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ABSTRACT
The COX-2/PGE2 axis can play roles in mediating the progression of tumor. COX-2 induction
was observed in oral cancer. In our previous study, we found Staphylococcus aureus, a
pathogen prevalent in oral cancer, can activate the COX-2/PGE2 pathway in human oral
keratinocyte (HOK) cells. Here, we investigated the proliferation of HOK cells affected by
COX-2 induction and the role of COX-2 induction in the malignant transformation of HOK
cells. We found S. aureus was able to facilitate HOK cell proliferation through upregulating
COX-2 expression. With the induction of COX-2, expression of oral cancer-associated
genes cyclin D1 was upregulated and p16 was downregulated. Transcriptome analysis showed
that the “NF−kappa B signaling pathway” and “TNF signaling pathway” had the highest
enrichment of differentially expressed genes (DEGs) with COX-2 over-expression. Seven
upregulated genes (jun, tlr4, cxcl1, lif, cxcl3, tnfrsf1β, and il1β) in these two pathways were
critical for the increased proliferation of HOK cells and might be associated with COX-2.
Malignant transformation of cells was evaluated by soft agar colony formation assay and S.
aureus infection promoted HOK cell colony formation. These results suggest the potential
of S. aureus to induce the infection-associated malignant transformation of oral epitheliums
through COX-2 activation.
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Staphylococcus aureus has long been recognized as
a major human opportunistic pathogen that is
involved in a variety of infectious diseases. In the
oral tract, S. aureus can be isolated from saliva, the
tongue, mucosal surfaces, supragingival tooth sur-
faces and periodontal pockets [1]. Soft tissue infection
and jaw osteomyelitis in the oral and maxillofacial
regions can be caused by this bacterium [2,3].
Moreover, S. aureus may play a role in dental implant

failure [4,5]. Owing to its resistance to many kinds of
antibiotics, S. aureus infection has been a large
healthcare burden worldwide [6,7]. Recently, it has
been suggested that S. aureus may also be associated
with oral cancer, the eighth most prevalent cancer in
the world [8]. S. aureus is reported to be frequently
detected in oral cancer patients’ oral cavities [9,10].
However, whether S. aureus participates in oral can-
cer development remains unclear.
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Cancer is a leading cause of death and confers an
enormous burden on society. Accumulated evidence
supports the point that inflammatory states promote
the initiation and growth of some tumours [11,12].
The contribution of microorganisms to inflamma-
tion-induced cancer arising from infections has been
firmly established in recent years [13,14]. S. aureus is
a major pathogen that causes severe inflammation at
many sites, including the oral mucosa, skin, bone,
blood and intestines [15–18]. Whether S. aureus pro-
motes oral cancer development through the induc-
tion of inflammation is a pertinent question.

In our previous study, we found that S. aureus can
induce Cyclooxygenase-2 (COX-2) expression and
PGE2 production in human oral keratinocyte
(HOK) cells [19]. COX-2 is an enzyme that mediates
the synthesis of prostaglandins (PGE2, PGD2, PGF2α,
PGI2, and thromboxane) and plays an important role
in the inflammatory response [20]. Among the five
prostaglandins, PGE2 has been shown to be involved
in carcinogenesis due to its functions in inducing cell
proliferation, invasion, metastasis and angiogenesis
[21,22]. It has been demonstrated that the
COX-2/PGE2 pathway plays key roles in mediating
the hallmarks of cancer and aids tumour progression
[23]. COX-2 induction in the oral tract, was observed
in oral cancer patients as well as in cancer tissues and
was suggested to be related to head and neck cancer
through regulating tumour-associated factors such as
VEGF [24–26]. A study by Shibata [27] pointed out
that COX-2 expression was correlated with the grade
of oral dysplasia, and higher expression of COX-2 in
severe dysplastic lesions than in mild and moderate
dysplastic lesions was observed, verifying that COX-2
may be involved in the regulation of cell proliferation
in the progression from normal mucosa to squamous
cell carcinoma [28]. COX-2 also acts as a critical
mediator of the metastatic activity of oral cancer
cells in the tumour microenvironment; overexpres-
sion of COX-2 enhanced cell migration in oral cancer
cells [29]. Therefore, COX-2 inhibitors are already in
clinical trials for the prevention of oral cancer [30].

Considering the important role of COX-2 in oral
cancers, it would be of great interest to study the
potential for the malignant transformation of oral
epithelial cells after the induction of COX-2 by
S. aureus. The concept that the induction of cell
proliferation by infection might increase the inci-
dence of cell transformation and the rate of tumour
development has been established [31]. Thus in the
present study, we tested the proliferation of HOK
cells after S. aureus stimulation. We found overex-
pression of COX-2 by S. aureus infection facilitated
HOK proliferation but independent of PGE2 produc-
tion. COX-2 induction regulated the oral cancer-
associated genes cyclin D1 and p16. The ‘NF−kappa
B signaling pathway’ and ‘TNF signaling pathway’

may form candidate mechanisms for the promotive
effect of COX-2 on HOK cell proliferation. Seven
upregulated genes (jun, tlr4, cxcl1, lif, cxcl3, tnfrsf1β,
il1β) in these two pathways were critical for the
increased proliferation rate of HOK cells. In addition,
S. aureus infection promoted malignant transforma-
tion in HOK cells.

