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Abstract. Acute lymphoblastic leukaemia (ALL) is one of 
the most common and curable types of cancer in paediatric 
patients. However, chemotherapeutic resistance is a difficult 
but common obstacle when treating leukaemia in the clinical 
setting. Studies have demonstrated that drug resistance is 
partly attributable to autophagy induced by multiple chemo-
therapeutic agents. As an evolutionarily conserved non-histone 
chromatin-binding protein, high mobility group box protein 1 
(HMGB1) is considered to be an important factor in autophagy, 
and regulates autophagy at multiple levels via different subcel-
lular localisations. In the present study, it was revealed that 
chemotherapeutic drugs induced autophagy in leukaemia 
cells and that translocation of HMGB1 from the nucleus to 
the cytoplasm is an important molecular event in this process. 
It was further demonstrated that poly (ADP-ribosylation) of 
HMGB1 facilitates its acetylation, thereby inducing HMGB1 
translocation and ultimately promoting chemotherapy-induced 
autophagy in leukaemic cells. Targeted HMGB1 translocation 
may overcome chemotherapy-induced autophagy in leukaemia.

Introduction

Leukaemia is the most common cancer among paediatric 
patients with a worldwide incidence rate of ~40-50 per 
million (1,2). However, even with comprehensive treatment 
strategies, including chemotherapy, radiotherapy and stem 
cell transplantation, the prognoses of patients with primary 
resistant T-cell acute lymphoblastic leukaemia (T-ALL) who 
fail to achieve complete haematological remission or who 
relapse following a transient initial response remain poor (1,2). 

Chemotherapeutic resistance is considered to be the primary 
cause of this problem, and understanding how cancer cells 
acquire resistance is the primary challenge for chemotherapy.

A number of molecular mechanisms have been suggested to 
be the underlying reason for drug resistance, including enhanced 
DNA damage repair ability, apoptosis inactivation, target muta-
tion or deletion, angiogenesis, transporter‑mediated drug efflux 
and autophagy (3,4). Autophagy, which plays an intricate role in 
cell death and survival, has recently been considered a potential 
mechanism underlying chemotherapeutic resistance in cancer 
cells (5). Autophagy has dual functions in tumour resistance: 
Chemotherapeutic drugs may either induce autophagic cell 
death, or induce protective autophagy to promote cell survival 
by recovering metabolites, saving energy and avoiding oxidative 
damage (5,6). The role of autophagy in chemotherapy is complex 
and depends on the tumour and drug type as well as the basic 
autophagy process (6-8).

High mobility group box 1 (HMGB1), a member of the 
HMGB superfamily, has a tripartite structure composed 
of an A box, a B box and a C-terminal acidic tail (9). As a 
chromatin-associated protein, HMGB1 is widely present in 
eukaryotic nuclei, and it plays an important role in the cyto-
plasm and extracellular space (10,11). HMGB1 relocation is 
crucial for cell survival and death (12-16). A number of studies 
have demonstrated that upregulated HMGB1 expression or 
increased release of HMGB1 promotes drug resistance in 
numerous different types of cancer, such as leukaemia, lung 
cancer and osteosarcoma (10,17‑19). These findings suggest 
that HMGB1 is a potential target for chemotherapy.

Unlike other secretory proteins, HMGB1 induces atypical 
lysosome-mediated vesicle transport via lysophosphatidylcholine 
due to the lack of signal peptides (20,21). HMGB1 migration from 
the nucleus to the cytoplasm is the most important step in this 
process. Among the mechanisms regulating HMGB1 transloca-
tion, such as post‑translational modifications and the pathways 
for calcium signalling, reactive oxygen species signalling, janus 
kinase (JAK)-signal transducer and activator of transcription 
(STAT) signalling, p53 and inflammasomes, the association 
between HMGB1 post‑transcriptional modification and transloca-
tion is currently the most well-known (21-25). Poly (ADP-ribose) 
polymerase (PARP1) is the most important ADP-ribosomal 
polymerase, and it catalyses the transfer of ADP-ribose moieties 
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from NAD+ to itself and other acceptor proteins (26). PARP1 
plays a critical role in the cytoplasmic translation of HMGB1 
via poly (ADP-ribosylation) (16,26). Preliminary studies have 
demonstrated that poly (ADP-ribosylation) of HMGB1 promotes 
its acetylation and, thus, facilitates HMGB1 translocation (27,28). 
Furthermore, acetylation of the lysine residues in HMGB1 is 
believed to be a precondition for HMGB1 translocation into 
the cytoplasm (29); however, the specific molecular mechanism 
underlying this requires further study.

In the present study, it was demonstrated that chemo-
therapeutic drugs could induce leukaemic cells to undergo 
cytoprotective autophagy, thus inducing drug resistance. 
HMGB1 translocation represents a decisive step in 
chemotherapy-induced autophagy. In addition, the asso-
ciation between poly (ADP-ribosylation) and HMGB1 
acetylation was investigated in the present study, and it was 
revealed that poly (ADP-ribosylation) of HMGB1 affects its 
acetylation and promotes HMGB1 translocation-associated 
chemotherapy-induced autophagy in leukaemia cells. These 
results suggest that inhibiting HMGB1 translocation may 
increase chemotherapeutic efficacy and aid in overcoming drug 
resistance.

