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Abstract 

Background:  Radioresistance is a major cause of treatment failure in esophageal squamous cell carcinoma (ESCC) 
radiotherapy, and the underlying mechanisms of radioresistance are still unclear. Irradiation (IR) stimulates changes in 
tumor-derived exosome contents, which can be taken up by recipient cells, playing an important role in the prolifera-
tion, cell cycle and apoptosis of recipient cells. This study investigated the effect of IR-induced exosomal high mobility 
group box 1 (HMGB1) on radioresistance in ESCC cells.

Methods:  Plasma exosomes were isolated from 21 ESCC patients and 24 healthy volunteers, and the expression of 
HMGB1 was examined. Then, the therapeutic effect of radiotherapy was analyzed according to the different expres-
sion levels of plasma exosomal HMGB1 in ESCC patients. The uptake of exosomes by recipient cells was verified by 
immunofluorescence staining, and the localization of exosomes and HMGB1 in cells before and after IR was evaluated. 
The effects of IR-induced exosomes on cell proliferation, invasion, apoptosis, cell cycle distribution and radioresistance 
after HMGB1 knockdown were verified. Moreover, western blotting was used to measure changes in the expression 
of cyclin B1, CDK1, Bax, Bcl2, phosphorylated histone H2AX and the PI3K/AKT/FOXO3A pathway in the HMGB1-knock-
down exosome group and the negative control group.

Results:  The expression of HMGB1 in ESCC plasma exosomes was significantly increased compared with that 
in healthy volunteers, and high expression of HMGB1 in plasma exosomes was associated with radioresistance 
(P = 0.016). IR-induced the release of exosomal HMGB1 and promoted proliferation and radioresistance in recipient 
cells, with a sensitization enhancement ratio (SER) of 0.906 and 0.919, respectively. In addition, IR-induced exosomal 
HMGB1 promotes G2/M phase arrest by regulating the proteins cyclin B1 and CDK1, cooperating with the proteins 
Bax and Bcl2 to reduce the apoptosis rate through the PI3K/AKT/FOXO3A signaling pathway, and participated in IR-
induced DNA damage repair through γH2AX.

Conclusion:  These findings indicate that high expression of plasma exosomal HMGB1 is associated with an adverse 
radiotherapy response. IR-induced exosomal HMGB1 enhances the radioresistance of ESCC cells.

Keywords:  Exosomes, HMGB1, Radioresistance, ESCC

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Background
Esophageal cancer is one of the most common gastro-
intestinal malignancies in the world, with a high recur-
rence rate and morbidity, and has become a global public 
health problem [1]. Esophageal squamous cell carcinoma 
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(ESCC) is the predominant histological classification in 
China [2]. Although surgery is the most effective treat-
ment for esophageal cancer, most patients are not candi-
dates for direct esophagectomy [3, 4]. For these patients, 
radiotherapy is an important method to control local 
recurrence and optimize the surgical strategy [5, 6]. 
However, local residual lesions often exist, and local con-
trol in these patients is poor; the 5-year survival rate of 
patients that receive radiotherapy alone is only 20.9% [7]. 
Therefore, identifying new targets to enhance the efficacy 
of radiotherapy is urgently needed.

Exosomes are vesicular structures produced by mul-
tivesicular bodies (MVBs) with diameters ranging from 
30 to 150 nm. Exosomes can carry genetic material and 
biological information between cancer cells and the 
microenvironment, and play a key role in the establish-
ment of intercellular communication [8, 9]. The released 
exosomes bind to the receptor on the receptor cell mem-
brane mainly through membrane surface ligands, acti-
vating receptor-mediated signal transduction, direct 
endocytosis of the receptor cell to bring the exosomes 
into the cell, and direct fusion of the exosome membrane 
with the cell membrane to bring the contents into the 
cell, and can change their physiological state [10, 11].

Non-targeting effects can reflect the phenomenon 
that radiation may indirectly affect non-irradiated cells. 
In this case, bystander cells receiving stress signals from 
irradiated cells may exhibit the same properties as irradi-
ated cells. Related studies have shown that radiation can 
affect the abundance of exosome contents in irradiated 
tumor cells and share the induction effect of radiation 
on non-irradiated cells, which may affect the function of 
recipient cells [12, 13]. A growing number of studies have 
reported that exosomes contain a variety of biological 
information, which can be used for biological processes 
such as cell proliferation [14], angiogenesis [15], invasion 
or metastasis [16], therapeutic resistance [17], epithelial-
mesenchymal transformation, and immune regulation 
[18], thereby inducing carcinogenesis and even promot-
ing malignant behavior in cancer cells [19, 20].

High mobility group box  1 (HMGB1) is a nonhistone 
protein that extensively binds to chromosomes in mam-
malian cells and acts as a molecular DNA chaperone dur-
ing DNA replication, transcription, recombination and 
repair [21]. After binding with DNA, HMGB1 regulates 
gene transcription and maintains the stability of nucleo-
some structures [22]. When tumor cells are stimulated by 
physical, chemical, biological and other factors, HMGB1 
can be rapidly transferred to the cytoplasm. The C-ter-
minal amino acid residue of HMGB1 is acetylated, and 
HMGB1 is actively or passively secreted to the extracel-
lular form by triggering lysophosphatidylcholine. These 
HMGB1-containing exosomes can bind to receptors to 

stimulate biological effects on target cells [23, 24]. How-
ever, the relationship between exosomal HMGB1 and 
radioresistance in ESCC has not been elucidated.

