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Background:High-mobility group box 1 (HMGB1), a common extracellular damage associatedmolecular pattern
molecule, is overexpressed in several solid tumors including pancreatic carcinoma. We previously observed that
radiotherapy induced dying cells secrete HMGB1 and accelerate pancreatic carcinoma progression through an
unclear mechanism.
Methods: Using the Millicell system as an in vitro co-culture model, we performed quantitative reverse
transcriptase-polymerase chain reaction, western blot and sphere forming ability analyses to access the effect
of dying-cell-derived HMGB1 on CD133+ cancer cell stemness in vitro and in vivo. Interactions between
HMGB1 and Toll-like receptor 2(TLR2)/TLR4 were studied by co- immunoprecipitation. Western blot and
short-hairpin RNA-based knockdown assayswere conducted to detect HMGB1 and TLR2/TLR4 signaling activity.
Findings: Radiation-associated, dying-cell-derivedHMGB1maintained stemness and contributed to CD133+ can-
cer stem cell self-renewal in vitro and in vivo. In overexpressing and silencing experiments,we demonstrated that
the process was activated by TLR2 receptor, whereas TLR4 antagonized HMGB1-TLR2 signaling. Wnt/β-catenin
signaling supported the HMGB1-TLR2 mediated stemness of CD133+ cancer cells.
Interpretation:Our results show how irradiation-induced cell deathmight enhance the stemness of resident can-
cer cells, and indicate HMGB1-TLR2 signaling as a potential therapeutic target for preventing pancreatic cancer
recurrence.
© 2018 Haitao Zhu. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pancreatic carcinoma (PC) constitutes the fourth leading cause of
cancermortality [1]. Locally advanced PC is not suitable for curative sur-
gery and is typically treated with either chemotherapy alone or chemo-
therapy combined with or radiotherapy [2]. The purpose of
radiotherapy is to promote tumor cell death. However, mounting publi-
cations have demonstrated that dying tumor cells can induce the accel-
erated regrowth of the resident cancer cells and form a special
This is an open access article under t
microenvironment for tumor recurrence [3–5], making the role of ra-
diotherapy in treating of PC controversial [6].

Cancer stem cells (CSCs) represent one plausible explanation for PC
tumor radio-resistance. CSCs are undifferentiated cancer cells with un-
limited ability for self-renew and differentiating into tumor cells to
maintain the long-term tumorigenic potential [7,8]. Importantly, CSCs
are more resistant to conventional cancer therapies, which may ulti-
mately result in an enhanced invasive and migratory potential, making
the cancer prone to metastatic disease progression [9–11]. CSCs are not
only regulated by intrinsic factors, but are also mediated by conditions
in their local microenvironments (niches), such as peri-vasculature,
hypoxia and necrosis [12]. Although the necrosis niche (the intratumor
microenvironment rich in dying cells, debris and their released soluble
factors[13,14]) is essential for the maintenance and regeneration of
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

HMGB1, an extracellular damage-associated molecular pattern
molecule, is overexpressed in several solid tumors including pan-
creatic carcinoma. Several recent studies implicated extracellular
HMGB1 as being highly associated with cancer cell proliferation,
resistance to cell death, angiogenesis, metastasis and invasion.
Following anti-cancer therapy, dying cells are thought to secrete
growth factors that stimulate the regrowthof neighboring resident
cancer cells. In this study, we aimed to explore the role and regu-
lation of dying-cell-derived HMGB1 on cross-talk between resi-
dent pancreatic cancer stem cells and the necrosis niche
following radiotherapy.

Added value of this study

Extracellular HMGB1 is highly associated with each of the hall-
marks of cancer. In this study, we investigated the role of dying-
cell-derived HMGB1 on the stemness of CD133+ cells. TLR2
and TLR4 are the receptors responsible for HMGB1-mediated bio-
logical effects. Thus, we also determined the role of TLR2/TLR4
on maintaining CD133+ cell stemness and uncovering the under-
lying regulatory mechanism.

Implications of all the available evidence

We found that dying-cell-derived HMGB1 induced cancer cell
stemness by radiotherapy. TLR2 mediated paracrine HMGB1 sig-
naling to promote the self-renewal of cancer stem cells, whereas
TLR4 displayed an antagonistic effect. Wnt/β-catenin signaling is
involved in HMGB1-TLR2 mediated cancer cell stemness. Our re-
sults open the possibility to develop new effective strategies to
prevent tumor repair in patients with residual disease. Combining
radiotherapy andHMGB1 inhibitor, or targeting TLR2 induced can-
cer stem cell self-renewal may be considered for future therapeu-
tic protocols.
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CSCs, the mechanisms that enable CSCs to survive in such harsh condi-
tions are still not understood.

Following radiotherapy, the necrosis niche is common in solid tu-
mors. Soluble factors released from apoptotic cells into the necrosis
niche are vital in mediating resident cancer cell repopulation and anti-
apoptosis. The HMGB1, an extracellular damage associated molecular
pattern (DAMP) molecule, is overexpressed in several solid tumors in-
cluding pancreatic carcinoma [15–17]. HMGB1 can translocate from
the nucleus to the extracellular space during cell death. As an extracel-
lular signaling molecule, HMGB1 can bind and activate a variety of sig-
naling transduction cell receptors, including (TLR-2, TLR-4, and TLR-9),
receptor for advanced glycosylation end product (RAGE), and certain
integrins that can act alone or in combination with other immune stim-
ulants[18,19]. HMGB1 exhibits a dual role in tumor behavior [16,20,21].
As a protumor protein, extracellular HMGB1 is highly associated with
cancer cell proliferation, resistance to cell death, resistance to therapy,
invasion and metastasis [22]. It was recently reported that cancer-
associatedfibroblast derived HMGB1maintained the stemness of breast
CSCs [23]. This finding suggested that HMGB1may modulate cancer in-
vasion and metastasis by activating CSCs.
As radiotherapy can induce necrotic cell death, we are interested if
extracellular HMGB1 mediates cross-talk between resident pancreatic
CSCs and the necrosis niche following radiotherapy. CD133+ cancer
cells, known for their abilities for self-renewal and giving rise to
CD133 negative (CD133−) cells, were used as a CSC model in this
study. We found that silencing HMGB1 in the feeder-irradiated cancer
cells attenuated the sphere forming ability of CD133+ CSCs.We showed
that HMGB1 affected cell stemness in a paracrine manner to that
depended on TLR2 receptor, whereas TLR4 displayed certain antagonis-
tic effect. Moreover, the Wnt/β-catenin signaling axis was involved in
the process. Aberrant Wnt signaling has been tightly associated with
regulating pancreatic cancer development and maintaining CSCs
[24,25]. Taken together, our findings demonstrate that dying cells
after radiotherapy induce and maintain the stemness of surviving
CSCs by activating HMGB1-mediated paracrine signaling events, both
in vitro and in vivo.
2. Materials and methods

