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A B S T R A C T

It is believed that hypoxia stimulates triple-negative breast cancers (TNBCs) metastasis, which is associated with
a poor prognosis. However, the underlying mechanism remains unclear. Here, we demonstrated that hypoxia up-
regulates both the levels of Orai1 and Notch1, and the increase in Orai1 is mediated by Notch1 signaling in
TNBCs. Functionally, Orai1 caused a sustained elevation of intracellular Ca2+ via Store-operated Ca2+ entry
(SOCE), then activated the calcineurin-nuclear factor of activated T-cell 4 (NFAT4, also named NFATc3) in
hypoxic TNBCs. Furthermore, pharmacologic inhibition or gene-silencing studies showed that the aggressiveness
mediated by Orai1 during hypoxia is dependent on the Notch1/Orai1/SOCE/NFAT4 signaling. Moreover, Orai1
signaling also mediated hypoxia-induced angiogenesis in TNBCs. Thus, our results revealed a novel role of Orai1
as an inducer of aggression and angiogenesis under hypoxic conditions, and this suggests a novel mechanism of
hypoxia-induced invasion. It may be worthwhile to further explore the potential of using Orai1 signaling as new
target for anti-tumor therapy in TNBCs.

1. Introduction

Breast cancer is a leading cause of cancer-related death among
women worldwide [1]. Triple-negative breast cancers (TNBCs) are
characterized by lacking expression of estrogen receptor (ER), proges-
terone receptor (PR) and human epidermal growth factor receptor 2
(HER2), and represent 10 to 20% of breast cancer cases [2,3]. TNBCs
account for early deaths of some patients because of their high rates of
metastasis subtypes, and lack of effective therapeutic targets such as
those for HER2 [4–6]. TNBCs are specifically heterogeneous in their
molecular expression profiles through gene expression and RNA se-
quencing analyses [7]. Because of this heterogeneity, patients with
TNBCs are limited to combination therapies consisting of surgery,
chemotherapy and radiotherapy, but have worse survival rates com-
pared with other subtypes [8]. To improve outcomes for patients with
TNBCs, it will be important to identify alternative clinical strategies and
develop new targeted therapies. Metastasis of TNBCs is the key reason
for the failure of lasting success with surgery and for cancer recurrence.
Hypoxia is a microenvironmental hallmark of most solid cancers and
promotes a motile and invasive TNBCs phenotype through the

activation of hypoxia-inducible factors (HIFs). A considerable effort has
been focused on exploring the mechanisms controlling hypoxia and
metastasis of TNBCs, but the molecular components involved in linking
hypoxia and TNBCs aggressiveness are poorly understood.

Emerging evidence suggests that Notch signaling is likely to be in-
volved in these phenotypic changes of TNBCs [9–11]. Notch signaling
plays an essential role in regulating cell fate decision, proliferation and
migration during the development of many cell types [12]. Notch sig-
naling consists of four heterodimeric transmembrane receptors
(Notch1, Notch2, Notch3 and Notch4), five corresponding ligands
(Jagged-1, Jagged-2, Delta-like-1, Delta-like-3 and Delta-like-4), and
Notch target genes [13]. Activation of Notch signaling is thought to
occur via binding of an adjacent cell's ligand at Notch receptor. After
this binding, the Notch intracellular domain (NICD) is released from the
plasma membrane via γ-secretase-mediated proteolytic cleavage, which
subsequently translocates into the nucleus. NICD binds to the CSL fa-
mily member RBP-JK/CBF-1, thought to mediate the expression of
Notch target genes, which contain the HES and HEYL genes. CSL sup-
presses the transcription of Notch target genes when Notch signaling is
inactive, but when Notch signaling is active, CSL acts as a
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transcriptional activator of same genes. Notch signaling is likely to be
involved in the pathogenesis of TNBCs. High-level expression of Notch1
and Notch4 are detected by immunohistochemistry in 29 TNBC cases
[14]. Notch1 and Notch3 are involved in the development of TNBCs
[15,16]. Although Notch signaling plays a key oncogenic role in various
malignancies, the Notch target genes that are important for the devel-
opment of aggressive type are still not completely understood.

Ca2+ signaling plays a critical role in regulating cell migration [17].
Previous studies showed that Ca2+ influx is essential for aggression of
diverse cell types, containing cancer cells [18–20]. Store-operated Ca2+

entry (SOCE) is a predominant Ca2+ entry pathway, in which depletion
of intracellular stores stimulates Ca2+ entry from extracellular milieu
[21]. The literatures showed that Orai1 and STIM1 are responsible for
SOCE, in which STIM1 serves as a Ca2+ sensor in sarco/endoplasmic
reticulum whereas Orai1 is an essential pore-forming component for
Ca2+ permeation.

Decreased Ca2+ in sarco/endoplasmic reticulum induces STIM1
oligomerization and relocalization to the regions immediately under-
neath the plasma membrane, where it binds to Orai1 to cause Ca2+

influx [22,23]. Interestingly, Orai1 is reported to play essential roles in
promoting tumor cell migration. Elevated Orai1 expression promotes
human gastric cancer cell migration and invasion [24]. Yang et al. re-
ported that Orai1 is critical for breast tumor cell migration and me-
tastasis in vivo and in vitro [25]. However, the mechanism by which
Orai1 induces tumor cell aggression under hypoxic conditions remains
unclear.

