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Abstract: Acute promyelocytic leukemia (APL) results from a blockade of granulocyte differentiation during the pro-
myelocytic stage. As a fusion protein of promyelocytic leukemia (PML) and retinoic acid receptor-a (RARx), PML-
RARa oncoprotein is degraded through the differentiation of all-trans retinoic acid (ATRA)-induced cells. Here reac-
tive oxygen species (ROS) and high-mobility group box 1 (HMGB21) were proven essential for the differentiation of
APL cells. A down-regulation of ROS by ROS quencher (NAC) blocked the differentiation of APL cell line NB4 while an
over-expression of ROS by superoxide dismutase-1 (SOD1) RNA interference (RNAi) increased cell differentiation.
HMGB1 was vital for the differentiation of ROS-mediated NB4 cells and its up-regulation promoted ATRA-induced au-
tophagy and the degradation of PML-RARa. Furthermore, ATRA treatment elevated the levels of ROS, enhanced au-
tophagic flux and thereby promoted cytosolic translocation of HMGB1. HMGB1 regulated the interactions between
ubiquitin-binding adaptor protein p62/SQSTM and PML-RAR« so as to affect the degradation of PML-RAR«x during
ATRA-induced autophagy. Also a depletion of p62/SQSTM1 expression inhibited HMGB1-mediated PML-RAR« deg-
radation and cell differentiation. The overall results suggested that HMGB1 is an essential regulator of ROS-induced
cell differentiation. And it may become a potential drug target for therapeutic intervention of APL.
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Introduction lar mechanisms and leading to PML/RARa deg-
radation has been further underscored by
recent studies. Thus a thorough understanding

of ATRA activating the degradation of PML/

As a subtype of acute myeloid leukemia (AML),
acute promyelocytic leukemia (APL) was char-

acterized by expansion and accumulation of
leukemia cells during the promyelocytic stage
of myelopoiesis [1, 2]. The distinguishing fea-
ture of APL is the presence of a balanced recip-
rocal translocation involving RARa gene locat-
ed on chromosome 17g21. In 95% of cases,
RARx was conjugated with PML gene on chro-
mosome 15q22 leading to PML/RARx gene
fusion [3]. All-trans retinoic acid (ATRA), the first
of two drugs capable of causing disease regres-
sion specifically in APL patients, induced a deg-
radation of PML-RARx oncogene and a differ-
entiation of leukemia cells and even clinical
remission [4]. The capability of ATRA of activat-
ing disease regression through distinct molecu-

RARa appears to represent a critical link for
successful APL treatment.

As demonstrated by recent studies, the major
mechanism of PML/RAR«a degradation includ-
ed the activities of both proteasome and cas-
pase pathways, although neither is sufficient
for complete degradation [5]. Macroautophagy
(hereinafter referred to as autophagy) is lyso-
some-mediated degradation of cytoplasmic
constituents such as proteins and organelles,
thus leading to cell renovation [6, 7]. Playing
important roles in bacterial, viral infections and
neurodegenerative disorders, this cellular pro-
cess is also essential for regulating cancer ini-
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tiation and progression and determining the
response of tumor cells to anticancer therapy
[8-10]. It was also reported that autophagy
could be activated by chemotherapeutic drugs
in leukemia cell lines and contributed to thera-
py-induced degradation of PML/RARa [11].
However the underlying mechanisms have
remained elusive. Previous studies have shown
that ATRA-induced autophagy enhanced the
differentiation of myeloid cells through p62/
SQSTM1-mediated degradation of PML/RAR«
[12]. This degradation pathway may provide a
new therapeutic option for APL.

As an evolutionarily conserved non-histone
chromatin-binding protein, high-mobility group
box 1 (HMGB1) plays significant roles in inflam-
matory diseases and cancer [13, 14]. Under
normal conditions, 90-95% of HMGB1 is locat-
ed in nucleus where it serves as a DNA chaper-
one for maintaining nuclear homeostasis. Wh-
en oxidative stress and ROS pathways are initi-
ated by multiple cellular stressors (e.g. protein
aggregates, radiation, chemotherapy & intra-
cellular pathogens), HMGBL1 is translocated to
express on cell surface membranes, inside
cytosol or diffuse into extracellular space [13,
15]. And the expression of HMGB1 is obviously
higher in leukemia cells and bone marrow
mononuclear cells (BMMCs) derived from
patients with primary and relapsing leukemia.
Meanwhile, HMGB1 acts as a positive regulator
of autophagy so that it plays an important role
in leukemia pathogenesis and chemotherapy
resistance [16, 17].