2.1. Cell culture

Human pancreatic cancer cell lines (SW1990, Panc1, and AsPC1)
were obtained from the Cell Bank of the China Academy of Sciences
(Shanghai, China). Panc1 cells and SW1990 cells were cultured as previ-
ously described [28]. The AsPC1 cell line, derived from metastatic
human pancreatic carcinoma, was maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin
and 100 U/mL streptomycin. The cells were maintained in a humidified
atmospherewith 5% CO2 at 37 °C and passagedwith 0.25% trypsin/EDTA
every 3 days. The cells used in this study were passaged for b2 months
after recovery.
2.2. In vitro and in vivo irradiation

Pancreatic cancer cells cultured in 6-cm dishes or Millicell inserts
were irradiated at room temperature using an X-ray irradiator (Linear
accelerator, Turebeam_STX, Varian, USA) with the indicated dose (4, 8,
10, or 12Gy). Corresponding controls were sham irradiated. Irradiated
cells were immediately trypsinized and re-seeded for further use.

SW1990 cells (1 × 106) were injected subcutaneously into the right
dorsal flanks of nude mice (n = 3) to establish the xenograft tumor
model. When the tumor reached volume of 1 mm3, the nude mice
were received 4 Gy of radiation every two days for three times. Five
days following the last irradiation, the tumor tissues were dissected
and dissolved into the single cell suspension. The Tumor Cell Isolation
Kit(Shenzhen LabLit Co., Ltd., Shenzhen, China) was used to remove
contaminating cells (mouse stroma cells and debris cells), according
to the manufacturer's instructions. The percentage of CD133+ was de-
termined by flow cytometry.
2.3. In vitro co-culture system

Segregated irradiated cancer cells and untreated cancer cells co-
cultures were set as follows: 5 × 104 irradiated parental cancer cells or
HMGB1− cancer cells were seeded on 0.4-μm inserts (Millicell) in
Dulbecco's modified Eagle's medium (DMEM) with 10% FBS. After
12 h, the inserts were moved to 24-well plates containing indicated
number untreated cancer cells/well in DMEM with 2% FBS. Different
concentrations of rhHMGB1 (50, 100, 150, and 200 ng/mL) were
added to the mediummentioned above in the inserts as a positive con-
trol. Empty inserts with the same medium were used as control.



Table 1
Primers used for quantitative real-time PCR.

Name Direction Sequence (5′-3′)

HMGB1 Forward 5′-ACATCCACATACAGCCATTGC-3′
Reverse 5′-GGCAAGGATAGTGGTGTTGGA-3′

Oct4 Forward 5′-AAAGCAGAAACCCTCGT-3′
Reverse 5′-TCCAGGTTGCCTCTCAC-3′

Sox2 Forward 5′- CCCCTGGCATGGCTCTTGGC -3′
Reverse 5′- TCGGCGCCGGGGAGATACAT -3′

Nanog Forward 5′-GAGACAGAAATACCTCAGCC-3′
Reverse 5′-TCTGCGTCACACCATTG-3′

TLR2 Forward 5′-GCCTCTCCAAGGAAGAATCC-3′
Reverse 5′-TCCTGTTGTTGGACAGGTCA-3′

TLR4 Forward 5′- AAGCCGAAAGGTGATTGTTG -3′
Reverse 5′- CTGAGCAGGGTCTTCTCCAC -3′

LEF1 Forward 5′-AGGAACATCCCCACACTGAC-3′
Reverse 5′-AGGTCTTTTTGGCTCCTGCT-3′

Axin2 Forward 5′-CAAACTTTCGCCAACCGTGGTTG-3′
Reverse 5′-GGTGCAAAGACATAGCCAGAACC-3′

Table 2
Sequences of shRNAs.

Name Sequence

HMGB1-shRNA1 5′-CCGGCCCAGATGCTTCAGTCAACTTCTCGAGAAGTTGACTG
AAGCATCTGGGTTTTTG-3′

HMGB1-shRNA2 5′-CCGGCCGTTATGAAAGAGAAATGAACTCGAGTTCATTTCTC
TTTCATAACGGTTTTT-3′

TLR2-shRNA1 5′-CCGGGCATCTGATAATGACAGAGTTCTCGAGAACTCTGTCA
TTATCAGATGCTTTTTG-3′

TLR2-shRNA2 5′-CCGGGCACACGAATACACAGTGTAACTCGAGTTACACTGTG
TATTCGTGTGCTTTTTG-3′

TLR4-shRNA1 5′-CCGGCCAAGTAGTCTAGCTTTCTTACTCGAGTAAGAAAGCT
AGACTACTTGGTTTTTG-3′

TLR4-shRNA2 5′-CCGGCCCTGCTGGATGGTAAATCATCTCGAGATGATTTACC
ATCCAGCAGGGTTTTTG-3′

β-catenin-shRNA1 5′-CCGGGCCATATTGCTCCAGGACAATCTCGAGATTGTCCTGG
AGCAATATGGCTTTTTG-3′

β-catenin-shRNA2 5′-CCGGCGAGGAGAGATCATCGACAATCTCGAGATTGTCGATG
ATCTCTCCTCGTTTTTG-3′

Table 3
Tumorigenicity of CD133+ pancreatic cancer cells from mice treated with rhHMGB1 or a
vehicle control.

