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Abstract. Radiotherapy (RT) is a traditional and important 
treatment for carcinoma of the esophagus along with surgery 
and chemotherapy. High mobility group box 1 (HMGB1) 
plays a crucial part in inhibiting the apoptosis of cancer cells 
after irradiation treatment. The present study, was designed to 
analyze the function of HMGB1 in esophageal cancer progres-
sion and elucidate the effects of HMGB1 on the radiosensitivity 
of human esophageal cancer cell lines. In the present study, an 
immunohistochemical evaluation of HMGB1 was performed 
on 77 biopsies, and the results revealed that HMGB1 overex-
pression was positively correlated with gross tumor volume 
(GTV), tumor‑node‑metastasis (TNM) stage, T classification, 
distant metastasis, and relapse and negatively correlated with 
patient survival rates, suggesting that HMGB1 acts as a key 
factor in the development of esophageal cancer. An shRNA 
targeting HMGB1 was designed for the knockdown of HMGB1 
in ECA109 and TE13 cells, and the transfection efficiency of 
the shRNA was assessed using quantitative real-time reverse 
transcription polymerase chain reaction and western blot 
analysis. CCK-8 and clonogenic assays were used to analyze 
the effect of HMGB1 on the proliferation and radiosensitivity, 
respectively, of esophageal cancer cells in vitro. The influence 
of HMGB1 on radiation-induced changes in the migration, 
invasion, and cell cycle as well as apoptosis of tumor cells was 
examined by wound‑healing and Transwell assays and flow 
cytometry, respectively. In addition, xenograft tumor models 
were constructed to observe the effect of HMGB1 on tumor 
growth in vivo. The results of the study in vitro revealed that 
the proliferation of the HMGB1-shRNA group decreased after 
irradiation, and the radiation treatment reduced the tumor 
volume of the xenograft model which was more marked in 
HMGB1-shRNA group. Moreover, HMGB1 was involved in 

the phosphorylation of H2AX after irradiation, and HMGB1 
knockdown blocked the cell cycle in the G0/G1 phase and 
increased apoptosis. HMGB1 deficiency was also correlated 
with the upregulation of p16, Bax and caspase-9 and the down-
regulation of MMP-2, MMP-9, cyclin D1, CDK4, γH2AX and 
Bcl-2. These data indicated that the overexpression of HMGB1 
prior to treatment was correlated with poor clinical outcome 
in esophageal carcinoma and that knockdown HMGB1 expres-
sion in human esophageal cancer cell lines increased their 
radiosensitivity by allowing the induction of apoptosis and 
G0/G1 arrest after exposure to radiation.

Introduction

It is known that esophageal carcinoma is one of the most 
commonly diagnosed digestive carcinomas, with ~455,800 
new cases and 400,200 cancer-related deaths worldwide in 
2012 (1). However, the incidence of esophageal carcinoma 
varies widely in different regions. According to statistics, there 
are more esophageal cancer patients with squamous cell carci-
noma as the predominant form in Turkey, northern and central 
China, Kazakhstan, and northeastern Iran, a geographical 
region that is collectively known as the Asian Belt (2). In 
recent years, considerable improvement has been achieved 
in treatment strategies, particularly for the use of irradiation, 
which is an essential therapy among therapies for patients with 
esophageal cancer. However, the local recurrence rate after 
chemoradiotherapy remains high at ~25-40%, and the overall 
5-year survival rate is only ~20% among patients with esopha-
geal cancer (3). Since tumors recur and the prognosis is still 
unsatisfactory after irradiation, the study of the mechanism 
of radioresistance of esophageal squamous cell carcinoma 
(ESCC) should be encouraged to develop new therapeutic 
targets as assistance for radiotherapy (RT).

The protein named high mobility group box 1 (HMGB1) 
is a conserved and ubiquitous non-histone chromosomal 
protein that functions as a DNA chaperone in the processes of 
transcription, replication, recombination and repair (4,5). The 
ability of HMGB1, which is located in the nucleus, to bind to 
small recesses in DNA promotes the binding of p53 with DNA 
at its cognate binding site in chromatin. Furthermore, HMGB1 
is involved in DNA damage repair induced by various factors, 
particularly physical stimulations and chemical elements, and 
plays a decisive role in that process (6,7).
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According to previous studies, HMGB1 was revealed 
to be strongly associated with the occurrence and progres-
sion of tumors, and its expression level has been connected 
with the radiosensitivity of various types of cancers (8-11), 
however, the underlying mechanism is unclear. In the present 
study, the expression level of HMGB1 was detected in both 
esophageal cancer tissues and cell lines. Based on the results 
of the HMGB1 expression level detection, we designed the 
following in vitro and in vivo studies to establish the impact of 
suppressing HMGB1 expression in human esophageal squa-
mous carcinoma. In particular, the influence of HMGB1 on 
the radiosensitivity of the ECA109 and TE13 cell lines in vitro 
was thoroughly studied.

