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Aspirin potentiates celecoxib-induced
growth inhibition and apoptosis in human
non-small cell lung cancer by targeting
GRP78 activity
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Abstract

Background: Aspirin has recently emerged as an anticancer drug, but its therapeutic effect

on lung cancer has been rarely reported, and the mechanism of action is still unclear. Long-
term use of celecoxib in large doses causes serious side effects, and it is necessary to explore
better ways to achieve curative effects. In this study, we evaluated the synergistic anticancer
effects of celecoxib and aspirin in non-small cell lung cancer (NSCLC) cells.

Methods: /n vitro, we evaluated the combined effects of celecoxib (40 uM) and aspirin (8 mM) on
cell apoptosis, cell cycle distribution, cell proliferation, cell migration and signaling pathways.

Furthermore, the effect of aspirin (100mg/kg body weight) and celecoxib (50 mg/kg body
weight) on the growth of xenograft tumors was explored in vivo.

Results: Our data suggest that cancer sensitivity to combined therapy using low
concentrations of celecoxib and aspirin was higher than that of celecoxib or aspirin alone.
Further research showed that the anti-tumor effect of celecoxib combined with aspirin was
mainly produced by activating caspase-9/caspase-3, arresting cell cycle and inhibiting the
ERK-MAPK signaling pathway. In addition, celecoxib alone or in combination with aspirin
inhibited the migration and invasion of NSCLC cells by inhibiting MMP-9 and MMP-2 activity
levels. Moreover, we identified GRP78 as a target protein of aspirin in NSCLC cells. Aspirin
induced an endoplasmic reticulum stress response by inhibiting GRP78 activity. Furthermore,
combination therapy also exhibited a better inhibitory effect on tumor growth in vivo.
Conclusions: Our study provides a rationale for further detailed preclinical and potential
clinical studies of the combination of celecoxib and aspirin for NSCLC therapy.

Keywords: apoptosis, aspirin, celecoxib, cell cycle arrest, GRP78, NSCLC

Received: 8 November 2019; revised manuscript accepted: 13 July 2020.

Introduction

In recent years, the number of people suffering
from lung cancer worldwide has continued to
increase due to various factors, such as environ-
mental problems, smoking and second-hand
smoke. Since lung cancer is not evident in the
early stage and is mostly found in the advanced
stage, the mortality rate of lung cancer remains
high. Although the incidence of lung cancer in
men is declining in some Western countries, the

incidence of lung cancer continues to rise world-
wide.!»? In China, nearly 400,000 people are diag-
nosed with lung cancer each year, and 300,000
patients die, of which approximately 250,000 had
non-small cell lung cancer. Non-small cell lung
cancer (NSCLC) accounts for approximately
85% of all lung cancer types,> with few patients
able to survive for long periods. Currently, the
treatment methods for patients with lung cancer
include surgery, radiotherapy and systemic
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therapy (such as chemotherapy, targeted therapy
and immune checkpoint inhibitors), which have
led to some therapeutic effects. However, the
search for new treatment methods or the develop-
ment of new treatment drugs remains a top prior-
ity for researchers worldwide.2 Now, the combined
use of drugs for clinical disease treatment is a
considerably used therapy.

Non-steroid anti-inflammatory drugs (NSAIDs)
are classified into two categories depending on
the type of cyclooxygenase (COX) that is tar-
geted. Non-selective inhibition of cyclooxygenase
can inhibit both COX-1 and COX-2. Among the
suppressors, the most common drug is aspirin,
which has a long history of antipyretic, analgesic
and anti-inflammatory activity. Recently, it was
found that aspirin has a potential preventive effect
on some cancers or precancerous lesions and
exhibits unexpected effects on the treatment of
colon cancer and breast cancer.* In addition, it
was found that aspirin can reduce the risk of lung
cancer after long-term and low-dose administra-
tion, but the mechanism is still unclear.5-® The
other type of NSAID only selectively inhibits
COX-2, and an example is celecoxib. It has been
reported that COX-2 plays key roles in angiogen-
esis, tumor growth and differentiation and is
overexpressed in many types of cancer, including
lung cancer.%? Celecoxib is currently known to
induce apoptosis, inhibit cell proliferation and
cause cell cycle arrest during the treatment of
lung cancer.1%-12 The specific mechanisms can be
divided into two types: one mechanism relies on
COX-2, and the other mechanism acts through a
signaling pathway independent of COX-2.1314
However, long-term use of celecoxib in the treat-
ment of cancer may induce a series of negative
effects, such as cardiovascular and gastrointesti-
nal diseases.!!:1> Therefore, celecoxib is currently
being explored in combination with other anti-
tumor drugs to bring hope to cancer patients.!©

In the treatment of cancer, drug combination
strategy has always been a popular approach
because it can exhibit a synergistic effect of inhib-
iting tumor growth and differentiation while
reducing the toxicity and the risk of each drug
used alone.!”20 To date, there have been no
reports of the application of the combination of
aspirin and celecoxib on NSCLC. Therefore, the
purpose of this study was to explore the effects of
aspirin and celecoxib on the growth and metasta-
sis of NSCLC and to identify a potentially effec-
tive treatment strategy. The mechanisms of action

were also determined to clarify their synergistic
effects and to improve the treatment of lung
cancer.

Materials and methods

Cells, cell culture and reagents

NSCLC cell lines A549 and H1299, small cell
lung cancer cells (H446 cells), human cervical
cancer cells (Hela cells), human lung adenocar-
cinoma cells (SPC-A1 cells), human liver cancer
cells (BEL7402 cells), human colon cancer cells
(HCT116 cells) and human breast cancer cells
(MCF-7 cells) were purchased from the American
Type Culture Collection (ATCC, Philadelphia,
PA, USA). All cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM; Invitrogen,
Carlsbad, CA, USA) supplemented with 10%
(v/v) fetal bovine serum (FBS; Invitrogen,
Carlsbad, CA, USA), 100 U/mL penicillin and
100 ug/mL streptomycin (Invitrogen, Carlsbad,
CA, USA). All cells were cultured in a humidified
5% CO, incubator at 37°C.

Aspirin (purity=99.0%), celecoxib (purity=99.0%,),
universal tissue fixative, dimethyl sulfoxide
(DMSO), streptavidin beads, urea, Tris(2-
carboxyethyl)phosphine (TCEP), phosphoric acid
and Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]
amine (TBTA) were purchased from Sigma-
Aldrich (St. Louis, USA). Cell culture flask and
dish were purchased from NUNC (Denmark).
Transwell chamber was purchased from Corning
(New York, USA). Cell Counting Kit-8 (C0039),
EdU cell proliferation assay kit (C0071S), One
Step TUNEL Apoptosis Assay Kit (C1086) were

purchased from  Beyotime Biotechnology
(Shanghai, China). BCA Protein Assay Kit
(CW0014S) was purchased from CoWin

Biosciences (Beijing, China). Biotin-azide was
purchased from Click Chemistry Tools (Scottsdale,
AZ, USA). Unless otherwise stated, all the other
reagents used in biochemical methods were pur-
chased from Sigma-Aldrich (St. Louis, USA).
Aspirin probes (Asp-P1 and Asp-P2)2! were kindly
supported by Dr. Jigang Wang from National
University of Singapore (West Coast, Singapore).
Lipo2000 was purchased from Life Technologies
(Carlsbad, CA, USA). Opti-MEM was purchased
from Gibco Life Technologies (Grand Island, NY,
USA). Reverse transcription kit was purchased
from TOYOBO (Kita-ku, Osaka, Japan).
Interfering fragment was purchased from
GenePharma (Shanghai, China).
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Cell proliferation assay

The effects of celecoxib, aspirin or the combination
of the two drugs on cell proliferation were assessed
by the CCKS8 assay. A549 and H1299 cells in the
exponential growth phase were collected, and the
cell density was adjusted to be 2 X 10% cells/mL.
Cells were added to 96-well plates at 100 uLL per
well, with six replicate wells in each experimental
group and cultured overnight at 37°C. Aspirin (0,
2,4,5,8, 10, and 16 mM) and/or celecoxib (0, 5,
10, 20, 40, 80, and 160uM) were added to the
medium and cells were cultured for an additional
48h. 100 uL of a mixture of CCK8 and DMEM
(1:100) were added to each well and cells were
incubated at 37°C for an additional 1-2h. The
absorbance was measured using a microplate
reader with a measurement wavelength of 450nm
and a reference wavelength of 550 nm.

The effects of celecoxib, aspirin or the combina-
tion of two drugs on cell proliferation were
assessed by the EAU (5-ethynyl-2'-deoxyuridine)
assay. A549 and H1299 cells in the exponential
growth phase were inoculated into a six-well plate
and cells were incubated for 12h in the incubator.
Then 40 uM celecoxib, 8 mM aspirin or a combi-
nation of the two drugs was added and cells were
cultured for additional 48 h. The EdU stock solu-
tion was diluted with DMEM medium to prepare
a 50 uM EdU working solution. The medium in
the six-well plate was discarded and 50 uM EdU
working solution (200-500uL) was added to
each well. Then cells were incubated for 2 h. After
washing with phosphate buffered saline (PBS) for
three times, cells were fixed with 4% (v/v) para-
formaldehyde for 30min at room temperature.
Next, cells were permeabilized with 0.3% (v/v)
Triton X-100 in PBS for 15 min at room temper-
ature after washing with PBS solution containing
3% (m/v) bovine serum albumin (BSA). Then
cells were incubated with Click Reaction Buffer
for 30min at room temperature in the dark.
Hoechst 33342 was added to each well and incu-
bated for 10 min in the dark at room temperature.
Finally, cells were photographed by fluorescence
microscope (Zeiss, Jena, Germany).

