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Resveratrol sensitizes A549 cells to irradiation
damage via suppression of store-operated calcium
entry with Orail and STIM1 downregulation
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Abstract. Resveratrol is a natural polyphenol with multiple
positive biofunctions and was found to have potential as
a radiosensitizer with an intricate molecular mechanism.
Store-operated calcium entry (SOCE) is a novel intracellular
calcium regulatory pattern that is mainly mediated by iron
channels, such as by the stromal interaction molecule (STIM)
and calcium release-activated calcium channel protein (Orai)
families. SOCE was recently reported to be suppressed via the
downregulation of STIM or Orai families for the promotion of
tumor cell death induced by resveratrol. In the present study,
resveratrol combined with irradiation treatment were found to
induce more evident cell damage compared with irradiation
treatment alone, as shown with Cell Counting Kit-8 assay
and mitochondrial membrane potential detection with rhoda-
mine 123. Additionally, resveratrol combined with irradiation
treatment decreased the expression of STIMI1 and Orail,
while it had no effects on STIM?2, Orai2 and Orai3. Moreover,
resveratrol combined with irradiation treatment lead to allevi-
ated thapsigargin-induced SOCE. In addition, overexpression
of STIM1 and Orail reversed resveratrol-induced SOCE
inhibition and reduced death in A549 cells under irradiation.
In summary, the present results revealed that resveratrol can
significantly enhance the effect of irradiation damage on lung
adenocarcinoma A549 cells, and this effect may be mediated
by suppression of SOCE with reduced expression of both
STIMI and Orail.
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Introduction

Lung cancer remains the dominant cause of cancer-associated
deaths worldwide, and its incidence has been increasing
year by year (1). Lung cancer is separated into two clinical
types: Small cell lung cancer and non-small cell lung cancer
(NSCLC). NSCLC is the most common subtype, accounting
for 85% of confirmed cases (1). For patients with intermediate
and advanced lung cancer, who have lost the opportunity for
surgery, radiotherapy is one of the most effective treatment
methods, which can prolong the survival time of patients (2).
However, NSCLC, especially lung adenocarcinoma, is less
sensitive to radiotherapy than other types of lung cancer (3).
Radiation resistance can significantly affect treatment effi-
ciency. Therefore, research on radiotherapy sensitizers has
gradually become a focus in the field of radiobiology study
in recent years (4). In this regard, considering the require-
ments of biosafety, low toxicity, antioxidant properties and
public acceptance, natural compounds are regarded as ideal
research targets for choosing a sensitizer (5). Resveratrol
is a non-flavonoid polyphenol compound extracted from
Polygonum cuspidatum, grapes and peanuts (6). It has
antitumor, antioxidant, antiaging and immune regulation
effects (7). A number of studies have shown that resveratrol
has the potential as a radiotherapy sensitizer as it can increase
the radiosensitivity of tumor cells and promote tumor cell
death via different subcellular pathways (8-10). However, the
mechanisms are complex and researchers have not reached a
consensus. Recently, studies have found that resveratrol can
trigger calcium homeostasis imbalance inside and outside of
the cell, thereby reducing mitochondrial membrane potential
(Aym) and triggering pro-apoptotic protein release, eventually
promoting tumor cell death (11-13).

Calcium, as a signal transduction molecule, not only
regulates a series of cell activities including transcription,
proliferation, migration and death processes but also affects
the development and metastasis of tumors (14). There have
been an increasing number of studies focusing on store-oper-
ated calcium channel (SOCC) and its function in regulating
calcium homeostasis (15-17). Store-operated calcium entry
(SOCE) mediated by SOCC exists in several types of tumor
cells and plays an important role in tumor migration and
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invasion (18). SOCE is an essential way to mediate extracel-
lular Ca** to flow inside the cell, following endoplasmic
reticulum (ER) calcium depletion regulated by matrix stromal
interaction molecule (STIMI1) located on the ER, and a
calcium release-activated calcium channel protein (Orail)
located on the cell membrane (19). After the depletion of ER
calcium storage, STIMI protein can sense the change in Ca?*
concentration through its structure and activate reactions such
as rapid translocation and polymerization (20). STIMI1 subse-
quently couples with Orail protein on the plasma membrane to
achieve functional opening of the SOCE pathway and promote
Ca? influx from the outside (21). When Ca?* is replenished
in the calcium pool, STIMI protein and Orail protein are
slowly dissociated and inactivated, and the pathway is closed.
In mammals, STIM proteins often express two homologs,
STIM1 and STIM2, and Orai has three homologs including
Orail, Orai2 and Orai3 (22). Resveratrol activated autophagic
cell death in prostate, colorectal and myeloma cancer cells via
the downregulation of STIM1 and SOCE (23,24). However, to
the best of our knowledge, the effects of resveratrol on SOCE
or SOCC in NSCLC have not been thoroughly studied.

