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Abstract

Peroxiredoxin 2 (PRDX2) is upregulated in various cancers including oral squamous cell
carcinoma (OSCQC). It is a known tumor promoter in some cancers, but its role in OSCC is
unclear. This study aimed to investigate the effect of arecoline, an alkaloid of the betel nut,
and human papillomavirus type 16 (HPV16) E6/E7 oncoproteins on induction of PRDX2
expression, and also the effects of PRDX2 overexpression in oral cell lines. Levels of
PRDX2 protein were determined using western blot analysis of samples of exfoliated normal
oral cells (n = 75) and oral lesion cells from OSCC cases (n = 75). Some OSCC cases were
positive for HPV infection and some patients had a history of betel quid chewing. To explore
the level of PRDX2 by western blot, the proteins were extracted from oral cell lines that were
treated with arecoline or retroviruses containing HPV16 E6 gene and HPV16 E6/E7
expressing vector. For analysis of PRDX2 functions, cell proliferation, cell-cycle progres-
sion, apoptosis and migration was compared between oral cells overexpressing PRDX2
and cells with PRDX2-knockdown. PRDX2 expression levels tended to be higher in OSCC
samples that were positive for HPV infection and had history of betel quid chewing. Areco-
line treatment in vitro at low concentrations and overexpression of HPV16 E6 or E6/E7 in
oral cells induced PRDX2 overexpression. Interestingly, in oral cells, PRDX2 promoted cell
proliferation, cell-cycle progression (G2/M phase), cell migration and inhibited apoptosis.
Upregulation of PRDX2 in oral cells was induced by arecoline and HPV16 oncoproteins and
promoted growth of OSCC cells.
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Introduction

Peroxiredoxins (PRDXs) are a group of thiol-dependent peroxidases that control various bio-
logical processes as well as tumorigenesis. Therefore, the level of PRDXs in many human can-
cers have studied both in vitro or in vivo models [1]. Moreover, PRDXs promote the cancer
cell stemness, chemoresistance and cancer aggregation [2].

PRDX2 plays a role in reduction of reactive oxygen species (ROS), such as hydrogen perox-
ide (H,0,). Interestingly it regulates multiple cellular functions, including cell proliferation,
differentiation and intracellular signaling [3, 4]. PRDX2 is upregulated (and therefore could be
a biomarker) in various cancers including colorectal, renal, breast and lung cancers [5-7].
Inversely, PRDX2 functions as a tumor suppresser in acute myeloid leukemia [8]. However,
the function of PRDX2 in oral carcinogenesis remains unclear and the mechanism leading to
upregulation of PRDX2 in cancer, particularly in oral squamous cell carcinoma (OSCC), has
not been explored.

Expression of PRDX2 can be induced by many mechanisms, particularly oxidative stress,
which causes dissociation of the transcription factor nuclear factor erythroid-2-related factor 2
(Nrf2) from Keap1/INrf2 [9-11]. Consequently, Nrf2 enters the nucleus and binds to a specific
cis-acting antioxidant responsive element (ARE) in the PRDX2 gene. Expression of PRDX2 is
then elevated to attenuate oxidative stress [12]. Additionally, oxidative stress also plays roles in
carcinogenesis in various malignancies including OSCC [13]. In addition, hypoxia-inducible
factors HIF-10. and HIF-20 are rapidly expressed in hypoxia and then induce PRDX2 expres-
sion [14]. Even though there are many reports demonstrating the regulation of PRDX2, the
OSCC-associated factors including areca nut/betel quid chewing, smoking, alcohol consump-
tion and HPV infection on this have not been investigated [12, 14-16]. This study, therefore,
has evaluated the effect of betel quid chewing and HPV on PRDX2 expression in oral specimens
and cell lines because both factors are the major risk of OSCC in Northeast Thailand region.

Human papillomavirus (HPV) is an independent risk factor for OSCC [17]. High-risk HPV
oncoproteins, E6 and E7, play important roles in tumorigenesis via their aberrant downstream
cascades [18]. The effect of HPV oncoproteins on PRDX2 upregulation in OSCC is unknown.
However, there have been reports that HPV E2 and E6 can regulate oxidative stress [19, 20].
Moreover, HPV E6 also induces HIF-1a. [21]. Areca nut/betel quid chewing is well known to be a
major risk factor for OSCC, particularly in Asian populations [22]. Arecoline is a major constitu-
ent of areca nut and can induce oxidative stress and HIF-1a expression [23, 24]. Hypothetically,
both factors may promote oral carcinogenesis by regulating PRDX2 via various mechanisms.

Materials and methods
Clinical samples

Exfoliated normal oral cells from the buccal mucosa of cancer-free controls (75 individuals)
and oral lesion cells from OSCC cases (75 individuals) were collected by brushing. They were
initially evaluated and/or diagnosed by an otorhinolaryngologist at the Department of Otorhi-
nolaryngology, Srinagarind Hospital, Faculty of Medicine, Khon Kaen University. This study
was conducted under the approval of Khon Kaen University Ethics Committee for Human
Research (HE561407 and No. HE601490). Informed consent was obtained in writing from all
participants prior to collect samples.

Cell lines and culture

Human OSCC cell lines, ORL-48T and ORL-136T, were kindly provided by Prof. Sok Ching
Cheong (Cancer Research Initiatives Foundation, Sime Darby Medical Centre Jaya, Malaysia).

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 2/17


https://doi.org/10.1371/journal.pone.0242465

PLOS ONE

Peroxiredoxin 2 function and its upregulation in human oral squamous cell carcinoma

HeLa, human embryonic kidney (HEK) 293T and human tongue keratinocyte (HTK1-K4DT
and HTK1-K4DT-16E6SD) cell lines were kindly provided by Prof. Tohru Kiyono (National
Cancer Center Research Institute, Japan). Cells were maintained in DMEM/F12, DMEM and
F-media media (Gibco, Grand Island, NY, USA) containing 10% fetal bovine serum (HiMedia,
India) at 37°C in a humidified incubator.

Treatment of oral cells with arecoline

Cells of HTK1-K4DT or ORL-48T were seeded into 24-well plates (150,000 cells per well) and
incubated for 24 hours. Various concentrations (0, 0.01, 0.025, 0.25, 2.5 and 25 pg/mL) of arec-
oline (Sigma-Aldrich, St. Louis, MO, USA) were used to treat each cell line and maintained for
24 and 48 hours and then PRDX2 mRNA and protein levels were evaluated. Concentrations of
arecoline used are those described in our previous study [25].

Construction of pIRES2-EGFP vector containing HPV16 E6/E7 fragment

The HPV16 E6/E7 fragment from pLXSN-16E6/E7 vector was digested with EcoRI and
BamHI enzymes and subcloned into a pIRES2-EGFP vector. A vector containing the correct
fragment was identified using PCR and confirmed by sequencing analysis as described in a
previous study [15]. The pIRES2-EGFP and pIRES2-16E6/E7 plasmids were extracted and
purified using EZNA™ plasmid mini prep kit (Omega Bio-tek, Doraville USA). Quantity and
quality of the plasmid DNA were determined using a NanoDrop ND-2000c (Thermo
Scientific).

