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Abstract. Intrinsic and acquired resistance of cancer to 
radio‑and chemotherapy is one of the major challenges in the 
treatment of esophageal squamous cell carcinoma (ESCC). 
Elevated reactive oxygen species (ROS) play an important role 
in the resistance to cisplatin in ESCCs. Super dismutase [Mn], 
mitochondrial (SOD‑2), an important primary antioxidant 
enzyme located in mitochondria, could regulate ROS produc-
tion. Our previous study showed that tumor necrosis factor‑α 
(TNF‑α)‑mediated SOD‑2 through NF‑κB was involved in 
epithelial‑mesenchymal transition and migration in A549 cells. 
Therefore, the present study aimed to identify if TNF‑α medi-
ated SOD‑2 upregulation is involved in cisplatin resistance in 
ESCC. It was identified that a higher expression of SOD‑2 in 
human ESCC samples was associated with TNF‑α expression 
and poor overall survival in patients with ESCC, suggesting 
that SOD‑2 may act as an oncogene in ESCC. To further 
confirm if TNF‑α could upregulate SOD‑2 to contribute to 
cell proliferation, the human ESCC cell line Eca‑109 was 
treated with TNF‑α in vitro. TNF‑α could upregulate SOD‑2 
and induce cell proliferation in Eca109 cells, while blocking 
SOD‑2 using small interfering RNA (siRNA) inhibited 
TNF‑α‑induced cell proliferation. Upregulation of SOD‑2 by 
TNF‑α was inhibited by blocking the NF‑κB pathway, which 
suggested that SOD‑2 by TNF‑α/NF‑κB contributes to cell 

proliferation in Eca109 cells. Furthermore, it was observed 
that TNF‑α could induce cisplatin resistance in Eca109 cells, 
while transfection with SOD‑2 siRNA could significantly 
increase the chemosensitivity of ESCC to cisplatin. Therefore, 
the present results suggested that SOD‑2 may serve as an 
oncogene, and the upregulation of SOD‑2 by TNF‑α/NF‑κB 
may contribute to cisplatin resistance in ESCC.

Introduction

Esophageal squamous cell carcinoma (ESCC) is the major 
histopathological subtype of esophageal cancer in China, 
where esophageal cancer is the fourth most common cancer 
with a total of 477,900 new cases and 375,000 deaths approxi-
mated to have occurred in 2015 (1). ESCC is often closely 
associated with extensive lymphatic and vascular invasion, 
and early symptoms are usually absent (2,3). At present, the 
clinical approach to ESCC is surgical treatment combined 
with radiotherapy and chemotherapy (4,5). However, ESCC 
still shows a poor prognosis due to high lymphatic metastatic 
recurrence rates as well as chemotherapy resistance. Intrinsic 
and acquired resistance of patients with ESCC to radio‑ and 
chemotherapy is one of the major challenges in cancer treat-
ment  (4,5). Therefore, the 5 year survival rate for patients 
with ESCC with resectable disease over the past 30 years is 
<20% due to chemotherapy resistance (2,3). A regimen of 
cisplatin, docetaxel and 5‑fluorouracil is recommended as 
the category 1 treatment for ESCC with distant metastasis, 
according to the guidelines of The National Comprehensive 
Cancer Network (5). Cisplatin, a DNA‑damaging agent, is 
widely used as a chemotherapeutic drug for the treatment of 
various human malignancies, including esophageal cancer (6). 
However, several series of previous studies have already 
demonstrated tumor cell resistance to cisplatin both in vivo 
and in vitro (5,7,8). Therefore, it is very important to identify 
new biological markers which may predict the response to 
cisplatin resistance in ESCC.

Several previous studies have found that the mechanisms 
involved in cisplatin resistance include reduced intracellular 
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drug accumulation, increased DNA damage repair, the 
inhibition of apoptosis, as well as increased generation 
of reactive oxygen species (ROS) (6,9). Elevated ROS are 
found in all cisplatin‑resistant cell lines, including those 
derived from patients who did not respond to cisplatin 
treatment  (9). Mitochondria are the organelles where the 
majority of cellular ROS are generated and play a central 
role in ROS‑mediated apoptosis (10). Super dismutase [Mn], 
mitochondrial (SOD‑2), an important primary antioxidant 
enzyme located in mitochondria, plays a vital role in ROS 
metabolism in that it converts highly toxic superoxide (O2•‑) 
into less toxic hydrogen peroxides (H2O2) in the mitochon-
dria, a site that is vulnerable to ROS attack and important 
to cell apoptosis (11,12). As part of the nucleoid complex, 
SOD‑2 may protect mitochondrial DNA (mtDNA) from 
ROS‑mediated damage by interacting with Polγ, glutathione 
peroxidase, and mtDNA itself  (13). Zhou  and  Du  (14) 
reported that acquisition of resistance in pancreatic cancer 
cells to 2‑methoxyestradiol is associated with the upregula-
tion of SOD‑2. Those previous studies suggested that SOD‑2 
and ROS may play an important role in cisplatin resistance 
during tumor chemotherapy  (13,14). However, whether 
SOD‑2 contributes to cell proliferation and cisplatin resis-
tance in ESCC is unknown, and needs to be investigated 
further.

