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ABSTRACT

High mobility group box protein 1 (HMGB1) is an evolutionarily conserved non-histone chromatin-
binding protein. In a previous study, we showed that treating leukemic cells with chemotherapeutic
drugs leads to the translocation of HMGB1, which is involved in autophagy and ultimately promotes
chemoresistance in leukemia. However, the underlying translocation mechanism of HMGB1 in che-
motherapy-induced autophagy remains unclear. In this study, we showed that knockdown of SIRT6 or
PARP1 gene expression significantly inhibited HMGB1 cytoplasmic translocation and autophagy.
Meanwhile, we found that SIRT6, an important upstream protein of PARP1, associated with PARPT,
leading to the stimulation of polyADP-ribose polymerase activity. We further demonstrated that SIRT6
and PARP1 activation were required for chemotherapy-induced ADP-ribosylation of HMGB1 in leukemic
cells and then influenced the acetylation of HMGBI, finally promoting the autophagy of leukemic cells
mediated by HMGB1 translocation. These findings provide new insights into the mechanism of che-
motherapeutic drug resistance. Targeting the HMGB1 translocation may overcome autophagy-related
chemoresistance in leukemia.
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Introduction and damaged organelles to adapt to changing nutrient condi-
tions and maintain cellular homeostasis.” Autophagy plays
a critical role in cell protection by inhibiting the accumulation
of chemotherapy drugs, which is considered an underlying
mechanism by which cancer cells resist chemotherapy.®

High mobility group box protein 1 (HMGBI1), a member of
the HMGB superfamily, has proven to be a critical regulator
of autophagy. HMGBI is abundant in the eukaryotic nucleus,
and the translocation of HMGBI1 from the nucleus to the
cytoplasm is an important molecular event in autophagy.”
Studies have reported that HMGBI1 plays an important role
as a damage-associated molecular pattern in the pathological
processes of several diseases such as sepsis, inflammation, and
rheumatic disease.*'® Furthermore, some studies have
demonstrated that changes in HMGBI1 expression and sub-
cellular localization are related to tumor occurrence and
treatment.'' Our recent study demonstrated that HMGBI
translocation participated in the transformation of the autop-
hagy complex and promoted drug resistance in leukemia.'”

Unlike other secretary proteins, HMGB1 triggers atypical
lysosome-mediated vesicle transport via lysophosphatidylcho-
line due to the lack of signaling peptides. HMGBI is trans-
ported from the nucleus to the cytoplasm and then into the
lysosome and eventually is released into the extracellular
space by exocytosis.'’”'° Posttranslational modifications,
including methylation, acetylation, phosphorylation and

Acute lymphoblastic leukemia (ALL) is a common type of
cancer in children and is the most curable of cancers. T-cell
ALL (T-ALL) is an aggressive disease that accounts for 15% of
ALL cases in pediatrics and up to 25% of cases in adults. As
a disease of genetic heterogeneity, T-ALL is caused by the
accumulation of molecular changes in a multistep pathogenic
process.' Patients with T-ALL have been recognized as a high-
risk leukemic group with cure rates of approximately 10%
relative to a more favorable response of approximately 40%
in B-cell ALL before combination chemotherapy was used in
the clinic.”> Despite recent progress in treatment, approxi-
mately 25% of children and 50% of adults fail to respond to
intensive chemotherapy or die of the disease.”® The use of
chemotherapeutic drugs to kill fast-growing tumor cells is one
of the major methods to treat cancer. However, chemotherapy
resistance remains an obstacle to long-term remission of
T-ALL and might be the cause of refractory and relapsed
cases; therefore, it is a challenge to understand how cancer
cells acquire drug resistance.

Autophagy is a form of programmed cell survival and
a lysosomal degradation pathway. Macroautophagy (here
called autophagy) is the most famous and widely studied
type of autophagy. During this process, cells recycle cytoplasm
to produce energy under stress conditions, remove redundant
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ADP-ribosylation, are crucial for the active secretion of
HMGB1.'® Among these modifications, in monocytes and
macrophages, acetylation plays the most important role in
the secretion of HMGBI, which is induced by certain inflam-
matory mediators such as LPS or TNF-B."”'® Therefore, we
speculated that acetylation of lysine residues in HMGBI is the
prerequisite for its translocation from the nucleus to the
cytoplasm in chemotherapy-induced autophagy. However,
more evidence is needed to prove this assumption.

Sirtuin 6 (SIRT6), a chromatin-associated protein belong-
ing to the silent information regulator 2 (Sir2) protein family,
performs two enzymatic activities: nicotinamide adenine
dinucleotide =~ (NAD)"-dependent  deacetylation  and
monoADP-ribosylation.'” Recently, increasing evidence has
indicated that SIRTS is related to the initiation and develop-
ment of cancer.”>*' Some studies have demonstrated that
SIRT6 is activated by p53 and catalyzes the deacetylation of
the FoxOl protein (Forkhead box O1), which promotes the
translocation of FoxO1l from the nucleus to the cytosol.”?
FoxOl in the cytoplasm can combine with autophagy asso-
ciated protein 7 (Atg7) and participate in the initiation of
autophagy. Although the role of deacetylation is widely
known, Sir2, the founding member of this family, was initially
described as a  monoADP-ribosyltransferase.”>  The
monoADP-ribosylase activity of sirtuins is thought to be
important for DNA repair, while deacetylase activity pro-
motes gene silencing.”* The only known substrate of
monoADP-ribosylation is poly (ADP-ribose) polymerase
(PARP) 1. SIRT6 activates PARP1 through monoADP-
ribosylation and then initiates DNA damage repair.”> SIRT6
has been reported to promote autophagy through the FoxO1
or IGF-AKT-mTOR pathway. However, SIRT6 regulates the
transposition of HMGBI1 through PARPI1 and participates in
autophagy, this finding that has not been reported at home or
abroad.

