with STIM1 and Orai1 or
STIM1N131/171Q and Orai1N223A expression plasmids as indicated. Forty-eight hours after trans-
fection, cells were loaded with fura-2. Fura-2-loaded cells were perfused with a Ca2+-free medium
(100 µM EGTA was added) and stimulated with 1 µM TG followed by the addition of 1 mM Ca2+

to the extracellular medium. Bar graphs show TG-stimulated Ca2+ release and entry, expressed as
fold change, experimental over control (STIM1/Orai1-expressing cells). Data are mean ± SEM of
40 cells/day/3–5 days and were statistically analyzed using Student t-test (** p < 0.01).

3.4. Role of STIM1 Glycosylation in TG-Evoked Apoptosis in Breast Cancer and Non-Tumoral
Breast Epithelial Cells

Next, we have explored the possible role of STIM1 N-linked glycosylation in TG-
induced apoptosis in MCF10A cells and the breast cancer cell lines MCF7 and MDA-
MB-231. Apoptosis was determined by estimation of caspase-3 activity, an important
mediator of apoptosis [48,49]. In MCF10A cells, STIM1 or the glycosylation-deficient
STIM1 mutant was co-expressed with Orai1 to maintain the stoichiometry. Our results
indicate that treatment of MCF10A cells expressing STIM1-YFP for 24 h with TG results
in a significant increase in caspase-3 activity (Figure 6). Caspase-3 activity in resting
MCF10A cells expressing the STIM1N131/171Q mutant was similar to that observed in
cells expressing STIM1-YFP; however, the ability of TG to induce caspase-3 activation in
cells expressing the glycosylation-deficient STIM1 mutant was significantly attenuated
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(Figure 6). By contrast, TG-evoked caspase-3 activation was not found to be significantly
different in MCF7 and MDA-MB-231 cells expressing either STIM1-YFP or the glycosylation-
deficient STIM1N131/171Q mutant (Figure 6). Similar results were observed when we
analyzed caspase-3 cleavage (Figure 7). Interestingly, the ability of TG to induce apoptosis
in breast cancer cells expressing STIM1-YFP was significantly smaller than that observed
in non-tumoral cells (Figures 6 and 7). These findings indicate that impairment of STIM1
glycosylation attenuates the activation of caspase-3 in non-tumoral cells, while in breast
cancer cells, TG-evoked caspase-3 activation, which was significantly smaller than in
non-tumoral cells, was unaffected by impairment of STIM1 N-linked glycosylation.
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Figure 6. Effect of the expression of glycosylation-deficient STIM1 mutant on TG-evoked caspase-3
activation in non-tumoral breast epithelial cells and breast cancer cells. (a) MCF10A, MCF7-STIM1KO
and MDA-MB-231-STIM1KO cells were transfected with STIM1-CFP or STIM1N131/171Q-mCherry
expression plasmids, as indicated (MCF10A cells were co-transfected with Orai1). Forty-eight
hours after transfection, cells were stimulated with TG (1 µM) in a medium containing 1 mM Ca2+