In this study, we investigated whether plasma exosomal 
HMGB1 in patients with ESCC was an indicator of the 
radiotherapy response and the role of irradiation (IR)-
induced exosomal HMGB1 in radioresistance.

Materials and methods
Clinical serum samples
The study enrolled 21 patients who were admitted to 
Department of Radiotherapy, the Fourth Hospital of 
Hebei Medical University (Shijiazhuang, China) from 
May 2020 to May 2021. Each patient was originally diag-
nosed with ESCC, and none of them received any prior 
antitumor treatment, including chemotherapy, radio-
therapy, targeted therapy, immunotherapy, or surgi-
cal resection. Twenty-four healthy blood donors were 
recruited from the Physical Examination Center of our 
hospital. Approximately 1 ml of peripheral blood (EDTA-
K2 anticoagulant) was collected from each participant 
and stored at − 80 °C until use. Treatment response was 
determined by the RECIST 1.1 (Response Evaluation Cri-
teria in Solid Tumors). This study was approved by the 
Ethics Committee of the Fourth Hospital of Hebei Medi-
cal University.

ELISA
Plasma concentrations of HMGB1 were measured by 
using an ELISA kit from CUSABIO (CSB-E08223h, 
Wuhan, China) according to the manufacturer’s 
instructions.

Cell culture and X‑ray IR
Human ESCC lines (KYSE150, TE1, KYSE450, KYSE410, 
KYSE30 and ECA109) were cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin at 37  °C and 5% 
CO2. All cells were obtained from the Research Center of 
the Fourth Hospital of Hebei Medical University.

ESCC cells were IR by a 6-MV Siemens linear accel-
erator (Siemens, Buffalo Grove, IL, USA) at room tem-
perature. The total dose was 6/8/10 Gy, and the dose rate 
was 300 MU/min. The source-skin distance (SSD) was 
100 cm, and cells were then collected at specific times for 
further study.

Exosome isolation and identification
When the degree of ESCC cell fusion reached 80%, the 
medium was replaced with exosome-free fetal bovine 
serum, and exosomes (Exos) were extracted from the 
supernatant 48  h later. In addition, the IR group was 
administered 8 Gy X-ray IR and cultured for 48 h, after 
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which the supernatant was collected to extract exosomes 
(IR-Exos). Exosomes were carefully extracted from 
plasma or cell culture supernatant using the exoEasy 
Maxi Kit (cat. no. 76,064) as described previously [25] 
and according to the instructions of the manufacturer. 
All steps were performed at 4  °C. The exosomes were 
resuspended in sterile PBS and stored at − 80 °C for sub-
sequent experiments. According to the manufacturer’s 
instructions, a bicinchoninic acid assay (BCA) (Solarbio, 
Beijing, China) was used to determine the protein con-
centration of exosomes.

Exosomes were characterized by transmission electron 
microscopy (TEM), and their morphology was observed. 
Nanoparticle tracking analysis (NTA) was used to analyze 
the particle size and collect video images of exosomes. 
Western blotting was used to measure exosome surface 
markers (CD9, TSG101, HSP70, and Calnexin).

Immunofluorescence staining
KYSE150 and ECA109 cells were inoculated on 48-well 
slides and cultured overnight. The cells were fixed with 
4% paraformaldehyde and then permeabilized with Tri-
ton X-100 (5%), and nonspecific binding was blocked 
with a BSA solution. The cells were treated with pri-
mary antibodies and incubated overnight at 4  °C. After 
the unbound primary antibody was removed, fluorescent 
secondary antibodies (dilution 1:200; cat. nos. SA00013-2 
and SA00013-3; Proteintech) were added and incubated 
at 37  °C for 1  h. DAPI (Solarbio, Beijing, China) was 
added to the slides for nuclear staining, and glycerol was 
used to seal the slides. The cells were observed under an 
ECLIPSE Ti2 confocal laser scanning microscope. The 
primary antibodies used were anti-HMGB1 (dilution 
1:500; cat. no. ab79823; Abcam) and anti-γH2AX (dilu-
tion 1:500; cat. no. ab81299; Abcam).

Exos and IR-Exos were fluorescently labeled according 
to the manufacturer’s instructions. Then, 4  mg/ml DIL 
solution (Med Chem Express (MCE) Princeton, NJ, USA) 
was added to PBS containing exosomes and incubates. 
Exosomes were extracted to remove excess dye. These 
DIL-labeled exosomes were cocultured with ESCC cells 
for 24  h, and then the cells were washed with PBS and 
fixed in 4% paraformaldehyde. Confocal laser micros-
copy was used to observe the uptake of DIL-labeled Exos 
and IR-Exos by ESCC cells in both groups. Finally, a laser 
confocal microscope (Nikon A1, Japan) was used for 
photography.