Given these findings, we hypothesized that Notch pathway and
Orai1 regulate TNBCs aggression under hypoxic conditions. Therefore,
we set out to test this hypothesis by investigating the relationship be-
tween Notch signaling and Orai1 in hypoxic TNBCs. We found that
inhibition of the Notch pathway in TNBCs blocks the hypoxia-induced
up-regulation of Orai1. Induction of Orai1 promotes the aggressive type
by increasing a SOCE regulated elevation of intracellular Ca2+ level,
which then actives NFAT4, and this is critical for TNBCs invasion and
angiogenesis. Collectively, these data revealed that hypoxia maintains
aggression in TNBCs by regulating Notch signaling and Orai1, sug-
gesting that this regulation is an important component of how hypoxia
controls the aggression and angiogenesis in TNBCs.

2. Materials and methods

2.1. Ethics statement and patients

The study using clinical samples was approved by the Review Board
of the Affiliated Hospital of Jiangnan University. The human triple-
negative breast cancer samples (n = 69) were from Affiliated Hospital
of Jiangnan University. Informed consent was requested as anonymous
specimens and was given by all human participants in this study.
Patients were recruited between 2010 and 2013.

2.2. Drugs and antibodies

SKF96365 (1147), FK506 (3631) and thapsigargin (1138) form
Tocris Bioscience; DAPT (S2215) form Selleckchem; Alexa Fluor 568
Donkey anti-Rabbit IgG (H + L) Antibody and Alexa Fluor 488 Donkey
Anti-Mouse IgG (H + L) Antibody from Life Technologies Corp; anti-
Orai1 antibody (O8264) from Sigma; anti-NFAT4 antibody (sc-8405)
and anti-ATCB antibody (sc-47778) from Santa Cruz Biotechnology;
anti-Notch1 antibody (#3608), anti-Cleaved Notch1 antibody (#4147)
and anti-Jagged1 antibody (#2620) from Cell Signaling Technology;
anti-HIF1α antibody (610958) from BD Biosciences; anti-TATA binding
protein antibody (TBP; ab51841) from Abcam.

2.3. Cell culture and exposure to hypoxia

MDA-MB 231, BT549 and HMEC-1 cells were from the American

Type Culture Collection. MDA-MB 231 and BT549 cells were cultured in
RMPI 1640 (Gbico) supplemented with 10% FBS (Gbico), 100 μg/mL
penicillin and 100 U/mL streptomycin (Gbico). HMEC-1 cells were
cultured in endothelial cell growth medium (EGM) supplemented with
bovine brain extract (Lonza). To establish hypoxic conditions, the cells
were cultured at 1% oxygen, 94% N2 and 5% CO2 at 37 °C using hu-
midified multigas incubator [26]. The normoxic control cells were in-
cubated at 37 °C with 5% CO2 in a humidified incubator.

2.4. Analysis of mRNA expression by real-time PCR

To determine the mRNA expression, real-time PCR analysis was
performed. Total RNA was isolated from cells using TRIzol Reagent
(Invitrogen), and treated with DNase I (Invitrogen). cDNA was syn-
thesized from 1 μg total RNA, using random primers with a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene
expression was normalized against ACTB. The primer sequences used
were: ACTB forward 5′-CACCATTGGCAATGAGCGGTTC-3′, reverse.

5′-AGGTCTTTGCGGATGTCCACGT-3′; HIF1α forward 5′-AGCTTGC
TCATCAGTTGCCA-3′, reverse 5′-CCAGAAGTTTCCTCACACGC-3′;
Jagged1 forward 5′-TGCTACAACCGTGCCAGTGACT-3′, reverse 5′-TCA
GGTGTGTCGTTGGAAGCCA-3′; Notch1 forward 5′-CCCAGGAATCTGA
GATGGAA-3′; reverse 5′-CCACAGCAAACTGCTGACAT-3′; HEYL for-
ward 5′-TGGAGAAAGCCGAGGTCTTGCA-3′, reverse 5′-ACCTGATGAC
CTCAGTGAGGCA-3′; HES1 forward 5′- GTGGGTCCTAACGCAGT
GTC-3′, reverse 5′- GTCAGAAGAGAGAGGTGGGCTA -3′; HES5 forward
5′- ATGCTCAGTCCCAAGGAGAA -3′, reverse 5′- CTCCAGCAGCAGTTT
CAGC-3′; Orai1 forward 5′-GCCCTTCGGCCTGATCTTTAT-3′; reverse 5′-
TGGAACTGTCGGTCAGTCTTAT-3′;Real-time PCR was performed with
7500 Fast Real-time PCR system (Applied Biosystems), using Power
SYBR Green PCR Master Mix (Applied Biosystems).

2.5. siRNA and shRNA knockdown analyses

For knockdown of Notch1 and NFAT4 transcripts, MDA-MB 231 and
BT549 cells were transiently transfected with gene-specific or scram-
bled small interfering RNA (siRNA) using DharmaFECT 1 Transfection
Reagent (GE Healthcare) following the standard procedure re-
commended by the manufacturer. The human pool siRNAs was ob-
tained from Santa Cruz. In brief, cells were transfected in RPMI 1640
medium with 100 nM of each siRNA duplexs using DharmaFECT
transfection reagent according to the manufacturer's protocol [27].

