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and apoptosis in response to genotoxic stress
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ABSTRACT:Highmobility groupbox-1 (HMGB1) is involved in various diseases and is associatedwith the resistance
of many types of human cancers to chemotherapy; however, its role in cancer metastasis remains unexplored. This
study examined theHMGB1 status of both highly and poorlymetastatic cancer cells in response to genotoxic stress.
The weakly and highly metastatic mouse melanoma cell lines (B16 vs. B16-F10), human melanoma cell lines (SK-
MEL-28vs. SK-MEL-24), colon cancer cell lines (DLD-1 vs. LS174T), andwild-type (WT) vs.HMGB1knockout (KO)
mouse embryonic fibroblasts (MEFs) were treated with doxorubicin (Dox) and camptothecin (CPT), and then
cellular morphology, senescence-associated b-galactosidase staining, lactate dehydrogenase release, and caspase-3
activation were used to assess cell fate. To investigate the role of HMGB1 in p21 expression, HMGB1 and p21
expressions were examined by Western blotting, and the HMGB1-mediated p21 promoter luciferase assay was
performed after small interfering RNA or overexpression of HMGB1 prior to Dox treatment. Although highly
metastatic mouse melanoma B16-F10 cells preferred senescence, with persistent HMGB1 expression, poorly met-
astatic B16 cells entered apoptosis, with decreasing HMGB1 levels via cleavage under Dox treatment. Similarly,
more metastatic human melanoma SK-MEL-24 and human colon cancer LS174T cells underwent senescence,
whereas fewer metastatic melanoma SK-MEL-28 and DLD-1 cells exhibited apoptosis under Dox stimulation. In
senescent B16-F10, SK-MEL-24, and LS174T cells treatedwithDox, p21 levelswere increased by persistentHMGB1
expression. Furthermore, HMGB1 depletion caused a senescence-apoptosis shift with p21 down-regulation in
B16-F10 cells, andHMGB1overexpression switched fromapoptosis to senescence concomitantlywith increasedp21
expression in B16 cells after Dox treatment. The same effects were observed in both cell pairs of mousemelanoma
and human colon cancer cells treated with CPT, another genotoxic stressor. Indeed, although WT MEF entered
senescence accompaniedbyp21 increase,HMGB1KOunderwent apoptosiswithp21decreasebyDox treatment. In
our cellmodel system,we demonstrated that highlymetastatic cancer cells preferentially enter senescence,whereas
apoptosis predominates inweaklymetastatic cancer cells under genotoxic stress,which depends on the presence or
absence of HMGB1, suggesting that the HMGB1-p21 axis is required for genotoxic stress–induced senescence.
These findings suggest that HMGB1modulation of cancers with different metastatic status could be a strategy for
selectively enforcing tumor suppression.—Lee, J.-J.,Park, I.H.,Rhee,W. J.,Kim,H.S., Shin, J.-S.HMGB1modulates
the balance between senescence and apoptosis in response to genotoxic stress. FASEB J. 33, 10942–10953 (2019).
www.fasebj.org
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Cancer is a complex disease characterized by higher pro-
liferation than that in normal cells and resistance to cell
death, including apoptosis (1). Targeting cell proliferation
through genotoxic agents or ionizing radiation (IR) is a
common cancer treatment strategy that induces DNA
damage and leads to cell cycle arrest or cell death. The
variousavailable anticancer agents result indifferent types
of DNA damage and have differentmechanisms of action
(2). Some highly metastatic tumor cell populations are
characterized by an increased rate of mutation, which can
lead to drug resistance (1).

Apoptosis and senescence are natural cellular re-
sponses formaintaining cellular homeostasis in the face of
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stimuli and are deregulated in various diseases, including
cancer (3, 4). Senescence is a process of irreversible cell
cycle arrest causing morphologic changes and high-level
expression of cell cycle inhibitors (5). Conventional cancer
treatments, includingchemotherapyandradiation, induce
senescence in tumors (6, 7). Furthermore, tumor cells re-
sistant to apoptosis often respond to chemotherapy by
entering a state of premature senescence (8), and senes-
cence induction could function as an alternative antitu-
mor mechanism in apoptosis-resistant tumors (3, 4, 7).
However, frequent mutations and inactivation of key cell
cycle regulators, such as retinoblastoma protein, p16, p53,
or p21, promote the bypassing of senescence pathways in
tumor cells (9, 10). Therefore, activation of a senescence
program that is independent of canonical pathways, such
as p53-p21 or pRB-p16 signaling, could increase thera-
peutic efficacy (11, 12). Integrationof senescence anddeath
signals determine the cell fate, and various cancer cells
undergo apoptosis or senescence upon exposure to stress
(3, 4). Hence, it is important to unveil preciselywhy cancer
cells respond differentially to various chemotherapeutic
agents. The specific wiring of each cancer cell type deter-
mines whether the first response to radiotherapy or che-
motherapy will be senescence or apoptosis. The reported
molecular factors determining these fates are the p53-p21
axis, phosphatase and tensin homolog–PI3K–protein ki-
nase B–mechanistic target of rapamycin signaling, and the
degree ofmacromolecular damage induced. A differential
preference for p53-mediated apoptosis or senescence-
specific target genes can also direct cell fate (4).

