
 

 

Introduction 
 
The tumor microenvironment refers to the 
unique properties of the stromal tissue environ-
ment conferred by the interactions between 
tumor and host cells [1, 2]. Radiotherapy and 
some chemotherapeutic agents lead to injury 
and necrosis resulting in changes on the cell 
surface of cancer cells with concomitant release 
of soluble mediators (e.g. DAMPs) that trigger 
an immune response [3]. These DAMPs can 
have either a pro-tumor or antitumor effect de-
pending on the tumor type, microenvironment 
and signaling receptors [4]. DAMPs are localized 
to the nucleus and cytoplasm [e.g. high mobility 
group box 1 (HMGB1)], cytoplasm (e.g. S100 
proteins), exosomes (e.g. heat shock proteins), 
and extracellular matrix (e.g. hyaluronic acid). 
Examples of non-protein DAMPs include adeno-
sine triphosphate, uric acid, heparin sulfate and 
DNA. When DAMPs are released from the reduc-
ing environment within the cell following tissue 
injury, they encounter an oxidizing milieu result-
ing in their functional denaturation [5]. As a pro-
totypic DAMP, HMGB1 is released after various 

types of cell stress such as those induced by 
cancer treatments including chemotherapy, 
radiation therapy and immunotherapy. Our re-
cent studies suggest that HMGB1 is important 
in the pathogenesis of leukemia [6-12], a type 
of cancer of the blood or bone marrow charac-
terized by an abnormal increase in white blood 
cells. Understanding the mechanism of HMGB1 
regulation during chemotherapy will provide 
insights into developing more effective treat-
ments for all types of leukemia. 
 
Structure and functions of redox sensitive 
HMGB1 protein 
 
HMGB1 is present in almost all metazoans and 
plants and is a relatively small protein of 215 
amino acid residues. Structurally, the protein is 
organized into three distinct domains: two tan-
dem HMG box domains (A box and B box) and a 
30 amino acid-long acidic C-terminal tail (Figure 
1A). Functionally, the A and B boxes are DNA-
binding domains. Similar to other HMG-box pro-
teins, HMGB1 is targeted to particular DNA sites 
in chromatin by either protein-protein interac-
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tions or recognition of specific DNA structures 
[13, 14]. The B box contains “cytokine” activity 
by inducing macrophage secretion of proinflam-
matory cytokines [15]. This cytokine activity is 
antagonized by recombinant A box [16]. There 
are oxidation-sensitive unpaired cysteines at 
positions 23, 45, and 106. The two Cys23-
Cys45 residues can rapidly form an in-
tramolecular disulfide bond with standard redox 
potential, whereas Cys106 appears to be critical 
for the nucleocytoplasmic shuttling of HMGB1 
[5, 17, 18]. 
 
As a DNA chaperone (Figure 1B), HMGB1 par-
ticipates in DNA replication, recombination, 
transcription, and repair [13, 14]. HMGB1 gene 
deficient mice are born with several defects and 
die shortly after birth of hypoglycemia initially 
believed to be caused by deficient glucocorti-
coid receptor function [19]. As a prototypic 
DAMP (Figure 1B), HMGB1 is passively released 

from injured and necrotic cells [20, 21] and is 
actively secreted by inflammatory cells [22]. 
HMGB1 binds with high affinity to several recep-
tors such as the receptor for advanced glycation 
end products (RAGE), Toll-like receptors (TLR)-2, 
4, 9, the triggering receptor expressed on mye-
loid cells 1 (TREM1) and the negative signaling 
receptors, thrombospondin and CD24, mediat-
ing the response to infection, immunity, autoim-
munity, chemotaxis, cell proliferation and tissue 
regeneration [23, 24]. Additionally, HMGB1 
forms complexes with DNA, lipopolysaccharide, 
interleukin-1, and nucleosomes to augment 
inflammation [25].  
 