Flow cytometry

To quantify the percentage of cells undergoing
apoptosis, we used the Annexin V-FITC kit as
described by the manufacturer (BD Biosciences,
CA, USA). Briefly, A549 and H1299 cells were
incubated for 48h with celecoxib (40uM) and
aspirin (8 mM) alone or the combination of both

drugs. Next, treated cells were collected and
trypsinized for 3-5min. The cells were collected
and centrifuged for 5-10min using a refrigerated
centrifuge (4°C, 3000rpm), and the supernatant
was carefully discarded. Then cells were softly
washed with cold PBS. The cell pellets were
resuspended in Hepes buffer and incubated with
Annexin V-FITC (1 mg/mL) on ice for 20 min.
Propidium iodide (20 ug/mL) was added before
flow cytometry analysis (BD Biosciences, CA,
USA). Quantification of apoptotic cells was ana-
lyzed by CellQuest software (BD Biosciences,
CA, USA).

TUNEL assay

The TdT-mediated dUTP nick end labeling
(TUNEL) assay was used to evaluate the apopto-
sis caused by celecoxib, aspirin or the combination
of the two drugs in A549 cells. A549 cells were
treated with 40 uM celecoxib, 8mM aspirin or the
combination of the two drugs for 48h. Cells were
washed twice with PBS and then fixed in 4% (v/v)
paraformaldehyde and permeabilized with 0.2%
(v/v) Triton X-100 in PBS for 5min. TUNEL
assay was performed with the One Step TUNEL
Apoptosis Assay Kit. In brief, TUNEL detection
solution was added to each sample and incubated
at 37°C for 60 min. At this time, the genomic DNA
of apoptotic cells was broken, and the exposed 3'-
OH was catalyzed by terminal deoxynucleotidyl
transferase (T'dT) to add dUTP labeled by FITC.
After washing with PBS, the cells were re-stained
with propidium iodide (PI). The fluorescent pho-
tos of the cells were captured by a fluorescence
microscope (Zeiss, Jena, Germany).

Cell cycle analysis

A549 cells were treated with 40 uM celecoxib,
8 mM aspirin or the combination of the two drugs
for 48 h. The cells were digested with trypsin and
centrifuged for 4min (4°C, 800 rpm) in a refriger-
ated centrifuge, and the pellets were washed twice
with PBS. Cells were fixed overnight at 4°C using
70% pre-cooled ethanol and then centrifuged for
10-15min (4°C, 3000rpm). Fixed cells were
washed and stained with PI (2mg/mL) in PBS
with RNase A (0.1mg/mL) for 30min at room
temperature in the dark. The distribution of cells
with differing DNA content was analyzed on a
FACSCalibur flow cytometer with CellQuest soft-
ware (BD Biosciences, CA, USA) at an excitation
wavelength of 530 nm. Fluorescence emission was
measured using a 620 nm band pass filter.
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Measurement of reactive oxygen species

NSCLC cells were treated with 40 uM celecoxib,
8 mM aspirin or the combination of the two drugs
for 48 h. After digesting, cells were centrifuged for
5min (4°C, 2000 rpm) using a refrigerated centri-
fuge, and then washed with PBS. Next, cells were
resuspended in serum-free DMEM medium con-
taining 10uM 2,7-Dichlorodi-hydrofluorescein
diacetate (DCFH-DA) (Beyotime Biotechnology,
Shanghai, China) and incubated at 37°C for
30min in the dark. After centrifugation, cells
were collected and washed with PBS three times,
and then analyzed by a FACSCalibur flow cytom-
eter with CellQuest software (BD Biosciences,
CA, USA) with a 400 uL single cell suspension.
The level of intracellular reactive oxygen species
(ROS) was determined based on the fluorescence
intensity of the FLL1 channel.

Mitochondrial membrane potential

A549 cells were treated with 40uM celecoxib,
8 mM aspirin or the combination of the two drugs
for 48 h. The residual medium was washed off
with PBS, and then 5,5',6,6'-Tetrachloro-1,1',
3,3'-tetraethyl-imidacarbocyanine iodide (JC-1)
staining solution was added in the dark and dis-
carded after incubation for 20-30min at 37°C.
Then, after washing with PBS for three times, 1X
Hoechst 33342 reaction solution was added in the
dark for 5min to observe the fluorescence of the
cells under a fluorescence microscope.

Cytoskeleton staining

NSCLC cells were seeded on sterilized coverslips
for growth. When the cells grew to 40-50% con-
fluence, 40 uM celecoxib, 8 mM aspirin or a com-
bination of these two drugs was added, and cells
were further cultured for 48 h. After washing with
PBS, pre-cooled 4% paraformaldehyde was
added and cells were fixed overnight at 4°C. The
remaining fixative was washed off with pre-cooled
PBS, and then placed at 0.5% Triton X-100 for
2h at room temperature. After washing with PBS,
the anti-F-Actin/FITC (fluorescein isothiocy-
anate) dilution (diluted with PBS containing
1% BSA, 1:40) was used for staining for 40 min
in the dark, and the nuclei were stained for
2min using a DAPI (2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride) staining solu-
tion (Beyotime Biotechnology, Shanghai, China).
Finally, 20 uLL of the antifade mounting medium
was slowly added dropwise to the coverslip and
cells were observed under a fluorescence
microscope.

Transwell assay

The effects of celecoxib, aspirin or their combina-
tion on tumor cell migration were assessed by the
Transwell assay using Transwell inserts (8.0mm
pore size, Millipore, Billerica, MA, USA). First,
H1299 cells were cultured in serum-free medium
for 12h. Then the cells were harvested and resus-
pended in serum-free DMEM containing 40 uM
celecoxib, 8 mM aspirin or the combination of the
two drugs. A total of 200 pL of cell suspension
with a density of 5X 105 cells/mL were pipetted
into the upper chamber, and the lower chamber
was filled with 600 uLL of 10% FBS supplemented
medium. After incubation at 37°C for 10h or
16h, cells on the upper surface of the membrane
were removed. The migrant cells attached to the
lower surface were fixed in 4% paraformaldehyde
at room temperature for 30min, and stained for
30 min with a solution containing 1% crystal violet
and 2% ethanol in 100mM borate buffer (pH
9.0). The number of cells migrating to the lower
surface of the membrane was photographed in five
fields under a microscope at a magnification of
100X. The chamber was then purged with 33%
HOAC (acetic acid; 100 uL). After the crystal vio-
let was completely dissolved and the cells were
evenly distributed in the HOAC solution, the assay
was performed using a microplate reader
(TECNA, Switzerland) at 570nm and quantita-
tive analysis was performed using GraphPad
Prism v8.0 software.

Wound-healing assay

Cells were plated in 12-well culture plates to form
a cell monolayer (near 90% confluence). After
serum starvation for 12h, a wound was made by
scraping off the cells with a sterile P-200 micropi-
pette. The wells were washed three times with
PBS to remove non-adherent cells and then incu-
bated with celecoxib (40 uM), aspirin (8 mM) or
a combination of these two drugs in medium con-
taining 10% FBS for 48 h. The progress of wound
closure was monitored with microphotographs of
10X magnification taken with a light microscope
(Carl Zeiss Axioplan 2) at the beginning and the
end of the experiments.

Western blotting analysis

Whole cell lysate was prepared with RIPA buffer
(Santa Cruz Biotechnology) containing protease
inhibitors, phenylmethylsulfonyl fluoride (PMSF)
and sodium orthovanadate. Supernatants were
collected and protein concentrations were deter-
mined by the Bio-Rad protein assay method
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(Bio-Rad, Hercules, CA, USA). Western blotting
analysis used standard protocols. Proteins were
separated by SDS-PAGE and transferred onto
nitrocellulose membranes that were blocked with
5% non-fat milk in Tris-buffered saline (TBS)
containing 0.1% Tween-20, and incubated with
primary antibodies: cleaved caspase-3, cleaved
caspase-7, cleaved caspase-8, cleaved caspase-9,
caspase-12, cleaved PARP, Bcl-2, Bcl-xl, Bax,
extracellular signal-regulated kinase (ERK),
pERK, MEK, pMEK, Ras, Raf, pRaf, GRP78
(Cell Signaling Technology, Beverly, MA, USA),
B-actin, a-tubulin (ABGENT, San Diego, USA).
Secondary antibodies were coupled to horseradish
peroxidase, and were goat anti-rabbit or goat anti-
mouse. Bound antibodies were then visualized
with electrochemiluminescence (ECL) plus west-
ern blotting detection reagents (GE Healthcare).
Signal intensity was quantified by densitometry
using the software Image J] (NIH, Bethesda, MD,
USA). All experiments were done in triplicate and
performed at least three times independently.