Two short hairpin RNA (shRNA) constructs against human Orai1
were generated using the pSUPER.puro vector according to the manu-
facturer's instructions (OligoEngine). The sequences used were 5′-CGT
GCACAATCTCAACTCG-3′ (in coding region) and 5′-CCAGCATTGAGT
GTGTACA-3′ (in 3′-UTR) as described elsewhere [25,28]. Transfection
with shRNA plasmid was carried out using the Lipofectamine 2000
Transfection Reagent (Invitrogen) according the manufacturer's in-
structions.

2.6. Western blot analysis

Cells were lysed in a detergent extraction buffer containing 1% (vol/
vol) Nonidet P-40, 150 mmol/L NaCl, and 20 mmol/L Tris–HCl, pH 8.0,
with protease inhibitor cocktail tablets for 30 min on ice and cen-
trifuged for 15 min at 4 °C. The nucleic fractions were prepared using
Nuclear and Cytoplasmic Protein Extraction kit (Beyotime Biotech).
Cells were mixed with the cytoplasmic extraction buffer on ice for
15 min. Suspension was shaken vigorously and centrifuged for 5 min at
4 °C. The supernatant was discarded and the pellet was re-suspended in
nuclear extraction buffer on ice for 30 min. The resulting supernatant
was used as nucleic fractions following centrifuge for 10 min. Protein
concentrations were then measured using a Bio-Rad protein assay kit
(Hercules, CA). Proteins were separated on an 8–12% gel using sodium
dodecyl sulfate polyacrylamide gel electrophoresis. For immunoblots,
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the polyvinylidene difluoride membrane carrying the transferred pro-
teins was incubated at 4 °C overnight with designated primary anti-
bodies diluted in TBST buffer pH 7.5, containing 50 mM Tris, 150 mM
NaCl, 0.1% Tween20, and 5% BSA. Immunodetection was accom-
plished using a horseradish peroxidase-conjugated secondary antibody
and an enhanced chemiluminescence detection system (GE Healthcare).
Densitometry analyses were performed using ImageJ software (NIH),
and ACTB or TBP control was used to confirm equal sample loading and
normalization of the data [29].

2.7. Immunofluorescence analysis

Immunofluorescence staining was performed as previously de-
scribed [30]. Briefly, cultured cells were fixed with 4% paraformalde-
hyde (PFA, Sigma-Aldrich) for 15 min then blocked with 10% BSA with
0.1% Triton X-100 (Bio-Rad) in PBS for 30 min at room temperature.

Samples were incubated with primary antibodies overnight at 4 °C
followed by the appropriate secondary fluorescently labeled antibodies
(Invitrogen Molecular Probes) for 1 h at room temperature. Nuclei were
counterstained with DAPI (4′,6-diamidino-2-phenylindole, Life Tech-
nologies). The samples were visualized under FV1000 laser scanning
confocal microscope.

2.8. [Ca2+]i measurement

[Ca2+]i measurements were performed as previously described
[31]. Briefly, cells were loaded with Fura-2/AM (Invitrogen) in normal
Tyrode's solution that contained in mM: 140 NaCl, 5.4 KCl, 1 MgCl2, 2
CaCl2, 5.5 glucose, and 5 HEPES, pH 7.4. The Ca2+-bound and -un-
bound Fura-2 fluorescence signals were measured using dual excitation
wavelengths at 340 and 380 nm using an Olympus fluorescence ima-
ging system. Fura-2 ratio change was then converted to [Ca2+]i. The

Fig. 1. Hypoxia promotes Notch signaling and Orai1 expression in TNBCs.
A and B, Representative images and summary data from western blotting showing the time course of HIF1α, Jagged1, Full-length Notch1, Cleaved Notch1 and ACTB expression in
hypoxic MDA-MB 231 and BT549 cells. C, Real-time PCR for HIF1α, Jagged1, Notch1, HEYL, HES1 and HES5 mRNA in hypoxic TNBCs. D and E, Representative images and summary
data from western blotting showing the time course of Orai1 in hypoxic TNBCs. F, Summary data from real-time PCR for Orai1 mRNA in hypoxic TNBCs. G, Representative images from
immunofluorescence of Orai1 in hypoxic TNBCs. Scale bars, 50 μm. Values are means ± SEM of three to six experiments. *, p < 0.05, compared to 0 h (normoxia).
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conversion was based on a standard curve that was constructed using
commercially available Ca2+ standard solutions of different con-
centrations. The fluorescence in an area without cells was taken as
background and subtracted.

2.9. SOCE and basal Ca2+ influx measurement

SOCE measurement was performed as described previously [28].
Briefly, cells were loaded with Fura-2/AM in normal Tyrode's solution.
For store depletion, cells were pretreated with 4 μM thapsigargin for

15 min in Ca2+-free Tyrode's solution, which contained in mM: 140
NaCl, 5.4 KCl, 1 MgCl2, 5.5 glucose, 0.2 ethylene glycol tetraacetic acid
(EGTA), and 5 HEPES, pH 7.4. Ca2+ influx was initiated by the addition
of 2 mM Ca2+ to the bath. Basal Ca2+ influx was measured by starting
the cells in the Ca2+-free Tyrode's solution without thapsigargin and
then adding 2 mM Ca2+ to the solution. Fura-2 fluorescence signals
were measured using dual excitation wavelengths at 340 and 380 nm
using an Olympus fluorescence imaging system. Change in Ca2+ was
displayed as change in Fura-2 ratio. 10 to 20 cells were analyzed in each
experiment.