PARPI, as a nuclear enzyme, is the most abundant mem-
ber in the PARP superfamily.”® PARP1 catalyzes the transfer
of ADP-ribose moieties from NAD+ to itself and other accep-
tor proteins such as histones, DNA repair proteins, transcrip-
tion factors and chromatin modulators and plays critical roles
in DNA repair, chromatin modulation and transcription.?*™>®
The nonapoptotic cell death induced by DNA-alkylating
agents is dependent on the activation of PARP by ADP-
ribosylation modification; meanwhile, DNA damage is con-
sidered the most effective inducer of PARP1 activation. In
a DNA-alkylation damage model, the activation of PARP1
regulated the nuclear to cytoplasmic translocation of
HMGB1.”>*" Recently, Yang, et al reported for the first time
that PARP1 can promote the acetylation of HMGBI through
polyADP-ribosylation.>!

In a previous study, we demonstrated that the Ulkl-Atg13-
FIP200 complex mediates the migration of HMGBI1 from the
nucleus to the cytoplasm and influences the formation of the
downstream HMGB1-Beclinl complex.'” To further explore
the translocation mechanism of HMGBI, we investigated the
effect of SIRT6-PARPI interaction on HMGB1 ADP-
ribosylation and acetylation, which could mediate chemother-
apy-induced autophagy in leukemic cells by affecting HMGB1
translocation from the nucleus to the cytoplasm.
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Result

PARP1 regulated HMGB1 polyADP-ribosylation, which
subsequently promoted HMIGB1 acetylation

Daunorubicin (DNR), the basic drug for the treatment of
leukemia, caused striking damage to Jurkat and RS4:11 cells.
Cell viability analysis is not shown here. In our previous
research investigating how the ULK-FIP200 complex affects
HMGBI translocation, we found a noteworthy phenomenon
in which the acetylation of HMGBI1 was significantly
enhanced after anticancer therapy, while the acetylation of
HMGBI1 decreased after chemical treatment in FIP200-
silencing cells (Figure 1a). As mention in the introduction,
Yang et al. reported that PARP1 could promote the acetyla-
tion of HMGBI through polyADP-ribosylation,”" therefore, in
order to elucidate the relationship between PARP1 and
HMGBI1, we catalyzed the reactions by using the purified
recombinant HMGB1 protein and PARP1 enzyme in vitro
(The specific method was described in detail in Materials
and methods). As shown in Figure 1b, PARPI1 could catalyze
the PARylation of HMGBI1 and then promoted the acetylation
of HMGBI in vitro. As shown in Figure 1c, in leukemic cells,
the PARylation and acetylation of HMGBI increased signifi-
cantly after DNR treatment. Combining the data in Figure 1,
we concluded that PARPI regulated HMGB1 polyADP-
ribosylation, which subsequently promoted HMGBI1
acetylation.

SIRT6 served as an upstream signal for the activation of
PARP1 through monoADP-ribosylation

To elucidate the possible role of SIRT6-PARPI, SIRT6 or
PARP1 shRNA was transfected into the human leukemic
Jurkat cells line, resulting in the expression of SIRT6 or
PARP1 mRNA, and protein expression decreased significantly
(Figure 2a). PARP1 activity in Jurkat cells was significantly
increased with the prolongation of chemotherapeutic agents,
while PARP1 activity in the SIRT6-silenced cell line did not
change (Figure 2b). These results suggested that the activation
of SIRT6 served as an upstream signal of PARP1 during
autophagy. As mention in the introduction, SIRT6 have two
enzymatic  activities, deacetylation and monoADP-
ribosylation. In our study, we refer to a paper published in
science in 2010.> In that paper, Zhiyong Mao et al developed
an in vivo approach to identify the substrate of SIRT6 mono-
ADP-ribosylation, including the use of biotin-labeled NAD,
a substrate for mono-ADP-ribosyltransferase, as well as the
paraquat pretreatment of wild type and SIRT6 knockout cells.
They found that SIRT6 physically associates with PARP1 and
as the molecular weight of PARP1 immunoprecipitated with
SIRTE is slightly higher than that of the input PARP1 suggest-
ing that PARP1 bound by SIRT6 is mono-ADP-ribosylated. In
our study, we carried out relevant experiments in Jurkat cells,
as shown in Figure 2¢, coimmunoprecipitation indicated that
PARP1 could bind to SIRT6, even without chemotherapy
stimulation, as demonstrated by the appearance of a band in
the second lane. Meanwhile, under DNR stimulation, the
molecular weight of PARP1 immunoprecipitated with SIRT6
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Figure 1. PARP1 regulated HMGB1 polyADP-ribosylation, which subsequently promoted HMGB1 acetylation. (a) Silencing FIP200 reduced chemotherapy-induced
HMGB1 acetylation. Jurkat cells were transfected with control or FIP200 shRNA and then treated with or without DNR (0.4 pM) for 24 hours. The cell lysates were
pulled down with an HMGB1 antibody and immunoblotted with anti-acetylated lysine and HMGB1 antibodies. B-actin was used as a loading control. (b) PARP1 was
required for HMGB1 PARylation and subsequently promoted the acetylation of HMGB1 in vitro. HMGB1 was PARylated and successively acetylated as described in the
Materials and Methods. The reactions were analyzed by western blot. Quantified data are presented (PARylation-HMGB1 or Acetylation-HMGB1/HMGB1, n > 3,
*p < 0.05). HI, heat-inactivation. (c) Chemotherapy-induced autophagy was accompanied by polyADP-ribosylation and acetylation modification of HMGB1. Jurkat cells
and RS4:11 cells were treated with or without DNR (0.4 pM) for 24 hours. The cell lysates were subjected to immunoprecipitation with an HMGB1 antibody followed
by western blot analysis, and then the acetylation or PARylation level was measured using specific antibodies against acetylated lysine or PARylated. B-actin was used
as a loading control. Quantified data are presented (PARylation-HMGB1 or Acetylation-HMGB1/HMGB1/B-actin, n > 3, *p < 0.05).

in lane 4 was slightly higher than that of the input PARP1 in
lane 5 and appeared at approximately 120 kDa. Combined
with reference, we came up with the conjecture that SIRT6
can form a protein complex with PARP1 and catalyze the
monoADP-ribosylation of PARPI.