Materials and methods

Antibodies and reagents. The antibody specific for acety-
lated lysine (catalogue no.  441S) and the rabbit monoclonal 
antibody IgG XPTM isotype control (catalogue no. 3900S) 
were obtained from Cell Signaling Technology, Inc. The 
antibody specific for PAR (catalogue no. 4336‑BPC‑100) was 
obtained from Trevigen. Antibodies specific for HMGB1 
(catalogue no. H9539), p62 (catalogue no. P0067), LC3 
(catalogue no. L8918) and anti-Flag antibodies (catalogue 
no. F1804) were obtained from Sigma-Aldrich; Merck 
KGaA. Acetylated-lysine antibody (catalogue no. 9441S) was 
obtained from Cell Signaling Technology, Inc. PAR antibody 
(catalogue no. 4336-BPC-100) was obtained from Trevigen. 
Antibodies specific for β-actin (catalogue no. 7D2C10), 
laminB (catalogue no. 12987-1-AP), and tubulin (catalogue 
no. 11224-1-AP) were obtained from ProteinTech Group, 
Inc. All aforementioned antibodies were diluted to 1:1,000 to 
detect the target protein. The secondary antibodies, including 
sheep anti-mouse IgG-HRP (catalogue no. RM3001), sheep 
anti-rabbit IgG-HRP (catalogue no. RM3002) were obtained 
from Beijing Ray Antibody Biotech. Cy3-conjugated 
secondary antibody (dilution, 1:50; catalogue no. ZF-0134) 
were obtained from Zsbio Commerce Store (http://www.
zsbio.com). IPKine horseradish peroxidase-conjugated 
AffiniPure Goat Anti‑Rabbit IgG Light Chain (1:10,000; cata-
logue no. A25012; Abbkine Scientific Co., Ltd.) was used as a 
secondary antibody to detect target proteins without interfer-
ence from denatured IgG in the western blot. Daunorubicin 
(DNR) was purchased from MedChemExpress.

Cell culture. The Jurkat and RS4:11 human acute leukaemic 
cell lines were purchased from the Type Culture Collection of 
the Chinese Academy of Sciences. Jurkat and RS4:11 cells were 
cultured in RPMI‑1640 (Gibco; Thermo Fisher Scientific, Inc.) 
with 10% foetal bovine serum (HyClone; GE Healthcare Life 
Sciences), 2 mM L-glutamine, and 1% penicillin/streptomycin 

(HyClone; GE Healthcare Life Sciences) at 37˚C in an 
atmosphere of 5% CO2.

Drug treatment. Jurkat cells were treated with DNR (0, 0.05, 
0.1, 0.2, 0.4, 0.8, 1.6, 3.2 or 6.4 µM/ml) or DNR (0.4 µM/ml) 
for 24 h. In the pre-experiment, Jurkat and RS4:11 cells were 
treated with DNR for 24 h, however it was revealed that 
RS4:11 cells were in a very poor state and almost all cells died, 
which affected the stability of the experimental results (data 
not shown). Therefore, in the subsequent experiments, RS4:11 
cells were treated with DNR (0, 0.05, 0.1, 0.2, 0.4, 0.8, 1.6, 
3.2 or 6.4 µM/ml) or DNR (0.4 µM/ml) for 12 h. Jurkat cells 
were transfected with lentivirus, and HMGB1NC, HMGB1MT1, 
HMGB1MT2 and HMGB1WT cells were treated with or without 
DNR (0.4 µM) for 24 h.

Cell viability analysis. Cells were plated in 96-well plates at 
a density of 5x104/ml. Cell viability was measured using the 
Cell Counting Kit-8 (Dojindo Molecular Technologies, Inc.) 
following chemotherapeutic drug treatment according to the 
manufacturer's protocol.

Western blot analysis. The two cell lines were subjected to 
the aforementioned different DNR concentrations, collected 
and lysed with RIPA buffer solution (Beyotime Institute of 
Biotechnology). The protein concentration was determined 
by BCA method (Beyotime Institute of Biotechnology). 
The samples (30 µg) were separated via SDS-PAGE 
(10 or 12% gel) and transferred onto a polyvinylidene fluoride 
(PVDF) membrane (EMD Millipore). After blocking with 5% 
non-fat dried milk for 1 h at room temperature, the membranes 
were incubated with primary antibodies, including HMGB1, 
p62, LC3II/I, Acetylated-lysine antibody and PAR antibody, 
diluted to 1:1,000 overnight at 4˚C. Secondary antibodies, 
including sheep anti-mouse IgG-HRP and sheep anti-rabbit 
IgG-HRP were applied at a 1:5,000 dilution and IPKine horse-
radish peroxidase‑conjugated AffiniPure Goat Anti‑Rabbit 
IgG Light Chain were applied at a 10,000 dilution for 1 h at 
room temperature. β-actin and tubulin were used as loading 
controls to detect the expression of whole protein. β-actin 
was also used as an internal reference to detect the expression 
of cytoplasmic protein, while laminB was used to detect the 
expression of nuclear protein. The target protein expressions 
were detected with an enhanced chemiluminescence reagent 
(EMD Millipore) using a G:BOX XT4 system (Syngene).