Our recent study indicated that tumor necrosis factor‑α 
(TNF‑α)‑mediated SOD‑2 upregulation through the NF‑κB 
pathway plays an important role in epithelial‑mesenchymal 
transition (EMT) and migration in A549 cells  (15). 
Chung‑man Ho et al (16) reported that TNF‑α upregulated 
SOD‑2 in A549 cells, which suggested that inflammation in 
the lung tissues may contribute to high levels of manganese 
SOD and decreased catalase, hence creating an intracellular 
environment favorable to DNA damage and the promotion of 
cancer. Kinugasa et al (17) reported that the NF‑κB pathway 
contributes to SOD‑2 upregulation in well‑defined transformed 
oral and esophageal human epithelial cell lines. These findings 
support that the TNF‑α‑mediated NF‑κB pathway may play 
a critical role in regulating SOD‑2 expression in tumor cells. 
Therefore, the present study examined whether TNF‑α medi-
ated SOD‑2 upregulation is involved in cisplatin resistance in 
ESCC.

Materials and methods

Materials. Rabbit anti‑nuclear factor (NF)‑κB/p65 
(cat. no. 1546‑1) and rabbit anti‑SOD‑2 (cat. no. 2299‑s) anti-
bodies were purchased from Epitomics; Abcam. Rabbit 
anti‑phosphorylated (p)‑NF‑κB/p‑p65 (cat. no. 3033P) and 
Survivin (cat. no. 2808) antibodies were purchased from Cell 
Signaling Technology, Inc. CyclinD1 (cat. no. ab134175) and 
rabbit anti‑Bax (cat. no. ab32503) antibodies were purchased 
from Abcam. Histone H3 (cat. no. AF0863) antibody was 
purchased from Affinity Biosciences. β‑actin (cat. no. AC026) 
antibody was purchased from ABclonal Biotech Co., Ltd. 
Peroxidase‑labeled anti‑rabbit IgG secondary antibody 
(cat. no. 074‑1506) and anti‑mouse IgG secondary antibody 
(cat. no. 074‑1806) were purchased from KPL, Inc. Cytokine 
TNF‑α was purchased from Peprotech, Inc. Cisplatin was 
purchased from Qilu Pharmaceutical Co., Ltd.

Human ESCC samples. Paraffin‑embedded human ESCC 
cancer samples were obtained from The Department of 
Pathology, Second Hospital of Hebei Medical University 
between January 2010 and July 2014. A total of 60 cases 
of ESCC and 30 cases of paired adjacent non‑cancerous 
normal esophageal tissues (from >2 cm away from the tumor 
margin) were obtained in the present study. All 60 patients 
(44 male and 16 female) were <75 years of age, and were 
diagnosed before chemotherapy, radiotherapy or other treat-
ments. The patients, who agreed to the use of their samples 
in scientific research, all provided written informed consent. 
The present study was approved by the Ethics Committee of 
Hebei Medical University (Hebei, China), and the handling 
of the information and specimens collected was conducted in 
accordance with their ethical and legal standards. Diagnosis 
of ESCC was performed by two specialized patholo-
gists based on the criteria stipulated by the World Health 
Organization (18,19). The TNM stage of ESCC was based on 
the 8th Edition American Joint Committee on Cancer/Union 
for International Cancer Control staging manuals (18). The 
clinical histopathological data of the patients and the overall 
survival information of the patients are available until death 
or the end of the investigation.

Immunohistochemical staining. Paraffin‑embedded human 
ESCC samples were collected. All samples were sectioned to 
5 µm thickness and immunohistochemically stained, as previ-
ously described (20). Briefly, after blocking, the sections were 
incubated with antibodies against TNF‑α, SOD‑2, CyclinD1 
and Survivin (1:200) overnight at  4˚C. Visualization was 
achieved with peroxidase‑labeled streptavidin‑biotin (1 h at 
room temperature) and diaminobenzidine (2‑5 min at room 
temperature) staining. Positive cells were observed under a 
light microscope (magnification, x200).

The degree of immunostaining was scored independently 
by two specialized pathologists, according to a previous 
study (21). Briefly, the proportion of tumor cells was scored as: 
i) 0 (no positive tumor cells); ii) 1 (<30% positive tumor cells), 
iii) 2 (30‑60% positive tumor cells); and iv) 3 (>60% positive 
tumor cells). The intensity of staining was graded as: i) 0 (for 
no staining); ii) 1 (weak staining, light yellow); iii) 2 (moderate 
staining, yellow brown); and iv) 3 (strong staining, brown). The 
final staining index was calculated as the staining intensity 
score times the proportion of positive tumor cells, and scores 
≤4 were defined as low expression of SOD‑2.