Silencing of SIRT6 or PARP1 inhibited the translocation of
HMGBT1 and suppressed chemotherapy-induced
autophagy in leukemic cells

In this study, autophagy characterized by LC3 dots was deter-
mined by immunofluorescence staining, and the LC3-II/I
ratio and the sequestosome-1 (SQSTM1/p62) level were ana-
lyzed by western blot. Additionally, we observed ultrastruc-
tural changes via electron microscopy. Based on the western
blot analysis, as shown in Figure 3a, high LC3-II/I expression
induced by chemotherapy, especially when the cells were
treated with the autophagy inhibitor chloroquniene (CQ) in
NC shRNA-treated cells. However, chemotherapy-induced
LC3-II/I expression was significantly inhibited in SITR6 or
PARP1 shRNA-treated cells. What is more, p62, an adaptor
between the autophagy machinery and its substrates, was
degraded in the control group. In contrast, chemotherapy-
induced p62 degradation were significantly inhibited in SITR6
or PARP1 shRNA-treated cells. Transmission electron

microscopy analysis showed that compared with the control
group, SIRT6 or PARP1 shRNA-treated cells had fewer autop-
hagosomes and autophagolysosomes during chemotherapy
(Figure 3b). These results indicated that SIRT6 and PARPI
functions are positive regulators of chemotherapy-induced
autophagy. By detecting the expression of HMGBI, the
expression of HMGBI decreased in the nucleus but increased
in the cytoplasm after DNR treatment in NC shRNA-treated
cells, while this change did not occur with SIRT6 and PARP1
silencing cells (Figure 3a). Immunofluorescence analysis
showed that the translocation of HMGBI1 in Jurkat cells was
consistent with western blot analysis (Figure 3c). As shown in
Figure 3, we concluded that activation of the SIRT6-PARP1
complex induces the translocation of HMGBI1 from the
nucleus to the cytoplasm and chemotherapy-induced
autophagy.

SIRT6-PARP1 complex was related to the
polyADP-ribosylation and acetylation of HMGB1

Considering the significant decrease in HMGBI translocation
in the absence of SIRT6 or PARP1, we next sought to define
the mechanisms involved in greater details. Therefore, we
immunoprecipitated the cell lysates with an antibody against
HMGBI1, and these immunoprecipitation proteins were



CANCER BIOLOGY & THERAPY e 323

a 1.5

=)
<10 PARP-1 SIRT6
< T — — —
=
% Actin . S e Actin S S S

PARP-1-shRNA — — + SIRT6-shRNA —  — +

NC-shRNA — + — NC-shRNA — + —
b c
2 37 BB NC-shRNA-Jurkat e & 3
= y - > & A\ R
.; SIRT6-shRNA. Jurkat* \Q@ %\?~ \QO %\Q~ \(\Q
Q
< — 150kDa
< PARP1 e . <—Mono-ADP ribosylated
o B it it =— 100kDa
m "
<
2 DNR — - 4+ +
8h

2h 4h

Oh

Figure 2. SIRT6 served as an upstream signal for the activation of PARP1 through monoADP-ribosylation. (a) PARP1 or SIRT6 in Jurkat cells was successfully depleted.
Jurkat cells were transfected with control, PARP1 or SIRT6 shRNA. The mRNA and protein levels of PARP1 or SIRT6 were assessed via RT-gPCR or western blot
analyses, respectively (n > 3, *p < 0.05). AU, arbitrary unit. The mock group was set as 1. (b) The activation of PARP1 induced by DNR was depressed in SIRT6-
silencing cells. Cells were exposed to 0.4 uM DNR. The activity of PARP1 was measured by cell ELISA (n > 3, *p < 0.05 compared with the control group without DNR
treatment). (c) SIRT6 and PARP1 formed a protein complex, and SIRT6 catalyzed the monoADP-ribosylation of PARP1. Jurkat cells were treated with or without DNR
(0.4 uM) for 24 hours. The cell lysates were immunoprecipitated with an anti-SIRT6 antibody and immunoblotted with an anti-PARP1 antibody.

immunoblotted with special anti-polyADP-ribosylation and
anti-acetylation antibodies. As shown in Figure 4, we observed
a basic level of polyADP-ribosylation and acetylation of
HMGBI without DNR stimulation, while the above modifica-
tions of HMGBI increased after DNR treatment. However, by
silencing SIRT6 or PARP1, the above trend disappeared, and
the polyADP-ribosylation and acetylation of HMGBI after
DNR treatment were maintained at the basic level. We
demonstrated that silencing SIRT6 and PARPI1 could inhibit
the polyADP-ribosylation and acetylation of HMGBI.

