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Abstract. High mobility group box 1 (HMGB1) is a highly 
conserved and ubiquitous nuclear protein in eukaryotic cells. In 
response to stress, it transfers from the nucleus to the cytoplasm 
and finally, to the extracellular matrix, participating in inflam‑
mation and carcinogenesis. Increased HMGB1 protein levels 
are frequently associated with the reduced survival of patients 
with glioma. HMGB1 plays contextual roles depending on its 
subcellular localization. However, the mechanisms underlying 
its subcellular localization and secretion remain unclear. In 
the present study, the subcellular localization and secretion 
of HMGB1 in starved glioma cells were investigated using 
immunofluorescence microscopy, enzyme‑linked immuno‑
sorbent assay, subcellular fractionation, western blotting and 
immunoelectron microscopy. The results demonstrated that 
starvation induced HMGB1 translocation from the nucleus to 
the cytoplasm and finally, to the extracellular milieu in glioma 
cells. HMGB1 was localized in the mitochondria, endoplasmic 
reticulum (ER), peroxisomes, autophagosomes, lysosomes, 
endosomes and the cytoskeleton. Immunoelectron micros‑
copy confirmed that HMGB1 was present within or around 
cytosolic compartments. Subcellular fractionation further 
demonstrated that HMGB1 transferred to membrane‑bound 
compartments. In addition, HMGB1 was localized to specific 
contact areas between the ER and mitochondria, known as 
mitochondria‑associated membranes. On the whole, the results 
of the present study suggest that starvation induces HMGB1 
secretion, which can be inhibited through the suppression of 
autophagy. Starvation insult induces HMGB1 translocation 

to the cytosolic compartments of glioma cells, and autophagy 
may be involved in the extracellular secretion of HMGB1 in 
starved glioma cells.

Introduction

Gliomas are the most prevalent primary brain tumors, 
representing 81% of malignant brain tumors. According to 
the classification of the World Health Organization (WHO), 
gliomas can be divided into four grades: Grades  I and II 
corresponding to low‑grade gliomas, and grades III and IV 
corresponding to high‑grade gliomas (1). Generally, relatively 
high grades are associated with a poor prognosis. The median 
overall survival (OS) of patients with grade  III glioma is 
~3 years, whereas that of patients with grade IV glioma is 
only 15 months (2,3). Elucidating the molecular mechanisms 
underlying the tumorigenesis of gliomas is critical in order 
to improve the therapeutic efficacy of glioma treatment and 
prolong the OS of patients.

High mobility group box 1 (HMGB1) is a non‑histone 
DNA‑binding protein mainly located in the nucleus of 
eukaryotic cells under homeostatic conditions. In response to 
stress, it translocates from the nucleus to the cytoplasm and 
is released from the cell (4). HMGB1 participates in various 
cellular functions, mainly depending on its subcellular local‑
ization (4). In the cytoplasm, HMGB1 induces autophagy by 
binding to Beclin‑1 and regulates mitochondrial quality (5). In 
the extracellular matrix, HMGB1 functions as a damage‑asso‑
ciated molecule that participates in multiple cellular activities, 
including cell‑cell interactions, pro‑inflammatory cytokine 
production, cell proliferation, differentiation, invasion and 
autophagy  (4,6). The dysregulation of HMGB1 has been 
shown to be associated with a number of diseases, particularly 
cancer. In solid tumors, HMGB1 usually translocates from the 
nucleus to the cytoplasm (6). High levels of HMGB1 have been 
observed in various types of malignancies, including lung 
cancer, breast cancer, head and neck squamous cell carcinoma, 
colon cancer, nasopharyngeal carcinoma and glioma (7‑10). 
Extracellular HMGB1 can function as a paracrine or autocrine 
factor to drive tumor growth, proliferation, migration and 
angiogenesis (11). HMGB1 expression is frequently upregu‑
lated in gliomas. Its overexpression is associated with glioma 
progression and a poor prognosis (12,13). The transcription and 
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translocation of HMGB1 from the nucleus to the cytoplasm 
mediate autophagy and glioma growth (12). It has been demon‑
strated that extracellular HMGB1 released by patient‑derived 
glioma cells following temozolomide (TMZ) treatment 
increases the formation of glioma stem cells, which further 
induce resistance to TMZ (14). Controversially, Li et al (15) 
revealed that the unconventional autophagy‑based secretion of 
HMGB1 in glioblastoma promoted chemosensitivity to TMZ 
through macrophage polarization. Thus, the translocation 
and release of HMGB1 from glioma cells are crucial steps in 
glioma progression. However, the exact mechanisms by which 
HMGB1 is translocated and the precise subcellular pathway of 
HMGB1 in gliomas during its release are poorly understood.

The microenvironment in solid tumors is poor in nutrients 
and glucose‑deprived, owing to the high rate of tumor cell 
consumption (16). Cancer cell proliferation is dependent on 
extracellular nutrient acquisition; however, glucose, amino 
acids and lipids are usually in short supply, due to inadequate 
tumor perfusion (17). Nutrient deficiency is closely related to 
metabolic changes in tumor cells and promotes tumorigenesis. 
Therefore, in the present study, the subcellular localization and 
secretion of HMGB1 in starved glioma cells were investigated, 
in order to clarify the translocation and release pathways of 
HMGB1 in glioma cells under nutrient‑poor conditions. It was 
revealed that HMGB1 translocated from the nucleus to the 
cytoplasm and was then secreted into the exterior of starved 
glioma cells. HMGB1 in the cytoplasm was distributed within 
or around the mitochondria, endoplasmic reticulum (ER), 
peroxisomes, autophagosomes, early endosomes, late endo‑
somes, lysosomes, cytoskeleton and mitochondria‑associated 
ER membranes (MAMs). The Manders' overlap coefficient of 
HMGB1 in these compartments was markedly altered upon 
its release. In addition, autophagy mediated the release of 
HMGB1 in starved glioma cells. The findings of the present 
study provided a novel perspective to further clarify the mech‑
anisms by which HMGB1 affects gliomas under starvation.

Materials and methods

Cases. A total of six glioma and three normal brain tissue 
sections (human samples isolated during decompression 
operations) were obtained from the Department of Histology 
at the 988th Hospital of the Joint Logistic Support Force 
(Zhengzhou, China). Additionally, glioblastoma tissue 
(male, 66  years old) obtained from the Department of 
Neurosurgery of the same hospital was used for transmis‑
sion electron microscopy. The age range and median age of 
the patients were 36 to 66 years and 52.7 years, respectively. 
The WHO grade, sex and age of all seven glioma cases 
are listed in Table SI. The isolated tissues were first fixed 
in 4% paraformaldehyde (PFA) at 4˚C for 24 h before the 
subsequent treatments. The entire storage process, from 
isolation to storage, was completed within 30 min. Glioma 
samples were validated by experienced clinical pathologists 
in the hospital in accordance with the WHO classification 
(2016) (18). Written informed consent was obtained from all 
patients with glioma and the families of the three patients 
with traumatic brain injury who underwent decompression 
surgery. The present study was conducted in accordance with 
the Declaration of Helsinki, and the protocol was approved 

by the Ethics Committee of the 988th Hospital of the Joint 
Logistic Support Force (Zhengzhou, China).