Lentivirus infection. Experiments were performed in 6-well 
plates at a density of 5x106 cells/well. Lentiviruses were 
purchased from Obio Technology. In the present study, 
the lysine residues were mutated at amino acids 28, 29, 30, 
180, 182, 183, 184 and 185 in HMGB1 to alanine in order 
to generate mutant type-1 cells (HMGB1MT1), and the gluta-
mate residues were mutated at amino acids 40, 47 and 179 
to alanine to generate mutant type-2 cells (HMGB1MT2), 
however not all the lysine residues and glutamate residues 
in HMGB1. Jurkat cells were transformed with lentiviruses: 
Normal control (NC), pLenti-EF1a-EGFP-F2A-Puro-CMV- 
MCS; wild type (WT), pLenti-EF1a-EGFp-P2A-Puro-CMV
-HMGB1-3Flag; mutant type 1 (MT1), pLenti-EF1a-EGFp-
P2A-Puro-CMV-HMGB1 mut1-3Flag; mutant type2 (MT2), 
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pLenti-EF1a-EGFp-P2A-Puro-CMV-HMGB1 mut2-3Flag. 
According to the manufacturer's protocol provided by OBiO 
Technology Corp., Ltd., the transfection was performed using 
a lentivirus with 5 µg/ml polybrene (OBiO Technology Corp., 
Ltd.) and antibiotic selection was performed using 1 µg/ml 
puromycin (Beijing Solarbio Science & Technology Co., Ltd.). 
Proteins were subjected to immunoprecipitation with Protein 
G Magnetic Beads (Bimake; http://biotool.cn) anti-HMGB1 
antibodies (1:50; cat. no. H9539; Sigma-Aldrich; Merck KGaA) 
at 4˚C overnight and the lentivirus expression was detected 
with anti‑Flag antibodies. Cells were cultured at 37˚C in a 
humidified incubator containing 5% CO2 for 3-5 generations 
and then used for subsequent experiments.

Immunoprecipitation analysis. Cells subjected to the different 
treatments were collected and lysed with RIPA buffer solu-
tion. The whole-cell lysates (1,000 µg) were precleared with 
Protein G Magnetic Beads for 1 h at room temperature, then 
incubated with normal control IgG or anti-HMGB1 antibodies 
(cat. no. H9539; 1:50; Sigma‑Aldrich; Merck KGaA) at 4˚C 
overnight to form immune complexes. The samples were 
then added to a Protein G Magnetic Bead reaction to capture 
the immune complexes. After washing with wash buffer, the 
samples were removed under denaturing conditions in 50 µl 
of 2X SDS sample buffer and boiled at 100˚C for 10 min. The 
substrate was collected and analysed via western blotting as 
described above. In this study, the cell lysates were subjected 
to a pull-down assay with Rabbit Control IgG (catalogue no. 
AC005; control group) or HMGB1 antibody (cat. no. H9539; 
1:50; Sigma‑Aldrich; Merck KGaA) at 4˚C overnight and then 
the cell lysates were immunoblotted with anti-acetylated lysine 
(1:1,000; cat. no. 9441S; Cell Signaling Technology, Inc.), 
anti-poly (ADP-ribosylation) (1:1,000; cat. no. 4336-BPC-100; 
Trevigen) and anti-HMGB1 antibodies (cat. no. H9539; 1:1,000; 
Sigma‑Aldrich; Merck KGaA) 4˚C overnight.

Cytoplasmic and nuclear extract preparation. Cytoplasmic 
and nuclear extracts were prepared using a Nuclear and 
Cytoplasmic Protein Extraction kit (Beyotime Institute of 
Biotechnology). Cells subjected to the different treatments 
were collected. After washing 3 times with ice-cold PBS, 
the cells were resuspended in 200 µl of ice-cold cytoplasmic 
extraction buffer A for 10 min. The cell lysates were incubated 
with cytoplasmic extraction buffer B for 1 min in an ice bath, 
vortexed for 5 sec, and centrifuged at 12,000 x g for 5 min at 
4˚C. Supernatants were aliquoted and stored at ‑80˚C. Nuclear 
pellets were then resuspended in 50 µl of nuclear extraction 
buffer. The lysates were vortexed four times for 15 sec at 
7-min intervals, and then centrifuged at 12,000 x g for 5 min 
at 4˚C. Nuclear extracts were aliquoted and stored at ‑80˚C.

Immunofluorescence analysis. Cells were collected, fixed with 
4% formaldehyde at 4˚C for 15 min, permeabilised in 0.3% 
Triton X-100 in PBS for 10 min, and incubated in 5% BSA 
blocking buffer for 1 h at room temperature. The cells were 
then incubated with primary antibody in 1% bovine serum 
albumin [Boster Biological Technology Co. Ltd. (http://www.
boster.com.cn/about/index.html)] overnight at 4˚C. The cells 
were washed three times with 1% Tween in PBS, then incubated 
with a Cy3-conjugated secondary antibody [dilution, 1:50; 

catalogue no. ZF-0134; Zsbio Commerce Store (http://www.
zsbio.com)] for 1 h at room temperature in the dark, then 
incubated with DAPI for 5 min. The cells were resuspended 
and added to a laser confocal petri dish. Images were captured 
with a confocal microscope (Carl Zeiss, Inc.) at a magnifica-
tion of x40.

The translocation of HMGB1. By examining the expression 
of HMGB1 in the nucleus and cytoplasm through western 
blot analysis, and using immunofluorescence technology, 
the translocation of HMGB1 could be detected. When the 
nucleus HMGB1 translocated to the cytoplasm, the HMGB1 
protein increased in the cytoplasm, whereas it decreased in 
the nucleus. Similarly, through immunofluorescence, it was 
observed that when HMGB1 was transferred from nucleus 
to cytoplasm, the fluorescence intensity in the cytoplasm 
increased, while the fluorescence intensity decreased in the 
nucleus.

Transmission electron microscopy. The cells were fixed with 
2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 mol/l 
phosphate buffer (pH 7.4) at 4˚C for 2 h, followed by 1% OsO4. 
After dehydration and Epon-812:100% acetone embedding at 
room temperature, thin sections (50-80 nm) were stained with 
uranyl acetate and lead citrate respectively at 4˚C for 15 min, 
and viewed under a Tecnai G2 Spirit Twin election microscope 
(FEI; Thermo Fisher Scientific, Inc).