Transfection of pIRES2-EGFP and pIRES2-16E6/E7 vectors into oral cell
lines

HTK1-K4DT and ORL-48T cells were seeded into 24-well plate at 150,000 cells per well. The
cells were transfected with pIRES2-EGFP or pIRES2-16E6/E7 vector (500 ng/well) using Lipo-
fectamine 2000 (Invitrogen) for 6 hours. After 24 and 48 hours post-infection, total RNA and
protein were extracted using TRIzol® Reagent (Invitrogen Corp., Carlsbad, CA, USA). The
extracted RNA was used to synthesize cDNA by RevertAid™ H Minus First Strand cDNA Syn-
thesis Kit (Fermentas, Ontario, Canada).

Production of retrovirus carrying the pCLXSN-PRDX2 vector

Plasmid containing the PRDX2 gene was constructed using human PRDX2 ¢cDNA from ORL-
48T cells that was amplified according to S1 Table, and then cloned into pPDORN221 vector
and switched into pCLXSN vector (kindly provided by Prof. Tohru Kiyono) by recombina-
tional cloning using Gateway BP and LR clonases (Invitrogen), respectively. HEK 293T cells
were seeded into 10-mm culture dishes at 5 x 10° cells/dish and incubated at 37°C for 24
hours. pCLXSN-PRDX2 and retroviral packaging vectors (pCL-Gag/Pol and
pHCMV-VSV-G) were co-transfected into HEK 293T cells overnight. The medium was col-
lected 48 and 96 hours post-transfection. The colony-forming unit assay with HeLa cells was
performed to determine the viral titer [26].

Establishment of PRDX2-overexpressing ORL-48T cells

ORL-48T cells were seeded into 24-well plates at 100,000 cells per well and transduced by ret-
rovirus-carrying pCLXSN-PRDX2 vector at MOI 1. After 48 hours, medium containing

200 pg/mL of G418 was used to select resistant clones of transduced ORL-48T cells for 14
days. The retrovirus-carrying pCLXSN vector acts as a control.
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Determination of PRDX2 and GAPDH expression

cDNA was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific,
USA) and was added to Sso-Advanced SYBR Green Supermix (Bio-Rad, Hercules, CA, USA)
including 0.3 mM of each primer (S1 Table) and 20 ng of DNA template. Real-Time PCR was
carried out to detect expression of PRDX2 and GAPDH using the CFX96 Real-Time PCR
Detection System (Bio-Rad, Hercules, CA, USA). The relative quantification (RQ) of gene
expression was determined using the 2"**“T approach.

Protein extraction from oral cell samples and oral cell lines

The oral cell samples and trypsinized cell culture were washed twice with 1xPBS. The cell pellet
was lysed by TRIzol® Reagent according to manufacturer’s protocol. Briefly, 500 pL of Tri-
zol® Reagent was added to the cell pellet followed by 100 pL of chloroform and vigorous mix-
ing. After incubation on ice for 15 minutes, the layers were separated by centrifugation at
12,000 rpm for 15 minutes. The upper layer was removed to extract RNA. The lower phase
was collected and ethanol added to precipitate DNA and then centrifuged at 2,000 rpm. The
supernatant was collected to precipitate protein by additional isopropanol. The protein pellet
was denatured using guanidine hydrochloride and washed using ethanol. Finally, dried protein
was dissolved in rehydration buffer (8 M urea and 2% CHAPS).

Western blot

Protein concentrations (from oral cell samples, arecoline-treated/untreated cell lines, trans-
fected/untransfected cells, and transduced cells) were measured relative to a bovine serum
albumin (BSA) calibration curve using the Bradford reagent (Bio-Rad, Richmond, CA, USA).
PRDX2 and beta-actin proteins were determined by western blot, using as primary antibodies
mouse anti-PRDX2 (1:2,000 dilution; clone 1E8, ab188290, Abcam, USA) and mouse anti-
beta-actin (1:1,000 dilution; clone C4, sc-47778, Santa Cruz Biotechnology, Inc, Santa Cruz,
Cal, USA), respectively. IgGk binding protein-HRP (m-IgGk BP-HRP) (sc-516102, Santa
Cruz Biotechnology) was used as the secondary antibody. The signal was produced using ECL
Prime Western Blotting Reagent (GE). The intensity of protein bands was measured using
Image J 1.49v software (National Institutes of Health, Bethesda, MD, USA).

Cell proliferation in PRDX2-overexpressing and siRNA knockdown

PRDX2-overexpressing ORL-48T cells were seeded into 96-well plates at 10,000 cells per well
and maintained in DMEM/F12 medium supplemented with 10% FBS and antibiotics for 24,
48 and 72 hours. Ten microliters of MTT (5 mg/mL) was then added to each well. After 4
hours, the medium was removed and the water-insoluble purple formazan particles were dis-
solved in 100 uL DMSO solution. The absorbance was read at 540 nm with a Microplate
Reader (TECAN, Salzburg, Austria).

For PRDX2-knockdown, each HTK1-K4DT, ORL-48T and ORL-136T cell line was seeded
into 96-well plates at 10,000 cells per well. Thereafter, cells were transfected using Lipofectamine
2000 with either 100 nM siRNA-Control (AM4611, Ambion, Austin, TX, USA) or 100 nM siR-
NA-PRDX2 (HSS186275, Invitrogen) according to manufacturer’s instructions. At 48 hours
post-transfection, cell population was measured using the MTT assay as mentioned above.

Cell apoptosis in PRDX2-overexpressing cells and siRNA knockdown

PRDX2-overexpressing ORL-48T cells were seeded into 6-well plates at a density of 200,000
cells per well. After incubation for 24 hours, the medium was changed to DMEM/F12
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containing 2.5% FBS and antibiotics and maintained for 72 hours. These cells were then col-
lected by trypsinization and washed twice with PBS. After washing, the cells were suspended in
Annexin-binding buffer and then stained with an Invitrogen™ Dead Cell Apoptosis Kit with
Annexin V FITC and PI (Thermo Fisher Seintific Inc., Germany). After 15-minute incubation,
the cells were analyzed using a FACSCanto flow cytometer (Becton-Dickinson).

For PRDX2-knockdown, ORL-48T cells were seeded into 24-well plates at 200,000 cells per
well and maintained in DMEM/F12 medium supplemented with 2.5% FBS and antibiotics.
Thereafter, cells were transfected using Lipofectamine 2000 with either 100 nM siRNA-Con-
trol or 100 nM siRNA-PRDX2 according to manufacturer’s instructions. Sixteen hours after
siRNA transfection, the medium was changed to DMEM/F12 containing 2.5% FBS and main-
tained for 72 hours as above.

Cell-cycle progression in PRDX2-overexpressing cells and siRNA
knockdown

PRDX2-overexpressing ORL-48T cells were seeded into 24-well plates at a density of 150,000
cell per well. After incubation for 24 hours, the medium was changed to DMEM/F12 contain-
ing 2.5% FBS and antibiotics and maintained for 72 hours. These cells were then collected by
trypsinization, washed twice with cold PBS and fixed in 70% ethanol for at least 16 hours.
After washing, propidium iodide (PI) solution (BD Pharmingen, Heidelberg, Germany) was
used to stain the cells. After a 15-minute incubation, the cells were analyzed using a FACS-
Canto flow cytometer (Becton-Dickinson).