Cell transfection
The HMGB1 knockdown lentivirus was purchased 
from Gene Chem Co., Ltd. (Shanghai, China). The cells 
(5 × 105/well) were cultured in 6-well plates until they 
reached 50% confluence, and then the overexpression 

lentivirus and the negative control (NC) lentivirus were 
added and incubated for 24  h according to the instruc-
tions. The transfection efficiency was observed by fluo-
rescence microscopy after 72 h. The cells were screened 
with 1  µg/mL puromycin, subcultured and maintained 
with 0.25  µg/mL puromycin. After the cells were IR, 
HMGB1 knockdown exosomes (IR-shHMGB1-Exos) and 
negative control exosomes (IR-NC-Exos) were extracted 
from the supernatant after 48  h of culture in exosome-
free fetal bovine serum.

Real‑time quantitative polymerase chain reaction (RT‒
qPCR)
RNA extraction and RT‒qPCR was performed as 
described in a previous study [26]. The primers for RT‒
qPCR was as follows:

HMGB1:
5′-AAT​ACG​AAA​AGG​ATATT GCT-3′ (forward),
5′-GCG​CTA​GAA​CCA​ACT​TAT​-3′ (reverse);
and GAPDH: 5′-CGC​TGA​GTA​CGT​CGT​GGA​GTC-3′ 

(forward),
5′-GCT​GAT​GAT​CTT​GAG​GCT​GTT​GTC​-3′ (reverse).

Cell counting Kit‑8 (CCK‑8) assay
KYSE150 and ECA109 cells were treated with exosomes 
(20 µg/ml) for 24 h, counted and diluted to 2 × 104 cells/
ml. A 100 µl cell suspension was inoculated in each well 
of 96-well plates with 5 replicates per sample. When 
the cells had adhered, they were IR. Then, 10  µl/well 
cell counting kit-8 reagent (Med Chem Express (MCE) 
Princeton, NJ, USA) was added at 24 h, 48 h, 72 h, and 
96 h. The absorbance was measured at 450 nm by Multi-
skan 2 h later. The experiment was repeated three times 
before analysis.

Colony formation assay
KYSE150 and ECA109 cells were IR with 0, 2, 4, 6 
and 8  Gy, and the appropriate cells were treated with 
exosomes (20 µg/ml) for 24 h and plated on 6-well plates 
with 3 replicates in each group. After 14 days, the cells 
were fixed with paraformaldehyde (4%) and stained with 
crystal violet (0.1%). A colony count (> 50 cells) was then 
performed. The results were analyzed by Graph Pad 
Prism 8.0 (Graph Pad Software, Inc., La Jolla, CA, USA) 
to calculate survival curves (SF), and the multitarget 
single-hit model was fitted to the data using the formula 
[SF = 1 − (1 − e−D/D0) N].

Flow cytometry
Flow cytometry (FCM) was used to observe the effect of 
exosomal HMGB1 after IR on the cell cycle and apopto-
sis. The cells were collected according to the instructions 
after 48 h. The cells were stained with a propidium iodide 
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solution (Multi Sciences Biotech Co., Ltd.) to detect cell 
cycle distribution. Annexin V and propidium iodide (BD 
Biosciences, San Jose, CA, USA) were used to measure 
the apoptosis rate.

Western blotting
The procedures were conducted as previously described 
[27]. The membranes were scanned, and the relative gray-
scale value of each protein was examined by an Odyssey 
Infrared Imaging System (LI-COR Biosciences, Lincoln, 
NE, USA). The density of the protein bands was semi-
quantified using ImageJ (National Institutes of Health, 
Bethesda, MD, USA). To observe the changes in the pro-
tein expression levels, we calculated the ratio of each pro-
tein to the corresponding GAPDH / β-actin level. Three 
separate experiments were conducted for each western 
blotting analysis. The antibodies used were the exosome 
panel (Calnexin, CD9, HSP70, TSG101; dilution 1:1000; 
cat. no. ab275018; Abcam), anti-HMGB1 (dilution 
1:10,000; cat. no. ab79823; Abcam), anti-γH2AX (dilu-
tion 1:1,000; cat. no. ab81299; Abcam), anti-Cyclin B1 
(dilution 1:50,000; cat. no. ab32053; Abcam), anti-CDK1 
(dilution 1:10,000; cat. no. ab133327; Abcam), anti-
Bax (dilution 1:5000; cat. no. 60267-1-Ig; Proteintech), 
anti-Bcl2 (dilution 1:2000; cat. no. ab182858; Abcam), 
anti-GAPDH (dilution 1:5000; cat. no. 60004-1-Ig; Pro-
teintech), anti-β-Actin (dilution 1:5000; cat. no. 60009-
1-Ig; Proteintech), anti-p-AKT (dilution 1:2000; cat. no. 
66444-1-Ig; Proteintech), anti-AKT (dilution 1:1000; 
cat. no. 4685; Cell Signaling Technology, Inc.), anti-
PI3K (dilution 1:500; cat. no. 20584-1-AP; Proteintech), 
anti-FOXO3A (dilution 1:1000; cat. no. 66428-1-Ig; Pro-
teintech), and anti-p-FOXO3A (dilution 1:1000; cat. no. 
ab154786; Abcam).