Statistical analysis. All data are expressed as the 
mean ± standard deviation. Paired Student's t‑test was used 
for comparisons between two groups and one-way analysis of 
variance (ANOVA) was performed for comparisons between 
more than two groups. When the ANOVA was significant, a 
Tukey post-hoc test was performed. P<0.05 was considered to 
indicate a statistically significant result. All statistical analyses 
were conducted by SPSS version 18.0 software (SPSS, Inc.).

Results

Chemotherapeutic drugs induce autophagy in leukaemia 
cells. DNR is a major anti-tumour agent that is widely used to 
treat leukaemia. As presented in Fig. 1A, DNR significantly 
damaged the Jurkat and RS4:11 cells in a dose-dependent 
manner, particularly the RS4:11 cells, as RS4:11 cells were 
treated with DNR for 12 h only, while Jurkat cells were 
treated with DNR for 24 h. In order to investigate whether 
autophagy occurred when the leukaemia cells were treated 
with chemotherapeutic drugs, the present study conducted 
relevant experiments, and the results are presented below. 
Based on the western blot analysis, the chemotherapy-induced 
LC3-II/I ratio increased as the DNR concentration increased. 
The level of p62, an adaptor between the autophagy machinery 
and its substrates, gradually decreased as the drug concentra-
tions increased (Fig. 1B). The immunofluorescence analysis 
revealed that the changes in endogenous LC3 puncta were 
consistent with the western blot analysis results in the two 
cell lines (Fig. 1C). Furthermore, the ultrastructural analysis 
revealed that chemotherapy-treated cells had more autopha-
gosomes and autophagolysosomes during chemotherapy 
compared with the untreated cells in both cell lines (Fig. 1D). 
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Fig. 1 demonstrates that the chemotherapeutic drugs induced 
autophagy in the leukaemia cells.

Translocation of HMGB1 is associated with chemo‑
therapy‑induced autophagy. In order to investigate the potential 
role of HMGB1 in regulating chemotherapeutic drug anticancer 
activity, the present study focused on HMGB1 localisation. 

HMGB1 expression was detected in both the nucleus and 
cytoplasm separately via western blotting. In Jurkat cells, 
HMGB1 expression decreased in the nucleus but increased in 
the cytoplasm following DNR treatment. In the RS4:11 cells, 
HMGB1 expression decreased in the nucleus following DNR 
treatment. In addition, the expression of HMGB1 in the cyto-
plasm decreased at 0.05 and 0.2 µM/ml DNR concentration, but 

Figure 1. Chemotherapeutic drugs induce autophagy in leukaemia cells. (A) Chemotherapeutic drugs damaged the leukaemia cells dose-dependently. Cell 
viability was measured using a Cell Counting Kit-8. (B) Cell lysates were subjected to western blotting to detect LC3-II/I and p62 expression. β-actin was 
used as the loading control. Quantified data are presented (p62 or LC3‑II/I/β-actin). (a-1) Western blot diagram of RS4:11 cells. (a-2) p62 quantitative data of 
RS4:11 cells. (a-3) LC3II/I quantitative data of RS4:11 cells. (b-1) Western blot diagram of Jurkat cells. (b-2) p62 quantitative data of Jurkat cells. (b-3) LC3II/I 
quantitative data of Jurkat cells. (C) LC3 was stained via immunofluorescence and analysed under a confocal microscope to measure the LC3 puncta (LC3, 
Cy3 staining; nucleus, DAPI staining). (D) Cells were subjected to transmission electron microscopy to observe autophagosome-like structures (indicated 
by red circles). Data are the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001, compared with the 
untreated group. DNR, daunorubicin.
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not significantly, and there was no significant change in HMGB1 
expression in the cytoplasm at other DNR concentrations 
(Fig. 2A b-1 and b-2). This subcellular localisation of HMGB1 
was detected indirectly using immunofluorescence techniques, 
through which red fluorescence was observed in the nucleus and 

cytoplasm following DNR treatment in the two cell lines, but 
the red fluorescence remained primarily in the nucleus without 
DNR treatment (Fig. 2B). After repeated experiments and statis-
tical analyses, the results presented in Fig. 2A and B suggested 
that HMGB1 may be transferred from the nucleus to the 

Figure 2. HMGB1 translocation is associated with chemotherapeutic drug-induced autophagy. (A) Cell lysates were separated into cytosolic and nuclear 
fractions. Cytosolic and nuclear HMGB1 levels were assayed via western blotting. β-actin was used as a loading control to detect the expression of cytoplasmic 
protein, while laminB was used to detect the expression of nuclear protein. Quantified data are presented [(nuc‑HMGB1/laminB)/(cyt‑HMGB1/β-actin)]. 
(a-1) Western blot diagram of Jurkat cells. (a-2) nuc-HMGB1/cyt-HMGB1 quantitative data of Jurkat cells. (b-1) Western blot diagram of RS4:11 cells. 
(b‑2) nuc‑HMGB1/cyt‑HMGB1 quantitative data of RS4:11 cells. (B) Intracellular HMGB1 was stained via indirect immunofluorescence and analysed under 
a confocal microscope to detect the location of HMGB1 (HMGB1, Cy3 staining; nucleus, DAPI staining). (C) Cell lysates were subjected to western blotting 
to detect HMGB1 expression. β‑actin was used as a loading control. Quantified data are presented (HGMB1/β-actin). Data are the mean ± standard deviation 
of three independent experiments. (a-1) Western blot diagram of Jurkat cells. (a-2) Total HMGB1 quantitative data of Jurkat cells. (b-1) Western blot diagram 
of RS4:11 cells. (b-2) Total HMGB1 quantitative data of RS4:11 cells. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001, compared with the untreated group. 
HMGB1, high mobility group box protein 1; DNR, daunorubicin; Cyt, cytoplasm; Nuc, nucleus.
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cytoplasm in Jurkat and RS4:11 cells during chemotherapeutic 
treatment. In the present study, HMGB1 expression did not 
increase in Jurkat or RS4:11 cells following DNR stimulation. 
By contrast, Fig. 2C demonstrates that the HMGB1 protein levels 
in the Jurkat and RS4:11 cells decreased gradually as the DNR 
concentration increased (P<0.05). Therefore, it was speculated 
that the HMGB1 that had been released early was not a newly 
synthesised protein in the cytoplasm, but it was transferred from 
the nucleus to the cytoplasm and eventually released from the 
cell (10,30). These results suggest that HMGB1 translocation is 
necessary for chemotherapy-induced autophagy.

