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Downregulation of cyclooxygenase-1 stimulates mitochondrial
apoptosis through the NF-kB signaling pathway
in colorectal cancer cells

LEI DING'", HUAN GU'?*, ZHENWEI LAN'?", QINGCHUN LEI*, WENXUE WANG'?,
JIANGFEI RUAN'?, MIN YU, JIE LIN? and QINGHUA CUI'"

1Laboratory of Biochemistry and Molecular Biology, School of Life Sciences, Yunnan University;

2Key Laboratory of Molecular Cancer Biology, Yunnan Education Department;

3Key Laboratory for Biochemistry and Molecular Biology of High Education in Yunnan Province,

Yunnan University, Kunming, Yunnan 650091; 4Depamnent of Neurosurgery,
Pu'er City People's Hospital, Pu'er, Yunnan 66500, P.R. China

Received April 3, 2018; Accepted September 27, 2018

DOI: 10.3892/0r.2018.6785

Abstract. The prognosis of patients with colorectal cancer
(CRC) remains poor owing to diagnosis typically occurring
at advanced stages of the disease. The understanding of the
molecular regulatory signatures of CRC may lead to the
identification of biomarkers for the early detection, preven-
tion and clinical intervention of CRC. Epidemiological
studies have indicated that cyclooxygenase-1 (COX-1) serves
an active function in colon carcinogenesis. However, the
molecular mechanism underlying COX-1 regulation in CRC
remains unknown. In the present study, COX-1 was identified
to be markedly upregulated in colorectal tissues of patients
with CRC, and in the CRC cell lines HCT116 and HT29. To
determine the function of COX-1 in cancer development, short
hairpin RNA knockdown of COX-1 was employed in HCT116
and HT29 CRC cells in the present study. The results demon-
strated that silencing of COX-1 depolarized the mitochondrial
membrane potential, inhibited adenosine triphosphate produc-
tion, induced the generation of intracellular reactive oxygen
species and triggered caspase-dependent mitochondrial
apoptosis. Furthermore, depletion of COX-1 suppressed
anti-apoptotic B-cell lymphoma 2 and enhanced pro-apoptotic
Bcl-2-associated X protein expression by inhibiting the p65
subunit phosphorylation of nuclear factor kB (NF-kB). Taken
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together, the results of the present study indicated that COX-1
inhibition significantly triggered cell death by destroying the
mitochondrial function that is associated with deactivation of
the NF-kB signaling pathway. These results suggest COX-1 as
a potential anticancer target in CRC.

Introduction

Cancer is one of the leading causes of mortality globally,
causing ~8 million instances of mortality and 13 million new
cases annually (1). Colorectal cancer (CRC) is the third most
common non-cutaneous malignancy, and is responsible for a
marked proportion of cancer morbidity and mortality, particu-
larly in developed countries (2). In recent years, the mortality
rate of CRC has increased rapidly in China and ranks fourth
among mortality caused by malignant tumors (3). CRC is typi-
cally diagnosed at advanced stages; surgery combined with
chemotherapy and radiotherapy is currently the most effective
approach for treatment, but the 5-year survival rate of patients
with CRC has decreased to ~8% with poor prognosis (4). Thus,
understanding the molecular mechanisms underlying CRC
development may provide insights into a novel clinical therapy
strategy.

Evidence from experimental, epidemiological and
clinical studies indicate that aspirin or non-steroidal anti-
inflammatory drugs (NSAIDs) may decrease the risk of
CRC markedly through cyclooxygenase (COX) inhibition.
Two isoforms of COX, identified as COX-1 and COX-2, have
~60% amino acid sequence homology and catalyze the same
reactions. However, they are encoded by distinct genes and
differ in their tissue distribution (5). COX-2 is overexpressed
in sporadic colorectal adenomas and carcinomas, compared
with normal mucosa (6). It has been identified that targeting
COX-2 successfully prevented CRC. That COX-2 is the only
COX isoform involved in colorectal tumorigenesis has been
challenged in a number of studies. It is widely accepted that
a low dose of aspirin (between 80 and 100 mg) decreases the
incidence and mortality of CRC primarily by targeting COX-1
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rather than COX-2 (7). Genetic knockout of COX-1 in mice
markedly decreased intestinal polyposis (8). Upregulation of
COX-1 expression protected intestinal stem cells from DNA
damage in the early phase of intestinal tumorigenesis (9). The
chemopreventive activity of 6-C-(E-phenylethenyl)-naringenin
suppresses CRC growth by inhibiting COX-1 expression (10).
Thus, these studies indicate that COX-1 serves an important
function in colorectal carcinogenesis.

Apoptosis is a highly regulated and controlled process of
programmed cell death in organism development and tissue
homeostasis to remove infected cells, and thus maintain
internal environment stability. Under pathological conditions,
normal cells may lose their ability to undergo apoptosis,
leading to uncontrolled cell growth and autoimmune diseases.
Insufficient apoptosis may also lead to uncontrolled cell prolif-
eration followed by tumorigenesis. One of the characteristics
of tumor cells is the capability to evade apoptosis regulated
by the balance of pro- and anti-apoptotic factors through
the extrinsic or mitochondrial pathway (11). A complex
interplay between mitochondrial proteins, such as the B-cell
lymphoma 2 (Bcl-2) family proteins, serve essential functions
in apoptosis. Anti-apoptotic Bcl-2 and pro-apoptotic proteins
Bcl-2-associated X protein (Bax) dimerized to control mito-
chondrial membrane permeabilization and mitochondrial
membrane potential (MMP or AW, ). The equilibrium between
Bcl-2 and Bax determines the cell's fate to undergo apoptosis
or cell survival (12). Therefore, understanding the function of
apoptosis in tumors and exploiting the targets for anticancer
drugs by controlling apoptosis in cancer cells has value in
cancer therapy.