and caspase-3 activity was determined as described in Material and Methods. The scatter plots
with bars represent TG-induced caspase-3 activity, expressed as fold increase experimental over
control (unstimulated STIM1-YFP-expressing cells). Data are mean of 16 separate determinations
and were statistically analyzed using Kruskal–Wallis test with multiple comparisons (Dunn’s test)
to control cells (**** p < 0.0001). (b) MCF10A, MCF7-STIM1KO and MDA-MB-231-STIM1KO cells
were transfected with STIM1-CFP or STIM1N131/171Q-mCherry expression plasmids, as indicated.
Forty-eight hours after transfection, cells were stimulated with TG (1 µM) in a medium containing 1
mM Ca2+, lysed and analyzed by Western blotting using anti-STIM1 antibody, followed by reprobing
with anti-β-actin antibody for protein loading control.
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Figure 7. Effect of the expression of glycosylation-deficient STIM1 mutant on TG-evoked caspase-3
cleavage in non-tumoral breast epithelial cells and breast cancer cells. (a) MCF10A, MCF7-STIM1KO
and MDA-MB-231-STIM1KO cells were transfected with STIM1-CFP or STIM1N131/171Q-mCherry
expression plasmids, as indicated (MCF10A cells were co-transfected with Orai1). Forty-eight hours
after transfection, cells were stimulated with TG (1 µM) in a medium containing 1 mM Ca2+ and
caspase-3 cleavage was determined as described in Material and Methods. The scatter plots with bars
represent TG-induced caspase-3 cleavage, expressed as the ratio of cleaved caspase-3/procaspase-3,
and presented as fold increase experimental over control (unstimulated STIM1-YFP-expressing cells).
Data are mean ± SEM of 4 separate determinations and were statistically analyzed using Kruskal–
Wallis test with multiple comparisons (Dunn’s test) to control cells (**** p < 0.0001, *** p < 0.001 and
* p < 0.05 as compared to control (unstimulated cells) and $$ p < 0.01 as compared to cells expressing
STIM1-CFP). (b) MCF10A, MCF7-STIM1KO and MDA-MB-231-STIM1KO cells were transfected with
STIM1-CFP or STIM1N131/171Q-mCherry expression plasmids, as indicated. Forty-eight hours after
transfection, cells were stimulated with TG (1 µM) in a medium containing 1 mM Ca2+, lysed and
analyzed by Western blotting using anti-cleaved caspase-3 antibody (bottom panel) or anti-caspase-3
antibody (top panel).

4. Discussion

N-linked glycosylation involves the attachment of an olygosaccharide to the amide
nitrogen of an asparagine residue by enzymatic reactions and plays a relevant role in
protein structure and function. The type of the oligosaccharide attached is protein- and
cell type-specific [50]. STIM1 and Orai1, the core SOCE proteins, are glycosylated proteins.
Orai1 exhibits a single glycosylation site at N223 while STIM1 contains three consensus
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sites for N-linked glycosylation at N131, N171 and N658; however, only N131 and N171
can be glycosylated in vivo [22,51]. Aberrant STIM1 and Orai1 glycosylation have been
reported in a number of disorders, for instance, it has been detected in myopathies with
tubular aggregates and in sepsis-induced myocardial depression [26,27]. Furthermore,
abnormal glycosylation has been associated to cancer progression and metastasis. In breast
cancer cells, inhibitors of α-glucosidases have been reported to attenuate STIM1 expression,
which significantly reduces SOCE and cell migration [52].

The functional role of Orai1 N-linked glycosylation in SOCE is cell type-specific, with
reported inhibitory role or no function at all depending on the cell type investigated [19–21].
Concerning STIM1 N-linked glycosylation, studies using a variety of glycosylation-deficient
STIM1 mutants have revealed that STIM1 glycosylation plays a positive role in SOCE,
except for the STIM1N131D/N171Q mutant that induces a gain of function in patch-clamp
experiments but not in Ca2+ imaging experiments [21]. The functional role of STIM1
glycosylation in SOCE has been attributed to structural perturbations within the EF-SAM
core resulting in enhanced SOCE [22,23].

SOCE plays essential functional roles in breast cancer cell biology and the development
of different breast cancer hallmarks, including cell viability and survival, migration, prolifer-
ation and apoptosis resistance [36,52–54]; however, the possible cellular effects of Orai1 and
STIM1 N-linked glycosylation in breast epithelial and breast cancer cells remains unknown.
Here we report that expression of a glycosylation-deficient Orai1 mutant (Orai1N223A)
in Orai1KO luminal breast cancer MCF7 cells and TNBC MDA-MB-231 cells, as well as
in non-tumoral breast epithelial MCF10A cells, is not essential for the activation of SOCE.
These findings are consistent with the observations in HEK-293 cells [21,22]. As previously
reported in HEK-293 cells [21,24], expression of the non-glycosylable STIM1N131/171Q
mutant in non-tumoral MCF10A cells significantly reduces SOCE, which strongly supports
a positive role for STIM1 glycosylation in SOCE in these cells. Interestingly, expression
of the glycosylation incompetent STIM1N131/171Q mutant in STIM1KO MCF7 cells and
STIM1KO MDA-MB-231 cells was without effect on SOCE. To our knowledge, this is the
first description of a lack of effect of STIM1 glycosylation in SOCE in a given cell type. The
results observed in cells expressing the STIM1N131/171Q mutant are consistent with the
effect of tunicamycin in non-tumoral and breast cancer cells. In addition, these findings
might explain the effect of tunicamycin in SOCE in MCF10A cells. Alternatively, we have
found that tunicamycin attenuates STIM1 expression in MCF10A cells, as well as Orai1
plasma membrane expression, probably associated to a reduction in Orai1 synthesis. Con-
sistent with the previously reported cell type-specific effect of N-glycosylation in SOCE,
tunicamycin has been reported to enhance SOCE in a variety of cells, including the VSC4.1
(motoneuron-neuroblastoma hybrid) cell line [55] and lymphoidal cells [56].