The present study aimed at investigating the effects of
resveratrol on the radiosensitization of lung adenocarcinoma
A549 cells and demonstrating whether it can regulate SOCE
activity to achieve the sensitization effect by affecting STIM
or Orai expression. The findings may provide a basis for
improving radiotherapy effects and prognosis of patients with
advanced lung cancer.

Materials and methods

Cell culture, drug administration and radiation therapy. Lung
adenocarcinoma A549 cells were kindly donated by The Cell
Bank of Type Culture Collection of The Chinese Academy
of Sciences. Cells were cultured in DMEM (Gibco; Thermo
Fisher Scientific, Inc.) containing a mixture of 10% fetal
bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 1% peni-
cillin and 1% streptomycin (Gibco; Thermo Fisher Scientific,
Inc.) at 37°C and 5% CO,, as previously described (9).
AS549 cells at the logarithmic growth phase were seeded
(6x10° cells/well) into six-well culture dishes. Once the cells
have adhered, resveratrol (Sigma-Aldrich; Merck KGaA) was
dissolved in dimethylsulfoxide (Sigma-Aldrich; Merck KGaA)
to produce a stock solution of 10,000 uM, and stored at
-20°C. Different concentrations of resveratrol (0, 10, 50, 100,
150 and 200 ugmol/l) were added into each dish and incubated
for 24 h at 37°C, and the resveratrol-containing medium was
removed with a pipette. The same resveratrol treatment groups
were prepared and irradiated with 0, 2, 4 and 6 Gy X-rays
(room temperature, 6 MV X-rays, 300 cGy/min, the distance
from the source to the specimen was 100 cm and the size of
the irradiation field was 20x20 cm). The culture was continued
for 4 h at 37°C after irradiation for the following experiments.

Cell counting. Cell counting was performed to perform an
approximate evaluation of cell damage from irradiation and
resveratrol treatment. In total, 0.8x10° A549 cells were seeded
into 60-mm culture dish to conduct the following experiment.
After receiving corresponding experimental treatments, the
culture medium was replaced to wash out dead cells and the

remaining A549 cells growing on the bottom of the 60-mm
culture dish were placed under a light microscope (magni-
fication, x40) to check the overall growth state. In order to
quantify the cell number, A549 cells were resuspended in
1X PBS and 100 gl cell suspension was added to the corre-
sponding chip, which was inserted into the cell counting
machine (Scepter2.0; Sigma-Aldrich; Merck KGaA) in order
to calculate the concentration of the remaining cells within
each 100-ul A549 cell suspension. Together, the data were
used to calculate the total remaining A549 cell number within
an entire 50-mm culture dish.

Cell counting Kit-8 (CCK-8) assay. CCK-8 assay was
performed to check the cell viability after respective experi-
mental treatments. A549 cells in the logarithmic growth
phase were dissociated with trypsin and 5x10° cells/well were
added to a 96-well plate. Once the cells had adhered to the
well, they were divided into different groups and treated with
various concentrations of resveratrol and different doses of
irradiation, as aforementioned. After incubation at 5% CO,
and 37°C for 4 h, 10 ul CCK-8 solution (Beyotime Institute
of Biotechnology) was added to each well. After 2 h of incu-
bation, the optical density of each well was measured at a
wavelength of 450 nm on an enzyme-linked immunosorbent
detector (Beyotime Institute of Biotechnology).