Statistical analysis
The data are presented as the means ± standard error of 
measurement (SEM) of at least three independent experi-
ments. Two groups were compared using Student’s t-test 
(normally distributed data) or the Mann-Whitney U test 
(nonnormally distributed data). Analysis of variance was 
used for comparisons between groups of continuous 
variables. ROC curve analysis was used to compare the 
predictive ability of plasma exosome HMGB1 levels in 
ESCC patients for immediate efficacy. A value of P < 0.05 
was considered statistically significant. Statistical analy-
ses were performed using GraphPad 8.0 Prism software 
(GraphPad Software, Inc., La Jolla, CA, USA).

Results
Elevated plasma levels of exosomal HMGB1 correlate 
with radioresistance in ESCC patients
To investigate the role of exosomal HMGB1 in the 
response to radiotherapy, plasma samples were obtained 
from 24 HP (healthy people) and 21 ESCC patients. 
Transmission electron microscopy (TEM) images 
showed that plasma exosomes from both groups were 
spherical and membrane-bound vesicles (Fig.  1A). 
Nanoparticle tracking analysis (NTA) confirmed that 
the diameter of exosomes isolated from HP and ESCC 
plasma was 141.9 and 146.1  nm, respectively (Fig.  1B). 
Western blotting showed abundant plasma exosome-spe-
cific markers (CD9, CD81, TSG101) and the absence of 
Calnexin (Fig. 1C).

The profile of exosomal HMGB1 was examined by 
ELISA, and the results revealed that the plasma exoso-
mal HMGB1 levels of ESCC patients (1821 ± 386.6 pg/
ml) were considerably higher than those of healthy con-
trols (868.7 ± 119.3 pg/ml) (P = 0.0169) (Fig.  1D). All 
ESCC patients in this study received intensity-modulated 
radiotherapy (IMRT), and the response to radiotherapy 
was evaluated. The expression level of plasma exosomal 
HMGB1 is closely related to the response to radiother-
apy, and the level of exosomal HMGB1 in patients with 
radioresistance (SD, PD) is higher than that in patients 
with radiosensitivity (PR, CR) (P = 0.0197, Fig.  1E). 
Radiotherapy sensitivity included partial response (PR) 
or complete response (CR) in 12 patients (57.1%), and 
radiotherapy resistance included stable disease (SD) or 
progressive disease (PD) in 9 patients (42.9%) (Fig.  1F). 
The optimal cutoff value of exosomal HMGB1 for pre-
dicting the response to radiotherapy was determined by 
ROC analysis. The results showed that the optimal cut-
off value of exosomal HMGB1 was 1418, with an AUC of 
0.80 (95% CI 0.6105–0.9895, P = 0.0201, Fig. 1G).

Characterization of exosomes in the cell supernatant
The expression of HMGB1 in the KYSE450, TE1, 
KYSE150, KYSE410, KYSE30, and ECA109 ESCC cell 
lines was determined by western blotting analysis. The 
expression levels of HMGB1 in KYSE150 and ECA109 
cells were significantly higher than those in other cell 
lines (Fig.  2A). Therefore, KYSE150 and ECA109 cells 
were selected for further study. The morphological 
characteristics of exosomes, size distribution and the 
presence of exosome markers were evaluated by TEM, 
NTA and western blotting. Exosomes from both groups 
were observed as round-shaped structures by TEM 
(Fig. 2B). The NTA results showed that the mode diam-
eters of KYSE150 and ECA109 exosomes were 137.5 nm 
and 125.0  nm, respectively, and the concentrations 
were 3.3 × 106 particles/ml and 2.5 × 106 particles/ml, 
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Fig. 1  Plasma exosomes characterization and relationship between exosomal HMGB1 and clinical response to radiation. A Transmission electron 
micrograph of HP-Exos and ESCC-Exos. B The size distribution and the concentration of the exosomes were measured with Nanoparticle Tracking 
Analysis. C Western blotting of exosomes and cell lysate proteins was performed to confirm exosome marker proteins (CD9, CD81, TSG101) and 
calnexin. D The expression level of HMGB1 in plasma exosomes of ESCC was higher than that of HP. E The expression level of exosomal HMGB1 in 
plasma correlates with ESCC radiotherapy’s efficacy. F Response to radiotherapy with different expression levels of exosomal HMGB1. Patients with 
high exosomal HMGB1 expression showed lower response rate to radiation (P = 0.005). G The diagnostic power of plasma exosomal HMGB1 levels 
for the clinical response to radiation in patients with ESCC. The AUROC of plasma exosomal HMGB1 for clinical response to radiation was 0.80 (95% 
CI 0.6105–0.9895, P = 0.0201). *P < 0.05; HMGB1: high mobility group box 1; ESCC: esophageal squamous cell carcinoma; HP: healthy people; Exos: 
exosomes
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Fig. 2  Characterization of exosomes and the effects of radiation on exosomes phagocytosis by KYSE150 and ECA109. A The expression of HMGB1 
in ESCC cell lines. B Transmission electron micrograph of Exos and IR-Exos. C The size distribution and the concentration of the exosomes were 
measured with Nanoparticle Tracking Analysis. D Western blotting of exosomes and cell lysate proteins was performed to confirm exosome marker 
proteins (CD9, TSG101, HSP70) and calnexin. E, F Changes of HMGB1 protein in KYSE150 and ECA09 after GW4869. G DIL (red)-labeled exosomes 
were co-cultured with KYSE150 and ECA109 for 24 h. Then the phagocytosis of exosomes and the HMGB1(green) position changes before and after 
irradiation were observed (DAPI-labeled nuclei were blue, magnification, ×600). *P < 0.05; **P < 0.01; IR: irradiation; HMGB1: high mobility group 
box 1; Exos: exosomes