HMGB1 is expressed abundantly in leukemia
cell lines. And it plays important roles in leuke-
mic tumorigenesis. However its role in cell dif-
ferentiation of APL has been ill-defined. Here
the authors demonstrated that ROS could regu-
late the translocation and release of HMGB1
and promoted the differentiation of APL cell
(NB4). Furthermore, HMGB1 was essential for
ROS-mediated cell differentiation. And the
mechanism was partially due to p62/SQSTM1-
mediated degradation of PML/RARa by HM-
GB1-mediated autophagy. It suggested that
HMGB1 was a potential regulator of APL cell
differentiation.

Material and methods
Reagents and antibodies

The antibodies to SOD1, actin and fibrillarin
were purchased from Abcam (Cambridge, MA,
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USA); antibodies to HMGB1 from Cell Signaling
Technology (Danvers, MA, USA) and Sigma (St
Louis, MO, USA); antibodies to p62 and RARx
from Santa Cruz Biotechnology (Santa Cruz, CA,
USA); antibody to LC3 from Sigma (St Louis,
MO, USA); antibody to CD11b from Invitrogen
(Carlsbad, CA, USA); N-acetylcysteine (NAC),
3-methyladenine (3-MA) and ATRA from Sigma
(St Louis, MO, USA).

Cell culture

As the sole genuine promyelocytic leukemia
cell line, NB4 offer a unique in vitro model sys-
tem for studying the cellular and molecular
events involved in the proliferation and differ-
entiation of normal and leukemic myelomono-
cytic cells [18]. NB4 cells (Xiangya School of
Medicine Type Culture Collection, China) were
cultured in RPMI 1640 with 10% heat-inactivat-
ed fetal bovine serum (FBS; Life Technologies,
Grand lIsland, NY, USA) in 5% CO, and 95%
ambient air.

Gene transfection and RNAi

Transfection with human pEGFP-N1-HMGB1
(HMGBA1 vectors) and HMGB1 shRNA vectors (a
gift from Dr. Kang Rui, University of Pittsburgh,
USA) and P62 shRNA, Atgh, SOD1 shRNA and
control shRNA from Sigma (St Louis, MO, USA)
were constructed with FUGENE HD Transfection
Reagent (Roche Applied Science, Stockholm,
Sweden) according to the manufacturer’s
instructions.

Western blot

Cells were washed in phosphate buffer solution
(PBS), collected, resuspended in lysis buffer
(Beyotime, Beijing, China) and maintained on
ice for 15 min. Cell extracts were cleared by
microcentrifugation at 14,000 g for 30 min at
4°C. The whole cell lysate was separated by 8%
(10%/12%) sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and
electrophoretically transferred onto polyvinyli-
dene difluoride (PVDF) blotting membrane
(Beyotime, Beijing, China). The membrane was
blocked with 5% non-fat dry milk in TBST (50
mM Tris pH 7.5, 100 mM NaCl, 0.15% Tween-
20), incubated with diluted primary antibodies
for 12 h at 4°C and washed thrice with TBST for
10 min. Then the membranes were incubated
for 12 h at 4°C with different secondary anti-
bodies and detected with enhanced chemilumi-
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nescence (ECL) reagents (Pierce, USA) after
three rinses with TBST for 10 min. Membranes
were exposed to X-ray film and the expressions
of targeted proteins were quantified by detect-
ing the specific bands on X-ray film. The
BandScan 5.0 system was used to quantify and
analyze each specific band of Western blot
[15].

Immunoprecipitation

Cells were lysed at 4°C in ice-cold lysis buffer
(50 mM Tris-HCI, Ph 7.4, containing 150 mM
NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1%
SDS, protease inhibitor cocktail) and cell
lysates were centrifuged (12 000 g, 10 min).
The concentrations of proteins in supernatant
were determined by bicinchoninic acid (BCA)
assay. Prior to immunoprecipitation, samples
containing equal amounts of proteins were pre-
cleared with protein A or protein G agarose/
sepharose (Santa Cruz, CA, USA) (4°C, 3 h) and
subsequently incubated with various irrelevant
IgG or specific antibodies (5 mg/mL) in the
presence of protein A or G agarose/sepharose
beads for 2 h or overnight at 4°C with gentle
vortexing. After incubation, agarose/sepharose
beads were rinsed thoroughly with PBS. And
the proteins were eluted by boiling in 2 x SDS
sample buffer prior to SDS-PAGE.