For PRDX2-knockdown, ORL-48T cells were seeded into 24-well plates at 150,000 cells per
well. Thereafter, cells were transfected using Lipofectamine 2000 with either 50 or 100 nM siR-
NA-Control or siRNA-PRDX2 according to manufacturer’s instructions. Sixteen hours after
siRNA transfection, the medium was changed to DMEM/F12 containing 2.5% FBS and main-
tained for 72 hours as above.

Cell migration in PRDX2-overexpressing cells and siRNA knockdown

PRDX2-overexpressing ORL-48T cells were seeded into 24-well tissue-culture plates at a den-
sity of 150,000 cells per well. After incubation for 24 hours, a linear gap was created by scratch-
ing the bottom of each well using a SPLScar Scratcher (SPL Life Science, Korea). The cells
were then maintained in DMEM/F12 medium supplemented with 1% FBS and antibiotics for
24 and 48 hours. The extent of wound closure was determined using NIS-Elements Advanced
Research Imaging Software version 3.0. This was converted into a percentage that was relative
to the initial width of the wound. Three independent replicates of each experiment were
performed.

For PRDX2-knockdown, ORL-48T cells were seeded into 24-well plates at 150,000 cells per
well. Thereafter, cells were transfected using Lipofectamine 2000 with either 100 nM siRNA-
Control or 100 nM siRNA-PRDX2 according to manufacturer’s instructions. After transfec-
tion, cells were incubated overnight, then cells were maintained in DMEM/F12 medium sup-
plemented with 1% FBS and antibiotics and prepared as above.

Statistical analysis

Data are expressed as mean = SEM (standard error of the mean). The symbols *, ** and ***
denote statistically significant differences as P < 0.05, 0.01 and 0.001, respectively. All statisti-
cal analysis was performed using Prism5 software (GraphPad, San Diego, CA, USA). Compari-
sons between groups were made by Student’s t-tests or One-way ANOVA analysis.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 5/17


https://doi.org/10.1371/journal.pone.0242465

PLOS ONE

Peroxiredoxin 2 function and its upregulation in human oral squamous cell carcinoma

Results
Demographic data

Cancer-free control participants and OSCC patients had average ages of 60 and 61 years,
respectively. There were more females than males in both groups. HPV prevalence was 10.6%
(8/75) in cancer-free controls and 25.3% (19/75) in OSCC patients. A history of betel quid
chewing was reported by 8.0% (6/75) and 44% (33/75) of cancer-free controls and OSCC
patients, respectively (S2 Table).

Expression levels of PRDX2 in oral cell samples

To assess the correlation between HPV infection and PRDX2 protein expression in OSCC
patients, relative intensity of PRDX2 protein was compared between HPV-negative and HPV-
positive oral cell lesion samples. Relative intensity of PRDX2 in HPV-positive samples

(1.39 £ 0.43) was slightly higher than in HPV-negative samples (1.16 + 0.26), but the difference
was not statistically significant (Fig 1A). Similarly, in OSCC samples from individuals with a
history of betel quid chewing, the relative intensity of PRDX2 expression was higher

(1.44 £ 0.38) than in samples from patients with no such history (1.02 + 0.26) (Fig 1B), but
without statistical significance. We note that the level of PRDX2 expression in these OSCC cat-
egories was significantly higher than among cancer-free controls (Fig 1C). This suggests that
upregulation of PRDX2 is associated with OSCC and that HPV infection and betel quid chew-
ing may partially affect its expression.

Upregulation of PRDX2 in HPV16 E6/E7-expressing cells

To examine PRDX2 expression in vitro, HPV16 E6/E7-transfected HTK1-K4DT and ORL-
48T cells were investigated. We found that the overexpression of HPV16 E6/E7 led to upregu-
lation of PRDX2 mRNA and protein compared with empty vector-transfected cells as shown
in Fig 2. We also investigated the effect of HPV16 E6 on PRDX2 expression in HTK1-K4DT-
16E6SD cells and found that PRDX2 mRNA and protein were upregulated in HTK1-K4DT-
16E6SD relative to HTK1-K4DT (S1 Fig).

Upregulation of PRDX2 in arecoline-treated oral cell lines

To assess the effect of arecoline on PRDX2 expression, ORL-48T and HTK1-K4DT cells were
treated with arecoline at various concentrations. The level of PRDX2 protein in arecoline-
treated cells after 24 and 48 hours was higher than in untreated cells (Fig 3A-3C). The highest
expression of PRDX2 in ORL-48T cells was found at concentrations of arecoline between 0.01
and 0.025 pg/mL. After 48 hours, the intensity of the PRDX2 band was higher than in
untreated in ORL-48T cells at all concentrations of arecoline except 25 pg/mL (Fig 3B). In
HTKI1-K4DT cells, only arecoline concentrations of 0.01 and 0.025 pg/mL led to higher
expression levels of PRDX2 than in untreated cells (Fig 3C). This indicates that lower concen-
trations of arecoline are more effective in upregulation of PRDX2 expression.

PRDX2 promotes cell proliferation and cell-cycle progression

To study the effect of PRDX2 on cell proliferation, percentage of cell population in PRDX2-o-
verexpressing cells (pPCLXSN-PRDX2) (Fig 4A and 4B) was assessed using the MTT assay. The
proportion of these cells viable at 24, 48 and 72 hours (120.9% + 18.8, 160.8% + 5.8 and 125.3%
+ 7.4, respectively) was significantly higher than control cells (pCLXSN-expressing cells) (Fig
4C). Concordantly, cell population (74.8% + 6.5) of PRDX2-knockdown cells at 48 hours was
significantly reduced when compared to siR-control-transfected cells (S2A-S2C Fig). A similar
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Fig 1. Relative intensity of PRDX2 in OSCC with/without HPV infection, or history of betel quid chewing. PRDX2 protein was detected by western blot in either
exfoliated normal oral cells (cancer-free control; n = 75) or lesion cell samples with HPV-positive (n = 19) and negative (n = 56) OSCCs (A), and history of betel quid
chewing (n = 33) and non-chewing (n = 42) (B). In addition, this protein was evaluated to compare between cancer-free control (n = 75) and OSCC (n = 75) groups (C).
Beta-actin was used as an internal control. One dot in the scatter plot represents relative intensity of PRDX2 of a single sample. Error bars in the scatter plots represent
the mean with standard error of the mean (SEM). Mann-Whitney test was used to compare expression levels. *** denotes statistically significant differences as

P < 0.001.

https://doi.org/10.1371/journal.pone.0242465.9001

result was also found in PRDX2-knockdown HTK1-K4DT and ORL-136T cells (S2D and S2E
Fig). This suggests that PRDX2 has a role in proliferation of OSCC cells.