Poly (ADP‑ribosylation) of HMGB1 facilitates its acety‑
lation. The present study then sought to further define 
the mechanisms by which HMGB1 translocation occurs. 
Previous studies have demonstrated that post-translational 
modifications, such as acetylation and ribosylation, are 
critical for HMGB1 translocation from the nucleus to the 
cytoplasm (31-33). Therefore, the present study immunopre-
cipitated the cell lysates with an HMGB1‑specific antibody, 
and these immunoprecipitated proteins were immunoblotted 
with specific anti‑poly (ADP‑ribosylation) and anti‑acetylation 
antibodies. Fig. 3A demonstrates that the total HMGB1 was 
decreased and the poly (ADP-ribosylation) and acetylation of 
HMGB1 increased significantly in both cell lines following 
DNR treatment. The aforementioned lysine and glutamate 
residues are primarily located near nuclear localisation 
sequences (NLS), which are frequently modified by acetyla-
tion and poly (ADP-ribosylation), respectively, and previous 
studies have demonstrated that they may be associated with 
the re-localization of HMGB1 (26,29,34). HMGB1 was 
enriched by immunoprecipitation, and specific anti‑Flag anti-
bodies were used to detect lentiviral expression via western 
blotting (Fig. 3B). HMGB1MT1, HMGB1MT2 and wild-type 
Jurkat cells (HMGB1WT) were successfully constructed. 
Theoretically, the expression level of HMGB1 protein in 
HMGB1MT1, HMGB1MT2 and HMGB1WT cells should be higher 
than that in normal control Jurkat cells (HMGB1NC) group, 
but in fact, this was not the case. Considering that HMGB1 
is highly expressed in a number of different types of tumour 
cell, including leukaemia, these results indicated insignificant 
HMGB1 overexpression (10). Fig. 3C demonstrates that the 
total HMGB1 in different cells presented a decreasing trend 
following DNR treatment. However, HMGB1 acetylation 
and poly (ADP-ribosylation) were significantly increased 
following DNR treatment in HMGB1WT cells and normal 
control Jurkat cells (HMGB1NC). By contrast, following DNR 
treatment, the HMGB1 acetylation level remained low, while 
the HMGB1 poly (ADP-ribosylation) expression was increased 
in HMGB1MT1 cells, indicating that blocking HMGB1 acetyla-
tion did not affect its poly (ADP-ribosylation). In HMGB1MT2 
cells, HMGB1 poly (ADP-ribosylation) did not increase 
following DNR treatment, and the degree of HMGB1 acetyla-
tion increased slightly, but there was no statistical significance. 
In addition, considering the data presented in Fig. 3A and C, 
the present study concluded that the poly (ADP-ribosylation) 
of HMGB1 may facilitate its acetylation.

Poly (ADP‑ribosylation) and acetylation play important roles in 
HMGB1 translocation, which is required for chemotherapeutic 

drug‑induced autophagy. HMGB1 expression in the nucleus 
and cytoplasm was detected via western blotting. The results 
revealed that HMGB1 expression was significantly increased 
in the cytoplasm of HMGB1WT and HMGB1NC cells following 
DNR treatment; however, the HMGB1 expression in the 
nucleus and cytoplasm of HMGB1MT1 and HMGB1MT2 cells 
did not change significantly (Fig. 4A). In addition, following 
immunofluorescence labelling of HMGB1, red fluorescence 
was observed in the nucleus and cytoplasm of the HMGB1WT 
and HMGB1NC cells following DNR treatment. However, in 
the HMGB1MT1 and HMGB1MT2 cells, the red fluorescence 
in the cytoplasm was weaker than that in the HMGB1WT and 
HMGB1NC cells following DNR treatment (Fig. 4B). To further 
demonstrate that HMGB1 translocation is associated with 
chemotherapy-induced autophagy, the present study conducted 
relevant experiments. The western blot analysis revealed that 
the LC3-II/I ratio increased (but not significantly) and that p62 
levels decreased following DNR treatment in the HMGB1WT 
and HMGB1NC cells, while the LC3-II/I ratio and p62 level did 
not change significantly in the HMGB1MT1 or HMGB1MT2 cells 
(Fig. 4C). Immunofluorescence revealed that the changes in 
endogenous LC3 puncta indicated increased autophagy levels in 
the HMGB1WT and HMGB1NC cells, while the autophagy levels 
of the HMGB1MT1 and HMGB1MT2 cells remained low (Fig. 4D). 
Compared with the HMGB1WT and HMGB1NC cells, fewer 
autophagosomes and autophagolysosomes were observed in 
the HMGB1MT1 and HMGB1MT2 cells following chemotherapy, 
which was the same as the trend observed in the immunofluo-
rescence analysis (Fig. 4E). Blocking the acetylation and poly 
(ADP-ribosylation) of HMGB1 significantly decreased the 
translocation of HMGB1 from the nucleus to the cytoplasm and 
inhibited the induction of autophagy during chemotherapy in 
Jurkat cells (Fig. 4). Combined with the data in Figs. 3 and 4, 
these results demonstrate that poly (ADP-ribosylation) of 
HMGB1 facilitated its acetylation, thereby inducing HMGB1 
translocation and ultimately promoting chemotherapy-induced 
autophagy in leukaemia cells.

