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Background: Esophageal squamous cell carcinoma (ESCC) is a malignant tumor of the digestive tract with 
complex pathogenesis. There is a pressing need to search for ESCC targeted therapy sites and explore its 
pathogenesis. Prothymosin alpha (PTMA) is abnormally expressed in numerous tumors and has a significant 
regulatory effect on tumor malignant progression. However, the regulatory role and mechanism of PTMA in 
ESCC have not yet been reported. 
Methods: We first detected the PTMA expression in ESCC patients, subcutaneous tumor xenograft 
models of ESCC, and ESCC cells. Subsequently, PTMA expression in ESCC cells was inhibited by cell 
transfection, and cell proliferation and apoptosis were detected by Cell Counting Kit-8 (CCK-8), 5-ethynyl-
2'-deoxyuridine (EdU) staining, flow cytometry, and Western blot. A dichloro-dihydro-fluorescein 
diacetate (DCFH-DA) assay was used to detect reactive oxygen species (ROS) level in cells, and MitoSOX 
fluorescent probe, 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethyl-benzimidazolyl carbocyanine iodide (JC-1) 
staining, mitochondrial complex kit, and Western blot were used to detect the expression of mitochondrial 
oxidative phosphorylation. Next, the combination between PTMA and high mobility group box 1 
(HMGB1) was detected using Co-immunoprecipitation (co-IP) and immunofluorescence (IF) techniques. 
Finally, the expression of PTMA was inhibited and the expression of HMGB1 was overexpressed in cells 
via cell transfection, and the regulatory effect of PTMA and HMGB1 binding on mitochondrial oxidative 
phosphorylation in ESCC was determined through related experiments. 
Results: The expression of PTMA in ESCC was abnormally elevated. The inhibition of PTMA expression 
in ESCC cells significantly decreased the activity of ESCC cells and increased their apoptosis. Moreover, 
interference with PTMA can induce ROS aggregation in ESCC cells by inhibiting mitochondrial oxidative 
phosphorylation, which may be achieved by binding to HMGB1.
Conclusions: PTMA binds to HMGB1 to regulate mitochondrial oxidative phosphorylation, thereby 
affecting the malignant progression of ESCC.
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Introduction

Esophageal squamous cell carcinoma (ESCC) is one 
of the most common digestive tract malignancies 
worldwide. Esophageal cancer is usually divided into 
squamous cell carcinoma and adenocarcinoma according 
to histopathological characteristics, and ESCC accounts 
for about 90% of cases in China (1). Despite continuous 
improvements in the diagnosis and treatment of ESCC, 
the prognosis of patients remains very poor, and the 
5-year survival rate is only 15–34% (2). A previous study 
has reported that the survival rate of patients with ESCC 
is mainly negatively correlated with tumor invasiveness 
and the presence of lymph node and distant metastases. 
Meanwhile, the occurrence and metastasis of ESCC are 
related to the overexpression of some oncogenes (3). 
Therefore, it is necessary to find new molecular biomarkers 
and therapeutic targets for ESCC.

Mitochondria are the main organelles of energy 
metabolism, and their basic function is  oxidative 
phosphorylation (OXPHOS) through the electron 
transport chain (ETC) and adenosine triphosphate (ATP) 
synthetase, as well as providing cellular energy in the form 
of ATP (4). Mammalian cells can supply ATP through 
mitochondrial OXPHOS and glycolysis. Under normoxic 
conditions, mitochondrial OXPHOS is the main source 
of ATP in normal cell glucose metabolism, providing 
energy for metabolic activities (5). To maintain rapid and 
massive growth, tumor cells have increased metabolic and 
energy demands, which promotes the transformation of 

tumor cells by the Warburg effect or aerobic glycolysis (6). 
However, an increasing number of studies have found that 
mitochondrial OXPHOS also plays an important role in 
the progression of tumor malignancy. It has been reported 
that peroxisome proliferator-activated receptor-gamma 
co-activator-1alpha (PGC-1α) can regulate mitochondrial 
function and OXPHOS to promote tumor metastasis (7). 
MYC proto-oncogene, bHLH transcription factor (MYC) 
and myeloid Cell Leukemia 1 (MCL1) can increase the 
level of mitochondrial OXPHOS, thereby enhancing the 
chemoresistance of breast cancer cells (8). Mitochondrial 
DNA content increases in ESCC tissues compared with 
normal tissues, indicating the activation of OXPHOS, 
which is negatively correlated with the prognosis of  
patients (9). Mitochondrial OXPHOS also plays an 
important role in some cancers, and OXPHOS may be a 
new target for anti-tumor therapy.

