ONCOLOGY LETTERS 16: 4526-4536, 2018

Sequential treatment with celecoxib and bortezomib
enhances the ER stress-mediated autophagy-associated
cell death of colon cancer cells
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Abstract. Treatment with celecoxib and bortezomib as
single chemotherapeutic agents reduces the viability and
proliferation of colorectal cancer cells. The use of these
agents in combination with other chemotherapeutic agents is
usually associated with adverse effects. In the present study,
a combination of celecoxib and bortezomib was investigated
for potential synergistic effects in colon cancer cells. The
sequential exposure to celecoxib with bortezomib synergisti-
cally induced apoptotic death in human colon cancer cells
compared with groups treated with a single drug or other drug
combinations. c-Jun N-terminal kinase/p38-mitogen-activated
protein kinase-induced endoplasmic reticulum (ER) stress
through serial exposure to celecoxib and bortezomib may have
induced the intracellular Ca?* release, leading to the genera-
tion of autophagosomes in p53-expressing HCT-116 cells.
Targeted inhibition of p53 activity or ER stress or treatment
with the Ca**-chelating agent BAPTA-AM suppressed the ER
stress-mediated Ca** release and apoptosis. Although p53™"
HCT-116 cells were less sensitive to sequential treatment with
celecoxib and bortezomib, co-localization of autophagosomes
was detected in the absence of CCAAT-enhancer-binding
protein homologous protein expression. Treatment of p53™"
HCT-116 cells with BAPTA-AM did not inhibit apoptosis
following serial treatment with celecoxib and bortezomib. These
results suggest that the order of drug administration is impor-
tant in treating cancer and that the sequential treatment with
celecoxib and bortezomib enhances the ER stress-mediated
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autophagy-associated cell death of colon cancer cells, regard-
less of p53 expression.

Introduction

Celecoxib, a cyclooxygenase-2 (COX-2)-specific inhibitor,
reduces the risk of colorectal cancer, exhibiting anti-prolif-
erative and chemoprophylactic effects on this cancer (1,2).
Treatment with celecoxib induces the upregulation of endo-
plasmic reticulum (ER) chaperones, and promotes tumor cell
death in vitro and in vivo through the ER stress response (3.4).
This ER stress induces the nuclear phosphorylation and activa-
tion of p53, leading to ER stress-induced cell death in MCF-7
and HeLa cells (5). The co-treatment of p53-deficient colon
cancer cells with zerumbone and celecoxib also induces ER
stress and the transactivation of death receptor 5 (DRS) (6).
The underlying molecular mechanisms by which celecoxib
inhibits each cancer type have yet to be completely character-
ized. Therefore, it is necessary to investigate the downstream
signaling pathways induced by treatment with celecoxib for
clinical applications, and to examine whether it is more effica-
cious to treat cancer with a combination of drugs, rather than
celecoxib alone.

The proteasome inhibitor bortezomib is a promising
candidate for the treatment of hematological and solid cancer
types (7). Bortezomib induces the unfolded protein response
(UPR) to a limited extent, whereas the induction of binding
immunoglobulin protein (BiP) and CCA AT/enhancer binding
protein homologous protein (CHOP) by an ER stress-inducing
agent is attenuated following exposure to this drug (8).
Bortezomib activates downstream targets of p53, including
p21, p53-upregulated modulator of apoptosis (PUMA) and
Bcl-2-associated X (Bax); however, the induction of apop-
tosis by bortezomib is not affected by the deletion of p53
in colon cancer cells (9). Autophagy can protect cells from
apoptotic stimuli, including growth factor deprivation and
ER stress (10,11). Autophagy may also induce cell death, as
the components of the autophagic and apoptotic machinery
are interconnected and shared (12). The inhibition of cispl-
atin-induced autophagy by bortezomib has been shown to
enhance the chemotherapeutic efficacy of cisplatin in ovarian
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cancer (13). The autophagy inhibitor 3-methyladenine (3-MA)
enhances celecoxib-induced apoptosis in human colon cancer
cells (14). On the basis of these reports, the effect and under-
lying mechanism of bortezomib or celecoxib on the induction
of p53- and ER-stress-associated apoptosis in cancer cells
remain controversial. Furthermore, the role of autophagy in
cancer cells is complex and highly cell-type-dependent.

Despite the established connections between bortezomib
or celecoxib treatment with ER stress or autophagy, it has
yet to be determined whether combination treatment with
celecoxib and bortezomib can improve the efficacy of treat-
ment in colon cancer treatment by further promoting ER
stress/autophagy-associated cell death. The present study
focused on the development of novel chemotherapy combina-
tions containing celecoxib and bortezomib for the treatment of
colon cancer; it investigated whether the order of administra-
tion was critical for the induction of ER stress or stimulation
of autophagy-associated cell death in colon cancer cells. In
addition, the present study attempted to identify the role of
p53 in the ER stress-mediated autophagy signaling pathway
following the combination of celecoxib with bortezomib in
HCT-116 and p53" HCT-116 cells.