Discussion

Drug resistance in leukaemia cells is a primary factor leading 
to the development of refractory and recurrent leukaemia. 
A number of studies have demonstrated that drug resistance 
in leukaemia is partly attributable to autophagy induced by 
multiple chemotherapeutic drugs. For example, inhibiting 
autophagy by pharmacological inhibitors or genetic knock-
down of critical autophagy-associated genes, such as Atg5 
and Atg7, could enhance the anticancer effects of chemo-
therapeutic drugs (35,36). DNR is one of the most widely 
used chemotherapy drugs for leukaemia, and the cytotoxicity 
mediated by DNR is thought to result from drug-induced DNA 
damage (37). Chen et al (38) and Kudoh et al (39) suggested 
that DNR also triggers a pathway that negatively regulates 
apoptosis, and the phospholipase C-dependent diacylglycerol 
(DAG)/raf-1/mitogen-activated protein kinase (MEK) cascade 
and the DAG independent phosphoinositide 3-kinase 
(PI3K)/protein kinase C ζ type cascade play significant 
roles in this process. raf-1/MEK and PI3K are believed to be 
involved in autophagy signalling (40,41). Han et al (35) demon-
strated for the first time that DNR can induce cytoprotective 
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autophagy in K562 cells by activating the MEK/extracellular 
signal-regulated kinase-1 signalling pathway.

In the present study, it was difficult to detect changes in 
LC3-II protein levels in leukaemia cells via western blotting 

Figure 3. Poly (ADP-ribosylation) of HMGB1 facilitates its acetylation. (A) Cell lysates were immunoprecipitated with an HMGB1 antibody, followed by 
western blot analysis. The acetylation or poly (ADP‑ribosylation) levels were measured using antibodies specific for acetylated lysine or poly (ADP‑ribosylation). 
β‑actin was used as a loading control. Quantified data are presented (HMGB1/β-actin, PARylation-HMGB1 or Acetylated-HMGB1/HMGB1/β-actin). 
(a Western blot diagram of RS4:11 and Jurkat cells. (b) Total HMGB1 quantitative data of RS4:11 and Jurkat cells. (c) PARylation-HMGB1 quantitative 
data of RS4:11 and Jurkat cells. (d) Aceytlation-HMGB1 quantitative data of RS4:11 and Jurkat cells. (B) HMGB1MT1, HMGB1MT2 and HMGB1WT cells were 
successfully constructed. The lysine residues at amino acids 28, 29, 30, 180, 182, 183, 184 and 185 of HMGB1 in HMGB1MT1 cells were mutated to alanine, and 
the glutamate residues at 40, 47 and 179 of HMGB1 in HMGB1MT2 cells were mutated to alanine. The whole protein of HMGB1MT1, HMGB1MT2, HMGB1WT, 
HMGB1NC and Jurkat cells were subjected to immunoprecipitation with anti-HMGB1 antibodies and then subjected to western blotting to detect the expres-
sion of lentivirus with anti-Flag antibodies. Tubulin was used as a loading control. (C) Cell lysates were subjected to a pull-down assay with an HMGB1 
antibody and immunoblotted with anti-acetylated lysine, anti-poly (ADP-ribosylation) and anti-HMGB1 antibodies. β-actin was used as a loading control. 
Quantified data are presented (HMGB1/β-actin, PARylation-HMGB1 or Acetylated-HMGB1/HMGB1/β-actin). Data are the mean ± standard deviation of 
three independent experiments. (a) Western blot diagram of MT1, MT2, WT and NC cells. (b) Total HMGB1 quantitative data of MT1, MT2, WT and NC 
cells. (c) PARylation-HMGB1 quantitative data of MT1, MT2, WT and NC cells. (d) Aceytlation-HMGB1 quantitative data of MT1, MT2, WT and NC cells. 
*P<0.05, **P<0.01, Fig. 3Cb-d compared with the untreated group and Fig. 3Ce and f compared with the NC group. HMGB1, high mobility group box protein 
1; DNR, daunorubicin; MT, mutant type; WT, wild type; NC, normal control; UT, untreated group.
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(Figs. 1B and 4C). Cytoplasmic LC3 forms LC3-I by enzy-
matic hydrolysis of a small segment of polypeptide, which 
then binds to Phosphatidylethanolamine (PE) and converts 

to membrane LC3-II (36). Therefore, it was speculated that 
the LC3‑II protein was difficult to detect for the following 
reasons: i) The cytoplasm of leukaemia cells is small and the 

