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Purpose: Cellular senescence is a physiological phenomenon by which cells irreversibly 
lose their proliferative potential. It is not clear whether senescent cells are related to 
malignant transformation in oral precancerous lesions. The role of peroxiredoxin1 (Prx1)- 
induced cell senescence in OLK malignant transformation has not been reported. The aim of 
this study is to investigate the role and mechanism of cell senescence in oral carcinogenesis.
Methods: In this study, 4-nitro-quinoline-1-oxide (4NQO) induced tongue carcinogenesis 
model in Prx1+/+ and Prx1+/- mice and dysplastic oral keratinocyte (DOK) were used. Prx1 
knockdown DOK cells were harvested with shRNA injection, and cell senescence was 
detected via the senescence-associated β-galactosidase (SA β-gal) assay. The senescence 
and mitophagy-related proteins were observed by immunohistochemistry (IHC), Western 
blot and qRT-PCR. The binding of Prx1 with prohibitin 2 (PHB2) and light chain 3 (LC3) 
was predicted via ZDOCK and measured in mice by Duolink analysis.
Results: Histologically, 4NQO treatment induced epithelial hyperplasia, dysplasia (mild, 
moderate and severe), carcinomas in situ and oral squamous cell carcinoma (OSCC) in 
mouse tongue mucosa. The malignant transformation rate in Prx1+/- mice (37.5%) was 
significantly lower compared with Prx1+/+ mice (57.1%). In Prx1+/+ mice, a higher number 
of senescent cells and greater expression of p53 and p21 were observed in hyperplastic and 
dysplastic tongue tissues when compared with those in OSCC tissues. Prx1 knockdown 
induced a greater number of senescent cells in hyperplastic tissues, and DOK cells accom-
panied cell cycle arrest at the G1 phase and PHB2/LC3II downregulation. Prx1 was predicted 
to dock with PHB2 and LC3 via ZDOCK, and the interactions were confirmed by in situ 
Duolink analysis.
Conclusion: Prx1 silencing inhibits the oral carcinogenesis by inducing cell senescence 
dependent on mitophagy.
Keywords: peroxiredoxin1, oral leukoplakia, oral squamous cell carcinoma, cell senescence, 
mitophagy

Introduction
Oral potentially malignant disorders (OPMDs) are chronic conditions, which have 
an increased risk of transformation to oral squamous cell carcinoma (OSCC).1,2 

Oral leukoplakia (OLK) is the most prevalent OPMDs recognized by the World 
Health Organization (WHO).3,4 Based on observational 24 studies, 
Warnakulasuriya et al5,6 estimated OLK overall (mean) malignant transformation 
rate to 3.5% (405/11423), and the malignant transformation may range from 0.13% 
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to 34.0% increasing with the degree of epithelial 
dysplasia.7–9 The mechanism of OLK progression remains 
unclear, which seriously affects clinical treatment.

In 1961, Hayflick first discovered that cell proliferation 
was limited in human fibroblasts, named the Hayflick 
limit, yet cells entered a state of cellular senescence. 
Molecular indicators of cell senescence mainly include 
inhibition of cell proliferation, increased activity of senes-
cence-associated beta-galactosidase (SA β-gal), decreased 
ability for DNA damage repair and telomere shortening.10 

At present, the classical signaling pathways of cellular 
senescence include p53/p21Cip1 and p16INK4a/Rb, which 
interact with each other but independently regulate the 
cell cycle.11 Recent studies have reported that there are 
abundant senescent cells in some precancerous lesions,12 

suggesting that these senescent cells may play important 
roles in malignant transformation. The correlation between 
OLK and cell senescence has rarely been reported, with no 
clear and intensive studies on the mechanism of OLK cell 
senescence currently available.

It is indicated that the main function of peroxiredoxin1 
(Prx1), mainly located in the cytoplasm and nucleus, is 
antioxidant.13,14 Recent research has reported that Prx1 
exerts anti-aging effects, and a decrease in Prx1 expression 
can accelerate the senescence of rodents.15 Additionally, 
Prx1 is associated with mitophagy.16 In our previous stu-
dies, Prx1 expression was found to be increased in human 
OLK and OSCC tissues and was positively correlated with 
oral carcinogenesis. Prx1 knockdown inhibited oral carci-
nogenesis and metastasis in a 4NQO-induced tongue OLK 
animal model and OSCC xenograft model.17,18 Using 
bioinformatic analysis, we found that Prx1 was involved 
in mitophagy and cell senescence pathways in the human 
dysplastic oral keratinocyte (DOK) cells.19 Currently, the 
role of Prx1-induced cell senescence in OLK malignant 
transformation has not been reported. In this study, we 
explored the mechanism by which Prx1 regulates cell 
senescence in OLK carcinogenesis in a 4NQO-induced 
tongue carcinogenesis model in Prx1+/+ and Prx1+/- mice, 
as well as in DOK cells.