Materials and methods

Cell lines and reagents. The HCT-116, HCT-8 and HT-29
human colorectal cancer cell lines were purchased from the
American Type Culture Collection (Manassas, VA, USA).
p537 HCT-116 cells were kindly provided by Professor
Bert Vogelstein (Johns Hopkins University, Baltimore, MD,
USA). All cells were maintained in RPMI-1640 medium
(Corning Incorporated, Corning, NY, USA) supplemented
with 10% FBS (HyClone; GE Healthcare, Chicago, IL, USA),
streptomycin and glutamine at 37°C in 5% CO,. Bortezomib
was purchased from LC Laboratories (Woburn, MA, USA).
Celecoxib was obtained from Selleck Chemicals (Houston, TX,
USA). SP600125, a c-Jun N-terminal kinase (JNK) inhibitor,
SB203580, a p38-mitogen-activated protein kinase (MAPK)
inhibitor and salubrinal, an ER stress inhibiter, were purchased
from Calbiochem (Merck KGaA, Darmstadt, Germany).
BAPTA-AM and 3-MA were obtained from Sigma-Aldrich
(Merck KGaA). Pifithrin (PFT)-a was purchased from Santa
Cruz Biotechnology, Inc. (Dallas, TX, USA). To inhibit the
activation of JNK or p38-mitogen-activated protein kinase,
cells were pre-treated with SP600125 (20 xM) or SB203580
(10 uM) for 2 h at 37°C. To block endoplasmic reticulum
stress, cells were pre-incubated with salubrinal (2 uM) for 1 h
at 37°C. To inhibit the autophagic signal, cells were pre-treated
with 3-MA (10 mM) for 2 h at 37°C. To block the expression
of p53, cells were pre-exposed to PTF-a (50 uM) for 1 h at
37°C. To inhibit the effect of Ca?*, cells were pre-treated with
BAPTA-AM (2 uM) for 30 min at 37°C.

Cell viability assay with AlamarBlue and Cell Counting kit-8
(CCK-8). HCT-116, HCT-8 or HT-29 cells (2x10* cells/well)
were seeded in RPMI-1640 containing 10% FBS in 96-well
plates. Cells were pre-treated with bortezomib (20 nM) for
6 h and then treated with celecoxib (20 uM) for an additional
18 h. For comparison, cells were treated either with bort-
ezomib (100 nM) or celecoxib (80 M) alone or co-treated
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(20 nM bortezomib + 20 uM celecoxib) for 24 h. Finally, cells
pre-exposed to celecoxib (20 M) for 6 h were then treated
with bortezomib (20 nM) for 18 h.

Cell viability was measured using an AlamarBlue assay
(Serotec; Bio-Rad Laboratories, Inc., Hercules, CA, USA).
AlamarBlue was added (10% by volume) to each well, and the
relative fluorescence unit (RFU) values were determined 7 h
later using a SpectraMax M?2e Multi-Detection Microplate
Reader (excitation, 530 nm; emission, 590 nm; Molecular
Devices, LLC, Sunnyvale, CA, USA). Experiments were
performed in triplicate, and RFU values were expressed as the
mean + standard deviation (SD) of three replicates.

Cell viability was also measured using a CCK-8 assay
(Sigma-Aldrich; Merck KGaA) according to the manufac-
turer's protocol. Briefly, HCT-116, HCT-8 or HT-29 cells
(2x10* cells/well) in 96-well plates were pre-treated with
celecoxib (20 uM) for 6 h and then with bortezomib (20 nM)
for an additional 18 h. For comparison, cells were treated with
celecoxib (80 uM). At 24 h, the cells were stained with 10 ul
CCK-8 dye in 90 ul of culture medium for 2 h at 37°C. The
absorbance was measured at 450 nm.

Analysis of apoptosis by flow cytometry. HCT-116 and p53™
HCT-116 cells (1x10° cells/ml) were cultured in 6-well plates
and pre-treated with 20 nM bortezomib for 6 h and then with
20 uM celecoxib for an additional 18 h. For comparison, cells
were treated either with 100 nM bortezomib or 80 M celecoxib
alone or co-treated (20 nM bortezomib + 20 M celecoxib) for
24 h. Finally, cells were pre-exposed to 20 yM celecoxib for
6 h and then treated with 20 nM bortezomib for 18 h.