Enrichment of target proteins in cells

When A549 cells grew to 80-90% confluence, the
culture condition was changed to culture medium
(1% DMSO) containing 20uM aspirin probe
(Asp-P1 or Asp-P2)?! (experimental group) or
medium without probe (negative control). After
that, the cells continued to be cultured at 37°C
for 12h. Then cells were lysed using 150mM
NaCl and 1% Triton X-100, and the insoluble
debris was removed by centrifugation at
10,000 rpm for 45min. After detecting concen-
tration, the protein solution was used for “click
chemistry” (copper-catalyzed azide-alkyne
cycloaddition; CuAAC) reaction. Briefly, 4mg
protein was incubated with 10 uM biotin-azide,
1mM TCEP, 100uM TBTA and 1mM copper
sulfate for 4h at room temperature, and then pre-
cipitated and dried with ice acetone. After the
protein precipitations were re-dissolved with PBS
(containing 1.2% SDS), streptavidin beads were
added and incubated for 4h at room temperature.
Then streptavidin beads were washed sequen-
tially with PBS containing 1% SDS, PBS contain-
ing 0.1% SDS, 6 M urea solution, PBS and
double distilled water. After dissolving the
streptavidin beads with 1X SDS loading buffer,
the protein samples were separated by SDS-
PAGE and immunized with the specific antibody
for GRP78. All experiments were done in tripli-
cate and performed at least three times
independently.

Expression and purification of protein
Homologous recombination was used to construct
the expression plasmid pET28a-GRP78-EGFP.
Briefly, the gene sequence of GRP78 was synthe-
sized in pET?28a at the Ndel and Xhol restriction
sites to generate pET28a-GRP78. The EGFP
gene was PCR amplified using primers GRP78-
EGFP-F and GRP78-EGFP-R from pUCIS8-
EGFP kept in our lab (Supplemental Material
Table lonline). The amplified EGFP fragment
was ligated into linearized vector pET28a-GRP78
amplified with primers pET28a-GRP78-F and
pET28a-GRP78-R generating pET28a-GRP78-
EGFP (Supplemental Figure 1). More details
about the plasmid pET28a-GRP78-EGFP are
provided in the Supplemental Methods. The bac-
terial solution containing the recombinant plasmid
pET28a-GRP78-EGFP was cultured in liquid LB
medium containing 50 ug/mL kanamycin at 37°C.
When the ODy,, value reached 0.6-0.7, the expres-
sion of the target protein was induced by adding
Immol/L. of isopropyl-B-D-thiogalactoside at
16°C for an additional 16-20h. The cells were pel-
leted by centrifugation for 15min (4°C, 6000 rpm)
using a refrigerated centrifuge. After washing with
pre-cooled Hepes-NaCl buffer, cells were centri-
fuged again for 15 min under the same conditions.
The cells were then placed in a Ni Binding Buffer
and subjected to high pressure sonication under
ice bath conditions until the bacterial solution was
clear. The collected supernatant was filtered
through a filter (pore size 0.22 um). Ni was added
to the column for filling, and the target protein
GRP78 protein was collected by affinity chroma-
tography.2223 Next, ammonium sulfate solid (mass
fraction 20-30%) was added to the collected lig-
uid, and the mixture was stirred overnight at 4°C
to sufficiently precipitate the protein of interest.
The precipitated protein was separated by SDS-
PAGE. The purity of the protein of interest was
analyzed and the concentration was determined
using the BCA assay.

Microscale thermophoresis (MST)

The aspirin solution (100mM or 500mM) was
diluted by gradient dilution. The dilution ratio was
1:1, and a total of 14 concentrations were diluted.
A total of 10 uLL of 200nM GRP78 protein was
added to each concentration of aspirin solution.
After incubating for 5min at room temperature in
the dark, the binding ability was measured using a
microscale thermophoresis (Monolith NT.115,
NanoTemper Technologies, Munich, Germany)
according to the manufacturer’s instructions.
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Figure 1. Effect of celecoxib and aspirin on the growth of tumor cells. (a) A549, H1299, HelLa, SPC-A1, H446,
BEL7402, HCT116 and MCF-7 cells were treated with 5mM or 8mM aspirin for 48 h, and the cell viability was
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in combination with 8 mM aspirin for 48 h, and the cell viability was assessed by CCK8 assay. (f) and (g) A549
and H1299 cells were exposed to celecoxib (40 uM] and/or aspirin (8 mMM] and incubated with the EdU-DMEM
mixture for 2h. Four percent paraformaldehyde was used to fix cells and 0.5% Triton X-100 was used for
perforation of cell membranes. The staining solution was added according to the instructions of the EdU kit,

and the fluorescence of the cells was observed. Data are represented as mean = SD.
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Transfection of interference fragments

A549 cells were cultured until the density reached
about 40% and the GRP78 interference fragment
was transfected. The interference fragment
(siGRP78) sequence was 5-AAGAUCACAAUC
ACCAAUGACTT-3"; the control sequence was
5'-AAAUCAUAGCGUAUGGUGCUGTT-3".
The siGRP78 fragment and lipo2000 were dis-
solved using Opti-MEM respectively, and then
they were mixed and allowed to incubate at room
temperature for 20min. Then, the mixture was
added to A549 cells and the medium was replaced
with DMEM containing 10% FBS after 4-6h.
Cells were harvested 48h later and the transfection
effect was detected by western blotting analysis.

Animals

Female healthy athymic nude mice (5-6weeks of
age) were obtained from Changzhou Cavens
Laboratory Animal Co., Ltd. (Changzhou, China)
and housed under germfree conditions. All animals
received humane care according to Chinese legal
requirements. The experiments were approved by
Nanjing University Animal Care and Use
Committee (#IACUC_1911016), and we strictly
followed these rules during our experiments.

In vivo xenograft tumor model of human NSCLC

A549 cells (1 X10° cells in 100 uLL) were injected
subcutaneously under the right axilla of the mice.
Tumor volume was monitored by measuring the
two maximum perpendicular tumor diameters
with vernier caliper every other day. All tumor-
bearing mice were randomly divided into four
groups: the control group, the aspirin group, the
celecoxib group and the combination group.
When the tumor reached about 100—150mm? on
the eighth day, the treatment was initiated. Aspirin
(100mg/kg body weight) was dissolved in PBS
and used as daily drinking water for mice in the
aspirin group or the combination group. The mice
in the celecoxib group or the combination group
were injected intraperitoneally (i.p.) with celecoxib
(50 mg/kg body weight) dissolved in 100% DMSO
every other day. Control mice were given sterile
water daily and received i.p. injection of DMSO
for the same period of time as the drug treatment
groups. The drug treatment cycle was 28days.
Mice were weighed every two days and the maxi-
mum vertical length of all measurable tumors was
measured using a vernier caliper every other day.
Anti-tumor activity of treatments was evaluated
by tumor growth inhibition. The formula, tumor

volume =length X width2X 0.52 was wused to
mimic the tumor volume. At the end of the study,
the tumors were collected and weighed. In a paral-
lel animal assay (totally four groups, and six mice
per group), the tumor establishment and drug
treatment are the same as described previously.
On the 28th day, mice were euthanized. Tumors
were collected, fixed with 4% paraformaldehyde,
embedded in paraffin and sectioned for hematox-
ylin-eosin (HE) staining according to standard
histological procedures.2* Apoptotic cells in tumor
sections (two sections per mouse, four mice in
total) were visualized by the TUNEL technique
and further verified by immunohistochemistry
using anti-cleaved caspase-3.

Calculation of tumor doubling time and tumor
inhibition rate

For calculating tumor doubling time (TDT), the
equation of Schwartz25 was used:

t
(1
IOxlog[DtJ
Dy

Where 7 is the total number of treatment days, D,
is the diameter at the start of treatment, D, is the
diameter after time z, and the diameter is expressed
as 1/2 X (length + width).

TDT =

For calculating tumor growth inhibition value
(TGI), the formula (2) was used:

L 1x100%

TGI=|1- 7 2)

Where 7 is the total number of treatment days, W,
is the tumor weight of the treatment group after
time ¢, W, is the tumor weight of the control
group after time ¢, and #n is the number of mice in
the control group.

All data statistics were performed using GraphPad
Prism v8.0.

Statistical analysis

Statistical analysis was carried out using the SPSS
software (version 11.0; SPSS, Chicago, IL, USA).
Data were expressed as the mean = standard

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 12

deviation (SD). For paired data, statistical analyses
were performed using two-tailed Student’s z-tests.
For multiple comparisons, statistical analyses were
performed using one-way analysis of variance with
a Tukey post-test. For all analyses, p<<0.05 was
considered statistically significant.

Results

Combined effect of celecoxib and aspirin on the
growth of NSCLC cells

Aspirin at doses of 5mM and 8 mM inhibited the
proliferation of cells from various lineages, such
as A549, HI1299, Hela, SPC-Al, H446,
BEL7402, HCT116 and MCF-7 cells, as assessed
by CCK-8 assay after 48h of drug exposure. As
shown in Figure 1(a), the viability of the A549,
H1299, HCT116, BEL7402 and MCF-7 cells
treated with 5mM aspirin was approximately 70—
80% that of the control group. Following treat-
ment with 8 mM aspirin, the viability of the A549
and H1299 cells was approximately 60% that of
the control group (p<<0.001), and the viability of
the HCT116, BEL7402 and MCF-7 cells was
lower than 45% (p<<0.001), while for the HelL a,
SPC-A1 and H446 cells, no significant inhibition
of proliferation was observed. These results indi-
cate that aspirin can inhibit the proliferation of
various cancer cells, such as A549 and H1299
cells, and 8 mM aspirin treatments inhibited cell
proliferation more effectively than did 5 mM aspi-
rin treatments. Since the anti-tumor effects of
aspirin reported in the literature are mostly related
in colorectal cancer and breast cancer with few
reports on lung cancer,2% and because A549 and
H1299 cells are relatively sensitive to aspirin,
A549 and H1299 cells were selected as the main
research objects for the experiments.