Fig. 2. Hypoxia induces Notch signaling-dependent Orai1 expression in TNBCs.
A and B, Representative images and summary data from Full-length Notch1, Cleaved Notch1, Orai1 and ACTB protein levels in MDA-MB 231 and BT549 cells that were pretreated with
DAPT (75 μΜ) for 2 h or transfected with specific siRNA before exposure to hypoxia 12 h. C, Summary data from real-time PCR for Notch1, Orai1, HEYL, HES1 and HES5 mRNA in TNBC
pretreated as in A. D, Representative images from immunofluorescence of Orai1 in hypoxic TNBCs as in A. Scale bars, 50 μm. Values are means ± SEM of three to seven experiments. *,
p < 0.05, compared to Vehicle, #, p < 0.05, compared to siCTL.
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Fig. 3. Orai1 augments SOCE in TNBCs exposed to hypoxia.
A, Summary data from basal [Ca2+]i in MDA-MB 231 and BT549 cells that were pretreated with DAPT (75 μΜ) for 2 h, SKF96365 (10 μΜ) for 2 h or transfected with specific siRNA/
shRNA before exposure to hypoxia 12 h. B and C, Representative images and summary data from SOCE measurement in MDA-MB 231 and BT549 cells that were pretreated as in A. D and
E, Representative images and summary data from western blotting showing the time course of Orai1 and ACTB in TNBCs cultures that were transfected with Orai1 shRNA. F, Summary
data from real-time PCR for Orai1 mRNA in TNBCs transfected with Orai1 shRNA before exposure to hypoxia 12 h. Values are means ± SEM of three to six experiments. *, p < 0.05,
compared to normoxia, #, p < 0.05, compared to shCTL, $, p < 0.05, compared to siCTL, &, p < 0.05, compared to Vehicle.
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2.10. Wound healing assay

The wound healing assay used was a monolayer denudation assay as
described previously [32]. Briefly, cells cultured in 12-well plates as
confluent monolayers were mechanically scratched using a 200 μL

pipette tip to create the wound. Cells were washed with PBS to remove
the detached cells and then cultured to allow migration. Photographs
were taken and the percent of wound closure was calculated.

Fig. 4. Orai1-regulated SOCE mediates NFAT4 activation in TNBCs exposed to hypoxia.
A and B, Representative images and summary data from western blotting showing the time course of NFAT4 and TBP expression in hypoxic MDA-MB 231 and BT549 cells. C and D,
Representative images and summary data from immunofluorescence for nuclear translocation of NFAT4 in MDA-MB 231 and BT549 cells exposure to hypoxia or normoxia. Scale bars,
50 μm. E and F, Representative images and summary data from western blotting showing the time course of NFAT4 and TBP expression in hypoxic MDA-MB 231 and BT549 cells that
were pretreated with DAPT (75 μΜ) for 2 h, SKF96365 (10 μΜ) for 2 h or transfected with specific siRNA/shRNA before exposure to hypoxia 12 h. G, Summary data from immuno-
fluorescence for nuclear translocation of NFAT4 in MDA-MB 231 and BT549 cells that were pretreated as in E. Values are means ± SEM of three to six experiments.*, p < 0.05,
compared to hypoxia 0 h or normoxia, #, p < 0.05, compared to shCTL, $, p < 0.05, compared to siCTL, &, p < 0.05, compared to Vehicle.
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2.11. Transwell migration assay

Cell migration assays were performed in the absence of a Matrigel
layer and used transwell chamber (Corning) [33]. Transwell inserts
were suspended on the individual wells of 24-well plates. Briefly, cells
were harvested, washed, resuspended and then seeded into the upper
chamber in serum-free medium at a density of 2 × 105 cells/well. The
medium containing 10% FBS was placed in the lower chamber and the
cells were further incubated for 24 h, cells in the upper chamber were
removed with a cotton swab, and the rest of the membrane had invaded
the cells. Cells migrated through the membrane were fixed with 4%
paraformaldehyde and stained with crystal violet. The number of mi-
grated cells was counted in 5 randomly selected microscopic fields and
photographed.

2.12. Invasion assay

Cell invasion was determined with Matrigel matrix (BD Biosciences)
coated on the upper surface of the transwell chamber (Corning). Cells
were seeded, fixed, stained and counted as described in transwell mi-
gration assay.

2.13. Cell attachment and detachment assays

Cell attachment and detachment assay was done as described pre-
viously [34]. For cell attachment assay, the cells were seeded in 24-well
plates at 5 × 104 per well. After 1-hour incubation, unattached cells
were removed, and the attached cells were counted after trypsinization.
The data were presented as a percentage of the cells attached to the
plate compared with total cells. For cell detachment assay, the cells
were seeded in 24-well plates at 5 × 104 per well. After 24-hour in-
cubation, the medium was removed and the cells were incubated with
0.05% trypsin for 3 min to detach the cells from the culture plates. The

medium containing 10% fetal bovine serum was added into the cells to
inactivate the trypsin and the detached cells were collected into tubes.
The remaining cells were incubated with 0.25% trypsin to detach all the
cells and collected into fresh tubes. The cells were counted and the data
were presented as a percentage of the detached cells to total cells.