The percentages of cells undergoing apoptosis were
determined by flow cytometry using fluorescein isothio-
cyanate (FITC)-labeled annexin-V and 7-aminoactinomycin
(7-AAD) (both BD Biosciences, San Diego, CA, USA).
Cells were harvested, rinsed with PBS, and resuspended in
100 ul of 1X annexin-V binding buffer (BD Biosciences). A
total of 3 ul annexin-V-FITC and 3 ul 7-AAD were added,
and cells were incubated at room temperature for 15 min
in the dark, with gentle vortexing. The stained cells were
analyzed using a FACSCalibur flow cytometer equipped
with CellQuestpro software version 5.1 (BD Biosciences).
Dot plot graphs were produced to quantify the percentage
of viable cells (annexin-V/7-AAD), early-stage apoptotic
cells (Annexin-V*/7-AAD"), late-stage apoptotic cells
(annexin-V*/7-AAD") and necrotic cells (Annexin-V/7-AAD™).

Quantification of cytosolic and mitochondrial Ca** levels.
Cytosolic Ca** levels were determined using the fluorescent
dye Fluo3-AM (5 uM; log mode in FITC setting; Molecular
Probes; Thermo Fisher Scientific, Inc.). Mitochondrial Ca?
levels were determined using the fluorescent dye Rhod2-AM
(1 uM; Molecular Probes; Thermo Fisher Scientific, Inc.). Cells
were incubated with the fluorescent dyes for 20 min at 37°C,
washed with calcium-free Dulbecco's PBS, and analyzed by
flow cytometry. For certain experiments, cells were pretreated
with BAPTA-AM (2 uM) for 30 min.

Western blotting. Cells were washed in PBS and lysed in NP-40
buffer (Elpis Biotech, Inc., Daejeon, Korea) supplemented with
a protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA).
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Figure 1. Effect of sequential treatment with CLC and BTZ on colorectal cancer cell survival. (A) Cells were treated with BTZ or CLC alone or in combina-
tion. Cell viability was measured using an AlamarBlue assay. The levels of fluorescence are presented. n=3. "P<0.01. (B) Cells were sequentially treated with
the indicated drug combinations for 24 h. For comparison, cells were treated with 80 M CLC alone for 24 h. Cell viability was also measured using a Cell
Counting kit-8 assay. The absorbance at 450 nm is presented. n=3. “P<0.01 compared with CLC 2.5 uM followed by BTZ 20 nM. CLC, celecoxib; BTZ,
bortezomib; negative, non-treated cell; DMSO, dimethyl sulfoxide control; RFU, relative fluorescence unit.

Protein phosphorylation states were preserved through the
addition of phosphatase inhibitors (Cocktail II; Sigma-Aldrich;
Merck KGaA) to the NP-40 buffer. Protein concentrations
were determined using a BCA assay kit (Pierce; Thermo Fisher
Scientific, Inc., Waltham, MA, USA). Proteins (10 ug/lane) were
resolved through SDS-PAGE (12%) and transferred to a nitro-
cellulose membrane (EMD Millipore, Billerica, MA, USA).
Membranes were blocked with 5% skimmed milk for 1 h at
room temperature prior to western blot analysis. The following
primary antibodies were used: Caspase-3 (cat. no. 9665;
1:1,000), caspase-9 (cat. no. 9502; 1:1,000), poly (ADP-ribose)
polymerase (PARP; cat. no. 9542; 1:1,000), B-actin (cat.
no. 4967; 1:1,000), Bcl-2 (cat. no. 2870; 1:1,000), Bax (cat.
no. 2772; 1:1,000), Bcl-2 homologous antagonist/killer (Bak;
cat. no. 6947; 1:1,000), Mcl-1 (cat. no. 4572; 1:1,000), Puma
(cat. no. 4976; 1:1,000), survivin (cat. no. 2808; 1:1,000), p53
(cat. no. 2524; 1:1,000), phosphorylated (p)-extracellular-related

kinase (ERK)1/2 (Thr?*/Tyr**; cat. no. 9101; 1:1,000), ERK1/2
(Tyr®%; cat. no. 9102; 1:1,000), p-p38-MAPK (Thr'3/Tyr'®; cat
no. 9211; 1:1,000), p38-MAPK (cat. no. 9212; 1:1,000), p-JINK
(Thr'®/Tyr'®; cat.no.4671; 1:1,000),JNK (cat. no. 9258; 1:1,000),
Beclin-1 (cat. no. 3495; 1:1,000), microtubule-associated protein
1A/1B-light chain 3 (LC3)-I/II (cat. no. 4108; 1:1,000). These
antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA), and CHOP (Santa Cruz Biotechnology,
Inc.). Chemiluminescence was detected using an ECL kit
(Advansta, Inc., Menlo Park, CA, USA) and a multiple Gel DOC
system (Fujifilm, Tokyo, Japan). The membrane was probed
with primary antibodies overnight at 4°C, followed by the appli-
cation of the following secondary antibodies for 1 h at room
temperature: Horseradish peroxidase (HRP)-conjugated goat
anti-mouse IgG (cat. no. K0211589; 1:3,000) or HRP-conjugated
goat anti-rabbit IgG (cat. no. K0211708; 1:3,000; both
KOMABiIotech, Seoul, Korea).
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Figure 2. Sequential treatment with CLC and BTZ enhances apoptotic death of colon cancer cells. HCT-116 cells were treated with BTZ or CLC individually
or in combination. (A) Annexin-V/7-AAD staining was used to estimate the rate of apoptosis. The number of late-stage apoptotic cells (annexin-V*/7-AAD™)

was calculated by flow cytometry. ‘P<0.01; *

“P<0.005. Cells from each indicated condition were harvested and blotted with the indicated antibodies, including