Cells and reagents. HA1800 astrocytes were purchased from 
Shanghai Ji Ning Industrial Co., Ltd., and three human glioma 
cell lines [U251, U87‑MG (ATCC version, glioblastoma of 
unknown origin and U118‑MG)] were purchased from The Cell 
Bank of Type Culture Collection of the Chinese Academy of 
Sciences. Mycoplasma testing was performed on the cell lines 
(data not shown), and the cells were authenticated using STR 
profiling. The cells were sub‑cultured in Dulbecco's modified 
Eagle's medium (Biological Industries; cat. no. C3110‑0500) 
supplemented with 10% fetal bovine serum (BSA; Biological 
Industries; cat. no. 04‑001‑1ACS) and 1% penicillin‑strepto‑
mycin (Beijing Solarbio Science & Technology Co., Ltd.; cat. 
no. P1400) and maintained in 5% CO2 at 37˚C in a humidified 
incubator. The glioma cells were treated with Hank's balanced 
salt solution (HBSS; Beijing Solarbio Science & Technology 
Co., Ltd.; cat. no.  H1025) at the indicated time intervals 
(0, 0.5, 1, 2, 3 and 4 h) for starvation stress induction or H2O2 
(300 µM; Laiyang City Shuangshuang Chemical Co., Ltd.) for 
4 h for oxidative stress. Wortmannin (WOR; Shanghai Selleck 
Chemicals Co., Ltd.; cat. no. S2758; 0.5 µM) and chloroquine 
(CQ; Shanghai Selleck Chemicals Co., Ltd.; cat. no. S6999; 
20 µM) were used to inhibit early and late autophagy, respec‑
tively. U251 glioma cells were pretreated with WOR or CQ for 
2 h and then stimulated with or without HBSS for 3 h in the 
presence of WOR or CQ at 37˚C in a humidified incubator.

Cell transfection. The cells were cultured in six‑well culture 
plates until they reached 80% confluency, after which they 
were transfected with 2 µg pEGFP‑C1 or the HMGB1 recom‑
binant overexpression plasmid pEGFP‑HMGB1‑C1 (Shanghai 
Sangon Biotech Co., Ltd.) using Simple‑Fect Transfection 
Reagent (Zhengzhou Kebang Biological Technology Co., Ltd.) 
for 16 h at 37˚C in a humidified incubator in accordance with 
the manufacturer's protocol. The culture medium was then 
switched to a normal medium. After ~24 h, the experiments 
described in the following sections were conducted.

Immunohistochemistry (IHC). IHC was performed as previ‑
ously described (19). Briefly, deparaffinized glioma slices 
(5‑µm‑thick) were permeabilized with 0.3% Triton X‑100 
(Beijing Biotopped Co., Ltd.; cat. no. T6200G) in PBS for 
20 min at room temperature (RT). Subsequently, the cells were 
blocked with blocking solution [5% BSA (Beijing Solarbio 
Science & Technology Co., Ltd.; cat. no. A8020)] plus 0.3% 
Triton X‑100 in phosphate‑buffered saline (PBS) for 1 h at 
RT. Subsequently, the cells were incubated with anti‑HMGB1 
(Abcam; cat. no.  ab18256; 1:500), anti‑ATP synthase F1 
subunit alpha (ATP5A; Abcam; cat. no.  ab14748; 1:200), 
anti‑Lysosomal‑associated membrane protein 1 (LAMP1; 
CST Biological Reagents Co., Ltd.; cat. no. 9091#; 1:100), 
anti‑Ras‑related protein 5 (Rab‑5; Abcam; cat. no. ab18211; 
1:200), anti‑glial fibrillary acidic protein [(GFAP; Abcam; cat. 
no. ab279290; 1:500) and anti‑calnexin (CANX) antibodies 
sMilliporeSigma; cat. no. SAB2501291; 1:200] overnight at 
4˚C. All sections were rinsed with PBS and then incubated 
with the following fluorescein‑conjugated secondary anti‑
bodies for 2 h at RT: Fluorescein‑conjugated goat anti‑rabbit 
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IgG (H+L) (Beijing ZSGB‑BIO Co. Ltd.; cat. no. ZF‑0311; 
1:100), Alexa Fluor 488 donkey anti‑rabbit IgG (H+L) 
(Abcam; cat. no. ab150073; 1:500), rhodamine‑conjugated 
goat anti‑mouse IgG (H+L) (Beijing ZSGB‑BIO Co. Ltd; cat. 
no. ZF‑0313; 1:100) and Alexa Fluor 633 donkey anti‑goat IgG 
(H+L) (Invitrogen Trading Shanghai Co. Ltd; cat. no. A‑21082; 
1:500). Nuclei were stained with 4'6‑diamidino‑2‑phenyl‑
indole (DAPI; Beijing Solarbio Science & Technology Co., 
Ltd.; cat. no. C0060; 1:5,000) for 15 min at RT. Images were 
acquired using an Olympus confocal microscope (LSM; cat. 
no. FV1000; Olympus Corporation) and analyzed using Adobe 
Photoshop CS6 (Adobe Systems, Inc.; version 13.0.1x64) 
and ImageJ software (National Institutes of Health; version 
1.4.3.67).

Immunocytochemistry (ICC). ICC was performed as previ‑
ously described (19). Following appropriate treatment with 
HBSS, the cells were washed twice with ice‑cold PBS, fixed 
with freshly prepared 4% PFA in PBS for 15  min at RT, 
and then permeabilized with 0.3% Triton X‑100 (Beijing 
Biotopped Co., Ltd.; cat. no. T6200G) in PBS for 20 min at RT. 
Subsequently, the cells were blocked with blocking solution (as 
mentioned for IHC) for 1 h at RT and then incubated with the 
following primary antibodies overnight at 4˚C: Anti‑HMGB1 
(Abcam; cat. no. ab18256; 1:1,000), anti‑LAMP1 (China‑based 
branch, CST Biological Reagents Co., Ltd.; cat. no. 9091; 
1:500), anti‑microtubule‑associated proteins 1A/1B light 
chain 3B (LC3B; CST Biological Reagents Co., Ltd.; cat. 
no.  3868; 1:500), anti‑catalase (Abcam; cat. no.  ab16731; 
1:200), anti‑CANX (MilliporeSigma; cat. no. SAB2501291; 
1:500), anti‑Rab5 (Abcam; cat. no. ab18211; 1:500), anti‑Rab7 
(Abcam; cat. no. ab137029; 1:500), anti‑GFAP (Abcam; cat. 
no. ab279290; 1:500) and anti‑Sigma 1 receptor (Sigma1‑R) 
antibodies (Abcam; cat. no. ab53852; 1:100). The cells were 
incubated with the secondary antibodies used in IHC for 2 h 
at RT and then counterstained with DAPI at RT for 15 min. In 
several experiments, cells were preloaded with MitoTracker 
Red CMXRos for 25 min at 37˚C in a humidified incubator 
before fixation to label the mitochondria (Thermo Fisher 
Scientific, Inc.; cat. no. M7512). Images were obtained by 
Olympus confocal microscope and analyzed using Adobe 
Photoshop CS6 (Adobe Systems, Inc.; version 13.0.1x64) 
and ImageJ software (National Institutes of Health; version 
1.4.3.67).