The effect of PRDX2 on cell-cycle progression was investigated. The proportion of

PRDX2-overexpressing cells in the G2/M phase was significantly higher (35.95% + 12.6) and
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Fig 2. The level of PRDX2 mRNA and protein in HTK1-K4DT and ORL-48T cells transiently transfected with pIRES2-16E6/E7. Levels of PRDX2 mRNA and
protein in mock (pIRES2)-transfected and HPV16 E6/E7 (pIRES2-16E6/E7)-transfected HTK1-K4DT (the immortalized human tongue keratinocyte) cells (A) and
ORL-48T (well differentiated SCC that originated from mouth/gum) cells (B) was determined by Real-Time PCR and western blot. Each experiment was performed in
triplicate. The protein intensity was measured using ImageJ 1.49v software. The protein intensity of PRDX2 was normalized with beta-actin to calculate the fold change
(C). Differences in expression between mock and HPV16 E6/E7 treatments were statistically analyzed using paired t-tests. * and ** denote statistically significant
differences as P < 0.05 and 0.01, respectively.

https://doi.org/10.1371/journal.pone.0242465.9002

the proportion in the G0/G1 (40.6 + 10.4) and S (15.2 + 3.1) phases was lower than in control
cells (18.7% =+ 4.0, 58.6 + 3.6, and 18.3 + 2.0, respectively) (Fig 4D). In contrast, in PRDX2
knockdown ORL-48T cells, the G2/M proportion (22.2% + 1.3) was lower than controls (S2F
Fig). This result might indicate that PRDX2 promotes cell-cycle progression at the G2/M
population.

PRDX2 promotes cell migration in ORL-48T cell lines

To determine the effect of PRDX2 on cell migration, ORL-48T cells transduced with pCLXSN
or with pCLXSN-PRDX2 were cultured in DMEM/F12 medium. A linear gap was created by
scratching the cell layer on the bottom of the dish. The cells were then maintained in 1% FBS
medium for 24 and 48 hours. The extent of wound closure was determined. After 24 hours,
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https://doi.org/10.1371/journal.pone.0242465.9003
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Fig 4. The effect of PRDX2 overexpression on cell proliferation and cell-cycle progression of ORL-48T cells. The level of PRDX2 protein in
pCLXSN-PRDX2-transduced ORL-48T cells (A and B) was observed using western blot. Percentage of population of PRDX2-overexpressing ORL-48T cells
relative to controls after incubation for 24, 48 and 72 hours was investigated by MTT assay (C). Differences in expression between pCLXSN and
pCLXSN-PRDX2 were statistically analyzed using paired t-tests of triplicate experiments. Cell-cycle phase distribution in PRDX2-overexpressing ORL-48T
cells incubated for 72 hours was determined by flow cytometry (D). Differences in expression and cell-cycle phase populations between pCLXSN and
pCLXSN-PRDX2 were statistically analyzed using paired t-tests of triplicate experiments. * and *** denote statistically significant differences as P < 0.05 and
0.001, respectively.

https://doi.org/10.1371/journal.pone.0242465.9004

wound closure by PRDX2-overexpressing ORL-48T cells was significantly greater (87.0% +
22.4) than by control cells (32.0% * 18.4) (Fig 5A and 5B). In knockdown cells with siRNA-
control and siRNA-PRDX2 cells, wound healing rates were 79.1% + 17.3 and 35.5% + 29.4,
respectively (Fig 5C and 5D). The result showed that PRDX2 can promote cell migration in
ORL-48T cells.

PRDX2 inhibits apoptosis

The effect of PRDX2 on apoptosis was examined using flow cytometry with an apoptosis kit. A
smaller proportion of PRDX2-overexpressing ORL-48T cells were apoptotic (4.6%), particu-
larly in early apoptosis, relative to controls (13.5%) (Fig 6A and 6B). Conversely,
PRDX2-knockdown ORL-48T cells had a greater proportion of early apoptotic cells (Fig 6C
and 6D). This result demonstrates that PRDX2 functions as an inhibitor of apoptosis in
OsCC.

Discussion

We investigated the role of HPV oncoprotein and arecoline on PRDX2 expression in OSCC
cells. Additionally, the function of PRDX2 in cell proliferation, cell-cycle progression, cell
migration and apoptosis in oral cell lines was examined.
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Overexpression of PRDX2 is a potential biomarker for colorectal cancer [27], OSCC [28],
osteosarcoma [29] and ovarian cancer [30]. However, the induction and role of PRDX2
expression in OSCC remain unclear. Unsurprisingly, we found that PRDX2 acts as a tumor
promoter involved in the induction of cell proliferation, cell-cycle progression and inhibition
of apoptosis in oral cell lines. Consistently, PRDX2 functions as a tumor promoter in colorectal
cancer [5]. Importantly, PRDX2 has a direct role in lung metastasis, and high expression of
PRDX2 in breast cancer is associated with progression to lung metastasis [7]. High expression
of PRDX2 is significantly associated with ovarian cancer progression including pathological
grades IT and III, and clinical stages III and IV, as well as with chemotherapeutic drug resis-
tance [30]. These studies demonstrated the roles of PRDX2 in advanced stages of various
malignancies. Interestingly, we found that PRDX2 promoted cell migration in ORL-48T
(derived from an advanced stage of OSCC) but not in ORL-136T cells (derived from early-
stage OSCC tissue) or in HTK1-K4DT cells (an immortalized tongue keratinocyte cell line
derived from normal keratinocytes) (S3 Fig) [31]. Additionally, the population of G2/M was
significantly higher in PRDX2-overexpressing cells than in control cells that interpreting as
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https://doi.org/10.1371/journal.pone.0242465.9006

cell-cycle progression more than cell-cycle arrest because we found the upregulation of c-Myc
and downregulation of p16™*** which functioned as an induction of cell-cycle progression
and of arrest respectively in compared with control cells (54 Fig) [32-35]. However, cell-cycle
arrest cannot be ruled out in PRDX2-overexpressing cells [36]. These observations suggest that
PRDX2 may play a role in promotion of OSCC progression, particularly in advanced stages of
disease. The mechanism of PRDX2 exerting its oncogenic action in various malignancies is
still poorly understood; therefore, additional studies are needed to further investigate this
mechanism. We hypothesized that PRDX2 act as a tumor promoter via neutralizing hydrogen
peroxide contributing to the protection of cells from oxidative damage and the regulation of
peroxide-mediated signal transduction in oral cell lines. These molecular mechanisms influ-
ence other signaling cascades including NF-kB, c-Myc and cytochrome release that may pro-
mote tumorigenesis [7]. Wu et al. demonstrated that decreased PRDX2 exerted cell-cycle
arrest and apoptosis and inhibited proliferation in trophoblast via ROS-related p-p53 and
p38-MAPK/p21 pathway [37]. Feng et al. indicated the oncogenic role of PRDX2 in esophageal
squamous cell carcinoma via Wnt/B-catenin and AKT pathways [38].