(B) caspases (procaspase-9, active caspase-9, procaspase-3, active caspase-3 and PARP (full-length PARP, cleaved PARP), and (C) Bcl-2, Bax, PUMA and
p53. B-actin served as an internal control. (D) To inhibit the activation of JNK or p38-mitogen-activated protein kinase, cells were pre-treated with SP600125
(20 uM) or SB203580 (10 #M) for 2 h. The expression of caspase-9, caspase-3 and cleaved PARP were detected by western blotting. The results are representa-
tive of three independent experiments. CLC, celecoxib; BTZ, bortezomib; 7-AAD, 7-aminoactinomycin D; PARP, poly (ADP-ribose) polymerase; negative,
non-treated cell; DMSO, dimethyl sulfoxide control; p-, phosphorylated; JNK, c-Jun N-terminal kinase; PUMA, p53-upregulated modulator of apoptosis.

Confocal microscopy. Cells were permeabilized with
permeabilization buffer (0.1% saponin in PBS), incubated
with primary antibodies against LC3-I/II (cat. no. 4108;
1:200; Cell Signaling Technology) and lysosomal associ-
ated membrane protein 1 (LAMPI; cat. no. 4108; 1:100;
Santa Cruz Biotechnology) for 30 min at 4°C, and incubated
with FITC-conjugated goat anti-rabbit IgG (cat. no. F9887,
1:400) or PE-conjugated secondary goat anti-mouse IgG (cat.
no. P9287; 1:400) (both Sigma-Aldrich; Merck KGaA) for
20 min at 4°C. Cells were mounted using Dako fluorescent
mounting medium (Agilent Technologies, Inc., Santa Clara,
CA, USA) and observed with a confocal laser scanning
microscope at x400 magnification. Images were acquired
using Confocal Microscopy Software version 3.0 (Carl Zeiss
AG, Oberkochen, Germany).

Statistical analysis. Data are expressed as the mean + SD.
Statistical analysis was conducted using one-way analysis of
variance (ANOVA) using SigmaPlot software (version 10.0;
Systat Software, Inc., San Jose, CA, USA). Bonferroni post
hoc analysis was performed following ANOVA for multiple

comparisons. P<0.05 was considered to indicate a statistically
significant difference.

Results

Sequential treatment with celecoxib and bortezomib enhances
the apoptotic signaling pathway through the up-regulation of
p53, JNK, and p38-MAPK expression. Although sub-toxic
doses of each drug in isolation (bortezomib 20 nM; celecoxib
20 uM) slightly suppressed cell viability, the effect of the
treatment with bortezomib (20 nM) and celecoxib (20 M)
together on cell survival depended on the order in which the
drugs were applied. When colon cancer cells were treated
with celecoxib (CLC) then bortezomib (BTZ) (CLC 20 uM
then BTZ 20 nM), cell viability was significantly decreased
compared with the group treated with bortezomib and then
celecoxib (BTZ 20 nM then CLC 20 uM) (P<0.01, CLC 20 uM
then BTZ 20 nM vs. BTZ 20 nM then CLC 20 uM) (Fig. 1A).
The viability of colon cancer cells sequentially treated with
celecoxib and bortezomib also decreased in a celecoxib
dose-dependent manner. Notably, the effect of consecutive
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Figure 3. Sequential treatment with CLC and BTZ induces apoptosis in colon cancer cells through ER stress-mediated calcium translocation. HCT-116
cells were treated with BTZ or CLC alone or in combination. (A) Cells treated as indicated were blotted with antibodies against CHOP. (B) Cells treated
as indicated were blotted with a range of antibodies. $-actin served as an internal control. To inhibit endoplasmic reticulum stress, cells were pre-incubated
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block endoplasmic reticulum stress, cells were pre-incubated with Sal (2 xM) for 1 h. The results are representative of three independent experiments. CLC,
celecoxib; BTZ, bortezomib; neg, non-treated cell; CHOP, CCA AT-enhancer-binding protein homologous protein; Sal, salubrinal; DMSO, dimethyl sulfoxide

control; PARP, poly (ADP-ribose) polymerase.

treatment with celecoxib and bortezomib on cell viability
differed significantly depending on the doses of celecoxib
(P<0.01, CLC 2.5 uM then BTZ 20 nM vs. CLC 20 M then
BTZ 20 nM) (Fig. 1B).