Page 7 of 15Du et al. Journal of Translational Medicine          (2022) 20:507 	

respectively. In contrast, the IR-induced mode diameters 
were 145.1 nm and 132.4 nm, respectively, with concen-
trations of 2.5 × 106 particles/ml and 2.3 × 106 particles/
ml (Fig.  2C). Both exosome types were characterized 
by the expression of known biomarkers (CD9, TSG101, 
HSP70) and the absence of Calnexin (Fig.  2D). These 
results indicate that there were no significant differences 
in exosome mass, particle number, or structure before 
and after IR.

IR promotes the release of HMGB1 from exosomes
IR-induced the expression of HMGB1 in KYSE150 
(P = 0.0387) and ECA109 (P = 0.025) cells, and the intra-
cellular expression of HMGB1 was significantly increased 
after treatment with GW4869, which weakened the 
effect of IR-induced HMGB1 release to the extracellu-
lar in KYSE150 (P = 0.0379) and ECA109 (P = 0.0186) 
cells (Fig. 2E, F). The uptake of exosomes into cells was 
confirmed by staining exosomes with the fluorescent 
dye DIL. Immunofluorescence analysis was used to 
observe the expression and localization of HMGB1 and 
exosomes in KYSE150 and ECA109 cells (Fig.  2G). The 
results showed that HMGB1 was mainly expressed in the 
nucleus and exhibited green fluorescence. The green flu-
orescence moved to the cytoplasm at 2 h after IR, which 
indicated that IR can induce the release of HMGB1 from 
the nucleus to the extracellular space. Exosomes showed 
red fluorescence and colocalized HMGB1. In addi-
tion, the IR-induced increase of HMGB1 expression in 
KYSE150 and ECA109 exosomes was verified by Western 
blotting (Fig. 3A). Therefore, exosomes may be an impor-
tant pathway for IR-induced migration of HMGB1.

IR‑induced exosomes promote proliferation 
and radioresistance
To investigate the effect of IR-induced exosomes on the 
viability of ESCC cells, cells exposed to different condi-
tions were collected at 24, 48, 72 and 96  h after trans-
fection and IR. The CCK-8 assay results indicated that 
the proliferation rates in the IR-Exos group were sig-
nificantly higher at 48  h, 72 and 96  h than those in the 
Exos group with or without IR (P < 0.05) (Fig.  3B). At 
48, 72 and 96  h after IR treatment, cell proliferation in 
each group decreased to different degrees. In addition, a 

colony formation assay was used to examine the effect of 
IR-induced exosomes on the radiosensitivity of KYSE150 
and ECA109 cells. The cell survival curve was drawn 
according to the number of clones formed, and the 
radiobiological parameters of each group were used for 
statistical analysis. The results revealed that the radiosen-
sitivity of the IR-induced exosome group was higher than 
that of the exosome group (Fig. 3C).

HMGB1 is downregulated in HMGB1shRNA cell lines
Two ESCC cell lines, KYSE150 and ECA09, were trans-
fected with HMGB1-shRNA lentivirus to construct stable 
HMGB1 knockdown cell lines. RT‒qPCR (Fig.  3D) and 
western blotting (Fig.  3E) showed that HMGB1‑shRNA 
significantly downregulated HMGB1 expression in 
KYSE150 and ECA109 cells. HMGB1 knockdown 
group (IR-shHMGB1 - Exos) showed significantly lower 
HMGB1 expression in IR-induced stable HMGB1 knock-
down cell line exosomes than NC group (IR-NC-Exos) 
(Fig. 3F).

IR‑shHMGB1‑Exos inhibit proliferation and increase 
radiosensitivity
The CCK-8 assay results indicated that the proliferation 
rates in the IR-shHMGB1-Exos group were significantly 
lower at 48 h, 72 and 96 h than those in the IR-NC-Exos 
group with or without IR (P < 0.05) (Fig.  3G). Similarly, 
at 48, 72 and 96 h after IR treatment, cell proliferation in 
each group decreased to varying degrees. In addition, a 
colony formation assay was performed to examine the 
effect of altering HMGB1 expression in exosomes on the 
radiosensitivity of KYSE150 and ECA109 cells. According 
to the survival curve, the radiosensitivity of the IR-shH-
MGB1-Exos group was higher than that of the IR-NC-
Exos group (Fig. 3H).