Materials and methods

Immunohistochemical (IHC) staining. From January 2008 to 
December 2013, a total of 77 endoscopic biopsy specimens 
from patients who were diagnosed with esophageal squa-
mous carcinoma and received chemoradiotherapy (CRT) 
were obtained at The Fourth Hospital of Hebei Medical 
University (Hebei, China). We acquired the approval from 
patients and the Ethics Committee of the Fourth Hospital of 
Hebei Medical University for the usage of the specimens for 
research. We sectioned 4‑µm‑thick slides from paraffin blocks, 
deparaffinized the slides in alcohol solutions with gradient 
concentrations, rehydrated the slides with distilled water, and 
then soaked the slides with citrate buffer and boiled them for 
3 min for heat-induced antigen retrieval. After blocking the 
endogenous peroxidases with hydrogen peroxide solution for 
15 min, normal goat serum (5%) was used to block non‑specific 
antibody binding for 30 min, and then the sections were incu-
bated with anti-HMGB1 monoclonal antibody (dilution 1:400; 
cat. no. ab79823; Abcam, Cambridge, MA, USA) at 4˚C 
overnight. Then, goat anti-rabbit polyclonal antibody (dilu-
tion 1:100; cat. no. SP-9000; Beijing Zhongshan Golden Bridge 
Biotechnology Co., Ltd., Beijing, China) and horseradish 
peroxidase-conjugated streptavidin working solution were 
each used to cover the histological sections at 37˚C for 30 min 
successively. Subsequently, the DAB substrate-chromogen 
solution was applied to the sample to produce a color reaction. 
According to the scoring standard of previous studies (12,13), 
2 pathologists who were blinded to the clinical parameters of 
the patients interpreted the immunohistochemical results for 
the final analysis.

Cell line culture and X‑ray irradiation. TE13, KYSE180, 
KYSE30, YES2 and ECA109 human esophageal cancer cell 
lines were cultured in RPMI-1640 medium (Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) with the addi-
tion of 10% fetal bovine serum (FBS; Invitrogen; Thermo 
Fisher Scientific, Inc.) and 1% penicillin/streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.). The TE13 cell line is same with 
TE2, TE3, TE7 and TE12 (14), and it has been authenticated 
by STR profiling.

All cells were maintained in Thermo Fisher Scientific, 
Inc., CO2‑incubators with the temperature set at 37˚C and the 
concentration of carbon dioxide set to 5%.

Esophageal tumor cells were irradiated by a 6-MV 
Siemens linear accelerator (Siemens, Buffalo Grove, IL, USA) 

with a source-skin distance (SSD) of 100 cm and dose rate 
maintained at 5 Gy/min. Then, the cells were collected at 
certain time-points for further study.

Cell transfection. Cell transfection was performed with 
human HMGB1 small interfering RNA (shRNA) and nega-
tive control shRNA (PPL, Genebio Technology, Inc., Nanjing, 
China) using Lipofectamine 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.) under the guidance of the manufacturer's 
instructions. The concentrated virus solution and esophageal 
cancer cells were co‑cultured, and the fluorescence of the cells 
was observed by optical microscopy to confirm successful 
transfection. The sequences were as follows: HMGB1-shRNA 
sense, 5'-GGG AGG AGC AUA AGA AGA ATT-3' and anti-
sense, 5'-UUC UUC UUA UGC UCC UCC CTT-3'; NC shRNA 
sense, 5'-UUC UCC GAA CGU GUC ACG UTT-3' and antisense, 
5'-ACG UGA CAC GUU CGG AGA ATT-3'.

Quantitative real‑time reverse transcription polymerase chain 
reaction. RNA was extracted from esophageal tumor cells 
with TRIzol reagent (Takara Bio, Inc., Shiga, Japan), and then 
reversed-transcribed to cDNA with a RevertAid First Strand 
cDNA Synthesis Kit (Thermo Fisher Scientific, Inc.). Then, 
RT-PCR was applied to analyze the expression of the HMGB1 
gene using Platinum SYBR-Green qPCR SuperMix-UDG 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. First, the synthetic cDNA was 
denatured at 94˚C for 30 sec, then used for the following cycle: 
Denaturing cDNA at 94˚C for 5 sec, annealing cDNA at 56˚C 
for 15 sec and extending cDNA at 72˚C for 10 sec, 40 cycles 
in total. The GAPDH gene was used for normalization of 
RT-qPCR data. The 2-ΔΔCT method was applied to analyze 
HMGB1 gene expression (15).