Enzyme‑linked immunosorbent assay (ELISA). Cell super‑
natants were collected and assayed using an HMGB1 ELISA 
kit (Cusabio Technology, LLC; cat. no. CSB‑E08223h) in 
accordance with the manufacturer's instructions. Briefly, 
100 µl standards or samples were added to each well for 2 h at 
37˚C. Following the removal of the liquid, 100 µl biotin‑conju‑
gated HMGB1 antibody (Cusabio Technology, LLC; cat. 
no. CSB‑E08223h) was added with for 1 h at 37˚C and then 
washed three times with wash buffer. Horseradish peroxi‑
dase‑conjugated goat anti‑rabbit IgG (Cusabio Technology, 
LLC; cat. no. CSB‑E08223h) was added for 1 h at 37˚C. After 
being washed five times, 90 µl of 3,3,5,5' tetramethylbenzidine 
substrate were added to each well and the plate was incubated 
for 30 min at 37˚C. The reaction was terminated by adding 
50 µl of stop solution, and the optical density was then read 

at 450 nm using a microplate tester (Multskan Mk3, Thermo 
Fisher Scientific, Inc.) within 5 min.

Immunoelectron microscopy. Glioma cells were harvested 
and immediately fixed in 4% glutaraldehyde in 0.1 M phos‑
phate buffer (pH 7.4) and incubated for 2 h at 4˚C. Following 
centrifugation at 100 x g for 5 min at 4˚C, samples immersed 
in 4% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) were 
sent to the biomedical testing center of Tsinghua University, 
and the remaining steps were performed. The samples were 
coated with 4 nm gold and viewed in a JEM‑1400 electron 
microscope (JEOL, Ltd.).

Western blotting (WB). Glioma cells were lysed in RIPA lysis 
buffer (Beijing Solarbio Science & Technology Co., Ltd.; cat. 
no. R0010). The protein amounts in the whole‑cell lysates were 
determined using the BCA Protein Assay kit (Beijing Solarbio 
Science & Technology Co., Ltd.; cat. no. PC0020). In total, 
20‑50 µgs protein extracts were separated on a 12% SDS‑PAGE 
and then transferred to polyvinylidene fluoride membranes 
(MilliporeSigma; cat. no. IPVH00010). Following blocking 
with 5% non‑fat dry milk solution (in Tris‑buffered saline wash 
buffer with 1‰ Tween‑20) for 1 h at RT, the membranes were 
probed overnight at 4˚C with the following primary antibodies: 
Anti‑HMGB1 (Abcam; cat. no. ab18256; 1:1,000), anti‑CANX 
(MilliporeSigma; cat. no. SAB2501291; 1:500), anti‑ATP5A 
(Abcam; cat. no.  ab14748; 1:1,000), anti‑β‑actin (OriGene 
Technologies, Inc.; cat. no. TA‑09; 1:2,000), anti‑LaminB1 
(China‑based branch, Cell Signaling Technology, Inc.; cat. 
no. 13435; 1:1,000), anti‑LC3B (Cell Signaling Technology, 
Inc. 3868; 1:1,000), anti‑GAPDH (Hangzhou Xianzhi 
Biological Technology Co., Ltd.; cat. no. AB‑P‑R 001; 1:1,000), 
and anti‑p62 (China‑based branch, Cell Signaling Technology, 
Inc.; cat. no. 23214, 1:1,000). Subsequently, the membranes 
were incubated with peroxidase‑conjugated goat anti‑mouse or 
anti‑rabbit IgG secondary antibodies (Beijing ZSGB‑BIO Co. 
Ltd; cat. no. ZB‑2305 or ZB‑2301, respectively; 1:5,000) for 
2 h at RT. An enhanced chemiluminescent substrate (Dalian 
Meilun Biology Technology Co., Ltd.; cat. no. MA0186) was 
used to visualize the protein bands. Relative band intensities 
were quantified using ImageJ software (National Institutes of 
Health; version 1.4.3.67).

Subcellular fractionation. U87‑MG glioma cells in 10 dishes, 
10 cm each, were treated with HBSS (Beijing Solarbio Science 
& Technology Co., Ltd.; cat. no. H1025) for 1 h at 37˚C and 
then harvested in lysis buffer [20 mM HEPES‑KOH (pH 7.2, 
Sigma‑Aldrich (Shanghai) Trading Co.Ltd., cat. no. V900477), 
400 mM sucrose (Beijing Solarbio Science & Technology 
Co., Ltd.; cat. no. S8271), and 1 mM EDTA (Beijing Solarbio 
Science & Technology Co., Ltd.; cat. no. E8030)] supplemented 
with protease and phosphatase inhibitor (Dalian Meilunbio Co. 
Ltd., cat. no. MB12707‑1) and 0.3 mM dithiothreitol (Beijing 
Solarbio Science & Technology Co., Ltd.; cat. no. D8220). The 
cell lysates were then homogenized by using a 22G needle. 
The homogenates were centrifuged at 800 x g for 10 min at RT 
to pellet the nuclei and cytoskeleton. The ER, crude mitochon‑
dria, and pure mitochondria in the cytoplasm were fractionated 
following previously described protocols, and analyzed using 
WB (20). Anti‑CANX (MilliporeSigma; cat. no. SAB2501291; 
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1:500) antibody and ATP5A (Abcam; cat. no. ab14748; 1:200) 
were used as markers for the ER and pure mitochondria 
proteins, respectively. Autophagosomes were fractionated 
following the method described by Zhang  et  al  (21). The 
homogenates were sequentially centrifuged at 3,000 x g for 
10 min, 25,000 x g for 20 min, and 100,000 x g for 30 min at 
RT (TLA100.3 rotor; Beckman Coulter, Inc.), and the pelleted 
membranes were collected at each speed, and analyzed using 
WB. Anti‑LC3B antibody (CST Biological Reagents Co., Ltd.; 
cat. no. 3868; 1:500) was used as marker for the autophago‑
somes.