IR‑shHMGB1Exos increase the apoptosis rates of ESCC cells 
after IR
IR-induced apoptosis is one of the mechanisms by which 
IR kills tumor cells. The changes in cell apoptosis induced 
by IR were observed by flow cytometry. The apopto-
sis rate in the IR-shHMGB1-Exos group of KYSE150 
(P = 0.033) and ECA109 (P = 0.0021) was higher than that 
in the IR-NC-Exos group after 10 Gy IR, as evidenced by 

Fig. 3  The effect of exosomes on ESCC cells. A Radiation-induced changes of HMGB1 in exosomes. B The CCK8 assay detected cell proliferation. 
C The radiosensitivity of ESCC cells was measured by clone formation assay. D At the mRNA level, HMGB1 mRNA expression in the HMGB1 group 
was obviously lower than that in the NC group. E HMGB1 knockdown cell lines KYSE150 and ECA109 were successfully constructed at the protein 
level. F The expression of HMGB1 in exosomes of knockdown cell lines was significantly lower than that of the NC group. G Cell proliferation 
was detected by CCK8 assay. Cell viability in the IR-shHMGB1-Exos group was lower than that in the IR-NC-Exos group. H The radiosensitivity of 
ESCC cells was measured by a clone formation assay. IR-shHMGB1-Exos group alleviated radioresistance. *P < 0.05, **P < 0.01 and ***P < 0.001; a 
comparison with the corresponding non-irradiated group is indicated by triangles ▲P < 0.05, ▲▲P < 0.01 and ▲▲▲P < 0.001. CCK-8: Cell Counting 
Kit-8; HMGB1: high mobility group box 1; IR: irradiation; ESCC: esophageal squamous cell carcinoma; Exos: exosomes

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Annexin V and 7-AAD staining (Fig.  4A, B). Moreover, 
western blotting was performed to examine the changes 
in apoptosis-related protein levels after IR. The results 
showed that compared with those in the IR-NC-Exos 
group, the expression of Bcl-2 was decreased and the 
levels of Bax were increased in the IR-shHMGB1-Exos 
group after IR (Fig.  4E). These results suggest that IR-
shHMGB1-Exos increases ESCC apoptosis by affecting 
the expression levels of Bcl-2 and Bax after IR.

IR‑shHMGB1Exos induce G2/M arrest in ESCC cells after IR 
compared with IR‑NC‑Exos
Cell cycle detection is essential for understanding the 
mechanism by which exosomes affect the radiosensitiv-
ity of ESCC cells. Flow cytometry showed that KYSE150 
and ECA109 cell cycle were arrested at the G2/M stage 
in both IR-NC-Exos group (P = 0.048, P = 0.012) and IR-
shHMGB1-Exos group (P = 0.0001, P < 0.0001) after IR. 
The G2/M arrest of KYSE150 (P = 0.0202) and ECA109 
(P = 0.0127) cells co-cultured with IR-shHMGB1-Exos 
was more obvious than that of IR-NC-Exos (Fig.  4C, 
D). The expression levels of cyclin-related proteins were 
examined by western blotting, and the results showed 
that Cyclin B1 and CDK1 expression levels were down-
regulated in the IR-shHMGB1-Exos group after IR com-
pared with those in the IR-NC-Exos group (Fig.  4F). 
These results indicated that IR-NC-Exos could reverse 
irradiation-induced degradation of Cyclin B1 and CDK1, 
help to eliminate G2/M arrest and promote cell cycle 
progression, while IR-shHMGB1-Exos could arrest ESCC 
cells in G2/M phase by reducing the expression of Cyclin 
B1 and CDK1, which reversed radioresistance.

Exosomal HMGB1 enhances DNA damage repair after IR 
by PI3K/AKT/FOXOA3 pathway activation
The γH2AX protein expression was positively correlated 
with the IR dose (Fig. 5A), and the expression level at 2 h 
after IR was greater than that at the other time points 
(Fig. 5B). Therefore, the subsequent experiments of rh2ax 
were carried out at 2 h after 8 Gy irradiation. We exam-
ined the changes in γH2AX after IR, the expression level 
of γH2AX in KYSE150 and ECA09 cells that were treated 
with different exosomes and the expression and localiza-
tion of γH2AX in KYSE150 and ECA109 cells that were 
treated with the two kinds of exosomes by immunofluo-
rescence analysis. The expression level of γH2AX in the 
IR-shHMGB1-Exos group was not different from that in 
the IR-NC-Exos group before IR (green fluorescence rep-
resents γH2AX). However, our results showed that the 
expression level of γH2AX in the two groups was signifi-
cantly increased after IR (Fig.  5D). Compared with that 
in the IR-NC-Exos group, the ability of IR-shHMGB1-
Exos to repair KYSE150 and ECA109 cells were reduced. 

γH2AX focal formation was significantly increased, espe-
cially in the IR-NC-Exos group (Fig. 5C). These findings 
suggest that IR-induced exosomal HMGB1 can regulate 
γH2AX protein expression and enhance DNA damage 
repair, which is involved in the radioresistance of ESCC 
cells.