High mobility group box-1 protein (HMGB1) is a con-
served nuclear protein involved in transcription, genomic
stability, and DNA repair. In addition, HMGB1 also
functions as an extracellular signaling molecule and
damage-associated molecular pattern molecule during
inflammation, cell differentiation, cell migration, cell
proliferation, and tumor development (13–15). Over-
expression of HMGB1 has been associated with pro-
liferation and metastasis of many tumor types. However,
HMGB1 has also been reported to suppress tumorigenesis
in some cases (13, 14). In addition, recent emerging evi-
dence points to a role of HMGB1 as a marker, central
mediator, or enhancer of senescence (15–17).

Although senescence is currently considered an alter-
native tumor-suppressivemechanism, recent research has
raised the questionofwhether senescence inductionmight
be a more beneficial strategy over apoptosis and points to
the need for identifying the underlying factors and
mechanisms that determine cell fate between apoptosis
and senescence (3, 4). We sought to tackle these questions
in the present study by examining the response (senes-
cence or apoptosis) to genotoxic stress in highly and
weaklymetastatic cancer cells using the status ofHMGB1.

MATERIALS AND METHODS

Cell culture, transfection, and reagents

Mousemelanoma B16, B16-F10, andmouse embryonic fibroblast
(MEF) cellswere cultured inDMEM.Human colon cancerDLD-1

and LS174T cells were grown in Roswell ParkMemorial Institute
1640 medium. All media were supplemented with 10% fetal bo-
vine serum (Thermo Fisher Scientific, Waltham, MA, USA) and
1% penicillin-streptomycin (Thermo Fisher Scientific). Myc-tag-
ged HMGB1 gene was inserted into the pCMV plasmid for
mammalian cell expression. WWP-Luc (p21/WAF1 promoter,
plasmid 16451) was purchased from Addgene (Watertown, MA,
USA). Plasmids and small interfering RNA (siRNA) transfections
were carried out using Fugene HD reagent (Promega, Madison,
WI, USA) and RNAiMax (Thermo Fisher Scientific) as recom-
mended by the manufacturers. HMGB1 antibodies (ab18256,
ab79823)wereobtainedfromAbcam(Cambridge,MA,USA),and
p21 antibody (556431) was purchased from BD Biosciences
(Franklin Lakes, NJ, USA). Antibodies for p53 (DO-7, SC-47698),
glyceraldehyde 3-phosphate dehydrogenase (G-9, SC-365062),
horseradish peroxidase–conjugated anti-mouse, and anti-rabbit
antibodies were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Antibodies for caspase-3 (CST 9662S), cleaved
caspase-3 (D175, CST 9661S), poly (ADP-ribose) polymerase (CST
9542S),b-actin (CST4967S), andp53 (phosphorylatedSer15) (CST
9284) were obtained from Cell Signaling Technologies (Danvers,
MA, USA), and p53 (phosphorylated Thr18) (PA5-12660) was
purchased fromThermoFisher Scientific. siRNAduplexes against
human and mouse HMGB1, p21, and nonspecific control siRNA
(siC) were purchased from Bioneer (Daejeon, South Korea).
Doxorubicin (Dox), benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-
Val-Asp(OMe)-fluoromethylketone, caspase-3 inhibitor (z-DEVD-
fmk),andAc-Tyr-Val-Ala-Asp-cmk(YVAD.cmk),acaspasegroupI
(caspase-1–like) inhibitor, were obtained from Millipore Sigma
(Burlington, MA, USA), and camptothecin (CPT) was obtained
fromMilliporeSigma.

Western blot analysis

For Western blot analysis, we followed the protocol in Byun
et al. (18).

Lactate dehydrogenase activity assay

Cells were seeded in 24-well plates and treated with different
doses of Dox for 3 d, and then lactate dehydrogenase (LDH)
activity was measured using a CytoTox96 Non-Radioactive Cy-
totoxicity Assay kit (Promega) according to the manufacturer’s
instructions.

Luciferase reporter assay

Cells were seeded in 12-well plates and cotransfected by firefly
luciferase reporter fused to the p21 promoter (100 ng) and either
empty vector (EV) or a vector expressing HMGB1, siC, or
siHMGB1. After 3 d of transfection, the lysates were analyzed by
a luciferase reporter assay system (Promega) according to the
manufacturer’s protocol.

Cell morphology and senescence-associated
b-galactosidase staining

The morphologic characteristics of cells were evaluated using an
invertedphase-contrastmicroscope (Olympus,Tokyo, Japan). For
senescence-associated b-galactosidase (SA-b-Gal) staining, we
followed the protocol in Dimri et al. (19). Morphologic examina-
tions were performed 3 d following each treatment unless other-
wise indicated.
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Real-time quantitative PCR analysis

RNA was isolated with an RNA Extraction Kit (Intron Bio-
technology, Daejeon, South Korea) and subjected to reverse
transcription. Then, real-time quantitative PCR was performed
using Power Sybr Green Master Mix (Thermo Fisher Scientific)
with specific primers on Step One Plus Real-Time PCR Systems
(Thermo Fisher Scientific). The relative values for p21 mRNA,
IL-6, and IL-8 were calculated after normalizing the Ct value to
b-actin levels from the same sample using the DDCt method.