2.14. Endothelial cell tube formation assay

The tube formation assay was done as previously described [29].
Briefly, HMEC-1 cells were seeded in the matrigel-coated culture plates
and suspended in conditioned medium collected from MDA-MB 231
and BT549 cells with different treatments.

2.15. Immunohistochemistry staining

Tissue slides were deparaffinized with xylene and rehydrated
through a graded alcohol series. The endogenous peroxidase activity
was blocked by incubation in a 3% (vol/vol) hydrogen peroxide solu-
tion for 10 min. Antigen retrieval was carried out by immersing the
slides in 10 mM sodium citrate buffer (pH 6.0) and maintaining them at
a subboiling temperature for 10 min. The slides were incubated with
the primary antibody in 10% (wt/vol) BSA and 0.4% sodium azide in
PBS at 4 °C in a humidified chamber. Subsequently, the sections were
incubated with the GTVision III Detection System/Mo&Rb Kit (Gene
Tech Company Limited). All staining was assessed by pathologists
blinded to the origination of the samples and subject outcome. The
widely accepted German semiquantitative scoring system for con-
sidering the staining intensity and area extent was used. Each specimen
was assigned a score according to the staining (0, no staining; 1, weak
staining; 2, moderate staining; 3, strong staining) and the extent of
stained cells (0, 0%; 1, 1–24%; 2, 25–49%; 3, 50–74%; 4, 75–100%).
The final immunoreactive score was determined by multiplying the
intensity score with the extent of score of stained cells, ranging from 0

Fig. 5. Hypoxia increases cell migration and invasion in TNBCs.
A, Motility of MDA-MB 231 and BT549 cells exposure to hypoxia 16 h or normoxia was examined by wound healing assay. B, Migration capacity of TNBCs exposure to hypoxia 16 h or
normoxia was examined by transwell assay. C, Invasion capacity of TNBCs exposure to hypoxia 16 h or normoxia was examined by matrigel invasion assay. D to F, Summary data of
wound healing assay, migration assay and invasion assay described as in A to C. G, Summary data form attachment and detachment assay in hypoxic TBNCs. Values are means ± SEM of
three to six experiments. *, p < 0.05, compared to normoxia.
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(the minimum score) to 12 (the maximum score).

2.16. Statistical analyses

Data were expressed as mean ± SEM of at least 3 independent
experiments. Statistical analysis was performed using the 2-tailed
Student's t-test or one-way ANOVA. All analyses were performed using
GraphPad Prism version 5. The difference was considered significant if
p < 0.05.

3. Results

3.1. Hypoxia promotes Notch signaling and Orai1 expression in TNBCs

Intratumoral hypoxia contributes to a motile and invasive type
through the activation of HIFs and independently predicts poor out-
come to chemotherapy and radiation in various solid cancers including

breast cancers. It is reported that Notch1 and Jagged-1 exist in human
TNBC cell lines and clinical TNBC specimens. Because Notch signaling
regulates cell fate decision and migration during development of nu-
merous cancer cell types, we investigated Notch signaling in TNBCs
under hypoxia. For this purpose, we exposed the human TNBC cell line
MDA-MB 231 and BT549 to 1% O2 to mimic hypoxic condition and
detected the expression of full-length Notch1 and its ligand Jagged-1 by
western blotting. Cleaved-Notch1 was also detected, which represents
the activated form of Notch1. The increased protein expression of full-
length Notch1, cleaved-Notch1 and Jagged-1 was time dependent in the
case of MDA-MB 231 and BT549 exposed to hypoxia (Fig. 1A and B).
Transcriptional alterations of Notch1 and Jagged-1 were also de-
termined by quantitative real-time PCR and results revealed that
Notch1 and Jagged-1 mRNA expressions were increased under hypoxic
treatment (Fig. 1C). As control for the hypoxic effect, HIF1α was sig-
nificantly enhanced in both cell lines (Fig. 1A to C). To further confirm
the increase in Notch activity, the mRNA expression of the Notch target

Fig. 6. Orai1 regulates hypoxia-induced cell migration and invasion in TNBCs.
A, Summary data from migration assay showing the effects of specific siRNA/shRNA, DAPT (75 μΜ), SKF96365 (10 μΜ) or FK506 (1 μΜ) in hypoxic TNBCs. B, Summary data from
invasion assay showing the effects of different treatments described as in A. C, Summary data form attachment assay in TNBCs described as in A. C, Summary data form detachment assay
in TNBCs described as in A. E, Summary data of wound healing assay in TNBCs described as in A. Values are means ± SEM of three to six experiments. #, p < 0.05, compared to shCTL,
$, p < 0.05, compared to siCTL, &, p < 0.05, compared to Vehicle.
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genes HEYL, HES1 and HES5 were observed. We found that Notch
target genes were specifically elevated (Fig. 1C), suggesting that the
activation of Notch signaling is sustained in hypoxic TNBC cells via a
potential mechanism of ligand-dependent stimulation of the Notch re-
ceptor. Orai1 is recently reported to be involved in tumor cell migration
and metastasis. To explore the expression of Orai1 in TNBCs, we
quantified Orai1 transcripts and proteins in hypoxia-treated MDA-MB
231 and BT549 cells. Orai1 mRNA and protein level were significantly
elevated under hypoxia compared with normoxia (Fig. 1D to F). Im-
munofluorescence staining also confirmed that the protein level of
Orai1 was significantly elevated in MDA-MB 231 and BT549 cells after
the hypoxic switch (Fig. 1G). These experiments showed that hypoxia
activates Notch signaling and up-regulates Orai1 expression in TNBCs.