Injected cells Treatment Number of mice with tumors/total injected mice (% of
mice with tumors)

TLR2+ TLR2− TLR4+ TLR4−

1000 PBS 2/8(25) 2/8(25) 2/8(25) 2/8(25)
rhHMGB1 4/8(50) 2/8(25) 2/8(25) 4/8(50)

(P = .608) (P = 1.000) (P = 1.000) (P = .608)
10,000 PBS 2/8(25) 3/8(37.5) 3/8(37.5) 2/8(25)

rhHMGB1 6/8(75) 2/8(25) 3/8(37.5) 6/8(75)
(P = .132) (P = 1.000) (P = 1.000) (P = .132)

100,000 PBS 3/8(37.5) 5/8(62.5) 4/8(50) 4/8(50)
rhHMGB1 6/8(75) 4/8(50) 3/8(37.5) 6/8(75)

(P = .315) (P = 1.000) (P = 1.000) (P = .608)

Table 4
Tumorigenicity of TLR4+CD133+, TLR4−CD133+, TLR2+CD133+ and TLR2−CD133+ pancreati

Treatment Number of mice with tumors/total injected mice

TLR2+ TLR2−

PBS 7/24 (29.2) 10/24 (41.7)
rhHMGB1 (150 ng/mL) 16/24 (66.7) 8/24 (33.3)

P = .020 P = .766
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2.4. Flow cytometry and fluorescent-activated cell sorting (FACS)

CD133 staining was performed as described previously [43]. Data
were exported and graphed using FCS Express (DeNovo Software). To
separate the CD133+ population by FACS, pancreatic cancer cells grow-
ing in SFM systemwere stained for CD133 expression. Cancer cells were
incubated with trypsin–EDTA, dissociated and passed through a 40 μm
sieve. Cells were pelleted by centrifugation at 500 ×g for 5 min at 4 °C,
resuspended in 100 μL of monoclonal mouse anti-human CD133/PE an-
tibody (1:50, catalog number:#130-110-962, Miltenyi Biotechnology,
Germany), and incubated for 20 min at 4 °C. The sorting gates were
established using cells stained with isotype-control PE-conjugated anti-
bodies (BD Pharmingen). Sorted CD133+ cells were subjected to
sphere-forming culture system for further use.

2.5. Quantitative real-time PCR

Total RNAwas extracted from CD133+ cells, CD133− cells, HMGB1-
knockdown cells and their respective parental cancer cells(with or
without indicated treatment) using the RNeasy Kit (Qiagen). For
mRNA analysis, cDNA was synthesized from 1 μg total RNA using the
RevertAid RT Reverse Transcription Kit (Thermo Fisher Scientific).
SYBR Green-based real-time PCRwas subsequently performed in tripli-
cate using the SYBR Green master mix (Thermo Fisher Scientific) on an
Applied Biosystems StepOnePlus real-time PCR machine (Thermo
Fisher Scientific). For analysis, the threshold cycle (Ct) values for each
genewere normalized to those of GAPDH. The sequences of the primers
used are shown in Table 1. (See Tables 2–4.)

2.6. Immunofluorescence analyses

Pancreatic cancer cells were fixed in 4% paraformaldehyde and
blocked with 5% bovine serum albumin (BSA). Mouse monoclonal
anti-HMGB1 (1:500, Abcam Company) was used as a primary antibody
and detection was achieved using a Cy3-conjugated goat anti-mouse
IgG (1:50, BA1032; Boster Biotech, Wuhan, China) and DAPI (Boster
Biotech, Wuhan, China). All samples were examined under a laser
confocal-scanning microscope. Image quantification was performed by
assessing 20× high-power fields in a blinded manner.

2.7. In vitro sphere-forming assay

Pancreatic cancer cells were seeded at clonal densities into ultra-low
adhesion plates (Corning, NY, USA) and suspended in DMEM/F12 with
20 ng/mL epidermal growth factor, 10 ng/mL basic fibroblast growth
factor, NAAS (Thermo Fisher Scientific), 100 U/mL penicillin and
100 U/mL streptomycin for 2 weeks to allow sufficient time for spheres
to form from single cells. The culture medium was replaced with fresh
medium containing the indicated fresh reagents every day for
2 weeks. After 2 weeks, the number and size of spheres in each well
were quantified.

2.8. Drug treatment

rhHMGB1 (HMG Biotech, Germany) was dissolved in distilled water
to prepare a 1000 ng/mL stock solution. After the cells reached 80%
c cancer cells from mice treated with rhHMGB1.

(% of mice with tumors)

TLR4+ TLR4−

9/24 (37.5) 8/24 (33.3) P = .890
8/24 (33.3) 16/24 (66.7) P = .014
P = 1.000 P = .042



138 X. Chen et al. / EBioMedicine 40 (2019) 135–150



139X. Chen et al. / EBioMedicine 40 (2019) 135–150
confluency, they were incubated with rhHMGB1 (50, 100, 150,
200 ng/mL) for the indicated time and analyzed, as described below.
Stevioside (a TLR2 antagonist, TOPSCIENCE, China) and TAK-242(a
TLR4 antagonist, MedChemExpress, USA) were dissolved in dimethyl
sulfoxide (DMSO). The cells were grown to 80% confluency, treated
with 2 μMStevioside or TAK-242 for 48 h and subjected to the following
experiments.

2.9. RNAi and gene transfection

Pancreatic cancer cells RNAi and gene transfection were performed
as previously described [28].

2.10. Gene transduction

The mammalian expression plasmids pCMV-Flag-TLR2 (PPL00524-
2a) and pcDNA3.1-Myc-TLR4 (PPL00104-2a) were purchased from the
Public Protein/Plasmid Library (PPL, Nanjing, China). Cells were
transfected with the stated constructs according the manufacturer's in-
structions (Invitrogen, China).

2.11. Enzyme-linked immunosorbent assay (ELISA) analysis

Tomeasure HMGB1 levels in the supernatants, ELISAwas performed
as previously described [28].