Immunocytochemistry

Cells were fixed in 4% formaldehyde for 30 min
at room temperature before permeabilizing
with 0.1% Triton X-100 (4°C, 10 min). Cells were
saturated with PBS containing 2% BSA for 1 h
at room temperature and processed for immu-
nofluorescence with anti-HMGB1 antibody fol-
lowed by Cy3 Ig (Cambridge, MA, USA). Between
all incubation steps, cells were washed thrice
for 3 min with PBS containing 0.2% BSA.
Fluorescence signals were analyzed with fluo-
rescence microscope (Olympus, Tokyo, Japan).

Determination of ROS generation

The intracellular alterations of reactive oxygen
species (ROS) were determined by measuring
the oxidative conversion of cell-permeable 2’
7’-dichlorofluorescein diacetate (DCFH-DA) into
fluorescent dichlorofluorescein (DCF) on a fluo-
rospectrophotometer (F4000, Japan). In brief,
NB4 cells with different treatments were col-
lected, rinsed with D-Hank’s buffer and incu-
bated with DCFH-DA at 37°C for 20 min. Then
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the DCF fluorescence of 20,000 cells was
detected by fluorospectrophotometer at an
excitation wavelength of 488 nm and an emis-
sion wavelength of 535 nm. The incremental
production of ROS was expressed as a percent-
age of control [19].

Measurements of HMIGB1 release

NB4 cells with different treatments (NAC pre-
treatment or SOD1 shRNA transfection) were
cultured with ATRA for 24, 48 and 72 h. The
release of HMGB1 into cell culture superna-
tants was evaluated with ELISA kits from Shino-
Test Corporation (Sagamihara-shi, Kanagawa,
Japan) according to the manufacturer’s
instructions.

Electron microscopy

NB4 cells were collected and fixed in 2.5% glu-
taraldehyde for at least 3 h. Then the cells were
treated with 2% paraformaldehyde at room
temperature for 60 min, 0.1% glutaraldehyde in
0.1 M sodium cacodylate for 2 h post-fixed with
1% 0s0, for 1.5 h, after a second washing,
dehydrated with graded acetone and finally
embedded in Quetol 812. Ultrathin sections
were observed under Hitachi H7500 electron
microscope (Tokyo, Japan).

Morphological evaluations of differentiation

NB4 cells with different treatments were cul-
tured with ATRA for 48 h. Then the cells were
resuspended in PBS after rinsing and fixed on
slide. Differentiation of NB4 cells was deter-
mined by morphological observations after
staining with Wright-Giemsa staining solution.

Measurement of CD11b expression

Cell surface differentiation antigen (CD11b)
was measured by flow cytometry. Briefly, NB4
cells with different treatments were cultured
with ATRA for 24, 48 and 72 h. Cells were incu-
bated with antibody against CD11b for 30 min
at room temperature. 1IgG was used as an iso-
type control for calibrating threshold parame-
ters. Finally, the cells were resuspended in PBS
after rinsing and assayed with flow cytometry.

Nitroblue tetrazolium (NBT) reduction assay

NB4 cells with different treatments were cul-
tured with ATRA for 24, 48 and 72 h. Then each
aliquot of cell suspension was mixed with an
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Figure 1. Effects of ROS on the differentiation of NB4 cells. A. NB4 cells were pretreated NAC (2 mM) or SOD1 RNAI
and then ATRA (1 uM) for 72 h. ROS production was assessed by measuring the fluorescent intensity of DCF on a
fluorescence plate reader. The incremental production of ROS was expressed as a percentage of control. *P < 0.05
(n = 4, Student’s t-test). UT, untreated group. B. Morphological features of NB4 cells as indicated after a 72 h ATRA
(1 uM) treatment with or without NAC (2 mM) pretreatment by Wright-Giemsa stain (100 x magnification). C. NB4
cells were treated with ATRA (1 uM) for 24-72 h with or without NAC (2 mM) pretreatment. And then the cell differ-
entiation was observed by CD11b expression and NBT reduction. *P < 0.05 (n = 3, Student’s t-test). D. After a 48
h transfection with SOD1 shRNA, the cells were treated with ATRA (1 uM) for 24-72 h. And then cell differentiation
was observed by CD11b expression and NBT reduction. *P < 0.05 (n = 3, Student’s t-test).

equal volume of RPMI-1640 medium contain-
ing 0.2% NBT (St Louis, MO, USA) and 2 yg/mL
12-O-tetradecanoylphorbol-13-acetate  (TPA)
and incubated in darkness for 30 min at 37°C.
Cells were seeded in 96-well plate with 100 uL
of dimethyl sulfoxide (DMSOQ). After gentle vor-
texing for 20 min, the 96-well plates were mea-
sured for absorbance at 570 nm (A570) on a
Thermo Scientific Multiskan Ascent.