Before testing the combined effects of celecoxib
and aspirin, we first treated A549 and H1299
cells with different concentrations of aspirin (0, 2,
4,5, 8,10, and 16 mM) for 48h, and then meas-
ured their viability by CCK-8 assay. As shown in
Figure 1(b) and (d), the cell viability of the 5mM
aspirin group was approximately 80%, and the
cell viability of the 8mM aspirin group was
approximately 60% for both the A549 and H1299
cells, which was significantly different from that
of the control group (p<0.01). Subsequently, the
A549 and H1299 cells were treated with different
concentrations of celecoxib (0, 5, 10, 20, 40, 80,
and160 uM) alone or in combination with 8 mM
aspirin for 48h. A CCK-8 assay was used to

measure cell proliferation, and we found that
celecoxib alone could inhibit NSCLC cell prolif-
eration in a dose-dependent manner, while
celecoxib combined with aspirin showed greater
inhibition of proliferation [Figure 1(c) and (e)].
At a concentration of 20 uM or lower, celecoxib
induced no significant difference in cell viability
between the combination group and the celecoxib
monotherapy group. At a concentration of 40 uM
celecoxib, the combination of celecoxib and aspi-
rin inhibited cell proliferation more significantly
than did celecoxib alone (p<<0.01). Thus, we
chose 8mM aspirin and 40 uM celecoxib as the
concentrations for the combination therapy in
our subsequent study.

To further detect the inhibition of A549 cell pro-
liferation by celecoxib combined with aspirin, an
EdU assay was performed. EQU, similar to thy-
mine T, can be incorporated during cell replica-
tion. Through the subsequent click reaction,
EdU was labeled by Alexa Fluor 488 to display
the double helix structure of DNA, and the pro-
liferation phenomenon was directly observed
under a fluorescence microscope. The results
are shown in Figure 1(f) and (g). In the aspirin-
treated or celecoxib-treated group, the propor-
tion of EdU-positive cells decreased, while the
proportion of EdU-positive cells in the com-
bined group decreased most significantly, indi-
cating their synergistic inhibitory effect on the
proliferation of cancer cells at relatively low con-
centrations. Together, these results showed that
celecoxib at a subtoxic concentration had an
enhanced effect on the aspirin-inhibited prolif-
eration of tumor cells.

Combined effect of celecoxib and aspirin on

tumor cell apoptosis

To determine whether tumor cellular viability
was reduced with celecoxib and aspirin via apop-
tosis, two NSCLC cell lines (A549 and H1299)
were exposed to celecoxib (40uM), aspirin
(8mM) or a combination of both, and the apop-
tosis ratio was measured. As shown in Figure
2(a), no significant apoptosis was observed for the
NSCLC cells treated with aspirin alone, while a
single treatment of celecoxib induced a 13-20%
apoptosis ratio. However, when the A549 and
H1299 cells were treated with aspirin and
celecoxib in combination, the number of cells
undergoing apoptosis markedly increased (35—
43%). A TUNEL assay was also performed to
determine the effect of the two drugs on NSCLC
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Figure 2. Aspirin enhances celecoxib-induced cell apoptosis. (a) A549 and H1299 cells were exposed to celecoxib (40 uM) and/or
aspirin (8mM); 48h later, all cells were harvested for flow cytometry analysis. Annexin V/Pl-stained cells were analyzed and the
percentage of apoptotic cells was determined. The experiments were carried out independently in triplicate; representative data
are shown. Annexin V/PI double staining profile of A549 cells is also included. (b) A549 and H1299 cells were exposed to celecoxib
(40uM] and/or aspirin (8mM] for 48 h. TUNEL assays were performed according to the manufacturer’s instructions. The rate of
apoptosis was expressed as the percentage of total cells counted. TUNEL staining profile of A549 cells is also shown. (c] Activation
of caspase-3, -8 and -9 in A549 cells treated with celecoxib and aspirin alone or in combination for 48 h was detected by western
blotting analysis. (d) Expression levels of the Bcl-2 family proteins, Bcl-2, Bcl-xl and Bax in A549 cells under different treatment
conditions. (e) Expression levels of Ras, p-c-Raf, c-Raf, p-MEK, MEK, p-ERK, and ERK in A549 cells under different treatment
conditions. All gels run under the same experimental conditions and the representative images of three different experiments are
cropped and shown. Band intensity was quantified by Image J software. Data are represented as mean = SD.

*p<0.05
*p < 0.01
*%p < 0,001
wxxkp < 0.0001

ASA, aspirin; CXB, celecoxib; PARP, poly(ADP-ribose) polymerase; P, propidium iodide; TUNEL, TdT-mediated dUTP nick end labeling.

cell apoptosis. As shown in Figure 2(b), A549
cells treated with celecoxib or aspirin alone for
48h showed a slightly increased green fluores-
cence ratio, indicating a low apoptosis rate. The
ratio of green fluorescence in the combination
group was significantly increased, indicating a
large increase in the number of cells undergoing
apoptosis. Therefore, by TUNEL assay, we also
found that aspirin and celecoxib in combination
induced significant apoptosis compared with the
single therapy with either drug alone, a finding
consistent with the results obtained from the flow
cytometry analysis.

Celecoxib and aspirin induce apoptosis in

a caspase-dependent manner and via the
inhibition of the ERK-MAPK signaling pathway

To explore the mechanisms underlying celecoxib-
and aspirin-triggered apoptosis in A549 cells, the
expression of pro-apoptotic proteins and caspase
activation was measured by western blotting.
Caspases are the main enzymes involved in the
induction of apoptosis. As shown in Figure 2(c),
celecoxib and aspirin alone did not cause apparent
caspase-8 or caspase-3 cleavage, while celecoxib
alone caused caspase-9 cleavage. In contrast,
celecoxib combined with aspirin caused more
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pronounced proteolytic cleavage of caspase-8, -9
and -3. In addition, the combination of the two
drugs resulted in the cleavage of poly(ADP-ribose)
polymerase (PARP), whereas neither celecoxib nor
aspirin alone induced PARP cleavage. These
results suggest that the caspase-mediated apop-
totic pathway may be one of the main mechanisms
by which apoptosis is induced in A549 cells treated
with a combination of aspirin and celecoxib.

Next, we investigated the combined effects of
celecoxib and aspirin on anti-apoptotic proteins
(Bcl-xI or Bcl-2) and pro-apoptotic protein (Bax)
in A549 cells. As shown in Figure 2(d), the
expression levels of Bcl-xl, Bcl-2 and Bax in the
8 mM aspirin-treated group were not significantly
different as compared with the control group,
while the expression of Bcl-xl and Bcl-2 was
down-regulated and the level of Bax was slightly
up-regulated in the 40uM celecoxib-treated
group. However, the combination of aspirin and
celecoxib noticeably elevated the level of Bax and
induced a prominent decrease in Bcl-x1 and Bcl-2
levels. These results indicate that celecoxib com-
bined with aspirin induced the apoptosis of A549
cells via the caspase-mediated mitochondrial
pathway.

To further explore the mechanism by which aspi-
rin and celecoxib inhibit cell proliferation and
induce cell apoptosis, the phosphorylation and
total protein levels of ERK protein and its
upstream MEK, Raf and Ras proteins in A549
cells were also measured by western blotting anal-
ysis following treatment with aspirin and/or
celecoxib. The results are shown in Figure 2(e).
We found that the phosphorylation level of the
ERK protein in the combination group was sig-
nificantly down-regulated; however, no apparent
changes were observed in the aspirin or celecoxib
single therapy groups. In addition, the combina-
tion of aspirin and celecoxib induced a significant
increase in the phosphorylation levels of MEK
and Raf and the protein level of Ras. In contrast,
treatment with aspirin alone failed to activate the
MEK-ERK signaling pathway, while celecoxib
treatment alone led to only slightly decreased lev-
els of ERK, MEK and Raf phosphorylation.
Overall, these findings suggested that the combi-
nation of aspirin and celecoxib inhibited the
phosphorylation of ERK protein and its upstream
proteins, implying that the ERK signaling path-
way is probably among the main mechanisms
accounting for aspirin and celecoxib-induced
apoptosis.

Combined effect of celecoxib and aspirin on

ROS and mitochondrial membrane potential

levels

Previous reports suggested that celecoxib can kill
cancer cells by inducing ROS generation.?” Next,
we evaluated ROS generation following celecoxib
and/or aspirin treatment of NSCLC cells by flow
cytometry analysis. After treatment with celecoxib
or aspirin alone for 48 h, A549 and H1299 cells
had slightly increased ROS levels; however, the
combination of these two drugs caused significant
accumulation of ROS [Figure 3(a)]. In addition,
we also found that the loss of mitochondrial
membrane potential was more pronounced in the
A549 cells treated with celecoxib and aspirin in
combination than it was with either single-drug
treatment [Figure 3(b)]. Taking these results
together, we thus concluded that celecoxib com-
bined with aspirin caused an increase in ROS lev-
els and a decrease in mitochondrial membrane
potential in the A549 and H1299 cells, suggesting
that the combination of these two drugs causes
oxidative stress and mitochondrial damage in
NSCLC cells.