In breast cancer cells, Orai1 and STIM1 proteins commonly appear as glycosylated
proteins, as demonstrated by the electrophoretical mobility of these proteins in untreated
cells, and the insensitivity of breast cancer cells to STIM1 glycosylation might reflect a
functional adaptation of breast tumoral cells. Here we show that impairment of STIM1
N-linked glycosylation protect non-tumoral breast epithelial cells from the development
of apoptosis upon treatment with TG, a finding that is consistent with the attenuation of
TG-evoked Ca2+ entry in these cells [29,30]. However, in breast cancer cells the ability of
TG to induce apoptosis is significantly smaller than in non-tumoral cells, revealing a certain
degree of apoptosis resistance. Under these conditions, impairment of STIM1 glycosylation
was without effect on TG-induced apoptosis, in the same way as it failed to attenuate TG-
evoked Ca2+ influx. Summarizing, our results indicate that STIM1 N-linked glycosylation
plays a relevant role in the activation of TG-evoked SOCE in non-tumoral breast epithelial
cells but, by contrast, STIM1 glycosylation is without effect in the regulation of Ca2+ influx
in breast cancer cells, an adaptative mechanism that might play an important role in
apoptosis resistance in breast tumoral cells, as the lack of sensitivity of SOCE to STIM1
glycosylation in breast cancer cells deprives the apoptotic event of a regulatory mechanism.
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5. Conclusions

Our results reveal that in non-tumoral breast epithelial cells STIM1 N-linked glyco-
sylation plays an essential role for full SOCE activation. By contrast, breast cancer cells
scape from this regulatory mechanism, so that, SOCE is independent on STIM1 or Orai1
N-linked glycosylation. As STIM1 glycosylation plays a relevant role in the development
of apoptosis upon treatment with the SERCA inhibitor TG in non-tumoral breast cells, the
lack of effect of STIM1 glycosylation in SOCE and apoptosis in breast cancer cells might be
attributed to a mechanism to evade apoptosis in these cells.

Supplementary Materials: The following are available online at: https://www.mdpi.com/article/
10.3390/cancers15010203/s1. Figure S1. Effect of tunicamycin on Orai1 plasma membrane expression.
Table S1. Tunicamycin attenuates Orai1 and STIM1 protein expression in MCF10A and MDA-MB-231 cells.

Author Contributions: Conceptualization, J.A.R., G.M.S., T.S. and J.J.L.; methodology and investiga-
tion, J.S.-C., J.N.-F., I.J., A.B.-E. and J.J.L.; Funding acquisition, J.A.R. and T.S.; writing—original draft
preparation, J.A.R.—review and editing, J.A.R., J.S.-C., J.J.L., T.S., M.A.H., R.B., G.M.S. and J.N.-F.;
project administration, J.A.R., and T.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Agencia Estatal de Investigación PID2019-104084GB-C21/AEI/
10.13039/501100011033 and PID2019-104084GB-C22/AEI/10.13039/501100011033, and Junta de
Extremadura-Fondo Europeo de Desarrollo Regional (FEDER; Grants IB20007 and GR21008) to JAR
and TS. JJL and IJ are supported by a contract from Junta de Extremadura (TA18011 and TA18054,
respectively). A.B.-E. is supported by a contract from Junta de Extremadura. J.S.-C. and J.N.-F. are
supported by contracts from Agencia Estatal de Investigación. Research of R.B. and M.A.H was
funded by Swiss National Science Foundation grants # CRSII5_180326 and 310030_204972.