PARylation of HWGBT1 facilitated its acetylation and
promoted HVIGB1 translocation-related autophagy

Referring to the study of Bonaldi T et al., which found that the
migration of HMGBI1 depended on the acetylation of some
special lysine residues, we mutated the lysine residues at
28,29,30,180,182,183,184 and 185 in HMGBI into alanine as
mutant typel cells (HMGB1™™)."” Ditsworth D et al. and
Davis K et al. found that HMGB1 is PARylated by PARP1 and
released from the nucleus; therefore, we mutated the gluta-
mate residues at 40,47 and 179 into alanine as mutant type2
cells (HMGBIM™), as the above glutamate residues were
found to be frequently modified.***” The expression of lenti-
virus was detected by western blot with an anti-Flag antibody.
As shown in Figure 52, HMGB1M™!, HMGB1™"™* and wild-
type Jurkat cells (HMGB1™7Y) were successfully constructed.
Compared with high PARylation and acetylation of HMGB1
in HMGB1"! and normal control Jurkat cells (HMGBlNC)
after DNR treatment, the expression of PARylated HMGBI
was not affected in HMGBI™™', while the acetylation of

HMGBI was significantly reduced. In HMGB1™"2, not only
the expression of PARylated HMGBL1 but also the acetylation
level of HMGBI significantly decreased after DNR treatment,
which indicated that the PARylation of HMGBI1 might facil-
itate its acetylation (Figure 5b). By using immunoblotting, we
found that the expression of HMGB1 in HMGB1Y' and
HMGBIN® cytoplasm increased after DNR treatment, but
these changes were not observed in HMGBIM' and
HMGB1MT? (Figure 5c). Moreover, through the indirect
immunofluorescence labeling of HMGBI, the green fluores-
cence relocated to the cytoplasm in HMGBIY' and
HMGB1N“after DNR treatment, while HMGBI™™ and
HMGB1M™ did not respond to DNR treatment, and the
green fluorescence remained nuclear (Figure 5e). According
to western blot analysis, LC3-II showed high expression and
p62 showed low expression after DNR treatment in
HMGB1W" and HMGBIN, which indicated an increased
level of autophagy; however, the changes in LC3-II and p62
were not observed in HMGBIM™' and HMGB1™"*(Figure
5¢). Based on transmission electron microscopy analysis that
compared HMGB1W' and HMGBIN®, HMGBI™™ and
HMGB1M™ had fewer autophagosomes and autophagolyso-
somes during chemotherapy, which was consistent with the
results of the western blot analysis (Figure 5d). Blocking the
acetylation and PARylation of HMGBI significantly reduced
its chemotherapy-induced migration from the nucleus to the
cytoplasm and inhibited the generation of autophagy during
chemotherapy in Jurkat cells. These data indicated that the
PARylation of HMGBI1 might influence its acetylation, which
could promote HMGBI translocation and ultimately promote
chemotherapy-induced autophagy of leukemic cells.
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Figure 3. Silencing of SIRT6 or PARP1 inhibited the translocation of HMGB1 and suppressed chemotherapy-induced autophagy in leukemic cells. (a) The
chemotherapy-induced autophagy and transition of HMGB1 were depressed in SIRT6 or PARP1 shRNA-treated cells. Jurkat cells were transfected with control,
PARP1 or SIRT6 shRNA followed by the presence or the absence of DNR (0.4 uM) or CQ (10uM) for 24 hours. The cell lysates were subjected to western blot to detect
the expression of LC3-1I/l and p62. Furthermore, the cell lysates were separated into cytosolic and nuclear fractions. Cytosolic and nuclear proteins were subjected to
western blot and detected with an HMGB1 antibody. B-actin and lamin B were used as loading controls. Quantified data are presented (p62 or LC3-II/I/B-actin, nuc-
HMGB1/lamin B, cyt-HMGB1/B-actin, n > 3, *p < 0.05). CQ: chloroquine, Cyt: cytoplasm, Nuc: nucleus. (b) Autophagosomes and autophagolysosomes in SIRT6 or
PARP1 shRNA-treated cells were less numerous than in the NC control group during chemotherapy. Jurkat cells were transfected with control, PARP1 or SIRT6 shRNA
followed by the presence or the absence of DNR (0.4 pM) for 24 hours. The cells were subjected to transmission electron microscopy to observe autophagosome-like
structures (indicated by the red arrows). (c) The absence of SIRT6 or PARP1 depressed the translocation of HMGB1 from the nucleus to the cytoplasm. Jurkat cells
were transfected with control, PARP1 or SIRT6 shRNA followed by the presence or the absence of DNR (0.4 uM) for 24 hours. Intracellular HMGB1 was stained by
immunofluorescence and subjected to confocal microscopic analysis to detect the location of HMGB1 (green: HMGB?1; blue: nucleus). Quantified data are presented.
UT: untreated group.

Discussion phosphorylation during autophagy and facilitates the forma-

tion of the PI3KC3-Beclinl complex, which plays an essential

HMGBI is a non-histone chromatin-binding nuclear protein
that was found in calf thymus 40 years ago. Now, we have
found that HMGBI also exists in the cytoplasm and can be
secreted into the extracellular space.'>*® The complex func-
tions of HMGBI in tumorigenesis and treatment have been
reported to depend on its subcellular location: (1) nuclear
HMGBI induces the apoptosis of tumor cells by participating
in the transcription of heat shock protein f1 (Hsp-fl1); (2)
cytosolic HMGBI1 is bound to Beclinl following Bcl-2

role in the formation of the autophagosome; and (3) extra-
cellular HMGB1 promotes tumor cells growth, invasion and
metastasis by maintaining autophagy and inhibiting apoptosis
by binding to receptor for advanced glycation end products
(RAGE), which is always overexpressed on tumor cells. ! 11629
Our previous study showed that the function of Ulkl-Atgl3-
FIP 200 complexes upstream of HMGBI1-Beclinl and
PI3KC3-Beclinl  complexes is related to HMGBI
translocation.
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Figure 4. The SIRT6-PARP1 complex was related to the polyADP-ribosylation and acetylation of HMGB1. Jurkat cells were transfected with control, PARP1 or SIRT6
shRNA with or without DNR (0.4 pM) treatment for 24 hours. The cell lysates were pulled down with an HMGB1 antibody and immunoblotted with anti-acetylated
lysine, anti-PARylation or HMGB1 antibodies. B-actin was used as a loading control.