Cell culture and treatment. Human Eca109 cells and OE‑21 
cells were obtained from The Resource Center of Peking 
Union Medical College Hospital of China. Eca109 and OE‑21 
cells were maintained in RPMI 1640 medium containing 
10% FBS (both Gibco; Thermo Fisher Scientific, Inc.). and 
penicillin/streptomycin, at 37˚C and in a 5% CO2 humidified 
atmosphere. The expression of SOD‑2 was measured by western 
blotting. Cells (1x105 cells/well) were seeded into 6‑well plates. 
Transfections were carried out using Lipofectamine® 2000 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according 
to the manufacturer's protocol. The control small interfering 
RNA (siRNA), SOD‑2 siRNAs and NF‑κB siRNAs were 
obtained from Shanghai GenePharma Co., Ltd. The siRNA 
sequences are presented in Table I. The cells were cultured 
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for 24 h to allow for successful knockdown, then the cells 
transfected with 0.05 µM control siRNA, SOD‑2 siRNAs or 
NF‑κB siRNAs were treated with TNF‑α (20 ng/ml) for 24 h, 
according to the design of each experiment.

In some experiments, the cells were re‑treated with 
different concentrations of cisplatin for 24 h, and cell death 
and apoptosis were measured.

RNA isolation and reverse transcription‑quantitative PCR. 
After treatment, the Eca109 cells were homogenized with 
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.) and 
total RNA of cells was isolated using an RNeasy‑kit (Qiagen 
GmbH) according to the manufacturer's protocol (15). The 
total RNA was reverse transcribed to cDNA in a total volume 
of 20 µl using a reaction mixture kit (Promega Corporation). 
The RT temperature protocol was as follows: Start for 10 min 
at 25˚C, 1 h at 42˚C, 10 min at 80˚C, and then the reaction 
stopped at 4˚C. Transcript levels of SOD‑2 were evaluated by 
RT‑qPCR using a SYBR Green kit (Promega Corporation). 
The PCR thermocycling conditions included: 10 min at 95˚C 
followed by 40 cycles of denaturation for 15 sec at 95˚C, and 
annealing for 1 min at 60˚C. Gene expression was normalized 
against the housekeeping gene β‑actin. The following primers 
were used: SOD‑2 primer: Forward 5'‑3'CAC​TGC​AAG​GAA​
CAA​CAG​GC, reverse 3'‑5'ACC​AGG​CTT​GAT​GCA​CAT​
CTT; and β‑actin primer: Forward 5'‑3'AGC​GAG​CAT​CCC​
CCA​AAG​TT, reverse 3'‑5'GGG​CAC​GAA​GGC​TCA​TCA​TT. 
Relative gene expression was calculated using the comparative 
2‑∆∆Cq method (22).

Western blotting. After treatment, the Eca109 cells were 
harvested and homogenized in 100  µl lysis buffer (10  µl 
Tris HCl pH 7.5; 15 µl 1M NaCl; 10 µl EDTA pH 8.0; 1 µl 
Tritanx‑100; 64  µl ddH2O). Total protein was extracted 
by centrifuging at 10,625 x g for 30 min at 4˚C. To detect 
nuclear translocation of NF‑κB p65, the nuclear proteins 
were extracted using a Thermo Scientific Pierce NE‑PER kit 
(Thermo Fisher Scientific, Inc.). Protein concentrations were 
determined using a standard bicinchoninic acid assay kit 
(Thermo Fisher Scientific, Inc.). Then, 30‑100 µg protein per 
sample was separated by SDS‑PAGE on 10% gels, and trans-
ferred to PVDF nylon membranes. After blocking with 5% 
non‑fat milk in TBS and Tween‑20 for 2 h at room temperature, 
the membranes were incubated with NF‑κB p65, CyclinD1, 
Survivin and SOD‑2 antibodies (1:1,000) or Bax (1:500) at 4˚C 
overnight. The membranes were incubated with the antibody 
against β‑actin (ABclonal Biotech Co., Ltd.) at 4˚C overnight, 
which was used as the control. The membranes were incubated 

with p‑NF‑κB p65 and histone H3 (1:1,000) at 4˚C overnight. 
Histone H3 was used as the loading control for nuclear frac-
tion. The membranes were then washed and incubated with 
anti‑rabbit IgG secondary antibody (1:2,000) or anti‑mouse 
IgG secondary antibody labeled with peroxidase (1:5,000) for 
1.5 h at 37˚C. The protein signals were acquired using Pierce 
ECL Western Blotting Substrate (Thermo Fisher Scientific, 
Inc.) and an ECL detection system. The resulting images 
were quantified by densitometric analysis using BIO‑1D 11.0 
software [Gold Sim (Beijing) International Co.].

Cell Counting Kit‑8 (CCK‑8) assay. Eca109 cells 
(2x104/ml) were seeded into 96‑well plates and treated with 
or without TNF‑α for 24 h. The cells transfected with negative 
control‑siRNA or SOD‑2 siRNA were treated with different 
concentrations (1, 2, 4, 8, 16 and 32 µg/ml) of cisplatin for 
24 h, according to the design of experiments. Cell death was 
measured by a CCK‑8 assay (MedChemExpress), according to 
the manufacturer's protocol. Experiments were carried out at 
least three times.