3.2. Hypoxia induces Notch signaling-dependent Orai1 expression in TNBCs

To determine whether hypoxia-induced Orai1 expression requires
the activation of Notch signaling in TNBCs, we investigated the impact
of pharmacologically inhibiting on the progression of Notch to cleaved-
Notch using DAPT, a small molecule Notch signaling inhibitor. Gene
silencing of Notch1 was also used. Notch1 expression was used to assess
the level of inhibition of Notch signaling. We found that the protein
levels of full-length Notch1 and cleaved-Notch1 were significantly de-
creased in MDA-MB 231 and BT549 cells after silencing of Notch1
(Fig. 2A and B). DAPT markedly decreased the level of cleaved-Notch1
protein expression but not full-length Notch1 (Fig. 2A and B). In ad-
dition, DAPT and Notch1 silencing decreased the Notch target genes

HEYL, HES1 and HES5 mRNA expression (Fig. 2C).These results
showed that pharmacological inhibition or gene silencing of Notch1
effectively suppresses the induction of Notch signaling in response to
hypoxia. To determine whether Notch signaling is crucial for Orai1
expression exposed to hypoxia, we examined the transcriptional and
translational alterations of Orai1 in TNBCs exposed to hypoxia. The
results showed that DAPT markedly decreases hypoxia-induced Orai1
expression (Fig. 2A to D). Next, down-regulated of Notch1 strongly
inhibited hypoxia-induced Orai1 expression (Fig. 2A to D). Collectively,
these data suggested that Notch signaling up-regulates Orai1 expression
in response to hypoxia.

3.3. Orai1 augments SOCE in TNBCs exposed to hypoxia

To address whether the hypoxia-induced Orai1 expression con-
tributes to a sustained enhancement of cytosolic Ca2+ concentration
([Ca2+]i) in TNBCs, we investigated the basal [Ca2+]i by using Fura-2.
After exposing to hypoxia for 12 h, basal [Ca2+]i were remarkably in-
creased in MDA-MB 231 and BT549 cells (Fig. 3A). DAPT treatment or
down-regulation of Notch1 decreased basal [Ca2+]i in MDA-MB 231
and BT549 cells exposed to hypoxia (Fig. 3A). To measure the SOCE,
MDA-MB 231 or BT549 cells in Ca2+ free solution were treated with
4 μΜ thapsigargin (TG) for 15 min to deplete intracellular Ca2+ stores,
followed by adding 2 mM Ca2+ to the bath. A markedly increased SOCE
were observed in MDA-MB 231 and BT549 cells under hypoxia com-
pared with normoxia (Fig. 3B and C). Next, to verify that Orai1 was
responsible for the up-regulated basal [Ca2+]i and TG-induced SOCE in

Fig. 7. Orai1 supports hypoxia-induced angiogenesis in TNBCs.
A and B, Representative images and summary data from tube formation showing the degree of angiogenic induction in HMECs grown in conditioned medium harvested from MDA-MB
231 or BT549 cells under hypoxia or normoxia. C and D, Representative images and summary data from tube formation showing the degree of angiogenic induction in HMECs grown in
conditioned medium harvested from MDA-MB 231 or BT549 cells with specific siRNA/shRNA, DAPT (75 μΜ), SKF96365 (10 μΜ) or FK506 (1 μΜ) under hypoxia conditions. Values are
means ± SEM of three to five experiments. #, p < 0.05, compared to shCTL, $, p < 0.05, compared to siCTL, &, p < 0.05, compared to Vehicle.
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Fig. 8. Model of the roles of Orai1 in TNBC aggressiveness under hypoxia.
Hypoxia promotes Notch signaling and then induces Orai1 expression. Up-regulated Orai1 expression increases the basal [Ca2+] via SOCE and then actives NFAT4. Activation of NFAT4
supports TNBC invasion and angiogenesis under hypoxic conditions. Arrows represent promotion events.
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hypoxic TNBCs, we selectively down-regulation Orai1 expression using
two Orai1-specific shRNAs. The knockdown effects of two Orai1-spe-
cific shRNAs in TNBCs were verified by quantitative real-time PCR and
western blotting (Fig. 3D to F). Silencing of Orai1 suppressed the hy-
poxia-induced elevation of [Ca2+]i and TG-induced SOCE in hypoxic
MDA-MB 231 and BT549 cells (Fig. 3A to C). We also found that DAPT
treatment or down-regulated of Notch1 reduced TG-induced SOCE
(Fig. 3B and C). In addition, SKF96365, used as a pharmacological in-
hibitor of SOCE, resulted in reduced basal [Ca2+]i and TG-induced
SOCE in hypoxic TNBCs (Fig. 3A to C). Moreover, we also measured
basal Ca2+ influx by starting the cells in the Ca2+-free solution without
thapsigargin and then adding 2 mM Ca2+ to the solution. The results
showed that down-regulation of Orai1 suppressed the increase in hy-
poxia-induced basal Ca2+ influx (Supplementary Fig. 1).These results
indicated that Orai1 is mainly responsible for the enhanced basal
[Ca2+]i and TG-induced SOCE in hypoxic TNBCs.