Even though PRDX2 upregulation can be a potential biomarker in various cancers as men-
tioned above, how it is upregulated and its role in OSCC development remains obscure. This
study investigated the effect of arecoline and HPV oncogenes on PRDX2 in both mRNA and
protein expression level. As expected, both arecoline treatment (low concentration) and
HPV16 E6/E7 could induce PRDX2 overexpression in oral cell lines including oral cancer
(ORL-48T and ORL-136T) and immortalized tongue keratinocyte (HTK1T-KTD4) cell lines.
Conversely, high concentration of arecoline treatment reduced PRDX2 expression (Fig 3B and
3C) and induced cell death (S5 Fig) at 48 hours.
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The expression of PRDX2 is mainly induced by oxidative stress [39]. Oxidative stress induces
PRDX2 expression via the CD36 signaling cascade, leading to activation of transcription factor
Nrf2 to bind specific ARE elements; subsequently key antioxidant genes are transcribed [12]. In
another way, epigenetics also regulates PRDX2 expression [10, 11]. Unsurprisingly, arecoline
promotes oxidative stress [40] and modulates epigenetic alteration [41]. Supporting this study,
arecoline induces PRDX2 expression in oral cell lines. In addition, Lin et al. suggested that arec-
oline contributes changes in the expression of several genes catalyzing histone methylation,
acetylation, and demethylation [41]. In addition, c-Myc induced in oral cell lines underlying
arecoline treatment could bind to PRDX2 promoter and regulate PRDX2 expression by various
pathways [10, 25, 37, 40]. Our previous study also found a role of this compound in downregu-
lating miRNA in oral cancer [25]. In the other hand, there are reports of oxidative stress being
induced by HPV16 E6, particularly the truncated splice variant (E6*) [42]. HPV E6 and E7 also
induced HIF-1o and Nrf2 [21, 43]. In addition, HPV E6/E7/Notch could upregulate c-Myc
[44]. These mechanisms by which HPV oncogenes may link to PRDX2 regulation. Infection
with this virus also regulates epigenetics [45]. Moreover, we also predicted transcription factor
binding sites upstream promoter region of PRDX2 gene using GeneCards®) (https://www.
genecards.org/) and subsequently found that the promoter contained c-Fos, JunD, JunB, c-
Myc, E2F, STAT3, DNMT3b, SP1 and YY1 binding sites (S6 Fig). These transcription factors
are involved in the regulatory network of either arecoline or HPV oncoprotein. It is possible
that arecoline and HPV may regulate PRDX2 through those mechanisms.

In summary, PRDX2 acts as a tumor promoter in oral cell lines and its dysregulation could
be induced by arecoline and HPV16 E6/E7.

Supporting information

S1 Fig. The expression levels of PRDX2 protein and mRNA in HTK1-K4DT-16E6SD cells
and in HTK1-K4DT cells. Expression of HPV16 E6 (A) and PRDX2 (B) mRNA in
HTK1-K4DT and HTK1-K4DT-16E6SD cells incubated for 24 and 48 hours was examined by
Real-Time PCR. PRDX2 protein (C) in HTK1-K4DT and HTK1-K4DT-16E6SD cells incu-
bated for 24 and 48 hours was detected by western blot. The experiments were performed in
triplicate.

(TIF)

S2 Fig. The effect of PRDX2-knockdown on cell proliferation and cell-cycle progression of
OSCC cells. PRDX2 protein levels following PRDX2 knockdown in siR-PRDX2-transfected
ORL-48T cells (siR-PRDX2) was compared with controls (siR-Con) by western blot (A and B).
Percentage of cell population in PRDX2-knockdown ORL-48T (C), HTK1-K4DT (D), and
ORL-136 (E) cells at 48 hours post-transfection was determined using the MTT assay. Cell-
cycle phase distribution in PRDX2-knockdown ORL-48T cells incubated for 72 hours was
determined by flow cytometry (F). Each experiment was performed in triplicate.

(TIF)

$3 Fig. Cell migration in PRDX2-knockdown ORL-136T and HTK1-K4DT cells using a
wound-healing assay. ORL-136T (A and B) and HTK1-K4DT (C and D) transfected with siR-
NA-Control (siR-Con) and siR-PRDX2 (C and D) were maintained in DMEM/F12 with 1%
FBS and F medium with 0.5%, respectively. After incubation for 24 hours, a wound was cre-
ated and measured at 0, 24 and 48 hours using NIS-Elements Advanced Research Imaging
Software version 3.0 and the 4x objective lens of an inverted microscope. Experiments were
performed in triplicate.

(TIF)
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$4 Fig. The level of p16™*** and c-Myc mRNAs in PRDX2-overexpressing ORL-48T cells.
PRDX2-overexpressing ORL-48T cells were seeded into 24-well plates at a density of 150,000
cell per well. After incubation for 24 hours, the medium was changed to DMEM/F12 contain-
ing 2.5% FBS and antibiotics and maintained for 72 hours. Total RNA was extracted and used
to cDNA synthesis. The level of p16™*** (A) and c-Myc (B) mRNAs was analyzed by Real-
Time PCR. GAPDH was used as an internal control. Experiments were performed in tripli-
cate.

(TIF)

S5 Fig. MTT assay for determination of cell cytotoxicity in arecoline-treated ORL-48T and
HTK1-K4DT cells. Either ORL-48T (A) or HTK1-K4DT (B) cell line was seeded into each
well of 96-well plate at a density of 2 x 10* cells per well. After 24 hours of time incubation, the
cells were treated with various concentrations of arecoline and incubated for 48 hours. Cell
viability was analyzed by MTT reagent. Experiments were performed in triplicate and repeated
three times.

(TIF)

S6 Fig. Promoter and enhancer for PRDX2 gene in GeneCards. A list of transcription factors
having transcription factor binding sites within the PRDX2 promoter and enhancer are pre-
sented in blue letter. Red box represents transcription factors regulated by arecoline and/or
HPV. The table describes a candidate promoter and enhancer associated with the PRDX2

gene. An asterisk represents confidence score that has elite promoters and enhancers.
(TIF)

S§1 Table. Primer sequences.
(DOCX)

$2 Table. Demographic data of cancer-free controls and OSCC patients.
(DOCX)

S1 Raw images.
(PDF)

Acknowledgments

We would like to acknowledge Prof. David Blair for editing the MS via Publication Clinic,
KKU, Thailand, and Watchareporn Teeramatwanich and Pensiri Phusingha for providing the
clinical samples.

Author Contributions
Conceptualization: Jureeporn Chuerduangphui, Chamsai Pientong.

Data curation: Jureeporn Chuerduangphui, Tipaya Ekalaksananan, Patravoot Vatanasapt,
Chamsai Pientong.

Formal analysis: Jureeporn Chuerduangphui, Chamsai Pientong.

Investigation: Jureeporn Chuerduangphui, Tipaya Ekalaksananan, Chukkris Heawchaiya-
phum, Chamsai Pientong.

Methodology: Jureeporn Chuerduangphui, Chamsai Pientong.
Project administration: Chamsai Pientong.

Resources: Chukkris Heawchaiyaphum, Patravoot Vatanasapt, Chamsai Pientong.

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0242465.s009
https://doi.org/10.1371/journal.pone.0242465

PLOS ONE

Peroxiredoxin 2 function and its upregulation in human oral squamous cell carcinoma

Supervision: Tipaya Ekalaksananan, Chamsai Pientong.

Writing - original draft: Jureeporn Chuerduangphui.