Some research has highlighted the PI3K/AKT/
FOXO3A signaling pathway as a target for tumor radi-
oresistance. Therefore, we investigated whether this 
signaling pathway was affected by IR-induced exosomes 
processing. We examine the interaction between IR-
induced exosomes and γH2AX and found that exosomal 
HMGB1 may activate the PI3K/AKT/FOXO3A signaling 
pathway. The results showed that the protein expression 
of PI3K/pAKT/pFOXO3A increased after IR-NC-Exos 
treatment with or without IR (Fig. 5C). The mechanism 
of Irradiation-induced release of exosomal HMGB1 acti-
vates the PI3K-AKT-FOXO3A pathway in receptor cells 
is shown in Fig. 6. These findings suggest that IR-induced 
exosomal HMGB1 confers radioresistance by activating 
the PI3K/AKT/FOXO3A signaling pathway.

Discussion
Radiotherapy is a well-established therapeutic method to 
shrink tumor mass and eliminate tumor cells by damag-
ing tumor cells through DNA disruption, ROS produc-
tion and the destruction of cell structural integrity [28]. 
The radiosensitivity of different tumors is significantly 
different. However, resistance to IR is still a major obsta-
cle in ESCC treatment [29]. Thus, extensive efforts should 
be made to investigate the potential targets and eliminate 
radioresistance.

Emerging evidence has indicated that serum-based 
exosomes can serve as important biomarkers of lung 
cancer [30], colorectal cancer [31], glioma [32], endo-
metrial cancer [33], liver cancer [34], and prostate can-
cer [35]. In this study, the expression level of HMGB1 in 
the plasma exosomes of ESCC patients was higher than 
that of healthy individuals, and the radioresistance of 
ESCC patients with high HMGB1 expression (n = 11) 
was significantly higher than that of ESCC patients with 
low HMGB1 expression (n = 10). Therefore, the expres-
sion level of HMGB1 in plasma exosomes can be used 
as a minimally invasive diagnostic marker to predict the 
radiosensitivity of ESCC. In addition, recent studies have 
shown that exposing various cells to environmental stress 
can cause tumor cells to increase the release of exosomes 
and change their molecular composition [36]. IR can 
damage DNA and other structures in target cells, which 
is a stress condition that affects the biological behavior 
of tumor cells [37]. IR-induced exosomes are released to 
participate in transcription, translocation and cell divi-
sion [38–40].
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Fig. 4  Exosomes regulated the apoptosis rate and cell cycle distribution of KYSE50 and ECA109 ESCC cells. A, B The apoptosis rate in each group 
was detected by flow cytometry. C IR-shHMGB1-Exos induces G2/M phase arrest in KYSE150 and ECA109 ESCC cells after IR. D The histogram of cell 
cycle distribution was expressed as mean ± standard error for each group. E After IR, the proteins Bax/Bcl2 were regulated by both exosomes in 
KYSE150 and ECA109 cells. F IR-shHMGB1-Exos regulated CDK1/Cyclin B1 to induce G2/M phase arrest after IR. A comparison with the IR-NC-Exos 
group is indicated by asterisks *P < 0.05 and **P < 0.01; A comparison with the corresponding non-irradiated group is indicated by triangles 
▲P < 0.05, ▲▲▲P < 0.001 and ▲▲▲▲P < 0.0001. HMGB1: high mobility group box 1; IR: irradiation; NC: negative control; Exos: exosomes
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IR-induced the bystander effect (RIBE) in which 
exosomes can influence the function of recipient cells 
that have not been exposed to IR [41, 42]. Currently, 
there is no consensus on the role of exosomes in cancer 
cell proliferation and radiosensitivity [43, 44]. Recently, 
Yamana et  al. found no change in the proliferation of 
OSCC cells treated with exosomes induced by radia-
tion, but increased the radiation resistance of radiation 
sensitive cells [43]. Payton et al. reported that exosomes 
derived from radiation resistant cells in breast cancer 
can increase cell viability and colony formation in recipi-
ent cells and increase resistance to chemotherapy and 
radiotherapy [45]. In this study, we found that exosomes 
from irradiated donor cells could promote the prolifera-
tion and radioresistance of ESCC cells. In addition, ESCC 
cells treated with irradiated exosomes potentially have a 
higher ability for radiosensitivity regulation than that of 
ESCC cells treated with non-irradiated exosomes. These 

results suggest that IR-Exos may act specifically at sites 
where cells are irradiated and some damage occurs.

Our previous study reported that HMGB1 expression 
was frequently upregulated in ESCC tissue and nega-
tively related to improved clinical long-term outcomes; 
HMGB1 expression promotes DNA damage repair and 
confers radioresistance [26]. In this study, we confirmed 
that HMGB1 was released by exosomes into the extra-
cellular space after IR and was absorbed by other cells to 
promote DNA damage repair, leading to radioresistance. 
Tang et al. revealed that HMGB1 could be released from 
stressed cells in the form of exosomes and was an impor-
tant component of the tumor microenvironment after 
chemotherapy or radiotherapy [46]. Moreover, exosome-
derived HMGB1 can significantly promote proliferation 
[47, 48], metastasis [49], immune escape [46], and radi-
oresistance. Our results were consistent with previous 
studies. The results indicated that exosomes from irra-
diated donor cells could enhance the vitality of ESCC 

Fig. 5  Exosomal HMGB1 played a carcinogenic role by activating PI3K/AKT/FOXO3A signaling pathway. A The protein expression of γH2AX varied 
with the radiation dose in cells. B The changes in γh2ax protein expression after 8 Gy IR were related to time. C Western blot was used to detect the 
protein expression of PI3K/pAKT/AKT/pFOXO3A/FOXO3A/γH2AX after exosomes treatment. D After treatment with different exosomes, the number 
of γH2AX focus formations was observed by immunofluorescence assay (magnification, ×600). HMGB1: high mobility group box 1; IR: irradiation
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cells and significantly increase their radioresistance. In 
addition, HMGB1 knockdown could reduce the level of 
HMGB1 released by ESCC cells through exosomes after 
IR and reverse radioresistance.