Materials and Methods
Cell Culture and shRNA Prx1 
Transfection
The DOK cells (ECACC 94122104, purchased from 
European Collection of Authenticated Cell Cultures data 
bank) were gifted by Dr Qianming Chen from West China 

Medical center, China. The cell lines were cultured in 
high-glucose Dulbecco’s modified Eagle’s medium 
(DMEM-High glucose, Gibco, USA) containing 10% 
fetal bovine serum (FBS, Gibco, USA), 1% penicillin/ 
streptomycin (Beyotime, China) and 5µg/mL hydrocorti-
sone (Beyotime, China) in a humidified atmosphere of 5% 
CO2 and 95% air at 37 °C. DOK cells were transfected 
with negative control (NC) or shPrx1 (5ʹ- 
CTCTTGACTTCACCTTTGTGT-3ʹ, Gene chem China) 
and the stable Prx1 knockdown DOK cells were selected 
by 1 µg/mL puromycin (Sigma, USA) for 7 days. The 
study was approved by the Ethics Committee of Beijing 
Stomatological Hospital (Approval No. A-2020-01)

Animal Studies
All animal experiments were carried out and performed 
according to the Beijing Municipality on the Review of 
Welfare and Ethics of Laboratory Animals guidelines and 
all animal procedures were approved by the Animal 
Ethical and Welfare Committee of Beijing 
Stomatological Hospital (Approval No. KQYY- 
201809-001).

Wild type (Prx1+/+, C57BL/6) mice and Prx1 knock-
down (Prx1+/−, C57BL/6) mice, 6–8 weeks old and weigh-
ing 25–30g, were established in our laboratory as 
described previously.20 In this study, we employed the 
tongue carcinogenesis model induced by 4NQO under 
the guidance of our previous study.21 Prx1+/+ (n=15, 
eight male and seven female) and Prx1+/- (n=15, eight 
male and seven female) mice were divided randomly into 
control groups (n=5) and 4NQO-treated groups (n=10), 
respectively. Control groups were fed with regular distilled 
water and experimental groups were provided with water 
containing 50μg/mL 4NQO for 16 weeks and were then 
provided distilled water. At the end of another 8 weeks, the 
mice were euthanized and tongues were removed, then cell 
senescence and mitophagy were analyzed based on histo-
pathological stages.

Hematoxylin and Eosin (H&E) Staining
Each tongue tissue was cut into 4 μm-thick sections con-
tinuously for H&E staining and were observed via 
Olympus BX61 microscope (Olympus, Tokyo, Japan). 
According to the World Health Organization classification 
of head and neck tumors (fourth edition, 2017), histologi-
cal changes in tongue mucosa were validated by two 
pathologists including normal mucosa, epithelial hyperpla-
sia, epithelial dysplasia and OSCC. The diagnosis of 
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epithelial dysplasia is practiced according to the WHO 
guidelines for pathology reporting based on the structure 
and the cell morphology in epithelium.

SA β-Gal Staining
SA β-gal activity was confirmed by the SA β-gal staining 
kit (sigma, 11828673001) according to the protocol. 
Senescent cells were observed as blue-stained cells by 
microscopy. More than 500 cells in five random fields 
were counted to evaluate the percentage of SA β-gal- 
positive cells.

Tissues removed from C57/BL6 mice were placed in 
an O.C.T compound (Sakura, 4583). Tissue sections, 6μm 
thick, were obtained by using a cryostat (Leica CM1850, 
Germany) and 10% formalin-fixed for 15 minutes, washed 
with PBS twice then incubated with X-gal staining solu-
tion at 37°C without CO2 for 18 hours.

Flow Cytometry for Cell Cycle
DOK cells were harvested using 0.25% trypsin (Hyclone, 
USA), centrifuged (1100 r/min), and rinsed twice with 
cold PBS for cell cycle analysis. The pellet was resus-
pended in ice-cold 70% ethanol overnight at 4°C. Cells 
were subsequently harvested, incubated with RNase 
A (100μg/mL, Sigma, USA) for 30 minutes at 37°C, 
followed with propidium iodide (20μg/mL, BD 
Biosciences, USA), and analyzed using ModfitFL32 (BD 
Accuri™ C6 PLUS, BD Biosciences).

Western Blot
Whole-cell lysates were obtained and denatured in 
a 5×SDS loading buffer at 100°C for 10 minutes with 
the guidance as described previously.17 Proteins in the 
samples were separated by SDS-PAGE (Biorad, 
1611210), semi-dry electrophoretic transferred to PVDF 
membrane (Biorad, 1704156), and analyzed using the spe-
cified antibodies and an ECL detection system (Thermo 
Fisher Scientific) with Hsp90 used as a loading control. 
The primary antibodies were incubated as follows: anti- 
Prx1 (1:2000, Abcam), anti-p53 (1:1000, CST), anti-p21 
(1:2000, Abcam), anti-CDK2 (1:1000, Abcam), anti- 
CDK4 (1:2000, Abcam), anti-CDK6 (1:500,CST), anti- 
PHB2 (1:10000, Abcam), anti-LC3B (1:1000, Abcam) 
and anti-Hsp90 (1:2000, Santa).