Combined effect of celecoxib and aspirin on
NSCLC cell migration

To investigate the effect of celecoxib and aspirin
on tumor cell migration, wound healing and
Transwell assays were conducted. A Transwell
motility chamber assay was used to determine the
number of cells that cross the migration chamber
membrane after treatment with celecoxib and
aspirin alone or in combination for 48 h. As shown
in Figure 4(a), when 40 uM celecoxib or 8 mM
aspirin was used alone, the number of H1299 cells
passing through the chamber membrane was
slightly decreased, but the differences compared
with the control group were not significant.
However, when the two drugs were used in com-
bination, the number of H1299 cells passing
through the chamber membrane was found to be
significantly reduced (p <0.05). Furthermore, the
effect of aspirin and celecoxib on cell migration
was also verified by wound-healing experiments.
Celecoxib and aspirin were used to treat A549 and
H1299 cells alone or in combination. After the
cells were cultured for 24 h, a scratch test was per-
formed to detect the cell growth and migration
into the scratch. As shown in the lower panel of
Figure 4(b), in A549 cells, compared with the
control group, the scratch-healing rate of the aspi-
rin treatment group decreased slightly but not sig-
nificantly. The celecoxib single-treatment group
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Figure 3. The effect of celecoxib and aspirin on ROS and MMP levels in NSCLC cells. (a) A549 and H1299 cells
were exposed to celecoxib (40 uM) and/or aspirin (8 mM]J; 48 h later, 10 uM DCFH-DA was added and incubated
for 30min, and then all cells were harvested for flow cytometry analysis. (b) A549 cells were exposed to
celecoxib (40 uM) and/or aspirin (8 mM]; 48 h later, JC-1 was added and incubated for 20-30min in the dark.
Then cells were observed and photographed with a fluorescence microscope. Data are represented as

mean * SD.
*p < 0.05
**p < 0.01

ASA, aspirin; CXB, celecoxib; MMP, matrix metalloproteinase; NSCLC, non-small cell lung cancer; DCFH-DA, 2,7-Dichlorodi-

hydrofluorescein diacetate; PI, propidium iodide; JC-1, 5,5",6,6-Tetrachloro-1,1',3,3'-tetraethyl-imidacarbocyanine iodide;

ROS, reactive oxygen species.
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Figure 4. Effect of celecoxib and aspirin on non-small cell lung cancer cell migration. (a) Transwell assay.
H1299 cells were treated with celecoxib (40 uM] and/or aspirin (8 mM]. After 16 h pretreatment and 12h
incubation in the upper chamber, the cells migrating to the lower membrane were stained and counted

in five fields. (b) Wound healing assays. A549 and H1299 cells were treated with celecoxib (40uM) and/or
aspirin [8mM). Photographs were taken immediately and after 48 h of creating the scratch. Images shown

are representative of three independent experiments. Re

lative scratch covered area was quantified by

Image J from four areas. (c) A549 cells were exposed to celecoxib (40 uM) and/or aspirin (8 mM); 48h later,
immunofluorescence was carried out to display F-actin (Anti-F-Actin/FITC, green), and nuclei (DAPI, blue)

in A549 cells. (d) Effects of celecoxib and aspirin on MMP
treated with celecoxib (40uM] and/or aspirin (8mM]; 48 h

-2 and MMP-9 protein expression. A549 cells were
later, cells were harvested for western blotting

analysis using indicated antibodies. The level of tubulin served as the loading control. Band intensities were
calculated using software Image J. The results shown are representative of three different experiments. Data

are represented as mean £ SD.
*p<0.05
%5 <0.01

ASA, aspirin; CXB, celecoxib; FITC, fluorescein isothiocyanate; DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.

showed a significantly reduced scratch healing
rate, and the healing rate decreased the most sig-
nificantly for the combined group. Similar results
were also observed in H1299 cells. Moreover,
F-actin staining was performed to observe the
morphology of the cytoskeleton. As shown in
Figure 4(c), compared with the control group, the
microfilament structure in the cytoskeleton of the
A549 cells was shorter after treatment with aspirin
alone, but the cell arrangement was still ordered;

however, the microfilament structure of the
cytoskeleton was changed in the celecoxib treat-
ment group. The extent of the shortening was
more obvious; the cell morphology was enlarged
and not fusiform. The microfilament structure of
the cytoskeleton in the combination group was
shortened the most significantly, and the sorting
order changed from being bunched together to
being disordered. Taken together, these data sug-
gest that the combination of aspirin and celecoxib
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inhibited the migration of NSCLC cells by modu-
lating the cytoskeletal machinery that is required
for cell motility.

Many proteins have been found to be closely
related to the mechanism of lung cancer metasta-
sis, and matrix metalloproteinases (MMPs) are
hotspots in research. MMP-2 and MMP-9 are
members of the MMP family and play pivotal
roles in cell migration. A number of research
papers describe the role of MMP-2 and MMP-9
in different malignant progression cases.?8
Therefore, we next used western blot analysis to
detect changes in the expression levels of MMP-2
and MMP-9 proteins after treatment with aspirin
or celecoxib alone or both drugs in combination.
As shown in Figure 4(d), the results show that
aspirin and celecoxib alone led to a reduction in
the levels of MMP-2 and MMP-9 proteins com-
pared with the control group (p <0.05). When the
two drugs were combined, the down-regulation of
the expression of MMP-2 and MMP-9 proteins in
A549 cells was the most significant. Collectively,
these findings indicated that the effects of aspirin
and celecoxib on the protein expression of MMP-2
and MMP-9 might account for their inhibitory
effect on NSCLC cell migration.

Celecoxib and aspirin in combination initiate cell
cycle arrest at the GO/G1 phase in NSCLC cells
Celecoxib has been reported to have the ability to
inhibit cell proliferation to execute its anti-tumor
effect.29 Therefore, we examined the effect of
aspirin, celecoxib or their combination on cell
cycle distribution. H1299 cells were treated with
celecoxib or/and aspirin for 48h. As shown in
Figure 5(a), when H1299 cells were treated with
40 uM celecoxib or 8 mM aspirin alone and com-
pared with the control group, the number of cells
in the G1 phase increased, whereas the number of
cells in the G2period decreased. Furthermore,
the number of cells in the G1 phase of the combi-
nation group was the most pronounced, and the
decrease in the number of cells in the G2 phase
was also more obvious than it was in other phases.
Therefore, celecoxib combined with aspirin
changed the H1299 cell cycle and arrested the
cells at the G1 phase.

We next examined the change in G1 phase-
related proteins by western blot analysis. The
results are shown in Figure 5(b). Compared with
the control group, no significant change in cyclin-
dependent kinase 2 (CDK2) protein expression

was observed in the cells treated with celecoxib or
aspirin alone; however, when these two drugs
were combined, the expression level of the CDK2
protein was markedly down-regulated (p<0.01).
In addition, the expression level of Cyclin D1
protein in celecoxib alone or in combination was
significantly lower than it was in the control group
(p<0.01). P21 is a potent inhibitor of CDKs,
and our data showed that the expression level of
p21 protein was up-regulated in cells receiving a
single treatment of aspirin or a combined treat-
ment. Overall, our findings suggested that
celecoxib combined with aspirin-initiated cell
cycle arrest at the GO/G1 phase via the activation
of p21 and subsequent inhibition of CDK2.

Identification of GRP78 as one of the target
proteins of aspirin in A549 cells

To further investigate the molecular mechanism by
which aspirin inhibits the growth of NSCLC cells,
we referred to the related research of Wang er al.,
who used chemical proteomics to identify the target
proteins of aspirin in HCT116 cells.?! In summary,
salicylic acid first reacted with acyl chloride to form
Asp-P1 and Asp-P2 probes. Compared with aspi-
rin, the probe has a tail with an ethynyl group, but
showed similar physiological activity to aspirin and
can simulate the acetylation of aspirin at the target
protein. Next, the aspirin probe was co-incubated
with HCT116 cells to achieve covalent labeling of
aspirin target proteins through the reactive groups
in the probe. After the labeling of the probe was
completed, biotin was added to the probe as a
reporter by using the biorthogonal reaction called
“click chemistry”. Finally, the biotin-avidin method
was used to enrich the biotin-labeled target protein
with streptavidin beads. The proteins identified by
the probe were thus the target proteins of aspirin,
and 523 protein targets were confidently obtained
after a series of experiments.?! Based on these tar-
get proteins, we used MetaCore™ software in the
current study to analyze the experimental results
previously obtained by Wang ez al. As shown in
Figure 6(a), the MetaCore™ pathway mapping
tool clustered GRP78 in close association with
aspirin with a high score, suggesting that GRP78,
which is involved in endoplasmic reticulum stress,
tumor growth and tumor drug resistance, might be
a possible target protein of aspirin in cancer cells.