Irradiation

For irradiation, cells were irradiated with 2, 4, 6, and 8 Gy using
a Gammacell 3000 Elan Irradiator (Nordion, Ottawa, ON,
Canada).

Cell cycle analysis

Cell cyclewas analyzedby flowcytometryafterDox (100ng/ml)
treatment. Cells were collected by trypsinization, fixed in 70%
ethanol, washed in PBS, and resuspended in 1 ml of PBS con-
taining 1 mg/ml RNase and 50 mg/ml propidium iodide. After
incubation in the dark for 30 min, cell cycle distributions were
analyzed using an Epics Flow Cytometer (Beckman-Coulter,
Miami, FL, USA). The data were analyzed using Multicycle
software (Phoenix Flow Systems, San Diego, CA, USA).

Immunofluorescence

Cells were cultured in 4-well glass slides (Lab-TekII Chamber
Slide; Thermo Fisher Scientific) treated with poly-L-lysine solu-
tion (P4787; MilliporeSigma). Cells were then fixed with 4%
paraformaldehyde solution after treatment as mentioned. After
permeabilizationwith 1%TritonX-100, endogenous intracellular
HMGB1s were stained using anti-HMGB1 antibody (ab18256;
Abcam) and appropriate fluorochrome-tagged secondary anti-
body. Slides were mounted with DAPI (Vector Laboratories,
Burlingame, CA, USA) and observed under FV1000 confocal
microscopy (Olympus).

Cell counting assay

Trypanbluesolution (0.4%)was added to the cell suspensionand
incubated for 5 min at room temperature. Cells excluding the
stain were counted in a hemocytometer under a microscope as
viable cells.

Cell viability assay

Cellswere cultured in a 96-well plate and treatedwithDox.After
72 h, the effect on cell viability was examined by the 3-(4,5)-
dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide (MTT)
assay. Two hundred microliters of MTT solution (5 mg/ml in
PBS;MilliporeSigma) was added to eachwell, and the cells were
incubated in a CO2 incubator at 37°C for 5 h. Followingmedium
removal, theMTT-formazan formedbymetabolically viable cells
was dissolved in 200 ml of DMSO (MilliporeSigma), and the ab-
sorbance was measured in a plate reader at 550 nm.

Statistical analysis

Differences between various experimental groups were evalu-
ated by ANOVA for multiple comparisons using Prism 5

software (GraphPad Software, La Jolla, CA, USA). Results were
considered statistically significant at P, 0.05.

Gene Expression Omnibus data analysis of normal
subjects and patients with rectal cancer

Gene Expression Omnibus (National Center for Biotechnology
Information, Bethesda, MD, USA; https://www.ncbi.nlm.nih.gov/
geo/) graphs for p21 and HMGB1 expression levels were gener-
ated using publicly available microarray datasets of normal
subjects and patients with rectal tumors (http://www.ncbi.nlm.nih.
gov/geoprofiles). Patients were divided into untreated and
radiochemotherapy-treated groups. The DataSet record num-
ber for p21 (also called cyclin-dependent kinase inhibitor 1A)
and HMGB1 was GDS3756.

RESULTS

More metastatic cancer cells preferentially
respond via senescence, whereas fewer
metastatic cancer cells prefer to enter
apoptosis under genotoxic stress