Sequential treatment with celecoxib followed by bort-
ezomib synergistically increased the apoptotic cell death
of colon cancer cells (P<0.01, co-treatment with bort-
ezomib and celecoxib vs. celecoxib—bortezomib; P<0.005,
bortezomib—celecoxib vs. celecoxib—bortezomib; Fig. 2A),
which was associated with the activation and cleavage of
caspase-9, caspase-3 and PARP (Fig. 2B). Furthermore, colon
cancer cells treated with celecoxib followed by bortezomib
exhibited decreased Bcl-2 expression, and increased Bax,
p53 and PUMA expression, compared with any other single
or combination treatment (Fig. 2C). The expression of p-JINK
and p-p38-MAPK, which are required for the initiation of
apoptosis, was induced in the HCT-116 cells sequentially
treated with celecoxib followed by bortezomib; however,
the expression of p-ERK was downregulated (Fig. 2D).
With pre-exposure to SB203580 (a p38-MAPK inhibitor) or
SP600125 (a JNK inhibitor), the activation of MAPKs and

caspases in the colon cancer cells by treatment with celecoxib
followed by bortezomib was inhibited (Fig. 2D). These data
suggest that sequential treatment with celecoxib and bort-
ezomib enhances the synergistic induction of apoptotic death
in human colon cancer cells in a manner that depends on the
order in which the drugs are applied.

Sequential treatment with celecoxib followed by bort-
ezomib induces apoptosis in colon cancer cells through
ER stress-mediated calcium translocation. Whether treat-
ment with celecoxib followed by bortezomib stimulated ER
stress-mediated mitochondrial dysfunction, in which the
translocation of calcium from the ER induces mitochon-
dria-dependent apoptosis (15), was investigated next. The
treatment of cells with celecoxib followed by bortezomib
resulted in the increased induction of CHOP, compared with
cells co-treated with alternative drug combinations, or with
bortezomib followed by celecoxib (Fig. 3A). Pre-exposure to
salubrinal (an ER stress inhibitor) of the colon cancer cells
inhibited the expression of p53 and CHOP, and prevented the
cleavage of caspase-9, caspase-3 and PARP subsequent to
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Figure 4. Sequential treatment with CLC and BTZ provokes ER stress-mediated autophagy-associated cell death in colon cancer cells. HCT-116 cells were
treated with BTZ or CLC alone or in combination. (A-C) Total lysates of cells under each indicated condition were harvested and blotted with the indicated
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3-MA, 3-methyladenine; negative, non-treated cell; LC3-1/11, microtubule-associated protein 1A/1B-light chain 3; DMSO, dimethyl sulfoxide control; PARP,
poly (ADP-ribose) polymerase; p-, phosphorylated; INK, c-Jun N-terminal kinase; CHOP, CCA AT-enhancer-binding protein homologous protein.

treatment with celecoxib followed by bortezomib (Fig. 3B).
Treatment with celecoxib followed by bortezomib, and high
doses of celecoxib alone, increased the cytosolic and mito-
chondrial Ca** levels in colon cancer cells; pre-treatment
with salubrinal inhibited this effect (Fig. 3C and D). The
data collectively suggest that ER stress-mediated apoptosis
of colon cancer cells treated with celecoxib followed by
bortezomib is associated, at least partially, with increases in
cytosolic and mitochondrial Ca**

Treatment with celecoxib followed by bortezomib induces ER
stress-mediated autophagy-associated cell death in colon

cancer cells. Whether treatment with celecoxib followed by
bortezomib was also connected to autophagy-associated cell
death was examined. Treatment with celecoxib followed by
bortezomib induced the expression of Beclin-1 and autophago-
some-associated LC3-I/II proteins, which are associated with
autophagy-associated cell death (Fig. 4A); however, pre-treat-
ment with salubrinal decreased the expression of Beclin-1 and
LC3-I/II by treatment with celecoxib followed by bortezomib
(Fig. 4B). Although pre-exposure to the autophagy inhibitor
3-MA inhibited the autophagy-associated cell death of colon
cancer cells subsequent to treatment with celecoxib followed by
bortezomib, the expression levels of CHOP, pS3 and p-MAPKSs
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Figure 5. The expression of p53 is dispensable for the endoplasmic reticulum stress-mediated autophagy-associated cell death of colon cancer cells treated
sequentially with CLC and BTZ. HCT-116 or HCT-8 cells were pre-incubated with PTF-a (50 M) for 1 h. (A and B) Cells in each indicated condition were
harvested and blotted with the indicated antibodies. B-actin served as the internal control. (C) Cytosolic and mitochondrial Ca** levels in HCT-116 cells were
determined using Fluo3-AM and Rhod2-AM, respectively. (D) Subcellular distribution of LC3-I/II and LAMPI in HCT-116 cells. Cells were observed under
a confocal microscope (magnification, x400). Green fluorescence indicates LC3-1/11, and red fluorescence indicates LAMPI. The results are representative
of three independent experiments. CLC, celecoxib; BTZ, bortezomib; PFT-a, pifithrin-a; LC3-1/II, microtubule-associated protein 1A/1B-light chain 3;
LAMPI, lysosomal-associated membrane protein 1; DMSO, dimethyl sulfoxide control; CHOP, CCA AT-enhancer-binding protein homologous protein; p-,
phosphorylated; JNK, c-Jun N-terminal kinase; PARP, poly (ADP-ribose) polymerase.