Western blot analysis. We conducted western blot anal-
ysis following a method previously described (16). The 
relevant antibodies were anti-HMGB1 (dilution 1:10,000; 
cat.  no. ab79823), anti-γH2AX (di lut ion 1:1,000; 
cat. no. ab26350; Abcam), anti-MMP-2 (dilution 1:1,000; 
cat. no. 10373-2-AP), anti-MMP-9 (dilution 1:1,000; 
cat. no. 10375-2-AP), anti-p16 (cat. no. 10883-1-AP), 
anti-caspase-9 (dilution 1:1,000; cat. no. 10380-1-AP), 
anti-Bcl-2 (dilution 1:2,000; cat. no. 12789-1-AP), anti-CDK4 
(dilution 1:2,000; cat. no. 11026-1-AP), anti-cyclin D1 (dilu-
tion 1:5,000; cat. no. 60186-1-lg), anti-Bax (dilution 1:5,000; 
cat. no. 50599-2-lg; ProteinTech Group, Inc., Chicago, IL, 
USA) and anti-β-actin (dilution 1:10,000; cat. no. AP0060; 
Bioworld Technology, Inc., St. Louis Park, MN, USA). The 
blotted protein bands were revealed by an Odyssey system 
(LI-COR Biosciences, Lincoln, NE, USA). Finally, the inten-
sity of the protein bands was assessed with ImageJ (National 
Institutes of Health, Bethesda, MD, USA) and the ratio of the 
protein to corresponding β‑actin was calculated to reflect the 
changes in expression levels. All western blot analyses were 
performed independently at least 3 times.

Cell proliferation assay. After preparing a cell suspension 
with a concentration of up to 5x104 cells/ml, 100 µl/well was 
seeded into 96-well plates with 5 duplicates for each sample. At 
certain time-points after irradiation, the viability of the cells 
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under the different treatments was determined by incubation 
with 10 µl Cell Counting Kit-8 (CCK-8) [MedChem Express 
(MCE) Princeton, NJ, USA] for 2 h. Then, the cell content was 
calculated by detecting the absorbance of each well at 450 nm 
via a Multiskan microplate. The experiment was repeated at 
least 3 times.

Clonogenic assay. Esophageal cancer cells irradiated with 
a set of graded doses were cultured in 6-well culture plates 
for 15 days in triplicate. After the formation of cell clones, 
crystal violet (0.6%) was applied to stain the cells for 15 min. 
Colonies containing 50 cells or more were taken into account. 
Basic data was input into GraphPad Prism version 5.0 
(GraphPad Software, Inc., La Jolla, CA, USA), and the 
biological parameters of radiation and cell survival curves 
were obtained.

Wound healing assay. Esophageal tumor cells were plated 
in 6‑well plates. When the cells grew to confluence >80%, a 
straight cell-free zone was created by a 200-µl pipette tip/well. 
Then the scratched areas were marked as 0 h and photo-
graphed using computer-assisted fluorescent microscopy. 
Cells were cultured in 2 ml of media without FBS, then images 
were captured to observe the scratched areas at 16 and 32 h 
separately. The migration of cells with various treatments 
was presented as the percentage of the cell-free zone at the 
aforementioned time-points compared to 0 h and related to the 
control group.

Transwell assay. The invasion ability of tumor cells was 
detected using Transwells coated with Matrigel (both from 
Corning Inc., Corning, NY, USA) before use. Cells were 
diluted to 5x105/ml with serum-free medium and 200 µl was 
transferred to the top chambers. Medium containing 10% FBS 
was placed in the lower chamber. The cells on the upper side 
of the chamber were slightly wiped with a cotton swab after 
penetrating for 24 h. Concurrently, the cells passing through 
the filter were fixed with formaldehyde and stained with 
crystal violet for 10 min. Then, the number of stained cells 
was photographed and counted with a fluorescent microscope 
from 5 randomly selected fields (magnification, x200).

Cell cycle and apoptosis. Cell cycle analysis used esophageal 
tumor cells that were harvested and fixed with 70% precooled 
ethanol and maintained at 4˚C. The following day, the cells 
were stained with propidium iodide probe solution (BD 
Biosciences, San Jose, CA, USA) in the dark for 30 min. Cell 
apoptosis was detected with an Annexin V-FITC apoptosis 
detection kit (BD Biosciences). In accordance with the kit's 
instructions, cells were collected and stained with propidium 
iodide (PI) and Annexin V-FITC. Flow cytometry was applied 
to detect the cell cycle distribution and apoptosis rates, encom-
passing both the early apoptosis (Annexin V+/PI-) and late 
apoptosis/necrosis (Annexin V+/PI+) phases.