Statistical analysis

Quantitative data were presented as means +
standard deviation. Data were analyzed with
indicated statistical methods using GraphPad
Prism (Version 5.04). For calculation of the p
value, parameters of two-tailed, 95% confi-
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dence interval were used for all analysis. A
p-value < 0.05 was considered significant.

Results
ROS regulates the differentiation of NB4 cells

Involved in intracellular signal transduction and
gene expression as an important signaling mol-
ecule in cells, ROS play important roles in cell
proliferation, differentiation and death [20].
ROS production might be induced by multiple
stimuli, such as nutrient starvation, mitochon-
drial toxins, hypoxia and chemotherapeutics
[21]. As a protective strategy of cells or tissues
against oxidative stress, superoxide dismutase
(SOD) family members, catalase or NAC neu-
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Figure 2. HMGB1 is essential for ROS-mediated cell differentiation. A. NB4 cells with HMGB1 transfection were
treated with ATRA (1 uM) for 72 h with or without NAC (2 mM) pretreatment. Then cell differentiation was observed
by cytomorphology (100 x magnification), CD11b expression and NBT reduction. *P < 0.05, P > 0.05 (n = 3, Stu-
dent’s t-test). UT, untreated group. B. A knockdown HMGB1 by RNAi in NB4 cells and then ATRA (1 uM) for 72 h with
or without SOD1 depletion. And cell differentiation was observed by cytomorphology (100 x magnification), CD11b
expression and NBT reduction. *P < 0.05, *P > 0.05 (n = 3, Student’s t-test). UT, untreated group.

tralize ROS under physiological conditions [22].
ATRA is a widely used differentiating agent. For
determining the role of ROS regulating the dif-
ferentiation of NB4 cells, the authors firstly
examined whether ATRA at therapeutic doses
(1 uM) induced ROS production in NB4 cells. In
the present study, it was found that a treatment
of ATRA induced ROS production whereas a
pretreatment with NAC decreased ROS produc-
tion in NB4 cells. In contrast, a knockdown of
SOD1 by RNAi increased ATRA-induced ROS
production (Figure 1A), suggesting that ATRA
was valid stimulus for ROS production in NB4
cells.

For determining the regulation of ROS on the
differentiation of APL cells, NB4 cells were pre-
treated with NAC and cell differentiation was
judged by morphological observations. Co-tre-
atment of NAC and ATRA for 72 h inhibited the
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level of cell maturation and was comparable to
that seen with ATRA alone (Figure 1B).
Furthermore, a pretreatment of NAC reduced
both the ATRA-induced expression of cell differ-
entiation marker CD11b by flow cytometry and
functional differentiation by NBT reduction
assay (Figure 1C). In contrast, a depletion of
SOD1 expression increased ATRA-induced
CD11b expression and NBT reduction (Figure
1D). These data suggested that elevated ROS
level is essential for ATRA-induced differentia-
tion of APL cells.

HMGB1 is essential for ROS-mediated cell dif-
ferentiation

HMGB1 serves some important functions in a
variety of biological processes, ranging from
gene transcription, DNA repair, cell differentia-
tion to tumor progression [13]. For determining

Am J Cancer Res 2015;5(2):714-725
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Figure 3. HMGB1-induced autophagy promoted the degradation of PML/RARc in NB4 cells. A. NB4 cells were pre-
treated with HMGB1 transfection and then treated with ATRA (1 uM) or rapamycin (Rapa, 100 nM) for 72 h with or
without pepstatin A (PA, 10 uM) and E64D (10 pM) pretreatment. And the levels of LC3-I/Il and p62 were assayed
by Western blot; B. Ultrastructural features with HMGBZ1 transfection for ATRA (1 uM) treatment. The number of
visible autophagosomes treated with HMGB1 transfection was higher compared with the control group (20,000 x
maghnification). White arrows, autophagosomes; N, nuclear; UT, untreated group. C. After a 48 h transfection of Atgb
shRNA, the indicated cells were treated with ATRA (1 uM) for 48 h with or without HMGB1 transfection. And the level
of LC3-I/1l level was assayed by Western blot; D. NB4 cells with HMGB1 transfection were treated with ATRA (1 uM)
for 72 h with or without 3-methyladenine (3-MA, 10 mM) pretreatment. And PML-RAR« was assayed by Western blot;
E. NB4 cells with HMGB1 shRNA transfection were treated with ATRA (1 uM) for 72 h. And the levels of PML-RAR«
and LC3-I/Il were assayed by Western blot.