Immunohistochemistry Analysis
Immunohistochemistry (IHC) staining was performed to 
detect the expression of senescence and mitophagy 

proteins. After antigens repaired, all sections were incu-
bated with the primary antibody overnight at 4°C after 
blockage of endogenous peroxidases. The primary antibo-
dies were used as follows: anti-Ki67 (Maixin), anti-wtp53 
(1:300, Bioss), anti-p21 (1:300, Bioss), anti-CDK2 (1:50, 
Abcam), anti-CDK4 (1:100, Bioss), anti-CDK6 (1:400, 
Bioss), anti-PHB2 (1:200, Abcam) and anti-LC3 (1:100, 
Abcam). Next, the sections were incubated with secondary 
antibody (Maixin, China) at 37°C for 30 minutes. Finally, 
slides were evaluated using the brown DAB precipitate 
(Maixin, China) and were performed with hematoxylin.

All sections were observed under the microscope 
(Olympus BX61, Japan) to randomly select three regions 
at 200× magnification. Image-Pro Plus software was used 
for MOD quantitative analyses (MOD = integral optical 
density/measurement area).

Real-Time Quantitative PCR (qRT-PCR)
Total RNA was extracted from mice tongue tissues by 
TRIZOL (Thermo Fisher Scientific, USA) according to 
the directions. cDNA was synthesized by reverse transcrib-
ing 2ug RNA with a cDNA Reverse Transcription Kit 
(CoWinBioscinces, China). One-microliter aliquots of 
cDNA were used as templates. qRT-PCR was conducted 
using SYBR Green PCR Master Mix (CoWinBioscinces, 
China) on a Step One Plus Real-Time PCR System (Biorad, 
USA). All primers, listed in Table 1, were designed and 
compounded by Sangon Biotech (Shanghai, China).

Table 1 The Primers Used in qRT-PCR

Gene Name Primer Sequence (5ʹ–3ʹ)

p21 Forward CAAAGTGTGCCGTTGTCTCTT

Reverse TCAAAGTTCCACCGTTCTCG

p53 Forward AGAGACCGCCGTACAGAAGA

Reverse GCATGGGCATCCTTTAACTC

CDK2 Forward TTGGAGTCCCTGTCCGAACT

Reverse CGGGTCACCATTTCAGCAAAG

CDK4 Forward CAATGTTGTACGGCTGATGG

Reverse GGAGGTGCTTTGTCCAGGTA

CDK6 Forward GGCGTACCCACAGAAACCATA

Reverse AGGTAAGGGCCATCTGAAAACT

PHB2 Forward AGCAGGAACAGCACAGAAGA

Reverse CGGAGCTTGATATAGCCAGGAT

GAPDH Forward GGAGAAACCTGCCAAGTATGA

Reverse CAACCTGGTCCTCAGTGTAGC
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Protein–Protein Docking
Docking of Prx1 (PDB ID:4xcs) with PHB2 (PDB 
ID:6iqe) and LC3B (PDB ID:5xad) were performed 
using ZDOCK and RDOCK from Discovery Studio 
2016.22 The docking poses were ranked by the ZRANK 
algorithm and the best docked pose was selected based on 
evaluation of binding interface residue. The top-ranked 
structures were further visualized by Discovery Studio 
(DS) and Ligplot+ v.2.2.

Duolink Analysis
Paired proximity ligation assay (PLA) probes were used to 
probe two primary antibodies targeting Prx1 and its inter-
acting proteins in mice sections. It is used to detect the 
interaction between two proteins with high sensitivity and 
specificity in situ. The experimental steps were performed 
as described previously.19

Statistical Analysis
Statistical analysis was performed using the SPSS 18.0 
statistical software (SPSS, Chicago, USA). All data are 
shown as mean ± standard deviations. The tumor inci-
dence was compared by chi-square test (χ2 test). The 
statistical difference was analyzed by the Student’s t-test 
or a one-way analysis of variance (ANOVA) and p<0.05 
was considered statistically significant.