Materials and methods

Cell lines, bacterial strains and culture

The commercial human oral keratinocyte (HOK) cell
line was cultured in high glucose Dulbecco’s modified
Eagle’s medium (DMEM, HyClone, Logan, UT) con-
taining 10% foetal bovine serum (FBS, Gibco, Thermo
Fisher Scientific, Inc., Waltham, MA) and 1% penicil-
lin–streptomycin antibiotic mixture (PS, HyClone,
Logan, UT). The cells were cultured in an incubator
with 5% CO2 and 95% air at 37°C. S. aureus strain
ATCC 25,923 was routinely cultured in tryptone soya
broth (TSB, Oxoid, Basingstoke, UK), and 1.5% agar
was added when needed.

S. aureus inactivation

Overnight cultures of S. aureus were centrifuged at
4,000 rpm for 15 min and then washed and resus-
pended in PBS. The suspension was diluted 1:50 with
fresh DMEM containing 10% FBS and incubated at
37°C for growth to the exponential phase. S. aureus
cells in the exponential phase were centrifuged. The
supernatants were filtered through a 0.22-μm micro-
filtration membrane. The pellets were washed with
PBS and suspended in DMEM. Alternatively, the
pellets were washed and suspended in sterile PBS
and were then heat-inactivated at 80°C for 20 min
in a water bath, followed by harvesting and suspen-
sion in DMEM.

Infection assay

HOK cells were incubated in 6-well plates to 80%
confluence. The supernatants were removed, and the
cells were washed twice with PBS. Then, cells were
infected at an MOI of 100:1 with bacterial cells sus-
pended in DMEM or treated with the filtered super-
natants at a proportion of 10% (v/v) and incubated at
37°C for 45 min. After being washed with PBS, the
cells were lysed with TRIzol reagent (Invitrogen, CA)
and stored at −80°C for RNA extraction and real-time
quantitative PCR. Alternatively, HOK cells were incu-
bated in 6-well plates to 80% confluence with either
0.025% dimethyl sulfoxide (DMSO) or 20 μM NS-398
(Sigma-Aldrich, Saint Louis, MI), a specific COX-2
inhibitor, dissolved in DMSO at an optimal dose.
Then, the cells were infected with bacterial cells
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suspended in DMEM and incubated at 37°C for
45 min. Wells with bacterial cells only were used as
the negative control, and DMEM was used as the
blank control. The supernatants were centrifuged at
2,000 rpm for 25 min to remove the cells, and the
liquid supernatants were stored at −80°C for ELISA.
After being washed with PBS, cells were lysed with
TRIzol reagent and either stored at −80°C for RNA
extraction or, were harvested by trypsin digestion and
centrifugation at 1,000 rpm for 5 min and were
washed with PBS, with the pellets stored in liquid
nitrogen for Western blotting.

RNA extraction and quantitative real-time PCR

To quantify COX-2 mRNA expression, total RNA
was isolated following the instructions provided with
TRIzol reagent (Invitrogen, CA). The total RNA yield
and purity were determined by measuring the absor-
bance at 260 nm and 280 nm using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific
Inc., Waltham, MA). cDNA was then synthesized
using a PrimeScript RT reagent kit with gDNA
Eraser (Takara Clontech, Japan) according to the
manufacturer’s instructions. Real-time PCR was per-
formed on a C1000 Touch™ thermal cycler instru-
ment (Bio-Rad, Philadelphia, PA) with SYBR
reagent (Takara, Dalian, China) following the manu-
facturer’s instructions. Amplification was performed
according to the reported protocol with some mod-
ifications [32]. A 25-µL mixture of 12.5 µL SYBR
qPCR Mix (Takara, Dalian, China), 2 µL PCR pri-
mers [33] mix (10 µM), 2 µL diluted template cDNA,
and 8.5 µL deionized distilled water was processed for
RT-PCR. The relative fold changes in COX-2 expres-
sion were normalized to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression. The PCR pri-
mers used in this study are listed in Supplementary
Table 1.

Western blotting

Frozen cells were lysed in RIPA buffer (1% Triton X-100;
1% sodium deoxycholate; 0.1% SDS; 150 mM NaCl;
50 mM Tris-HCl, pH 7.8; and 1 mM EDTA) containing
protease inhibitor cocktail (Roche, Mannheim,
Germany) for 30 min on ice and were then removed by
centrifuging at 12,000 × g for 5 min. Proteins were
quantified by the BCA method, separated by SDS-
PAGE, transferred tonitrocellulosemembranes, and ana-
lyzed withWestern blotting. The primary and secondary
antibodies used included mouse anti-total actin (Sigma-
Aldrich, St. Louis, MO), mouse anti-COX-2 and HRP-
conjugated anti-mouse polyclonal antibodies (SantaCruz
Biotechnologies).