To investigate the responses of cancer cells with different
metastatic statuses to genotoxic stress, the weakly and
highly metastatic melanoma cell lines B16 and B16-F10,
respectively, were exposed to Dox (Fig. 1 and Supple-
mental Fig. S1) and CPT (Supplemental Fig. S2). In-
terestingly, although B16 cells exhibited apoptotic
morphology, B16-F10 cells showed typical senescent
morphology after Dox treatment in a time-dependent
manner (Fig. 1A). B16-F10 cells exhibited higher pro-
liferation than B16 cells in the untreated group, indicating
that B16-F10 cells are relativelymoremetastatic, which is in
line with previous reports (20). However, Dox-treated cells
showed much lower cell number in a time-dependent
manner compared with control cells, which was because of
cell death and cell cycle arrest, respectively (Fig. 1B). Indeed,
under Dox and CPT treatment, the number of B16-F10 cells
positive for SA-b-Gal, a specific marker for senescent cells
(19), was significantly increased from d 3 until d 5
post-treatment (Fig. 1C, D and Supplemental Figs. S1A, B
and S2A, B). In addition, other senescence markers such as
senescence-associated heterochromatin foci and IL-6, the
most prominent cytokine of senescence-associated secretory
phenotype (21),were significantly increased in B16-F10 cells
comparedwithB16cells even fromd1andobserved inmost
cells at d 3–5 post–Dox treatment (Fig. 1E, F and Supple-
mental Fig. S1C,D),whereas the level ofLDHrelease,which
indicates cell death, was dramatically increased in a
dose-dependentmanner in B16 cells (Fig. 1G). Interestingly,
HMGB1 expression in B16 cells was dramatically decreased
by Dox in a dose-dependent manner, whereas it was per-
sistently expressed in B16-F10 cells. Among the cell cycle
regulators, p21 expression was significantly increased in
B16-F10 but decreased in B16 cells (Fig. 1H). Similar results
were observed using CPT (Supplemental Fig. S2C). To-
gether, these data suggest that highly metastatic melanoma
cells selectively choose senescence as a cell fate, whereas
weakly metastatic melanoma cells enter apoptosis under
genotoxic stress.
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Figure 1. Highly metastatic mouse melanoma cells preferentially respond to genotoxic stress via senescence, whereas weakly
metastatic melanoma cells prefer apoptosis. B16 and B16-F10 melanoma cells were treated with 100 ng/ml Dox for the indicated
times. A, B) Cells were photographed under a phase-contrast microscope after Dox treatment (A), and relative cell numbers were
measured after trypan blue staining (B). C, D) SA-b-Gal–positive cells were shown (C) and counted (D) at d 3 following treatment
with the indicated doses of Dox. E, F) Representative confocal immunofluorescence images analyzing endogenous HMGB1 and
DAPI (E). Endogenous HMGB1 was assessed at d 3 post–Dox treatment, and cells with senescence-associated heterochromatin
foci (SAHF) were quantified (F). G) Released LDH activity was measured at d 3 following treatment with the indicated doses of
Dox. H) Western blot was performed at d 3 after treatment with different doses of Dox. b-Actin was detected as a loading control.
L.E., long exposure; Pro-PARP, proform of poly(ADP-ribose) polymerase; S.E., short exposure. Quantitative data are expressed as
means 6 SEM. Scale bars, 50 mm. ns, not significant. ***P , 0.001.
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To verify the above findings, we employed the
weakly and highly metastatic human melanoma cell
lines SK-MEL-28 (melanoma) and SK-MEL-24 (mel-
anoma derived from metastatic site of lymph node)
and colon cancer cell lines DLD-1 [p53 mutant,
E-cadherin WT (wild type)] and LS174T (p53 WT
E-cadherin mutant), respectively (22, 23). Indeed, altough
metastatic human melanoma SK-MEL-24 cells pre-
dominantly respond via senescence with significant p21
up-regulation, SK-MEL-28 cells preferred apoptosis ac-
companiedwith caspase-3 activation underDox treatment
(Fig. 2A–D). In both cell lines, cell numbers and viability in
the Dox-treated group are much lower than the untreated
group in a Dox dose–dependent manner because of cell
death and cell cycle arrest via p21, respectively (Fig. 2B–D
and Supplemental Fig. S3A). Furthermore, p21 increased
dramatically, and HMGB1 was sustained in Dox-treated
metastatic SK-MEL-24 cells. However, p21 was barely de-
tectable, and HMGB1 was decreased significantly via
fragmentation with caspase-3 activation in Dox-treated
SK-MEL-28 cells. In this condition, p53 seemed to have no
correlation in both cell fates (Fig. 2D). In addition, DLD-1
cells revealed an apoptotic morphology, but LS174T cells
showeda senescentmorphology in aDoxdose–dependent
manner (Fig. 2E). Moreover, the SA-b-Gal–positive cell
number was much higher in LS174T cells (Fig. 2F, G) than
in DLD-1 cells, and the level of LDH release, which indi-
cates cell death, was dramatically increased in a
dose-dependent manner in DLD-1 cells (Fig. 2H). In con-
trast to the decrease of HMGB1 in DLD-1 cells, HMGB1
was persistently expressed in LS174T cells under Dox
treatment, as demonstrated by Western blotting. Among
the cell cycle regulators, p21 was remarkably increased in
LS174T cells (Fig. 2I). In addition, although cleaved
caspase-3 (activation) was detected only in DLD-1 cells,
which indicates apoptosis (Fig. 2J), the relative change of
cell numbers of Dox-treatedDLD-1 and LS174Twas lower
than that in untreated cells in a Dox dose–dependent
manner because of apoptosis and senescence, respectively
(Fig. 2K). The responses of both DLD-1 and LS174T cells to
CPTwere inaccordancewith thoseobserved in response to
Dox; DLD-1 cells showed typical apoptotic morphology,
whereas LS174T cells showed senescence phenotype with
SA-b-Gal staining positivity (Supplemental Fig. S4A–C).
Moreover, HMGB1 and p21 expression persisted in
LS174T cells but not in DLD-1 cells (Supplemental Fig.
S4D). These results confirmed our hypothesis that highly
metastatic cancer cells prefer to undergo senescence,
whereasweaklymetastatic cancer cells select apoptosis as a
response to genotoxic stress.