Nuclear factor kB (NF-«B) is a major transcription factor
involved in amyriad of physiological and pathological scenarios,
including apoptosis, proliferation, invasion, and angiogen-
esis (13). In mammals, there are five homologous subunits in the
NF-«B family: RelA (p65), c-Rel, RelB, NF-«B1 (p105-p50)
and NF-xB (p100-p52). All NF-kB family members share a
conserved Rel homology domain in their N-terminus that is
required for DNA binding, homo- and heterodimerization
formation, nuclear localization and interaction with inhibitor
of NF-xB (IkB). A number of divergent stimuli activate two
NF-kB pathways: The canonical and non-canonical pathways
(otherwise referred to as the ‘classical’ and ‘non-classical’).
Under inactive conditions, NF-xB is localized in the cyto-
plasm with three heterotrimeric complexes, including p50,
p65, and IxkBa in the classical NF-kB pathway. Upon stimu-
lation, such as by cytokines, bacterial products and tumor
necrosis factor a, the signaling pathway is activated, followed
by the phosphorylation, ubiquitination and degradation of
IkBa and phosphorylation of p65. Subsequently, pl05-RelA
is processed to p50-RelA (NF-«xB), which translates into the
nucleus and binds promoters of target genes to switch on the
expression of diverse target genes involved in cell proliferation
(such as c-Myc) and anti-apoptosis (such as Bcl-2) (14). The
non-classical NF-xB pathway is activated through IxB kinase
a, and pl00-RelB is processed into p52-RelB heterodimers,
which translates into the nucleus to bind the promoter of
NF-kB-responsive elements in NF-kB target genes regulating
lymphoid organogenesis and maintaining the malignant pheno-
type in certain types of cancer (15). The activation of the two
pathways relies on the inducible phosphorylation-inhibitory
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proteins IkB (IkBs and pl100), and regulates cell survival,
death and carcinogenesis. It has been identified that COX-2
promotes angiogenesis in aggressive forms of CRC induced by
the non-classical NF-kB pathway (16), and overexpression of
COX-2 increases the expression of Bcl-2 to inhibit apoptosis,
which appears to be a key pathway in the survival of cancer
cells. To the best of our knowledge, the association between
COX-1 and NF-kB in colorectal carcinogenesis has not been
comprehensively investigated, and the underlying molecular
mechanism requires elucidation.

Thus, the aim of the present study was to investigate
the function of COX-1 in colorectal carcinogenesis using
a short hairpin RNA (shRNA) knockdown strategy in CRC
cells. The results of the present study indicated that COX-1
is required for maintaining malignant characteristics of CRC
cells. Knockdown of COX-1 suppressed cell proliferation and
survival, involved in mitochondrial dysfunction and triggered
caspase-dependent mitochondrial apoptosis by inhibiting the
p65 subunit phosphorylation of NF-kB in HCT116 and HT29
CRC cells, which indicated a potential molecular target in
developing prevention or treatment of CRC.

Materials and methods

Patients and tissue samples. All colorectal tumor samples
and matching normal tissues were from 14 patients with
CRC (9 males and 5 females; age range, 33-68 years) at the
Department of Surgery, Pu'er City People's Hospital (Pu'er,
Yunnan, China), between September 2016 and November
2017. The fresh tumor tissue specimens were excised from the
tumors, and their corresponding adjacent normal tissues were
taken =3 cm from the tumor edge. All specimens were stabi-
lized by snap-freezing immediately in cryovials, immersed in
liquid nitrogen and stored at -80°C until analysis.

Cell lines and cell culture. The human embryonic kidney
epithelial cell line 293T, the human CRC cell lines Caco2,
Colo205, SW480, HT29 and HCT116, and the normal intes-
tinal epithelial cell FHC were obtained from the Biochemistry
and Molecular Biology Laboratory of Yunnan University
(Yunnan, China). Cells were cultured in high-glucose
Dulbecco's modified Eagle's medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) supplemented with
10% (v/v) fetal bovine serum (FBS; BI Biological Industries,
Wentworthville, Australia) and 1% (v/v) antibiotics (100 mg/1
streptomycin, 100 U/ml penicillin; HyClone; GE Healthcare
Life Sciences, Logan UT, USA) in a cell incubator at 37°C with
an humidified atmosphere containing 5% CO,. Cell numbers
were determined using a cell counting chamber.