Colony formation assay. After Eca109 cells were transfected 
with control siRNA or SOD‑2 siRNA, the cells were counted 
and seeded (2,000 cells/well) in 96‑well plates. The cells were 
treated with TNF‑α and fresh culture medium containing 
TNF‑α was replaced every 3 days. The number of colonies 
was counted at 9‑12  days when the colonies contained 
>50 cells. The cells were fixed with 10% formalin for 1 h at 
room temperature and stained with crystal violet for 8 min at 
room temperature. Colony formation ability was determined 
by colony formation number. Cell numbers were counted 
under a light microscope (magnification, x50). Experiments 
were repeated at least three times.

Transwell migration assay. Eca109 cells (1x105 cells/well) 
were plated in medium without serum in the top chamber of a 
transwell plate (Corning, Inc.). The bottom chamber contained 
standard medium with 10% FBS plus TNF‑α. After 48 h of 
incubation, the cells in the top chamber had migrated to the 
lower surface of the membrane, were then fixed with 10% 
formalin for 1 h at room temperature, stained with crystal 
violet for 8 min at room temperature, and imaged under a 
microscope. Cell numbers in the bottom chamber were counted 
under a light microscope (magnification, x400). Experiments 
were carried out at least three times.

Flow cytometric analysis. After treatment with a low concen-
tration of cisplatin (2 µg/ml), Eca109 cells were harvested 

Table I. siRNA sequences.

siRNA	 Forward, 5'‑3'	 Reverse, 3'‑5'

Control siRNA	 UUCUCCGAACGUGUCACGUTT	 ACGUGACACGUUCGGAGAATT
NF‑κB siRNA	 CGCCAUCUAUGACAGUAAATT	 UUUACUGUCAUAGAUGGCGTT
SOD‑2 siRNA	 GGGUUGGCUUGGUUUCAAUTT	 AUUGAAACCAAGCCAACCCTT

siRNA, small interfering RNA; SOD‑2, super dismutase [Mn], mitochondrial.
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and stained with PE Annexin V and propidium iodide (PI) kit 
(BD Biosciences), according to the manufacturer's protocol. The 
cell apoptosis rates were measured by fluorescence‑activated 
cell sorting analysis using a flow cytometer, according to our 
previous study (23). Briefly, Eca109 cells were stained with 5 µl 
Annexin V for 15 min and then 5 µl PI for 5 min at room temper-
ature in the dark. Both early apoptotic cells (Annexin V‑positive 
and PI‑negative) and late apoptotic cells (Annexin V‑positive 
and PI‑positive) were included in apoptosis rate determinations. 
The data was analyzed using FlowJo software 7.6 (FlowJo, 
LLC). Experiments were carried out at least three times.

Statistical analysis. Statistics were calculated using SPSS 21.0 
software (IMB, Corp.). Associations between SOD‑2 expres-
sion and clinical pathologic characteristics were assessed with 
χ2 test. Spearman's correlation analysis was applied to deter-
mine the relationship between SOD‑2 and TNF‑α expression 
as well as CyclinD1 and Survivin in ESCC samples. Overall 
survival was measured from the date of surgical operation to 
the date of death, or the last clinical follow‑up time before 
November 2016, according to the Kaplan‑Meier method. The 
log‑rank test was used to compare the survival distribution. 
P<0.05 was considered to indicate a statistically significant 
difference.

One‑way ANOVA or two‑way ANOVA was applied 
according to one or two variables in the present study in vitro. 
When there was a significant ANOVA result, post‑hoc analysis 
was performed using the Least Significant Difference test 
to assess multiple comparisons. Data are presented as the 
mean ± SD of at least three independent experiments. P<0.05 
was considered to indicate a statistically significant difference.

Results

Increased expression of SOD‑2 in human esophageal squa‑
mous cell carcinoma. Human ESCC samples were collected 
and the expression of SOD‑2 in ESCC as well as its role in the 
overall survival of patients with ESCC was analyzed. In total, 
60 cases of ESCC were collected and the expression of SOD‑2 

was detected by immunohistochemical staining. After blinding 
the identity of the tissue sections, high expression of SOD‑2 
was observed in the cytoplasm of some human ESCC cells 
(Fig. 1A). Low expression of SOD‑2 was also observed in some 
human ESCC cells (Fig. 1B) as well as normal esophageal 
epithelial cells (Fig. 1C). Of the 60 ESCC cases, 38 (63.3%) 
stained positively for SOD‑2 with higher expression of SOD‑2 
compared with normal esophageal epithelial cells (Table II). 
Kaplan‑Meier analysis indicated that higher expression of 
SOD‑2 was associated with a poor overall survival in patients 
with ESCC (Fig. 1D; P=0.056). To further explore the role of 
SOD‑2 in human ESCC, the association between SOD‑2 and 
clinical parameters, including age, sex, differentiation and 
TNM stage in 60 cases of human ESCC was assessed. It was 
determined that high expression of SOD‑2 was significantly 
associated with lymph node metastasis and TNM stage in the 
patients, but was not associated with other clinical features, 
such as age, sex and tumor differentiation of patients (Table III).