To confirm the relation of HMGB1 and cell fate, we
tested other cancer cell lines, MCF7 andA549. Eventually
MCF7 underwent apoptosiswith a significant decrease of
25 kDa HMGB1, but A549 selectively chose senescence
alongwith relatively sustainedHMGB1andan increaseof
p21 and SA-b-Gal activity (Supplemental Fig. S5A, B). In
addition, when we treated Dox for longer time, although
HMGB1 was almost decreased in apoptotic cells (B16,
DLD-1, and MCF7), it was persistent in senescent cells
(B16-F10, LS174T, and A549) post–Dox treatment for
7 d (Supplemental Fig. S5C–E).

HMGB1 induces an apoptosis-to-senescence shift

To examine the role of HMGB1 in Dox-induced apoptosis
and senescence, we exposed HMGB1-overexpressed B16
cells to Dox, and they exhibited senescence morphology
with high SA-b-Gal positivity, whereas EV-transfected cells
exhibited apoptosis (Fig. 3A–C). Relative cell number was
slightly lower in HMGB1-overexpressed cells than in
EV-transfected cells under Dox treatment (Fig. 3D). In
addition, p21 protein levels increased in HMGB1-
overexpressed B16 as well as in vehicle-treated cells under
Dox treatment (Fig. 3E), demonstrating the same pattern
as in senescent B16-F10 cells after Dox treatment (Fig.
1H). Furthermore, p21 promoter activity in HMGB1-
overexpressed B16 cells increased both before and after
Dox treatment, which means that HMGB1 regulates p21
expression (Fig. 3F). Collectively, these results indicate that
HMGB1 is a critical determinant of cell fate in apoptosis and
senescence regulation and indispensable for senescence in-
duction by anticancer drugs.

Depletion of HMGB1 shifts cell response
from senescence to apoptosis under
genotoxic stress

Weconfirmed the role ofHMGB1 in senescenceby silencing
it with siRNA in B16-F10 cells. Interestingly, HMGB1 de-
pletion prevented senescence as well as switched the
response to apoptosis under Dox treatment. Although siC-
transfected cells entered senescence after Dox treatment,
HMGB1-knockdown B16-F10 cells exhibited typical apo-
ptotic morphologic changes (Fig. 4A) and significantly de-
creased SA-b-Gal levels under Dox treatment (Fig. 4B, C).
Furthermore, the relative cell number of HMGB1-
knockdown cells was lower than those of siC-treated
cells in Dox-treated conditions (Fig. 4D). Moreover, the
increase in p21 expression observed with Dox-induced
senescence was reversed by HMGB1 silencing (Fig. 4E),
and p21 promoter activity in HMGB1-knockdown cells
was decreased after Dox treatment, which suggests that
HMGB1 controls p21 expression (Fig. 4F). In addition,
caspase-3 was activated in HMGB1-silenced cells under
Dox treatment, suggesting apoptosis (Fig. 4G). These
findings supported the above data by providing further
evidence that HMGB1 is indispensable for senescence in-
duction (15); further, loss of HMGB1 renders cells sus-
ceptible to apoptosis under Dox treatment.

HMGB1 wild-type MEF cells choose
senescence, whereas HMGB1 knockout MEF
cells prefer apoptosis under genotoxic stress

We employed WT and HMGB1-knockout (KO) MEFs to
clarify the role of HMGB1 as well as to examine the re-
sponses of normal fibroblast cells to genotoxic stress. Both
WTandKOMEFswere treatedwith various doses of Dox
for 3 d. Strikingly, WT MEFs chose senescence very se-
lectively; however, KO MEFs preferred apoptosis. WT
MEFs showed typical senescence morphology, whereas
KO MEFs exhibited apoptosis in a dose-dependent
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manner under Dox treatment (Fig. 5A). Both WT and KO
MEFs groups showed much lower cell numbers in Dox-
dose–dependent manner compared with untreated cells,

which was because of cell cycle arrest and cell death,
respectively (Fig. 5B). In addition, IL-6 and IL-8, the
most prominent cytokines of the senescence-associated