However, the specific mechanism of HMGBI transposition
is still unclear. Previous studies have shown that translocation
and secretion of HMGB1 may involve but not be limited to
the following mechanisms: posttranslational modifications,
the calcium signaling pathway, reactive oxygen species
(ROS) signaling pathway, JAK-STAT signaling pathway, p53
pathway, and the inflammasome pathway.>*> In our study,
we observed that silencing the ULK1-FIP200 complex inhib-
ited the translocation of HMGBI1 from the nucleus to the
cytoplasm and that the acetylation level of HMGBI1 decreased
during this process (Figure 1a). This interesting phenomenon
attracted our attention to the posttranscriptional modification
of HMGBI. Posttranscriptional modification includes methy-
lation, acetylation, phosphorylation and ADP-ribosylation.
Acetylation is considered a prerequisite for the migration of
HMGBI to the cytoplasm.>* Sterner R et al. found that
HMGBI1 could be acetylated on lysines 2 and 11, and
Bonaldi T et al. identified 17 acetylated lysine residues and
indicated that two sets of lysine residues in nuclear localiza-
tion sequence (NLS)1 and NLS2 appeared to be acetylated
concomitantly in HMGB1."> Lu B et al. identified that JAK/
STAT1 played a key role in HMGBI1 hyperacetylation and
cytoplasmic accumulation.” In our study, we mutated eight
lysines into alanines (which cannot be modified) in
HMGBIM'; surprisingly, the translocation of HMGBI was
affected. In HMGBI1™™, the expression of HMGB1 in the
cytoplasm was lower than that in HMGBIW' and
HMGBINC. At the same time, autophagy was also inhibited
in HMGB1M™! (Figure 5). Therefore, we concluded that the
alternative subcellular location of HMGBI1 depended on
acetylation.

HMGBI has previously been characterized as a receptor
protein for poly (ADP)-ribosylation.’"*® PARP1 can cata-
lyze the transfer of ADP-ribose moieties from NAD" to the
glutamic acid residues of acceptor proteins, thereby result-
ing in O-linked PAR, and PARP1 is the master regulator of
PARylation.”” There have been reports that LPS induces
PARP1 activation in macrophage cells and ultimately
releases HMGB1 from the nucleus as HMGBI via
PARylation by PARP1. As showed in Figure Ic,

chemotherapy-induced polyADP-ribosylation and acetyla-
tion of HMGBI increased which showed the same trend in
leukemic cell lines. Therefore, it is reasonable to believe that
the polyADP-ribosylation of HMGB1 may affect its acetyla-
tion modification. In order to eliminate the influence of
other intracellular factors on acetylation modification, we
established an enzyme reaction system in vitro according to
previous research.”® In this system, polyADP-ribosylation of
HMGBI in the PARPI group was significantly upregulated,
and the acetylation level of HMGBI1 was also significantly
higher than that in the control group (Figure 1b). In the
vitro enzyme reaction system, the only reason for the dif-
ference in acetylation level is the different levels of
polyADP-ribosylation of HMGBI1. Therefore, according to
Figure 1lc and 1b, we concluded that the polyADP-
ribosylation of HMGB1 promoted its acetylation.

However, the mechanism underlying the acetylation mod-
ification of HMGBI is unclear, although a few studies have
obtained preliminary results. Bonaldi T et al. showed that the
mutation of some special lysine residues into alanines, which
cannot be acetylated, in the HMGB1 NLS site rendered
HMGBI unable to be transposed. Ditsworth D et al. demon-
strated that the C-terminal of HMGBI1 was a potential target
for polyADP-ribosylation by PARP]I, as glutamic acid residues
were abundant in the C-terminus, but he also observed that
both full-length and truncated HMGBI1 can be modified by
PARP1.%® Although the glutamate-rich C-tail is not the only
substrate for PARP1, it plays an important role in this process.
The A-box may also be involved in the process, but the
specific modification sites need to be further studied.
Another study demonstrated that PARP1 decreased HDAC
activities, whereas CREB binding protein (CBP)/p300 and
PCAF were activated, which resulted in the hyperacetylation
of HMGBI1.>**® Therefore, we believed that the posttransla-
tional modifications in the NLS of HMGBI played an impor-
tant role in regulating the subcellular localization of
intracellular protein, directing its localization.’>** However,
previous studies failed to mention the relationships among
PARPI1, PARylation and acetylation of HMGBI. Consistently,
our study showed that in leukemic cells, PARP1 regulated the
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Figure 5. PARylation of HMGB1 facilitated its acetylation and promoted HMGB1 translocation-related autophagy. (a) HMGB1™™, HMGB1™™, HMGB1"" were
successfully constructed. HMGB1M™, HMGB1M™, HMGB1"T, HMGB1N® and Jurkat cells were subjected to western blot analysis to detect the expression of lentivirus
with a specific anti-Flag antibody. Tubulin was used as a loading control. (b) Jurkat cells were transfected with lentivirus, and then HMGB1"®, HMGB1M™, HMGB 1™
and HMGB1"" were treated with or without DNR (0.4 uM) for 24 hours. The cell lysates were pulled down with an HMGB1 antibody and immunoblotted with anti-
acetylated lysine, anti-PARylation and HMGB1 antibodies. 3-actin was used as a loading control. Quantified data are presented (PAR¥Iation—HMGB1 or Acetylation-
HMGB1/HMGB1/B-actin, n > 3, *p < 0.05). (c) Jurkat cells were transfected with lentivirus, and then HMGB1NS, HMGB1™™ HMGB1™'? and HMGB1™"T were treated
with or without DNR (0.4 uM) for 24 hours. The cell lysates were subjected to western blot to detect the expression of LC3-Il/l and p62. Furthermore, the cell lysates
were separated into cytosolic and nuclear fractions. Cytoplasmic proteins were subjected to western blot and detected with an HMGB1 antibody. B-actin and lamin
B were used as loading controls. Quantified data are presented.