whether HMGBL1 is a direct activator of ROS-
mediated cell differentiation, NB4 cells were
treated with HMGB1 gene transfection and
RNAI. After transfection, the NB4 cells showed
an obvious increase of cell differentiation while
a co-treatment of NAC failed to completely
block this increase of cell maturation compared
with the control group as judged by morphologi-
cal observations, CD11b expression and NBT
reduction assay (Figure 2A). On the other hand,
the suppressed expression of HMGB1 by RNAI
inhibited ATRA-induced cell differentiation and
a depletion of SOD1 expression did not reverse
HMGB1 RNAi-induced decrease of cell matura-
tion (Figure 2B), suggesting a critical role for
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HMGB1 as a direct regulator of cell differ-
entiation.

HMGB1-induced autophagy promoted the
degradation of PML/RAR« in NB4 cells

As a direct molecular target of ATRA in human
myeloid cells, PML/RAR«& oncoprotein mediat-
ed differentiation. PML-RARa degradation is
not only mediated by the proteasome and cas-
pase pathways, but also through autophagy [5,
11]. During autophagy, LC3 is processed post-
translationally into soluble LC3-1 and subse-
quently converted into membrane-bound LC3-II
correlated with the number of autophagosomes

Am J Cancer Res 2015;5(2):714-725
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Figure 4. ROS are required for HMGB1 translocation and enhanced autophagy. A. NB4 cells were pretreated NAC
(2 mM) or SOD1 RNAIi and then treated with ATRA (1 uM) for 72 h. And the level of LC3-I/1l was assayed by Western
blot. UT, untreated group. B. NB4 cells were pretreated with NAC (2 mM) or SOD1 RNAi and then ATRA (1 pM) for 72
h. And the nuclear/cytosolic HMGB1 expression was assayed by Western blot; C. NB4 cells were treated with ATRA
(1 pM) for 72 h with or without NAC (2 mM) pretreatment and then immunostained with HMGBZ1-specifc antibody
(red) and Hoechst 33342 (blue) (400 x magnification). D. NB4 cells were pretreated with NAC (2 mM) or SOD1 RNAi
and then ATRA (1 uM) for 24-72 h. And the release of HMGB1 was analyzed by ELISA. Cell viability of control was set
as 100%. *P < 0.05, #P < 0.05 (n = 4, Student’s t-test).

[23]. For determining whether HMGB1 is a compared with the control group (Figure 3A).
direct activator of autophagic flux, LC3 conver- Moreover, LC3 and p62 accumulation after an
sion (LC3-1 to LC3-1l) was detected by immu- over-expression of HMGB1 was exaggerated in
noblotting. Similar to classical autophagic stim- leukemia cells after treatments with lysosomal
uli (e.g. rapamycin), ATRA treatment triggered protease inhibitor E64d and pepstatin A (Figure
an induction of LC3-II (Figure 3A). Transfection 3A). These data suggested that elevated LC3-Il
with HMGB1 plasmid and with ATRA for 72 h was not due to a decreased degradation of lapi-
significantly increased the expression of LC3-II dated LC3, but rather an increased autophagic
in NB4 cells (Figure 3A). Furthermore, the flux. Meanwhile, HMGB1-promoted autophagy
authors evaluated the expression of SQSTM1/ was substantiated by electron microscopy, the
sequestosome 1 (p62), a long-lived scaffolding most convincing and standard method of
protein bound to LC3 serving as a selective detecting autophagy [23]. NB4 cells treated
substrate of autophagy [24]. Up-regulated with HMGB1 gene transfection plus ATRA for
HMGB1 expression increased LC3-Il protein 72 h exhibited more autophagosomes when
levels, but decreased the expression of p62 compared with the vector group (Figure 3B).
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Figure 5. HMGB1-mediated interaction between p62 and PML-RAR« regulated the differentiation of NB4 cells. A.
NB4 cells with HMGB1 shRNA transfection were treated with ATRA (1 uM) for 72 h. And the protein expression levels
were assayed by Co-IP or Western blot; B, C. After a 48 h transfection with p62 shRNA, NB4 cells were treated with
ATRA (1 pM) for 72 h with or without HMGB1 transfection. And then the level of PML-RARa was assayed by Western
blot. In parallel, cell differentiation was observed by cytomorphology, CD11b expression and NBT reduction. *P <

0.05, *P > 0.05 (n = 3, Student’s t-test).