Results
Prx1 Knockdown Inhibits 4NQO-Induced 
Mouse Tongue Carcinogenesis
In 4NQO-treated Prx1+/+ groups, the weight of mice was 
significantly decreased than that in control groups 
(p<0.05). The weight was no statistically significant dif-
ference in 4NQO-treated Prx1+/- mice, compared with 
4NQO-treated Prx1+/+ mice (p>0.05). Histologically, as 
shown in Figure 1A, 4NQO treatment induced epithelial 
hyperplasia, dysplasia (mild, moderate and severe), carci-
nomas in situ and OSCC in mouse tongue mucosa. The 
malignant transformation rate in Prx1+/- mice (37.5%) was 
significantly lower compared with Prx1+/+ mice (57.1%, 
Figure 1B, p< 0.05).

Numerous Senescent Cells Exist in 
Tongue Hyperplastic and Dysplastic 
Tissues in Mice
As shown in Figure 2A, SA β-gal activity was signifi-
cantly increased in the hyperplastic and dysplastic tongue 
tissues when compared with normal and OSCC tongue 
tissues in wild-type mice. Additionally, Ki67 (a mitotic 
marker) positive rates increased with the progression of 
OLK in Prx1+/+ mice. Compared with the normal tissues, 
the positive rate of Ki67 was increased in the hyperplasic 
tissues, with no statistically significant difference 

Figure 1 Histopathology of the tongue tissues in Prx1+/+ and Prx1+/- mice. (A) The representative H&E staining of mouse tongue including normal, hyperplasia, dysplasia and 
OSCC (magnification 200×). (B) The carcinogenesis rate induced with 4NQO in Prx1+/+ and Prx1+/- mice (*p<0.05).
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(p>0.05). Compared with the normal tissues, Ki67- 
positive rate was significantly increased in the dysplastic 
tissues, with a further increase observed in OSCC tissues 
when compared with the dysplastic tissues (p<0.01, 
Figure 2B and C).

Prx1 Knockdown Induces Cell 
Senescence in Mouse Tongue Tissues
To elucidate the mechanisms of cell senescence, we 
established a tongue carcinogenesis animal model in 
Prx1+/+ and Prx1+/- mice. We observed that SA β-gal 
activity was higher in the tongue epithelium of Prx1+/- 

mice than that in Prx1+/+ controls (Figure 2A). In the 
hyperplastic and dysplastic tissues, the percentage of 
Ki67-positive cells was significantly lower in Prx1+/- 

mice than that in Prx1+/+ mice (p<0.05) There was no 
significance of the positive rate of ki67 in normal tissues 
compared Prx1+/- mice to Prx1+/+ mice (p>0.05). As 
shown in Figure 2B and C, the Ki67-positive rate sig-
nificantly increased in dysplastic tissues compared with 
the normal group, with a further increase observed in the 
OSCC tissues compared with dysplastic tissues in Prx1+/- 

mice (p<0.01).

Prx1 Knockdown Upregulates p53 and 
p21 in Tongue Hyperplastic and 
Dysplastic Tissues in Mice
As shown in Figure 3A and B and D and E, the wild-type 
p53 (wt-p53) and p21 protein expression levels, detected 
with IHC staining were significantly increased in the ton-
gue epithelial tissues of the Prx1+/+ mice hyperplastic and 
dysplastic tissues when compared with those in the OSCC 
and normal tissues (p<0.01). Compared with the hyper-
plastic tissues in Prx1+/+ mice, wt-p53 expression in the 
dysplastic tissues was significantly increased (p<0.01), 
with no significant difference observed in the increased 
expression of p21 (p>0.05). Meanwhile, the wt-p53 and 
p21 expression levels in the OSCC tissues were signifi-
cantly decreased when compared with those in the tongue 
dysplastic tissues (p<0.01).

In Prx1+/- mice, compared with Prx1+/+ mice, p21 
expression was significantly increased in the normal, 
dysplastic, and OSCC tissues (p<0.05, p<0.01, p<0.01, 
Figure 3D and E), and p53 expression significantly 
increased in the normal and tongue hyperplastic tissues 
in Prx1+/- mice (p<0.05, Figure 3A and B). Compared 
with the normal and OSCC tissues in Prx1+/- mice, the 

Figure 2 The levels of cellular senescence in tongue tissues from Prx1+/+ and Prx1+/- mice. (A) Representative β-gal staining in tongue tissues from Prx1+/+ and Prx1+/- mice 
in each group. (B and C) In each group, Ki67 was measured in the tongue tissues by IHC and the percentage of Ki67-positive cells was analyzed (magnification: 200×, data 
represent mean values ± SD, *p <0.05, **p<0.01).
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expression of wt-p53 (Figure 3A and B) and p21 (Figure 
3D and E) increased significantly in the tongue dysplas-
tic tissues (p<0.01), with only wt-p53 expression sig-
nificantly increased in tongue hyperplastic tissues of 
Prx1+/- mice (p<0.05). qRT-PCR analysis showed that 
p53 and p21 mRNA expression levels were similar to 
those of protein expression (p<0.05, Figure 3C and F). 
This further confirmed that there were a high number of 
senescent cells in OLK tissues.