Figure 4. HMGB1 translocation is associated with chemotherapeutic drug-induced autophagy. (A) Cell lysates were separated into cytosolic and nuclear 
fractions. Cytosolic and nuclear HMGB1 were assayed via western blotting. β-actin was used as a loading control to detect the expression of cytoplasmic 
protein, while laminB was used to detect the expression of nuclear protein. Quantified data are presented [(nuc‑HMGB1/laminB)/(cyt‑HMGB1/β-actin)]. 
(a) Western blot diagram of MT1, MT2, WT and NC cells. (b) nuc-HMGB1/cyt-HMGB1 quantitative data of J MT1, MT2, WT and NC cells. (B) Intracellular 
HMGB1 was stained via indirect immunofluorescence and analysed under a confocal microscope to detect the location of HMGB1 (HMGB1, Cy3 staining; 
nucleus, DAPI staining). (C) The cell lysates were subjected to western blotting to detect LC3-II/I and p62 expression. β-actin was used as a loading control. 
Quantified data are presented (p62 or LC3‑II/I/β-actin). (a) Western blot diagram of MT1, MT2, WT and NC cells. (b) p62 quantitative data of MT1, MT2, 
WT and NC cells. (c) LC3II/I quantitative data of MT1, MT2, WT and NC cells. (D) LC3 was stained via indirect immunofluorescence and analysed under 
a confocal microscope to measure the LC3 puncta (LC3, staining with Cy3; nucleus, staining with DAPI). (E) Cells were subjected to transmission electron 
microscopy to observe autophagosome-like structures (indicated by red circles). Data are the mean ± standard deviation of three independent experiments. 
*P<0.05, **P<0.01, ***P<0.001 compared with the untreated group. HMGB1, high mobility group box protein 1; MT, mutant type; WT, wild type; NC, normal 
control; UT, untreated group; DNR, daunorubicin.
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membrane protein is difficult to dissolve in the conventional 
RIPA list; ii) LC3-II, as a part of autophagy, fuses with lyso-
some to form autophagic lysosome and degrades due to the 
autophagy (42). Autophagy is a highly dynamic, multi-step 
process. Although it is difficult to obtain a satisfactory 
and convincing result regarding the increase in the chemo-
therapy-induced LC3-II/I using western blotting alone as 
indicated in Fig. 1B, by combining the results of the p62 level 
via western blotting (Fig. 1B), immunofluorescence (Fig. 1C) 
and transmission electron microscopy (Fig. 1D), conclusions 
could be drawn that indicated that the level of chemothera-
peutic-induced autophagy was increased in leukaemia cells. 
Consistent with these results, the present study revealed that 
DNR triggered both apoptosis and autophagy in leukaemia 
cells (Fig. 1).

HMGB1 acts as both a tumour suppressor and an oncogenic 
factor in tumourigenesis and cancer therapy (43). Bell et al (44) 
demonstrated that HMGB1 appears in the medium of Jurkat and 
U937 cells time-dependently following chemotherapeutic drug 
treatment. In addition, high HMGB1 expression is suggested 
to be closely associated with tumour occurrence, and plays 
an important role in regulating tumour cell autophagy and 
apoptosis (10,45). Tang et al (46) demonstrated that in human 
pancreatic and colon cancer cells, anticancer drugs such as 
melphalan and paclitaxel could enhance the autophagy produc-
tion of tumour cells by increasing the release of HMGB1 and 
its binding to the receptor for advance glycation endproducts. 
Zhan et al (47) demonstrated that the chemotherapeutic drug 
vincristine can promote the release of HMGB1 in gastric cancer 
cells and upregulate the expression of Mcl-1 protein in the 
Bcl-2 protein family, thereby producing anti-apoptotic effects. 
HMGB1 in breast cancer cells can promote cell tolerance in 
chemotherapy and chemoradiotherapy. Luo et al (48) demon-
strated that miR‑129‑5p can enhance the efficacy of radiotherapy 
by targeting HMGB1 to decrease autophagy caused by breast 
cancer radiotherapy. Liu et al (13) and Hu et al (49) demon-
strated that treatment with an HMGB1-neutralising antibody 
improved the sensitivity of leukaemia cells to chemotherapy, 
while exogenous HMGB1 made the cells more resistant to 
drug-induced cytotoxicity. In the present study, there was no 
significant upregulation of HMGB1 observed in the whole‑cell 
protein samples following DNR treatment, but the HMGB1 
protein may have transferred from the nucleus to the cytoplasm 
(Figs. 2, 3A and C, and 4A and B).

Previous studies have demonstrated that HMGB1 is highly 
expressed in a number of different types of tumour, including 
leukaemia, and it is more abundant on the surface of meta-
static tumour cell membranes (10) and is closely associated 
with chemotherapy-induced drug resistance (12). HMGB1 is 
believed to regulate autophagy at multiple levels via different 
subcellular localisations (17,46,50). Although the function of 
HMGB1 in the cytoplasm remains unclear, evidence suggests 
that the primary function of HMGB1 in the cytoplasm is to 
provide positive regulatory factors for autophagy, as was first 
reported in 2010 (45). A previous study demonstrated that 
HMGB1 is translocated from the nucleus to the cytoplasm 
following chemotherapeutic treatment in leukaemia cells, 
and cytoplasmic HMGB1 then promotes the dissociation of 
Beclin1‑Bcl‑2 complexes and modifies Beclin1 binding to PI3k 
catalytic subunit 3, thus initiating autophagosome formation 

and upregulating autophagy (17,25). Figs. 1, 2 and 4 suggest that 
HMGB1 is an important regulator of chemotherapy-induced 
autophagy and that HMGB1 translocation is a key step in this 
mechanism.