Protease K protection assay. The pelleted membranes that 
were previously centrifuged at 25,000 x g and 100,000 x g 
were resuspended in buffer containing 25 µg/ml protease 
K [Sigma‑Aldrich (Shanghai) Trading Co. Ltd., cat. 
no. 3115828001], with or without 1% Triton X‑100 (Beijing 
Biotopped Co., Ltd.; cat. no. T6200G) and then incubated on 
ice for 30 min. The reaction was terminated by adding 5X SDS 
loading buffer (Beijing Dingguo Changsheng Biotechnology 
Co., Ltd., cat. no.  WB‑0091), heated in boiling water for 
10 min, and analyzed using WB.

Lactate dehydrogenase (LDH) release assay. LDH release was 
measured as a physiological index of cell membrane damage. 
U87‑MG glioma cells were treated with HBSS to induce 
starvation stress at the indicated time intervals (0, 0.5, 1, 2, 3 
and 4 h). U251 glioma cells were stimulated with or without 
HBSS (3 h), WOR (3 h, 0.5 µM), or CQ (3 h, 20 µM). The 
release of LDH from these cells was measured using an LDH 
cytotoxicity assay kit (Beyotime Institute of Biotechnology; 
cat. no. C0016) in accordance with the manufacturer's instruc‑
tions. Briefly, the supernatant of the treated glioma cells was 
collected and added with LDH reagent. The mixture was incu‑
bated in the dark for 30 min at RT, and the OD490 value was 
measured using a microplate tester (Multskan Mk3, Thermo 
Fisher Scientific, Inc.).

Cell Counting Kit‑8 (CCK‑8) assay. Cell viability was assessed 
using the CCK‑8 assay (Dalian Meilun Biotech Co., Ltd.; cat. 
no. MA0218‑5) following the manufacturer's protocol. Briefly, 
cells were seeded in 96‑well plates and grown to 80% conflu‑
ency. In total, a quantity of 10 µl CCK‑8 reagent was added 
to the treated glioma cells and incubated for 2 h at 37˚C in 
a humidified incubator with 5% CO2. The absorbance was 
obtained at 450 nm using a microplate tester (Multskan Mk3, 
Thermo Fisher Scientific, Inc.).

Statistical analysis. All assays were performed independently 
and at least in triplicate. Statistical results are expressed 
as mean  ±  SD. An unpaired Student's t‑test and one‑way 
analysis of variance (ANOVA) followed by Tukey's post‑hoc 
test were used for statistical analyses using GraphPad Prism 
software (Dotmaticx; Version 8.3.0.538). Manders' overlap 
coefficient was calculated using the JACoP ImageJ plugin 
(National Institutes of Health; version 1.4.3.67) as previously 
described (22). Line fluorescence tracing from the images was 
performed using OriginPro software (OriginLab; version 8.5). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Translocation of HMGB1 in glioma cells. To examine the 
translocation of HMGB1, its distribution was first analyzed in 
normal and glioma tissues. As presented in Fig. 1, HMGB1 
was mainly distributed in the nucleus of the normal brain 
tissues (Fig. 1A), whereas in the glioma tissues, it was local‑
ized in the nucleus and cytoplasm (Fig. 1B and C). In certain 
cells, the distribution of HMGB1 solely inside the cytoplasm 
was observed (Fig. 1C). The difference in the localization of 
HMGB1 demonstrated in Fig. 1B and C was potentially due to 
glioma heterogeneity. The cytoplasmic HMGB1 localization 
index of HMGB1 has been shown to be moderately associated 
with tumor stage in a previously published study on cholan‑
giocarcinoma (23). HMGB1 is mainly localized to the nucleus 
under homeostatic conditions (24). In the present study, when 
the cells were treated with HBSS (starvation), HMGB1 was 
released from the nucleus into the cytoplasm and extracellular 
medium (Fig. 2A‑C). The cytoplasmic expression of HMGB1 
reached its maximum 1 h after HBSS treatment (Fig. 2B), 
whereas its extracellular secretion reached its maximum at 
2 h (Fig. 2C). LDH release assay revealed that the increase 
in HMGB1 secretion was not attributed to non‑specific 
membrane permeability (Fig. 2D).

Co‑localization of HMGB1 and specific marker proteins of 
cellular compartments in glioma. The association between 
HMGB1 and the cytosolic compartments was then investigated 
and the subcellular localization of HMGB1 was determined 
using ICC. The results revealed that HMGB1 co‑localized 
with Mitotracker Red, CANX, catalase, LC3B, LAMP1, Rab5 
and Rab7, indicating that HMGB1 was imported into the 
mitochondria, ER, peroxisomes, autophagosomes, lysosomes, 
early endosomes and late lysosomes of glioma cells. Oxidative 
stress with H2O2 was also induced the HMGB1 transloca‑
tion to the cytoplasm and colocalization with Mitotracker 
Red in glioma cells (Fig. S1A and B). Furthermore, merged 
images of HMGB1 with GFAP were obtained, indicating that 
HMGB1 was associated with the cytoskeleton in glioma cells 
(Figs. 3A and B, and 4A and B). Notably, the staining of GFAP 
in the glioma cells did not reveal the cytoskeleton‑like struc‑
ture, as was expected. A similar result has been confirmedsin 
previous studies (25,26). This finding may be attributed to the 
moderate immune response of glioma cells to GFAP (27).

In order to explore the association of HMGB1 with these 
compartments during secretion, Manders' overlap coefficient 
between HMGB1 and the aforementioned marker proteins 
were analyzed, and compared at 1 and 3 h following starva‑
tion. Manders' overlap coefficient, which is commonly used 
to examine protein co‑localization (28,29), ranged between 0 
and 1 in the present study. The higher the Manders' overlap 
rate, the higher the fluorescence overlap rate. The results 
demonstrated that the Manders' overlap coefficient between 
HMGB1 and MitoTracker Red, LC3B, LAMP1 and Rab7 
was significantly lower at 3 h than at 1 h following starvation, 
whereas that between HMGB1 and catalase or GFAP increased 
(Figs. 3C and 4C). The change in the Manders' overlap coef‑
ficient suggests that HMGB1 is dynamically associated with 
cytoplasmic compartments in starved glioma cells. In addi‑
tion, the subcellular localization of HMGB1 was examined in 
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glioma tissues. Considering the limitations in antibody species 
and reactivity, only the co‑localization of HMGB1 with 
ATP5A (mitochondria), LAMP1 (lysosome), Rab5 (endosome) 
and GFAP (cytoskeleton) was detected (Fig. 5). The results 
revealed that HMGB1 and these marker proteins co‑localized 
in glioma tissues.