2.12. Co-IP assay

SW1990 cells (5 × 106/10-cm dish) were plated in 6-cm dishes and
at a density of 1 × 105 cells/well to achieve a confluence of 70–80% over-
night. Later, the cells were transfected using the Lipofectamine 2000 re-
agent (Invitrogen, Mississauga, Ontario, Canada) and 4–6 μg of plasmid
DNA per dish. rhHMGB1 (150 ng/mL) was added 24 h later. Cells were
dislodged from the dish by flushingwith cold PBS, collected by centrifu-
gation, and lysed in ice-cold buffer (50mMTris-HCl at pH 7.4, 20% glyc-
erol, 1 mM EDTA, 150 mM NaCl, 0.5% Triton X-100, 0.02% SDS, 1 mM
dithiothreitol, 2 mM phenylmethylsulfonyl fluoride, 1 μg/mL aprotinin,
10 μg/mL pepstatin, and 1 μg/mL leupeptin). After 5 min, the final con-
centration wad adjusted to 400 nM with 5 M NaCl. After another
5 min on ice, an equal volume of ice-cold water was added and thor-
oughly mixed before immediate centrifugation in a microfuge
(12,000 rpm, 10 min). Supernatants were collected and further used
for IP. Lysates prepared from 60 mmdish were mixed withmonoclonal
antibodies (per IP: anti-Flag [Sigma], 2 μg; anti-HMGB1 [Abcam],
0.6–1.0 μg; anti-TLR2 [CST], 0.6–1.0 μg; 5–6 h at 4 °C while rocking on
a nutator). During the final hour, 15 μL of protein G-Sepharose beads
(settled volume)was added to each tube (beadswere pre-blockedover-
night with 10% BSA in PBS). The beads were washed three times with
1:1 diluted lysis buffer; proteins were eluted with Laemmli loading
buffer and analyzed by SDS-PAGE and immunoblotting.

2.13. Western blot analysis

Protein concentrations were determined by bicinchoninic acid
(BCA)method.Western blotting assaywas performed as described pre-
viously [43]. Antibody against TLR4 was purchased from Abcam
Fig. 1.X-ray irradiation enriched the stemness of surviving cancer cells in vitro and in vivo. (a) Es
doses (0, 4, 8, and 10 Gy) X-ray irradiation and analyzed for CD133+ cancer cells by flow cytom
levels of stem cell relatedmarkers (CD133, Oct4, Sox2, andNanog) in pancreatic cancer cell line
ray irradiation. GAPDH expression was detected as a loading control. (c) qRT-PCR analysis of
(SW1990, Panc1, and AsPC1) at 48 h post-treated with various doses (0, 4, 8, or 10 Gy) X-ra
the in vivo irradiation protocol. SW1990 cancer cells were used to establish subcutaneous tu
irradiation every 2 d for 6 d. Fresh tumor tissues were harvested 5 d after the last irradiation.
CD133+ were accessed by flow cytometry. Experiments were repeated three times, and the d
was performed using Student's t-test (c, e right).
Company (Cambridge, USA). Antibodies against TLR2, GAPDH, Oct4,
Sox2 and Nanog were purchased from Santa Cruz Biotechnology
(USA). Antibodies against HMGB1, CD133, Sox2, CD44, c-myc, GSK3β,
p-GSK3β, β-catenin, Myc, and Flag were obtained from Cell Signaling
Technology, Inc. (USA). Secondary antibody (either anti-rabbit or anti-
mouse) were purchased from Boster Biotechnology Company (China).
2.14. Xenograft tumor models

Animal studies were approved by the Committee on the Use of Live
Animals for Teaching and Research of JiangsuUniversity. Four-week-old
female BALB/c nudemice (purchased from The CompareMedicine Cen-
ter, Yangzhou University, China) were maintained under standard con-
ditions according to the institutional guidelines.

Sorted CD133+ SW1990 cancer cells were co-cultured with irradi-
ated parental cancer cells (HMGB1+ cells), rhHMGB1(150 ng/mL), irra-
diated HMGB1− cells (HMGB1 shRNA1 and HMGB1 shRNA2), or empty
medium(control group) for 5 days. Then, 1 × 106 treated cancer cells
were implanted subcutaneously into the right dorsal flanks of nude
mice. The tumor growth speed and volume were monitored every two
days until the end point at day 27.

TLR2-overexpressing CD133+ SW1990 cells (TLR2+), TLR2 silenced
CD133+ SW1990 (TLR2−), TLR4-overexpressing CD133+ SW1990 cells
(TLR4+), and control CD133+ SW1990 cells (TLR4−) were treated with
rhHMGB1(150 ng/mL) or PBS for 5 days. For in vivo tumor-initiation as-
says, the above cultured cancer cells were transplanted subcutaneously
with 1 × 103, 1 × 104, or 1 × 105 cells/mouse into the right subcutaneous
flank of nude mice (four mice per group). Mice were monitored every
day until the end point on day 34, when palpable tumors were taken
as a positive. Themicewere euthanized, and excised fresh tumor tissues
were measured.
2.15. Patient selection

TCGA data (https://tcga-data.nci.nih.gov/tcga; TCGA BRCA exp.
HiSeqV2 PANCAN-2014-05-02) including those from 183 pancreatic
carcinoma patient specimens were utilized to further analyze the rela-
tionship between HMGB1, TLR2, TLR4, CD133, CD44, Oct4, Nanog, and
β-catenin. High and low groups were defined as above and below the
mean respectively.
2.16. Statistical analysis