Prx1 Knockdown Affects CDK2, CDK4 
and CDK6 Expression in Mouse Tongue 
Tissues
Next, we examined the effects of Prx1 on the cell cycle. 
As shown in Figure 4A and B, the protein levels of CDK2 
in the tongue hyperplastic and dysplastic tissues were 
lower than those observed in the OSCC tissues in both 
Prx1+/+ and Prx1+/- mice (p<0.05, p<0.01). Compared with 
Prx1+/+ mice, Prx1 knockdown decreased CDK2 protein 
expression in the hyperplastic, dysplastic, and OSCC tis-
sues in Prx1+/- mice (p<0.01). There was no significance 
of CDK2 expression in normal tissues compared Prx1+/- 

mice to Prx1+/+ mice (p>0.05). qRT-PCR analysis revealed 

that CDK2 mRNA expression in the OPL and OSCC 
groups showed similar changes when compared with the 
protein expression (p<0.05, Figure 4C).

Furthermore, CDK4 protein and mRNA expression 
were upregulated in the tongue hyperplastic and dysplastic 
tissues when compared with that in the OSCC tissues in 
Prx1+/+ mice (p<0.01, Figure 4D–F). In Prx1+/+ mice, 
compared with the normal tissues, CDK4 protein and 
mRNA expression levels were significantly increased in 
OPL group (p<0.01). Prx1 knockdown decreased CDK4 
protein expression in the tongue hyperplastic and dysplas-
tic tissues when compared with those in wild-type mice 
(p<0.01). There were no statistically significant differences 
in CDK4 expression in normal tissues compared with 
Prx1+/- mice to Prx1+/+ mice (p>0.05).

In addition, as shown in Figure 4G and H, compared 
with the normal tissues, the protein expression of CDK6 in 
the tongue hyperplastic, dysplastic and OSCC tissues was 
upregulated (p<0.05, p<0.01, p<0.01). And the protein 
expression of CDK6 from tongue hyperplastic tissues 
was lower than that observed in the OSCC tissues in 
Prx1+/+ mice (p<0.01). The expression of CDK6 in the 
tongue dysplastic and OSCC tissues were higher than that 
in normal tissues in Prx1+/- mice (p<0.01). Compared with 

Figure 3 The levels of wt-p53 and p21 in tongue tissues from Prx1+/+ and Prx1+/- mice. (A and B) wt-p53 protein levels measured by IHC. (C) p53 mRNA levels detected 
by qRT-PCR; (D and E) p21 protein levels measured by IHC. (F) p21 mRNA levels detected by qRT-PCR analysis in tongue tissues. (magnification: 200×, value represent 
mean ± SD, *p<0.05; **p<0.01).
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Prx1+/+ mice, Prx1 knockdown decreased CDK6 protein 
expression in the dysplastic tissues (p<0.01). There were 
no statistically significant differences of CDK6 expression 
in normal, hyperplastic and OSCC tissues compared with 
Prx1+/- mice to Prx1+/+ mice (p>0.05). qRT-PCR analysis 
showed that the change of CDK6 mRNA expression was 
similar to those of protein expressions (p<0.05, Figure 4I).

Prx1 Knockdown Induced Cell 
Senescence and Mitophagy in DOK Cells
We assessed cell senescence using SA β-gal staining in 
NC and shPrx1 DOK cells. As shown in Figure 5A, an 
increased number of positively stained cells were detected, 
with flattened and enlarged morphology, in shPrx1 DOK 

cells than those in NC cells (p<0.01). Western blotting was 
used to detect the expression of cell senescence and mito-
phagy-related proteins. Prx1 knockdown significantly 
increased the expression of p53 and p21 in DOK cells 
(p<0.01, Figure 5B) and decreased the expression of 
CDK4, CDK2 and CDK6 (p<0.01, p<0.05, Figure 5B). 
In shPrx1 DOK cells, the percentage of cells in the G1 
phase was higher than that in NC DOK cells (76.97 ±  
8.49% versus 68.43 ± 2.06%, p<0.05, Figure 5C and D), 
suggesting that Prx1 knockdown DOK cells were arrested 
at the G0/G1 phase when compared with NC cells. 
Additionally, Prx1 knockdown resulted in a significant 
reduction in PHB2 and LC3II expression (p<0.01, 
p<0.05, Figure 5B).