Aym. A549 cells (2.5x10° cells/ml) were seeded onto each
well of a 24-well plate and incubated for 24 h. After treatment
with different doses of resveratrol (0, 10, 50, 100, 150 and 200
uM) combined with different doses of irradiation (0, 2, 4 and
6 Gy), the culture medium was removed from each well and
the cells were washed twice with PBS at room temperature.
Rhodamine 123 powder (Dalian Meilun Biology Technology
Co., Ltd.) was prepared into a 1 mg/ml stock solution with
methanol and stored at -20°C. The cells were incubated with
5 pg/ml rhodamine 123 for 30 min in a 5% CO, cell incubator
at room temperature, then washed with PBS two or three
times, and finally 0.5 ml PBS was added to each well. The
plate was placed under a fluorescent microscope (Nikon M50;
Nikon Corporation) with parameters initially set to detect fluo-
rescence of rhodamine 123 (480/40 excitation filter, 505 long
pass dichroic mirror and 535/40 emission filter; magnification,
x20) and red fluorescence dots indicated mitochondria inside
the cells (10). Briefly, once a clear visual field with 200-300
cells is achieved, images were captured at five different and
qualified visual fields randomly within one well for each
experimental group. The fluorescence intensity was reversely
associated with Aym and mean fluorescent intensity within
an image was analyzed using ImageJ 1.8.0 software (National
Institutes of Health).

Western blotting. RIPA buffer (Beyotime Institute of
Biotechnology) was used to extract total cell protein in different
dose groups, and the protein concentration was determined
spectrophotometrically using a BCA assay (Beyotime Institute
of Biotechnology). After boiling and denaturing, 30 ug
proteins were separated by 10% SDS-PAGE and transferred
to a PVDF film (EMD Millipore). TBS-T (50 mM Tris-HCI,
pH 7.6, 150 mM NaCl, and 0.1% Tween-20) containing 5%
skim milk was used to block the membranes for 2 h room
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temperature. The following primary antibodies (diluted 1:1,000;
all ProteinTech Group, Inc.), were added and incubated at 4°C
overnight: Rabbit anti-human STIMI (cat. no. 11565-1-AP),
STIM2 (cat. no. 21192-1-AP), mouse anti-human Orail
(cat. no. 66223-1-1g), Orai2 (cat. no. 20592-1-AP) and Orai3
(cat. no. 25766-1-AP). B-actin (cat. no. 66009-1-Ig) were used
as an internal control. The following day, TBST was used to
wash the membrane for 10 min, and HRP-labeled anti-rabbit or
anti-mouse antibodies were added (1:2,000; cat. nos. SA00001-1
and 11565-1-AP, respectively; ProteinTech Group, Inc.).
After 1 h incubation at room temperature, the membranes were
washed for 10 min three times with PBS-T, and the bands were
visualized using an ECL development gel imaging system
(ImageQuant LAS 500; Cytiva). Each experiment was repeated
at least three times. Densitometry for each graph was conducted
using ImageJ 1.8.0 software (National Institutes of Health).

Calcium imaging. After experimental treatment, a round
coverslip was placed on the bottom of a 12-well plate using
tweezers, and 150 u1 100 pg/ml polylysine was added to the
middle of each coverslip. The polylysine was then removed
by pipette after 10 min. A total of 4x10* cells were seeded on
circular coverslips. Following incubation for 8 h with culture
medium, 10 gmol/l Fluo-8 AM (cat. no. ab112129; Abcam),
a fluorescent probe for intracellular Ca** ([Ca*']i), was added
and incubated at 37°C for 30 min. The sample was washed
twice with Ca**-free PBS buffer (standard external solution
including 10 uM HEPES, 120 M NaCl, 54 uM KCl, 1 uM
MgCl, and 10 M glucose; pH 7.4) and calcium fluorescence
was detected under a fluorescent microscope with MetaFluor
software 7.0 (Molecular Devices, LLC) (magnification, x200).
Briefly, stained cells were initially observed under white light,
by adjusting the focus, opening the fluorescence and detecting
the cells in darkness. The software tools were used to capture
each cell outline within the visual field and their fluorescence
intensity was recorded. When the fluorescence intensity curve
become stable for 3 min, Ca** release was induced by 2 gmol/l
thapsigargin (cat. no 12758; Cell Signaling Technologies,
Inc.) administration and left for another 5 min until the
fluorescent curve become stable. Extracellular Ca** solution
(cat. no. c1016; Sigma-Aldrich; Merck KGaA; 1 mmol/l) was
then added to induce calcium influx with anther fluorescent
peak and left for 5 min until the fluorescent curve became
stable again. The process was observed under a fluorescence
microscope (Nikon M50; Nikon Corporation) at 488 nm
excitation and 515 nm emission wavelengths (magnification,
x200). The change in [Ca?']i was compared with the fluores-
cence intensity (FO) before adding extracellular Ca**. SOCE
was demonstrated as the ratio of peak intensity (F1)/FO and
the intensity of each fluorescence data was an average of 20-30
cells (11). Data were collected and analyzed with MetaFluor
software7.0 (Molecular Devices LLC).