Prothymosin alpha (PTMA) is a nuclear protein 
containing 109–110 highly acidic amino acids, which 
is widely expressed in various cells and is involved in a 
variety of cellular biological behaviors, including the 
cell cycle, proliferation, apoptosis, gene transcription, 
and immune regulation (10). Recent studies have found 
that the expression of PTMA is closely related to the 
development of a variety of human malignant tumors, 
including bladder cancer, colon cancer, liver cancer, etc. 
(10-12). In hepatocellular carcinoma, PTMA is highly 
expressed, and reducing PTMA expression can induce Bax 
to enter mitochondria, promote the release of cytochrome 
C, and enhance the sensitivity of hepatocellular carcinoma 
cells to cisplatin (12). In colon cancer, PTMA expression 
can promote the proliferation of tumor cells, regulate the 
expression of the mitochondrial metabolic protein sterol 
regulatory element binding protein-1 (SREBP-1) through 
signal transducer and activator of transcription 3 (STAT3), 
and promote the resistance of colon cells to gemcitabine 
(10,13). Moreover, PTMA can also be used as a biomarker 
for ESCC, and is highly expressed in ESCC; the higher 
the expression level, the worse the prognosis (14,15). 
However, whether PTMA can affect tumor cell progression 
by regulating mitochondrial OXPHOS in ESCC remains 
unknown. 

High mobility group box 1 (HMGB1) is a highly 
conserved nucleoprotein that has been uncovered to play 
a role in the pathogenesis of inflammatory diseases and 
malignant tumors (16,17). Further, HMGB1 overexpression 
has been reported to be associated with poorer overall 
survival rate and progression-free survival of ESCC patients 
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and promote aggressive phenotypes and radioresistance of 
ESCC cells (18,19). However, the impacts of HMGB1 on 
oxidative phosphorylation in ESCC and the relationship 
between PTMA and HMGB1 have not been covered.

Therefore, in this paper, we discuss the role of PTMA 
in ESCC and its role and regulatory mechanism on 
mitochondrial OXPHOS in ESCC. Our paper provides 
a theoretical basis for the targeted therapy of ESCC. We 
present the following article in accordance with the MDAR 
and ARRIVE reporting checklists (available at https://jtd.
amegroups.com/article/view/10.21037/jtd-23-143/rc).

Methods

Database

The ENCORI database (http://starbase.sysu.edu.cn/index.
php) was used to analyze the expression level of PTMA 
in ESCC tissues and the overall survival rate of ESCC 
patients.

Patient tumor tissue collection

ESCC cancer tissues and para-carcinoma tissues were 
collected from 17 patients with ESCC who underwent 
initial surgery at the Fujian Medical University Union 
Hospital. Patients who received preoperative chemo- or 
radiotherapy were excluded from our study. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by the Ethics 
Committee of Fujian Medical University Union Hospital 
(approval No. 2022-198), and all participants have signed 
written informed consent. 

Cell culture

ESCC cell lines (KYSE-30, KYSE150, KYSE410, and TE-
1) obtained from the Cell Bank of the Chinese Academy 
of Sciences (Shanghai, China) were grown in 1640 media 
(Gibco, USA) medium supplemented with 10% fetal bovine 
serum (FBS, Gibco, USA) and 1% penicillin-streptomycin. 
Normal esophageal epithelial cells (HET-1A) obtained 
from the Cell Bank of the Chinese Academy of Sciences 
were grown in a bronchial epithelial growth medium 
(BEGM) kit medium (Lonza/Clonetics, Walkersville, MD, 
USA, CC-3170). All cells were in a 5% carbon dioxide (CO2) 
atmosphere at 37 ℃. 

Nude mice xenograft model

Ten female BALB/c-nude mice (4–6 weeks old, Comparative 
Medicine Centre of Yangzhou University) (20,21) were 
supplied with free access to a standard rodent diet and tap 
water under temperature of 23±1 ℃ and a 12 h alternate 
light-dark cycle. The mice were divided into short hairpin-
negative control (sh-NC) and sh-PTMA groups (n=5) 
using the random number table method. Briefly, the mice 
were anesthetized with an intraperitoneal injection of 
pentobarbital (50 mg/kg). No signs of peritonitis, pain, or 
discomfort were observed after anesthesia. Then the mice 
were subcutaneously injected with 5×106 KYSE30 cells 
treated with short hairpin RNA (shRNA) lentivirus into 
the right flank region of each mouse. The mice injected 
with KYSE30 cells transfected with sh-NC plasmid were 
referred to the negative control. Tumor volume was tested 
using the formula: length × width2/2 every 3 days following 
the formation of visible tumors to ensure compliance with 
humane and scientific endpoints. To minimize suffering, 
the total tumor burden did not exceed 10% of body weight, 
no tumors were allowed to grow larger than 20 mm in 
diameter and the mice were observed carefully for any 
signs of discomfort as judged by their behavior and food 
consumption. All mice were euthanized 21 days later by 
dislocating the cervical vertebrae, and tumor tissues were 
collected for related detection. All animal procedures 
were performed under a project license (approval No. 
IACUC-20220613-05) granted by the Institutional Animal 
Care and Use Committee of Jofunhwa Biotechnology 
(Nanjing) Co., Ltd., in compliance with institutional 
guidelines for the care and use of animals. A protocol was 
prepared before the study without registration.