Figure 4 The levels of cell cycle relative proteins CDK2, CDK4 and CDK6 in tongue tissues from Prx1+/+ and Prx1+/- mice. (A and B) CDK2 protein levels measured by 
IHC; (C) CDK2 mRNA levels detected by qRT-PCR analysis in tongue tissues. (D and E) CDK4 protein levels measured by IHC; (F) CDK4 mRNA levels detected by qRT- 
PCR analysis in tongue tissues. (G and H) CDK6 protein levels measured by IHC. (I) CDK6 mRNA levels detected by qRT-PCR analysis in tongue tissues. (magnification: 
200×, value represent mean ± SD, *p<0.05; **p<0.01).
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Figure 5 Prx1 knockdown induced DOK cell senescence. (A) shPrx1 DOK cells are larger in appearance, with an increase in SA-β-gal-positive cells (*p<0.05, **p<0.01). (B) 
The expression of senescence and mitophagy-related proteins in shPrx1DOK cells. The relative levels of protein were normalized to Hsp90 used as an internal control. 
Values presented as means ±SD for three experiments (*p<0.05; **p<0.01). (C and D) Mitotic indices of DOK from NC and shPrx1 groups. Graphs represent the 
percentages of cells in G0/G1, S, and G2/M phases of the cell cycle. An increase in the percentage of cells in the G0/G1 phase and a decrease in the percentage of cells in the 
S phase can be observed in shPrx1 cells (*p<0.05, **p<0.01).

Figure 6 The levels of mitophagy markers PHB2 and LC3 in tongue tissues from Prx1+/+ and Prx1+/- mice. (A and B) PHB2 protein levels measured by IHC. (C) PHB2 
mRNA levels detected by qRT-PCR in tongue tissues. (D and E) LC3 protein levels were measured by IHC. (magnification: 200×, value represent mean ± SD, *p<0.05; 
**p<0.01).
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Prx1 Knockdown Downregulates PHB2 
and LC3II in Mouse Tongue Tissues
It has been widely recognized that mitophagy acts on cell 
senescence.23 To further explore whether Prx1 mediates 
mitophagy to regulate cell senescence, we examined the 
expression of mitophagy markers. As shown in Figure 6, 
compared with the control group, the expression of PHB2 
and LC3II was significantly increased in the tongue hyper-
plastic and dysplastic tissues of Prx1+/+ mice (p<0.01, 
p<0.05). In addition, the expression levels of PHB2 and 
LC3II in the OSCC tissues were significantly lower than 
those in the dysplastic tongue tissues in Prx1+/+ mice 
(P<0.01). In Prx1+/+ mice, a higher level of LC3II expres-
sion was observed in the tongue dysplastic tissues than 
that in the tongue hyperplastic tissues (p<0.01).

Compared with the wild-type mice, Prx1 knockdown 
significantly inhibited the expression of PHB2 and LC3II 
in the dysplastic tissues (p<0.05, p<0.01, Figure 6A and 
B and D) though the downregulation of PHB2 and LC3II 
in normal tissues, hyperplastic tissues and OSCC tissues 
was no significant difference (p>0.05). Furthermore, the 

expressions of PHB2 and LC3II in the hyperplastic and 
dysplastic tissues were significantly upregulated when 
compared with that in the normal tissues in Prx1+/- mice 
(p<0.01, p<0.05). In Prx1+/- mice, PHB2 and LC3II 
expression levels were lower in OSCC tissues than those 
in the hyperplastic tissues (p<0.01). qRT-PCR analysis 
showed that the change of PHB2 mRNA expression was 
similar to that of protein expression (Figure 6C).

Prx1 is Involved in Mitophagy by 
Interacting with PHB2 and LC3 in Mouse 
Tongue Tissues
Using the Discovery Studio (DS) 2016 ZDOCK program, 
every possible Prx1-PHB2 and Prx1-LC3B binding pose in 
3D space was calculated and evaluated, and each pose was 
scored using an energy-based scoring function. The ZDOCK 
docking results indicated that Prx1-PHB2 and Prx1-LC3B 
exhibited surface complementarity in the interface area 
(Figure 7A and C). The hydrophobic effect and H-bond 
interaction of Prx1-PHB2 and Prx1-LC3B were analyzed by 
DS2016 and Ligplot+ v.2.2. Prx1 Asp122 and Glu123 formed 

Figure 7 The interaction between Prx1 and PHB2 or LC3B. (A) Structure of Prx1 bound to PHB2. Prx1 is shown in cyan, and PHB2 is shown in red. (B) Prx1-PHB2 
interaction plot. Prx1 residues are shown in pink above the dashed line, and PHB2 residues are shown in red beneath the dashed line. Hydrogen bonds are shown as green 
dashed lines. The arcs represent the other residues involved in the Prx1 interaction. (C) Structure of Prx1 bound to LC3B. Prx1 is shown in cyan and LC3B is shown in blue 
(D and E). Prx1(A)-LC3B and Prx1(B)-LC3B interaction plot. Prx1 residues are shown in pink above the dashed line, and LC3B residues are shown in red beneath the 
dashed line. The images were constructed using Discovery Studio (DS) 2016 and Ligplot+ v.2.2.
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H-bonds with PHB2 (Figure 7B). Prx1 Cys52(A), Lys92(A) 
and Prx1 Lys178(B) formed H-bonds with LC3B (Figure 7D 
and E). These data suggest that Prx1 binds to PHB2 and 
LC3B. Additionally, we confirmed the interactions of Prx1 
with PHB2 and LC3B in the mouse tongue tissues by in situ 
Duolink analysis (Figure 8A and B). PLA signals indicated 
that Prx1 combined with PHB2 and LC3 to mediate mito-
phagy and suppress OLK malignant transformation.