Ultrastructural characterization of subcellular localization 
of HMGB1 in glioma cells. To gain further insight into the 
translocation of HMGB1 in glioma cells, HMGB1 localiza‑
tion was examined at the ultrastructural level by performing 
immunogold electron microscopy on HBSS‑treated 
glioma cells. The results revealed that gold particles were 

positioned in the nucleus, cytoplasm and extracellular 
matrix of the starved glioma cells (Fig. 6A‑C), indicating 
that HMGB1 was released from the nucleus into the cyto‑
plasm and outside of the cell, following starvation stress. In 
the cytoplasm, gold particles were present within or around 
the membrane structures. According to the morphological 
criteria, gold particles were localized within or around the 
mitochondria (Fig. 6D), ER (Fig. 6E and J), small vesicles 
(Fig. 6F), endosomes (Fig. 6G), coated vesicles (Fig. 6H) 
and autolysosomes (Fig. 6I). Furthermore, gold particles 
were associated with the cytoskeleton (Fig. 6J). Notably, 
some gold particles were free and did not bind to specific 
structures in the cytoplasm (Fig. 6K). Collectively, these 

Figure 1. Expression of HMGB1. Expression of HMGB1 in (A) normal tissues and (B) and (C) glioma tissues. Arrows indicate cells with cytoplasmic expres‑
sion; asterisks indicate nuclear expression. Scale bar, 5 µm. HMGB1, high mobility group box 1.
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experiments revealed that HMGB1 translocated within or 
around membrane organelles and the cytoskeleton of the 
starved glioma cells.

HMGB1 is enriched in membrane‑bound compartments. 
Subsequently, it was tested whether cytosolic HMGB1 in 
the starved glioma cells is enclosed in membrane‑bound 
compartments through subcellular fractionation (20,30). 
Cell lysates of HBSS‑treated U87‑MG cells were sequen‑
tially centrifuged to pellet the nuclei (precipitated along 
with the cytoskeleton), ER, crude mitochondria and pure 
mitochondrial pellets, respectively. The pellets were then 
immunoblotted for the expression of HMGB1 and organelle 

markers. Lamin B1, β‑actin, CANX and ATP5A were used 
to label nuclear proteins, cytosolic proteins, ER and mito‑
chondria, respectively. β‑actin expression was observed in 
the nuclei fraction (Fig. 7A). This may be attributed to the 
nuclei and cytoskeleton precipitating together, and β‑actin 
belonging to the cytoskeletal protein. The results revealed the 
expression of HMGB1 in both the nuclei and the cytoplasm 
(Fig. 7A). Moreover, HMGB1 expression was also detected 
in the ER, crude mitochondria and pure mitochondrial frac‑
tions (Fig. 7B), indicating that HMGB1 was enriched in the 
membrane‑bound compartments after starvation.

To further demonstrate the translocation of HMGB1 into 
membrane‑bound compartments, autophagosomes were 

Figure 2. HMGB1 translocation at the indicated time intervals. (A) HMGB1 staining in U87‑MG glioma cells at 0, 0.5, 1, 2, 3 and 4 h following starvation 
with HBSS. Nuclei were stained with 4'6‑diamidino‑2‑phenylindole. Scale bar, 5 µm. (B) Cytoplasmic immunoreactivity of HMGB1 at the indicated time 
intervals was determined (n=3, 16‑26 cells per replicate). (C) Supernatants of U87‑MG glioma cells treated with HBSS at indicated time intervals were 
collected, and HMGB1 was detected using ELISA (n=3). (D) The cytotoxicity of HBSS was measured using an LDH release assay (n=3). Data represent the 
mean ± SD; Statistical significance was assessed using one‑way ANOVA followed by Tukey's post hoc test. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. ns, 
not significant; HMGB1, high mobility group box 1; HBSS, Hank's balanced salt solution; LDH, lactate dehydrogenase.
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isolated according to a membrane fractionation procedure as 
previously described (21) (Fig. 7C). Overall, 3, 25 and 100 k 
membrane pellet fractions were first obtained by applying 
differential centrifugation to the HBSS‑treated U87‑MG 
glioma cells. LC3B‑II is enriched in the 25‑k fraction (21). 
WB demonstrated that HMGB1 was enriched in all three 
fractions, with the 25‑ and 100‑k fractions co‑localizing with 
LC3B‑II (Fig. 7D). However, LC3B‑I was strongly expressed 
in the 100‑k fraction (Fig. 7D). In general, the ratio of LC3B‑II 
to LC3B‑I represents the level of autophagy (31). Therefore, 
it was considered that autophagosomes were mainly enriched 
in the 25‑k fraction in this experiment. Protease K protection 
experiments demonstrated that HMGB1 was sequestered in 
the membrane vesicular structures in the 25‑ and 100‑k frac‑
tions (Fig. 7E). Accordingly, these data suggested that HMGB1 
translocated to the autophagosomes (25‑k fraction) and other 
types of membrane vesicular structures (100‑k fraction) of the 
starved glioma cells.

HMGB1 localizes at the MAMs in glioma. Considering 
that HMGB1 is dually localized to the mitochondria and 
ER, the present study then wished to investigate whether 
HMGB1 localizes to the ER and mitochondria contact sites, 
termed MAMs. MAMs are highly specialized subcellular 
compartments located between the mitochondria and ER. 
They are ER membranes that are in close proximity to the 
mitochondria, although being biochemically distinct from 
pure ER and pure mitochondria  (32). In the cytoplasm, 
HMGB1 is distributed non‑uniformly and adopts a punctate 
or patchy distribution, a staining pattern similar to that of 
MAM‑localized proteins  (33,34). Herein, firstly, MAMs 
were examined in glioma cells and tissues. The ER and 
mitochondria were labeled with CANX and Mitotracker 
or ATP5A, respectively. The MAMs, the double labeled 
sites, were calculated through Manders' overlap coef‑
ficient. Compared with the HA1800 astrocytes or the 
normal brain tissues, MAMs were significantly increased 