Real-time quantitative reverse transcription-PCR (RT-
qPCR)

qRT-PCR was performed on total RNA extracted with 
Trizol (Invitrogen, Carlsbad, CA, USA) and 200 nM of 
primers, and then isolated RNA was reverse-transcribed 
into complementary DNA (cDNA) using the PrimeScript 
RT reagent kit (Takara Biotechnology, Dalian, China). 
The thermal conditions of reverse transcription were 
as follows: 37 ℃ for 15 min and 85 ℃ for 5 sec. RT-
PCR was performed with SYBR Green supermix (Takara 
Biotechnology, Dalian, China, RR420L) using a two-step 
PCR reaction procedure. The PCR conditions: 95 ℃ for 

https://jtd.amegroups.com/article/view/10.21037/jtd-23-143/rc
https://jtd.amegroups.com/article/view/10.21037/jtd-23-143/rc
http://starbase.sysu.edu.cn/index.php
http://starbase.sysu.edu.cn/index.php
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10 min for initial denaturation, 40 cycles of denaturation 
15 sec at 95 ℃, annealing 30 sec at 60 ℃ and elongation 
30 sec at 72 ℃ and final extension for 5 min at 72 ℃. The 
expression of PTMA and HMGB1 was normalized to the 
expression of β-actin. Relative quantification was calculated 
using the ΔΔCt method and normalized against β-actin (22).  
The following primers were used: PTMA, forward, 5'- 
TGAGGAAGAGGATGGAGATGAA-3'; reverse, 5'- 
CGGTCTTCTGCTTCTTGGTATC-3'; and HMGB1, 
forward, 5'- GGCCCGTTATGAAAGAGAAATG-3'; 
reverse, 5'- CTCAGAGCAGAAGAGGAAGAAG-3'; and 
β-actin, forward, 5'- AGCGAGCATCCCCCAAAGTT-3'; 
reverse, 5'- GGGCACGAAGGCTCATCATT-3'. 

Western blot

Cell lysates were obtained using the radioimmunoprecipitation 
assay (RIPA) lysate on ice for 30 mins, and then the protein 
concentration was detected using a bicinchoninic acid (BCA) 
kit (Beyotime, Shanghai, China). Equal amounts (30 μg) of 
denatured protein lysates were resolved onto 15% sodium 
dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The proteins from the gel were transferred to a 
0.2-μm polyvinylidene fluoride (PVDF) membrane. This 
was followed by blocking with 5% bovine serum albumin 
(BSA) for 1 hour. Subsequently, the blots were incubated 
with the following primary antibodies: anti-PTMA (1:1,000, 
abs147731, Absin, Shanghai, China), anti-HMGB1 (1:1,000, 
66525-1-Ig, Proteintech, Rosemont, IL, USA), anti-B cell 
lymphoma-2 (Bcl-2; 1:1,000, 12789-1-AP, Proteintech, 
Rosemont, IL, USA), anti-Bax (1:1,000, 50599-2-Ig, 
Proteintech, Rosemont, IL, USA), anti-glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; 1:1,000, 0755R, 
Bioss, Beijing, China), which was followed by incubation 
with horseradish peroxidase (HRP)-Goat Anti-Rabbit 
immunoglobin G (IgG) (1:1,000, ab6721; Abcam) and 
HRP-Goat Anti-Mouse IgG secondary antibodies (1:1,000, 
ab6728; Abcam). Then, an Electrochemiluminescence 
(ECL) substrate (Pierce™ ECL Western Blotting Substrate, 
Thermo Fisher, MA, USA) was used to visualize the specific 
bands, and the dates were analyzed with Image J (National 
Institutes of Health, Bethesda, MD, United States). 

Cell transfection

Gene silencing used short-hairpin RNA plasmid to express 
shRNA to silence PTMA (sh-PTMA#1, sh-PTMA#2, 
and sh-PTMA#3), viewing shRNA-NC as a negative 

control. Transfection of the shRNA plasmid designed by 
Shanghai GenePharma Co., Ltd. was conducted along with 
Lipofectamine 2000 (11668-027, Invitrogen, Carlsbad, 
CA, USA) in cell suspensions kept in six-well plates for 48 
h. Target sequences for shRNA were as follows: shRNA-
PTMA1: GTAGACGAAGAAGAGGAAGAA, shRNA-
PTAM2: GAAGTTGTGGAAGAGGCAGAA, shRNA-
PTAM3: GATGAGGATGACGATGTCGAT, and shRNA-
NC: CCTAAGGTTAAGTCGCCCTCG. Overexpression 
of the HMGB1 (Ov-HMGB1) plasmid and overexpression 
(Ov)-NC plasmid were available from GenePharma 
(Shanghai, China) and the transfection was performed 
according to the protocol of the Lipofectamine 2000. Cells 
subjected to plasmid transfection were harvested for further 
use 48 h post transfection.