Furthermore, the correlation between TNF‑α and SOD‑2, 
CyclinD1, and Survivin in ESCC samples was analyzed. 
Immunohistochemical staining determined the expression of 
TNF‑α, SOD‑2, CyclinD1 and Survivin in the same ESCC 
samples (Fig.  2). Positive TNF‑α expression was highly 
correlated with SOD‑2, CyclinD1 and Survivin expressions 
(Table IV), while positive SOD‑2 expression was significantly 
correlated with CyclinD1 and Survivin expressions in human 
ESCC samples (Table V). The present results suggested that 
increased SOD‑2 in ESCC may be correlated with TNF‑α 
expression, as well as proliferation‑related proteins CyclinD1 
and Survivin, which suggested that TNF‑α may regulate 
SOD‑2, contributing to cell proliferation in ESCC.

TNF‑α induces cell proliferation associated with upregulation 
of SOD‑2 expression in human ESCC. The human ESCC 
cell line Eca‑109 was treated with TNF‑α to determine if 
TNF‑α contributes to SOD‑2 expression in ESCC in vitro. 
It was determined that a low concentration of TNF‑α could 
significantly increase cell viability and colony formation in 
Eca109 cells, which suggests that TNF‑α could induce cell 

Figure 1. Expression of SOD‑2 in human ESCC samples. Representative immunohistochemistry images show (A) positive expression of SOD‑2 in ESCC, and 
(B) negative expression of SOD‑2 in ESCC and (C) adjacent non‑cancerous tissue. (D) Kaplan‑Meier analysis was used to plot the overall survival curves of 
60 cases of ESCC with SOD‑2 high expression or low expression. SOD‑2, super dismutase [Mn], mitochondrial; ESCC, esophageal squamous cell carcinoma.
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proliferation in ESCC (Fig. 3A‑C; P<0.05). It was additionally 
identified that TNF‑α could enhance cell migration in Eca‑109 
cells (Fig. 3D and E; P<0.05). The western blotting results 
indicated that TNF‑α upregulated SOD‑2 as well as CyclinD1 
and Survivin expressions in Eca‑109 cells (Fig. 3F and G). 
Additionally, it was observed that Bax was significantly 
downregulated in cells treated with TNF‑α (Fig. 3F and G). 
These results suggested that TNF‑α induces cell proliferation 
associated with upregulation of SOD‑2 in human ESCC cells.

TNF‑α upregulates SOD‑2 through the NF‑κB pathway 
to induce cell proliferation in human ESCC. To further 
explore whether upregulation of SOD‑2 plays a critical role 
in TNF‑α‑induced cell proliferation in human ESCC, SOD‑2 
expression was blocked by transfecting cells with SOD‑2 
siRNA (Fig.  4A). It was observed that blocking SOD‑2 

expression significantly inhibited TNF‑α‑elevated cell 
viability and colony formation in ESCC cells (Fig. 4B‑D; 
P<0.05). As shown in Fig. 4B and D, the cell viability and 
colony formation in ESCC cells were also inhibited by SOD‑2 
siRNA, which suggested that SOD‑2 may play a critical role 
in cell proliferation in ESCC. Furthermore, blocking SOD‑2 
expression significantly inhibited TNF‑α‑induced cell migra-
tion in ESCC cells (Fig. 4E and F; P<0.05). Increased CyclinD1 
and Survivin levels induced by TNF‑α were also inhibited in 
Eca109 cells transfected with siRNA (Fig. 4G and H; P<0.05). 
These results suggested that upregulation of SOD‑2 by TNF‑α 
contributes to cell proliferation in Eca109 cells. To further 
explore the mechanism of upregulated‑SOD‑2 by TNF‑α in 
Eca‑109 cells, the NF‑κB pathway downstream of TNF‑α was 
blocked by siRNA. It was identified that blocking the NF‑κB 
pathway by siRNA significantly inhibited TNF‑α‑increased 
cell migration in Eca109 cells (Fig. 4I and J; P<0.05). Increased 
SOD‑2 as well as CyclinD1 and Survivin induced by TNF‑α 
was inhibited in Eca109 cells transfected with NF‑κB siRNA 
(Fig. 4K and L; P<0.05). Therefore, the present data suggested 
that TNF‑α could upregulate SOD‑2 through the NF‑κB 
pathway to contribute to cell proliferation in Eca109 cells.