3.4. Orai1-regulated SOCE mediates NFAT4 activation in TNBCs exposed
to hypoxia

It is reported that Orai1-regulated SOCE activates downstream tar-
gets including NFAT signaling, which plays an important role in pro-
moting tumor processing [35,36]. Thus, we investigated whether Orai1-
regulated SOCE evaluates NFAT4 activation in hypoxic TNBCs. The
results showed that NFAT4 expression was considerably up-regulated in
the nucleus in hypoxic MDA-MB 231 and BT549 cells (Fig. 4A and B).
Notably, nuclear localization of NFAT4 was also measured by im-
munofluorescence staining (Fig. 4C and D). Knockdown of Orai1 ex-
pression with Orai1-specific shRNAs significantly suppressed NFAT4
nuclear accumulation in hypoxic TNBCs (Fig. 4E to G). Consistent with
this, DAPT, Notch1 knockdown and SKF96365 also inhibited NFAT4
activation in hypoxic TNBCs (Fig. 4E to G). Together, these results
showed that Notch1/Orai1 signaling plays a key role in hypoxia-in-
duced NFAT4 activation in TNBCs.

3.5. Orai1 regulates hypoxia-induced cell migration and invasion in TNBCs

To investigate the function of Orai1 in regulating cell motility, we
performed the wound healing and migration/invasion assays in hypoxic
TNBCs. As shown in Fig. 5A and D, hypoxia enhanced the wound
healing ability of MDA-MB 231 and BT549 cells. The migration/inva-
sion assays further demonstrated that hypoxia promoted cell motility in
TNBCs (Fig. 5B to F). We also found that hypoxic TNBCs have increased
capacity for attachment and detachment (Fig. 5G). More importantly,
down-regulation of Orai1/Notch1, DAPT, SKF96365 or FK506, an in-
hibitor of Ca2+ dependent calcineurin, which dephosphorylates and
activates NFAT, markedly reduced cell migration and invasion (Fig. 6A
and B). We also found that inhibition of Notch1/Orai1/SOCE/NFAT4
signaling suppressed capacity for hypoxic TNBC attachment and de-
tachment, which is consistent with the migration and invasion findings
(Fig. 6C and D). Notably, under hypoxia, inhibition of Notch1/Orai1/
SOCE/NFAT4 signaling significantly decreased capacity for motility in
hypoxic TNBCs by wound healing assay (Fig. 6E). To investigate the
clinical potential of Orai1 in TNBC metastasis, we analyzed TNBC
samples from 69 patients (Supplementary Table 1). Orai1 expressions
were markedly increased in breast cancer tissues from lymph node
metastatic (N1–3) TNBC patients (Supplementary Fig. 2). Together,
these results suggested that hypoxia induced cell migration and inva-
sion via Notch1/Orai1/SOCE/NFAT4 pathway.

3.6. Orai1 supports hypoxia-induced angiogenesis in TNBCs

Hypoxia contributes tumor progression through the formation of
new blood vessels, which is named angiogenesis. The degree of ma-
lignancy and patient prognosis is strongly linked to the level of angio-
genesis in human tumors including TNBCs [37]. The NFAT signaling is

involved in angiogenesis, but the underlying mechanism is still not well
known. To determine whether Notch1/Orai1/SOCE/NFAT4 signaling
plays a major role in tumor angiogenesis under hypoxia, we examined
the degree of angiogenic induction in HMECs grown in conditioned
medium harvested from hypoxic MDA-MB 231 or BT549 cells with
different treatment by tube formation assay in vitro. Hypoxia increased
angiogenesis in TNBCs (Fig. 7A and B). Inhibition of Orai1 expression
markedly reduced the number of branch points (Fig. 7C and D). Con-
sistent with this, pretreatment of TNBCs with DAPT, Notch1 siRNAs,
SKF96365, NFAT4 siRNAs or FK506 significantly inhibited hypoxia-
induced tube formation (Fig. 7C and D). Together, these results in-
dicated that Notch1/Orai1/SOCE/NFAT4 signaling is essential for hy-
poxia-induced angiogenic potential of TNBCs.

4. Discussion

TNBC is a specifically aggressive type of breast cancer with poor
treatment outcomes due to lacking of effective therapeutic targets such
as those for luminal and HER2 [1–3]. Invasion of TNBCs is the major
reason for unsuccessful surgical therapy [2]. Therefore, understanding
the mechanism controlling invasion is necessary for improving survival
rates for breast cancer patients. Although Orai1 is now recognized to be
an important contributor for breast cancer cell migration, the under-
lying mechanism and the inducer of this effect remain unclear. To our
knowledge, this is the first report to demonstrate that Orai1 expression
is elevated in hypoxic TNBCs depending on Notch1 activation. Inhibi-
tion of Orai1 suppresses hypoxia-induced migration and invasion in
TNBCs. We also provided the evidence that Orai1 enhances aggressive
type through NFAT4 signaling. Notch1/Orai1/SOCE/NFAT4 axis sup-
ports hypoxia-induced tumor angiogenesis. Therefore, our study high-
lights the Notch1/Orai1/SOCE/NFAT signaling as being critical for
hypoxia-induced migration and invasion in TNBCs (Fig. 8).