Figure 2. Highly metastatic human melanoma and colon cancer cells preferentially respond to genotoxic stress via senescence,
whereas weakly metastatic cancer cells prefer apoptosis. A–C) SK-MEL-28 and SK-MEL-24, human melanoma cells, were
photographed under a phase-contrast microscope (A), and relative cell number (B) and released LDH activity (C) were
measured at d 5 post–Dox treatment. D) Western blot was performed at d 3 post 300 ng/ml Dox treatment. b-Actin was detected
as loading control. DLD-1 vs. LS174T colon cancer cell lines were treated with various doses of Dox for 3 d. E) Cells were shown
under a phase-contrast microscope. F, G) SA-b-Gal–positive cells were shown (F) and counted (G). H) Released LDH activity was
measured at d 3 following treatment with the indicated doses of Dox. I, J ) Western blot was performed at d 3 following treatment
with the indicated doses of Dox; glyceraldehyde 3-phosphate dehydrogenase and b-actin were detected as loading controls. K)
Cell numbers were counted on d 3 following treatment with the indicated doses of Dox, and relative cell numbers are expressed
as means 6 SEM. C, control; L.E., long exposure; ns, not significant; S.E., short exposure. Scale bars, 50 mm. ***P , 0.001.
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secretory phenotype (21), were significantly increased only
in senescent WT cells by Dox treatment (Fig. 5C, D). How-
ever, the level of LDH release increased in a Dox dose–
dependent manner in KOMEFs but not in WTMEFs (Fig.
5E). Notably, p21 protein levels significantly increased in
WTMEFs but decreasedwith increasing cleaved caspase-3
in KO MEFs; p21 levels seemed to be controlled by the
presence or absence of HMGB1 (Fig. 5F). Moreover, re-
constitution of HMGB1 into KO MEFs switched from ap-
optosis to senescence under Dox treatment (Fig. 5G), and
decreased p21 protein levels were partially rescued by
HMGB1 reexpression in Dox-treated KO MEFs (Fig. 5H).
Similar to the B16 and B16-F10 cell results, p21 promoter
activity was increased in HMGB1-reconstituted KO MEFs
but decreased in HMGB1-depleted WT MEFs under Dox
treatment (Fig. 5I, J). Furthermore, we investigated the re-
sponses of those cells under other genotoxic stresses such as
CPT or IR. Indeed, p21 was increased dramatically in a
CPT- and IR-dose–dependentmanner, respectively, inWT,
but it was significantly decreased in both CPT- and
IR-treated KO MEFs (Supplemental Fig. S6A–C), which is
the same manner by Dox treatment (Fig. 5F and Supple-
mental Fig. S6D, E). However, p53 expression manner
seemed to have no correlation with cell fates. Furthermore,
phosphorylation of p53 at Ser15 but not Thr18 was in-
creasedbyDoxor IR treatment inKOMEFs (Supplemental

Fig. S6F, G). We also investigated p21 RNA expression
post–Dox treatment inMEF cells, and it showed amanner
similar to protein expression (Fig. 5F and Supplemental
Fig. S7A). So, we think the reduction of HMGB1 in KO
couldbedue to lowRNAexpression. Senescence is defined
by permanent cell cycle arrest, which can cause G1 or G2
arrest (24). Therefore, we analyzed cell cycle arrest in se-
nescent WT cells post–Dox treatment, and it showed dra-
maticG2 arrest (Supplemental Fig. S7B). Takenall together,
these findings supported our hypothesis that HMGB1
modulates the balance between senescence and apoptosis
by regulating p21 and caspase activation.

Highly and weakly metastatic cancer cells
display a differential HMGB1 status in
response to genotoxic insult

The data described above revealed that HMGB1 was de-
creased in apoptotic cells but sustained in senescent cells.
To investigate this result in further detail, we focused on
the status of HMGB1 in B16 and B16-F10 cells under Dox
treatment. Interestingly, the reduction of 25 kDa HMGB1
in a time-dependent manner was accompanied by an in-
crease of smaller HMGB1 molecules, indicating that the
decrease of HMGB1was due to cleavage in B16 but not in

Figure 3. HMGB1 induces an apoptosis-to-senescence switch. B16 cells were transfected with HMGB1 plasmid or an EV followed
by treatment with 100 ng/ml Dox. A–C) Cellular morphologies (A); SA-b-Gal–positive cells (B) were photographed and counted
(C). D, E) Relative cell number (D) and Western blot (E) were analyzed at d 3 after Dox treatment. b-Actin was detected as a
loading control. F) p21 promoter activity was measured by luciferase assay at d 3 after Dox treatment. Quantitative data are
expressed as means 6 SEM. Scale bars, 50 mm. *P , 0.05, ***P , 0.001.
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B16-F10 cells (Fig. 6A). In addition, HMGB1 cleavage was
accompanied by poly (ADP-ribose) polymerase cleavage
in B16 cells but not in B16-F10 cells under the same
Dox-treatment conditions (Fig. 6B). Furthermore, we
foundthatHMGB1wascleavedbyDox inadose-dependent
manner in apoptotic B16, DLD-1, andMCF7 cells but not in
senescent B16-F10, LS174, and A549 cells (Supplemental
Figs. S5B and S8A, B). To investigate whether HMGB1
cleavage was due to caspase activation, we treated B16 cells
with the caspase-3 inhibitor, z-DEVD-fmk and caspase-1 in-
hibitor, and Ac-YVAD-cmk, respectively, prior to Dox
treatment.Notably, the apoptosis response seemed to switch
to senescence (Fig. 6C), which was marked by a small in-
crease in cell number and cell viability (Fig. 6D and Supple-
mental Fig. S3B) and partial rescue of HMGB1 and p21
expression (Fig. 6E) under Dox treatment. In addition, the
cleavedHMGB1 lower bandwas reducedwith an increased
25-kDa size by caspase-3 inhibitor but not by caspase-1 in-
hibitor (Supplemental Fig. S8C). We predicted HMGB1
cleavage sites by caspase-3, which showed several sites, and
about 21.3- and19.7-kDa sizes ofHMGB1canbedetectedby
our 150–215 aa–binding HMGB1 antibody (Supplemental
Fig. S8D). Furthermore, it is known that p21 can be cleaved
by caspase-3 activation (25), which supports our findings.
Overall, these findings show that the decreased HMGB1 in

genotoxic stress–mediated apoptosis but not in senescence is
due to cleavage by caspase-3.