SOD‑2 affects the chemosensitivity of ESCC to cisplatin. 
Since upregulation of SOD‑2 by TNF‑α contributes to cell 
proliferation and migration in Eca109 cells, the present study 
investigated whether TNF‑α induces cisplatin resistance, as 
well as the role of SOD‑2 in the chemosensitivity of ESCC 
to cisplatin. It was observed that TNF‑α increased cisplatin 
resistance over a range of concentrations (4‑32 µg/ml) in the 
NC siRNA group, while SOD‑2 blocking enhanced cisplatin 
chemosensitivity over a range of concentrations (1‑32 µg/ml) 
in ESCC cells transfected with SOD‑2 siRNA compared 
with the NC siRNA group (Fig. 5A; P<0.05). Transfection 
with SOD‑2 siRNA significantly increased the chemosensi-
tivity of ESCC to cisplatin (4‑32 µg/ml) in TNF‑α‑induced 
Eca‑109 cells compared with the TNF‑α+NC siRNA group 
(Fig. 5A; P<0.05). The IC50 of cisplatin in TNF‑α‑induced 
Eca‑109 cells was higher than that in the control cells (Fig. 5B; 

Table II. Positive rate of SOD‑2 expression. 

	 SOD‑2 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Groups	 n	 Low (%)	 High (%)	 P‑value

Normal	 30	 6 (20)	 24 (80)	 <0.05
Cancer	 60	 38 (63.3)	 22 (36.7)	

χ2 test. SOD‑2, super dismutase [Mn], mitochondrial.

Table III. SOD‑2 expression and clinicopathological charac-
teristics in 60 cases of esophageal squamous cell carcinoma.

	 SOD‑2
	 expression
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Clinicopathological variables	 n	 Low	 High	 P‑value

Age (years)				    0.492
  ≤60	 16	 7	 9	
  >60	 44	 15	 29	
Sex				    0.815
  Female	 18	 7	 11	
  Male	 42	 15	 27	
Differentiation				    0.184
  Well/moderate	 43	 18	 25	
  Poor	 17	 4	 13	
Lymph node metastasis				    0.019
  Negative	 29	 15	 14	
  Positive	 31	 7	 24	
TNM stage				    0.02
  I	 11	 8	 3	
  II	 25	 8	 17	
  III	 24	 6	 18	

χ2 test. SOD‑2, super dismutase [Mn], mitochondrial.

Figure 2. Association between SOD‑2 and TNF‑α, CyclinD1, and Survivin 
in human ESCC samples. The images from immunohistochemical staining 
show the co‑expression of SOD‑2 and TNF‑α, CyclinD1 and Survivin in 
human ESCC samples as well as adjacent non‑cancerous tissue. ESCC, 
esophageal squamous cell carcinoma. SOD‑2, super dismutase [Mn], mito-
chondrial; TNF‑α, tumor necrosis factor‑α. 

https://www.spandidos-publications.com/10.3892/or.2019.7252


ZUO et al:  SOD-2 REGULATES CELL PROLIFERATION AND CISPLATIN RESISTANCE IN ESCC1502

P<0.05). However, transfection with SOD‑2 siRNA signifi-
cantly decreased the IC50 of cisplatin both in TNF‑α‑induced 
Eca‑109 cells and control cells (Fig. 5B; P<0.05). Therefore, it 
was demonstrated that SOD‑2 contributes to TNF‑α‑induced 
cisplatin resistance in ESCC.

Furthermore, in order to confirm that SOD‑2 contributes 
to cisplatin resistance in Eca‑109 cells, the effect of a low 
concentration of cisplatin on the apoptosis rate of Eca‑109 cells 
transfected with SOD‑2 siRNA was determined. It was identi-
fied that 2 µg/ml cisplatin did not induce apoptosis in Eca‑109 

cells but could cause apoptosis in cells transfected with SOD‑2 
siRNA (Fig. 5C and D; P<0.05). Therefore, the present results 
suggested that inhibition of SOD‑2 significantly increases the 
chemosensitivity of ESCC to cisplatin, which suggested that 
SOD‑2 may play a critical role in cisplatin resistance in ESCC.

Discussion

SOD‑2, located in the mitochondria, is the major antioxidant 
enzyme in the regulation of oxidative stress, and it functions 

Figure 3. TNF‑α induces cell proliferation in esophageal cancer cells. (A) Eca109 cells were treated with 20 ng/ml TNF‑α for 24 h, and cell proliferation 
was measured by a Cell Counting Kit‑8 assay. (B and C) After 20 ng/ml TNF‑α‑treatment for 9‑12 days, colony formation was counted and the number was 
represented as percent of total cells at the beginning of the assay. (D and E) After 20 ng/ml TNF‑α‑treatment for 48 h, the migratory ability of Eca109 cells was 
measured by a transwell migration assay and the cell number was determined by counting the number of positive cells in the higher field. Magnification, x400. 
After 20 ng/ml TNF‑α‑treatment for 24 h, the expression of CyclinD1, Survivin, SOD‑2 and Bax was measured by (F) western blotting and (G) densitometric 
analysis. Data are presented as the mean ± SD of three independent experiments. *P<0.05 vs. respective control. TNF‑α, tumor necrosis factor‑α; SOD‑2, super 
dismutase [Mn], mitochondrial.

Table IV. Correlation between TNF‑α with CyclinD1, Survivin as well as SOD‑2.