remained upregulated (Fig. 4C). Furthermore, treatment of
the cells with 3-MA had no effect on the levels of cytosolic
or mitochondrial Ca** subsequent to treatment with celecoxib
followed by bortezomib (Fig. 4D). These data suggest that ER
stress-associated apoptotic signaling in colon cancer cells leads
to the induction of autophagy-associated cell death subsequent
to treatment with celecoxib followed by bortezomib.

P53 expression regulates ER stress-mediated autophagy-asso-
ciated cell death following treatment with celecoxib followed
by bortezomib. ER stress is associated with the induction of p53
expression (16), and the level of cytoplasmic p53 serves a critical
role in regulating ER stress-associated Ca’" homeostasis (17).
Treatment with celecoxib followed by bortezomib induced the
expression of p53 and increased cytosolic and mitochondrial
Ca levels. Next, it was investigated whether the increased
expression of p53 by treatment with celecoxib followed by bort-
ezomib was responsible for the ER stress/autophagy-associated
cell death due to the induction of apoptosis. Pre-treatment with
PFT-a, a selective p53 inhibitor, not only prevented the increases

in CHOP, Beclin-1 and LC-3I/II expression (Fig. 5A), but also
reduced the cleavage of caspase-9, caspase-3 and PARP in colon
cancer cells treated with celecoxib followed by bortezomib
(Fig. 5B). When PFT-a was applied in cells treated with cele-
coxib followed by bortezomib, intracellular and mitochondrial
levels of Ca*" were reduced (Fig. 5C), and the co-localization
of LAMPI1 and LC3-I/IT was inhibited, compared with the
cells treated with celecoxib followed by bortezomib (Fig. 5D).
These data suggest that the expression of p53 in colon cancer
cells serves a role in inducing ER stress/autophagy-associated
cell death subsequent to treatment with celecoxib followed by
bortezomib.

Treatment with celecoxib followed by bortezomib induces the
autophagy-associated cell death of colon cancer cells even
in the absence of p53 expression. Whether the treatment with
celecoxib followed by bortezomib affects ER stress-mediated
autophagy-associated cell death in p53” colon cancer cells was
then investigated. The treatment of p53” HCT-116 cells with
celecoxib followed by bortezomib induced the phosphorylation
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of p38-MAPK and JNK and the expression of activated
caspase-9 and caspase-3 (Fig. 6A). Furthermore, the induction
of Beclin-1 and LC-3I/II expression was observed in p53™"
HCT-116 cells treated with celecoxib followed by bortezomib,
although the induction of CHOP was not detected (Fig. 6B).
Notably, changes to the levels of Bcl-2, Bax and PUMA expres-
sion, which are induced by p53, were not observed (Fig. 6B).
Although no Ca®* increase was detected in the cytoplasm or
mitochondria of p537- HCT-116 cells (Fig. 6C), fusion of the
autophagosomes and the lysosomes was detected subsequent
to treatment with celecoxib followed by bortezomib (Fig. 6D).
These data suggest that treatment with celecoxib followed by
bortezomib may cause ER stress-mediated autophagy-associ-
ated cell death independent of p53 expression.

The expression of p53 regulates intracellular calcium release
from the ER to enhance autophagy-associated cell death. As
treatment with celecoxib followed by bortezomib increased
the autophagy-associated cell death of colon cancer cells
regardless of p53 expression, the role of, and association
between, intracellular Ca** and p53 expression in the ER
stress-induced autophagy-associated cell death of colon
cancer cells was investigated. The p53-expressing HCT-116
colon cancer cells were more susceptible to apoptotic cell