Xenograft tumor models. Twelve 6-week-old male BALB/c 
nude mice (weight, 19±1 g) were obtained from Beijing Vital 
River Laboratory Animal Technology Co., Ltd. (Beijing, 
China), and maintained in specific pathogen‑free conditions 
with controlled temperature (23±2˚C), humidity (55±5%) 

and light (12 h light/dark cycle). The mice were provided 
with sterile food and water ad libitum. All experiments with 
animals were carried out with the approval of the Animal Care 
and Use Committee of the Fourth Hospital of Hebei Medical 
University. A total of 4x106 HMGB1-shRNA or NC tumor cells 
were injected into the left hind paw of the mice. Three weeks 
after injection, irradiation (5 Gy) was performed each day for 
3 days with a collimator container to protect the normal tissue. 
Calipers was used to assess the tumor diameter (mm) twice 
a week, and the tumor volume (TV) was calculated by the 
following formula: TV = AB2/2, where A represents the long 
diameter and B represents the short diameter.

Statistical analysis. The data collected in the present study 
were analyzed using SPSS software package version 21 (SPSS, 
Inc., Chicago, IL, USA) and recorded as the mean ± standard 
deviation (SD). The endpoint of progression-free survival 
(PFS) was assessed from the beginning of CRT to progression, 
death or the date of the last follow-up. The survival analysis 
was carried out by Kaplan-Meier method with log-rank test and 
the χ2 or Fisher's exact tests was used to analyze the associa-
tion between clinical parameters and HMGB1 expression. The 
comparisons of data between different groups was performed 
using ANOVA with least significant difference (LSD) test. If 
the P-value of a two-sided statistic test was <0.05 or <0.01, the 
result was considered to be statistically significant.

Results

Overexpression of HMGB1 indicates an adverse prognosis in 
esophageal cancer. The relationship between the expression 
level of HMGB1 and the clinical parameters of esophageal 
cancer patients was analyzed. Table I revealed that the associa-
tions between the expression level of HMGB1 and sex, age, 
lesion location, or N classification (P>0.05) had no statistical 
significance. Conversely, the accumulation of HMGB1 in 
esophageal cancer was significantly associated with gross tumor 
volume (GTV) (P=0.014), TNM stage (7th AJCC) (P<0.001), 
T classification (P=0.003), relapse (P=0.003) and distant metas-
tasis (P<0.001). Immunohistochemical staining revealed that 
the expression of HMGB1 in ESCC samples (Fig. 1Ab, c and d) 
was higher in comparison with adjacent tissues with no tumor 
complication (Fig. 1Aa). After the generation of survival 
curves, the HMGB1 expression level in ESCC was signifi-
cantly associated with overall survival (P=0.007; Fig. 1B) 
and progression-free survival (P=0.008; Fig. 1B), which were 
both significantly shorter in patients with positive expression 
of HMGB1 compared with patients with negative expression 
of HMGB1 according to the results of the log-rank test. In 
summary, statistical analysis revealed the critical role that 
HMGB1 played in the progression of esophageal cancer, and 
high levels of HMGB1 indicated poor clinical prognosis.

HMGB1 is downregulated in HMGB1‑shRNA cell lines. The 
expression of HMGB1 in the TE13, KYSE180, KYSE30, 
YES2 and ECA109 esophageal squamous carcinoma cell 
lines was determined in vitro by western blot analysis, and 
the results revealed higher expression levels of HMGB1 in 
the ECA109 and TE13 cell lines compared with the other cell 
lines (Fig. 1C). Thus, ECA109 and TE13 cells were chosen 
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for further study, and the expression of HMGB1 after trans-
fection with an shRNA targeting HMGB1 (HMGB1-shRNA) 
was determined through western blot and RT-qPCR analyses. 
Finally, no difference was revealed in HMGB1 expression 
between ECA109-NC or TE13-NC cells and their corre-
sponding parental cells. However, HMGB1 expression in 
HMGB1-shRNA cells relative to their corresponding parental 
cells was significantly reduced (Fig. 1D and E). These data 
indicated that HMGB1‑shRNA significantly downregulated 
HMGB1 in esophageal cancer ECA109 and TE13 cells.

Transfection with HMGB1‑shRNA inhibits proliferation and 
increases the radiosensitivity of esophageal tumor cells in vitro 
and in vivo. To investigate the biological function of HMGB1 
on the cell viability of esophageal cancer cells, cells under 
different conditions were collected at 24, 48, 72 and 96 h after 
transfection and irradiation. The results of the CCK-8 assay 
indicated that the proliferation rates of the HMGB1-shRNA 