Writing - review & editing: Jureeporn Chuerduangphui, Tipaya Ekalaksananan, Chukkris

Heawchaiyaphum, Patravoot Vatanasapt, Chamsai Pientong.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Nicolussi A, D’inzeo S, Capalbo C, Giannini G, Coppa A. The role of peroxiredoxins in cancer. Mol Clin
Oncol. 2017; 6(2):139-53. https://doi.org/10.3892/mco.2017.1129 PMID: 28357082

Kim'Y, Jang HH. The role of peroxiredoxin family in cancer signaling. J Cancer Prev. 2019; 24(2):65.
https://doi.org/10.15430/JCP.2019.24.2.65 PMID: 31360686

Hall A, Karplus PA, Poole LB. Typical 2-Cys peroxiredoxins—structures, mechanisms and functions.
FEBS J. 2009; 276(9):2469-77. https://doi.org/10.1111/j.1742-4658.2009.06985.x PMID: 19476488

Duan T, FanK, Chen S, Yao Q, Zeng R, Hong Z, et al. Role of peroxiredoxin 2 in H,O»-induced oxida-
tive stress of primary Leydig cells. Mol Med Rep. 2016; 13(6):4807—13. https://doi.org/10.3892/mmr.
2016.5147 PMID: 27082744

LuW, FuZ, Wang H, Feng J, Wei J, Guo J. Peroxiredoxin 2 is upregulated in colorectal cancer and con-
tributes to colorectal cancer cells’ survival by protecting cells from oxidative stress. Mol Cell Biochem.
2014; 387(1-2):261-70. https://doi.org/10.1007/s11010-013-1891-4 PMID: 24234423

Soini Y, Kallio J, Hirvikoski P, Helin H, Kellokumpu-Lehtinen P, Kang S, et al. Oxidative/nitrosative
stress and peroxiredoxin 2 are associated with grade and prognosis of human renal carcinoma. Apmis.
2006; 114(5):329-37. https://doi.org/10.1111/j.1600-0463.2006.apm_315.x PMID: 16725008

Stresing V, Baltziskueta E, Rubio N, Blanco J, Arriba M, Valls J, et al. Peroxiredoxin 2 specifically regu-
lates the oxidative and metabolic stress response of human metastatic breast cancer cells in lungs.
Oncogene. 2013; 32(6):724. https://doi.org/10.1038/onc.2012.93 PMID: 22430214

Agrawal-Singh S, Isken F, Agelopoulos K, Klein HU, Thoennissen NH, Koehler G, et al. Genome-wide
analysis of histone H3 acetylation patterns in AML identifies PRDX2 as an epigenetically silenced tumor
suppressor gene. Blood. 2012; 119(10):2346-57. https://doi.org/10.1182/blood-2011-06-358705
PMID: 22207736

Park MH, Jo M, Kim YR, Lee CK, Hong JT. Roles of peroxiredoxins in cancer, neurodegenerative dis-
eases and inflammatory diseases. Pharmacol Therapeut. 2016; 163:1-23. https://doi.org/10.1016/j.
pharmthera.2016.03.018 PMID: 27130805

Lv Z, Wei J, You W, Wang R, Shang J, Xiong Y, et al. Disruption of the c-Myc/miR-200b-3p/PRDX2 reg-
ulatory loop enhances tumor metastasis and chemotherapeutic resistance in colorectal cancer. J Transl|
Med. 2017; 15(1):257. https://doi.org/10.1186/s12967-017-1357-7 PMID: 29258530

Bera R, Chiu MC, Huang YJ, Liang DC, Lee YS, Shih LY. Genetic and epigenetic perturbations by
DNMT3A-R882 mutants impaired apoptosis through augmentation of PRDX2 in myeloid leukemia
cells. Neoplasia. 2018; 20(11):1106—20. https://doi.org/10.1016/j.ne0.2018.08.013 PMID: 30245403

Li W, Febbraio M, Reddy SP, Yu DY, Yamamoto M, Silverstein RL. CD36 participates in a signaling
pathway that regulates ROS formation in murine VSMCs. J Clin Invest. 2010; 120(11):3996—4006.
https://doi.org/10.1172/JC142823 PMID: 20978343

Chikara S, Nagaprashantha LD, Singhal J, Horne D, Awasthi S, Singhal SS. Oxidative stress and die-
tary phytochemicals: role in cancer chemoprevention and treatment. Cancer Lett. 2018; 413:122-34.
https://doi.org/10.1016/j.canlet.2017.11.002 PMID: 29113871

Luo W, Chen |, Chen Y, Alkam D, Wang Y, Semenza GL. PRDX2 and PRDX4 are negative regulators
of hypoxia-inducible factors under conditions of prolonged hypoxia. Oncotarget. 2016; 7(6):6379.
https://doi.org/10.18632/oncotarget.7142 PMID: 26837221

Chuerduangphui J, Pientong C, Chaiyarit P, Patarapadungkit N, Chotiyano A, Kongyingyoes B, et al.
Effect of human papillomavirus 16 oncoproteins on oncostatin M upregulation in oral squamous cell car-
cinoma. Med Oncol. 2016; 33(8):83. https://doi.org/10.1007/s12032-016-0800-6 PMID: 27349249

Wang S, Chen Z, Zhu S, Lu H, Peng D, Soutto M, et al. PRDX2 protects against oxidative stress
induced by H. pyloriand promotes resistance to cisplatin in gastric cancer. Redox biology. 2020;
28:101319. https://doi.org/10.1016/j.redox.2019.101319 PMID: 31536951

Miller CS, Johnstone BM. Human papillomavirus as a risk factor for oral squamous cell carcinoma: a
meta-analysis, 1982—1997. Oral Surg Oral Med Oral Pathol Oral Radiol Endod. 2001; 91(6):622—-35.
https://doi.org/10.1067/moe.2001.115392 PMID: 11402272

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 15/17


https://doi.org/10.3892/mco.2017.1129
http://www.ncbi.nlm.nih.gov/pubmed/28357082
https://doi.org/10.15430/JCP.2019.24.2.65
http://www.ncbi.nlm.nih.gov/pubmed/31360686
https://doi.org/10.1111/j.1742-4658.2009.06985.x
http://www.ncbi.nlm.nih.gov/pubmed/19476488
https://doi.org/10.3892/mmr.2016.5147
https://doi.org/10.3892/mmr.2016.5147
http://www.ncbi.nlm.nih.gov/pubmed/27082744
https://doi.org/10.1007/s11010-013-1891-4
http://www.ncbi.nlm.nih.gov/pubmed/24234423
https://doi.org/10.1111/j.1600-0463.2006.apm%5F315.x
http://www.ncbi.nlm.nih.gov/pubmed/16725008
https://doi.org/10.1038/onc.2012.93
http://www.ncbi.nlm.nih.gov/pubmed/22430214
https://doi.org/10.1182/blood-2011-06-358705
http://www.ncbi.nlm.nih.gov/pubmed/22207736
https://doi.org/10.1016/j.pharmthera.2016.03.018
https://doi.org/10.1016/j.pharmthera.2016.03.018
http://www.ncbi.nlm.nih.gov/pubmed/27130805
https://doi.org/10.1186/s12967-017-1357-7
http://www.ncbi.nlm.nih.gov/pubmed/29258530
https://doi.org/10.1016/j.neo.2018.08.013
http://www.ncbi.nlm.nih.gov/pubmed/30245403
https://doi.org/10.1172/JCI42823
http://www.ncbi.nlm.nih.gov/pubmed/20978343
https://doi.org/10.1016/j.canlet.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29113871
https://doi.org/10.18632/oncotarget.7142
http://www.ncbi.nlm.nih.gov/pubmed/26837221
https://doi.org/10.1007/s12032-016-0800-6
http://www.ncbi.nlm.nih.gov/pubmed/27349249
https://doi.org/10.1016/j.redox.2019.101319
http://www.ncbi.nlm.nih.gov/pubmed/31536951
https://doi.org/10.1067/moe.2001.115392
http://www.ncbi.nlm.nih.gov/pubmed/11402272
https://doi.org/10.1371/journal.pone.0242465