Discussion
Recent studies have revealed that there are abundant 
senescent cells in premalignant lesions, while minimal 
cell senescence is present in malignant cancers.24,25 Once 
induced by relative regulatory factors, the cells can acquire 
an infinite proliferation ability and even malignant trans-
formation with the escape of cell senescence in the pre-
malignant lesions.26 It suggests that cell senescence acts as 
a barrier to cancer and plays a key role in preventing the 
malignant transformation of some precancerous lesions. 
However, it has been reported that cell senescence can 
also accelerate tumor invasion and migration via the action 
of senescence-associated secretory phenotype (SASP) 
through both autocrine and paracrine pathways.27

Notably, p53 is recognized as the main regulator of 
cellular senescence, and the wt-p53 gene is a tumor sup-
pressor that causes permanent cell cycle arrest at the G1 
phase.28 As a downstream gene of p53, p21 plays the role 
of a cyclin-dependent kinase inhibitor to negatively regu-
late the cell cycle.29 Various cell senescence-related mole-
cular markers, including p21, p16, p53 and Rb, have 
demonstrated higher expression in precancerous epithelial 
cells of the esophagus, pancreas, and larynx than those in 
corresponding normal and malignant tumors.30 SA β-gal 
has been widely used in vitro31 and in vivo32 as an indi-
cator of cell senescence. In this study, we observed that SA 
β-gal activity significantly increased in hyperplastic and 
dysplastic tongue tissues when compared with that in 
OSCC tissues. Simultaneously, the expression levels of 
wt-p53 and p21 were also considerably higher in hyper-
plastic and dysplastic tongue tissues. This indicates that 
there are more senescent cells in oral precancerous tissues, 
suggesting that senescent cells prevent most oral precan-
cerous lesions from transforming into OSCC. However, 
the mechanism of cell senescence in oral carcinogenesis 
remains ambiguous. In the present study, we observed that 
there were more senescent cells in the dysplastic tongue 
tissues than that in hyperplastic tongue tissues. As an 

Figure 8 The PLA of Duolink analysis. The interactions of Prx1 with PHB2 (A), LC3B (B) in tongue tissues from Prx1+/+ and Prx1+/- mice were detected by in situ Duolink 
analysis. PLA signal was red and the nuclei was blue. (magnification: 1000×).
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important feature, heterogeneous cell populations in pre-
cancerous lesions could explain the number of senescent 
cells present in dysplastic tongue tissues, as well as the 
relationship between proliferation and senescence in pre-
cancerous lesions. When senescent cells account for 
majority of lesions, it limits the deterioration of precancer-
ous lesions. In contrast, under oxidative stress or other 
factors, if the balance between senescence and prolifera-
tion is disrupted, the cells undergo cancerous modifica-
tions favorable to proliferation, even invasion, and 
migration.33

Prx1, an antioxidant enzyme, protects cells by remov-
ing reactive oxygen species (ROS). Previous studies indi-
cate that Prx1 is strongly linked to the development of 
various malignant tumors, such as proliferation, differen-
tiation, invasion, and migration.14 Our previous studies 
have revealed that the expression of Prx1 was increased 
in human OLK and OSCC tissues, positively correlating 
with OLK progression. Prx1 knockdown inhibited oral 
precancerous lesion progression and OSCC metastasis in 
a 4NQO-induced animal model and OSCC xenograft 
model.17,34 In this study, we confirm that Prx1 knockdown 
can decrease the malignant transformation rate of tongue 
mucosa in mice. Recent studies have shown that Prx1 is 
involved in cell senescence. Several cells with SA β-gal 
activity were detected in the liver, lung, intestine, and 
uterus of Prx1-/- mice.33 In our previous study, some 
aging signs were additionally observed in Prx1+/- mice. 
In this study, we found that Prx1 knockdown enhanced SA 
β-gal activity and the expression of p53 and p21 in oral 
precancerous lesion cells in vivo and in vitro. It suggests 
Prx1 knockdown induces cell senescence.