Cell transfection. The Orail cDNA sequence was inserted
into a pCMVPuro0l expression vector (Guangzhou Sinogen
Pharmaceutical Co., Ltd.). The forward and reverse primer
sequences for constructing the vectors were 5'-CTAGTC
TAGAATGCATCCGGAGCCCGCCC-3' and 5-TCCTTC
GAACTAGGCATAGTGGCTGCCGG-3'. The STIM1 cDNA
sequence was also inserted into a pPCM VPuro0O1 expression

vector (Guangzhou Sinogen Pharmaceutical Co., Ltd.). The
forward and reverse primer sequences for constructing the
vectors were 5'-AAGAGTCTACCGAAGCAG-3' and 5-GTG
CTATGTTTCACTGTTGG-3'". Empty vectors were used as
a negative control. Briefly, an appropriate number of cells
(4x10%) were seeded into each well (12-well dish) with 1 ml
medium and incubated at 37°C and 5% CO, until the cells
reached 80-90% confluence for transfection. Orail overex-
pression vector (100 pmol) and/or STIM1 overexpression
vector (100 pmol) were added to 100 1 Opti-MEM I reducing
serum medium (Invitrogen; Thermo Fisher Scientific, Inc.)
within an Eppendorf tube, and 5 ul Lipofectamine® 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) was added to the
same tube. The tube was gently agitated and incubated at room
temperature for 25 min to form Lipofectamine complexes. The
old medium was aspirated, and 1 ml serum-free medium was
added. The Lipofectamine complex (100 pl) was added to
each well and mixed gently. The cells were incubated at 37°C
and 5% CO, for 8 h and the serum-free medium was replaced
with normal medium. Transfection efficiency was assessed via
western blotting after 48 h.

Statistical analysis. All experiments were repeated indepen-
dently at least three times. Data are presented as the mean + SD.
Multiple comparison analysis was conducted using one-way
ANOVA followed by Tukey's post hoc test. P<0.05 was
considered to indicate a statistically significant difference. All
analyses were performed with GraphPad Prism 5.0 (GraphPad
Software, Inc.) and SPSS 19.0 (IBM Corp.).

Results

Effects of resveratrol combined with irradiation treatment
on proliferation and apoptosis of A549 cells. A549 cells at
the logarithmic growth phase were divided into different
experimental groups, receiving a series of concentrations of
resveratrol (0, 10, 50, 100, 150 and 200 xmol/l) combined
with different doses (0, 2, 4 and 6 Gy) of X-ray irradiation.
After experimental treatment, cell growth was observed,
and cell numbers were counted and compared under a light
microscope. The data showed that increased cell death and
reduced cell numbers depended on resveratrol and irradia-
tion dose. For each irradiation dose, compared with the 0 M
Res group, a significant cell number reduction was observed
initially from 100 M resveratrol treatment group. Among all
the irradiation doses with 100 yM resveratrol, a significant
cell number reduction was observed between 2 and 4Gy.
Although combination of higher doses of irradiation and
resveratrol also significantly reduced the cell number, based
on the principle that the least but significant dosage might
be the best, the combination of 4 Gy irradiation and 100 yM
resveratrol could be used as an ideal treatment strategy for
the following experiments (Fig. 1A). CCK-8 assay was further
used to detect A549 cell viability in different dose groups.
Similar to light microscopy results, irradiation promoted
the reduction of cell viability, and resveratrol pretreatment
enhanced this effect (Fig. 1B). The Aym is a key parameter
of mitochondrial function, and its decrease is often associ-
ated with apoptosis (25). Therefore, the fluorescent lipophilic
cationic dye rhodamine 123 was used for Aym detection
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in each group. As a positively charged dye, rhodamine 123
will accumulate in the mitochondria in an inverse proportion
to the Aym. The accumulation of fluorescent dyes in mito-
chondria was detected by confocal microscopy to evaluate
Aym to compare apoptosis (26). Fluorescent microscopy
showed that both resveratrol and irradiation treatment
reduced the Ayym of A549 cells in a dose-dependent manner
and the combination of resveratrol and irradiation enhanced
this effect (Fig. 2A and B), which was also consistent with
aforementioned experiments (Fig. 1).