PLOS ONE

Peroxiredoxin 2 function and its upregulation in human oral squamous cell carcinoma

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Tomar S, Graves CA, Altomare D, Kowli S, Kassler S, Sutkowski N, et al. Human papillomavirus status
and gene expression profiles of oropharyngeal and oral cancers from European American and African
American patients. Head & neck. 2016; 38(S1):E694—-E704. https://doi.org/10.1002/hed.24072 PMID:
25899179

De Marco F. Oxidative stress and HPV carcinogenesis. Viruses. 2013; 5(2):708-31. https://doi.org/10.
3390/v5020708 PMID: 23403708

Kesarwala AH, Krishna MC, Mitchell JB. Oxidative stress in oral diseases. Oral Dis. 2016; 22(1):9—-18.
https://doi.org/10.1111/0di.12300 PMID: 25417961

Zhang E, Feng X, Liu F, Zhang P, Liang J, Tang X. Roles of PI3BK/Akt and c-Jun signaling pathways in
human papillomavirus type 16 oncoprotein-induced HIF-1a, VEGF, and IL-8 expression and in vitro
angiogenesis in non-small cell lung cancer cells. PloS One. 2014; 9(7):e103440. https://doi.org/10.
1371/journal.pone.0103440 PMID: 25058399

Warnakulasuriya S, Trivedy C, Peters TJ. Areca nut use: an independent risk factor for oral cancer: The
health problem is under-recognised. BMJ. 2002; 324(7341):799. https://doi.org/10.1136/bmj.324.7341.
799 PMID: 11934759

Shih YT, Chen PS, Wu CH, Tseng YT, Wu YC, Lo YC. Arecoline, a major alkaloid of the areca nut,
causes neurotoxicity through enhancement of oxidative stress and suppression of the antioxidant pro-
tective system. Free Radic Biol Med. 2010; 49(10):1471-9. https://doi.org/10.1016/j.freeradbiomed.
2010.07.017 PMID: 20691257

Lee SS, Tsai CH, Yang SF, Ho YC, Chang YC. Hypoxia inducible factor-1a expression in areca quid
chewing-associated oral squamous cell carcinomas. Oral Dis. 2010; 16(7):696—701. https://doi.org/10.
1111/j.1601-0825.2010.01680.x PMID: 20846156

Chuerduangphui J, Ekalaksananan T, Chaiyarit P, Patarapadungkit N, Chotiyano A, Kongyingyoes B,
et al. Effects of arecoline on proliferation of oral squamous cell carcinoma cells by dysregulating c-Myc
and miR-22, directly targeting oncostatin M. PloS One. 2018; 13(1):e0192009. https://doi.org/10.1371/
journal.pone.0192009 PMID: 29385191

Chernov IP, Stukacheva EA, Akopov SB, Didych DA, Nikolaev LG, Sverdlov ED. A new technique for
selective identification and mapping of enhancers within long genomic sequences. BioTechniques.
2008; 44(6):775-84. https://doi.org/10.2144/000112732 PMID: 18476831

Peng L, Wang R, Shang J, Xiong Y, Fu Z. Peroxiredoxin 2 is associated with colorectal cancer progres-
sion and poor survival of patients. Oncotarget. 2017; 8(9):15057. https://doi.org/10.18632/oncotarget.
14801 PMID: 28125800

Heawchaiyaphum C, Pientong C, Phusingha P, Vatanasapt P, Promthet S, Daduang J, et al. Peroxire-
doxin-2 and zinc-alpha-2-glycoprotein as potentially combined novel salivary biomarkers for early
detection of oral squamous cell carcinoma using proteomic approaches. J Proteomics. 2018; 173:52—
61. https://doi.org/10.1016/j.jprot.2017.11.022 PMID: 29199150

Kikuta K, Tochigi N, Saito S, Shimoda T, Morioka H, Toyama Y, et al. Peroxiredoxin 2 as a chemother-
apy responsiveness biomarker candidate in osteosarcoma revealed by proteomics. Proteom Clin Appl.
2010; 4(5):560-7. https://doi.org/10.1002/prca.200900172 PMID: 21137073

Li S, Hu X, Ye M, Zhu X. The prognostic values of the peroxiredoxins family in ovarian cancer. Biosci
Rep. 2018; 38(5):BSR20180667. hitps://doi.org/10.1042/BSR20180667 PMID: 30104402

Hamid S, Lim KP, Zain RB, Ismail SM, Lau SH, Mustafa WMW, et al. Establishment and characteriza-
tion of Asian oral cancer cell lines as in vitro models to study a disease prevalent in Asia. Int J Mol Med.
2007; 19(8):453-60. https://doi.org/10.3892/ijmm.19.3.453 PMID: 17273794

Yang Y, Xue K, Li Z, Zheng W, Dong W, Song J, et al. c-Myc regulates the CDK1/cyclin B1 dependent-
G2/M cell cycle progression by histone H4 acetylation in Raji cells. Int J Mol Med. 2018; 41(6):3366—-78.
https://doi.org/10.3892/ijmm.2018.3519 PMID: 29512702

CuiJ, Mo J, Luo M, Yu Q, Zhou S, Li T, et al. c-Myc-activated long non-coding RNA H19 downregulates
miR-107 and promotes cell cycle progression of non-small cell lung cancer. Int J Clin Exp Pathol. 2015;
8(10):12400. PMID: 26722426

Han XL, Wu FG, Zhang ZY, Tong TJ. Posttranscriptional induction of p21Waf1 mediated by ectopic
p16INK4 in human diploid fibroblast. Chin Med J. 2007; 120(5):405-9. PMID: 17376312

Tamm |, Schumacher A, Karawajew L, Ruppert V, Arnold W, Nussler AK, et al. Adenovirus-mediated
gene transfer of P16INK4/CDKN2 into bax-negative colon cancer cells induces apoptosis and tumor
regression in vivo. Cancer Gene Ther. 2002; 9(8):641-50. https://doi.org/10.1038/sj.cgt.7700480
PMID: 12136424

Phalen TJ, Weirather K, Deming PB, Anathy V, Howe AK, van der Vliet A, et al. Oxidation state governs
structural transitions in peroxiredoxin Il that correlate with cell cycle arrest and recovery. J Cell Biol.
2006; 175(5):779-89. https://doi.org/10.1083/jcb.200606005 PMID: 17145963