Figure 3. Immunocytochemistry HMGB1 with mitrotracker red, CANX, catalase and LC3B. (A) Staining for HMGB1 with mitrotracker red probe, CANX, 
catalase and LC3B antibodies in U87‑MG glioma cells at 3 h following HBSS stimulation. Nuclei were stained with 4'6‑diamidino‑2‑phenylindole. Scale bars, 
5 µm. (B) Line fluorescence tracing from images in (A). (C) Manders' overlap coefficient analysis of HMGB1 and each marker protein 1 and 3 h following 
HBSS stimulation (n=3, 20‑33 cells per replicate). Data represent the mean ± SD; an unpaired Student's t‑test was used to evaluate statistical significance. 
**P<0.01 and ****P<0.0001. ns, not significants HMGB1, high mobility group box 1; CANX, calnexin; LC3B, microtubule‑associated proteins 1A/1B light chain 
3B; HBSS, Hank's balanced salt solution.
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in both the glioma cells (Fig.  S2A  and  B) and glioma 
tissues (Fig. S2C and D). In addition, it was observed that 
the mitochondria with partial or total cristolysis were in 
close association with ER profiles establishing MAMs in 
the transmission electron microscopy images of a case 
of glioblastoma (Fig.  S2E). These results indicated that 
MAMs were increased in glioma. Subsequently, it was 
examined whether HMGB1 localized at MAMs through 
triple ICC staining. The results demonstrated that some 
HMGB1 puncta were associated with ER and mitochondrial 
markers in the glioma tissues and HBSS‑treated glioma 
cells (Figs. 8A and B, and S3, as indicated by the arrows). 
Furthermore, it was examined whether HMGB1 localizes at 
MAMs by imaging glioma cells (expressing HMGB1‑EGFP) 
in which the mitochondria and ER were labeled with their 
respective fluorescent probes. The transfection control for the 
HMGB1 transfection efficiency evaluation was performed 
through ICC and WB (Figs. S4A and B). The results revealed 
that HMGB1‑EGFP puncta were generally co‑localized with 
both ER and mitochondrial markers (Fig. 8C, as indicated by 
the arrows). In addition, it was observed that HMGB1 puncta 
were associated with the MAM marker Sigma1‑R (Fig. 8D, as 
indicated by the arrows). Immunoelectron microscopy further 

indicated that HMGB1 gold particles were localized in the 
narrow cytoplasmic cleft outlining both the mitochondria and 
expanded ER, thereby confirming that HMGB1 puncta local‑
ized at MAMs (Fig. 8E and F). Taken together, these results 
identified HMGB1 as a novel, to the best of our knowledge, 
MAM protein in glioma cells following starvation.

Autophagy contributes to the release of HMGB1 in glioma 
cells following starvation. Autophagy positively contributes 
to HMGB1 secretion via an export pathway in non‑tumor 
cells (35,36). In the present study, HMGB1 translocated to 
the autophagosomes, lysosomes, endosomes and MAMs [the 
assembly origin site of autophagosomes (37)], all of which 
are implicated in autophagy. These results suggest that 
autophagy mediates the release of HMGB1 from starved 
glioma cells. As demonstrated in Figs. 9A and B, and S5, 
the expression of the autophagy marker, LC3B‑II, was 
significantly increased, while that of the autophagy‑related 
protein sequestosome 1 (p62; this protein is incorpo‑
rated into the autophagosome and then degraded during 
autophagic process  (38‑40), was significantly decreased, 
indicating an increase in autophagy levels following HBSS 
treatment. Co‑treatment with the early autophagy inhibitor, 

Figure 4. HMGB1 with LAMP1, Rab5, Rab7 and GFAP. (A) Staining for HMGB1 with LAMP1, Rab5, Rab7 and GFAP antibodies in U87‑MG glioma cells at 
3 h following HBSS stimulation. Nuclei were stained with 4'6‑diamidino‑2‑phenylindole. Scale bars, 5 µm. (B) Line fluorescence tracing from images in (A). 
(C) Manders' overlap coefficient analysis of HMGB1 and each marker protein 1 and 3 h after HBSS stimulation (n=3, 20‑33 cells per replicate). Data represent 
the mean ± SD; an unpaired Student's t‑test was used to evaluate the statistical significance. ***P<0.001 and ****P<0.0001. ns, not significant; HMGB1, high 
mobility group box 1; LAMP1, lysosomal‑associated membrane protein 1; GFAP, glial fibrillary acidic protein; HBSS, Hank's balanced salt solution.
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WOR, decreased the expression of the autophagy marker, 
LC3B‑II. WOR inhibits the initiation of autophagy  (41). 
Considering that CQ inhibits the autophagic f lux by 
decreasing autophagosome‑lysosome fusion (42), the accu‑
mulation of LC3B‑II was observed upon CQ treatment. The 
results of ELISA demonstrated that HMGB1 secretion was 
promoted following HBSS treatment; however, the secretion 
was inhibited after WOR and CQ were applied (Fig. 9C). 
The results of LDH release and CCK‑8 assays revealed 
that the increased secretion of HMGB1 was not due to 

increased non‑specific membrane permeability or cell death 
(Fig. 9D and E). Furthermore, we observed accumulation of 
HMGB1 containing autophagosomes after the autophagic 
flux was inhibit by CQ in glioma cells (Fig. 9F‑H).

Discussion

Previous studies have investigated the translocation of 
HMGB1 to neurons  (43), immunocytes  (5) and glioma 
cells (44). These studies clearly revealed the translocation of 

Figure 5. Immunohistochemistry of HMGB1 with (A) ATP5A, (B) LAMP1, (C) Rab5, and (D) GFAP in glioma tissues. Boxed areas in the lower right corner 
are an enlarged image of the boxed area above. Scale bars in the images with a lower magnification value in (A), (B) and (C) are 10 µm, and 5 µm in the images 
with a higher magnification. Scale bars for both the lower and higher magnified images in (D) are 10 µm. HMGB1, high mobility group box 1; ATP5A, ATP 
synthase F1 subunit alpha; LAMP1, lysosomal‑associated membrane protein 1; GFAP, glial fibrillary acidic protein.
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HMGB1 from the nucleus to the extracellular space through 
cytosolic compartments. Although HMGB1 in the cyto‑
plasm generally exhibits a characteristic granular staining 
pattern (43,45), information regarding its subcellular local‑
ization of HMGB1 in the cytoplasm is limited, particularly 
in cancer cells (46). In the present study, the translocation 
of HMGB1 in glioma cells under starvation stress was 
confirmed. It was observed that HMGB1 was expressed in 
the nucleus, cytoplasm and extracellular space of the glioma 
cells. This result is consistent with the tissue array results in 
a previous study by the authors (44). Similarly, in cultured 
glioma cells, HMGB1 was released from the nucleus into 
the cytoplasm and was eventually secreted into the exterior 
under conditions of starvation. In addition to starvation, it 
was also observed that H2O2‑induced stress caused HMGB1 

to translocate from the nucleus to the cytoplasm and locate on 
the mitochondria (Fig. S1). This result indicates that HMGB1 
translocation is common in glioma cells under stress. ICC 
and immunoelectron microscopy revealed that HMGB1 was 
imported into the mitochondria, ER, peroxisomes, autopha‑
gosomes, lysosomes, early endosomes, late endosomes and 
the cytoskeleton. In addition, the localization of HMGB1 in 
these compartments changed with prolonged starvation, indi‑
cating a dynamic association between HMGB1 and cytosolic 
compartments during its release. The release of HMGB1 
has been shown to promote tumor growth and metastases 
through its cytokine, chemokine and growth factor activities, 
whereas cytoplasmic HMGB1 increases chemoresistance 
due to its pro‑autophagic activity (47,48). HMGB1 cannot 
enter the ER for processing as there is no signaling peptide 