Autophagy-related (Atg) gene products are the
major proteins involved in the process of
autophagy. Atgb is an autophagy-regulatory
gene essential for ATRA-induced autophagy in
NB4 cells [12, 25]. To further characterizing the
role of HMGB1 regulated autophagy in NB4
cell, a target-specific shRNA against Atgh gene
was used. A depletion of Atgh expression in
NB4 cells inhibited ATRA-induced LC3 conver-
sion despite HMGB1 gene transfection (Figure
3C). Moreover, it was found that HMGB1 gene
transfection with ATRA treatment induced a
degradation of PML-RARa in NB4 cells (Figure
3D). Autophagy inhibitor (e.g., 3-MA) significant-
ly blocked ATRA-induced degradation of PML-
RAR« (Figure 3D). Consistent with this finding,
a knockdown of HMGB1 decreased the degra-
dation of PML-RAR« and the conversion of LC3
(Figure 3E). These data suggested that PML-
RARa degradation was mediated by HMGB1-
induced autophagy.
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ROS are essential for HMIGB1 translocation
and enhanced autophagy

Autophagy is an intracellular lysosomal degra-
dation process induced under stress condi-
tions. ROS regulate autophagy in cell survival,
death, development and many human diseases
[26]. To evaluate the relationship between ROS
and autophagy in NB4 cells, LC3 conversion
(LC3-I to LC3-Il) were detected at different ROS
levels. A knockdown of SOD1 expression by
RNAI increased ATRA-induced LC3 conversion
(Figure 4A). In contrast, NAC inhibited ATRA-
induced LC3-Il expression (Figure 4A), suggest-
ed that ROS regulated the autophagy of NB4
cells.

HMGBL1 protein is both a nuclear DNA binding
factor and a secreted protein. And its activities
are determined by its intracellular localization
and posttranslational modifications [27].
Chemotherapeutics promoted a translocation
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of HMGB1 from nucleus into cytosol and result-
ed in enhanced autophagy after sustained cel-
lular stress [15]. To evaluating whether HMGB1
translocation was regulated by ROS during
ATRA-induced autophagy, the authors pretreat-
ed NB4 cells with either NAC incubation or
SOD1 RNAi treatment. It was found that HMGB1
was predominantly located in nucleus under
normal conditions, whereas it was noticeably
high in cytosol under ATRA stimuli (Figure 4B). A
pretreatment of NAC in NB4 cells blocked
HMGB1 translocation from nucleus into cytosol
(Figure 4B, 4C). In contrast, a knockdown of
SOD1 expression increased HMGB1 transloca-
tion (Figure 4B). Consistent with this finding, a
pretreatment of NAC inhibited HMGB1 release
into supernatant with ATRA incubation while a
down-regulation of SOD1 by RNAi increased
HMGBL1 release (Figure 4D). The overall results
suggested that ROS are required for HMGB1
translocation and sustained autophagy in APL
cells.

HMGB1-mediated interaction between p62
and PML-RAR« regulated the differentiation of
NB4 cells

Autophagic degradation of polyubiquitinated
protein aggregates is important for cell surviv-
al. And p62 has been shown to be an autopha-
gy receptor acting as a link between ubiquitina-
tion and autophagic machinery [24]. Previous
studies have demonstrated that PML-RAR« is a
polyubiquitinated protein. Under basal condi-
tions, PML-RARa co-immunoprecipitated with
p62 and became degraded through autophagy
[5, 12]. To characterizing the mechanism of
HMGB1-induced autophagy regulating the dif-
ferentiation of NB4 cells, the authors firstly
explored whether HMGB1 regulated the inter-
action between p62 and PML-RARx under ATRA
treatment by co-immunoprecipitation (Co-IP). It
was found that, under ATRA treatment, P62
and PML-RARa co-immunoprecipitated with
each other in control group and this interaction
was significantly blocked by HMGB1 RNAi
(Figure BA), suggesting a regulatory role of
HMGBL1 in regulation for p62/PML-RARx com-
plex.