HMGB1 contains two NLS and two nuclear export sequences 
(NES), and post‑translational modification of amino acids on 
NLS and NES can result in the relocation of HMGB1 (20,32). 
In the present study, acetylation and poly (ADP-ribosylation) 
of HMGB1 were increased during chemotherapy-induced 
autophagy (Fig. 3A). This drew focus towards the post-tran-
scriptional modifications of HMGB1 in the present study, 
including methylation, acetylation, phosphorylation and poly 
(ADP-ribosylation), which are key steps in HMGB1 transloca-
tion from the nucleus to the cytoplasm and its eventual release 
into the extracellular space (31). Different post-transcriptional 
modifications play important but varied roles in localising 
HMGB1 in the cytoplasm, but it is currently unclear which 
modification is dominant. Acetylation is regarded as a prereq-
uisite for HMGB1 migration to the cytoplasm. Sterner et al (51) 
and Bonaldi et al (29) observed that the acetylation of certain 
lysine residues in NLS promotes HMGB1 migration from 
the nucleus to the cytoplasm and active secretion of HMGB1 
to the extracellular space. Lu et al (24) demonstrated that the 
JAK/STAT1 signalling pathway played a key role in HMGB1 
hyperacetylation and cytoplasmic accumulation. Pan et al (52) 
and Dhupar et al (53) revealed that interferon regulatory factor 
1 promoted HMGB1 acetylation through histone acetyltransfer-
ases, which was required for lipopolysaccharide (LPS)-induced 
HMGB1 cytoplasmic accumulation and release. Consistent with 
these results, the present study revealed that in HMGB1MT1 cells, 
HMGB1 translocation was inhibited (Fig. 4A and B).

Poly (ADP-ribosylation) is one of the most important 
methods of protein posttranslational modification (54). 
Ditsworth et al (34) suggested that in a DNA-alkylating damage 
model, PARP1 activity played a role in the nuclear-to-cytosolic 
translocation of HMGB1. Davis et al (26) reported that LPS 
and alkylating agents could induce PARP1 activation and 
ADP-ribosylation to ultimately release HMGB1. Consistent 
with these results, the present study revealed that the level 
of HMGB1 poly (ADP-ribosylation) was not upregulated in 
HMGB1MT2 cells, and HMGB1 expression in the cytoplasm did 
not change significantly compared with the untreated group. 
Furthermore, immunofluorescence in the HMGB1 sublocalisa-
tion did not change. Therefore, it can be concluded that HMGB1 
translocation from the nucleus to the cytoplasm depends on the 
poly (ADP-ribosylation) of HMGB1 (Figs. 3C and 4A and B).

An increasing number of studies have demonstrated that 
acetylation or poly (ADP-ribosylation) can promote HMGB1 
translocation, but few studies have addressed the interaction 
between these modifications. Recently, Yang et al (27) reported 
for the first time that PARP1 can promote HMGB1 acetylation 
through poly (ADP-ribosylation). However, the association 
between poly (ADP-ribosylation) and acetylation and the role 
of these modifications in HMGB1 translocation in leukaemia 
remain unclear. Figs. 3B and 4A and B demonstrate that in 
HMGB1MT1 cells, although the level of poly (ADP ribosylation) 
modification increased, HMGB1 expression in the cytoplasm 
did not increase compared with that in the untreated group, 
and no changes occurred in the sublocalisation of HMGB1 
via immunofluorescence. This suggests that poly (ADP 
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ribosylation) modification of HMGB1 facilitates its acetylation 
but is insufficient to induce HMGB1 translocation. The present 
study hypothesised that the possible mechanism for this poly 
(ADP-ribosylation)/acetylation-controlled distribution was 
that the poly ADP-ribosylation of the glutamic acid residues 
altered the conformation of the A box, thereby exposing the 
acetylation site and promoting acetylation of the lysine resi-
dues in HMGB1. These HMGB1 modifications decrease its 
ability to bind to DNA and promote its translocation.

Combining the results of previous studies with those of 
the present, the process of chemotherapy-induced autophagy 
in leukaemic cells can be elucidated; revealing that poly 
(ADP-ribosylation) of HMGB1 enhanced HMGB1 acetylation 
and ultimately promoted chemotherapy-induced autophagy 
of leukaemic cells mediated by the HMGB1 translocation. 
Chemotherapeutic drugs are thought to induce apoptosis that 
is dependent on nuclear HMGB1 induction (50).

The association between HMGB1 and chemotherapeutic 
drug-induced autophagy has been extensively studied and 
understood, but the role of HMGB1 in the cytoplasm remains to 
be poorly understood (17,45). In addition, studies focussing on 
the underlying molecular mechanism of influencing HMGB1 
translocation primarily concentrated on inflammation, sepsis 
and other diseases, and rarely focussed on leukaemia (16,26). 
As a specific type of tumour, leukaemia is different from 
solid tumours. Particularly in T-ALL, despite targeted gene 
therapy and chimeric antigen receptor T-cell therapy, the 
prognosis of children with drug-resistant or relapsed leukaemia 
remains poor (55,56). In the present study, Jurkat cells, an 
acute T-lymphoblastic leukaemia cell line, were mutated to 
verify that poly (ADP-ribosylation) of HMGB1 facilitated its 
acetylation and promoted HMGB1 translocation-associated 
chemotherapy-induced autophagy, which will ultimately 
provide a theoretical basis and new therapeutic targets for 
drug resistance in T-ALL. Therefore, the present study is of 
great significance in the clinical treatment of T‑ALL and the 
therapeutic strategies that inhibit HMGB1 transfer to decrease 
HMGB1 expression in the cytoplasm and extracellular space are 
promising and may improve the effectiveness of chemotherapy.

The present study demonstrated that poly (ADP-ribosylation) 
of HMGB1 facilitates its acetylation, thereby inducing HMGB1 
translocation and ultimately promoting chemotherapy-induced 
autophagy in leukaemic cells.
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