Institutional Review Board Statement: The study was conducted in accordance with the guidelines
of the Declaration of Helsinki and approved by the Institutional Ethical Committee of the University
of Extremadura (protocol code 195/2019 and date of approval 24 July 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Carlos Cantonero, Ana Martín and Sandra Alvarado for assistance in
some experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Roos, J.; Digregorio, P.J.; Yeromin, A.V.; Ohlsen, K.; Lioudyno, M.; Zhang, S.; Safrina, O.; Kozak, J.A.; Wagner, S.L.; Cahalan, M.D.;

et al. STIM1, an essential and conserved component of store-operated Ca2+ channel function. J. Cell Biol. 2005, 169, 435–445.
[CrossRef] [PubMed]

2. Zhang, S.L.; Yu, Y.; Roos, J.; Kozak, J.A.; Deerinck, T.J.; Ellisman, M.H.; Stauderman, K.A.; Cahalan, M.D. STIM1 is a Ca2+ sensor
that activates CRAC channels and migrates from the Ca2+ store to the plasma membrane. Nature 2005, 437, 902–905. [CrossRef]
[PubMed]

3. Feske, S.; Gwack, Y.; Prakriya, M.; Srikanth, S.; Puppel, S.-H.; Tanasa, B.; Hogan, P.G.; Lewis, R.S.; Daly, M.; Rao, A. A mutation in
Orai1 causes immune deficiency by abrogating CRAC channel function. Nature 2006, 441, 179–185. [CrossRef] [PubMed]

4. Mercer, J.C.; DeHaven, W.I.; Smyth, J.T.; Wedel, B.; Boyles, R.R.; Bird, G.S.; Putney, J.W., Jr. Large Store-operated Calcium Selective
Currents Due to Co-expression of Orai1 or Orai2 with the Intracellular Calcium Sensor, Stim. J. Biol. Chem. 2006, 281, 24979–24990.
[CrossRef] [PubMed]

5. Peinelt, C.; Vig, M.; Koomoa, D.L.; Beck, A.; Nadler, M.J.S.; Koblan-Huberson, M.; Lis, A.; Fleig, A.; Penner, R.; Kinet, J.-P.
Amplification of CRAC current by STIM1 and CRACM1 (Orai1). Nature 2006, 8, 771–773. [CrossRef]

6. Prakriya, M.; Feske, S.; Gwack, Y.; Srikanth, S.; Rao, A.; Hogan, P.G. Orai1 is an essential pore subunit of the CRAC channel.
Nature 2006, 443, 230–233. [CrossRef]

7. Yoast, R.E.; Emrich, S.M.; Zhang, X.; Xin, P.; Johnson, M.T.; Fike, A.J.; Walter, V.; Hempel, N.; Yule, D.I.; Sneyd, J.; et al. The native
ORAI channel trio underlies the diversity of Ca2+ signaling events. Nat. Commun. 2020, 11, 2444. [CrossRef]

8. Berna-Erro, A.; Jardin, I.; Salido, G.M.; Rosado, J.A. Role of STIM2 in cell function and physiopathology. J. Physiol. 2017, 595,
3111–3128. [CrossRef]

https://www.mdpi.com/article/10.3390/cancers15010203/s1
https://www.mdpi.com/article/10.3390/cancers15010203/s1
http://doi.org/10.1083/jcb.200502019
http://www.ncbi.nlm.nih.gov/pubmed/15866891
http://doi.org/10.1038/nature04147
http://www.ncbi.nlm.nih.gov/pubmed/16208375
http://doi.org/10.1038/nature04702
http://www.ncbi.nlm.nih.gov/pubmed/16582901
http://doi.org/10.1074/jbc.M604589200
http://www.ncbi.nlm.nih.gov/pubmed/16807233
http://doi.org/10.1038/ncb1435
http://doi.org/10.1038/nature05122
http://doi.org/10.1038/s41467-020-16232-6
http://doi.org/10.1113/JP273889


Cancers 2023, 15, 203 16 of 18

9. Emrich, S.M.; Yoast, R.E.; Xin, P.; Zhang, X.; Pathak, T.; Nwokonko, R.; Gueguinou, M.F.; Subedi, K.P.; Zhou, Y.; Ambudkar, I.S.;
et al. Cross-talk between N-terminal and C-terminal domains in stromal interaction molecule 2 (STIM2) determines enhanced
STIM2 sensitivity. J. Biol. Chem. 2019, 294, 6318–6332. [CrossRef]