p21 is a prerequisite for senescence induction
by genotoxic stress

To confirm whether p21 is required for senescence in-
duction by Dox treatment, we employed p21 siRNA. As
expected from our previous data, p21 silencing prevented
senescence induced by Dox treatment in B16-F10 cells;
however, this did not cause apoptosis (Fig. 6F). p21 si-
lencing showed no effect on HMGB1 expression (Fig. 6G),
which is consistentwith our above findings thatHMGB1 is
upstream of p21 in the genotoxic signal cascade. Even cell
number and cell viability were increased in p21-depleted
cells comparedwith undepleted cells underDox treatment
(Fig. 6H and Supplemental Fig. S3C). In other words, p21
depletion itself did not cause apoptosis, which was con-
sistent with previous observations by Brown et al. (26).
Furthermore, to examine the correlation between p21 and
HMGB1 in patients with cancer receiving antitumor ther-
apies, we carried out bioinformatics analyses of publicly
available gene expression datasets using the Gene Ex-
pression Omnibus (Supplemental Fig. S9). p21 expression

Figure 4. Depletion of HMGB1 shifts senescence to apoptosis in response to genotoxic stress. B16-F10 cells were transfected with
100 nM of siC or siHMGB1 followed by treatment with 100 ng/ml Dox. A–C) Cellular morphologies (A) and SA-b-Gal–positive
cells (B) were photographed and counted (C). D, E) Relative cell number (D) and Western blot (E) were analyzed 3 d after Dox
treatment. b-Actin was detected as a loading control. F) p21 promoter activity was measured by luciferase assay at d 3 after Dox
treatment. G) Caspase-3 activation was checked by HMGB1 silencing in B16-F10 at d 3 post–Dox treatment. Quantitative data are
expressed as means 6 SEM. C, control; Scale bars, 50 mm. *P , 0.05, **P , 0.01, ***P , 0.001.
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Figure 5. HMGB1 WT MEF cells choose senescence, whereas HMGB1 KO MEF cells prefer apoptosis under genotoxic stress.
Both WT and KO MEF cells were treated with various doses of Dox for 3 d. A) Cells were photographed under a phase-contrast
microscope. B–D) Relative cell number (B) and IL-6 (C) and IL-8 (D) mRNA were analyzed 3 d after Dox treatment. E) Released
LDH activity was measured at d 3 following treatment with the indicated doses of Dox. F) Western blot was performed at d 3
following treatment with the indicated doses of Dox. a-tubulin was detected as a loading control. G–I) HMGB1 restores switch
from apoptosis to senescence in HMGB1-KO MEF cells under genotoxic stress. HMGB1 KO MEF cells were transfected with an
EV or HMGB1 plasmid followed by treatment with 100 ng/ml Dox. Cellular morphology (G); Western blot (H) and relative p21
promoter activity (I) were analyzed at d 3 after Dox treatment. b-Actin was detected as a loading control. J ) p21 promoter activity
was analyzed in WT MEF under Dox treatment following siHMGB1 transfection. Quantitative data are expressed as means 6 SEM.
C, control; Myc, anti-Myc antibody; ns, not significant. Scale bars, 50 mm. **P , 0.01, ***P , 0.001.
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level in tumors was lower than that in normal, untreated
tissues; however, it was much higher after radio-
chemotherapy. Meanwhile, HMGB1 expression in tumors
was higher than that in normal, untreated tissues but was
not different in the untreated and radiochemotherapy-
treated rectal tumors, which is consistent with the findings
in our experiment. Thus, p21 is indispensable for senes-
cence induction in response to genotoxic stress.

DISCUSSION

HMGB1 has been implicated in various functions related
to inflammation, cell cycle regulation, gene transcription,
and cancer. HMGB1 overexpression has been associated
with metastasis of various tumor types. However, its
specific roles in cancer have been controversial and ob-
scure (27–29). Therefore, we sought to determine the fates
of cancer cells with distinct metastatic statuses under
genotoxic stress and the role ofHMGB1 in these responses.
Overall, our results demonstrated that highly metastatic
cancer cells respond to genotoxic stress with senescence,
whereas weakly metastatic cells undergo apoptosis. This
difference was verified with 3 contrastingmetastatic pairs
(mouse and human melanoma and human colon cancer
cells) aswell aswith 2 different genotoxic agents (Dox and
CPT). To determine the relationship between HMGB1
function in apoptosis and senescence, we employed WT
and HMGB1-KO MEF cells and confirmed the above re-
sults. We further determined the mechanism of the effect
by which HMGB1 is cleaved into fragments of different
sizes in weakly metastatic cells undergoing apoptosis but
persists in highly metastatic cancer cells undergoing se-
nescence. We demonstrated that this fragmentation de-
pends on caspase-3 activity but not caspase-1 (Fig. 6E and
Supplemental Fig. S6C), which is in contrast to a previous
report by LeBlanc et al. (30). However, in that report, they
tested it in vitro with [35S] but not with endogenous
HMGB1. In addition, they could not detect fragments by
antibodies. In our study,weusedHMGB1antibodywhich
can detect aa 150–215 of HMGB1. Thus, HMGB1 appears
to be a prerequisite for senescence induction.