	 CyclinD1	 Survivin	 SOD‑2
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑  
TNF‑α	 High	 Low	 r	 P‑value	 High	 Low	 r	 P‑value	 High	 Low	 r	 P‑value

39 (high)	 31	 8	 0.499	 <0.001	 34	 5	 0.293	 0.023	 33	 6	 0.602	 <0.05
21 (low)	 6	 15			   13	 8			   5	 16		

TNF‑α, tumor necrosis factor‑α; SOD‑2, super dismutase [Mn], mitochondrial.

Table V. Correlation between SOD‑2 with CyclinD1 as well as Survivin.

	 CyclinD1	 Survivin
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
SOD‑2	 High	 Low	 r	 P‑value	 High	 Low	 r	 P‑value

38 (high)	 30	 8	 0.681	 <0.001	 31	 7	 0.291	 0.036
22 (low)	 7	 15			   16	 6		

SOD‑2, super dismutase [Mn], mitochondrial.
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by catalyzing the conversion of superoxide to hydrogen 
peroxide in cells (12,23). Alterations in MnSOD enzymatic 
function or protein expression can have serious repercussions 
on mitochondrial activity, ultimately resulting in the devel-
opment of an assortment of illnesses or participating in the 
appearance of malignant cellular phenotypes characterized 
by glycolytic metabolism (24). SOD‑2 expression is upregu-
lated in colorectal, lung, gastric/esophageal and cervical 
cancer cells compared with normal tissues  (25,26). In the 

present study, human ESCC samples were collected, and the 
expression of SOD‑2 in ESCC as well as its role in overall 
survival was analyzed in patients with ESCC. High expres-
sion of SOD‑2 was observed in human ESCC samples, which 
was associated with poor overall survival in patients with 
ESCC. The present results suggested that SOD‑2 may func-
tion as an oncogene in ESCC. Several previous studies have 
shown that SOD‑2 was upregulated in tongue squamous cell 
carcinoma, salivary adenoid cystic carcinoma, ovarian clear 

Figure 4. SOD‑2 contributes to TNF‑α‑induced proliferation in esophageal cancer cells through the NF‑κB pathway. (A) Expression of SOD‑2 mRNA and 
protein levels was significantly inhibited after transfection with SOD‑2 siRNA in Eca109 cells. Eca109 cells were transfected with SOD‑2 siRNA or control 
siRNA, and then treated with 20 ng/ml TNF‑α. **P<0.01 vs. si‑NC. (B) After TNF‑α‑treatment for 24 h, cell proliferation in both cell samples were measured 
by a Cell Counting Kit‑8 assay. *P<0.05; #P<0.05 vs. NC‑siRNA. (C and D) After treatment for 9‑12 days, colony formation was also assessed, and the number 
is represented as percent of total cells at the beginning of the assay. *P<0.05; #P<0.05 vs. NC‑siRNA. (E and F) After TNF‑α‑treatment for 48 h, the migra-
tory ability of Eca109 cells was measured by a transwell migration assay, and the number of migrated cells in every field was counted. Magnification, x400. 
*P<0.05. (G and H) After TNF‑α‑treatment for 24 h, the expression of CyclinD1, Survivin and SOD‑2 was measured by western blotting. *P<0.05 vs. respective 
NC‑siRNA; #P<0.05 vs. respective TNF‑α+NC siRNA. (I and J) Eca109 cells transfected with control or NF‑κB siRNA were treated with 20 ng/ml TNF‑α. 
After TNF‑α‑treatment for 48 h, the migratory ability of Eca109 cells was measured by a transwell migration assay, and the number of migrated cells in every 
field was counted. Magnification, x400. *P<0.05. (K and L) After TNF‑α‑treatment for 24 h, the expression of NF‑κB, SOD‑2, CyclinD1 and Survivin was 
detected by western blotting. Data are presented as the mean ± SD of three independent experiments. *P<0.05 vs. respective NC‑siRNA; #P<0.05 vs. respective 
TNF‑α+NC siRNA. SOD‑2, super dismutase [Mn], mitochondrial; TNF‑α, tumor necrosis factor‑α; NC, negative control; siRNA, small interfering RNA; 
p, phosphorylated.
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cell carcinoma and lung cancer, which was associated with 
increased metastasis (21,27,28). A positive correlation between 
TNF‑α and SOD‑2 expression was identified in human ESCC 
samples. Furthermore, a positive SOD‑2 expression was signif-
icantly correlated with CyclinD1 and Survivin expression in 
human ESCC samples. The presented findings suggested that 
TNF‑α/NF‑κB might regulate SOD‑2 expression associated 
with cell proliferation in ESCC.