death than p53” HCT-116 colon cancer cells following
treatment with celecoxib followed by bortezomib (P<0.05,
pS3-expressing HCT-116 compared with p53-null HCT-116;
Fig. 7A). In addition, treatment with BAPTA-AM, a calcium
chelator, failed to inhibit apoptosis or the cleavage of caspase-3
in p537- HCT-116 cells subsequent to treatment with celecoxib
followed by bortezomib (#P<0.05, celecoxib—bortezomib in
p53-expressing HCT-116 vs. pretreatment with BAPTA-AM,
and then celecoxib—bortezomib in p53-expressing
HCT-116; ##P<0.001, pretreatment with BAPTA-AM,
and then celecoxib—bortezomib in p53-expressing
HCT-116 vs. pretreatment with BAPTA-AM, and then
celecoxib—bortezomib in p53-null HCT-116; Fig. 7B).
Exposure to BAPTA-AM not only reduced the expression of
CHOP, Beclin-1 and LC3-I/I1, but also prevented the cleavage
of caspase-3 in p53-expressing HCT-116 colon cancer cells
treated with celecoxib followed by bortezomib (Fig. 7C);
however, treatment with BAPTA-AM failed to inhibit the
activation of Beclin-1 and LC3-I/II and prevent the cleavage
of caspase-3 in p537- HCT-116 cells subsequent to treatment
with celecoxib followed by bortezomib (Fig. 7C and D). These
data suggest that p53 expression is critical for promoting
autophagy-associated cell death through the regulation of
intracellular Ca” released from the ER.



4534

CLCHWM
ETEIM

1!‘

1 e
RE_ 4§

1 W

Negative. BTEbaM CLORRM

oo
ﬁ

o

‘:‘._'E*_*‘: e

5 T
E
: P
= - 5 z
s e
&
EEEE
‘
v

Amnexin Vs T-AADS (%)

wt® g et et e
C\,t:ﬂ“

C HCT-116 HCT-116/pS3null
= Z = z
S § & 8§
PR
1131 119
gdcifgheed
50 £ 0550 & &8

(- - -

| [ R ] - "|p-"‘|(
EEmEmamm—
LA - | cwor
| e - u]mu.u
| - - -]LC.HJII

——

ONCOLOGY LETTERS 16: 4526-4536, 2018

CLCHwM BAFTA-AM
5\ Feuie | D0BO i ~ETZIM u.uru-ul nu‘!m—umuu
E
<y ¥ % |
i W W
. W 1 1
: > : ] : .1—»1 e
. K »
\ b [t M HET-106
e e » o o :!— b
X = Wy Wy e o
Anmruiey
=10 ner-e
2 |muc . .
T -
3~ g
H
i
¥
4 -
et B‘“"‘:‘_ g™ ‘,ﬁ.V"" g
-
oY .v"-“"u:
»
D - HCT-116/pS3null

= £ = =

£ £
i
$33 33%
§Esdsd g g
u;gigugg'%

|+ Procaspase-3

- Active caspase-3

=9 |+ PARF

— ——n ey
g -~ 9 |+ Cleaved PARP

|-——d-—-—--|"“".

Figure 7. The expression of p53 is critical for endoplasmic reticulum stress-mediated autophagy-associated cell death through the regulation of intracellular
calcium. HCT-116 or p53”- HCT-116 cells were treated with BTZ or CLC alone or in combination. (A and B) The percentage of apoptotic cells was estimated
by annexin-V/7-AAD staining. Data are representative of three independent experiments. The number of late-stage apoptotic cells (annexin-V*/7-AAD*) was
calculated by flow cytometry. ‘P<0.05; “P<0.05 and *P<0.001. (B-D) To block the effect of Ca**, HCT-116 or p53”- HCT-116 cells were pre-incubated with
BAPTA-AM (2 uM) for 30 min. (C and D) Total cell lysates of each condition were harvested and immunoblotted with the indicated antibodies. 3-actin served
as an internal control. The results are representative of three independent experiments. BTZ, bortezomib; CLC, celecoxib; 7-AAD, 7-aminoactinomycin D;
negative, non-treated cells; DMSO, dimethyl sulfoxide control; p-, phosphorylated; JNK, c-Jun N-terminal kinase; CHOP, CCA AT-enhancer-binding protein
homologous protein; LC3-I/11, microtubule-associated protein 1A/1B-light chain 3; PARP, poly (ADP-ribose) polymerase.

[Cetecoxin |

Colon cancer cells

Spovoras —| INK/p38 MAPK

PFTa—

Salubrinal a@@
+

BAPTA-AM —| Ca?*

s

Caspase-dependent
Apoptosis

Figure 8. Schematic diagram of the intracellular signaling pathway following
sequential treatment with celecoxib and bortezomib in human colorectal
cancer cells. The expression of p53 is required for ER stress-mediated Ca**
translocation to promote autophagy-associated cell death following the
sequential treatment with celecoxib and bortezomib. The consecutive treat-
ment of colon cancer cells with celecoxib and bortezomib also enhances
autophagy-associated cell death in p537 colon cancer cells. ER, endoplasmic
reticulum; JNK, c-Jun N-terminal kinase; p38 MAPK, p38 mitogen-activated
protein kinase; LAMPI, lysosomal-associated membrane protein 1; LC3-I/11,
microtubule-associated protein 1A/1B-light chain 3.