All data are presented as the mean ± standard error of the mean
(SEM). Linear regression and F testing were used to determine correla-
tion between CD133, CD44, Oct4, Nanog, and β-catenin expression and
HMGB1, or HMGB1 receptor (TLR4 and TLR2) protein levels in pancre-
atic cancer. Two-tailed Mann–Whitney U tests were used to compare
the statistical differences between the treatment groups in vivo. Fisher
exact test was used to compare the tumorigenesis. The significances of
differences between groups were analyzed using Student's t-tests,
one-way analysis of variance (ANOVA) or two-way ANOVA. P b .05
was considered to reflect a statistically significant difference. All the ex-
periments were repeated at least three times.
tablished pancreatic cancer cell lines (SW1990, Panc1, andAsPC1)were exposed to various
etry at 0, 24, 48, 72 h post treatment. (b) Western blot analysis of the protein expression

s (SW1990, Panc1, and AsPC1) at 48 h post-treatedwith various doses (0, 4, 8, or 10 Gy) X-
stem cell-related markers (CD133, Oct4, Sox2, and Nanog) in pancreatic cancer cell lines
y irradiation. GAPDH was detected as a loading control. (d) Schematic representation of
mors. When the tumors reached a volume of 1mm3, the nude mice received 4 Gy X-ray
(e) Fresh tumor tissues were digested into single cell suspension and the percentages of
ata are expressed as the mean ± SEM. *P b .05, **P b .01, ***P b .001. Statistical analysis

https://tcga-data.nci.nih.gov/tcga
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3. Results

3.1. Irradiation enriched the stemness of survival cancer cells

To examine whether radiotherapy of pancreatic cancer enriches for
CSCs, pancreatic cancer cells (SW1990, Panc1, and AsPC1 cells) were ir-
radiated with clinically relevant doses (4, 8, and 10 Gy) in vitro[26,27].
Flow cytometry was used to analysis temporal changes in CD133+ can-
cer cells at 24 h, 48 h, and 72 h post-irradiation, which showed that ir-
radiation increased the percentage of CD133+ cells in all three
pancreatic cancer cell lines with a peak time of 48 h (Fig. 1a and
Fig. S1a). The three cell lines responded differently to radiotherapy,
as 7–10-fold induction in SW1990 cells, 4–7-fold induction in Panc1
cells, and 2–4-fold induction in AsPC1 cells were observed at 48 h
post-irradiation (Fig. 1a). Western blot and qRT-PCR data also showed
increased protein- and mRNA-expression levels of CD133, Oct4, Sox2
and Nanog upon radiation, with peak signals measured at 48 h post
8 Gy irradiation (Fig.1b and c). The extreme limiting dilution assay is
the gold standard assay for determining CSCs in vivo. SW1990
(1 × 104) cells with or without irradiation (8 Gy) were injected into
the right flank subcutaneously of the nude mouse, respectively. Irradi-
ation cancer cells (8 Gy) displayed higher tumorigenicity than the con-
trol group (Fig. S1b). Thus, both the in vitro and in vivo results
demonstrated that irradiation enriched the CSC population.

To exclude the impact of two dimensional culturing conditions and
to further confirm the relationship between irradiation and cancer
stemness in vivo, a subcutaneous xenograft tumor model was
established by injecting 1 × 106 SW1990 cancer cells into the right
flank of each nude mouse. Tumor-bearing nude mice received X-ray ir-
radiation when the tumor reached 1 mm3. Five days following the last
irradiation, the freshly harvested tumor tissues were immediately dis-
sected for FACS analysis (Fig. 1d). The results showed that X-ray irradi-
ation markedly increased the percentage of CD133+ cells (4.82 ± 0.7%
at 0Gy vs. 17.68 ± 1.63% at 4Gy, Fig. 1e), suggesting that irradiation
can enrich the CD133+ cancer cells and the stemness of survival cancer
cells in vivo.

3.2. Dying cells released HMGB1 following irradiation

Following radiotherapy, many inflammatory factors are released
from dying cells, which may drive cancer cell stemness. We previously
reported that HMGB1 was released from irradiation-induced dying
cells in a time dependent manner [28]. We detected basal HMGB1 ex-
pression in the pancreatic cancer cell lines SW1990, Panc1, and AsPC1,
with highest HMGB1 expression (both in term of mRNA and protein
levels) in Panc1 cells, and lowest in Aspc1 cells (Fig. 2a and b). By
performing CCK8 and Annexin V-FITC/PI assays, we accessed the cell
death induced by various X-ray doses (0, 4, 8, or 10 Gy) at 48 h post-
irradiation and found that cell death occurred in a dose-dependent
manner (Fig. S2a and b). Our preliminary experiments showed that
12 Gy X-ray irradiation was lethal as it induced cell death in 50% of
the pancreatic cancer cells. Thus, we chose dosed of 4, 8, 10 Gy to eval-
uate the role of HMGB1 in activating CD133+ CSCs during irradiation.
The results showed that irradiation elevated HMGB1 protein expres-
sion, with peak induced by 8 Gy irradiation (Fig. 2c). Since HMGB1
needs to translocate from the nucleus into extracellular compartments
Fig. 2.HMGB1was released from dying cells in vitro. (a, b)Western blot and qRT-PCR analysis o
Panc1, andAsPC1). GAPDHexpressionwasdetected as loading control. (c)Western blot analysis
and AsPC1) at 24 h post-irradiation (0, 4, 8, or 10 Gy). GAPDHwas detected as a loading control
cells (SW1990, Panc1, and AsPC1) at 0, 6, 12, 24, 36, 48, or 72 h post-treatment. GAPDH was d
culture supernatants of 8-Gy-irradiated cancer cells (SW1990, Panc1, and AsPC1) at 0, 6, 12, 2
the expression level and location of HMGB1 in pancreatic cancer cell lines (SW1990, Panc1, an
μm. Experiments were repeated three times, and the data are expressed as the mean ± SEM.
c right).
to function as a pro-inflammatorymediator, we then treated pancreatic
cancer cellswith 8Gy irradiation and re-cultured cells for 0, 6, 12, 24, 36,
48, 60, or 72 h. Subsequently, we checked HMGB1 protein expression in
the irradiated cancer cells and in the cell culture supernatants. Irradia-
tion induced HMGB1 expression in pancreatic cancer cells (Fig. 2d),
and HMGB1 was gradually released into the cultured supernatant
(with a peak period between 36 h to 60 h) in all three cell lines
(Fig. 2e). HMGB1 translocation from the nucleus into the cytoplasm or
extracellular compartment of pancreatic cancer cellswas also visualized
by immunofluorescence (Fig. 2f), which further confirmed that irradi-
ated dying cancer cells released HMGB1 into the extracellular space
in vitro.
3.3. Dying cell-derived HMGB1 regulated CD133+ cancer cell stemness