To verify whether GRP78 was the target protein of
aspirin, the CDOCKER function in DS
(DISCOVERY STUDIO) software was then used
to simulate the binding of aspirin and

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

Therapeutic Advances in Medical Oncology 12

(@)

100 200 300 400 500 572

100 200 300 400 500 572

Watson

Freq G1: 60.92
FreqS:29.47
Freg G2:9.37

i s o0 s ean G 1. 2,762,151
5 Mean G2: 6,588,313 H Mean G2: 5,817,226
[} G2/G1:1.83 S G2/G1:2.09
CVG1:567% CVG1:13.13%
CVG2:6.98% CVG2:9.18%
Freq Sub-G1: 0.70 Freq Sub-G1:-0.01
i Freq Super-G2: 0.05 Freq Super-G2: 0.26
| s
| Yot
S T T T T o T y T T
4 8 12 168 4 8 12 168
PE-A (10%) PE-A (10%)
control 8mM ASA
& &
2 51 G2 0 1 G2,
g1 Watson 2 Watson
2 : 2 e
Freq G1: 72.90 Freq G1: 84.01
=R FreqS: 14.34 g Freq $:8.33
Freg G2:11.24 | Freq G2:7.31 o
% 81 Mean G2: 6048.680 £ & Mean G2: 6588313
o G2G1:1.79 S G2/G1:1.83
=3 CVG1:7.05% =5 CVG1:9.22%
s CVG2 7.53% & CVG2:6.98%
5 Freq Sub-G1: 1.19 5 Freq Sub-G1: 0.34
S 4 Freq Super-G2: 0.33 S Freq Super-G2: 0.01
o X “\m' ; : . A Ml‘\? . .
4 8 12 168 4 8 12 168
PE-A (10%) PE-A (108)
(b) 40uM CXB ASA+CXB
Celecoxib - . + +
Aspirin - + - +

CDK2 |+ g e |- 30 kDa

021 __.{ - 21 kDa

B N | - 37 kDa
Tubu|in|.-l- - 55 kDa

Cyclin D1

H1299

-

o

o
1

Cell percentage(%)
(5
£

4 sk
ok " @ control
= @ 8 mM ASA
31 @8 40 UM CXB
* ASA+CXB

Relative protein levels
N
h

-
2
L
-
H
E

RN
N
Y

Figure 5. Effect of celecoxib and aspirin on cell cycle distribution. (a) H1299 cells were treated with celecoxib
(40 uM) and/or aspirin (8mM) for 48 h. The cells were then fixed with 70% ethanol and stained with propidium
iodide. The cell cycle distribution (G0/G1, G2/M and S) was determined by flow cytometry analysis. (b)
Western blotting was also performed to detect the levels of cell cycle requlators (Cyclin D1, CDK2 and p21].
Band intensity was quantified by Image J software. The results shown are representative of three different

experiments. Data are represented as mean = SD.
*p< 0.05

**p<0.01

***p < 0.001

ASA, aspirin; CXB, celecoxib; PE-A, phycoerythrin area.

GRP78 protein. As shown in Figure 6(b), the two
molecules successfully combined with the lowest
conformational free energy. In addition, the bind-
ing site of aspirin is located at the adenosine
triphosphate (ATP)-binding site of GRP78, which
further supports the speculation that aspirin might
inhibit GRP78 protein activity by competing with
ATP for the binding site.

To further demonstrate that GRP78 protein is
indeed the target protein of aspirin in cancer cells,
we incubated the aspirin probes (Asp-P1 and

Asp-P2) with A549 cells for 12h and then extracted
the proteins. After the biotin reporter group was
added, the protein was enriched with streptavidin
beads, and the target proteins obtained were then
analyzed by western blot analysis to determine
whether the GRP78 protein was among the target
proteins bound to aspirin. As shown in Figure
6(c), the results indicated that, with the specific
GRP78 antibody, no band representing the
DMSO group control was apparent, but there was
an obvious band corresponding to the Asp-P1
group. Interestingly, the band for the Asp-P2
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Figure 6. Identification of GRP78 as one of the target proteins of aspirin. (a] GeneGO pathway enrichment
analysis of the target proteins of aspirin obtained by Jigang Wang et al.?' using MetaCore™ software. (b) The
stereoscopic conformation of the binding of GRP78 protein to aspirin was analyzed by DS software, and the
red arrow indicates the enlarged view at the binding site. The table shows 10 stereoscopic conformation of the
GRP78 protein combined with aspirin, which was analyzed by DS software, and the first one was the lowest
free energy conformation. (c] A549 cells were treated with 20 uM aspirin probes (Asp-P1 and Asp-P2) and
DMSO (negative control] for 12h. The extracted protein was incubated with 10 uM biotin-azide, 1mM Tris(2-
carboxyethyllphosphine, 100 uM Tris[(1-benzy-1H-1,2,3-triazol-4-yllmehthyllamine and 1 mM copper sulfate
for 4h. The proteins were precipitated, dried, redissolved and then incubated with streptavidin beads. After
dissolving streptavidin beads, the supernatant was taken for western blotting for GRP78 detection.

DMSQ, dimethyl sulfoxide.

group was not obvious. The possible reason may
be explained by the process of probe synthesis: the
alkyne tail of the Asp-P1 probe is shorter than that
of the Asp-P2 probe, making it easier for the for-
mer to compete for the ATP-binding site and to
bind to the GRP78 protein at this site.

Aspirin and celecoxib in combination lead to
endoplasmic reticulum (ER] stress-induced
apoptosis by targeting GRP78

To examine the specific role of GRP78 in the
aspirin-mediated anticancer effect, we next
designed a GRP78-EGFP fusion protein with a

His-tag at the C-terminus. A Ni affinity chro-
matography column was used for the purifica-
tion of this GRP78-EGFP protein. The target
protein can be eluted by using an imidazole
solution at a concentration of 50-100mM.
SDS-PAGE analysis revealed that the mobility
of the purified protein corresponded to a molec-
ular weight of approximately 72kDa, which is
consistent with the theoretical size of GRP78-
EGFP, and no other bands appeared [Figure
7(a)]. Then, anti-GRP78 antibody was used to
confirm the identity of the purified protein, and
the result is shown in Figure 7(b). Next, we
used MST to detect the binding of
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Figure 7. Aspirin and celecoxib in combination leads to ER stress-induced apoptosis by targeting GRP78.

(a) His-tagged GRP78-EGFP was purified using a Ni affinity chromatography column. Gradient elution was
performed using 50-100mM imidazole solution. The elution of the target protein was identified using SDS-
PAGE. (b] Western blotting analysis was used to confirm the purified protein with the anti-GRP78 antibody.
(c) The microscale thermophoresis (MST) was used to detect the binding of gradient diluted aspirin to a fixed
concentration of GRP78-EGFP in vitro. The results show fluorescence contrast before and after molecular
thermophoresis and MST binding curves. (d) Effect of GRP78 interference fragment on its protein level by
western blotting analysis. (e] A549 cells were transfected with GRP78 interference fragment or NC, and then
treated with celecoxib (40 uM] and/or aspirin (8 mM) for 48 h. The cell viability was assessed by CCK8 assay.
(f) Effects of aspirin and celecoxib on the expression of caspase-7 and caspase-12 proteins. A549 cells were
treated with aspirin (8 mM) and/or celecoxib (40 uM). After 48 h, cells were harvested for western blotting
analysis. The level of tubulin served as the loading control. Band intensities were calculated using software
Image J. The results shown are representative of three different experiments. Data are represented as
mean = SD.

*p < 0.05

**p<0.01

*xkp <0.001

ASA, aspirin; CXB, celecoxib; ER, endoplasmic reticulum; NC, negative control.

GRP78-EGFP to aspirin at the molecular level
in vitro. The concentration of GRP78-EGFP

fluorescence value AF,_ .., (AF,..=Fio/Feod)-
Since  GRP78-EGFP binds to aspirin and

was fixed, and a gradient dilution was performed
on non-fluorescent aspirin. MST surge is used
to compare the fluorescence value F, , (red) in a
steady state after thermophoresis with the fluo-
rescence value F_ ; (blue) before the start of
thermophoresis. The change in molecular ther-
mophoresis is indicated by the normalized

changes its own thermophoresis, a unique detec-
tion curve is produced. Different concentrations
of aspirin in different capillaries result in differ-
ent thermophoretic detection signals. The fitted
binding curve was plotted using AF,_ ., and the
value of the dissociation constant (K,) was cal-
culated as 1.6374uM, indicating that
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GRP78-EGFP has a high binding affinity for
aspirin [Figure 7(c)].

To further confirm the function of GRP78 in aspi-
rin-mediated anticancer effects, we transfected
A549 cells with NC and siGRP78 interference
fragments. The interference efficiency of siGRP78
was verified by western blot analysis. As shown in
Figure 7(d), the expression of GRP78 was signifi-
cantly down-regulated in response to siGRP78
transfection. Next, celecoxib and aspirin were
used alone or in combination to treat A549 cells
transfected with NC and siGRP78 interference
fragments for 48h, and cell viability was deter-
mined by CCK-8 assay. The results are shown in
Figure 7(e). Single-transfection of the siGRP78
interference fragment inhibited the proliferation
of A549 cells, and the cell viability decreased to
75% that of the control. Moreover, the inhibitory
effect of aspirin and celecoxib on A549 cell viabil-
ity was similar to that of siGRP78 and celecoxib in
combination, further supporting the notion that
aspirin might exert its anti-tumor effect mainly
through the GRP78 protein. Thus, we speculated
that one of the target proteins for the action of
aspirin in A549 cells is likely to be GRP78.