Cell Counting Kit-8 (CCK-8)

Cell proliferation was evaluated using a CCK-8 kit (Dojindo, 
Kumamoto, Japan). Briefly, cells were plated in 96-well 
plates at a density of 5×103 cells per well, and after the 
corresponding treatment, the cells were incubated in 10% 
CCK-8 reagent for another 2 h. The optical density (OD) 
value was measured at 450 nm with a microplate reader 
from Bio-Rad (Hercules, CA, USA).

5-ethynyl-2'-deoxyuridine (EdU) assay

In short words, 10 μM of EdU (Beyotime, Shanghai, China) 
was added to the cells inoculated in 12-well plates for 2 h 
after the corresponding treatment. Alexa Fluor 488 azide and 
4',6-diamidino-2-phenylindole (DAPI) were employed to 
label the incorporated EdU and nuclear DNA for 30 min and 
10 min following the 10 min of immobilization and 20 min  
of permeabilization of cells with 4% paraformaldehyde and 
0.3% Triton X-100, respectively. Finally, ImageJ software 
was applied to analyze the percentage of EdU-positive cells 
photographed under a microscope (Leica, Germany, DMI8).

Cell apoptosis

A Cell Apoptosis Detection Kit with Annexin V-mCherry 
and SYTOX Green (Beyotime, Shanghai, China) was used 
for cell apoptosis detection as per the user manual. After the 
corresponding treatment, PBS rinse was performed in the 
collected cells. Prior to resuspension in 100 μL of binding 
buffer, the immobilization of cells with 70% ethanol was 
implemented for 1 h on ice. The PBS-rinsed cells were 
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mixed with 400 μL of binding buffer at 4 ℃ for 20 min after 
15 min of incubation of Annexin V-mCherry and SYTOX 
Green under light-proof conditions. Lastly, the apoptosis 
rate was subjected to analysis with a flow cytometer 
(FACSCanto II; BD Biosciences, San Jose, CA).

Dichloro-dihydro-fluorescein diacetate (DCFH-DA) assay

React i ve  oxygen  spec ie s  (ROS)  product ion  was 
detected using ROS-specific fluorescent probe 2', 
7'-Dichlorofluorescin diacetate (DCFH-DA, Beyotime, 
Shanghai, China) as per the user manual. After the 
corresponding treatment, the cells seeded in six-well plates 
(5×106 cells/well) were incubated with 10 μM of DCFH-
DA for 30 min at 37 ℃ in dark. Then, cells were washed 
and examined using a microplate reader from Bio-Rad and 
Olympus fluorescence microscopy (Tokyo, Japan).

Mitochondrial ROS assessment

Mitochondrial ROS levels were detected using the 
fluorescent probes MitoSOX™ Red (Molecular Probes, Life 
Technologies, Carlsbad, CA, USA) as per the user manual, 
and fluorescence intensity was measured using a flow 
cytometer (FACSCanto II; BD Biosciences, San Jose, CA).

Mitochondrial Membrane Potential (MMP) Assay

MMP was assayed using 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethyl-benzimidazolyl carbocyanine iodide (JC-1) as 
per the user manual (Beyotime Biotech, Nanjing, China). 
Briefly, After the corresponding treatment, the cells seeded 
in six-well plates (5×106 cells/well) were stained with JC-1 
and were analyzed using a flow cytometer (FACSCanto 
II; BD Biosciences, San Jose, CA) at a wavelength of  
488 nm. Also, the approximate emission wavelengths of the 
monometric and J-aggregate forms are 529 and 590 nm.

The activities of mitochondrial respiratory chain complexes 
I, III, and IV

The cells were plated in 96-well plates at a density of  
5×103 cells per well, and after the corresponding treatment, 
the cells were collected and mitochondrial respiratory chain 
complexes I, III, IV detection kits (LabTech, Beijing, China) 
were used to detect the activity of the complex.

ATP assay

After the corresponding treatment, the cells were 
seeded in six-well plates (5×106 cells/well) and the ATP 
Bioluminescence Assay Kit (Sigma-Aldrich, St. Louis, 
MO, USA) was used to detect the ATP level as per the user 
manual. 

Co-immunoprecipitation (co-IP)

The treated cells seeded in six-well plates (5×106 cells/well) 
were probed with FLAG-tagged PTMA or hemagglutinin 
(HA)-tagged HMGB1 at 4 ℃ for 3 h following the addition 
of lysis buffer and centrifugation at 300 g for 10 min. Then, 
immunoprecipitated proteins were analyzed following the 
supplementation of 40 μL of sample buffer.

Immunofluorescence (IF)

Following immobilization and permeabilization of the 
cells with 4% paraformaldehyde and 0.1% Triton X-100 
for 15 min, respectively, the overnight cultivation of the 
cells impeded by 10% goat serum with PTMA (1:300) 
and HMGB1 (1:300) antibodies was carried out at 4 ℃, 
followed by the exposure to Alexa Fluor®594 and Alexa 
Fluor® 488-conjugated secondary antibodies (1:400; Abcam, 
Cambridge, UK) for 90 min. Finally, Hoechst (Beyotime) 
staining lasted for 5 min. The distribution of PTMA and 
HMGB1 were tracked using the Olympus fluorescence 
microscope. 