TNF‑α, as a well‑known transcriptional target of NF‑κB, 
has been reported to be an important regulator in tumor 
metastasis and proliferation  (29,30). Our previous study 
reported that the TNF‑α‑mediated NF‑κB pathway could 
upregulateSOD‑2 expression, and contribute to EMT and 
migration in A549 cells (15). Therefore, it was necessary to 
examine whether high expression of SOD‑2 contributes to 
cell proliferation using human ESCC cell lines Eca‑109 and 
OE‑21 cells in vitro. In the present study, it was demonstrated 
that SOD‑2 expression in OE‑21 was very low compared 
with that in Eca109 cells (data not shown). Therefore, one 
ESCC cell line, Eca109, was used in the present experiments. 
After cells were treated with a low concentration of TNF‑α 
for 24 h, it was observed that TNF‑α‑induced cell prolifera-
tion was associated with upregulation of SOD‑2 in Eca‑109 
cells. To further investigate if upregulation of SOD‑2 plays 

a critical role in TNF‑α‑induced cell proliferation in ESCC, 
SOD‑2 expression was blocked by transfecting cells with 
SOD‑2 siRNA. It was observed that blocking SOD‑2 expres-
sion significantly inhibited TNF‑α‑elevated cell viability 
and colony formation in ESCC cells, which indicated that 
upregulation of SOD‑2 by TNF‑α plays an important role 
in cell proliferation in ESCC. A previous study suggested 
that inflammatory cytokines, such as TNF‑α and IL‑6, 
could result in the subsequent expression of tumor‑related 
genes, such as hypoxia‑inducible factor 1‑α and SOD‑2 (31). 
In recent studies, NF‑κB si‑RNA was applied to block the 
NF‑κB pathway  (15,32). Blocking the NF‑κB pathway 
significantly inhibited TNF‑α‑induced SOD‑2 upregulation 
and cell migration in Eca109 cells. Therefore, the present 
results suggested that SOD‑2 could be upregulated by the 
TNF‑α/NF‑κB pathway in ESCC. Although siRNA was 
applied to inhibit the NF‑κB pathway, future studies may aim 
to use specific inhibitors of the NF‑κB pathway or specific 
TNF‑α inhibitors to further validate this conclusion.

It has been shown that cisplatin‑resistant lung cancer cells, 
regardless of the signaling pathway status, share a common 
parameter of increase in ROS  (33). The ROS‑activated 
GCN2‑eIF2α‑ATF4‑xCT pathway contributes to mitochon-
drial dysfunction‑enhanced cisplatin resistance in human 

Figure 5. Effects of SOD‑2 on the chemosensitivity of esophageal squamous cell carcinoma to cisplatin in vitro. (A) Eca109 cells were treated with or without 
TNF‑α for 24 h, then the cells transfected with NC‑siRNA or SOD‑2 siRNA were treated with different concentrations of cisplatin (0‑32 µg/ml) for 24 h. 
The cell viability was measured by a Cell Counting Kit‑8 assay. *P<0.05 vs. respective NC‑siRNA; #P<0.05 vs. respective TNF‑α+NC siRNA. (B) IC50 of 
cisplatin in cells is presented. *P<0.05; #P<0.05 vs. NC siRNA. (C and D) Eca109 cells transfected with control or SOD‑2 siRNA were treated with 2 µg/ml 
cisplatin for 24 h, and cell apoptosis was detected by flow cytometry with double staining of Annexin and PI. Data are presented as the mean ± SD of three 
experiments. *P<0.05. SOD‑2, super dismutase [Mn], mitochondrial; TNF‑α, tumor necrosis factor‑α; NC, negative control; siRNA, small interfering RNA; 
PI, propidium iodide.



ONCOLOGY REPORTS  42:  1497-1506,  2019 1505

gastric cancer cells (33). SOD‑2, located in mitochondria, is 
essential for the removal of superoxide radicals and is critical 
for maintenance of cellular ROS homeostasis and bioenergetic 
balance (12). The present study aimed to investigate if SOD‑2 
is involved in cisplatin resistance to ESCC. It was observed 
that TNF‑α induced cisplatin resistance in Eca109 cells, 
while transfecting with SOD‑2 siRNA significantly increased 
the chemosensitivity of ESCC to cisplatin. Blocking SOD‑2 
could significantly enhance the ability of low concentrations 
of cisplatin to cause cell death in ESCC. The present results 
suggested that increased SOD‑2 may play a critical role in 
cisplatin resistance in ESCC. Several previous studies have 
shown that overexpression of SOD‑2 inhibits mtDNA oxida-
tion from damage induced by high glucose, UV or acute 
ethanol exposure (34‑36). These findings support that SOD‑2 
may play an important role in cisplatin resistance in ESCC 
during tumor chemotherapy. 

In conclusion, it was determined that a higher expression of 
SOD‑2 in human ESCC samples was associated with TNF‑α 
expression and cell proliferation, as well as poor overall 
survival in patients with ESCC. SOD‑2 upregulated by the 
TNF‑α/NF‑κB pathway contributed to cell proliferation and 
played a critical role in cisplatin resistance in ESCC in vitro. A 
tumor‑associated inflammation environment in the lung may 
induce high levels of SOD‑2, which contributes to cisplatin 
resistance in ESCC. Therefore, SOD‑2 may have a potent effect 
during cisplatin treatment to enhance drug resistance in ESCC 
and targeting SOD‑2 may become a promising substitute for 
chemotherapy in ESCC.
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