PGE2 ELISA

The supernatant was collected for PGE2 measurement
as described above. Briefly, HOK cells were cocul-
tured with S. aureus at an MOI of 100:1 in DMEM
without FBS for 45 min. The supernatants were har-
vested by centrifugation at 2,000 rpm for 25 min and
filtered through a 0.22-μm microfiltration membrane.
PGE2 production was measured by ELISA (Cayman
Chemical, Ann Arbor, MI) according to the manu-
facturer’s instructions, with each sample measured in
triplicate [34].

Proliferation assay

In a 96-well plate, 2 × 103 cells were incubated over-
night for adherence. The supernatants were removed
and, after washing with PBS, cells were measured
using a CCK-8 assay kit (Dojindo) following the
manufacturer’s instructions. The CCK-8 solution
was diluted 1:10 with DMEM, and 100 µL of diluted
solution was added into a well. After incubation for 2
h, the absorbance was measured at 450 nm using
a microplate reader (Thermo Fisher Scientific Inc.,
Waltham, MA). In addition, other cells were treated
with PGE2 (Sigma) at a concentration of 500 pg/mL,
with heat-inactivated S. aureus at an MOI of 100:1, or
with supernatants harvested from S. aureus culture at
a proportion of 10% (v/v). Cells without any stimula-
tion treatment were used as the negative control, and
wells with no seeded cells but containing equal
volumes of DMEM, inactivated S. aureus or super-
natants were used as blank controls. The treated cells
were incubated and measured using the CCK-8 assay
kit (Dojindo) as described above. The OD values of
each well were measured to represent the prolifera-
tion of HOK cells. All experiments were performed at
least in triplicate.

Soft agar colony formation assay

In a 6-well plate, 7.5 × 105 HOK cells with or without
heat-inactivated S. aureus at an MOI of 100:1 were
resuspended in DMEM containing 0.3% agar and
10% FBS and layered on a base agar consisting of
DMEM supplemented with 0.6% agar and 10% FBS.
Following agar solidification, growth medium was
added to the cell agar layer. Twelve days later, colo-
nies were imaged under a microscope, and the size of
each colony in three random images was measured
and t test was used for statistical analysis.

Small-interfering RNA transfection assay

HOK cells were plated at a seeding density of 2 × 105 per
well in 6-well plates and grown to 60–80% confluence at
37°C in cell growth medium without antibiotics in

JOURNAL OF ORAL MICROBIOLOGY 3



a CO2 incubator. The cells were then transfected either
with 60 pmol human COX-2 siRNA or with 60 pmol
control siRNA containing a scrambled sequence that
would not lead to the specific degradation of any known
cellular mRNA (Santa Cruz Biotechnology, Santa Cruz,
CA). After a 6-h incubation at 37°C in a CO2 incubator,
the transfection mixture was removed, and normal
growth medium was added. The cells were incubated
for 18 h and were then harvested. Then, 96-well plates
were seeded with the harvested cells at a density of
2 × 105 cells per well, and the infection and proliferation
assays were performed with the protocols described
above.

Generation of the COX-2 overexpression cell line

The lentiviral vectors LV-PTGS2 and CON238 were
generated by Genechem Co., Ltd., Shanghai, China.
LV-PTGS2 encodes the target COX-2 gene, and
CON238 was used as the control vector. HOK cells
were seeded in 6-well plates and infected with either
LV-PTGS2 or CON238 at an MOI of 5:1 by enhanced
infection solution containing polybrene (5 μg/mL).
The cells were cultured in DMEM containing 10%
FBS, and 48 h after infection, puromycin was added
to the medium at a concentration of 2.0 μg/mL. Cells
with a transfection efficiency of greater than 70% were
used for experiments after confirmation. The HOK cell
line variant with COX-2 overexpression was named
OE, and the control variant was named NC.

Transcriptome analysis by RNA-sequencing

RNA of six samples (NC triplicates and OE triplicates)
was isolated using TRIzol reagent (Invitrogen Life
Technologies) according to the manufacturer’s instruc-
tions. The quality and concentration of the RNA were
determined using a NanoDrop spectrophotometer
(Thermo Scientific), and the integrity was confirmed
by a Bioanalyzer 2100 system (Agilent). mRNA was
purified from the high-quality total RNA using poly-T
oligo-attached magnetic beads. Fragmentation was car-
ried out using divalent cations under elevated tem-
peratures in an Illumina proprietary fragmentation
buffer. First-strand cDNA was synthesized using ran-
dom oligonucleotides and SuperScript II; second-
strand cDNA was subsequently synthesized using
DNA polymerase I and RNase H. Remaining over-
hangs were converted into blunt ends via the exonu-
clease/polymerase activities, and the enzymes were
then removed. After adenylation of the 3ʹ ends of the
DNA fragments, Illumina PE adapter oligonucleotides
were ligated to the fragments to prepare for hybridiza-
tion. To select cDNA fragments of the preferred length
of 200 bp, the library fragments were purified using
the AMPure XP system (Beckman Coulter, Beverly,
CA). DNA fragments with ligated adaptor molecules

on both ends were selectively enriched using Illumina
PCR Primer Cocktail via a 15-cycle PCR. The products
were purified (AMPure XP system) and quantified
using the Agilent high-sensitivity DNA assay on the
Bioanalyzer 2100 system (Agilent). The sequencing
library was then sequenced on a HiSeq platform
(Illumina) by Shanghai Personal Biotechnology Co.,
Ltd. [35,36].