Recently, it was reported that ectopically expressed
GRP78 and caspase-7 and -12 could form a com-
plex, thus coupling ER stress to the cell death pro-
gram. In our present study, we observed the
evident cleavage band of caspase-7 for the aspirin-
treated group, and there was no significant cleav-
age band expression for the celecoxib-treated
group. As shown in Figure 7(f), compared with
that of either drug treatment alone, the cleavage
band of caspase-7 was more obvious in the group
of aspirin and celecoxib combined, indicating that
aspirin and celecoxib in combination can induce
caspase-7 activation. In addition, for the control
group, caspase-12 did not show a cleavage band
and the caspase-12 cleavage band was not obvious
for either single-drug group; however, the cleavage
of caspase-12 was apparent for the combination
group. These results indicated that aspirin can tar-
get GRP78 and subsequently activate caspase-7
and caspase-12 when combined with celecoxib,
thus leading to ER stress-induced apoptosis.

The combination of aspirin and celecoxib

retards the development of lung cancer
xenografts in nude mice

The anti-tumor effects of celecoxib and aspirin
were measured in a xenograft tumor model by

transplanting A549 cells into athymic nude mice.
Eight days post-implantation, the mice were ran-
domly allocated into four groups with at least eight
tumor-bearing mice per group. The tumor volume
in the tumor-bearing mice was significantly
reduced after 28days of treatment with celecoxib
and aspirin in combination compared with the vol-
ume in mice receiving either celecoxib or aspirin
monotherapy. The use of celecoxib or aspirin alone
inhibited the growth of xenograft tumors to some
extent; however, the effect was not as significant as
that of the combination therapy [Figure 8(a) and
(b)]. At the end of the experiment, tumors from
each mouse were removed and weighed. The com-
bination treatment with celecoxib and aspirin sig-
nificantly reduced tumor weight as compared with
the control, celecoxib or aspirin groups [Figure
8(¢c)]. In addition, the combination of these two
drugs significantly prolonged the TDT [Figure
8(d)], and the TGI value was also significantly
enhanced, reaching nearly 60% efficiency [Figure
8(e)]. These data further showed that the combi-
nation of the two drugs had a good tumor sup-
pressing effect. Moreover, there was no significant
change in body weight of the mice in the four
groups throughout the course of treatment [Figure
8()]. The liver and spleen of the mice in the mon-
otherapy and combination treatment groups did
not show significant swelling as compared with the
control group (data not shown).

HE staining results further revealed that the tumor
tissues of the mice treated with the combination of
celecoxib and aspirin showed more severe necrosis
than those of mice treated with celecoxib or aspirin
monotherapy [Figure 8(g)]. TUNEL assay showed
that a single treatment with celecoxib or aspirin
had a promoting effect on the apoptosis rate of
tumor tissues, but the apoptotic area affected by
the combination therapy was significantly
increased, indicating that the combination therapy
inhibited tumor growth by inducing the apoptosis
of cells invivo [Figure 8 (h)]. Immunohistochemistry
analysis showed similar results. After combination
therapy, the expression of cleaved caspase-3 in
tumor tissues was significantly up-regulated com-
pared with that in the celecoxib or aspirin mono-
therapy group, further confirming that the
apoptosis rate of cells in the tumor tissues was sig-
nificantly increased [Figure 8(i)].

Discussion
It is well known that cancer is a disease caused by
the dysregulation of multiple signaling pathways.
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Figure 8. Celecoxib and aspirin combined therapy inhibits in vivo tumor xenograft growth in a subcutaneous
tumor model. A549 cells were injected subcutaneously into the right axilla of athymic nude mice. When

the tumor volume reached about 100-150 mm?3, the mice were given an aqueous solution of aspirin daily

or intraperitoneally with celecoxib or the combination of two drugs every other day for a total of 28days.

(a) Tumor photos of mice treated differently after 28 days of treatment. (b) Tumor volumes under different
treatments were compared. (c) Tumor weight of mice treated differently after 28 days of treatment. (d)

Tumor doubling time of each group. (e) Inhibition rate of different treatments on tumors in nude mice during
treatment. (f) Body weight change during treatment. (g) Determination of tumor necrosis after combined
treatment with celecoxib and aspirin. Tumor necrosis areas are shown by HE staining and observed under light
microscope (X 100). The viable tumor cells are indicated by a black arrow. Tumor necrosis was determined

by software Image J. Two sections/mouse and four mice were prepared. (h) Determination of apoptosis after
combined treatment with celecoxib and aspirin. TUNEL assay was used to detect apoptotic cells (stained
green and indicated with white arrows) (X 100). The ratio of apoptotic cells to total cells: TUNEL positive cells
were counted from three fields of the highest density of positive-stained cells in each section to determine

the percentage of apoptotic cells. (i) Immunohistochemistry was used to detect the expression of cleaved
caspase-3 in tumor cells and observed using light microscope (X 100). Black arrows are used to indicate areas
where significant protein expression occurs. The area where the protein expression (brown spots) appeared

was calculated as a percentage of the total area using Image J. Data are represented as mean = SD.
%k < 0.0001

ASA, aspirin; CXB, celecoxib; TUNEL, TdT-mediated dUTP nick end labeling; FITC, fluorescein isothiocyanate;
DAPI, 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride.
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Treatment with a single drug usually has little
effect. Combination therapy affecting multiple
signaling pathways may be an improvement over
monotherapy.3® Therefore, we are -currently
exploring strategies for the combination of tar-
geted drugs to treat cancer.3!

It has been reported that COX-2 inhibitors pro-
mote the apoptosis of NSCLC cells and enhance
the effect of chemotherapy. In addition, the use of
COX-2 inhibitors can weaken the potential for
immune escape by NSCLC cells, enhance the
anti-tumor activity of PD-1/PD-L1-based immu-
notherapy and improve the efficacy of cancer
treatment and the prognosis of patients.32 All of
these findings provide a solid theoretical basis for
using COX-2 inhibitors combined with other
drugs to treat NSCLC. Celecoxib, a star-selective
inhibitor of COX-2, has been reported to treat
various types of cancer cells in humans and ani-
mals. Celecoxib has been reported to affect tumor
cell apoptosis, proliferation, invasion and cell
cycle through a mechanism that is dependent or
independent of COX-2.82 To date, the apoptotic
effect of celecoxib has been shown to be associ-
ated with multiple signaling pathways in the cell,
such as those of mitogen-activated protein kinase
(MAPK), NF-«B and caspases.3335 Current
studies have shown that long-term and high-dose
use of celecoxib, a drug in the COXIB family,
causes cardiovascular toxicity and increases the
risk of gastrointestinal diseases.3%3° Therefore,
due to these concerns, when celecoxib is used as
an anticancer drug, it is necessary to optimize the
scheme, and we are considering the combination
of celecoxib and other drugs to reduce the side
effects of the drug itself and kill cancer cells at the
same time.

A large number of studies show that aspirin has
special potential in the prevention of cancer, espe-
cially colon cancer,*-4* and plays a specific role in
cancer treatment.¥>47 Therefore, the legend of
aspirin for anti-tumor therapy was opened.
However, there are relatively few reports of aspirin
used against lung cancer, and the anticancer mech-
anism also remains unclear. In addition, in lung
cancer, the combination of aspirin with other anti-
cancer drugs has not been thoroughly explored.

Since both celecoxib and aspirin have anti-tumor
activity, we speculate that the combination of
these two drugs might be more effective than
monotherapy in treating tumors. In this study, we
aimed to investigate the effects of celecoxib and

aspirin alone or in combination on the prolifera-
tion, apoptosis, cell cycle and migration of
NSCLC cells, and further explored the possible
underlying mechanisms of action.

Using CCK-8, EdU, flow cytometry and TUNEL
assays and other experimental methods, we found
that celecoxib combined with aspirin inhibited
cell proliferation and induced apoptosis to a sig-
nificantly greater extent than that observed after
treatment with either drug alone. It is well known
that apoptosis is ultimately executed by caspase-3
through the modulation of multiple signaling
pathways involved in apoptosis regulation. To
further clarify the anticancer mechanism of
celecoxib and aspirin treatment, we measured the
expression levels of caspase-8, -9 and -3 to assess
their activation levels. The results showed that
celecoxib and aspirin in combination induced
apoptosis of NSCLC cells by activating caspase-8,
-9 and -3. Subsequently, activation of caspases
leads to PARP cleavage and nuclear condensa-
tion, which ultimately results in apoptosis. Pro-
apoptotic proteins (Bak, Bid and Bax) or
anti-apoptotic proteins (Bcl-2 and Bcl-xl) in the
Bcl-2 family proteins affect apoptosis by control-
ling the permeability of the mitochondrial outer
membrane in the mitochondrial apoptosis path-
way. Upregulation of the ratio of Bax:Bcl-2 results
in the release of some pro-apoptotic proteins from
mitochondria.*8 In our study, therapy of celecoxib
combined with aspirin led to apparent down-reg-
ulation of Bcl-xI and Bcl-2 expression and upreg-
ulation of Bax expression, resulting in an increased
proportion of Bax:Bcl-2. These results indicate
that celecoxib combined with aspirin induced the
apoptosis of A549 cells via a caspase-mediated
mitochondrial pathway. Therefore, we conclude
that aspirin can increase the sensitivity of A549
cells to celecoxib through the caspase-mediated
apoptosis pathway and the endogenous apoptosis
pathway.