Figure 6. Electron microscopy images of HMGB1 in U87‑MG glioma cells treated with HBSS for 3 h. HMGB1 localization was visualized using 10 nm gold 
particles (indicated by arrows). HMGB1 was localized in the (A) nucleus, (B) cytoplasm, and (C) extracellular space. In the cytoplasm, gold particles were 
found within or around (D) the mitochondria, (E and J) ER, (F) small vesicles, (G) endosomes, (H) coated vesicles, (I) autolysosomes, and (J) the cytoskeleton. 
(K) Free gold particles of HMGB1 in the cytoplasm. Scale bar, 200 nm. HMGB1, high mobility group box 1; HBSS, Hank's balanced salt solution; ER, 
endoplasmic reticulum.
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enabling this action; that is, HMGB1 is rather secreted via an 
endosome‑lysosome or autophagy‑mediated non‑canonical 
pathway and not extracellularly via the classical ER‑Golgi 
secretion pathway  (36,49). HMGB1 co‑localizes with the 
lysosomal marker protein, LAMP1, suggesting that HMGB1 
may be secreted into the extracellular matrix from lysosomes 
or endosome‑lysosomes  (50). Different cell types release 
HMGB1 via different mechanisms. In monocytes, HMGB1 
is first translocated from the nucleus to the cytoplasm and is 
then encapsulated in secretory lysosomes or other membrane 
organelles. These membrane structures then fuse with the 
cell membrane to release HMGB1  (50). Kim  et  al  (36) 
reported that early autophagy and late endosomes mediate 
the exocrine pathway of HMGB1 in 293T cells, human 
monocyte THP‑1 cells, and mouse embryonic fibroblasts. In 
psoriatic keratinocytes, early and late autophagy play pivotal 
roles in the extracellular secretion of HMGB1 (35).

Understanding the HMGB1 secretory pathway is crucial, 
since extracellular HMGB1 has pro‑inflammatory func‑
tions and serves as a multifunctional alarm to regulate cell 
proliferation, tissue remodeling and tumor progression (36). 
In the present study, treatment with WOR, which inhibits 
the initiation of autophagy  (41) and CQ, which reduces 
autophagosome‑lysosome fusion (42), prevent the extracellular 
secretion of HMGB1, supporting that HMGB1 secretion was 
mediated by early and late autophagy in glioma cells under 
starvation stress. Elmaci et al (51) reported that HMGB1 was 
secreted into the extracellular space via autophagy in dying 
glioma cells. The data of the present study demonstrated the 
translocation of HMGB1 to subcellular compartments during 
its release; cytosolic HMGB1 in glioma cells can be imported 
into or around autophagosomes, endosomes, lysosomes and 
MAMs. Endosomes, particularly late endosomes, are destined 
to evolve into lysosomes (52). MAMs mark the initiation sites 
of autophagosome formation  (37). Thus, all these cellular 

compartments are involved in autophagy. Additionally, the 
autophagy‑lysosomal pathway may mediate the selective 
release of HMGB1 in glioma cells under nutrient‑poor condi‑
tions, which do not induce cell death or non‑specific membrane 
permeability.

In addition to the autophagy‑related cellular compart‑
ments, HMGB1 translocation inside the lumen of the 
mitochondria and ER was observed, as well as in the peroxi‑
somes and cytoskeleton. Previous studies have examined the 
localization of HMGB1 in the mitochondria, demonstrating 
also that HMGB1 translocation to the mitochondria may 
affect mitochondrial morphology, energy metabolism, and 
autophagy (53). In addition, HMGB1 has a high affinity to 
mitochondrial DNA (mtDNA) released from injured hepa‑
tocellular carcinoma cells (54). Thus, HMGB1 localization 
in the mitochondria may be associated with remodeling of 
morphology and energy metabolism, as well as mtDNA 
release following starvation. Moreover, HMGB1 was local‑
ized in decomposed mitochondria engulfed by autolysosomes 
(Fig. 6I), suggesting that HMGB1 may mediate mitophagy 
in starved glioma cells. In addition, hyperoxic conditions 
increase the generation of mitochondrial reactive oxygen 
species and the overexpression and secretion of HMGB1 
in the brain and lungs, indicating a potential association 
between mitochondrial dysfunction and HMGB1 transloca‑
tion  (53). HMGB1 lacks leader peptides and thus cannot 
enter the conventional ER‑to‑Golgi secretory pathway (36). 
However, herein, immunoelectron microscopy demonstrated 
that HMGB1 particles were localized in the ER lumen 
(Fig. 6E and J). Previous studies have revealed that HMGB1 
plays an essential role in ER stress  (55,56). However, the 
association between HMGB1 and the ER in gliomas requires 
further elucidation in future studies. Wang et al (43) demon‑
strated that HMGB1 can be imported into the peroxisomes 
of ischemic neurons. In the present study, HMGB1 and the 

Figure 7. HMGB1 is enriched in membrane‑bound compartments. (A) Pellets containing nuclei and cytoskeletons (N) and cytoplasmic proteins (C) were 
collected from the HBSS‑treated U87‑MG glioma cells and immunoprobed with Lamin B1 (marker for the nuclear proteins), β‑actin (marker for the cytosolic 
proteins) and HMGB1. (B) Pellets containing ER, cM and pM were fractionated and immunoprobed with HMGB1, the ER marker, CANX, and the mito‑
chondria marker, ATP5A. HMGB1 was detected in the membrane‑bound compartments. (C) Membrane fractionation scheme. Briefly, U87‑MG cells were 
starved in HBSS for 1 h, collected and then homogenized. Cell lysates were differentially centrifuged at 3,000 x g, 25,000 x g, and 100,000 x g at RT. (D) The 
expression levels of LC3B and HMGB1 in different fractionations were measured using western blotting. (E) Proteinase K digestion was performed using the 
25‑k and 100‑k membrane fractions. HMGB1, high mobility group box 1; HBSS, Hank's balanced salt solution; ER, endoplasmic reticulum; cM, crude mito‑
chondria; pM, pure mitochondria; CANX, calnexin; ATP5A, ATP synthase F1 subunit alpha; LC3B, microtubule‑associated proteins 1A/1B light chain 3B.
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Figure 8. HMGB1 is localized at MAMs in glioma. (A) Paraffin‑embedded glioma sections were co‑stained for HMGB1 and the ER marker, CANX, as well 
as the mitochondrial protein, ATP5A. HMGB1 was detected at MAMs, as indicated by arrows. The ‘inset’ image is an enlarged image of the boxed region in 
the merged image. (B) HBSS‑treated U87‑MG cells were co‑stained for HMGB1, CANX and Mitotracker Red. Arrows indicate the localization of HMGB1 at 
MAMs. The ‘inset’ image is an enlarged image of the boxed region in the merged image. (C) U87‑MG cells were transfected with the HMGB1‑EGFP plasmid 
and then treated with HBSS. ER and mitochondria were labeled with ERtracker Blue and Mitotracker Red, respectively. The ‘inset’ image is an enlarged image 
of the boxed region in the merged image. White arrows indicate the localization of HMGB1 in MAMs. (D) HBSS‑treated U87‑MG cells were co‑stained for 
HMGB1 and Sigma1‑R. The boxed arean the upper right corner is an enlarge image of the boxed area on the upper left corner. (E) Representative images of 
HBSS‑treated U87‑MG cells showing the localization of HMGB1 by immune gold. The boxed area and expanded ER are amplified and outlined, respectively, 
in (F). M, mitochondria. Scale bars: (A) 1 µm, (B) lower magnified image 3 µm and higher magnified images 2 µm, (C) lower magnified images 5 µm and 
higher magnified image 1 µm, (D) 2 µm, and inset image 1 µm, (E and F) 100 nm. HMGB1, high mobility group box 1; MAMs, mitochondria‑associated 
endoplasmic reticulum membranes; ER, endoplasmic reticulum; CANX, calnexin; ATP5A, ATP synthase F1 subunit alpha; HBSS, Hank's balanced salt 
solution; Sigma1‑R, sigma 1 receptor.
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peroxisome marker protein catalase co‑localized in glioma 
cells. Catalase is an H2O2‑degrading enzyme. In addition, 