To elucidate the functional role of irradiation induced extracellu-
lar HMGB1 in the self-renewal and proliferation of CD133+ CSCs,
two stable HMGB1-knockdown cell clones (HMGB1 shRNA1 and
shRNA2) were established, and high silencing efficiency (80% silenc-
ing, due to the expression of short hairpin RNAs[shRNAs]) was con-
firmed by western blotting (Fig. 3a). These cells were then
irradiated, and the cultured supernatant was collected 48 h after
treatment. HMGB1 levels in the supernatant were downregulated
by 75–85% when HMGB1 expression was inhibited (Fig. 3b). We
then used supernatants from irradiated parental Ctrl shRNA cancer
cells (HMGB1+) and HMGB1 shRNA1 cancer cells (HMGB1-) to fur-
ther determine their potential to induce sphere formation and ex-
pansion of the sorted CD133+ cancer cells. Different concentrations
of recombinant human HMGB1 (rhHMGB1; 50, 100, 150, and
200 ng/mL) were used as dose controls and we found that increas-
ing the rhHMGB1 concentration drove enlargement of the sphere,
without increasing the total number of spheres (Fig. 3c and d).
HMGB1+ supernatants promoted sphere sizes to a level comparable
level to 200 ng/mL rhHMGB1, whereas HMGB1- supernatants had no
effect on inducing sphere formation either in terms of size or num-
bers (Fig. 3d). Consistently, qRT-PCR and western blot analysis
showed that, similar to our findings after treatment with
150 ng/mL rhHMGB1, HMGB1+ supernatants showed enhanced
mRNA and protein expression levels of Oct4, Sox2 and Nanog in
CD133+ cancer cells, whereas HMGB1- supernatants showed a very
mild effect on inducing the expression of these genes (Fig. 3e and
f). These data further supported the functional role of irradiation-
induced extracellular HMGB1 production in up-regulating cancer
cell stemness. Treating the bulk SW1990 cancer cells with
150 ng/mL of rhHMGB1, we found that rhHMGB1 can also enlarge
CD133+ cancer cells among bulk cells (Fig. S3a).

To further confirm the role of HMGB1 in CD133+ cell proliferation
and cell cycle progression, we performed CCK8 and flow cytometry as-
says. The results showed that treated with rhHMGB1 significantly pro-
moted CD133+ cell proliferation and induced the cells in S phase
(Fig. S3b and c). To confirm the effect of HMGB1 on anoikis, primary
pancreatic cancer cells were grown as monolayer cultures and treated
with vehicle or rhHMGB1 (150 ng/mL). Forty-eight hours later, these
cells were examined in vitro colony-forming assays without rhHMGB1.
Prior rhHMGB1-treated cells formed more colonies (Fig. S3d),
f the baseline protein andmRNA levels of HMGB1 in pancreatic cancer cell lines (SW1990,
of the protein expression levels ofHMGB1 inpancreatic cancer cells lines (SW1990, Panc1,
. (d)Western blot analysis of HMGB1 protein-expression levels in irradiated (8 Gy) cancer
etected as a loading control. (e) ELISA-based analysis of the HMGB1concentration in the
4, 36, 48, 72 h post-treatment. (f) Immunofluorescence assays were performed to access
d AsPC1) at 48 h post-irradiation (8 or 12 Gy). Red: HMGB1; Blue: nucleus. Scale bar, 50
*P b .05, **P b .01, ***P b .001. Statistical analysis was performed using Student's t-test (b,
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demonstrating that HMGB1 induced expansion of cells with self-
renewal properties without the involvement of apoptosis.
3.4. TLR2 and TLR4 mediated HMGB1-induced stemness of CD133+ cancer
cell in different manners

To study the signaling pathways in which irradiation-induced
HMGB1 mediate cancer cell stemness, we first examined the total
mRNA- and protein-expression patterns of two commonHMGB1 recep-
tors (TLR-2 and TLR-4) in pancreatic cancer cells. The results suggest
that among the three pancreatic cancer cell lines, SW1990 cells
expressed the highest levels of TLR2 and the lowest levels of TLR4,
whereas AsPC1 cells displayed the highest level levels of TLR4 and the
lowest levels of TLR2 (Fig. 4a). Furthermore, compared to CD133−

cells, CD133+ cancer cells expressed higher levels of TLR2 protein and
mRNA, whereas TLR4 expression levels were reduced in CD133+ cancer
cells (Fig. 4a), indicating that TLR2 and TLR4 serve different roles in can-
cer cell stemness. Immunoprecipitation assays with SW1990 cell
lystates showed TLR2 and TLR4 formed a complex alone, or together
with HMGB1 (Fig. 4b).

To further assess the role of TLR2 and TLR4 in HMGB1 regulated
stemness, we over-expressed TLR2 or TLR4 in CD133+ SW1990 and
AsPC1 cancer cells (TLR2+ CD133+ SW1990, TLR4+ CD133+ SW1990,
TLR2+ CD133+ AsPC1, and TLR4+ CD133+ AsPC1) and then treated
the cells with rhHMGB1 (150 ng/mL). Interestingly, increased Oct4,
Sox2 and Nanog protein expression and sphere size occurred in TLR2+

CD133+ SW1990 and TLR2+ CD133+ AsPC1 cells in the presence of
rhHMGB1 (Fig. 4c and d). In contrast, cancer cell stemnesswas inhibited
in TLR4 over-expressing cells (TLR4+ CD133+ AsPC1 and TLR4+