One of the main difficulties in the treatment of highly
metastatic cancers is that the cells are considered to be re-
sistant to chemotherapeutic agents, contributing to poor
prognosis. However, we have demonstrated that both
weakly and highly metastatic cancer cells can be vulnerable
to genotoxic challenges through modulation of HMGB1, al-
beit throughdifferentmechanisms (apoptosisor senescence).
Surprisingly, overexpressionofHMGB1 inB16cells causeda
shift from apoptosis to senescence following Dox treatment,
whereas HMGB1-depleted B16-F10 cells switched from se-
nescence to apoptosis, which supports the notion that se-
nescence and apoptosis are truly alternative cell fates (4).

Cyclin-dependent kinase inhibitors, such as p16, p21, and
p27, which regulate the progression of cells through the cell
cycle, participate in senescence induction for cell cycle arrest.
Several tumor suppressors and oncogenes target p21 as a
downstream signal and regulate its expression at the tran-
scriptional or post-translational levels (31). In our experi-
ments, only p21 protein levels were significantly increased

consistently in all senescent cells under Dox treatment when
HMGB1 expression was persistent. Moreover, p21 protein
expression was up-regulated in HMGB1-overexpressed B16
cells, which switched from apoptosis to senescence under
Dox challenge. In addition, our data indicated that p21 pro-
moter activity was positively regulated by HMGB1 status,
and mRNA expression manner was consistent with protein
expressionbyDox treatment inMEFcells.HMGB1 is known
asakindofcofactorof recombination-activatiinggene1and2
for V(D)J recombination (32, 33). Taken together, these find-
ings suggest that HMGB1 modulates p21 expression under
genotoxic stress. However, we do not know whether
HMGB1 acts on p21 directly, which needs to be demon-
strated in future study. A recent study showed that HMGB1
suppresses p21 transcription in an Sp1-dependent manner
(34), which is in contrast with the present findings; however,
the study in question was based only on an HMGB1 over-
expression or silencing system, and thus, the differences
might be due to the lack of additional exogenous stress in the
previous work, which could affect HMGB1 and p21 expres-
sion. Based on our observations, we conclude that, in per-
sistently HMGB1-expressing cells, p21 can be induced by
genotoxic stress,whichcontributes to senescence,whereas, in
unstably HMGB1-expressing cells under genotoxic stress,
p21 is decreased, and the cells enter apoptosis via caspase
activation (25).

Thus, weakly metastatic cells (B16 and DLD-1 cells)
enter apoptosis, which is accompanied by a decrease in
HMGB1 but no corresponding increase of p21, and highly
metastatic cells (B16-F10 and LS174T cells) enter senes-
cence while maintaining HMGB1 expression and exhibit-
ing increased p21 levels.

In previous reports, HMGB1 overexpression induced
senescenceaswell asdepletionofHMGB1, suggesting that
both depletion and overexpression of HMGB1 in the nu-
cleus could induce senescence via p53 (15). In our study,
however, most of HMGB1 remained in the nucleus in se-
nescent B16-F10 cells (Fig. 1E and Supplemental Fig. S1D).
HMGB1 in senescent WTMEFs seems to be independent
of p53 status. p53 with phosphorylated Ser15 was re-
markably increasedonly inHMGB1KOMEFsdespite p21
being significantly up-regulated only inWTMEFs byDox
or IR treatment (Supplemental Fig. S6F, G), which is con-
sistentwith the reports, suggesting thatHMGB1 loss could
induce apoptosis via activation of p53 (35), and p21 could
be activated by p53 is an independent manner (36). Al-
though MCF7 cells can be induced to apoptosis or senes-
cence byDox treatment (37–39), p53WTMCF7 cells in our
study choose apoptosis accompanied with a decrease of
p21 and HMGB1 cleavage (Supplemental Fig. S5A–E).

In summary, we have elucidated the role of HMGB1 in
the decision between apoptosis and senescence and shown
that itdependson themetastatic statusof cancer cellsunder
genotoxic stress. Given that persistent HMGB1 expression
was accompanied by an increase in p21 expression in
highly metastatic cancer cells, our results suggest that the
HMGB1-p21 axis plays a major role in senescence of met-
astatic cancer cells rather than the conventional senescence
pathway. The findings reported here indicate that the dis-
tinct function of HMGB1 in apoptosis and senescencemay
lead to the development of novel therapeutic approaches
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that will focus on triggering different responses in highly
and weakly metastatic cancer cells upon exposure to che-
motherapeutic agents.
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