Virus packaging and cellular stable transfection with shRNAs.
A total of four shRNAs were used to target the COX-1 gene
and were cloned into pLKO.1-puro-based lentiviral vectors
(pLKO.1-puro-COX-1) synthesized by Sigma-Aldrich;
Merck KGaA (Darmstadt, Germany). The COX-1 target
sequences are listed in Table I. The vector pLKO.1-puro
(pLKO.1-puro) was used as a negative control (mock).
Lentiviruses were created in 293T cells by transfection of pack-
aging plasmid and envelope plasmid with X-tremeGENE™ HP
DNA transfection reagent (Roche Diagnostics, Indianapolis,
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shRNA Clone accession number Sequence (5'-3")

shCOX-1-1 NM_000962.2-1266s1cl CCGGCATGGAGTTCAACCATCTCTACTCGAGTAGAGATGGTTGAACT
CCATGTTTTTG

shCOX-1-2 NM_000962.2-822s1cl CCGGCGGCCACATTTATGGAGACAACTCGAGTTGTCTCCATAAATGT
GGCCGTTTTTG

shCOX-1-3 NM_000962.2-225s1cl CCGGGCCAGTGAATCCCTGTTGTTACTCGAGTAACAACAGGGATTCA
CTGGCTTTTTG

shCOX-1-4 NM_000962.2-564s1cl CCGGCGTGAGCTATTACACTCGTATCTCGAGATACGAGTGTAATAGC

TCACGTTTTTG

shRNA, short hairpin RNA; COX-1, cyclooxygenase 1.

IN, USA), according to the manufacturer's protocol. Virus-
containing supernatants were harvested at 24 and 48 h, respec-
tively, post-transfection and passed through a 0.45 ym filter
(Sigma-Aldrich; Merck KGaA) and used immediately or stored
at -80°C for future use. HCT116 and HT29 cells were infected
twice with lentiviruses within 48 h, and the stable silenced
cells were selected using puromycin (Thermo Fisher Scientific,
Inc.) at a final concentration of 6 yg/ml. The protein expression
level of COX-1 was determined using western blot analysis.

Western blot analysis. Cells or tissues were washed twice with
ice-cold PBS and incubated on ice for 30 min in radioimmuno-
precipitation buffer (50 mM Tris/HCI, pH 7.4, 150 mM NaCl,
0.5% sodium deoxycholate, 0.1% SDS, 1% NP-40, 2 mM
sodium EDTA; Beyotime Institute of Biotechnology, Haimen,
China), supplemented with Complete™ protease inhibitor
cocktail (Roche Diagnostics). The protein concentration
was determined using a Bradford protein assay kit (Beijing
Dingguo Changsheng Biotechnology Co., Ltd., Beijing,
China). Equal amounts (20 pg) of protein samples were sepa-
rated by SDS-PAGE (12.5% gel) using a standard protocol,
and then transferred onto 0.22 pm Immun-Blot® polyvinyli-
dene difluoride membranes (Merck KGaA) with wet transfer
electrophoresis (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). The membranes was blocked using 10% (w/v) non-fat
milk in PBS containing 1% (w/v) Tween-20 (pH 7.4) at room
temperature for 1 h. Membranes were incubated with specific
primary antibodies overnight on a rocker at 4°C. Following
washing with PBS containing 1% Tween-20, the membranes
were incubated again for 2 h at room temperature with corre-
sponding secondary antibodies. All primary antibodies were
used at the dilutions specified by the manufacturers' protocols
and secondary antibodies were used at 1:2,000 dilutions.
The protein-antibody complexes were visualized using an
Enhanced Chemiluminescence detection kit (Thermo Fisher
Scientific, Inc.) with a chemiluminescence instrument (Tanon
Science and Technology Co., Ltd., Shanghai, China). Each
immunoblot depicted is representative of at least three similar
independent experiments. The protein expression of each band
was quantified by densitometric analysis using ImageJ soft-
ware (version 1.52a; National Institutes of Health, Bethesda,
MD, USA).

Antibodies. The primary antibodies for the detection of COX-1
(69kDa;cat.no.C0159)and COX-2 (72kDa;cat.no.C0160) were
purchased from Anbo Biotechnology Co., Ltd. (San Francisco,
CA, USA). Anti-phospho-IkBa (36 kDa; cat. no. ab133462),
anti-Bax (20 kDa; cat. no. ab32503), anti-voltage-dependent
anion channel 2 (32 kDa; cat. no. ab47104) and anti-cleaved
caspase-3 (17 kDa; cat. no. ab2302) were purchased from
Abcam (Cambridge, UK). Anti-phospho-p65 (65 kDa;
cat. no. 3033) and anti-c-Myc (63 kDa; cat. no. 5605) were
purchased from Cell Signaling Technology (Danvers, MA,
USA). Anti-Bcl-2 (26 kDa; cat. no. 551097) and anti-cyclin D,
(36 kDa; cat. no. 554180) were purchased from BD Biosciences
(San Jose, CA, USA). Other primary antibodies against IkBa
(34 kDa; cat. no. AF1282), p65 (65 kDa; cat. no. AF1234),
cytochrome ¢ (15 kDa; cat. no. AC908), caspase-9 (47 kDa;
cat. no. AC062), cleaved caspase-9 (37 kDa; cat. no. AC062),
caspase-3 (35 kDa; cat. no. AC030), poly(ADP-ribose) poly-
merase (PARP; 116 kDa; cat. no. AF1657), cleaved PARP
(89 kDa; cat. no. AF1567), cyclin E, (47 kDa; cat. no. AF2494)
and GAPDH (36 kDa; cat. no. AF0006) were purchased from
Beyotime Institute of Biotechnology. The secondary anti-
bodies used were horseradish peroxidase (HRP)-labeled goat
anti-rabbit immunoglobulin G (IgG) [heavy and light chains
(H+L)] (cat. no. A0208) or HRP-labeled goat anti-mouse
IgG (H4L) (cat. no. A0216) (both Beyotime Institute of
Biotechnology).