10. Ahmad, M.; Ong, H.L.; Saadi, H.; Son, G.-Y.; Shokatian, Z.; Terry, L.E.; Trebak, M.; Yule, D.I.; Ambudkar, I. Functional
communication between IP 3 R and STIM2 at subthreshold stimuli is a critical checkpoint for initiation of SOCE. Proc. Natl. Acad.
Sci. USA 2022, 119, e2114928118. [CrossRef]

11. Jha, A.; Ahuja, M.; Maléth, J.; Moreno, C.M.; Yuan, J.P.; Kim, M.S.; Muallem, S. The STIM1 CTID domain determines access of
SARAF to SOAR to regulate Orai1 channel function. J. Cell Biol. 2013, 202, 71–79. [CrossRef]

12. Jardín, I.; Albarran, L.; Salido, G.M.; López, J.J.; Sage, S.O.; Rosado, J.A. Fine-tuning of store-operated calcium entry by fast and
slow Ca2+-dependent inactivation: Involvement of SARAF. Biochim. Biophys. Acta Mol. Cell Res. 2018, 1865, 463–469. [CrossRef]
[PubMed]

13. Zomot, E.; Cohen, H.A.; Dagan, I.; Militsin, R.; Palty, R. Bidirectional regulation of calcium release–activated calcium (CRAC)
channel by SARAF. J. Cell Biol. 2021, 220, e202104007. [CrossRef]

14. Lopez, J.J.; Albarran, L.; Gómez, L.J.; Smani, T.; Salido, G.M.; Rosado, J.A. Molecular modulators of store-operated calcium entry.
Biochim. et Biophys. Acta 2016, 1863, 2037–2043. [CrossRef] [PubMed]

15. Kawasaki, T.; Ueyama, T.; Lange, I.; Feske, S.; Saito, N. Protein Kinase C-induced Phosphorylation of Orai1 Regulates the
Intracellular Ca2+ Level via the Store-operated Ca2+ Channel. J. Biol. Chem. 2010, 285, 25720–25730. [CrossRef]

16. Zhang, X.; Pathak, T.; Yoast, R.; Emrich, S.; Xin, P.; Nwokonko, R.M.; Johnson, M.; Wu, S.; Delierneux, C.; Gueguinou, M.; et al. A
calcium/cAMP signaling loop at the ORAI1 mouth drives channel inactivation to shape NFAT induction. Nat. Commun. 2019,
10, 1971. [CrossRef] [PubMed]

17. Lopez, E.; Frischauf, I.; Jardin, I.; Derler, I.; Muik, M.; Cantonero, C.; Salido, G.M.; Smani, T.; Rosado, J.; Redondo, P.C. STIM1
phosphorylation at Y316 modulates its interaction with SARAF and the activation of SOCE and ICRAC. J. Cell Sci. 2019,
132, jcs.226019. [CrossRef] [PubMed]

18. Smyth, J.T.; Petranka, J.G.; Boyles, R.R.; DeHaven, W.I.; Fukushima, M.; Johnson, K.L.; Williams, J.G.; Putney, J.W., Jr. Phos-
phorylation of STIM1 underlies suppression of store-operated calcium entry during mitosis. Nat. Cell Biol. 2009, 11, 1465–1472.
[CrossRef] [PubMed]

19. Hawkins, B.J.; Irrinki, K.M.; Mallilankaraman, K.; Lien, Y.-C.; Wang, Y.; Bhanumathy, C.D.; Subbiah, R.; Ritchie, M.F.; Soboloff,
J.; Baba, Y.; et al. S-glutathionylation activates STIM1 and alters mitochondrial homeostasis. J. Cell Biol. 2010, 190, 391–405.
[CrossRef]

20. Johnson, J.; Blackman, R.; Gross, S.; Soboloff, J. Control of STIM and Orai function by post-translational modifications. Cell
Calcium 2022, 103, 102544. [CrossRef]