Furthermore, for determining the potential reg-
ulatory role for p62/PML-RARa complex in cell
differentiation, the target-specific shRNA aga-
inst P62 and HMGB1 plasmid were transfected
into NB4 cells. A knockdown of p62 reduced
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ATRA-induced PML-RARa protein degradation
and cell maturation based on morphological
assay, expression of myeloid differentiation
marker CD11b and functional differentiation
(Figure 5B, 5C). Moreover, an over-expression
of HMGB1 did not promote PML-RAR« protein
degradation and cell differentiation after a
depletion of P62 expression (Figure 5B, 5C).
These data indicated that HMGB1 regulated
the differentiation of NB4 cells through a p62/
PML-RARa-dependent pathway.

Discussion

As a family of chemically active molecules con-
taining free radicals, ROS are involved in modu-
lating biological cell functions, cell signaling
and homeostasis. In normal mammalian hema-
topoietic systems, there is a low level of ROS in
hematopoietic stem cells (HSCs) during the
regulation of stem cell pluripotency, prolifera-
tion and differentiation [28]. Leukemia cells are
intrinsically under oxidative stress and thus
more vulnerable to further stress. Major acti-
vated oncogenes, such as Bcr/Abl, Ras and
c-myc, have been found to correlate with
enhanced ROS production [29, 30]. For identi-
fying the genes associated with leukemia cell
differentiation, Yang et al [31] reported that
ectopic over-expressions of mda-7/IL.-24 and
IL-24 delE5 induced ROS production in leuke-
mia cells, contributing to the differentiation of
leukemia cells. The molecular mechanisms
underlying ROS production and APL differentia-
tion have been incompletely elucidated. In the
present study, it was found that a novel func-
tion of ROS was regulating cell differentiation
by HMGB1-mediated autophagy in APL cells.
Also HMGB1 was found to be a direct mediator
of P62/PML-RAR«x interaction. Therefore mech-
anistic insights might be gained into the role of
HMGBL1 in regulating cell differentiation.

HMGBL1 protein is both a nuclear DNA binding
factor and a secreted protein. And its activities
are determined by its intracellular localization
and posttranslational modifications. Endogen-
ous over-expression of HMGB1, seen in many
(if not all) tumor cells, accelerated cell cycle
progression, but became down-regulated dur-
ing aging, suggesting a critical role in develop-
ment and cancer [32, 33]. In leukemia cells,
the expression of endogenous HMGB1 in
myeloid cells was higher than that in lymphoid
cells and correlated with the differentiation
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stage of these cells [34, 35]. Exogenous
HMGBL1 is secreted by activated macrophages,
mature dendritic cells and natural Killer cells in
responses to injury, infection or other inflam-
matory stimuli [36]. It was also released from
leukemia cell lines after chemotherapy-induced
cytotoxicity [10]. In chronic lymphocytic leuke-
mia (CLL), CLL cells passively released HMGB1.
And the timing and concentrations of HMGB1 in
medium were associated with differentiation of
nurse-like cells (NLCs) [37]. HMGB1-mediated
NLC differentiation involved internalization of
both receptor for advanced glycation end prod-
ucts (RAGE) and Toll-like receptor-9 (TLR9) [37].
However, the function of endogenous HMGB1
in response to leukemia cells was previously
unknown. In the present study, an over-expres-
sion of HMGBL1 in leukemia cells by gene trans-
fection promoted the differentiation of NB4
cells. In contrast, suppressed expression of
HMGB1 by RNA interference inhibited the mat-
uration of NB4 cells. Nevertheless, HMGB1-
mediated cell differentiation was not complete-
ly affected by the levels of ROS. It suggested a
strong influence of endogenous HMGB1 on the
differentiation of APL cells.