CD133+ SW1990; Fig. 4c and d), indicating the opposite roles of TLR2
and TLR4 in HMGB1-induced cancer cell stemness. To test this hypoth-
esis, by transfecting specific shRNA oligos, we transiently silenced TLR2
and TLR4 expression in CD133+ SW1990 (TLR2− CD133+ SW1990) and
AsPC1 (TLR4− CD133+ AsPC1) cells. FACS analysis also showed that
overexpression or siRNAdid not affect the percentage of CD133+ cancer
cell without HMGB1 treatment (Fig. S4a). As expected, TLR2 inhibition
downregulated cancer cell stemness, whereas silencing TLR4 slightly
upregulated the stem cell markers Nanog and Sox2, especially in
AsPC1 cells in the presence of rhHMGB1 (Fig. 4e and f). We also treated
TLR4+ CD133+ SW1990 cells separately with Stevioside (a TLR2 antag-
onist) and TAK-242 (a TLR4 antagonist). Compared with the control
group (rhHMGB1+DMSO), we observed decreased protein expression
of stemness related-markers in the presence of rhHMGB1
and Stevioside, whereas increased expression of these stemness
related-markers was observed in the presence of rhHMGB1 and
TAK-242(Fig. 4 g). We further confirmed the role of TLR2 and TLR4 ex-
pression in radiotherapy resistance following HMGB1 treatment. Com-
pared to the control groups, TLR4+ CD133+ SW1990 cells and TLR2+

CD133+ SW1990 cells showed enhanced radiotherapy resistance in
the presence of HMGB1, whereas TLR2−CD133+ SW1990 and TLR4−

CD133+ SW1990 cells showed reduced radiotherapy resistance
(Fig. S4b and c).

These results confirmed HMGB1 was capable of maintaining and
enhancing CD133+ pancreatic cancer cell stemness through the TLR2
receptor, which further induced radiotherapy resistance. Moreover,
TLR4 receptor displayed certain antagonistic effect on the HMGB1–
TLR2 axis induced stemness effect.
Fig. 3. Dying cell-derived HMGB1 regulated CD133+ cancer cells stemness. (a) Western blot an
cell lines. GAPDH expressionwas detected as a loading control. (b) ELISA-based analysis of HMG
number and size of spheres formed from CD133+ cancer cells were measured following a 14
HMGB1− cancer cells; iii) shControl + rhHMGB1(150 ng/mL); iv) shHMGB1 + rhHMGB1(
f) Western blot and qRT-PCR analysis of mRNA- and protein- expression levels of stem cell m
following agents: i) lethally irradiated HMGB1+ cancer cells; ii) HMGB1− cancer cells; iii)
Experiments were repeated three times, and the data are expressed as the mean ± SEM. *P b

b, d, e, f right).
3.5. Wnt/β-catenin pathway was involved in HMGB1–TLR2 axis mediated
stemness of CD133+ cells

As theWnt/β-catenin is an important regulator of CSCs, we hypoth-
esized that it may function downstream of HMGB1/TLR2 signaling to
maintain and enhance the stemness of CD133+ cancer cells. Sorted
CD133+ SW1990 cells were con-cultured with supernatants from irra-
diated parental Ctrl shRNA cancer cells (HMGB1+), HMGB1 shRNA1
cancer cells (HMGB1−), rhHMGB1 (150 ng/mL) and mock medium
(Control) in theMillicell system for 48 h.We found elevated expression
of Wnt-signaling markers (p-GSK3β and β-catenin), signaling compo-
nents downstream of β-catenin (CD44 and c-myc), and Wnt target
gene transcripts (LEF1 and Axin2), in the HMGB1+ and rhHMGB1-
treated groups, but not in the HMGB1− group (Fig. 5a and b). Silencing
TLR2 in SW1990 cells (TLR2 shRNA2) substantially inhibited Wnt sig-
naling in the presence of rhHMGB1, but silencing TLR4 in SW1990
cells (TLR4 shRNA2) slightly enhancedWnt signals (Fig. 5a), suggesting
that irradiation-induced extracellular HMGB1 activated Wnt signaling
via the TLR2 receptor. Silencing β-catenin in SW1990 cells (β-catenin
shRNA1 and shRNA2) reversed the rhHMGB1-induced expression of
Oct4, Sox2 and Nanog, as well as the sphere size (Fig. 5c and d), further
suggesting that the HMGB1–TLR2 axis maintains and enhances the
stemness of CD133+ cancer cells by activatingWnt/β-catenin signaling.
3.6. Knockout of HMGB1 and/or TLR2 inhibited CD133+ cancer cell tumor-
igenesis and stemness in vivo

To validate our in vitro observation that irradiated dying cells can
produce extracellular HMGB1 and regulates cancer cell stemness, we
performed the limiting dilution tumor initiation assay using sorted
CD133+ SW1990 cells in the nude mice. Similar to previous experi-
ments, CD133+ SW1990 cells were cultured in supernatants from irra-
diated parental Ctrl shRNA cancer cells (HMGB1+), HMGB1 shRNA1
cancer cells (HMGB1−-1), HMGB1 shRNA2 cancer cells (HMGB1−-2),
rhHMGB1 (150 ng/mL) and mock medium (Control) for 5 days before
1 × 105 cancer cells were implanted subcutaneously into the nude
mice. Consistent with in vitro results, tumors from HMGB1+ and
rhHMGB1 groups grew faster and larger than the other groups (Fig. 6a
and b).

In addition, TLR2-overexpressing CD133+ SW1990 cells (TLR2+),
TLR2 silencing CD133+ SW1990 (TLR2−), TLR4-overexpressing
CD133+ SW1990 cells (TLR4+), and the control CD133+ SW1990 cells
(TLR4−) were treated rhHMGB1(150 ng/mL) or phosphate-buffered sa-
line (PBS) for 5 days, and then the cells were implanted subcutaneously
into nude mice at 1 × 103, 1 × 104, or 1 × 105 cells/mouse. TLR2+

CD133+ andTLR4−CD133+ cells treatedwith rhHMGB1 showed signif-
icantly higher tumorigenicity than the other groups. As few as 1 × 103

TLR2+ CD133+ (4/8) cells treated with rhHMGB1 developed into tu-
mors. At least 1 × 105 cancer cells were necessary to consistently gener-
ate a tumor in the rhHMGB1-treated TLR4+ CD133+ (3/8) and TLR2−