The PI3K/AKT pathway is a commonly mutated onco-
genic pathway in ESCC that acts as a key regulator of 
radioresistance [50]. Exosomes released from gastric 
cancer cells can activate the PI3K/AKT and MAPK/ERK 
signaling pathways, which are closely related to radio-
logical resistance and tumor progression and ultimately 
promote the proliferation of recipient gastric cancer cells 
[51]. Furthermore, the PI3K/AKT/FOXO3A signaling 
pathway plays an important regulatory role in a variety 

of tumorigenic processes [52]. FOXO3A is a transcrip-
tion factor that is downstream of AKT and can be inhib-
ited by AKT-mediated phosphorylation. Activation of 
this pathway reduces the transcription of key genes that 
mediate a variety of cellular processes, including prolif-
eration, cell cycle arrest, apoptosis and DNA damage [53, 
54]. Interestingly, our study showed that IR-shHMGB1-
Exos inhibited AKT phosphorylation in  vitro, which 
indicated that IR-shHMGB1-Exos could reverse radiore-
sistance in ESCC cells. These findings raised the possibil-
ity that targeting these signaling pathways may improve 
radioresistance.

Fig. 6  Irradiation-induced release of exosomal HMGB1, which is received by recipient cells and activates the PI3K-AKT-FOXO3A pathway 
mechanism diagram
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Cell cycle dysregulation has been implicated in the 
proliferation of cancer cells, and irreversible cell cycle 
arrest may result in cellular senescence [55, 56]. Our 
results indicated that the IR-shHMGB1-Exos group 
had significantly increased cell cycle arrest in the G2/M 
phase after IR. Moreover, IR-shHMGB1-Exos treatment 
increased the number of cells that were arrested in G2/M 
phase, which was associated with the downregulation of 
cell cycle-related proteins, such as cyclin B1 and CDK1. 
This cell cycle arrest may trigger radioresistance by IR-
shHMGB1-Exos. In addition, we found that the level 
of apoptosis in the IR-shHMGB1-Exos group was sig-
nificantly higher than that in the negative control group. 
We hypothesize that the loss of HMGB1 in IR-Exos can 
reverse the apoptosis inhibition mediated by IR-induced 
exosomes. Bax and Bcl2 are apoptosis-related proteins 
that are implicated in radiosensitivity. Bax increases the 
formation of oligomers that participate in apoptogenic 
molecule release and initiate intrinsic apoptosis [57]; 
Bcl-2 proteins are a family of structurally related pro-
teins that act as intrinsic pathway regulators of apopto-
sis [58]. The western blotting results revealed that Bax 
expression was upregulated with the downregulation of 
Bcl2 expression in the IR-shHMGB1-Exos group. There-
fore, IR-induced exosomal HMGB1 inhibits apoptosis in 
irradiated ESCC cells by regulating members of the proa-
poptotic Bcl-2 family. However, the exact mechanism 
of the pathways in the IR-shHMGB1-Exos group that 
lead to apoptosis remains unclear and requires further 
investigation.

DNA damage repair (DDR) is one of the major modula-
tors that confers radiosensitivity to tumor cells [59]. The 
γH2AX protein was shown to be an indicator of DNA 
double-strand breaks (DSBs) [60]. Exosomes derived 
from tumor cells increased the radioresistance of adja-
cent tumor cells by inducing the repair of DSBs [61]. 
HMGB1 binds to RAGE and TLR4 to promote the phos-
phorylation of PI3K/AKT and the expression of γH2AX 
[24]. Our study identified that ESCC cells release exoso-
mal HMGB1 after IR, which regulates the phosphoryla-
tion and translocation of ATM by activating the PI3K/
AKT/FOXO3A signaling pathway in recipient ESCC 
cells. Exosomal HMGB1 enhanced DDR in recipient cells 
and made tumor cells more resistant to radiotherapy. In 
addition, γH2AX expression in the IR-shHMGB1-Exos 
group was lower than that in the IR-NC-Exos Group 2 h 
after 8 Gy IR. These findings suggest that IR-shHMGB1-
Exos resulted in a defective DDR, which improved 
radiosensitivity.

Conclusion
In conclusion, our study demonstrates that exosomes 
derived from irradiated donor cells trigger the PI3K-
AKT-FOXO3A signaling pathway in recipient cancer 
cells and induce a radioresistant phenotype. IR-induced 
exosomal HMGB1 is a promising clinical target for over-
coming radioresistance in ESCC.
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