HMGB1 is associated with the hallmarks 
of cancer 
 
Unlike other DAMPs, HMGB1 has unique roles 
in cancer [26-28]. HMGB1 expression is greater 
in tumor cells than in normal surrounding epi-

Figure 1. Structure and functions of HMGB1 protein. (A) HMGB1 is composed of two homologous DNA-binding do-
mains (termed A box and B box) and a highly negatively charged C-terminal domain. There are oxidation-sensitive 
unpaired cysteines at positions 23, 45, and 106. (B) As a DNA chaperone, HMGB1 participates in DNA replication, 
recombination, transcription and repair. As a DAMP signal, HMGB1 mediates the response to inflammation, immu-
nity, chemotaxis, and tissue regeneration. 
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thelium in a large variety of human neoplasms 
including lymphoma, melanoma and cancers of 
the breast, cervix, colon, liver, lung, and pan-
creas [26-28]. Moreover, serum levels of 
HMGB1 are significantly increased in patients 
with several cancers [27]. Overexpression of 
HMGB1 is associated with each of the hall-
marks of cancer [29] including unlimited repli-
cative potential, ability to develop blood vessels 
(angiogenesis), evasion of programmed cell 
death (apoptosis), self-sufficiency in growth sig-
nals, insensitivity to inhibitors of growth, inflam-
mation, tissue invasion and metastasis, and 
enhancement of inflammation [27]. HMGB1 
receptors have various roles in the regulation of 
tumor therapy. For example, RAGE but not TLR4 
promotes pancreatic tumor cell survival follow-
ing genotoxic or metabolic stress [30]. Knock-
down of HMGB1 or RAGE by specific shRNA in-
creases gemcitabine sensitivity in pancreatic 
cancer cells [31]. Moreover, blockade of 
HMGB1-RAGE signaling suppresses tumor 
growth and metastases in C6 gliomas [32] and 
DMBA (7,12-dimethyl-benz[a]anthracene) / TPA
(12-O-tetradecanoylphorbol-13 acetate)-induced 
skin carcinogenesis [33]. Thus, HMGB1-RAGE 
signaling represents an important potential tar-
get for cancer therapeutics [34]. In contrast, a 
recent study indicates that the interaction be-
tween HMGB1 and TLR4 in dendritic cells in-
creases tumor antigen presentation and antitu-
mor immune responses in EL4 thymoma, CT26 
colon cancer, and MCA205 sarcoma tumor cells 
treated with chemotherapy and radiotherapy 
[35]. Our recent study demonstrates that the 
redox state of HMGB1 is critical to its ability to 
regulate cell death and survival in cancer cells 
[36]. Reduced HMGB1 induces autophagy and 
cell survival, whereas oxidized HMGB1 induces 
apoptosis and cell death [36]. Moreover, oxi-
dized HMGB1 at C106 has tolerogenic activities 
through TLR4 signaling in dendritic cells [37] 
and macrophages [38]. Thus, it is not surprising 
that various groups report release of HMGB1 as 
“good” or “bad” for cancer therapy depending 
on the tumor context.  
 
Clinical studies of HMGB1 in acute 
lymphoblastic leukemia 
 
Acute lymphoblastic leukemia (ALL) is the most 
frequent cancer found in children. Karyotyping 
of leukemic cells identifies recurrent chromo-
some rearrangements. These are usually trans-
locations that activate genes encoding tran-

scription factors regulating B- or T-cell differen-
tiation. This type of cancer usually progresses 
quickly if it is not treated. The goal of remission-
induction therapy is to eradicate more than 99 
percent of the initial burden of leukemia cells 
and to restore normal hematopoiesis and nor-
mal performance status. Three-drug induction 
therapy using vincristine, corticosteroids 
(prednisone or dexamethasone), and L-
asparaginase in conjunction with intrathecal 
therapy results in complete remission rates of 
greater than 95% [39]. Our recent study indi-
cates that serum levels of HMGB1 were signifi-
cantly higher in children with ALL in the initial 
treatment group (n = 15, 43.78 ± 4.62 μg/ml) 
compared with those in the healthy control 
group (n = 15, 0.60 ± 0.48 μg/ml, p < 0.01) 
and ALL complete remission group (n = 15, 
0.89 ± 0.62 μg /ml, p < 0.01) [40]. There was 
no significant difference in HMGB1 levels be-
tween the healthy control group and ALL com-
plete remission group (p > 0.05) [40], suggest-
ing that HMGB1 may reflect the stages of hemo-
cyte differentiation and maturation.  
 