Analysis of apoptotic cells using Annexin Vipropidium iodide
(PI) dual staining. The analysis of apoptosis-mediated cell
death of tumor cells was performed using a double-staining
method with a fluorescein isothiocyanate (FITC)-labeled
Annexin V and PI Apoptosis Detection kit (Beyotime Institute
of Biotechnology), according to the manufacturer's protocol.
Briefly, cell pellets were resuspended in 400 ul binding buffer
[10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid/NaOH, 140 mM NaCl and 2.5 mM CaCl, at pH 7.4] at
room temperature for 5 min, stained with FITC-conjugated
Annexin V and PI, and incubated at 4°C for 20 min in the
dark. Fluorescence intensities were analyzed using an epifluo-
rescence microscope at a magnification of x20 (Leica DMIS;
Leica Microsystems GmbH, Wetzlar, Germany). The
Annexin V-positive/PI-negative cells were recognized as


https://www.spandidos-publications.com/10.3892/or.2018.6785

562

early apoptotic cells, the Annexin V-positive/PI-positive
cells were recognized as late apoptotic cells and the
Annexin V-negative/PI-negative cells were recognized as
viable cells. Three independent experiments were performed
with three replicates per experiment.

Cell cycle analysis by flow cytometry. The distribution of
various phases of the cell cycle (G,/G,, S and G,/M) was deter-
mined by quantification of the DNA content of cells stained
with PI solution (containing 50 xg/ml PI, 0.2% Triton X-100
and 100 pg/ml RNase A). Briefly, cells were harvested and
fixed with ice-cold 70% ethanol for 30 min at 4°C, then
incubated with PI solution at 37°C for 45 min. The cell cycle
profiles were analyzed by flow cytometry (BD Biosciences).

Cell viability. The cell viability was measured by the CellTiter
96® AQueous One Solution Cell Proliferation assay kit
(Promega Corporation, Madison, WI, USA), according to the
manufacturer's protocol, for various durations (0, 24, 48, 96
and 144 h). In brief, 40 ul MTT solution was added to each
well (containing 800 cells), followed by incubation at 37°C
for 4 h. The optical density was determined at a wavelength
of 490 nm using a microplate reader (Bio-Rad Laboratories,
Inc.). Experiments were performed in triplicate.

Determination of adenosine triphosphate (ATP). The produc-
tion of ATP was determined using a luciferin/luciferase assay
with an ATP assay kit (Beyotime Institute of Biotechnology),
according to the manufacturer's protocol. Briefly, the cells were
collected and permeabilized prior to the addition of ATP lysis
buffer, and incubated on ice for 30 min to complete lysis. The
cell lysates were centrifuged at 12,000 x g for 10 min at 4°C,
and luminescence was measured using a Pi-102 fluorescence
luminometer (Hygiena, Camarillo, CA, USA) immediately
following mixing. The content of the cellular ATP level was
calculated using the ATP standard curve. ATP content was
normalized to protein concentration.

MMP assay. Breakdown of the MMP was monitored using a
JC-1 Mitochondrial Membrane Potential assay kit (Beyotime
Institute of Biotechnology). The cells were incubated with
freshly prepared JC-1 solution (10 mg/ml in culture medium)
for 20 min at 37°C under 5% CO, in the dark, and fluorescence
was quantified by flow cytometry (BD Biosciences). In healthy
mitochondria with normal MMP, JC-1 forms aggregates that
emit red fluorescence (excitation/emission, 490/530 nm).
However, in the apoptotic and necrotic cells with the loss of
MMP, JC-1 does not aggregate and remains in the monomeric
form that emits green fluorescence. Therefore, the increase in
green florescence was due to the loss of MMP.

Detection of intracellular ROS levels. The Reactive Oxygen
Species assay kit (Beyotime Institute of Biotechnology) was
used to determine the accumulation of intracellular ROS,
according to the manufacturer's protocol. Briefly, cells were
loaded with 10 gm 2',7'-dichlorodihydrofluorescein diacetate
at 37°C for 30 min in the dark, followed by three washes in
PBS, and were resuspended in 300 xl PBS and filtered. The
fluorescence intensity of the resulting 2'7'-dichlorofluorescein
was determined using flow cytometry (BD Biosciences).

DING et al: CYCLOOXYGENASE-1 IN COLORECTAL CANCER CELLS

Pyrrolidinedithiocarbamate (PDTC) assay. To validate the
association between NF-kB and COX-1, the specific inhibitor
of NF-xB, PDTC, was dissolved in PBS. Cells (1.5x10°) were
incubated with 50 or 100 uM PDTC for 48 h, and the protein
expression of IkBa, phospho-IkBa, total p65, phospho-p65
and COX-1 was determined by western blot analysis.

Co-immunoprecipitation (co-IP) assay. The co-IP assay
was performed using Protein A+G-agarose beads (Beyotime
Institute of Biotechnology), according to the manufacturer's
protocol. Briefly, HCT116 or HT29 cells were collected and
incubated on ice for 30 min in 300 pl native lysis buffer and
centrifuged at 12,000 x g for 15 min at 4°C. A 40 ul volume
of supernatant was used as input and the remainder of the
supernatant was precleared by mixing with 1 yg normal IgG
and 30 ul Protein A+G-agarose beads at 4°C for 4 h. The beads
were pelleted and the supernatant was retained for co-IP by
incubation with 3 pg anti-COX-1 antibody (1.5 mg/ml;
cat. no. ab695; Abcam) at 4°C overnight, or with 3 ug IgG
(1 mg/ml; cat. no. A7028; Beyotime Institute of Biotechnology)
as the negative control. Then, Protein A+G-agarose beads
were added to above mixture for 4 h at 4°C. The beads were
collected and washed with ice-cold PBS five times, and boiled
at 95°C for 5 min in 60 pl 1X loading buffer. Western blotting
was performed to detect p65, phospho-p65 and COX-1.