Raw data were collated and estimated by calculat-
ing the total reads and bases, Q20 (the number of
bases with an error rate of ≤ 1%), Q30 (the number of
bases with an error rate of ≤ 0.1%), GC content and
sequence duplication level. Then, low-quality reads
were filtered, and reads containing adapters or poly-
N were removed to obtain clean data, which were
used for all downstream analyses. The reference gen-
ome Homo_sapiens GRCh38.dna.primary_assembly.
fa was built by the Ensembl database (version 87.38)
(http://www.ensembl.org/) and annotated based on
the NCBI, UniProtKB (UniProt Knowledgebase,
http://www.UniProt.org/help/uniprotkb), GO (Gene
Ontology, http://geneontology.org/), EC (Enzyme
Commission，http://enzyme.expasy.org/), EggNOG
(Evolutionary Genealogy of Genes: Non-supervised
Orthologous Groups; http://eggnog.embl.de/version_
3.0/), and KEGG (Kyoto Encyclopedia of Genes and
Genomes, http://ggp/) databases. An index of the
reference genome was built using Bowtie v2.0.6 [37],
and all trimmed reads were aligned to the reference
genome using TopHat v2.0.4 [38].

The read counts mapped to each transcript were
calculated using HTSeq 0.6.1p2 (http://www-huber.
embl.de/users/anders/HTSeq). These data were nor-
malized by RPKM (Reads per kilobases per million
reads), and the results were used for the analysis of
differentially expressed genes (DEGs). All DEGs were
identified using the DESeq R package (1.18.0) with
a cutoff of |fold change| > 2 and a threshold p value of
< 0.05. GO enrichment analysis of DEGs was imple-
mented by the GO Term Finder. Then, we used
KAAS software to test the statistical enrichment of
differentially expressed genes in KEGG pathways.
The raw transcriptome reads reported in this paper
have been deposited in the NCBI Sequence Read
Archive with accessionnumber PRJNA428623.

High-content screening assay

Virus skeleton plasmid H1 (312 ng), virus skeleton
plasmid H2 (258 ng), and a plasmid (628 ng) contain-
ing targeting shRNA were transfected into 293 T cells
with X-tremeGENE HP (2 μL, Roche). Forty-eight
h later, 80 μL of supernatants containing targeting
shRNA lentivirus was collected and added to HOK
cells seeded at a density of 1,500 cells/well in a 96-
well black-bottom plate. On the second day, cells with
green fluorescence were imaged and counted by the
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cell cytometry system Celigo™ once daily [39]. Cell
growth was observed continuously for 5 days, and cell
growth curves were generated.

Statistical analysis

Except for RNA-seq, all experiments were indepen-
dently repeated three times. Comparisons between
groups were analyzed by Mann-Whitney U test when
n = 3, and analysis of variance (ANOVA) when n > 3,
unless otherwise stated. The data are presented as the
means ± SEs, and the results were considered to be
statistically significant at p < 0.05.

Results

S. aureus activates the COX-2/PGE2 pathway in
HOK cells

The induction of COX-2 by S. aureus in HOK cells was
found in our previous study [19], but that study did not
fully reveal the functionalmediator(s) exerting the induc-
tive effect. Thus, using heat-inactivated S. aureus and
supernatants from S. aureus cultures, we investigated
whether the live cells or the secretory components of
S. aureus were essential for the activation of the
COX-2/PGE2 pathway in HOK cells. COX-2 expression
in HOK cells cocultured with live or inactivated S. aureus
was increased compared with that in untreated cells.

Specifically, the COX-2 mRNA levels in HOK cells trea-
ted with live S. aureus andwith heat-inactivated S. aureus
were upregulated 1.43- and 1.35-fold, respectively, com-
pared with those in the control cells, while the protein
expression was also increased 1.13- and 1.29-fold, respec-
tively, indicating an inductive effect of both live and
inactivated S. aureus on COX-2 expression in HOK
cells (Figure 1a-c). In contrast to the observations in
S. aureus-treated HOK cells, no changes in COX-2
expression were found between the supernatant-treated
HOK cells and the control cells.