Immunohistochemistry (IHC)

After dewaxing, rehydration, retrieval of antigens, the 
paraffin-embedded ESCC tissue sections impeded by 0.05% 
BSA were subjected to the cultivation with anti-Ki67 and 
anti-PTMA overnight at 4 ℃, prior to the exposure to the 
secondary antibodies for 1 h and 10 min of DAPI staining 
at room temperature. Fluorescein isothiocyanate (FITC)-
labeled wheat-germ-agglutinin (WGA, Sigma-Aldrich, 
St. Louis, MO, USA) was used to visualize and quantify 
the cross-sectional area of the tumor tissues with ImageJ 
software. 

Statistical analysis

All experiments were independently repeated in triplicate 
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and all experimental data were biologically repeated in 
triplicate. GraphPad Prism 7 (GraphPad Software, San 
Diego, California USA) was employed to analyze the data. 
Comparisons were performed using the Student’s t-test or 
one-way analysis of variance (ANOVA) analysis. P<0.05 was 
regarded as statistically significant.

Results

The expression of PTMA in ESCC is significantly elevated 

The ENCORI database showed that PTMA expression was 

significantly increased in ESCC tissues (Figure 1A). PTMA 
expression in ESCC tumor tissues of clinical patients 
was detected by RT-qPCR, and the results showed that 
compared with the control group, the expression of PTMA 
in ESCC group was significantly increased (Figure 1B).  
Subsequently, the expression of PTMA and HMGB1 in 
ESCC cells was detected by RT-qPCR and Western blot. 
The results showed that compared with HET-1A cells, 
the expressions of PTMA and HMGB1 in ESCC cell lines 
(KYSE30, KYSE150, KYSE410, and TE-1) were also 
significantly increased (Figure 1C,1D). The expression of 
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PTMA in KYSE-30 cells was most significantly increased, 
so KYSE-30 was selected for the follow-up experiment.

Interference with PTMA expression inhibits ESCC cell 
proliferation and promotes cell apoptosis

The expression of PTMA in KYSE-30 cells was inhibited, 
and the cells were divided into control, sh-NC, sh-PTMA#1, 
sh-PTMA#2, and sh-PTMA#3 groups. The RT-qPCR and 
Western blot results showed that compared with the sh-
NC group, the expression of PTMA in the sh-PTMA#1, 
sh-PTMA#2, and sh-PTMA#3 groups was significantly 
decreased, and the decrease was most significant in the sh-
PTMA#3 group. Therefore, sh-PTMA#3 was selected for 
the follow-up experiments (Figure 2A,2B). 

The CCK8 results delineated that the cell activity 
following PTMA depletion was significantly diminished 
(Figure 2C). The EdU staining results disclosed that relative 
to the sh-NC group, the cell proliferation ability in the sh-

PTMA group was significantly weakened (Figure 2D). The 
flow cytometry and Western blot results showed that by 
contrast with sh-NC, the apoptotic rate was significantly 
potentiated after PTMA silencing, along with increased 
expression of Bax and decreased expression of Bcl-2  
(Figure 3A,3B).

Interference with PTMA causes ROS aggregation in ESCC 
cells by inhibiting mitochondrial oxidative phosphorylation 

DCFH-DA was used to detect intracellular ROS levels, 
and the results showed that ROS level was significantly 
increased in the sh-PTMA group compared with the sh-
NC group. Further administration of the ROS inhibitor 
N-acetylcysteine (NAC) reversed ROS level in cells  
(Figure 4), suggesting that interference with PTMA 
caused ROS aggregation in ESCC cells. Subsequently, 
the MitoSOX fluorescent probe was used to detect 
mitochondrial ROS levels, and the results showed that the 
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Figure 3 Interference with PTMA expression inhibits ESCC cell proliferation and promotes cell apoptosis. Cell apoptosis was detected by 
flow cytometry (A) and Western blot (B). ***, P<0.001 vs. sh-NC. PTMA, prothymosin alpha; ESCC, esophageal squamous cell carcinoma; 
NC, negative control.