Statistical analysis. Results are presented as the mean + stan-
dard error of the mean obtained from at least three independent
experiments. Statistical significance was determined by
one-way analysis of variance with Dunnett's analysis using
SPSS software (version 19.0; IBM Corp., Armonk, NY, USA).
P<0.05 was considered to indicate a statistically significant
difference.

Results

COX-1 is required for maintaining CRC malignant charac-
teristics. To investigate whether human COX-1 is associated
with the tumorigenic properties of CRC, the expression of
COX-1 in colorectal tumor samples and matching normal
tissues was investigated. The results indicated that COX-1
was more markedly expressed in CRC tissues compared
with in normal tissues (Fig. 1A). COX-1 expression was
determined to be significantly increased in the 14 colorectal
tumor tissues (Fig. 1B). Next, the expression of COX-1 in five
CRC cell lines (Caco2, Colo205, SW480, HT29 and HCT116)
and a normal intestinal epithelial cell FHC was investigated.
Consistent with the results in tissues, the CRC cells expressed
increased COX-1 levels compared with FHC cells (Fig. 1C),
particularly in HT29 and HCT116 cells, which were there-
fore selected for shRNA interference for subsequent assays.
Together, these results indicate that COX-1 serves an important
function in maintaining the malignant characteristics in CRC.

COX-1 knockdown suppresses proliferation of HCTI116 and
HT29 CRC cells. To investigate whether the decreased expres-
sion of COX-1 affects the development of CRC tumors, COX-1
was depleted in HCT116 and HT29 CRC cells using four
specific sShRNAs (termed shCOX-1-1, shCOX-1-2, shCOX-1-3
and shCOX-1-4, respectively) and negative control (plasmid
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Figure 1. COX-1 is required for maintaining colorectal cancer malignant characteristics. (A) Western bolt analysis of COX-1 expression in human CRC
tissues and their corresponding adjacent normal tissue. (B) COX-1 expression in human colorectal tumor tissues and adjacent normal control tissues from
14 patients with CRC. "P<0.05. (C) Expression of COX-1 in four CRC cell lines and the normal intestinal epithelial cell FHC determined by western blotting.
(D) Expression of COX-1 and COX-2 in COX-1-knockdown HCT116 and HT29 CRC cells determined by western blotting. (E) MTT assay of cell proliferation.
“P<0.05, “P<0.01, ““P<0.001 vs. mock. COX-1, cyclooxygenase 1; CRC, colorectal cancer; OD, optical density; sh, short hairpin RNA.

without COX-1 shRNA, termed mock) to establish the stable
shCOX-1-knockdown HCT116 and HT29 cell lines with
lentivirus particles. It was identified that COX-1 was markedly
downregulated by shCOX-1-1 and shCOX-1-4 as determined
by western blotting in HCT116 and HT29 cells. However,
the expression of COX-2 protein was unchanged (Fig. 1D). It
confirmed that the shRNAs specifically targeted the COX-1
in HCT116 and HT29 CRC cells. It was investigated whether
COX-1 inhibition was able to decrease the viability of HCT116
and HT29 CRC cells. An MTT assay was used to quantify
cell proliferation at 0, 24, 48, 96 and 144 h after sARNA
knockdown. The results indicated that COX-1 downregulation
significantly inhibited the cell proliferation in the two cell
lines (Fig. 1E). These observations indicated that COX-1 is
required for the proliferation of HCT116 and HT29 CRC cells.

COX-1 downregulation depolarizes MMP, eliminates ATP
production and increases intracellular ROS. The significant
decrease in cell proliferation raised the hypothesis that deple-
tion of COX-1 alters mitochondrial function in CRC cells, as

mitochondria provide energy to support the cell proliferation.
It was identified that the generation of ATP was significantly
inhibited in HCT116 and HT29 CRC cells treated with
shCOX-1-1 and shCOX-1-4 compared with the mock (Fig. 2A).
In addition, ROS production was significantly induced in
COX-1-knockdown cells (Fig. 2B and C). Mitochondrial
membrane integrity by MMP was investigated using the
cationic mitochondrial dye JC-1; the COX-1-knockdown
CRC cells exhibited depolarization of mitochondria and loss
of MMP (Fig. 2D). These results suggested that depletion of
COX-1 led to mitochondrial dysfunction in CRC cells.