Effects of resveratrol combined with irradiation treatment on
thapsigargin-induced SOCE in lung adenocarcinoma A549
cells. The aforementioned results indicated that resveratrol
had the potential to be developed as an irradiation sensitizer.
Thus, in order to further investigate the subcellular mecha-
nism, the effects of resveratrol combined with irradiation
treatment on thapsigargin-induced SOCE in lung adenocarci-
noma A549 cells were detected using calcium imaging in four
experimental groups: Blank control, 4 Gy irradiation, 100 uM
resveratrol and 4 Gy irradiation + 100 M resveratrol using
Fluo-8, an intracellular calcium fluorescent probe. When
the fluorescence intensity curve was detected to be stable,
thapsigargin was utilized to cause calcium storage depletion,
and the level of intracellular calcium rapidly increased and
then decreased to normal levels. Subsequently, extracellular
calcium was added to trigger SOCE, which demonstrated
another instant increase in intracellular fluorescence (Fig. 3B).
Based on the results, the peak level of fluorescence intensity
was significantly reduced by resveratrol and this reduction
was enhanced when combined with irradiation, indicating
that SOCE was significantly inhibited by the addition of
resveratrol (Fig. 3A and C).

Effects of resveratrol combined with irradiation treatment
on SOCCs in lung adenocarcinoma A549 cells. STIM and
Orai family members are the SOCCs mediating the SOCE
process in non-excited cells, responsible for inflow, storage
and consumption of calcium ions (13). Thus, western blotting
was used to detect the expression of STIMI1, STIM2, Orail,
Orai2 and Orai3 proteins in four experimental groups: Blank
control, 4 Gy irradiation, 100 #M resveratrol and 4 Gy irradia-
tion + 100 M resveratrol. The results showed that compared
with controls, resveratrol alone or resveratrol combined with
irradiation treatment had no significant effect on the expres-
sion of STIM2, Orai2 and Orai3 in A549 cells but significantly
suppressed the expression of STIM1 and Orail. Among the
four groups, combined treatment exerted the strongest effects
(Fig. 4A and B). To some extent, these results indicated that
resveratrol-sensitized irradiation damage in A549 cells may be
associated with STIM1 and Orail downregulation that leads to
SOCE suppression.

Overexpression of STIMI and Orail partly reduces
resveratrol-sensitized lung adenocarcinoma A549 cell
damage under irradiation. Downregulation of SOCE was
associated with apoptosis in various cell types, including
osteosarcoma, skin cancer and renal cancer (27-29). According
to the aforementioned results, it was found that resveratrol can
inhibit SOCE by downregulating the expression of STIM1 and
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Figure 1. Effects of a range of doses of resveratrol and irradiation treat-
ment on the overall survival state of A549 cells. Different concentrations
of resveratrol (0, 10, 50, 100, 150 and 200 M) combined with different
doses of irradiation (0, 2, 4 and 6 Gy) were used to treat lung cancer A549
cells. (A) General survival states of cells in each experimental group were
observed and numbers of cells under different treatments were detected using
a cell counter. (B) Cell viability in each group was detected via CCK-8 assay.
The results are presented as the ratio of absorbance relative to that of the
untreated group. Data are presented as the mean + standard deviation. n=5.
“P<0.05 vs. 0 uM Res at each respective dose of radiation. Res, resveratrol;
CCK-8, Cell Counting Kit-8.

Orail, further leading to A549 cell death. To further verify
this result, STIM1 and Orail were overexpressed, following
resveratrol treatment and irradiation, in order to observe
whether the recovery of STIMI1 and Orail could restore
SOCE and cell death in A549 cells. Western blotting images
(Fig. S1A and B) and corresponding analysis (Fig. S1C and D)
demonstrated that the vectors were transfected successfully.
The expression levels of STIM1 and Orail proteins, following
respective or combined treatment with Orail and STIM1 over-
expression vectors after administration of both resveratrol and
irradiation, were significantly increased compared with the
pure combined treatment group with resveratrol and irradia-
tion (Fig. 5A and B). Calcium imaging (Fig. 6A and B) and
corresponding analysis of SOCE (Fig. 6C) in each group were
partly consistent with our hypothesis. Although the results
were not statistically significant, the SOCE of the combined
resveratrol and irradiation treatment group was partly
restored after adding both STIMI1 and Orail overexpression
vectors compared with single treatment groups. Additionally,
CCK-8 results indicated that cell viability of the resveratrol
combined with irradiation treatment group was partly restored
after adding both STIMI1 and Orail overexpression vectors
compared with single treatment groups (Fig. 5C). Based on the
aforementioned findings, the role of resveratrol in sensitizing
A549 cells to irradiation treatment may be associated with
downregulating the expression of STIMI and Orail, inhibiting
the SOCE process and triggering cell death.