groups were significantly lower at each time‑point than those 
of the corresponding control and NC groups with or without 
irradiation (Fig. 2A). In addition, a colony formation assay 
was applied to detect the effect of the alteration of HMGB1 
expression on the radiosensitivity of ECA109 and TE13 
cells. After the cell survival curves were plotted based on the 
formed clones, and the radiobiological parameters of each 
group were input into statistical analysis, it was revealed that 
the radiosensitivity of the HMGB1-shRNA group was higher 
compared with those of the control and NC groups (Fig. 2B). 
To explore the function of HMGB1 in tumor formation in vivo, 
the HMGB1-shRNA and NC cells of the ECA109 cell line 
were implanted into nude mice. The results revealed that 
the tumor volume (Fig. 2C and D) and weight (Fig. 2E) in 
the HMGB1-shRNA group were notably smaller than those 
of the NC group before and after irradiation (P<0.05). These 
findings indicated that transfection with HMGB1-shRNA 
induced proliferation inhibition with or without irradiation 

Table I. Association between the clinical characteristics and expression of HMGB1 protein.

 HMGB1
 ----------------------------------------------------------------
Characteristics n Negative Positive P-value

Age (years)
  <65 34 5 29 0.742 
  ≥65 43 5 38
Sex
  Male 49 7 42 0.739 
  Female 28 3 25
Gross tumor volume (GTV)
  <30 27 8 24 0.014 
  ≥30 50 2 43
Lesion location
  Neck/upper 28 4 24 0.798
  Middle/lower 49 6 43
TNM stagea

  I-II 34 10 24 <0.001 
  III-IV 43 0 43
T classification
  T1-T2 27 8 19 0.003 
  T3-T4 50 2 48
N classification
  N0 31 5 26 0.766 
  N1-N3 46 5 41
Distant metastasis
  M0 16 7 9 <0.001
  M1 61 3 58
Relapse
  Negative 15 6 9 0.003 
  Positive 62 4 58

aAll cases were classified into clinical TNM stage according to the criteria of the UICC and the AJCC in 2009. UICC, International Union 
against Cancer; AJCC, American Joint Committee on Cancer; HMGB1, high mobility group box 1; TNM, tumor-node-metastasis.
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and increased the radiosensitivity of esophageal cancer cells 
both in vitro and in vivo.

HMGB1 plays an essential role in the phosphorylation of 
H2AX after irradiation. In the present study, whether HMGB1 
was involved in radiation-induced DNA damage repair was 
assessed by analyzing the variations in HMGB1 and γH2AX 

expression after irradiation. The results of the western blot 
analysis revealed that ionizing radiation induced the protein 
expression of γH2AX and HMGB1 in a dose-dependent 
manner (Fig. 2F). In addition, the changes in expression of these 
2 proteins were consistent over the course of time after irradia-
tion (Fig. 2G), and both of them were highest at 1 and 2 h after 
exposure to 6 Gy irradiation, and then their expression gradually 

Figure 1. High expression of HMGB1 in human ESCC biopsy specimens and downregulation of HMGB1 by transfection of shRNA. (A) HMGB1 staining 
was predominantly localized in the nuclei. In comparison with adjacent tissues with no tumor complication (a, negative, original magnification, x200), the 
expression of HMGB1 in ESCC samples was higher (b and c, positive, magnification, x100 and x200, respectively; d, weakly positive, magnification, x200). 
(B) Overall survival and progression‑free survival among HMGB1‑negative and HMGB1‑positive groups revealed statistical significance differences according 
to Kaplan-Meier survival analysis (P<0.05, log-rank test). (C) The comparison of the HMGB1 protein expression levels in 5 esophageal cancer cell lines was 
performed using western blot analysis. (D) Similarly, the suppression of HMGB1 protein expression was observed in the HMGB1-shRNA group by western 
blot analysis. (E) The mRNA expression of HMGB1 in the HMGB1‑shRNA group were significantly downregulated after transfection in both ECA109 and 
TE13 cells according to the results of the RT-qPCR analysis. **P<0.01. HMGB1, high mobility group box 1; ESCC, esophageal squamous cell carcinoma.
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Figure 2. HMGB1 deficiency inhibited the proliferation ability of ECA109 and TE13 esophageal tumor cells and sensitized them to radiation. (A) A CCK‑8 
assay revealed that the growth of cells in the HMGB1‑shRNA group was significantly inhibited before and after irradiation in ECA109 and TE13 cells; the 
number of cells was determined by the absorbance at 450 nm. (B) A colony formation assay was performed to detect the radiosensitivity of ECA109 and TE13 
cells, and the final cell survival curves of the different groups are presented. (C) The nude mice were sacrificed, and the tumors were dissected. The (D) tumor 
volume and (E) weights were assessed; the data are presented as the means ± SD. (F-H) The expression of HMGB1 and γH2AX was altered in parallel in 
ECA109 and TE13 cells after irradiation, and the γH2AX expression in the HMGB1-shRNA group was not increased after irradiation in ECA109 and TE13 
cells. A comparison with the control or NC group is symbolized by the asterisks *P<0.05 and **P<0.01; a comparison with the corresponding non-irradiated 
group is symbolized by the triangles ▲P<0.05. CCK-8, Cell Counting Kit-8; HMGB1, high mobility group box 1. 
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reduced. These findings prompted us to suppose that HMGB1 
is associated with the generation of γH2AX. Then, the level of 
phosphorylated H2AX was detected to evaluate the influence 
of HMGB1 deficiency with and without irradiation. The results 
revealed that knockdown of HMGB1 protein in ECA109 and 
TE13 cells inhibited accumulation of γH2AX following irradia-
tion treatment, while there were no notable changes in γH2AX 
concentrations in the non-irradiated groups (Fig. 2H). The 
western blot analysis demonstrated that HMGB1 deficiency 
inhibited the phosphorylation of H2AX induced by irradiation.