COX-1 downregulation halts cells in G,/G, phase and trig-
gers apoptosis. A significant accumulation in G,/G, phase
and a reciprocal decrease in S phase were observed in
shCOX-1-treated HCT116 and HT29 CRC cells, compared
with the control. In addition, markedly decreased expres-
sion of cyclin E, in the COX-1-knockdown HCT116 and
HT29 cells was observed (Fig. 3A and B). These results
indicated that the inhibitory effect of COX-1 knockdown
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Figure 3. Depletion of COX-1 induces cell cycle arrest and triggers apoptosis in HCT116 and HT29 CRC cells. Downregulation of COX-1 induced G,/G, arrest
in (A) HCT116 and (B) HT29 CRC cells, as determined by flow cytometry, and expression of cell cycle-associated proteins cyclin D, and cyclin E, as deter-
mined by western blotting. Apoptosis assay of (C) HCT116 and (D) HT29 CRC cells with fluorescein isothiocyanate-Annexin V/propidium iodide double
staining visualized under a fluorescence microscope. Representative fluorescence images analysis are presented. "P<0.05, “P<0.01, ““P<0.001. Original
magnification, x20. COX-1, cyclooxygenase 1; CRC, colorectal cancer; sh, short hairpin RNA; EA, early apoptosis; LA, late apoptosis.
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Figure 4. Downregulation of COX-1 induces apoptotic cell death via the intrinsic mitochondrial and caspase-dependent pathway. Cells were harvested and
lysed for determination of the expression of apoptosis-associated proteins Bcl-2, Bax, procasapse-9, cleaved caspase-9, procasapse-3, cleaved caspase-3,
pro-PARP, cleaved PARP in (A) HCT116 and (B) HT29 CRC cells, and cytosolic cytochrome ¢ and mitochondrial cytochrome ¢ in (C) HCT116 and (D) HT29
CRC cells, by western blotting. GAPDH was used as a loading control for cytosolic proteins and VDAC2 was used as a loading control for mitochondrial
proteins. COX-1, cyclooxygenase 1; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; PARP, poly(ADP-ribose) polymerase; CRC, colorectal cancer;
VDAC?2, voltage-dependent anion channel 2; sh, short hairpin RNA; cyto c, cytochrome c.

on cell proliferation was partially due to G,/G, phase arrest
caused by the decreased expression of cyclin E,. Induction
of apoptosis in COX-1-downregulated cells was investigated
using Annexin V/PI dual staining using an epifluorescence
microscope; the early apoptotic cells (green color) and the
late apoptotic cells (green and red color) were increased in
shCOX-1-treated HCT116 and HT?29 cells (Fig. 3C and D).
Collectively, these results indicated that cell cycle and apop-
tosis were involved in the proliferation mediated by shCOX-1
depletion in HCT116 and HT?29 cells.

COX-1 downregulation activates caspase-dependent mito-
chondrial apoptosis. The aforementioned results indicated that
the apoptosis triggered by downregulation of COX-1 serves an

important function in HCT116 and HT29 CRC cell prolifera-
tion. Thus, the apoptotic pathway involved in COX-1-regulated
cell death was investigated, focusing on initiator pro-caspase-9
and effector pro-caspase-3, as well as their substrate PARP.
The western blot results indicated that depletion of COX-1
in HCT116 and HT29 cells promoted the accumulation of
cleaved executioner caspases-9 and -3, and PARP fragment,
and decreased the precursor proteins pro-caspase-9 and -3, and
full-length PARP (Fig. 4A and B). It suggested that a marked
proportion of the precursors were cleaved to execute the apop-
totic process following stimulation by COX-1 knockdown. In
addition, it was revealed that the expression of anti-apoptotic
Bcl-2 was markedly downregulated and a marked increase
in pro-apoptotic Bax was observed upon COX-1 depletion
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Figure 5. Depletion of COX-1 suppresses the activation of the NF-kB signaling pathway. (A) Immunoblot analysis of NF-kB signaling pathway-associated
genes in COX-1-knockdown HCT116 and HT29 CRC cells. (B) HCT116 and HT29 CRC cells were treated with PDTC, a p65 (NF-kB)-specific inhibitor.
(C) Schematic diagram indicating potential molecular mechanisms by which knockdown of COX-1 induces apoptosis in HCT116 and HT29 CRC cells. COX-1,
cyclooxygenase 1; NF-«xB, nuclear factor kB; PDTC, pyrrolidinedithiocarbamate; IxkBa, inhibitor of NF-kB «; p-, phospho-; sh, short hairpin RNA; Cyto c,
cytochrome c¢; ROS, reactive oxygen species; ATP, adenosine triphosphate; MMP, mitochondrial membrane potential; Bcl-2, B-cell lymphoma 2; PARP,

poly(ADP-ribose) polymerase.

which usually regulated the intrinsic apoptosis through the
mitochondrial pathway (Fig. 4A and B). Thus, the Bax/Bcl-2
ratio was increased, indicating that mitochondrial apoptosis
was induced upon COX-1 depletion. Bcl-2 antagonizes the
dimerization of Bax to prevent the loss of MMP and block
the release of cytochrome ¢ from the mitochondria to the
cytosol. The release of cytochrome c initiates the caspase
cascade cleavage as a hallmark of the mitochondrial apop-
totic pathway. Consistent with this, an increase in cytosolic
cytochrome ¢ and a decrease in mitochondria cytochrome ¢
were observed (Fig. 4C and D). Taken together, the results
revealed that depletion of COX-1 in HCT116 and HT29 cells
led to mitochondrial dysfunction with the depolarized MMP,
less ATP and excessive ROS stress. At the molecular level,
the Bax/Bcl-2 ratio was increased, the release of cytochrome ¢
was initiated and the caspase cascade was activated, which
ultimately resulted in apoptotic cell death.