We next evaluated PGE2 production by ELISA and
found that HOK cells cocultured with live S. aureus and
with heat-inactivated S. aureus produced PGE2 at a level
of 502.16 pg/mL and 516.96 pg/mL, respectively, both of
which were higher than the 383.12 pg/mL produced by
untreated HOK cells. In contrast, cells treated with
S. aureus culture supernatant produced a lower level of
PGE2 than control cells. Using NS-398, a small molecule-
specific inhibitor of COX-2, we then investigatedwhether
the differences in PGE2 production were COX-
2-induced. As shown in Figure 1d, after treatment with
NS-398, all cells produced a similarly low level of PGE2,
indicating that the inhibition of COX-2 markedly
decreased PGE2 production and inhibited the promotive
effect of S. aureus on PGE2 production. Taken together,
these results demonstrated that the S. aureus cell rather
than its secretory components functions to induce COX-
2 expression and consequently to increase PGE2

Figure 1. S. aureus activates the COX-2/PGE2 pathway in HOK cells. (a) Fold changes of COX-2mRNA expression in HOK cells treatedwith
live S. aureus, heat-inactivated S. aureus, or S. aureus supernatants (n = 3). (b and c) Quantification of COX-2 protein expression byWestern
blotting (n = 3). (d) The quantity of PGE2 secretion measured by ELISA. NS-398, a small molecule specific inhibitor of COX-2 (n = 3). The
data are presented as the means ± standard errors, and the asterisks represent significant differences compared with the non-treated
group (＊ p < 0.05, ＊＊p < 0.01, ＊＊＊p < 0.001).
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production in HOK cells and that the live/dead status of
S. aureus is not strongly essential for the activation of the
COX-2/PGE2 pathway.

S. aureus facilitates HOK cell proliferation in a
PGE2-independent manner

HOK cells were treated with PGE2, heat-inactivated bac-
terial cells or supernatants from S. aureus cultures, and
cell proliferation was determined by a cell counting kit
(CCK-8). The proliferation rate of HOK cells cocultured
with S. aureus were significantly higher at all experimen-
tal time points than that of control cells (Figure 2(a)).
A similar phenomenon was also observed in HOK cells
treated with PGE2. However, the proliferation of super-
natant-treated HOK cells was significantly decreased
compared with that of control cells. These results indi-
cated that both inactivated S. aureus and PGE2 can facil-
itate HOK cell proliferation, but the supernatants from
S. aureus cultures cannot. To further investigate whether
the promotive effect of S. aureus on HOK cell prolifera-
tion resulted from COX-2-derived PGE2, we used NS-
398 to suppress PGE2 production and then evaluated the
proliferation of HOK cells treated with S. aureus. The
results shown in Figure 2(b) revealed that NS-398-treated
HOK cells had proliferation rates similar to those of
untreated cells. When stimulated with S. aureus, both
untreated and NS-398-treated HOK cells exhibited
a higher proliferation rate than the control. Thus, the
promotive effect of S. aureus on HOK cell proliferation
was not associated with NS-398. Taken together, these
results demonstrated that S. aureus can facilitate the pro-
liferation of HOK cells via a mechanism independent of
PGE2.

Upregulation of COX-2 determines S.
aureus-induced HOK cell proliferation

Using small interfering RNA, we knocked downCOX-2
mRNA in HOK cells and then evaluated HOK cell
proliferation with the CCK-8 kit. The levels of COX-2
mRNA were quantified by qPCR to confirm the siRNA
interference efficiency (Figure 3(a)). A lower level of
COX-2 mRNA was observed in cells transfected with

siCOX-2 than in cells transfected with the mock (con-
trol) or siNT (negative control). In addition, after cocul-
ture with heat-inactivated S. aureus, both themock- and
siNT-transfected cells displayed higher levels of COX-2
mRNA than the corresponding uninfected cells.
However, no change in the COX-2 mRNA level was
found in siCOX-2-transfected cells after S. aureus treat-
ment, suggesting that S. aureus failed to induce COX-2
expression in siCOX-2-transfected cells during the
experimental time period (Figure 3(b)). The CCK-8
assay revealed that S. aureus increased the proliferation
of mock-transfected cells and siNT-transfected cells but
had no effect on the proliferation of siCOX-2 cells
(Figure 3(c)). Thus, upregulation of COX-2 is essential
for the promotive effect of S. aureus on HOK
proliferation.

To further confirm the hypothesis that upregula-
tion of COX-2 promoted HOK cell proliferation, we
constructed a COX-2 overexpression HOK cell line
(OE cells) and assessed cell proliferation. The expres-
sion of mCOX-2 was much higher in OE cells than in
NC cells and control HOK cells (Figure 3(d)). Cells
transfected with the lentiviral vector CON238 were
named NC cells and were the negative control.
Notably, COX-2 mRNA expression in OE cells was
markedly upregulated compared with that in
S. aureus-treated HOK cells. In the CCK-8 assay,
S. aureus was found to promote HOK proliferation
at day 2 and day 3, while OE cells, at all the experi-
mental time points, displayed a marked increase in
proliferation compared with that of NC cells and
control cells (Figure 3(e)). Taken together, upregula-
tion of COX-2 in HOK cells can promote cell pro-
liferation and S. aureus may facilitate HOK cell
proliferation by upregulating COX-2 expression.