HMGB1 as an antiapoptotic protein in leukemia 
cells 
 
Apoptosis has now been widely accepted as a 
prominent tumor-suppression mechanism [41]. 
There are at least two broad pathways that lead 
to apoptosis: an extrinsic pathway triggered by 
cell death receptors (such as Fas), and an intrin-
sic pathway triggered by the mitochondrial re-
lease of cytochrome c and its subsequent com-
plex formation with Apaf-1, ATP, and caspase-9 
[41]. Bcl-2 family proteins are critical regulators 
of apoptosis [42]. These proteins govern mito-
chondrial outer membrane permeabilization 
(MOMP) and can be either pro-apoptotic (e.g. 
Bax, BAD, Bak and Bok) or anti-apoptotic (e.g. 
Bcl-2, Bcl-xL, and Bcl-w).  
 
An early study demonstrated that HMGB1 is 
able to suppress cell death induced by Bak in 
yeast and protects against apoptosis from Bak 
and Bax killing and overexpression of Caspase-
8, UV radiation, and activation of the death re-
ceptors, CD95 and TRAIL, in mammalian cells 
[43], suggesting a wide role for HMGB1 in the 
regulation of various apoptosis pathway. 
HMGB1 overexpression inhibits ADM-induced 
apoptosis in leukemia K562 cells by regulating 
the protein level of Bcl-2 and the activities of 
Caspase-3 and Caspase-9 [11]. Adriamycin 
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(doxorubicin) is a chemotherapeutic agent used 
to treat leukemia and bladder, breast and head 
and neck cancer. Adriamycin induces a concen-
tration- and time-dependent upregulation of Bcl-
2 expression in myeloma and leukemia cells 
[44]. Bcl-2 overexpression inhibits adriamycin-
induced apoptosis [45]. Notably, overexpression 
of HMGB1 by gene transfection increases adria-
mycin-induced Bcl-2 protein expression and 
prevents the activities of apoptotic effectors 
Caspase-3 and Caspase-9 in K562 myeloid leu-
kemia cells [11]. Consistent with these findings, 
suppression of HMGB1 by shRNA in adriamycin 
resistant leukemia cells, K562/A02, decreases 
Bcl-2 expression and restores the sensitivity of 
K562/A02 to adriamycin [10]. These findings 
suggest that HMGB1 functions an antiapoptotic 
protein in leukemia cells through regulation of 
Bcl-2 protein expression (Figure 2A).  
 
HMGB1 as a proautophagic protein in leukemia 
cells 
 
Autophagy is a dynamic homeostatic process of 
protein and effete organelle degradation which 

is typically observed during nutrient deprivation 
[46, 47]. Recently, interest in autophagy has 
been renewed among oncologists, as many 
types of cancer cells enhance autophagy follow-
ing chemotherapy and radiation therapy [48-
51]. During autophagy, cytosolic constituents 
are sequestered into autophagosomes, which 
subsequently fuse with lysosomes (namely, 
autolysosomes) where their contents are de-
graded. Constitutive autophagy is a homeostatic 
mechanism necessary for intracellular recycling, 
energy homeostasis [52], development and dif-
ferentiation [53]. The upregulation of autophagy 
in response to stress is an important mecha-
nism by which damaged proteins and organelles 
are removed in preparation for anabolism and 
cell division [54]. Increased levels of autophagy 
have been implicated in numerous human dis-
eases including cancer [55]. For example, auto-
phagy promotes the growth of BCR-ABL-
associated leukemogenesis [56], and inhibition 
of autophagy by potential autophagy inhibitors 
or shRNA enhances anticancer agent-induced 
cytotoxicity in several leukemia cell lines [57-
60]. These findings suggests a specific role of 

Figure 2. HMGB1 regulates apoptosis and autophagy. (A) HMGB1 inhibits apoptosis. HMGB1 promotes Bcl-2 expres-
sion, which inhibits Bax translocation from cytosol to mitochondria and cytochrome c release from mitochondria to 
cytosol. (B, C) HMGB1 promotes autophagy. Cytosolic HMGB1 binds Beclin 1 (B) and nuclear HMGB1 promotes 
HSPB1 expression (C), which promotes autophagosome formation and dynamic intracellular trafficking during auto-
phagy and mitophagy.  
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autophagy in leukemia development and ther-
apy [61].  
 