other redox‑related enzymes can also be detected in peroxi‑
somes. Therefore, it was hypothesized that peroxisomes 

Figure 9. HMGB1 secretion is regulated by autophagy‑mediated secretion in glioma cells. (A) U251 glioma cells were pretreated with 0.5 µM WOR and 
20 µM CQ for 2 h and then treated with HBSS for 3 h. Whole cell lysates immunoblotted with anti‑LC3B and anti‑β‑actin antibodies. (B) Statistical analysis 
of LC3B‑Ⅱ/LC3B‑Ⅰ ratio (n=3). (C) U251 glioma cells were treated with 0.5 µM WOR and 20 µM CQ for 2 h and then treated with HBSS for 3 h. The 
secreted HMGB1 levels were measured using ELISA (n=3). (D) LDH release assay determined the cytotoxicity of HBSS, 0.5 µM WOR and 20 µM CQ (n=3). 
(E) Treatment with HBSS (3 h), WOR (3 h, 0.5 µM), or CQ (3 h, 20 µM) did not induce the apoptosis of U251 glioma cells, as determined using CCK‑8 assay 
(n=3). (F) U251 glioma cells were treated with 0.5 µM WOR and 20 µM CQ for 2 h and then treated with HBSS for 3 h. Immunostaining of HMGB1 and the 
autophagosome marker, LC3B, in U251 glioma cells subjected to different treatments. (G) Line fluorescence tracing from images in (F). (H) Manders' overlap 
coefficient analysis of HMGB1 and LC3B (n=3, 10‑15 cells per replicate). Data represent the mean ± SD; one‑way ANOVA followed by Tukey's post‑hoc test 
was used to evaluate statistical significance. *P<0.05, **P<0.01 and ****P<0.0001. ns, not significant. HMGB1, high mobility group box 1; WOR, wortmannin; 
CQ, chloroquine; HBSS, Hank's balanced salt solution; LC3B, microtubule‑associated proteins 1A/1B light chain 3B; LDH, Lactate dehydrogenase; CCK‑8, 
Cell Counting Kit‑8.
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are involved in the regulation of the redox state and related 
intracellular signaling pathways (57,58). In addition, HMGB1 
co‑localized with GFAP, and the Manders' overlap coef‑
ficient between them increased with the release of HMGB1. 
GFAP is a well‑known marker protein for astrocytes and an 
intermediate filament. Previous studies have reported the 
co‑localization of HMGB1 and GFAP  (25,59). The cyto‑
skeleton tracks vesicular trafficking, and aberrant vesicular 
trafficking and cytoskeletal interactions have been observed 
in cancer cells (60). Accordingly, it was hypothesized that the 
cytoskeleton is required for vesicular trafficking and extra‑
cellular secretion of HMGB1 in glioma cells under conditions 
of starvation.

The present study has some limitations. For example, it was 
not investigated whether HMGB1 is transported to the Golgi 
apparatus. Immunoelectron microscopy with gold particles of 
different sizes is suitable for precisely distinguishing between 
organelles. In addition, ascorbate peroxidase‑based proximity 
labeling technique can be used to image HMGB1 profiles in 
subcellular compartments using electron microscopy (61,62). 
Several functional factors, including Golgi reassembly stacking 
protein 2, ADP ribosylation factor 1 and secretion‑asso‑
ciated Ras‑related GTPase 1A, are required for secretory 
autophagy (36). The Ras‑related proteins RAB8a, RAB11a 

and RAB27a regulate polarized membrane trafficking and 
plasma membrane fusion (63‑65). Furthermore, vesicle‑asso‑
ciated membrane protein 7, synaptotagmin‑7, or altering the 
dynamics of lysosomes by inhibiting ADP ribosylation factor 
like GTPase 8B, could prevent lysosome exocytosis (66‑68). 
Therefore, knockdown or overexpression experiments are 
necessary to verify the functions of these factors in HMGB1 
secretion. The present study was conducted primarily in vitro. 
In vivo experiments also need to be conducted to complete the 
entire study design.

In conclusion, the present study demonstrated that star‑
vation‑induced stress induced the translocation of HMGB1 
from the nucleus to the cytoplasm and extracellular space in 
glioma cells. In the cytoplasm, HMGB1 was transported to 
various cellular compartments, including the mitochondria, 
ER, MAMs, peroxisomes, autophagosomes, early endosomes, 
late endosomes, lysosomes and cytoskeleton. Early and late 
autophagy may be involved in the extracellular secretion of 
HMGB1 from glioma cells under the same conditions (Fig. 10). 
Extracellular HMGB1 is a risk factor for several malignan‑
cies. The aforementioned results contribute to the further 
understanding of the translocation and secretion pathways of 
HMGB1, which may provide a novel perspective for designing 
inhibitors of HMGB1 secretion for the treatment of glioma.

Figure 10. Schematic diagram demonstrating the subcellular localization of HMGB1 in glioma cells. Starvation stress triggers the translocation of HMGB1 
from the nucleus to the cytoplasm and the extracellular milieu. In the cytoplasm, HMGB1 can be imported into the mitochondria, ER, MAMs, peroxisomes, 
autophagosomes, lysosomes, early endosomes, late endosomes and cytoskeleton. Early (inhibited by WOR) and late autophagy (inhibited by CQ) mediated the 
extracellular secretion of HMGB1. HMGB1, high mobility group box 1; ER, endoplasmic reticulum; MAMs, mitochondria‑associated endoplasmic reticulum 
membranes; WOR, wortmannin; CQ, chloroquine.
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