S. aureus regulated the transcription of cyclin
D1, p16 and Rb, and promoted malignant
transformation in HOK cells

Cell proliferation is consequently influenced by the
cell cycle, which is regulated by many genes. Previous
studies have shown that the genes cyclin D1, p16 and
Rb are commonly altered in many human

Figure 2. S. aureus facilitates HOK cell proliferation in a PGE2-independent manner. (a) Proliferation of HOK cells treated with
PGE2, heat-inactivated S. aureus or S. aureus supernatants (n = 5). (b) Proliferation of HOK cells and S. aureus-infected HOK cells
after treatment with NS-398, a small molecule specific inhibitor of COX-2 (n = 5). The data are presented as the means ±
standard errors, and the asterisks represent significant differences (＊p < 0.05) compared with the non-treated group.
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malignancies. Thus, we next investigated whether the
induction of COX-2 in HOK cells affected the expres-
sion of genes involved in the cell cycle. The results
shown in Figure 4(a) revealed that S. aureus-infected
HOK cells exhibited higher levels of cyclin D1 mRNA
and lower levels of p16 mRNA than uninfected HOK
cells. Meanwhile, OE cells displayed higher levels of
cyclin D1 mRNA and lower levels of p16 and Rb than
NC cells. These results indicated that COX-2 is

involved in regulating genes associated with the cell
cycle in HOK cells and that the change in the expres-
sion of these cell cycle genes is consistent with the
mCOX-2 expression level. We also tested the poten-
tial for malignant transformation in HOK cells after
infection with S. aureus by a soft agar colony forma-
tion assay. The images in Figure 4(b) show a larger
colony in the cells treated with nonviable S. aureus
compared with the non-treated control cells. The size

Figure 3. Upregulation of COX-2 contributes to the promotion of HOK cell proliferation. (a) COX-2 mRNA levels in mock-,
negative control (siNT)- and siCOX-2-treated HOK cells (n = 3). (b) Expression of mCOX-2 in mock-, siNT- and siCOX-2-treated
HOK cells after coculture with heat-inactivated S. aureus for 24 h (n = 3). (c) Proliferation of mock-treated cells, siNT-treated cells
and siCOX-2-treated HOK cells after coculture with S. aureus (n = 6). (d) Expression of mCOX-2 in OE cells, NC cells, HOK cells and
S. aureus-infected HOK cells (n = 3). (e) Proliferation of HOK cells infected with S. aureus and overexpressing COX-2 (n = 6). The
data are presented as the means ± standard errors, and the asterisks represent significant differences (＊p < 0.05, ＊＊p < 0.01,
＊＊＊p < 0.001) between the compared groups.

Figure 4. S. aureus regulated the transcription of cyclin D1, p16 and Rb, and promoted malignant transformation in HOK cells. (a)
mRNA expression levels of the cyclin D1, p16 and Rb genes in OE cells, NC cells, HOK cells and S. aureus-infected HOK cells (n = 3). (b)
Representative images of colony formation on soft agar. (c) Size of each colony in three random images. The data are presented as the
means ± standard errors, and the asterisks represent significant differences (＊p < 0.05, ＊＊p < 0.01, ＊＊＊p < 0.001) between the
compared groups.
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of each colony in three random images was mea-
sured. The average size in the S. aureus group was
larger than that in the control group (Figure 4(c)),
indicating that S. aureus infection promoted colony
formation and malignant transformation in HOK
cells.

RNA-sequence analysis identified critical
pathways/genes regulated by COX-2 signaling

RNA sequencing of the six samples (triplicates of NC
cells and triplicates of OE cells) was performed. The
annotation results revealed that a total of 3,428 uni-
genes were classified into 26 EggNOG categories,
among which the most enriched were ‘Function
unknown’ and ‘General function prediction only’,
followed by ‘Signal transduction mechanisms’ and
‘Posttranslational modification, protein turnover,
chaperones’ (Supplementary Figure 1).

Differentially expressed genes between OE and NC
cells were identified to reveal the regulatory effect of
COX-2 on the transcriptome of HOK cells. In total,
661 DEGs were obtained at the selected cutoff thresh-
olds, namely, | fold change | ≥ 2 and p < 0.05. Among
the DEGs, 230 were upregulated, while 431 were
downregulated in OE cells compared to their expres-
sion in NC cells (Figure 5(a)). Hierarchical cluster
analysis of the 661 DEGs was performed using nor-
malized read counts to investigate gene expression
dynamics in the six samples. The clustering analysis
results shown in Figure 5(b) revealed that the gene
signature of OE cells was distinct from that of NC
cells, suggesting significant changes in the transcrip-
tome of HOK cells due to COX-2 overexpression.

Gene Ontology (GO) enrichment and KEGG path-
way analysis were performed to better understand the
functions of DEGs in the regulation of COX-2 in
HOK cells and to further explore the possible
mechanism underlying the regulation. As shown in
Figure 5(c), the groups ‘immune system process’,
‘localization’, ‘membrane-enclosed lumen’, ‘mem-
brane part’, and ‘antioxidant activity’, were the most
highly represented.