Discussion

Bortezomib and celecoxib or dimethyl-celecoxib (DMC) as a
novel drug combination enhance apoptotic cell death through
the upregulation of ER stress in addition to the activation of INK
in glioblastoma (18). Pre-treatment with bortezomib enhances
the rate of apoptosis induced by treatment with celecoxib
through the induction of cell cycle arrest and ER stress (19).
In the present study, the anticancer activity was enhanced by
the treatment with celecoxib followed by bortezomib; this was
associated with autophagy-associated cell death, regardless
of p53 expression. Furthermore, the expression of pS3 was
required for ER stress-mediated Ca?* translocation to promote
autophagy-associated cell death following treatment with cele-
coxib followed by bortezomib (Fig. 8).

The anticancer activity of celecoxib has been demon-
strated in various animal tumor models and may potentially
be useful for the treatment of colorectal cancer and other
tumor types (20,21). Although celecoxib toxicity in tumor
cells occurs by toxic precipitation of increased doses of the
drug (22), celecoxib also causes ER stress-induced apoptosis in
a COX-2-independent manner (14,23). However, the long-term
use of high-dose celecoxib is associated with severe gastrointes-
tinal and cardiovascular adverse effects (24). Additionally, the
combination treatment of colorectal cancer cells with celecoxib
and other chemotherapeutic agents induces autophagy-mediated
drug resistance (14). Although bortezomib exhibits a unique
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mechanism for anticancer activity, it also blocks the anticancer
effect of the ER stress-inducing agents thapsigargin and
tunicamycin (8). The induction of autophagy and the ER stress
response was demonstrated to protect MCF7 breast cancer cells
from bortezomib-induced cell death (25). On the basis of these
results, the limited effectiveness of celecoxib and bortezomib
against cancer cells has led to a search for therapeutic combina-
tion regimens with other agents.

Persistent or intense ER stress induces different effects on
normal ER function and induces cell death or apoptosis (26).
The disturbance of autophagy also renders cells vulnerable
to ER stress, and autophagy activation has been linked to
cell death through the regulation of ER stress (11,27). In
the present study, the combination of celecoxib followed by
bortezomib was the most efficient regimen for the induc-
tion of ER stress-mediated autophagy-associated cell death,
compared with the groups treated with single drugs alone
or with other co-treatment regimens. Although the inhibi-
tion of autophagy by 3-MA suppressed the generation of
autophagolysosomes, leading to autophagy-associated cell
death, 3-MA had no effect on the inhibition of CHOP and
p53 expression in colon cancer cells sequentially treated with
celecoxib and bortezomib. Exposure to celecoxib followed
by bortezomib induced the generation of autophagolyso-
somes in p53”7- HCT-116 colon cancer cells. These results
suggest that ER stress is not a critical regulation step for
stimulating autophagy-associated cell death in colon cancer
cells following the serial treatment with celecoxib and bort-
ezomib.

Intracellular Ca** released due to ER stress as a result of
various stimuli is absorbed by mitochondria. Once calcium
is taken into the mitochondria, it causes the activation of the
apoptotic pathway (28). Giorgi et al (17) demonstrated that
wild-type cytoplasmic p53 at the ER binds to Ca** pumps
to modulate Ca** homeostasis and mitochondrial function.
In the present study, sequential treatment with celecoxib and
bortezomib also promoted ER stress-mediated apoptosis
through Ca?* translocation and changes in the intracellular
and mitochondrial Ca** concentration in p53-expressing
HCT-116 cells. Calcium chelation with BAPTA-AM
decreased the expression levels of CHOP and inhibited
autophagy-associated cell death in wild-type HCT-116 colon
cancer cells. Although p53-expressing HCT-116 cells were
more sensitive to autophagy-associated cell death than p53™"
HCT-116 cells, the treatment of p537 HCT-116 cells with
celecoxib followed by bortezomib also induced apoptosis
and the expression of Beclin-1 and LC3-I/11, but not CHOP.
These results suggest that the sequential drug combination
can cause apoptosis in a pS3-independent manner, although
for full effectiveness, p53 expression is required to induce the
release of Ca** from the ER.

The overexpression of Bcl-2 inhibits Ca** transfer from
the ER to the mitochondria and prevents apoptosis (29).
Bcl-2 proteins have been shown to inhibit autophagy by
disrupting Bcl-2/Bcl-X, -Beclin-1 complexes (30); however,
it remains unclear how Bcl-2-family proteins are associated
with autophagy-associated cell death in the absence of p53
expression. In the present study, only Bcl-2 was decreased in
p3537 HCT-116 colon cells sequentially treated with celecoxib
and bortezomib. On the basis of these results, further studies
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are required to investigate how the combined treatment of cele-
coxib followed by bortezomib induces autophagy-mediated
cell death in the absence of p53 expression.

Taken together, the results of the present study provide
information about the optimal order for anticancer drug
administration and the role of calcium and p53 on ER
stress-mediated autophagy-associated cell death in colon
cancer cells subsequent to treatment with celecoxib followed
by bortezomib.
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