Furthermore, HMGB1-mediated autophagy reg-
ulated APL cell differentiation potentially via
controlling the degradation of PML-RAR«x. PML-
RAR« is directly targeted and degraded by two
effective therapeutic agents for APL, i.e. ATRA
and arsenic trioxide (As,O,) [4]. The degrada-
tion of PML-RAR« protein promoted the differ-
entiation of APL cells. It was recently reported
that both ATRA and As,O, induced autophagy
via the mammalian target of rapamycin (MTOR)
pathway in APL cells. And autophagic degrada-
tion contributed significantly to basal turnover
as well as therapy-induced proteolysis of PML-
RARa protein [11]. Our previous studies have
shown that endogenous HMGB1 acted as an
intrinsic regulator of autophagy in leukemia
cells through the mTOR pathway [16]. The pres-
ent study has shed insights into the role of
endogenous HMGBL1 in regulating autophagy in
leukemia cells. However, exact mechanisms
regarding endogenous HMGB1-mediated auto-
phagy in response to APL cell differentiation
remain largely unknown. It was found that an
over-expression of HMGB1 by gene transfec-
tion increased ATRA-induced NB4 cell autopha-
gy and promoted the degradation of PML-RAR«
protein. In contrast, a knockdown of HMGB1
expression or pharmacological inhibition of
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autophagy (e.g. 3-MA) inhibited ATRA-induced
PML-RAR« protein degradation. These results
suggested that endogenous HMGB1-mediated
autophagy was important for APL cell differ-
entiation.

ROS function as signaling molecules of regulat-
ing both cell survival and death through various
pathways. Compared with normal cells, both
ROS and autophagy are altered in cancer cells.
On one hand, ROS could induce autophagy
through several distinct mechanisms involving
catalase activation of Atg4 and disturbances in
mETC [38]. On the other hand, defective
autophagy increased oxidative stress in tumor
cells [39]. Here it was found that pharmacologi-
cal inhibition of ROS production inhibited ATRA-
induced autophagy, whereas a knockdown of
SOD1 expression promoted ATRA-induced
autophagy. It suggested that ROS signals were
required for sustained autophagy in APL cells.
Recently, Kang et al reported that HMGB1 was
an autophagy sensor in the presence of oxida-
tive stress [40]. Hydrogen peroxide (H,0,) and
loss of SOD1-mediated oxidative stress pro-
moted the cytosolic expression of HMGB1 and
an extracellular release in fibroblasts and can-
cer cells [15]. Furthermore, NAC, a ROS quench-
er, dose-dependently inhibited starvation and
rapamycin-induced autophagy and HMGB1
translocation [15]. It suggested that HMGB1
translocation was correlated well with cell
autophagy. Our experimental data also sug-
gested that ATRA-induced ROS generation
might regulate HMGB1 translocation in APL
cells. A pre-treatment of NAC led to a decrease
of HMGBA1 translocation and secretion while an
increase with a depletion of SOD1 expression.
These results suggested that ROS are essen-
tial for enhancing autophagy and HMGB.1 trans-
location in the differentiation of APL cells.

Moreover, HMGB1-mediated APL cell differen-
tiation operated potentially through p62/PML-
RARa-dependent pathway. The current study
revealed a direct link between autophagy and
ATRA-induced degradation of PML-RARa in APL
cell differentiation [12]. During autophagy,
ubiquitin-binding protein p62/SQSTM1 was
degraded [24]. Numerous studies have shown
that the degradation of PML-RARa was degrad-
ed by the polyubiquitin/proteasome system
through PML-RARa bound to P62 during ATRA-
induced autophagy [5, 12]. Based upon our
current and previous evidences, HMGB1 was
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proven to act as a positive regulator of autoph-
agy [16, 17]. In the present study, the interac-
tion between p62 and PML-RARa was regulat-
ed by HMGB1-mediated ATRA-induced auto-
phagy so that the degradation of PML-RAR«
oncoprotein was affected. An inhibition of p62
impaired the degradation of PML-RARa during
cell differentiation. It suggested that HMGB1-
mediated autophagy played an important role
in regulating the differentiation of APL cells by
p62.

In summary, over-expressed ROS functioned as
a positive regulator of cell differentiation in
ATRA-treated NB4 cells. HMGB1 was essential
for ROS-mediated cell differentiation. In ATRA-
treated cell model, up-regulated HMGB1 expre-
ssion promoted ATRA-induced autophagy and
enhanced the degradation of PML-RARa oncop-
rotein. The ROS production with ATRA treat-
ment enhanced autophagy and HMGB1 trans-
location in the differentiation of APL cells. The
HMGB1-regulated interaction between p62
and PML-RARa affected the degradation of
PML-RARx and cell differentiation. Therefore
up-regulated HMGB1 expression may be used
for augmenting APL cell differentiation and
strengthening current anti-leukemic thera-
peutics.
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