HMGB1 silencing inhibits cell migration and invasion. To 
observe the migration and invasion abilities of esophageal 
carcinoma cells, a wound-healing experiment and Transwell 
assay, respectively, were applied to ECA109 and TE13 cells. 
The results revealed that blocking the expression of HMGB1 
significantly decreased the migration activity of ECA109 and 
TE13 cell lines both with (Fig. 3Ac, d, f and h) and without irra-
diation (Fig. 3Aa, b, e and g). In addition, the invasive ability of 
esophageal carcinoma cells transfected with HMGB1-shRNA 
was significantly inhibited compared with those of the 

Figure 3. HMGB1 silencing inhibits cell migration and invasion. (A) The scratch area was assessed with Image‑Pro Plus at different time‑points and defined 
the area at 0 h as 100%. The area of the other 2 time‑points was defined as the percentage of the measurement compared to 0 h. The gap area changes in 
the HMGB1-shRNA group were smaller than those in the negative control group at 32 h for (a and e) ECA109 and (b and g) TE13 cells without IR (c and 
f, d and h). In addition, the migration abilities of all irradiated groups were reduced both at 16 h and at 32 h compared with those of the corresponding 
non‑irradiated group. (B) The results of the Transwell assay indicated that downregulation of HMGB1 significantly inhibited the invasion of ECA109 (left) and 
TE13 (right) cells. (C) The MMP proteins were downregulated in the HMGB1-shRNA group compared to the control and NC groups with or without IR. A 
comparison with the NC group is symbolized by the asterisks *P<0.05 and **P<0.01; a comparison with the corresponding non-irradiated group is symbolized 
by the triangles ▲P<0.05 and ▲▲P<0.01. HMGB1, high mobility group box 1; IR, irradiation.
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control and NC groups (P<0.05) both with and without 
irradiation (Fig. 3B). These results indicated that HMGB1 
deficiency decreased the migration and invasion abilities of 
esophageal tumor cells. Furthermore, to analyze the poten-
tial mechanism underlying the HMGB1-shRNA-mediated 
blockade of invasion and migration, MMP-2 and MMP-9 
protein expression was examined, and the expression levels 
of both were reduced in the HMGB1-shRNA group before 

and after irradiation in comparison to those of the control and 
NC groups (Fig. 3C).

Suppression of HMGB1 increases the apoptosis rates of esoph‑
ageal carcinoma cells after irradiation in vitro. The apoptosis 
rate of the HMGB1-shRNA group was higher than that of the 
NC group before irradiation as evidenced by Annexin V and 
PI staining (Fig. 4A). In addition, the HMGB1-shRNA group 

Figure 4. Suppression of HMGB1 increases the apoptosis rates of esophageal carcinoma cells after IR in vitro and affects the generation of apoptosis-related 
proteins. (A) The apoptotic rate was calculated as the sum of B2 and B4. As the results revealed, compared with the NC group, silencing of HMGB1 sensitized 
ECA109 and TE13 cells to apoptosis both with 6 Gy radiation (A, lower images) and without (A, upper images). (B) After transfection with HMGB1-shRNA, 
the expression of Bcl-2 was attenuated, while the expression of Bax and caspase-9 was increased in ECA109 and TE13 cells. (C) HMGB1-shRNA and irradia-
tion induced G0/G1 arrest in ESCC cells. (D) The results of flow cytometry revealed that the percentages of G0/G1-phase cells in the HMGB1-shRNA groups 
were significantly higher compared to those of the NC groups before IR, and the HMGB1‑shRNA group percentages significantly increased after irradiation. 
(E) In the HMGB1-shRNA group, the expression of cyclin D1 and CDK4 was attenuated, while the expression of p16 was increased. Additionally, irradiation 
inhibited cyclin D1 and CDK4 expression in esophageal tumor cells. A comparison with the NC group is symbolized by an asterisk *P<0.05; and a comparison 
with the corresponding non-irradiated group is symbolized by triangle ▲▲P<0.01. HMGB1, high mobility group box 1; IR, irradiation.
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exhibited more apoptosis after irradiation than the NC group 
in ECA109 and TE13 cells (Fig. 4A). To thoroughly assess 
the mechanism, the expression of apoptosis-related proteins 
was detected, including Bcl-2, Bax and caspase-9, before and 
after irradiation by western blot analysis. The results revealed 
decreased expression of Bcl-2 and increased Bax and caspase-9 
levels in the HMGB1-shRNA group with and without irra-
diation compared with the NC group (Fig. 4B). These results 
revealed that downregulation of HMGB1 increased the apop-
tosis of esophageal carcinoma cells by affecting the expression 
levels of Bcl-2, Bax and caspase-9.