Figure 4 Interference with PTMA causes ROS aggregation in ESCC cells. DCFH-DA was used to detect the intracellular ROS levels. 
DCFH-DA fluorescent probe was used for staining. Magnification, ×200. ***, P<0.001 vs. sh-NC, ###, P<0.001 vs. sh-PTMA. PTMA, 
prothymosin alpha; ESCC, esophageal squamous cell carcinoma; ROS, reactive oxygen species; DCFH-DA, dichloro-dihydro-fluorescein 
diacetate; NC, negative control; NAC, N-acetylcysteine.

level of mitochondrial ROS was significantly increased 
after PTMA inhibition (Figure 5A,5B). Relative to sh-
NC, MMP expression after PTMA absence was markedly 
decreased by JC-1 staining (Figure 5C,5D). The inhibition 
of PTMA expression in ESCC cells significantly decreased 
the expression of mitochondrial complexes I, II, and III  

(Figure 5E). Western blot detection of the mitochondrial 
energy metabolism-related proteins illuminated that 
NDUFA3, NDUFA10, and COX6A1 expressions were 
notably decreased when PTMA was lowly expressed  
(Figure 5F). ATP level in cells was detected by ATP kit, and 
the results showed that ATP level was remarkably depleted 
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Figure 5 Interference with PTMA causes ROS aggregation in ESCC cells by inhibiting mitochondrial oxidative phosphorylation. 
(A) The MitoSOX fluorescent probe was used to detect mitochondrial ROS levels. MitoSOX fluorescent probe was used for staining. 
Magnification, ×400. (B) Statistical analysis results of mitochondrial ROS. (C) JC-1 staining was used to detect the MMP. Magnification, 
×400. (D) Statistical analysis results of MMP. (E) NADHD, NADHD I, and III were detected using the corresponding kits. (F) Western 
blot detected the mitochondrial energy metabolism-related proteins. (G) ATP level in cells was detected using an ATP kit. *, P<0.05, **, 
P<0.01, ***, P<0.001 vs. sh-NC. PTMA, prothymosin alpha; ESCC, esophageal squamous cell carcinoma; ROS, reactive oxygen species; JC-
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by PTMA deficiency (Figure 5G).

PTMA is combined with HMGB1

The co-IP results showed that the expression of PTMA 
in cells was significantly decreased after co-precipitation 
of HMGB1 (Figure 6A). The co-localization of PTMA 
and HMGB1 was detected by IF, and the results showed 
that PTMA and HMGB1 were both expressed in both 
the nucleus and cytoplasm, and were co-expressed in the 
cells (Figure 6B). Western blot was used to detect the 
expression level of HMGB1 after PTMA interference, and 
the results showed that the expression of HMGB1 in cells 
was significantly decreased following inhibition of PTMA 
expression (Figure 6C). 

The binding of PTMA to HMGB1 affects intracellular 
ROS levels and the expression of mitochondrial respiratory 
chain complexes 

We then overexpressed HMGB1 in the cells and detected 
the transfection efficiency by Western blot and RT-qPCR 
(Figure 7A,7B). Next, we divided the cells into control, sh-
PTMA, sh-PTMA+OV-NC, and sh-PTMA+OV-HMGB1 
groups. The DCFH-DA test results showed that ROS level 
in the sh-PTMA+OV-HMGB1 group was prominently 
lessened relative to that in the sh-PTMA+OV-NC group 

(Figure 7C). The MitoSOX fluorescence probe results 
showed that mitochondrial ROS level in the sh-PTMA+OV-
HMGB1 group was significantly decreased compared with 
the sh-PTMA+OV-NC group (Figure 8A,8B). JC-1 staining 
corroborated that relative to the sh-PTMA+OV-NC group, 
MMP was significantly increased by HMGB1 elevation 
(Figure 8C,8D), accompanied by increased expression 
of mitochondrial complexes I (Figure 8E). The Western 
blot results showed that the overexpression of HMGB1 
could significantly reverse the inhibitory effect of PTMA 
interference on mitochondria-related proteins (Figure 8F). 
Also, the ATP detection results showed that overexpression 
of HMGB1 could significantly reverse the inhibitory effect 
of PTMA interference on ATP (Figure 8G).

PTMA binding to HMGB1 affects the proliferation and 
apoptosis of ESCC cells

The CCK8 and EdU staining results substantiated 
that relative to the sh-PTMA+OV-NC group, the cell 
activity and proliferation ability were distinctly increased 
by HMGB1 overexpression (Figure 9A,9B). The flow 
cytometry results showed that HMGB1 overexpression 
could significantly reverse the inhibitory effect of PTMA 
interference on apoptosis (Figure 9C). Furthermore, the 
Western blot results showed that compared with the sh-
PTMA+OV-NC group, Bax expression was inhibited and 
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Figure 7 The binding of PTMA to HMGB1 affects intracellular ROS levels. The transfection efficiency was detected by Western blot (A) 
and RT-qPCR (B). ***, P<0.001 vs. OV-NC. (C) DCFH-DA was used to detect the intracellular ROS levels. DCFH-DA fluorescent probe 
was used for staining. Magnification, ×200. ***, P<0.001 vs. Control, ###, P<0.001 vs. sh-PTMA + OV-NC. PTMA, prothymosin alpha; 
HMBG1, high mobility group box 1; ROS, reactive oxygen species; RT-qPCR, real-time quantitative reverse transcription-PCR; DCFH-
DA, dichloro-dihydro-fluorescein diacetate; OV-NC, overexpression-negative control.

Bcl-2 expression was increased in the sh-PTMA+OV-
HMGB1 group (Figure 9D).