The KEGG analysis showed that the 661 DEGs inOE
andNC cells were significantly enriched in 44 pathways.
Of these pathways, 14 under the threshold of FDR < 5%
were identified. The ‘Cytokine-cytokine receptor inter-
action’ pathway had the highest number of enriched
DEGs, followed by the ‘MAPK signaling pathway’, the
‘TNF signaling pathway’, the ‘Axon guidance’ pathway,
the ‘Focal adhesion’ pathway and the ‘NF-kappa
B signaling pathway’. Moreover, when a richness factor
(the ratio of the number of DEGs to the number of
genes annotated in a particular pathway) was incorpo-
rated as a filter, the ‘Fat digestion and absorption’ path-
way, the ‘TNF signaling pathway’ and the ‘NF-kappa
B signaling pathway’ had the highest degree of

enrichment (Figure 5(d)). Of all the pathways, the
‘TNF signaling pathway’ as well as the ‘NF-kappa
B signaling pathway’ and the ‘Cytokine-cytokine recep-
tor interaction’ pathway were the most significantly
disturbed by COX-2 overexpression, having both
higher numbers of enriched DEGs and higher richness
factors than the other identified pathways.

High-content screening (HCS) of the cell prolifera-
tion assay was performed to detect the functional genes
in the ‘NF-kappa B signaling pathway’ and ‘TNF signal-
ing pathway’. Twenty upregulated genes with the largest
fold change in the two pathways were selected, and
HOK cells were transfected with shRNAs targeting
these 20 genes. Cell proliferation was inhibited to dif-
ferent degrees in cells transfected with different lenti-
viral shRNAs (Figure 6(a)). The cell number fold
change (shCtrl/shRNAs) on the fifth day was calculated.
Compared with the non-targeting shRNA (shCtrl)
group, seven shRNA groups (shJUN, shTLR4,
shCXCL1, shLIF, shCXCL3, shTNFRSF1β, and shIL-
1β) with the largest fold change showed appreciable
proliferation inhibition. The integrated green fluores-
cence intensity in these seven shRNA groups was much
weaker than that in the shCtrl group (Figure 6(c)).
Proliferation in the shJUN, shTLR4, shCXCL1, shLIF,
shCXCL3, shTNFRSF1β, and shIL-1β groups was
inhibited 2.50-, 2.26-, 2.12-, 2.0-, 1.92-, 1.82-, and 1.81-
fold, respectively (Figure 6(b)).

Discussion

It has been suggested that COX-2 promotes oral epithe-
lial carcinogenesis and carcinoma malignancy through
increased PGE2 production [40]. In cells from other
tracts, COLO-320DM cells from the intestinal tract,
for example, overexpression of COX-2 also resulted in
a PGE2-dependent increase in the growth rate [41]. In
the present study, however, we found that S. aureus
facilitated HOK cell proliferation by upregulating
COX-2 expression independent of PGE2 production.
This inconsistency may be due to the complexity of
the mechanisms by which COX-2/PGE2 affects cell
proliferation. Additionally, there may be other mechan-
isms independent of the COX-2/PGE2 pathway or
dependent on COX-2 at the transcriptional level for
the promotive effect of S. aureus on HOK cell
proliferation.

The Rb, cyclin D1 and p16 genes have been shown to
be commonly altered in human malignancies [42–45].
Retinoblastoma protein (pRB), coded by the retinoblas-
toma (Rb) gene, is one of the most important compo-
nents of the G1 checkpoint and has been suggested to
play an important role in controlling cellular growth
[46]. The activity of pRB is regulated by its phosphor-
ylation, which is mediated by genes such as cyclin D1
and p16. Ectopic expression of cyclin D1 accelerates the
G1/S phase transition, resulting in increases in genomic
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instability and the risk of carcinogenesis [42,43]. p16,
also known as multiple tumor suppressor gene 1 (multi-
ple tumor suppressor gene 1, MTS1), is a cyclin-
dependent kinase inhibitor (CDKI) that inhibits Cyclin
D1-CDK4/6 complexes, and its inactivation has been
observed in head and neck cancer [44]. In addition, it
has been reported that more than 90% of oral tumours
have at least one abnormality affecting either retinoblas-
toma, cyclin D1 or p16 [45,47]. In the present study, we
demonstrated that overexpression of COX-2 in OE cells
upregulated cyclin D1 and downregulated p16 expres-
sion, while high expression of COX-2 in HOK cells
induced by S. aureus infection upregulated cyclin D1,
and downregulated p16. This finding confirms the
observations in the proliferation assay, which showed
that the cell line with COX-2 overexpression displayed

an increase in proliferation compared to that of the
infected cells. These results suggested that upregulation
of COX-2 in HOK cells affected the expression of cyclin
D1 and p16, which might subsequently influence cell
proliferation.