Cell cycle abnormalities are one mechanism of tumor-
igenesis, which is associated with the activity of four 
cyclin-dependent kinases (CDK1, CDK2, CDK4, and 
CDK6). It has been suggested that cell cycle arrest is 
induced by p53 during senescence.35 G1 phase arrest 
results in cell senescence. The G1/S-phase transition is 
regulated by interactions of CDK4/6 and CDK2 com-
plexes with retinoblastoma protein (Rb) and inhibitors of 
Cip/Kip or Ink4a family.36,37 CDK activity is regulated by 
p21 and is involved in cell cycle regulation. CDK2 and 
CDK6 overexpression can lead to tumor development, it 
was significantly correlated with tumor differentiation, 
invasion and metastasis.38,39 CDK4 can be inhibited by 
p21 to prevent the phosphorylation of Rb and maintain cell 
stagnation in the G1 phase.40 CDK4 expression was 
obviously increased with grade of dysplastic oral 

leukoplakia.39 In this study, we observed that the expres-
sion level of CDK2 and CDK6 was lower in Prx1+/+ 

mouse tongue hyperplastic and dysplastic tissues than 
those in the OSCC tissues. Prx1 knockdown resulted in 
CDK2 and CDK6 expression decrease in the tongue 
hyperplastic and dysplastic tissues. Furthermore, the 
shPrx1 DOK cells were arrested at the G1 phase, and the 
expression of CDK2 and CDK6 was decreased when 
compared with that observed in the normal control. 
These data suggest that Prx1 knockdown induces cell 
senescence by decreasing CDK2 and CDK6 expression.

In addition, in the present study, CDK4 expression was 
upregulated in the Prx1+/+ mouse tongue hyperplastic and 
dysplastic tissues when compared with that in the OSCC 
tissues. Prx1 knockdown decreased CDK4 expression in 
tongue hyperplastic and dysplastic tissues and DOK cells. 
It has been reported that CDK4 can active pRB provides 
feedback to inhibit p16 expression.41 We speculate that 
CDK4 is co-regulated by p21 and p16, and there may be 
positive and negative feedback modulation mechanisms 
during cell senescence to restore balance in the cell 
cycle. Complex regulatory mechanisms could dynamically 
regulate CDK4 and the cell cycle in oral carcinogenesis.

Reportedly, mitophagy affects cell senescence.23,42 In 
normal cells, the role of p53 in mitophagy has been intro-
duced in recent reports, but the regulation of mitophagy by 
p53 in tumor cells remains poorly understood.43 

Prohibitins are sometimes located in the nucleus and 
induce the transcriptional activity of p53 and other tran-
scription factors.44,45 Our previous study predicted that 
Prx1 bound to PHB2, associated with mitophagy, in 
DOK cells by proteomic analysis.19 Studies have shown 
that PHB2 induces oxidative stress, causing aging-related 
diseases, including tumors, diabetes, and neurodegenera-
tive diseases.16 PHB2, located in the inner mitochondrial 
membrane, regulates mitochondrial assembly, and plays an 
important role in mitophagy.46,47 LC3II, which is con-
verted from LC3I using phosphatidylethanolamine, is 
associated with autophagosome formation.48 To further 
explore whether Prx1 regulates cell senescence by mediat-
ing mitophagy, we examined the expression of mitophagy 
markers. Prx1 knockdown led to an obvious decrease in 
PHB2 and LC3II expression in tongue hyperplastic and 
dysplastic tissues in mice and DOK cells.

To predict the interaction and binding sites of Prx1 
and PHB2 or LC3B in detail, Discovery Studio (DS) 
2016 and Ligplot+ v.2.2 were used to construct 3D and 
2D structures of Prx1 interactions of PHB2 and LC3B to 
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analyze the key residues involved in the interface 
between Prx1 and PHB2 or LC3B. As demonstrated, 
one of the key residues for Prx1 (Cys52 A) bound to 
Ser383, located in LC3B, by forming hydrogen bonds. 
The other residues of Prx1 (92, 78, 169, 168, 178, 122 
and 133) were also involved in hydrogen or hydrophobic 
interactions with LC3B and PHB2. The above docking 
results indicate that Prx1 may combine with PHB2 and 
LC3B. Duolink analysis showed that Prx1 can interact 
with PHB2 and LC3 in mice tongue hyperplastic and 
dysplastic tissues, indicating that Prx1/PHB2/LC3 forms 
complexes and induces mitophagy. Reportedly, mito-
phagy activation can remove ROS and dysfunctional 
mitochondria during senescence.49 Mitophagy induces 
senescence and cell cycle arrest by selectively inhibiting 
components of SASP, which is a phenotype of cell 
senescence.42,50 Collectively, these data suggest that 
Prx1 regulates cell senescence by mediating mitophagy 
in OLK.

Conclusions
We found, for the first time, Prx1 silencing induces cell 
senescence by mediating p53/p21 pathway and mitophagy 
dependent on its binding to PHB2/LC3B, which then 
inhibits OLK malignant transformation. Prx1 is 
a potential molecular target for the prevention of oral 
carcinogenesis.
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