










Discussion

Many osteosarcoma patients develop resistance to chemo-
therapy drugs, and this phenomenon has been attributed to
different mechanisms including dysfunctional membrane
transport, resistance to apoptosis, and the persistence of stem
cell–like tumor cells. In this study, we showed that HMGB1-
mediated autophagy is a significant contributor to drug resis-
tance in osteosarcoma. Inhibition of HMGB1 or autophagy
increased the drug sensitivity of osteosarcoma cells.
HMGB1 is a nonhistone chromatin protein that acts as a

damage associated molecular pattern molecule (DAMP) when
released into the extracellular milieu (33). As a redox sensitive
protein, HMGB1 has been implicated as an important factor in
both sterile inflammation and infection as well as in cancer,
diabetes, and neurodegenerative diseases (5, 34). HMGB1 is a

bone active cytokine and regulates the bone microenviron-
ment (35, 36). For example, HMGB1 acts as a chemotactic
agent to osteoclasts and osteoblasts during endochondral
ossification (36). Overexpression of HMGB1 is associated with
each of the hallmarks of cancer including unlimited mitosis,
the ability to recruit new vascular structures, evasion of
programmed cell death (apoptosis), avoiding immune destruc-
tion, self-sufficiency in growth signals, insensitivity to inhibi-
tors of growth, tumor-promoting inflammation, dysregulation
of cellular energetics, genome instability and mutation, and
tissue invasion and metastasis (37–39).

One of the mechanisms by which chemotherapeutics
destroy cancer cells is by inducing cell death. We found that
doxorubicin, cisplatin, and methotrexate promote enhanced
expression of HMGB1 in human osteosarcoma cells. Moreover,
knockdown of HMGB1 by shRNA increased cell death and

Figure 4. HMGB1 regulates
chemotherapy agent–induced
autophagy in osteosarcoma cells.
MG-63 cells were transfected with
control shRNA or HMGB1 shRNA for
48 hours and then treated with Dox
(0.2 mg/mL) and Cis (20 mmol/L) for
24 hours in the presence or absence
bafilomycin A1 (Baf; 100 nmol/L).
After treatment, the protein level of
LC3 and p62 was assayed by
Western blot (A) and LC3 puncta
were analyzed by LC3 antibody or
mRFP–GFP–LC3 construct (B; n¼ 3;
�, P < 0.05). C, in parallel,
autophagosome-like structures
(indicated by the red arrows) were
assayed by TEM. D and E, MG-63
cells were transfected with control
shRNA or HMGB1 shRNA for 48
hours. After pretreatment with
rapamycin (Rap; 100 nmol/L) for 6
hours, these cells were treated with
Dox (0.2 mg/mL) for 24 hours.
Apoptosis was analyzed by
measuring Annexin V–positive cells
by flow cytometry (D). Autophagy
was analyzed by measuring LC3
puncta formation (E; n ¼ 3; �,
P < 0.05). NS, not significant.
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suppressed osteosarcoma growth in vivo and in vitro. In
addition, HMGB1 is also a negative regulator of drug-induced
cell death in other tumors such as leukemia (16), colon cancer
(17) and prostate cancer (40). As a DAMP, release of HMGB1 by
dead and dying cells triggers inflammation (41) and the
immune response (4). Thus, release of HMGB1 by dying tumor
cells is helpful to host dendritic cells which process and present
tumor antigens to immune effector cells (42). In addition to the

extracellular release HMGB1, its redox status is critical to
regulating cell death and survival in cancer cells. Reduced
exogenous HMGB1 protein promotes cell survival, whereas
oxidized HMGB1 induces apoptosis (17).

Cancer cells respond to chemotherapy in a variety of ways
ranging from the activation of survival pathways to the initi-
ation of cell death. Increased autophagy is observed in oste-
osarcoma cells when exposed to chemotherapy drugs (43, 44).

Figure 5. ULK1–mAtg13–FIP200 complex formation regulatesHMGB1–Beclin 1 complex formation in osteosarcoma cells. A–C,MG-63 cells were transfected
with HMGB1 shRNA (A and B) or ULK1 shRNA (C) or FIP200 shRNA (C) for 48 hours and then were treated with Dox (0.2 mg/mL) for 24 hours. Cells
were then assayed for protein expression levels as indicated by immunoprecipitation (IP) or Western blotting (IB) as described in Materials and Methods. All
data are representative of 2 or 3 experiments. D, indicated MG-63 cells were treated with Dox (0.2 mg/mL), Cis (20 mmol/L), and Mtx (50 mmol/L) for 24 hours
and then apoptosis was analyzed by measuring Annexin V–positive cells by flow cytometry (n ¼ 3; �, P < 0.05).

Figure 6. Suppression of HMGB1
increases sensitivity to
chemotherapy in vivo. A, NOD/
SCIDmice were inoculated with 0.5
� 106 MG-63 tumor cells following
transfection of control or HMGB1-
specific shRNA and treated with
Dox (5 mg/kg) beginning at day 7.
Tumors volumes were calculated
for 28 days (n¼ 6; �,P < 0.05). B, on
day 28 in the experiments
described in (A), apoptosis and
autophagy in tumor samples were
assayed by TUNEL (red) or LC3
(green) stain respectively.
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In general, autophagy is a "programmed cell survival" mech-
anism because cells using autophagy to prevent the accumu-
lation of damaged or unnecessary components, but also func-
tions to facilitate the recycling of these components to sustain
homoeostasis.We found that inhibition of autophagy increases
osteosarcoma cell death and reverses HMGB1-mediated drug
resistance. Recently, a systematic chemical study on cells
exposed to 1,400 compounds showed that no single cytotoxic
agent can induce cell death by autophagy (45), confirming that
autophagy is mostly a cytoprotective mechanism (8). Thus,
autophagic cell death may be a misnomer (46).
It has been reported that HMGB1 is a critical regulator of

autophagy. Cytosolic HMGB1 is an inducer of starvation-
mediated autophagy by binding to Beclin 1 in mouse embry-
onic fibroblasts and colon cancer cells (14). In addition,
reduced extracellular HMGB1 induces autophagy through the
receptor for advanced glycation endproducts (RAGE) in colon
and pancreatic cancer cells (17). Furthermore, nuclear HMGB1
regulates HSPB1 gene expression (15). Phosphorylation of
HSPB1 is necessary for the regulation of the actin cytoskeleton,
whichmediates the vesicular transport required for autophagy
in response to mitochondrial injury. Here, we found that
knockdown of HMGB1 decreased LC3 II levels, LC3 puncta
formation, and p62 degradation which was associated with a
decreased number of membraned autophagosomes by
detected by TEM in osteosarcoma cells. Notably, we showed
that the ULK1–FIP200 complex is required for the interaction
between HMGB1 and Beclin 1, which then promotes Beclin
1–PI3KC3 complex formation. However, the assembly of the

Beclin 1 complexes is complex and seems to differ in a cell- or
tissue-dependent fashion (47). AMP-activated protein kinase
(AMPK) is a key molecular player in energy homeostasis and is
important for the activation of ULK1 (48). It is unknown
whether AMPKand other kinases are involved in the regulation
of the interaction between HMGB1 and Beclin 1.

In conclusion, we showed that chemotherapy-induced
HMGB1 expression in osteosarcoma cells promoted autop-
hagy, which inhibited apoptosis and increased drug resistance.
Our in vitro and in vivo xenograft studies showed that sup-
pression of HMGB1 expression significantly increased drug
sensitivity of osteosarcoma cells. Thus, we believe these data
support an investigation of HMGB1 as a strategic target for
osteosarcoma therapy.
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