It has been noted that infections inducing cell
proliferation might increase the incidence of cell
transformation and the rate of tumour development
[31]. Since we demonstrated that S. aureus infection
promoted cell proliferation and regulated the expres-
sion of cell cycle genes in HOK cells, the question of
whether infection could promote cancer transition
needed to be solved. Therefore, we performed a soft
agar colony formation assay, a technique widely used
to evaluate the malignant transformation of cells [48].
The larger colonies of infected cells proved the

Figure 5. Transcriptome analysis of the RNA-sequence data for OE and NC cells. (a) Volcano plot indicating DEGs between OE
and NC cells. (b) Hierarchical cluster analysis of DEGs. The heat map represents the cluster analysis of 661 DEGs according to the
gene expression level. Expression levels were measured as RPKM-normalized values. Each row represents a differentially
expressed gene, while each column represents a sample. The green and red colour gradients indicate decreases and increases
in transcript abundances, respectively. (c) GO category distribution of the 661 DEGs among level 1 GO categories: biological
process (BP), molecular function (MF), and cellular component (CC). A p-value and a false discovery rate (FDR) are given for
significance. (d) The top 14 most significantly enriched pathways from the KEGG pathway analysis of differentially expressed
genes. The pathways shown were identified at a threshold FDR of < 5%. The size of the dots represents the number of DEGs
enriched in the pathway. The larger the dot is, the more DEGs are enriched . The term ‘richness factor’ means the ratio of the
number of DEGs to the number of genes annotated in a particular pathway. The greater the richness factor, the greater the
degree of enrichment.
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potential of S. aureus to induce infection-associated
malignant transformation.

According to the KEGG pathway analysis, the ‘TNF
signaling pathway’ and the ‘NF−kappa B signaling path-
way’ displayed a significant response to COX-2 over-
expression, having higher numbers of enriched DEGs
and higher richness factors. TNF-α, despite its ability to
induce tumour necrosis, is thought to be another proin-
flammatory cytokine involved in cancer, and there is
ample evidence that TNF-α acts as a tumour promoter
in several experimental models of cancer [49,50].
Various members of the TNF superfamily have been
shown to be involved in the proliferation and survival of
cells, commonly through a cell signaling pathway that
mediates the activation of NF-kappa B (NF-κB) and
mitogen-activated protein kinases [51–53]. NF-κB is
an inducible transcription factormediating signal trans-
duction between the cytoplasm and nucleus and is
thought to be the linchpin in inflammation-associated
cancer [54]. NF-κB is amajor activator of anti-apoptotic

gene expression and has been shown to play a role in cell
proliferation, transformation, and tumour development
[55–57]. In addition, it has been reported that most
cytokines act through NF-κB signaling, which induces
the expression of a wide spectrum of cytokines, forming
a complex, crosstalking network. Thus, the significant
response of the ‘NF−kappa B signaling pathway’ and
‘TNF signaling pathway’ to COX-2 overexpression in
our present study suggested the potential of S. aureus to
induce malignant transformation in HOK cells.

To explore the functional genes in the ‘NF−kappa
B signaling pathway’ and ‘TNF signaling pathway’
responsible for the promotive effect of COX-2 on
HOK cell proliferation, an RNA interference assay
based on HCS was performed. Silencing the genes
jun, tlr4, cxcl1, lif, cxcl3, tnfrsf1β, and il1β inhibited
cell proliferation, indicating that these seven genes
are critical for cell proliferation and might be asso-
ciated with the function of COX-2. However, the
correlation between the genes jun, tlr4, cxcl1, lif,

Figure 6. Functional gene analysis by the high-content screening (HCS) assay. (a) Proliferation of HOK cells treated with different
shRNAs. shCtrl: Non-targeting shRNA (negative control). shPC: Proto-oncogene specific-targeting shRNA (positive control). (b)
Fold change in the proliferation of HOK cells treated with different shRNAs on the fifth day after treatment. The fold change was
calculated by the ratio of shCtrl (Day 5:Day 1)/the ratio of shRNAs (Day 5:Day 1). (c) Proliferation inhibition of HOK cells treated
with shRNAs (shJUN, shTLR4, shCXCL1, shLIF, shCXCL3, shTNFRSF1β, or shIL-1β).
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cxcl3, tnfrsf1β, and il1β and COX-2 needs further
exploration and verification.

Conclusion

TheCOX-2/PGE2 axis can be anothermechanismunder-
lying inflammation-associated cancer.A sufficient under-
standing of the role of COX-2/PGE2 in inflammation and
cancer is beneficial to cancer prevention and treatment.
In our present study, we revealed an interesting phenom-
enon that overexpression ofCOX-2 by S. aureus infection
facilitates HOK proliferation independent of PGE2 pro-
duction and regulates the oral cancer-associated genes
cyclin D1 and p16. In addition, S. aureus infection pro-
motes malignant transformation in HOK cells. The ‘NF
−kappa B signaling pathway’ and ‘TNF signaling path-
way’may form candidate mechanisms for the promotive
effect of COX-2 on HOK cell proliferation. Seven upre-
gulated genes (jun, tlr4, cxcl1, lif, cxcl3, tnfrsf1β, and il1β)
in these two pathways were critical for the increased
proliferation rate of HOK cells and might be associated
with the function of COX-2.
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