Emerging role of the low oxygen environment has been reported to
be positively related to human breast cancer aggressiveness and poor
prognosis [38]. The role of HIF1α is well demonstrated in cancer pro-
liferation and invasion [38]. We found that HIF1α expressions were
markedly increased in MDA-MB 231 or BT549 cells under hypoxic
conditions compared with those in normoxia. Similarly, Jagged-1 and
full-length/cleaved Notch1 expressions were elevated after the hypoxic
switch in TNBCs. The Notch target genes HEYL, HES1 and HES5 were
also increased. Consistent with these findings, Notch receptors were
reported to be differentially expressed in breast cancers depending on
the degree of malignancy. The Notch-induced transcriptional targets
that contribute to the progression of the aggressive and malignant types
in TNBCs are still poorly understood. Orai1 expressions were low in
normoxia but markedly enhanced in hypoxic conditions. Pharmacolo-
gical inhibition or gene knockdown of Notch signaling suppressed hy-
poxia-induced up-regulation of Orai1 in MDA-MB 231 or BT549 cells,
suggesting that Orai1 expression is significantly evaluated in TNBCs
exposed to hypoxia in a manner depending on Notch activation. Al-
though Notch signaling is critical for Orai1 up-regulation, it remains to
be determined whether the Notch pathway directly or indirectly,
through cross talk with other transcription factors, mediates Orai1
transcription [39,40]. Furthermore, hypoxia increased steady-state
[Ca2+]i and inhibition or knockdown of Orai1 impaired hypoxia-in-
duced up-regulated basal [Ca2+]i in TNBCs. It is well known that Orai1
is responsible for SOCE [41,42]. Next, we examined the effect of hy-
poxia on TG-induced SOCE. We found that Pharmacological inhibition
or gene knockdown of Orai1 prevented the increase in TG-induced
SOCE under hypoxia conditions in TNBCs. Down-regulation of Orai1
also suppressed the increase in basal Ca2+ influx in hypoxic TNBCs.
Therefore, Orai1-mediated SOCE is responsible for the sustained in-
crease in steady-state [Ca2+]i in TNBCs exposed to hypoxia. Orai1-
mediated SOCE activates NFAT, a family of transcription factors in-
cluding NFAT4 [35,43]. Opening of store-operated Orai1 channels
promotes NFAT4 to migrate from the cytoplasm to the nucleus [44]. Lee
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SH et al. found that Orai1 enhances cancer stemness via NFAT4 sig-
naling in oral/oropharyngeal squamous cell carcinoma [45].There is
emerging evidence suggesting that NFAT signaling plays a key role in
regulating numbers of target genes involved in the cancer progression
[46]. However, the role of NFAT4 proteins in hypoxic TNBC has not
been examined. Silencing or inhibition of Orai1 led to suppression of
NFAT4 activation in hypoxic TNBCs. Moreover, blocking of Notch sig-
naling also inhibited hypoxia-induced NFAT4 activation in TNBCs.
Here, our findings strongly supported the idea that hypoxia induced
Notch1/Orai1/SOCE/NFAT4 signaling.

It is well known that hypoxia promotes a motile and invasive phe-
notype of breast cancer cells, which contributes to therapeutic failure
and decreased survival [47–49]. Previous studies showed that Notch
signaling mediates hypoxia-induced tumor cell migration and invasion
[50]. Ca2+ signaling also plays an important role in migration [51].
Therefore, to test whether the induction of aggressive type in TNBCs
under hypoxia was dependent on the Notch1/Orai1/SOCE/NFAT4
signaling, we examined the effects of pharmacological inhibition or
gene silencing on this signaling. Hypoxia promoted cell migration and
invasion in TNBCs and DAPT suppressed these effects of hypoxia. In
agreement with the previous findings that inhibition of Orai1 impaired
cell migration and invasion, our data showed that the aggressive type of
TNBCs induced by hypoxia is dependent on Orai1-mediated SOCE [24].
NFAT signaling plays an essential role in modulating cancer cell moti-
lity and invasion [52,53]. Consistent with this notion, we found that
inhibition or knockdown of NFAT4, the downstream of Orai1-regulated
SOCE, decreased hypoxia-induced migration and invasion in TNBCs,
suggesting activation of the calcineurin-NFAT signaling is vital for ag-
gressive progression of TNBC under hypoxia. Moreover, we found Orai1
expressions were significantly increased in N1–3 TNBC patients than
that in N0 TNBC patients. Therefore, our findings strongly supported
the idea that the Notch1/Orai1/SOCE/NFAT4 signaling is required for
up-regulated aggressive type of TNBCs in response to hypoxia. In ad-
dition, hypoxia contributes tumor progression through enhanced an-
giogenesis. A role for Orai1 in regulating vascular endothelial growth
factor (VEGF)-activated endothelial tube formation has been suggested
[54]. The Orai1-mediated SOCE may contribute to VEGF-dependent
angiogenesis. We found that inhibition of the Notch1/Orai1/SOCE/
NFAT4 signaling markedly reduced the ability of hypoxic TNBCs to
induce endothelial cell tube formation in vitro.

Collectively, the results obtained in the present study have de-
monstrated a novel role for Orai1 in modulating aggressive type of
TNBCs in response to hypoxia via the Notch1/Orai1/SOCE/NFAT4
signaling. Our data thus revealed a novel mechanism by which hypoxia
controls the angiogenesis and aggression in TNBCs.
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