ERK is an important component of MAPKSs and
plays an integral role in cell growth, proliferation,
apoptosis and other activities. There is increasing
evidence that changes in MAPK activity account
for the role of anti-tumor drugs in a variety of
cancer cell lines.#® Therefore, treatment with
drugs targeting the MAPK pathway is a promis-
ing NSCLC treatment strategy. In the current
study, we provide evidence that celecoxib com-
bined with aspirin inhibited ERK signaling,
which was critical for inducing apoptosis in
NSCLC cells.
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Cell proliferation is the result of a transition of the
cell cycle from a resting state to a progressing
state. Flow cytometry results in our study showed
that the combination of celecoxib and aspirin
induced A549 cell cycle arrest in the GO0/Gl
phase. The progress of cell cycle is driven by the
periodic activation and inactivation of the CDK-
cyclin complex. Changes in the activity of these
complexes affect the transition between phases,
and this transition change is determined by the
level of cyclins and the phosphorylation status of
CDK.5%51 For example, in the early G1 phase,
Cyclin D combines with CDK2 and CDK4 to
form a complex that moves the cell cycle from the
G1 to the G2 phase.52 P21 is a very important
cyclin-dependent kinase inhibitor that can arrest
cell cycle progression at the G1/S or G2/M transi-
tion by inhibiting CDK4/6-Cyclin D and CDK2-
Cyclin E, respectively, and has the ability to
inhibit cell cycle.>? In addition, previous studies
have shown that celecoxib can inhibit cell prolif-
eration and carcinogenesis, reduce the activity of
CDK proteins or induce the expression of p27
and p21, resulting in cell cycle arrest.>+55 In the
current study, we observed that celecoxib and
aspirin significantly up-regulated p21 protein
expression levels, subsequently leading to nega-
tive regulation of the G1/S transition. Both Cyclin
D1 and CDK?2 are factors that can trigger the cell
G1/S transition, and their reduction in response
to the celecoxib and aspirin combined treatment
may ultimately lead to cell cycle arrest.

There are many basic processes involved in the
occurrence and development of cancer, including
proliferation, invasion and metastasis, but all of
them are closely related to the remodeling of
extracellular matrix (ECM).5¢ ECM is the basic
barrier limiting cancer cell growth and prolifera-
tion. Tumor cells need to produce or induce pro-
teases to degrade the ECM during the process of
transferring through the natural barrier of tissue
to the distant parts of the body. MMPs constitute
a family of zinc-containing endopeptidases that
play key roles in the degradation of ECM pro-
teins.5” Under normal physiological conditions,
MMP is at a low level and is relatively less active
because of the inhibition of tissue inhibitors of
metalloproteinases.>” However, in cancer tissues,
the system for regulating the expression and activ-
ity of MMPs is dysfunctional. Many MMPs,
including MMP-9, are overexpressed and overac-
tivated, and this expression is up-regulated even
more significantly in advanced cancer.>”° In our
study, we found that the combination of celecoxib

and aspirin inhibited the migration of NSCLC
cells. Further exploration of its mechanism
revealed that the expression of MMP-2 and
MMP-9 proteins was significantly down-regu-
lated when the two drugs were used in combina-
tion. Combining the results of previous
experiments, we thus concluded that the combi-
nation of aspirin and celecoxib inhibits the ERK
signaling pathway, possibly further inhibiting its
binding to the MMP-2 and MMP-9 promoters,
making the initiation of transcription and transla-
tion impossible; thus, MMP-2 and MMP-9
expression levels are down-regulated.

Currently, little research has been conducted on
the targets of aspirin that confer the anti-tumor
effect. In this study, based on the study by Wang
et al.,>! we found that, among 523 protein targets
that have been identified for aspirin, the GRP78
protein, which is associated with endoplasmic retic-
ulum stress and tumor resistance, is likely to be one
of the target proteins of aspirin in cancer cells. We
next used molecular docking technology to demon-
strate that the GRP78 protein is indeed a target
protein for aspirin and that aspirin inhibits the
activity of the GRP78 protein by competitively
binding to the ATP-binding site, a finding consist-
ent with previous speculation. We referred to the
experimental scheme of Wang er al?! and used
aspirin probes (Asp-P1 and Asp-P2) in A549 cells
to acetylate and label the target protein. Then, bio-
tin-azide was introduced to connect biotin as a
reporter group to the probe by a “CuAAC” reac-
tion®%%1 to mark the level of the target proteins in
the proteome through the reaction group in the
reactive molecular probe. Finally, streptavidin
beads were used to enrich the proteins labeled by
the probe through high affinity binding to biotin.
After detection by a GRP78-specific antibody, we
confirmed that the GRP78 protein in A549 cells
was among the target proteins of aspirin. The MST
assay further demonstrated a strong binding affinity
for GRP78 protein with aspirin at the molecular
level. After interfering with GRP78 in A549 cells,
the inhibitory effect of celecoxib on A549 cells was
similar to that of aspirin combined with celecoxib,
indicating that aspirin might exert anti-tumor
effects mainly through the GRP78 protein. The
GRP78 protein is thus identified as the target pro-
tein for aspirin that exerts anti-tumor effects in
A549 cells. Other study found that the expression
of GRP78 was up-regulated in A549 cells treated
with celecoxib.5? In our study, we also observed
that the expression of GRP78 was slightly up-
regulated when celecoxib was used alone to induce
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Figure 9. A working model for the synergistic effects of celecoxib and aspirin on non-small cell lung cancer
(NSCLC] cells. In NSCLC cells, the combination of aspirin and celecoxib affects apoptosis through the mitochondrial
apoptotic pathway. Down-regulation of Bcl-xl and Bcl-2, while up-regulating Bax, causes an increase in the ratio

of Bax:Bcl-2 to induce the depolarization of the mitochondrial membrane with the release of cytochrome c and the
consequent activation of caspase-9 and caspase-3, resulting in apoptosis of NSCLC cells. Abnormal expression

of cell cycle regulators, such as Cyclin D1, CDK2 and p21, leads to cell cycle G1 arrest and ultimately promotes
apoptosis. At the same time, the expression of MMP-2 and MMP-9 proteins was significantly down-regulated, which
inhibited the migration and invasion of tumor cells. The ERK signaling pathway was also significantly inhibited in
response to aspirin and celecoxib in combination and cell survival thus decreased. In addition, aspirin activates
caspase-7 and caspase-12 via inhibiting the expression of GRP78 protein, further enhancing ER stress-induced
apoptosis. All of the previous may account for the synergistic effects of celecoxib and aspirin on NSCLC cells.

ERK, extracellular signal-regulated kinase; ER, endoplasmic reticulum.

apoptosis. However, when celecoxib and aspirin
were combined, the expression of GRP78 was sig-
nificantly down-regulated. Therefore, we speculate
that aspirin might inhibit the expression of GRP78
by targeting GRP78 and thus promote apoptosis of
A549 cells, a finding consistent with the results
obtained by Kim er al.,%2 in which siGRP78 was
used to decrease the expression of GRP78 and sen-
sitized A549 cells to celecoxib-induced apoptosis.
This outcome indicates that when celecoxib
induces apoptosis of cells in NSCLC, aspirin may
reduce tumor resistance by inhibiting the expres-
sion of GRP78, which would further activate the
endoplasmic reticulum stress response, the down-
stream caspase signaling pathway and the activity
of pro-apoptotic proteins in the Bcl-2 protein fam-
ily. In general, the combination of aspirin and
celecoxib causes sustained endoplasmic reticulum
stress, which can ultimately induce apoptosis
through the non-mitochondrial pathway and the

mitochondrial pathway, and GRP78 might be a key
target protein in this process.

To extend the observations made in cultured
cells, we determined the effect of combined treat-
ment with celecoxib and aspirin on the growth of
lung cancer xenografts in nude mice. Our results
show that the combined treatment had a signifi-
cant effect on the inhibition of tumor growth in
the xenograft model. The use of aspirin or
celecoxib alone inhibited tumor growth to a cer-
tain extent, but the effect was not as good as the
combination treatment. In addition, no general
signs of toxicity were observed in any groups.
After HE staining, we found that the combination
treatment increased tumor tissue necrosis.
TUNEL staining and immunohistochemistry fur-
ther demonstrated that celecoxib combined with
aspirin increased the apoptosis of tumor tissue
cells iz vivo, which indicated that the inhibition of
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tumor growth by the combined use of celecoxib
and aspirin might be caused by apoptotic cell
death. However, in addition to inducing apopto-
sis, there are probably additional mechanisms
through which combination therapy can inhibit
tumor growth; however, these mechanisms
remain to be elucidated in the future.

Conclusion

In conclusion, this study provides compelling evi-
dence that the combination of celecoxib and aspi-
rin significantly leads to suppression of NSCLC
cell proliferation, migration and invasion, arrest in
cell cycle, and induction of apoptosis, and that
these effects are more pronounced than they are
after treatment with either drug alone. Further
investigation of the mechanism of action of these
drugs revealed that the combination of celecoxib
and aspirin mainly exerts anti-tumor effects by
activating the signaling pathways involved in cas-
pase activation and cell cycle arrest in G1, and
inhibiting the ERK-MAPK signaling pathway and
the activity of MMP-9. In addition, GRP78 might
be one of the important targets of aspirin in
NSCLC cells, and the combination of aspirin and
celecoxib may thus cause sustained endoplasmic
reticulum stress, ultimately leading to the induc-
tion of apoptosis (Figure 9). Therefore, it is worth-
while to consider this combination treatment for
use in NSCLC and it warrants further evaluation
in clinical trials.
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