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 16/17


https://doi.org/10.1002/hed.24072
http://www.ncbi.nlm.nih.gov/pubmed/25899179
https://doi.org/10.3390/v5020708
https://doi.org/10.3390/v5020708
http://www.ncbi.nlm.nih.gov/pubmed/23403708
https://doi.org/10.1111/odi.12300
http://www.ncbi.nlm.nih.gov/pubmed/25417961
https://doi.org/10.1371/journal.pone.0103440
https://doi.org/10.1371/journal.pone.0103440
http://www.ncbi.nlm.nih.gov/pubmed/25058399
https://doi.org/10.1136/bmj.324.7341.799
https://doi.org/10.1136/bmj.324.7341.799
http://www.ncbi.nlm.nih.gov/pubmed/11934759
https://doi.org/10.1016/j.freeradbiomed.2010.07.017
https://doi.org/10.1016/j.freeradbiomed.2010.07.017
http://www.ncbi.nlm.nih.gov/pubmed/20691257
https://doi.org/10.1111/j.1601-0825.2010.01680.x
https://doi.org/10.1111/j.1601-0825.2010.01680.x
http://www.ncbi.nlm.nih.gov/pubmed/20846156
https://doi.org/10.1371/journal.pone.0192009
https://doi.org/10.1371/journal.pone.0192009
http://www.ncbi.nlm.nih.gov/pubmed/29385191
https://doi.org/10.2144/000112732
http://www.ncbi.nlm.nih.gov/pubmed/18476831
https://doi.org/10.18632/oncotarget.14801
https://doi.org/10.18632/oncotarget.14801
http://www.ncbi.nlm.nih.gov/pubmed/28125800
https://doi.org/10.1016/j.jprot.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29199150
https://doi.org/10.1002/prca.200900172
http://www.ncbi.nlm.nih.gov/pubmed/21137073
https://doi.org/10.1042/BSR20180667
http://www.ncbi.nlm.nih.gov/pubmed/30104402
https://doi.org/10.3892/ijmm.19.3.453
http://www.ncbi.nlm.nih.gov/pubmed/17273794
https://doi.org/10.3892/ijmm.2018.3519
http://www.ncbi.nlm.nih.gov/pubmed/29512702
http://www.ncbi.nlm.nih.gov/pubmed/26722426
http://www.ncbi.nlm.nih.gov/pubmed/17376312
https://doi.org/10.1038/sj.cgt.7700480
http://www.ncbi.nlm.nih.gov/pubmed/12136424
https://doi.org/10.1083/jcb.200606005
http://www.ncbi.nlm.nih.gov/pubmed/17145963
https://doi.org/10.1371/journal.pone.0242465

PLOS ONE

Peroxiredoxin 2 function and its upregulation in human oral squamous cell carcinoma

37.

38.

39.

40.

41.

42,

43.

44,

45.

Wu F, Tian F, Zeng W, Liu X, Fan J, Lin Y, et al. Role of peroxiredoxin2 downregulation in recurrent mis-
carriage through regulation of trophoblast proliferation and apoptosis. Cell Death Dis. 2017; 8(6):
€2908—e. https://doi.org/10.1038/cddis.2017.301 PMID: 28661480

Feng A, Han X, Meng X, Chen Z, Li Q, Shu W, et al. PRDX2 plays an oncogenic role in esophageal
squamous cell carcinoma via Wnt/B-catenin and AKT pathways. Clin Trans| Oncol. 2020:1-11. https:/
doi.org/10.1007/s12094-019-02132-9 PMID: 31127471

De Franceschi L, Bertoldi M, De Falco L, Franco SS, Ronzoni L, Turrini F, et al. Oxidative stress modu-
lates heme synthesis and induces peroxiredoxin-2 as a novel cytoprotective response in 3-thalassemic
erythropoiesis. Haematologica. 2011; 96(11):1595-604. https://doi.org/10.3324/haematol.2011.
043612 PMID: 21750082

Thangjam G, Kondaiah P. Regulation of oxidative-stress responsive genes by arecoline in human kera-
tinocytes. J Periodontal Res. 2009; 44(5):673-82. https://doi.org/10.1111/j.1600-0765.2008.01176.x
PMID: 19364390

Lin PC, Chang WH, Chen YH, Lee CC, Lin YH, Chang JG. Cytotoxic effects produced by arecoline cor-
related to epigenetic regulation in human K-562 cells. J Toxicol Env Heal A. 2011; 74(11):737-45.
https://doi.org/10.1080/15287394.2011.539123 PMID: 21480048

Williams VM, Filippova M, Filippov V, Payne KJ, Duerksen-Hughes P. Human papillomavirus type 16
E6* induces oxidative stress and DNA damage. J Virol. 2014; 88(12):6751-61. https://doi.org/10.1128/
JVI1.03355-13 PMID: 24696478

LiuY, Guo JZ, Liu Y, Wang K, Ding W, Wang H, et al. Nuclear lactate dehydrogenase A senses ROS to
produce a-hydroxybutyrate for HPV-induced cervical tumor growth. Nat Commun. 2018; 9(1):1-16.
https://doi.org/10.1038/s41467-017-02088-w PMID: 29317637

Maliekal T, Bajaj J, Giri V, Subramanyam D, Krishna S. The role of Notch signaling in human cervical
cancer: implications for solid tumors. Oncogene. 2008; 27(38):5110—-4. https://doi.org/10.1038/onc.
2008.224 PMID: 18758479

Durzynska J, Lesniewicz K, Poreba E. Human papillomaviruses in epigenetic regulations. Mutat Res-
Rev Mutat. 2017; 772:36-50. https://doi.org/10.1016/j.mrrev.2016.09.006 PMID: 28528689

PLOS ONE | https://doi.org/10.1371/journal.pone.0242465 December 17, 2020 17/17


https://doi.org/10.1038/cddis.2017.301
http://www.ncbi.nlm.nih.gov/pubmed/28661480
https://doi.org/10.1007/s12094-019-02132-9
https://doi.org/10.1007/s12094-019-02132-9
http://www.ncbi.nlm.nih.gov/pubmed/31127471
https://doi.org/10.3324/haematol.2011.043612
https://doi.org/10.3324/haematol.2011.043612
http://www.ncbi.nlm.nih.gov/pubmed/21750082
https://doi.org/10.1111/j.1600-0765.2008.01176.x
http://www.ncbi.nlm.nih.gov/pubmed/19364390
https://doi.org/10.1080/15287394.2011.539123
http://www.ncbi.nlm.nih.gov/pubmed/21480048
https://doi.org/10.1128/JVI.03355-13
https://doi.org/10.1128/JVI.03355-13
http://www.ncbi.nlm.nih.gov/pubmed/24696478
https://doi.org/10.1038/s41467-017-02088-w
http://www.ncbi.nlm.nih.gov/pubmed/29317637
https://doi.org/10.1038/onc.2008.224
https://doi.org/10.1038/onc.2008.224
http://www.ncbi.nlm.nih.gov/pubmed/18758479
https://doi.org/10.1016/j.mrrev.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28528689
https://doi.org/10.1371/journal.pone.0242465