EXPERIMENTAL AND THERAPEUTIC MEDICINE 21: 587, 2021 5

ARes(um) 0 10 50 100 150 200

5 -
4 H :h  mm0pMRes
* 10 uM Res

3 . e == 50 uM Res
8 T : . 100 uM Res
52 4 mm 150 uM Res
0 200 uM Res
@1
S
2 0

0 Gy 2 Gy 4 Gy 6 Gy

Figure 2. Effects of a range of doses of resveratrol and irradiation treatment on the mitochondrial membrane potential of A549 cells. Different concentra-
tions of resveratrol (0, 10, 50, 100, 150 and 200 M) combined with different doses of irradiation (0, 2, 4 and 6 Gy) were used to treat lung cancer A549
cells. (A) Fluorescence staining images of rhodamine 123 and (B) corresponding mitochondrial membrane potential analysis presenting the changes in the
mitochondrial membrane potential after each experimental treatment. The higher the fluorescence intensity, the higher the degree of mitochondrial membrane
potential depolarization. Magnification, x200. The results are presented as the ratio of absorbance relative to that of the untreated group. Data are presented as
the mean + standard deviation. n=5. "P<0.05 vs. 0 uM Res at each respective dose of radiation. Res, resveratrol.
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Figure 3. Effects of a range of doses of resveratrol and irradiation treatment on SOCE in A549 cells. Lung cancer A549 cells were treated with 100 M resve-
ratrol, 4 Gy irradiation or both, and untreated. [Ca?*]i was labeled with sensitive fluorescent indicator Fluo-8 AM and its real-time fluorescence intensity was
detected. After Ca®* storage depletion in A549 cells of different dose groups induced by 2 pmol/l TG, 1 mmol/I extracellular Ca?* was added to trigger SOCE.
(A) Representative fluorescence images, (B) fluorescence intensity curve and (C) summarized data of SOCE are shown. The change in [Ca**]i was illustrated as
the ratio of F1 and FO. SOCE was demonstrated as the F1/F0,,,, and the intensity of fluorescence was an average of 20-30 cells. Magnification, x200. Values are
shown as the mean + standard deviation. n=3. "P<0.05. vs. control; “P<0.05. vs. 4 Gy. Before, images of Fluo-8-labeled A549 cells before addition of extracel-
lular Ca*"; Peak, images of Fluo-8-labeled A549 cells giving off strongest fluorescence following addition of extracellular Ca**; After, images of Fluo-8-labeled
A549 cells at 5 min after addition of extracellular Ca*"; STOCE, store-operated calcium entry; RT, radiotherapy; TG, thapsigargin; Res, resveratrol; [Ca*]i,
intracellular Ca?*; F1, real-time fluorescence intensity; FO, fluorescence intensity before the addition of extracellular calcium; F1/FO0,,,, ratio of peak intensity.
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Figure 4. Combined effects of resveratrol and irradiation treatment on Orai and STIM family members in A549 cells. (A) Different concentrations of resve-
ratrol (0 and 100 xM) combined with different doses of irradiation (0 and 4 Gy) were used to treat lung cancer A549 cells. Subsequently, total proteins were
extracted, and western blotting was performed. Representative images and analysis showing the expression levels of (B) STIMI, STIM2, (C) Orail, Orai2