(062, LC3-II/1 or cyt-HMGB1/B-actin, n > 3, *p < 0.05). Cyt: cytoplasm. (D) Jurkat cells were transfected with lentivirus, and then HMGB1N®, HMGB1™™", HMGB1"" and
HMGB1"T were treated with DNR (0.4 uM) for 24 hours. The cells were subjected to transmission electron microscopy to observe autophagosome-like structures
(indicated by the red arrows). Quantified data are presented. (E) Jurkat cells were transfected with lentivirus, and then HMGB1NS, HMGB1""', HMGB1"™ and
HMGB1"T were treated with or without DNR (0.4 um) for 24 hours. Intracellular HMGB1 was stained by immunofluorescence and subjected to confocal microscopic
analysis to detect the location of HMGB1 (green: HMGB1; blue: nucleus). MT: mutant type; WT: wild type; NC: normal control; UT: untreated group.

translation of HMGBI to the cytoplasm by upregulating the
acetylation of HMGBI1 (Figures 3a,c, and 4). Unlike the
mechanisms mentioned above, we hypothesized that
PARylation of the glutamic acid residues would expose the
acetylation site, promote the acetylation of lysine residues of
HMGBI, and then affect the nuclear localization of HMGBI.

As mentioned previously, the most effective inducer of
PARP1 activation is DNA damage, and the only known sub-
strate for monoADP-ribosylation of SIRT6 is PARP1.*>** In
our study, we found that knockdown of SIRT6 or PARP1 gene

expression significantly inhibited HMGBI1 cytoplasmic trans-
location and autophagy (Figure 3). In previous studies,
Lombard DB, Toiber D, et al. and McCord RA et al. indicated
that SIRT6 executed its antiaging function by participating in
DNA double strand break (DBS) repair.*’™ Xu Z et al
demonstrated that SIRT6 contributed to the maintenance of
genomic stability in a PARPI1-dependent manner.** Van
Meter M et al. suggested that SIRT6 physically associated
with PARP1, leading to the stimulation of PARP1 polyADP-
ribose polymerase activity and enhancing DSB repair under



oxidative stress.”” The activity of SIRT6 deacetylase is weak,
but point mutants with monoADP-ribosylation activity could
strongly stimulate PARP1 at lysine 521.>"*° In our study, we
also demonstrated that SIRT6 not only acted upstream of
PARP1 but also formed a protein complex with PARPI.
SIRT6 associated with PARP1 directly and catalyzed PARP1
monoADP-ribosylation, which was necessary for PARPI
activity (Figure 2). Furthermore, by combining the results
shown in Figures 3-5, these data demonstrated that the
SIRT6-PARP1 complex was associated with HMGBI1 via
polyADP-ribosylation =~ and  acetylation = modification.
Meanwhile, the polyADP-ribosylation of HMGBI1 promoted
its acetylation, which led to the translocation of HMGBI.

As cancer is becoming one of the biggest problems world-
wide, chemotherapy is playing an important role in anticancer
therapy, and the pivotal cellular target of chemotherapy is
genomic DNA. The induction of autophagy is a common
response to multiple forms of chemotherapy, including
DNR, and the role of autophagy is complex.” Autophagy,
a lysosome-dependent degradation process, has been demon-
strated to be involved in DNA damage by Czarny P et al. and
Qiang L et al.*>*® Shao J et al. and Takasaka et al. reported
that SIRT6 induced autophagy by targeting the AKT/mTOR
signaling pathway under oxidative stress damage.””** Lee
et al. found that SIRT6 was associated with HMGBI1 release
after cerebral ischemia.*” Rodriguez V et al. and Munoz
G et al. reported that PARPI activation induced by DNA
damage was involved in amplifying cytoprotective autophagy
in cancer cells.”® Furthermore, Yang, M et al. demonstrated
that PARP1-mediated HMGB1 PARylation was required for
TNFSF10-induced HMGB1 cytoplasmic translocation and
autophagy.’ Kang R et al. observed that upregulated
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HMGBI expression or HMGBI release contributed to drug
resistance in several cancer cells, such as leukemia, colon
cancer and liver cancer cells.>> Meanwhile, in our previous
study, the complex function of HMGBI in tumor develop-
ment and therapy was reported to depend on its subcellular
location. Unfortunately, the functions of SIRT6, PARP1 and
HMGBI in chemotherapy-induced autophagy in ALL remains
underestimated, and the interplay among them has garnered
little attention.

By combining previous data with our present results, we
have elucidated the process of chemotherapy-induced autop-
hagy in leukemic cells, showing that the translocation of
HMGBI1 was the most critical step during this process and
demonstrating that the SIRT6-PARPI-HMGB1 pathway
mediated chemotherapy-induced autophagy in leukemic
cells. In conclusion, SIRT6 activated PARP1 by monoADP-
ribosylation, thus promoting PARP1 to modify HMGB1 by
polyADP-ribosylation, which subsequently enhanced the acet-
ylation of HMGBI1 and finally promoted the autophagy of
leukemic cells, mediated by the translocation of the HMGBI1
(Figure 6). By considering the results shown in Figure 4, we
found a notable phenomenon in which the levels of polyADP-
ribosylation and acetylation of HMGBI1 did not decrease
below the baseline level in SIRT6 or PARPI silenced cells
after DNR treatment. We speculated that the SIRT6-PARP1
pathway may not be the only HMGBI translocation-related
modification channel; thus, further research is needed.