Depletion of COX-1 in CRC cells induces apoptosis via
the NF-kB signaling pathway. Considering that the NF-kB
signaling pathway is involved in a variety of cellular processes
including apoptosis, proliferation, cell survival and invasion,
combined with the fact that the anti-apoptotic gene Bcl-2
is the downstream target of the NF-kB signaling pathway,
we hypothesized that the effects of COX-1 knockdown on
cell proliferation may be associated with the activation of
the NF-«xB signaling pathway. It is well-known that the p65
subunit of NF-xB is phosphorylated and translocates to
nucleus when the NF-«B signaling pathway was activated. In
the present study, the phosphorylation of the p65 subunit was
suppressed in shCOX-1-transfected HCT116 and HT29 CRC
cells compared with the control, whereas the total p65 level
was stable following COX-1 depletion (Fig. 5A). By contrast,
the expression of the oncogene c-Myc (Fig. 5A) and Bcl-2 were
downregulated (Fig. 4A and B) in COX-1-knockdown cells
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compared with the control. These results indicated that COX-1
downregulation induced apoptosis and decreased cell prolif-
eration, in part, via inhibiting the phosphorylation of the p65
subunit of NF-xB. Furthermore, a specific inhibitor of NF-«xB,
PDTC, was used to validate the association between NF-xB and
COX-1. It was identified that the phosphorylated IxBa subunit,
total p65 and phosphorylated p65 were markedly inhibited by
PDTC; however, the expression of total IkBa was not altered
with 48 h of treatment with either 50 or 100 uM PDTC. The
expression of COX-1 was also markedly decreased following
PDTC treatment (Fig. 5B). These results suggested that knock-
down of COX-1 suppressed the phosphorylation of p65 subunit
of NF-«B, which in turn downregulated the downstream Bcl-2
and c-Myc. However, the results of the co-immunoprecipitation
assay indicated that there was no direct interaction between
COX-1 and the phospho-p65/p65 subunit of NF-kB (data not
shown). We therefore hypothesized that there are intermediate
signaling proteins between COX-1 and NF-«B.

Discussion

The incidence of CRC has increased as a result of the change
in diets and lifestyles in society. Surgery combined with
chemotherapy and radiotherapy is a useful treatment for
advanced-stage (III and IV) CRC. However, chemoresistance
is the major obstacle hindering effective therapy of patients
with advanced CRC, with poor survival of patients and
frequent relapse. Therefore, searching for highly effective
antitumor targets and novel therapeutic anticancer agents is an
urgent requirement. COX-2 has been intensively investigated
as an essential factor involved in the development of various
types of cancer; however, COX-1 has emerged as exhibiting an
important function in tumor progression, particularly in colon
carcinogenesis. Wu et al (17) indicted that treatment of colon
cancer cells with a COX-1 inhibitor decreased cell prolifera-
tion, and induced alterations in morphological and biochemical
characteristics associated with cell cycle arrest and macroau-
tophagy. Li er al (10) identified that COX-1 is required for the
maintenance of malignant characteristics of colon cancer cells
or tumor promoter-induced transformation of pre-neoplastic
cells, and the specific COX-1 inhibitor as a potential preventive
agent against CRC. Chulada et al (8) observed that knockout
of COX-1 markedly decreased the incidence of polyposis in
Min mice to suppress colorectal carcinogenesis. Clinical
studies indicated that inhibiting COX-1 and COX-2 with
conventional NSAIDs to decrease the number of intestinal
polyps in patients with familial adenomatous polyposis is
more effective than with COX-2-selective inhibitors only (18).
However, the precise molecular mechanism underlying COX-1
regulation in CRC remains to be determined. The results of
the present study indicated that COX-1 is upregulated in CRC
clinical tissues and cell lines, which indicated COX-1 may be
required for maintaining malignant characteristics of CRC
cells. To investigate this hypothesis, a DNA vector-based
COX-1-specific shRNA approach was used to knock down
COX-1 to determine the biological consequences in HCT116
and HT29 CRC cells. An MTT assay was used to determine
the inhibition of proliferation in COX-1-knockdown CRC
cells, and flow cytometric analysis revealed G,/G, arrest,
which indicated COX-1-mediated cell proliferation in CRC.
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Mitochondrial metabolism was identified to participate in
various biological processes. Mitochondrial DNA has been
used as a promising strategy for cancer therapy and a number
of physical and chemical stimuli causing mitochondrial
dysfunction have been reported (19). In healthy cells, the inner
mitochondrial membrane is nearly impermeable to all ions,
which contribute to the robust formation of an electrochemical
gradient resulting in the MMP required for ATP synthesis.
However, the long-lasting opening of the mitochondrial
permeability transition pore will lead to permanent MMP
dissipation and cell death (20). In the present study, it was
demonstrated that depletion of COX-1 depolarized the MMP,
increased the accumulation of ROS and diminished ATP.
ROS typically promote mitochondrial dysfunction and serve
an upstream function in the inhibition of proliferation and
mitochondria-mediated apoptosis (21). Accumulation of intra-
cellular ROS altered the mitochondrial membrane integrity
and depolarized MMP, which caused mitochondrial swelling
and increased permeability of the mitochondrial membrane,
led to cytochrome c leaks from the perforated mitochondria
and induced mitochondrial intrinsic apoptosis (also called
the mitochondria-mediated pathway of apoptosis). The
leaked cytochrome ¢ leads to formation of an apoptosome
which activates pro-caspase-9 and initiates the chain reac-
tion of the classical caspase cascade, defined as caspase
dependent-apoptosis (22). COX-1 knockdown in the present
study induced caspase-dependent apoptosis with upregulation
of cytosolic cytochrome c, caspase-9 and -3 activation, and
PARP cleavage, along with downregulation of mitochondria
cytochrome ¢, which indicated that cytochrome c leaks from
the mitochondria to the cytosol. In addition, Bcl-2 family
members are key factors in mitochondrial function, cell cycle
and apoptosis (23,24). In the present study, it was also revealed
that downregulation of COX-1 in CRC cells significantly
decreased anti-apoptotic Bcl-2 expression and increased
pro-apoptotic Bax expression, with deleterious mitochondrial
function. It is generally accepted that the imbalance between
the expression of Bcl-2 and Bax proteins leads to permeabi-
lization of the mitochondrial outer membrane, followed by
release of cytochrome ¢ and subsequent cell death (25). These
alterations indicated that COX-1 induced mitochondrial apop-
tosis by mediating Bcl-2 family members in CRC cells. Taken
together, the results of the present study shed new light on the
association between COX-1 and cell death in CRC.