and Orai3. -actin was used as a loading control. Values are shown as the mean =+ standard deviation. "P<0.05. n=3. STIM, stromal interaction molecule;
Orai, calcium release-activated calcium channel protein; Res, resveratrol.
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Figure 5. Effects of various doses of resveratrol and irradiation treatment following Orail, STIMI or dual overexpression of STIMI or Orail in A549 cells.
After the cells were cultured to the logarithmic phase, they were divided into five experimental groups: Untreated, 4 Gy irradiation + 100 #M resveratrol, 4 Gy
irradiation + 100 #M resveratrol + STIM1 overexpression vector, 4 Gy irradiation + 100 M resveratrol + Orail overexpression vector group and 4 Gy irradiation
+ 100 pM resveratrol + STIM1 + Orail overexpression vector. Following treatment, western blotting was used to detect the levels of STIM1 and ORAII protein
expression in each group. (A) Corresponding images and (B) analysis show the expression levels of STIM1 and Orail protein after experimental treatment. (C) Cell
viability in each group was detected using a CCK-8 assay. Values are shown as the mean + standard deviation n=3. "P<0.03. vs. control. *P<0.05. vs. Res + RT.
RT, radiotherapy; STIM, stromal interaction molecule; CCK-8, Cell Counting Kit-8; Orai, calcium release-activated calcium channel protein; Res, resveratrol.
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resveratrol + STIMI + Orail overexpression vector group. [Ca*]i was labeled with sensitive fluorescence indicator Fluo-8 AM and its real-time fluorescent
intensity was detected. Following Ca?* store depletion in lung cancer A549 cells of different dose groups induced by the addition of 2 gmol/l TG, extracellular
calcium was added to observe the SOCE. (A) Representative fluorescence images, (B) fluorescence intensity curves and (C) summarized data of SOCE are
shown. The change in [Ca?*]i is illustrated as the ratio of F1 and FO. SOCE was demonstrated as the F1/F0,,, and the intensity of fluorescence data is an average
of 20-30 cells. Magnification, x200. Values are shown as the mean + standard deviation. n=3. "P<0.05. vs. control; P<0.05. vs. Res + RT. Before, images
of Fluo-8-labeled A549 cells before addition of extracellular Ca**; Peak, images of Fluo-8-labeled A549 cells giving off strongest fluorescence following
addition of extracellular Ca®*; After, images of Fluo-8-labeled A549 cells at 5 min after addition of extracellular Ca?*; SOCE, store-operated calcium entry;
STIM, stromal interaction molecule; Orai, calcium release-activated calcium channel protein; RT, radiotherapy; Res, resveratrol; TG, thapsigargin; [Ca*]i,

intracellular Ca®*; F1, real-time fluorescence intensity; FO, fluorescence intensity before the addition of extracellular calcium; F1/FO

Discussion

Most patients with NSCLC are diagnosed at advanced
stages (30). Traditionally, for inoperable stage III NSCLC and
other medically inoperable diseases, high-dose external radio-
therapy is generally considered to be a suitable treatment for the
disease (31). However, in terms of long-term tumor control, the
effects of radiation therapy have been poor (32). The median
survival of patients receiving radiation therapy is <10 months,
and the 5-year survival rate varies between 5 and 10%. The two
main reasons for its low efficacy are limited radiosensitivity of
the tumor and the presence of systemic micrometastases at the
time of diagnosis (1). Therefore, enhancing the sensitivity of
NSCLC is essential.

In order to confirm whether resveratrol had radiosen-
sitization effects on lung adenocarcinoma A549 cells, the
present study used microscopic observation, cell counting,
CCK-8 assay and Aym detection to compare cell damage in
different dose groups of resveratrol combined with radiation.

ratio of peak intensity.

max>

Compared with single resveratrol or irradiation treatment,
enhanced cell death occurred in the resveratrol combined
irradiation treatment group, indicating that resveratrol
enhanced the irradiation damage of lung adenocarcinoma
A549 cells. Considering that the optimal dose combination
should be as little as possible but also trigger maximum
cell damage, experiments found that the radiation dose of
4 Gy combined with 100 M resveratrol was the most suit-
able choice for following experiments. An increase in cell
damage was observed following 2 to 4 Gy irradiation and
50 to 100 uM resveratrol administration. Western blotting
results showed that the expression levels of STIMI and Orail
in the resveratrol combined with irradiation treatment group
were evidently downregulated compared with the single
resveratrol or irradiation treatment group, while little effects
were observed on STIM2, Orai2 and Orai3. Concurrently,
in the calcium imaging experiment, SOCE in the resveratrol
combined with irradiation treatment group was significantly
inhibited.
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Aside from resveratrol, irradiation may also influence
SOCC expression and activity of SOCE, and it has been previ-
ously reported that radiation inhibited salivary gland function
by promoting STIM1 cleavage by caspase-3 and loss of SOCE
via a transient receptor potential cation channel subfamily M
member 2-dependent pathway (19). However, to the best of our
knowledge, no other study has illustrated the effects of irradia-
tion on SOCE, and the present results indicated that compared
with the control group, irradiation itself did not result in
statistically significant up- or downregulation on STIM, Orai
family members and SOCE activity, indicating that loss of
SOCE, STIMI and Orail was exclusively caused by adding
resveratrol. Therefore, it was concluded that the effects of
resveratrol-sensitized irradiation damage were associated
with downregulating the expression of STIMI1 and Orail
and subsequent loss of SOCE process. To further verify this
result, an overexpression vector was constructed to reverse the
effects. The results of western blotting and calcium imaging
experiments showed that the effects of resveratrol combined
irradiation treatment were restored to a certain extent after
co-overexpression of both STIMI and Orail, although it was
not completely reversed. This experiment determined that
resveratrol could sensitize A549 cells to irradiation damage,
and this effect may be associated with the downregulation
of STIMI and Orail expression, leading to the inhibition of
SOCE, and then triggering cell death.