This study mainly focuses on the mechanism research of
HMGBI translocation-related chemotherapy-induced autop-
hagy. In the next step, we will continue to explore whether
SIRT6-PARP1-HMGBI1 contributes to chemotherapy resis-
tance. What is more, it is of great significance to further
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Figure 6. Schematic representation of the potential HMGB1-translocation related chemotherapy-induced autophagy in leukemia. Under stress condition, SIRT6 was
activated, SIRT6 not only served as an upstream signal of PARP1, but also formed the complex with PARP1. SIRT6 activated PARP1 through monoADP-ribosylation
and the activated PARP1 modified HMGB1 by polyADP-ribosylation, which subsequently enhanced the acetylation of HMGB1 and promoted the translocation of the
HMGB1 from nucleus to cytoplasm. The translocation of HMGB1 was the most critical step during this process and mediated chemotherapy-induced autophagy in

leukemic cells.
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explore the drug resistance mechanism of various commonly
used chemotherapy drugs and verify it with various leukemia
cell lines. By further understanding these mechanisms and
signaling pathways, we are likely to open up new avenues
for the development of targeted therapies for drug-resistant
leukemia.

Materials and methods

Antibodies and reagents The antibody to streptavidin was
obtained from Santa Cruz (sc-363872). The antibody to PAR
(4336-BPC-100) was obtained from Trevigen. The antibodies
to acetylated lysine (9441S), rabbit mAb IgG XPTM isotype
control (3900S), PARP1 (5625T), and SIRT6 (12486S) were
obtained from Cell Signaling Technology. The antibodies to
HMGB1 (H9539), p62 (P0067), and LC3 (L8918) were
obtained from Sigma-Aldrich. The antibodies to p-actin
(7D2C10), lamin B (12987-1-AP), and tubulin (11224-1-AP)
were obtained from Proteintech. The secondary antibodies,
including sheep anti-mouse IgG-HRP (RM3001), sheep anti-
rabbit IgG-HRP (RM3002) were obtained from Beijing Ray
Antibody Biotech. FITC-conjugated secondary antibody (ZF-
0134) was obtained from Zsbio Commerce Store. IPKine HRP
AffiniPure Goat Anti-Rabbit IgG Light Chain (Abbkine
A25012) was used as a secondary antibody at a dilution of
1:10000 for detecting target proteins without interference
from denatured IgG in the western blot. Daunorubicin
(DNR) was purchased from MedChemExpress and chloroqu-
niene (CQ) was purchased from Sigma-Aldrich.

Cell culture The human acute leukemic cell line, Jurkat
cells and RS4:11 cells were purchased from the Type Culture
Collection of the Chinese Academy of Sciences, Shanghai,
China. Jurkat cells and RS4:11 cells were grown in RPMI-
1640 (Gibco) with 10% fetal bovine serum (FBS; HyClone),
2 mM L-glutamine, and 1% penicillin/streptomycin
(HyClone) at 37°C in 5% CO, air.

Western blot analysis Cells with different treatments were
lysed in RIPA buffer (Beyotime Institute of Biotechnology)
with protease inhibitor mixture. After boiling for 10 min with
Laemmli buffer, the samples were resolved by denaturing 10%
or 12% sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene
fluoride membrane (PVDEF; Millipore Billerica). After block-
ing with 5% nonfat dried milk in phosphate-buffered saline
(PBS; Sigma-Aldrich) for 1 hour at room temperature and
washing with TBS containing 1% Tween 20 (TBST; Sigma) 3
times, the membranes were incubated with primary antibo-
dies at a dilution of 1:1000 overnight at 4°C. After washing
thrice with TBST, secondary antibodies were applied at
a 1:5000 dilution for 1 hour at room temperature and then
washed in TBST thrice for 10 min. The blots were detected
with enhanced chemiluminescence reagent (Millipore) by G:
BOX XT4 (Syngene).

PARylation and acetylation of proteins in vitro PARylation
was done using biotin-NAD instead of (**P)NAD.?® The reac-
tion was performed in 30 ul of mix buffer containing 50 mM
Tris-HCI (pH 8.0), 25 mM MgCl,, 5 pg of PARP-activated DNA

(R&D Systems), 20 uM 6-biotin-17-NAD (R&D Systems), and
3 pg of purified recombinant HMGBI protein (R&D Systems).
One microliter of PARP1 enzyme (Trevigen, highly specific
activity enzyme) was added to the reaction and then incubated
at room temperature for 30 min. The acetylation reaction was
performed in 30 ul of HAT buffer including 50 mM Tris-HCl
(pH 8.0), 10% glycerol, 1 mM DTT, 1 mM PMSF, 10 mM
sodium butyrate, 1 mM acetyl CoA (Sigma), and 3 g of purified
recombinant HMGB1 protein. One microliter of CBP (Merck-
Millipore) catalytic domain was added at room temperature for
30 min. For successive acetylation, 30 pl mixtures of products
from the control group and the experimental group after the
PARylation reaction in the last step were precipitated with a 20%
final concentration of trichloroacetic acid (TCA; Sigma) at —20°
C overnight. After rotation at 12000 g for 15 min, the solutions
were washed with cold acetone three times and dissolved in 5 ul
of TE buffer (pH 8.0). Heat-inactivated enzyme was used as
a control treatment. Loading buffer was added to stop the reac-
tion, and samples were boiled for 10 min. The samples were
analyzed by SDS-PAGE.