Knockdown of HMGB1 combined with irradiation induces 
G0/G1 arrest in ESCC cells. According to flow cyto-
metric results, silencing of HMGB1 caused G0/G1 arrest 
of esophageal carcinoma cells with and without irradia-
tion (Fig. 4C and D). A western blot assay that explored the 
expression levels of proteins related to the cell cycle revealed 
downregulation of cyclin D1 and CDK4 and upregulation of 
p16 in the HMGB1-shRNA groups with and without irradia-
tion compared with the levels in the NC group (Fig. 4E). The 
cyclin D1 expression was lower in the irradiated group than 
the non-irradiated group. Furthermore, cyclin D1 expression 
was significantly decreased in the HMGB1-shRNA group 
with irradiation treatment. These data demonstrated that 
suppressing the expression of HMGB1 arrested esophageal 
tumor cells in the G0/G1 phase by upregulating the expression 
of p16 and decreasing the expression cyclin D1 and CDK4.

Discussion

Although combined chemoradiotherapy has improved the 
prognosis for esophageal cancer, the prognosis remains poor. 
Less than half of esophageal cancer patients survive 2 years 
without recurrence after chemoradiation therapy with or 
without surgery (17). One critical reason is that tumors of the 
esophagus are found too late to perform radical and curative 
surgery. In addition, esophageal cancer frequently occurs with 
distal metastases, including in the lungs, bones, brain and 
liver, when it is diagnosed. For advanced cases, radiotherapy 
combined with chemotherapy is the mainstay treatment. 
Therefore, the discovery of effective therapeutic targets to 
enhance radiosensitivity may improve the survival of ESCC 
patients.

The overexpression of HMGB1 has been implicated in 
multiple cancers, including breast (18), rectal (11), bladder (19) 
and gallbladder cancer (20), pleural mesothelioma (21), 
nasopharyngeal carcinoma (22), and esophageal cancer (23). 
During tumor development and cancer treatment, diverse 
roles for HMGB1 have been revealed in previous studies, 
including roles in inflammation (24), immune responses (25), 
angiogenesis (26), DNA damage repair (27), autophagy (28), 
proliferation, apoptosis, invasion and metastasis (29,30). Based 
on the data from our immunohistochemical staining, the posi-
tive rate of HMGB1 expression was ~87% (67 of 77 cases) in 
ESCC tissue, and esophageal carcinoma patients with positive 
expression of HMGB1 had poorer overall survival (P=0.007) 
and progression-free survival (P=0.008) than patients with 
negative expression of HMGB1. The statistical analysis of 
clinical characteristics indicated that the expression levels of 

HMGB1 were related to clinical cancer stage, distant metas-
tasis and relapse, which indicated that irradiation combined 
with a new drug targeting HMGB1 may produce better 
results. Therefore, the effect of downregulating HMGB1 
expression on the radiosensitivity of esophageal cancer cells 
was first explored; subsequently, the effect of overexpressing 
the HMGB1 gene will be determined in future investigations 
rendering the present study more convincing.

Previous studies have suggested that HMGB1 participates 
in DNA damage repair (6,7,31). Its direct binding sites in DNA 
lesions allow it to play a role in double strand break (DSB) 
repair (7). The realization of the complete DNA damage 
response requires the accumulation of γH2AX (32), and H2AX 
phosphorylation has been found to be stimulated by HMGB1 
release (33). To determine whether HMGB1 specifically regu-
lated the DNA damage repair induced by irradiation and the 
radiosensitivity of ESCC cells, the protein levels of γH2AX 
were assessed and a colony formation assay was performed 
with cells deficient in HMGB1 before and after irradiation. As 
the radiation dose increased and time progressed, the γH2AX 
and HMGB1 protein expression levels gradually changed 
in parallel. Furthermore, the loss of HMGB1 inhibited the 
synthesis of γH2AX induced by irradiation, as there was no 
significant change in the HMGB1-deficient group without 
irradiation. This phenomenon demonstrated that the existence 
of HMGB1 is necessary for the generation of phosphorylated 
H2AX that promotes DNA damage repair. Similar results were 
obtained in the colony formation assay; HMGB1‑deficient cells 
revealed a narrow shoulder in the survival curves, indicating 
that the knockdown of HMGB1 enhanced the radiosensitivity 
of ESCC cells.