Published studies demonstrated that the mechanism of
resveratrol-sensitized irradiation damage mainly includes:
i) Affecting the balance of pro- and anti-apoptotic mole-
cules, promoting the increase of ROS, affecting tumor cell
metabolism and promoting autophagy to induce tumors cell
death (33-36); ii) inhibition of related cyclins, transcription
factors and pathways to inhibit proliferation (37-39); iii) medi-
ating anti-inflammatory and anti-angiogenic effects to inhibit
tumorigenesis and development (40-43); and iv) protection
of surrounding tissues to decrease the side effects of radia-
tion (44-46). However, few studies associated this mechanism
with SOCE (37,47,48). The present study proposed a new
hypothesis and verified that the effects of resveratrol-sensitized
irradiation damage may be associated with SOCE. Compared
with single treatment, resveratrol combined with irradiation
treatment significantly affected the expression of STIMI1 and
Orail, and these two proteins are associated with SOCE.
Intracellular calcium serves a number of regulatory functions
as an intracellular bio-signal messenger (49). When the ER
releases Ca®*, STIMI can sense Ca** consumption, triggering
structural changes and combine with Orail to form Ca?** chan-
nels, guide extracellular Ca** inflow and compensate for Ca®*
consumption. Compared with the single irradiation treatment
group, the resveratrol combined irradiation treatment group
significantly downregulated the expression of STIM1 and
Orail, leading to a decrease in calcium channels, decrease
in calcium influx and depletion of calcium storage, thereby
causing calcium imbalance inside the cell leading to cell
dysfunction, and eventually cell death (Figs. 1-3). At present,
there are few studies indicating that the target of resveratrol
may be associated with ERK1/2. When intracellular calcium
is reduced to a certain limit, STIM1 protein is activated (50).
This activation is mainly achieved through the phosphoryla-
tion of STIMI protein at Ser575, Ser608 and Ser621, which

are ERK1/2 target sites (51). Under the quiescent state, STIM1
binds to end-binding protein 1, a major regulator of microtu-
bule growing ends. ERK1/2 can promote STIM1 unbinding
activation during calcium consumption, polymerize SOCC
in plasma membrane and activate SOCE (52). Resveratrol
can interfere with SOCE by inhibiting ERK1/2 activity and
inhibiting STIM1 phosphorylation (53).

Apart from cell or animal level investigations, numerous
resveratrol-based clinical trials have been performed and
found to have promising effects on cancer inhibition (54,55).
This therapeutic effect was found to exist in a wide range of
human cancer types including bowel, breast, bladder, prostate,
liver, thyroid and lung, with a 0.5-5-g daily oral intake of resve-
ratrol (56). It was reported that plasma levels of 14.7 ymol/l
resveratrol led to slightly suppressed hepatic cancer metastasis
in patients with colorectal cancer, which is substantially lower
than the 100 #mol/l dose used in the present study, indicating
that more studies may be required to determine the most effec-
tive dosage of resveratrol (57).

Although resveratrol was shown to have a radiosensitizing
effect, its poor water solubility and low stability limit its
application (58). New derivatives are required to be further
developed by researchers to enhance their preventive and
therapeutic efficiency. The present study only used resveratrol
for cell-level research and animal experiments and clinically
relevant resveratrol and irradiation treatment cases were not
presented. Therefore, the in vivo therapeutic effect need to be
further studied.

In conclusion, this study demonstrated that resveratrol can
significantly enhance the effect of irradiation damage on lung
adenocarcinoma A549 cells, and this effect was related with
suppression of SOCE caused by reduction of both STIMI1 and
Orail. As a safe bioactive antioxidant, resveratrol has already
been applied in health care and cosmetic industry. Once its
sensitizing effects, mechanism and pharmacokinetic feature
are confirmed in animal level and random clinical trials,
this beneficial polyphenol can be quickly put into practical
pretreatment ahead of radioactive therapy for cancer patients
to minimize the dose-dependent irradiation damage without
disturbing the efficacy.
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