Lentivirus infection Experiments were performed in 6-well
plates at a density of 5 x 10° cells/well. Lentiviruses were pur-
chased from Genepharma (Shanghai, China) and Obio
Technology (Shanghai, China). Transfection was conducted
with lentivirus using 5 pg/ml polybrene and selected with
1 pg/ml puromycin, following the protocol. The efficiency and
specificity of shRNA gene knockdown of target proteins were
detected by RT-qPCR and western blotting, and the cells were
used in subsequent experiments. The optimal target sequence for
SIRT6 was 5'-GGGACAAACTGGCAGAGCT-3', for PARPI was
5'- CAGAACGACCTGATCTGGAACATCA-3' and for control
was 5-TTCTCCGAACGTGTCACGTAA-3". In this paper, the
lysine residues were mutated at amino acids 28, 29, 30, 180, 182,
183, 184 and 185 in HMGBI to alanine in order to generate
mutant type-1 cells (HMGBIM™), and the glutamate residues
were mutated at amino acids 40, 47 and 179 to alanine to generate
mutant type-2 cells (HMGB1™"?).

PARP activity assay The activity of PARP was mea-
sured by cell ELISA. A total of 5 x 10" cells was plated in
96-well plates. After incubation at 37°C for 30 min in 100
ul of PARP buffer with 0.01% digitonin and 10 pM
biotin-NAD", cells were treated with 200 pl of 95% etha-
nol at —20°C for 10 min. Then, cells were washed once
with PBS and blocked in 1% BSA for 30 min. After that,
cells were incubated in 50 ul of streptavidin-HRP (1:500)
at 37°C for 30 min. Cells were washed three times with
PBS, followed by incubation in 100 pl of TACS-Sapphire
for 15 min at room temperature. The reaction was
stopped by 1M H,SO,. The absorbance was detected at
450 nm with a microplate reader.

Immunoprecipitation analysis Whole-cell lysates (1000
ug) harvested in RIPA buffer were precleared with Protein
G Magnetic Beads (Bimake) for 1 hour at room temperature.
The precleared samples were then incubated with normal,
nonspecific IgG (control group) or specific antibodies (5 ug/
ml) overnight at 4°C to form the immune complexes. The
next day, the samples were applied in a Protein G Magnetic



Bead reaction. After washing 3 times with sample wash buffer,
the samples were eluted under denaturing conditions in 50ul
of 2 x SDS sample buffer and analyzed by western blot as
previously described.

Quantitative real-time PCR(RT-qPCR) Cells were har-
vested in 1 ml TRIzolreagen (Takara Bio Inc, Otsu, Shiga,
Japan). The final RNA pellet was dissolved in 50 ul of nucle-
ase-free water and then reverse-transcribed into cDNA. The
sequences of primers used were as follows: GAPDH: forward,
5'-GGTCGGAGTCAACGGATTTGGTCG-3' and reverse, 5'-
CCTCCGACGCCTGCTTCACCAC-3/, for SIRT6: forward 5'-
GCAGTCTTCCAGTGTGGTGT-3' and reverse 5-CCAT
GGTCCAGACTCCGT-3', for PARPI: forward 5-CGGAGT
CTTCGGATAAGCTCT-3" and reverse 5-TTTCCATCAA
ACATGGGCGAC-3'". Reactions were carried out in a Roche
Light Cycler 480 system (Roche Diagnostics GmbH,
Mannheim, Germany) with a SYBR Premix ExTaq kit
(Takara Bio Inc., Otsu, Shiga, Japan). With the pmAAct
method. Data were normalized to GAPDH expression. The
control group was set as 1.

Preparation of cytoplasmic and nuclear extracts
Cytoplasmic and nuclear extracts were prepared using the
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime
Institute of Biotechnology) according to the manufacturer’s
instructions. First, cells were washed in ice-cold PBS and then
resuspended in 200 pl of ice-cold cytoplasmic extraction buf-
fer A with 1% protease inhibitor cocktail (Bimake) for 10 min.
After incubation with cytoplasmic extraction buffer B for
1 min in an ice bath and vortexing for 5 s, cell lysates were
centrifuged at 12000 g for 5 min at 4°C. Supernatants were
aliquoted and stored at —80°C. Nuclear pellets were washed
with PBS three times and then resuspended in 50 yul of nuclear
extraction buffer. After vortexing four times for 15 s every
7 min, lysates were centrifuged at 12000 g for 5 min at 4°C.
Nuclear extracts were aliquoted and stored at —80°C.

Immunofluorescence analysis Different cells were fixed
with 4% formaldehyde for 15 min and washed three times
with PBS. After permeabilizing in 0.3% Triton X-100 in PBS
for 10 min, cells were incubated in blocking buffer for 1 hour
at room temperature. Then, the cells were incubated with
primary antibody in 1% BSA overnight at 4°C. Cells were
washed three times with 1% Tween in PBS followed by incu-
bation with FITC-conjugated secondary antibody for 1 hour
at room temperature in the dark and then with DAPI for
5 min. After another three washes, the cells were resuspended
and added to a laser confocal Petri dish. Images were acquired
with a confocal microscope (Carl Zeiss Inc).

Transmission electron microscopic analysis 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 hours, fol-
lowed by 1% OsO,. After dehydration, thin sections (50--
80 nm) were stained with uranyl acetate and lead citrate
respectively at 4°C for 15 min, and observed by Tecnai G2
Spirit Twin election microscope (FEL Hillsboro, OR, USA).

Statistical analysis All data are expressed as the mean +
standard deviation (SD). Statistical analysis was performed
using Student’s t-test. A value of P < 0.05 was regarded as
statistically significant. All statistical analyses were conducted
by SPSS version 18.0 software (SPSS, Inc).
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