Recent studies have revealed that HMGB1 has the ability to 
promote tumor growth by different signaling pathways, and the 
activation of the HMGB1/RAGE interaction was revealed to be 
correlated with matrix metalloproteinase (MMPs) expression, 
tumor proliferation, and migration (29). In the present study, 
it was revealed that a deficiency in HMGB1 suppressed the 
proliferation of ESCC cells both before and after irradiation 
in vitro and in vivo, indicating the significant role that HMGB1 
played in the growth of esophageal cancer. In clinical studies 
of HMGB1 detection in nasopharyngeal carcinoma (13), rectal 
cancer (11), and our own present study of esophageal cancer, 
comparative studies on metastasis in cancer biopsies revealed 
that overexpression of HMGB1 may contribute to metastasis. 
Then, a wound healing and Transwell assays were carried out 
using 2 esophageal cancer cell lines to confirm the clinical 
findings aforementioned in vitro. The results demonstrated 
that silencing of HMGB1 expression with shRNA decreased 
both the migration and invasion abilities of esophageal tumor 
cells before and after irradiation, which coincided with the 
clinical statistical analysis. Subsequently, in seeking the 
underlying molecular mechanisms, the expression of MMPs, 
that help tumor cells invade and metastasize by degrading 
extracellular matrix proteins, were detected (34). The results 
revealed decreased MMP-2 and MMP-9 expression levels after 
suppression of HMGB1 expression, corresponding with the 
reduced migration and invasion abilities. The aforementioned 
phenomena indicated that HMGB1 facilitated the migration 
and invasion of esophageal tumor cells by interacting with 
MMPs. The present results were similar to previous research 
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in which it was discovered that HMGB1 increased cell migra-
tion through activation of MMP-9 (35).

It has been reported that the downregulation of cyclin D1 is 
a major factor during the initiation phase of G1 arrest induced 
by irradiation, and D cyclins primarily activate CDK4 and 
CDK6, resulting in complex formation that promotes the cells 
from the G1 phase into the S phase by sequestering p21cip1 
and p27kip1 away from cyclin E-CDK2 (36). In the present 
study, the effects of HMGB1 expression and irradiation on 
the transition process of the cell cycle were ascertained as 
well. Based on data analysis, the suppression of HMGB1 
induced G0/G1 arrest before irradiation with a decrease in 
cyclin D1 and CDK4 levels. Moreover, the irradiation-induced 
G0/G1 arrest and decrease in cyclin D1 and CDK4 were more 
notable in HMGB1‑deficient cells. The cell cycle analysis and 
associated-protein evaluation revealed that the suppression 
of HMGB1 promoted cell cycle arrest at the G0/G1 phase by 
decreasing cyclin D1 and CDK4 expression.

The present study also analyzed the effect of HMGB1 
downregulation on cell apoptosis in vitro. In addition, apop-
totic cell percentages in the HMGB1-shRNA groups were 
significantly greater than those in corresponding negative 
control groups with irradiation, indicating that the deficiency 
in HMGB1 induced by shRNA was able to promote apoptosis 
after irradiation. For the molecular mechanism, we explored 
the expression of Bcl-2, Bax and caspase-9, all proteins related 
to the cell apoptosis process. As described in a previous 
study, the protein Bax increased the formation of oligomers 
that participate in apoptogenic molecule releases and initiate 
intrinsic apoptosis; conversely, Bcl-2 decreased apoptosis 
by controlling the generation of cytochrome c and blocking 
the oligomerization. Moreover, the expression of caspase-9 
was associated with downstream cytochrome c-related 
apoptosis (37,38). The present study demonstrated that the 
expression of Bcl-2 decreased and the expression of caspase-9 
and Bax increased after HMGB1-shRNA transfection before 
and after irradiation. Accordingly, HMGB1 inhibited the 
apoptosis of esophageal tumor cells after irradiation by regu-
lating pro-apoptotic Bcl-2 family members.

In conclusion, it was revealed the HMGB1 expression, 
which was higher in ESCC tissue, was negatively related to 
survival rates and positively associated with malignancy. 
Suppression of HMGB1 significantly increased the radiosensi-
tivity of ESCC cells by arresting them in the G0/G1 phase and 
enhancing apoptosis. Irradiation combined with treatments 
targeting HMGB1 may achieve satisfactory therapeutic effects 
for esophageal cancer patients.
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