Interference with PTMA expression inhibits the 
proliferation of tumor tissue in ESCC mice

BALB/c nude mice were divided into sh-NC and sh-PTMA, 
and Figure 10A displays a picture of the mice. Figure 10B 
is a photograph of mouse tumors. The tumor volume and 
tumor weight results presented that relative to the sh-NC 
group, the tumor volume and tumor weight of mice in the 
sh-PTMA group were evidently reduced (Figure 10C). The 
expressions of PTMA and the proliferation-related protein 
Ki67 in tissues were detected by IHC, and the results 
demonstrated that the expressions of Ki67 and PTMA were 
significantly decreased following the inhibition of PTMA 
expression (Figure 10D). Western blot results showed 
that compared with the sh-NC group, the expressions of 
HMGB1, NDUFA3, and NDUFA10 in tumor tissues of the 
sh-PTMA group were significantly decreased (Figure 10E).

Discussion

According to a World Health Organization global cancer 
(GLOBOCAN) 2018 study, 572,000 people were newly 
diagnosed with ESCC worldwide in 2018 and 509,000 
people died from the disease. ESCC is the most common 
esophageal cancer in East and Central Asia, South Africa, 
and Africa, accounting for about 90% of esophageal cancer 
cases globally (23). Therefore, there is a pressing need to 
study the pathogenesis of ESCC to improve the therapeutic 
effect of patients with ESCC and explore new prognostic 
targets.

Oxidative stress is a reaction to the accumulation of 
ROS and the imbalance of intracellular redox ability, which 
affects a variety of biological behaviors of cells, including 
oxidative stress injury as well as cell proliferation and 
apoptosis after injury (24). In the tumor environment, ROS 
production is closely related to tumorigenesis, metabolism, 
invasiveness, and drug resistance (25). Tumor cells exhibit 
higher levels of ATP and ROS production than normal 
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Figure 8 The binding of PTMA to HMGB1 affects the expression of mitochondrial respiratory chain complexes. (A) The MitoSOX 
fluorescent probe was used to detect the mitochondrial ROS levels. MitoSOX fluorescent probe was used for staining. Magnification, ×400. (B) 
Statistical analysis results of mitochondrial ROS. (C) JC-1 staining was used to detect the MMP. Magnification, ×400. (D) Statistical analysis 
results of MMP. (E) NADHD I was detected using the corresponding kits. (F) Western blot detected the mitochondrial energy metabolism-
related proteins. (G) ATP level in cells was detected using the ATP kit. ***, P<0.001 vs. Control, ##, P<0.01, ###, P<0.001 vs. sh-PTMA + 
OV-NC. PTMA, prothymosin alpha; HMBG1, high mobility group box 1; ROS, reactive oxygen species; JC-1, 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethyl-benzimidazolylcarbocyanine iodide; MMP, mitochondrial membrane potential; ATP, adenosine triphosphate; OV-NC, 
overexpression-negative control; NADHD, nicotinamide adenine dinucleotide dehydrogenase.
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cells to maintain their higher proliferation and invasion 
abilities (26). However, excessive ROS can also be cytotoxic 
to tumor cells (27). For example, the antitumor drugs, 
5-fluorouracil and oxaliplatin, inhibit tumor cell division by 
inducing increased ROS production and interfering with 
DNA replication (28). Paclitaxel can increase the activity of 
nicotinamide adenine dinucleotide phosphate (NADPH) 
and produce more ROS, thus inhibiting the proliferation 
of tumor cells (29). However, these chemotherapy drugs 
not only target tumor cells but also damage normal 
cells, so it is necessary to find tumor cell-specific targets. 
Tetrahydrobenzimidazole TMQ0153 can induce ROS 

aggregation and lead to the death of chronic leukemia 
cells, releasing HMGB1 extracellularly (30). Reducing the 
expression of interferon-inducible protein 6 (IFI6) can cause 
mitochondrial dysfunction, promote ROS accumulation 
and inhibit the growth of esophageal squamous cell  
carcinoma (31). Therefore, specifically increasing ROS can 
selectively kill tumor cells (32).

The function of PTMA is closely related to cellular 
immune regulation, cell proliferation, and apoptosis. Since 
PTMA is a typical tumor-related protein, an in-depth study 
on its regulation of cell proliferation and apoptosis is helpful 
to discover the mechanism of cell carcinogenesis. Elevated 
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Figure 9 PTMA binding to HMGB1 affects the proliferation and apoptosis of ESCC cells. (A) Cell viability was detected by CCK-8. (B) 
Cell proliferation ability was detected by EdU staining. Magnification, ×200. Cell apoptosis was detected by flow cytometry (C) and Western 
blot (D). ***, P<0.001 vs. Control, ###, P<0.001 vs. sh-PTMA + OV-NC. PTMA, prothymosin alpha; HMBG1, high mobility group box 1;  
ESCC, esophageal squamous cell carcinoma; EdU, 5-ethynyl-2'-deoxyuridine; CCK-8, Cell Counting Kit-8; OV-NC, overexpression-
negative control. 
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Figure 10 Interference with the expression of PTMA inhibits the proliferation of tumor tissue in ESCC mice (n=5). (A) Picture of the mice. 
(B) A photograph of the mouse tumors. (C) The tumor volume and tumor weight of mice. (D) The expressions of PTMA and proliferation-
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and NDUFA10 in tumor tissues were detected by Western blot. *, P<0.05, **, P<0.01, ***, P<0.001 vs. sh-NC. PTMA, prothymosin alpha; 
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PTMA levels have been detected in a variety of cancers 
(12,33). High levels of PTMA protein product in cancer 
cells not only maintain a highly proliferative state but also 
protect cells from entering the apoptotic pathway (34).  
In our experiment, PTMA expression was significantly 
increased in both the ESCC cells and patient tissues. In the 