21. Kilch, T.; Alansary, D.; Peglow, M.; Dörr, K.; Rychkov, G.; Rieger, H.; Peinelt, C.; Niemeyer, B.A. Mutations of the Ca2+-sensing
Stromal Interaction Molecule STIM1 Regulate Ca2+ Influx by Altered Oligomerization of STIM1 and by Destabilization of the
Ca2+ Channel Orai. J. Biol. Chem. 2013, 288, 1653–1664. [CrossRef] [PubMed]

22. Gwack, Y.; Srikanth, S.; Feske, S.; Cruz-Guilloty, F.; Oh-Hora, M.; Neems, D.S.; Hogan, P.G.; Rao, A. Biochemical and Functional
Characterization of Orai Proteins. J. Biol. Chem. 2007, 282, 16232–16243. [CrossRef] [PubMed]

23. Dörr, K.; Kilch, T.; Kappel, S.; Alansary, D.; Schwär, G.; Niemeyer, B.A.; Peinelt, C. Cell type–specific glycosylation of Orai1
modulates store-operated Ca 2+ entry. Sci. Signal. 2016, 9, ra25. [CrossRef] [PubMed]

24. Choi, Y.J.; Zhao, Y.; Bhattacharya, M.; Stathopulos, P.B. Structural perturbations induced by Asn131 and Asn171 glycosylation
converge within the EFSAM core and enhance stromal interaction molecule-1 mediated store operated calcium entry. Biochim. et
Biophys. Acta Mol. Cell Res. 2017, 1864, 1054–1063. [CrossRef] [PubMed]

25. Novello, M.J.; Zhu, J.; Feng, Q.; Ikura, M.; Stathopulos, P.B. Structural elements of stromal interaction molecule function. Cell
Calcium 2018, 73, 88–94. [CrossRef]

26. Ye, J.; Li, M.; Li, Q.; Jia, Z.; Hu, X.; Zhao, G.; Zhi, S.; Hong, G.; Lu, Z. Activation of STIM1/Orai1-mediated SOCE in sepsis-induced
myocardial depression. Mol. Med. Rep. 2022, 26, 1–11. [CrossRef]

27. Gang, Q.; Bettencourt, C.; Brady, S.; Holton, J.L.; Healy, E.G.; McConville, J.; Morrison, P.J.; Ripolone, M.; Violano, R.; Sciacco, M.;
et al. Genetic defects are common in myopathies with tubular aggregates. Ann. Clin. Transl. Neurol. 2022, 9, 4–15. [CrossRef]

28. Smani, T.; Shapovalov, G.; Skryma, R.; Prevarskaya, N.; Rosado, J.A. Functional and physiopathological implications of TRP
channels. Biochim. et Biophys. Acta Mol. Cell Res. 2015, 1853, 1772–1782. [CrossRef]

29. Motiani, R.K.; Abdullaev, I.F.; Trebak, M. A novel native store-operated calcium channel encoded by Orai3: Selective requirement
of Orai3 versus Orai1 in estrogen receptor-positive versus estrogen receptor-negative breast cancer cells. J. Biol. Chem. 2010, 285,
19173–19183. [CrossRef]

30. Jardin, I.; Diez-Bello, R.; Lopez, J.; Redondo, P.; Salido, G.; Smani, T.; Rosado, J. TRPC6 Channels Are Required for Proliferation,
Migration and Invasion of Breast Cancer Cell Lines by Modulation of Orai1 and Orai3 Surface Exposure. Cancers 2018, 10, 331.
[CrossRef]