HMGB1 is a novel autophagy regulator and pro-
motes autophagy through multiple mechanisms. 
In the nucleus, HMGB1 regulates the expression 
of heat shock protein β-1 (HSPB1, also denoted 
HSP27 in human) [62]. As a cytoskeleton regu-
lator, HSPB1 is important for dynamic intracellu-
lar trafficking during autophagy and mitophagy. 
Thus, inhibition of the HMGB1-HSPB1 pathway 
impairs elimination of damaged mitochondria 
via mitophagy (Figure 2C) [62]. In the cytosol, 
HMGB1activates autophagy by binding to Beclin 
1 and displacing its inhibitory partner, Bcl-2 
(Figure 2B) [63, 64]. In addition, exogenous 
HMGB1 in its reduced form induces autophagy 
[36, 65].  
In HL-60, Jurkat and U937 leukemia cells, treat-
ment with anticancer agents such as vincristine, 
adriamycin, cytosine arabinoside, arsenic triox-
ide, etoposide, camptothecin, staurosporine 
and cycloheximide results in HMGB1 release 
into the extracellular environment [9, 66]. Im-
portantly, we have demonstrated that HMGB1-
neutralizing antibodies, potential HMGB1 re-
lease inhibitors (e.g. quercetin) and knockdown 
of HMGB1 by RNAi increase the sensitivity of 
leukemia cells to these chemotherapeutic 
agents [6, 7, 9]. Moreover, pretreatment with 
exogenous HMGB1 protein increases drug resis-
tance in leukemia cells, supporting a potential 
prosurvival role for HMGB1 in cells exposed to 
chemotherapy [9]. Knockdown of Beclin 1 or 
inhibition of autophagy with bafilomycin A1 re-
verses exogenous HMGB1-induced drug resis-
tance, suggesting that autophagy is required for 
HMGB1-mediated chemotherapy resistance in 
leukemia cells [7, 9]. Indeed, intracellular and 
extracellular HMGB1 protein is a directly in-
ducer of autophagy in leukemia cells. HMGB1 
increases the interaction of Beclin 1/ class III 
phosphoinositide 3-kinase (PI3KC3) and Atg5-
Atg12-Atg16 complex formation which are re-
quired for vesicle nucleation, phagophore mem-
brane elongation and autophagosome forma-
tion (Figure 2B) [7, 9]. Moreover, overexpres-
sion HMGB1 in leukemia cells increases the 
transcriptional activity of JNK and ERK [6], 
which are involved in the regulation of Beclin 1-
PI3KC3 complexes. These findings suggest that 
HMGB1 functions a proautophagic protein in 
leukemia cells through regulation of Beclin 1-
PI3KC3 complex formation and associated sig-
nal transduction.  

Conclusion 
 
HMGB1 is a DNA-binding nuclear protein, ac-
tively released following cytokine stimulation as 
well as passively during cell injury and death. 
HMGB1 is overexpressed and released following 
chemotherapy and radiation therapy in many 
cancer cells including leukemia cells. As a criti-
cal antiapoptotic and proautophagic protein, 
HMGB1 enhances programmed cell survival and 
limits programmed cell death during leukemia 
therapy. In contrast, depletion or inhibition of 
HMGB1 in leukemia cells markedly increases 
drug sensitivity to anticancer agents. Thus, in-
hibiting HMGB1 could be used to augment cur-
rent leukemia treatments, as many tumors cells 
upregulate autophagy and downregulate apop-
tosis to withstand chemotherapeutic treatment.  
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