cell experiments, we further discussed the regulatory role 
of PTMA in ESCC. We inhibited the expression of PTMA 
in ESCC cells and found that the proliferation and activity 
of ESCC cells were significantly decreased, while the 
apoptosis of ESCC cells was significantly increased. The 
results indicated that the inhibition of PTMA could inhibit 
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the growth of ESCC tumor cells.
In addition, studies have shown that the expression 

of PTMA is affected during the cross-action between 
oxidative stress and DNA replication (35,36). However, 
whether PTMA regulates mitochondrial oxidative stress 
in tumor cells has not yet been reported. Therefore, we 
detected a correlation between mitochondrial oxidative 
phosphorylation and PTMA expression in ESCC cells. 
Our results showed that PTMA inhibition significantly 
increased the level of ROS in cells, mitochondrial ROS, 
and decreased MMP levels. The electron transport 
chain (ETC) is an electron transport orbit composed 
of respiratory transmitters on the inner mitochondrial 
membrane, containing complexes I, II, III, and IV, and 
exerts a major function in oxidative phosphorylation. It 
also plays a key role in the proliferation, survival, and 
metastasis of cancer cells (37). Complex I mainly consists 
of seven NADH dehydrogenase (ND) subunits (ND1-
6 and ND4L) and 37 nuclear gene subunits (NDUFV1-3, 
NDUFS1-8, NDUFA1-13, NDUFB1-11, NDUFAB1, 
NDUFC1-2) encoded by mitochondrial DNA. It is one of 
the most important protein complexes for electrons to enter 
the respiratory chain, which can transfer electrons from 
nicotinamide adenine dinucleotide (NADH) to coenzyme 
Q (CoQ), and at the same time conjugate four protons from 
the mitochondrial matrix to pump out to the membrane 
gap, forming a transmembrane proton gradient, driving 
the synthesis of ATP, and promoting the tumor (38). As a 
by-product of oxidative metabolism, ROS is also released 
through the ETC. Studies have shown that the absence of 
OXPHOS complexes I, II, and III can lead to the increase 
of mitochondrial ROS and induce the apoptosis of tumor 
cells (39,40). Targeting the mitochondrial respiratory chain 
complex I and Bcl-2 inhibits the progression of oxidative 
phosphorylation-dependent acute leukemia (41). The 
down-regulation of oxidative phosphorylated complex I and 
IV and related proteins NDUFA1 and COX6B1 can inhibit 
the proliferation of ESCC both in vitro and in vivo (42).  
In our experiment, it was found that the inhibition of 
PTMA significantly increased the levels of ROS and 
mitochondrial ROS in cells, and was accompanied by a 
significant decrease in the expression of mitochondrial 
complexes I, II, and III, and a significant decrease in the 
expression of the mitochondria-related proteins, NDUFA3, 
NDUFA10, and COX6A1. Therefore, our experiment 
indicated that interference with PTMA could significantly 
inhibit mitochondrial oxidative phosphorylation in ESCC, 
thus inhibiting the growth of ESCC cells.

Database analysis showed that there was a protein 
interaction between HMGB1 and PTMA. HMGB1 is widely 
found in the cytoplasmic membrane, intracellular nucleus, 
cytoplasm, mitochondria, and other organelles, which can 
maintain nuclear homeostasis and is also a key regulator 
of mitochondrial function and morphology (43). Defects 
in the mitochondrial respiratory chain and ATP synthesis 
can be observed through HMGB1 targeted deletion (44). In 
tumor cells, the increase of HMGB1 can activate the activity 
of the respiratory chain complex I, regulate mitochondrial 
function, and promote the growth of pancreatic tumors (45).  
In this study, PTMA was found to bind to HMGB1, 
regulate the expression of the mitochondrial respiratory 
chain complex and related proteins, inhibit cell oxidative 
phosphorylation, and induce ROS aggregation, thereby 
inhibiting ESCC proliferation and migration and inducing 
ESCC cell apoptosis.

Conclusions

PTMA binds to HMGB1 to regulate mitochondrial oxidative 
phosphorylation and thus affects the malignant progression 
of ESCC.
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