31. Robitaille, M.; Chan, S.M.; Peters, A.A.; Dai, L.; So, C.L.; Bong, A.H.L.; Sadras, F.; Roberts-Thomson, S.J.; Monteith, G.R.
ORAI1-Regulated Gene Expression in Breast Cancer Cells: Roles for STIM1 Binding, Calcium Influx and Transcription Factor
Translocation. Int. J. Mol. Sci. 2022, 23, 5867. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.RA118.006801
http://doi.org/10.1073/pnas.2114928118
http://doi.org/10.1083/jcb.201301148
http://doi.org/10.1016/j.bbamcr.2017.12.001
http://www.ncbi.nlm.nih.gov/pubmed/29223474
http://doi.org/10.1083/jcb.202104007
http://doi.org/10.1016/j.bbamcr.2016.04.024
http://www.ncbi.nlm.nih.gov/pubmed/27130253
http://doi.org/10.1074/jbc.M109.022996
http://doi.org/10.1038/s41467-019-09593-0
http://www.ncbi.nlm.nih.gov/pubmed/31036819
http://doi.org/10.1242/jcs.226019
http://www.ncbi.nlm.nih.gov/pubmed/30975919
http://doi.org/10.1038/ncb1995
http://www.ncbi.nlm.nih.gov/pubmed/19881501
http://doi.org/10.1083/jcb.201004152
http://doi.org/10.1016/j.ceca.2022.102544
http://doi.org/10.1074/jbc.M112.417246
http://www.ncbi.nlm.nih.gov/pubmed/23212906
http://doi.org/10.1074/jbc.M609630200
http://www.ncbi.nlm.nih.gov/pubmed/17293345
http://doi.org/10.1126/scisignal.aaa9913
http://www.ncbi.nlm.nih.gov/pubmed/26956484
http://doi.org/10.1016/j.bbamcr.2016.11.015
http://www.ncbi.nlm.nih.gov/pubmed/27865927
http://doi.org/10.1016/j.ceca.2018.04.006
http://doi.org/10.3892/mmr.2022.12775
http://doi.org/10.1002/acn3.51477
http://doi.org/10.1016/j.bbamcr.2015.04.016
http://doi.org/10.1074/jbc.M110.102582
http://doi.org/10.3390/cancers10090331
http://doi.org/10.3390/ijms23115867
http://www.ncbi.nlm.nih.gov/pubmed/35682546


Cancers 2023, 15, 203 17 of 18

32. Yang, S.; Zhang, J.J.; Huang, X.-Y. Orai1 and STIM1 Are Critical for Breast Tumor Cell Migration and Metastasis. Cancer Cell 2009,
15, 124–134. [CrossRef] [PubMed]

33. McAndrew, D.; Grice, D.M.; Peters, A.A.; Davis, F.M.; Stewart, T.; Rice, M.; Smart, C.E.; Brown, M.A.; Kenny, P.A.; Roberts-
Thomson, S.J.; et al. ORAI1-Mediated Calcium Influx in Lactation and in Breast Cancer. Mol. Cancer Ther. 2011, 10, 448–460.
[CrossRef] [PubMed]

34. Kappel, S.; Borgström, A.; Stokłosa, P.; Dörr, K.; Peinelt, C. Store-operated calcium entry in disease: Beyond STIM/Orai expression
levels. Semin. Cell Dev. Biol. 2019, 94, 66–73. [CrossRef]

35. Jardin, I.; Diez-Bello, R.; Falcon, D.; Alvarado, S.; Regodon, S.; Salido, G.M.; Smani, T.; Rosado, J.A. Melatonin downregulates
TRPC6, impairing store-operated calcium entry in triple-negative breast cancer cells. J. Biol. Chem. 2021, 296, 100254. [CrossRef]

36. Sanchez-Collado, J.; Lopez, J.J.; Cantonero, C.; Jardin, I.; Regodón, S.; Redondo, P.C.; Gordillo, J.; Smani, T.; Salido, G.M.;
Rosado, J.A. Orai2 Modulates Store-Operated Ca2+ Entry and Cell Cycle Progression in Breast Cancer Cells. Cancers 2021, 14, 114.
[CrossRef]

37. Sanchez-Collado, J.; Lopez, J.J.; Jardin, I.; Berna-Erro, A.; Camello, P.J.; Cantonero, C.; Smani, T.; Salido, G.M.; Rosado, J.A. Orai1α,
but not Orai1β, co-localizes with TRPC1 and is required for its plasma membrane location and activation in HeLa cells. Cell Mol.
Life Sci. 2022, 79, 33. [CrossRef]

38. Rosado, J.; Lopez, J.J.; Gomez-Arteta, E.; Redondo, P.C.; Salido, G.M.; Pariente, J.A. Early caspase-3 activation independent of
apoptosis is required for cellular function. J. Cell Physiol. 2006, 209, 142–152. [CrossRef]

39. Schild, A.; Bhardwaj, R.; Wenger, N.; Tscherrig, D.; Kandasamy, P.; Dernič, J.; Baur, R.; Peinelt, C.; Hediger, M.A.; Lochner,
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