In CRC, NF-«kB was constitutively activated; aberrant
NF-kB activation is involved in enhanced proliferation
(regulating c-Myc), evasion of apoptosis (regulating Bcl-2 and
Bax), invasion (regulating vascular endothelial growth factor)
and angiogenesis (regulating cytokines and chemokines) by
regulating the expression of diverse target genes (14). It is
suggested that a series of pharmacological NF-kB inhibitors
may be potential anticancer agents in cancer therapy (26).
Communication between COX-2 and upstream NF-xB has
been suggested previously, with results indicating that COX-2
is increased in CRC to promote angiogenesis induced by
NF-xB (16). The interaction between COX-2 and NF-kB occurs
directly; the COX-2 promoter contains a consensus binding
sequence (-223/-214, GGGACTACCC) for NF-«xB (27). COX-2
is one of the target genes for non-classical NF-kB pathway
that primarily targets p52-RelB dimers translocated into the


https://www.spandidos-publications.com/10.3892/or.2018.6785

568

nucleus and activated the target genes for regulating lymphoid
organogenesis and maintaining the malignant phenotype
in certain types of cancer (14). However, COX-1 lacks the
corresponding promoter elements for NF-kB (28). In the
present study, the specific inhibition of COX-1 by shRNA
led to downregulation of phosphorylation of the p65 subunit
of NF-«kB. Furthermore, phosphorylation of p65, as well as
COX-1, was markedly inhibited by the NF-xB inhibitor PDTC.
These results indicated that COX-1 activated NF-«B through
phosphorylation of its subunit p65, and could also respond to
NF-«B signaling as a feedback loop. However, co-immuno-
precipitation assays were performed, and the results indicated
that there was no direct interaction between COX-1 and the
phospho-p65/p65 subunit of NF-kB. We therefore hypoth-
esized that certain intermediate signaling proteins must exist
between COX-1 and NF-kB. A previous study indicated that
epidermal growth factor (EGF) receptor (EGFR) signaling
pathways were partial inhibitors in EGF-induced neoplastic
transformation by downregulation of COX-1 in CRC (10).
In addition, constitutive EGFR signaling activates NF-xB
through the IxBa phosphorylation on Ser’*’/Ser*®, thereby
affecting the translocation of p65 subunit signal to the nucleus
in prostate cancer cells (29). Therefore, we hypothesized that
the EGFR/NF-«B signaling pathway may be the intermediate
signaling pathway between COX-1 and NF-kB; however, this
requires verification. We also hypothesize that the different
responses to NF-kB of COX-1 and COX-2 are based on their
differences in the promoter region; COX-2 is the target gene
of non-classical NF-«B pathway through p52, and COX-1 may
be the target gene of the classical NF-xB pathway involved in
regulating cell survival and carcinogenesis through p65.

In summary, the results of the present study identified an
association between COX-1 and CRC. COX-1 was upregulated
in CRC tissues and cells, and deletion of COX-1 from CRC
cells inhibited proliferation with G,/G, arrest and triggered
the caspase-dependent apoptotic response to mitochondrial
dysfunction. The cell proliferation assay, flow cytometry
analysis of cell cycle and apoptotic analysis indicated that
COX-1 inhibition could significantly decrease the viability
of HCT116 and HT29 CRC cells. Therefore, we hypothesize
that depletion of COX-1 in HCT116 and HT29 CRC cells
will suppress tumor growth in mice, which requires valida-
tion using xenograft mice models. In addition, the results of
the present study revealed that COX-1 downregulation could
deactivate the NF-kB signaling pathway by inhibiting the
phosphorylation of the p65 subunit, that in turn suppresses
the expression of its downstream anti-apoptosis gene Bcl-2,
and decreases the Bcl-2/Bax ratio to promote the release of
cytochrome ¢ from the intermembrane space of mitochondria
into the cytosol, together with the cleavage of caspase-9 and-3,
and PARP. Finally, all these responses induced by COX-1
knockdown contributed to the inhibition of cell proliferation.
The present study provides an improved understanding of
the diverse pathways including apoptosis and mitochondrial
metabolism for the involvement of COX-1 in CRC, indicating
the potential for COX-1 as a target for CRC therapy.
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