CD133+ (4/8) groups, and rhHMGB1 treated TLR2+ CD133+ and
TLR4− CD133+ cancer cells groups exhibited higher tumor-growth
rates and larger tumor volumes (Fig. 6C, Table 3 and Table 4),
supporting the possibility that the HMGB1-TLR2 axis enhanced the
stemness of cancer cells in vivo. TLR4 negatively regulated cancer cell
stemness in vivo, especially in the presence of rhHMGB1, which is also
in agreement with our in vitro observation.
alysis of shRNA-mediated knockdown of HMGB1 protein expression in pancreatic cancer
B1 concentrations in the culture supernatant of HMGB1-knockdown cancer cell. (c, d) The
-d co-cultured with the following agents: i) lethally irradiated HMGB1+ cancer cells; ii)
150 ng/mL); v) various concentrations of rhHMGB1(50, 100, 150, and 200 ng/mL). (e,
arkers (Oct4, Sox2, and Nanog) in CD133+ cancer cells after a 14-d co-cultured with the
rhHMGB1 (150 ng/mL). GAPDH was detected as a loading control. Scale bar, 1000 μm.
.05, **P b .01, ***P b .001. Statistical analysis was performed using Student's t-test (a right,



144 X. Chen et al. / EBioMedicine 40 (2019) 135–150



145X. Chen et al. / EBioMedicine 40 (2019) 135–150
3.7. The expression of CSC markers correlated with levels of HMGB1, TLR2,
and β-catenin in human pancreatic carcinoma

CD133 and CD44 are believed to be markers of CSCs in pancreatic
carcinoma. Using information from The Cancer Genome Atlas (TCGA)
database (https://genome-cancer.ucsc.edu, n = 183), correlations
between the expression of HMGB1, TLR2, β-catenin and CSC related
markers (Oct4, Nanog, CD133, and CD44) were evaluated. Using TCGA
protein array data, we found that the expression of Oct4, Nanog,
CD133, CD44, and β-catenin showed a linear relationship with TLR2 in
a heat-map, whereas HMGB1 and TLR4 showed no significant correla-
tion (Fig. 7a).

4. Discussion

In the present study, we demonstrated that X-ray irradiation-
induced cell death promoted self-renewal in vitro and enhanced
the tumorigenicity of CD133+ pancreatic CSCs in vivo. We also
found that cell death-induced HMGB1 binding with TLR2 in
CD133+ cancer cells enhanced their self-renewal ability, whereas
TLR4 displayed an antagonistic effect. Furthermore, the HMGB1/
TLR2/Wnt/β-catenin pathway promotes self-renewal of CD133+

cancer cells, which enriches for a radiotherapy-resistant CSC popula-
tion (Fig. 8); therefore, blocking this pathway may inhibit both
enrichment of the CD133+ stem cell population and tumor recur-
rence. Similar results were also found in hepatocellular carcinoma,
glioblastoma, and breast cancer cell lines (Fig. S5).

Similar to normal tissue repair, tumor recurrence following radio-
therapy resulted from therapy-resistant CSCs. CSCs are responsible for
tumor therapy resistance, metastasis, relapse, and the real threat to
tumor eradication [8,29]. Our results confirmed that irradiation in-
creases the number of CSCs in pancreatic cancer cell lines. The increased
number may be ascribed to: i) selective killing of differentiated cancer
cells, leading to a relative increase in the CSC population; ii) self-
renewal and proliferation of CSCs, leading to an absolute increase in
the CSC population; and iii) the reprogramming of differentiated cancer
cells to acquire stem cell traits. Our in vitro study confirmed the role of
an HMGB1-enriched microenvironment following irradiation in induc-
ing self-renewal of CSCs. Based on our study, the increased fractions of
CD133+ cells were distinct among the three pancreatic cancer cell
lines. Two possibilities can explain this difference. First, each cell line
contains a different level of basal CD133+ fraction. According to the for-
mer reports, AsPC-1 and SW1990 contain a high proportion of the
CD133+ subpopulation [30], which may explain why these cell lines
had a more dramatic increase in the CSC population after irradiation.
The second possibility is that the response to stimulation from the lo-
cated environment signals varied. We observed stem-related gene-
and protein expression-level changes in a dose-independent manner.
Indeed, irradiation induced significantly higher expression of
stemness-related genes and proteins. Irradiation stress can induce the
ectopic overexpression of stemness related transcription factors. Based
on previous research, we speculate that this may be ascribed to the
baseline expression levels of transcription factors in cancer cells and
the gene copy increased derive threshold [31].
Fig. 4.HMGB1maintained and enhanced the stemness of CD133+ cancer cells in TLR2-depende
TLR4 in total cancer cells and isolated CD133+ cancer cells from pancreatic cancer cell lines (SW
analysis of the binding ability between HMGB1 and TLR2 or TLR4 in CD133+ SW1990 cancer cel
CD133+ AsPC1 cancer cells were treated with 150 ng/mL rhHMGB1, and western blot analysi
treatment. GAPDH was detected as a loading control. (d) Sphere sizes were measured for TLR4
AsPC1 at 14 d following rhHMGB1 treatment. (e) TLR4− CD133+ SW1990, TLR4− CD133+ As
150 ng/mL rhHMGB1, and western blot analysis was performed to study the expression lev
control. (f) Sphere sizes were measured for TLR4− CD133+ SW1990, TLR4− CD133+ AsPC1
150 ng/mL rhHMGB1. (g) Western blot analysis of the expression levels of Oct4, Sox2, and
rhHMGB1(150 ng/mL) + DMSO; iii) rhHMGB1(150 ng/mL) + Stevioside; iv) rhHMGB1(1
Experiments were repeated three times, and the data are expressed as the mean ± SEM. *P
right, e right, f down, g right).
To maintain stemness and the self-renewal ability, CSCs are also
tightly regulated by specific tumor microenvironments (also called
niches) [32]. Either cell–cell communication or extracellular protein–
cell interactions in the niches regulate the self-renewal of CSCs and,
thus, tumorigenicity in the primary and secondary sites [12]. As a
common DAMP molecule, HMGB1 can be passively released from
dying or stressed cells, including necrotic cells following radiotherapy
[33]. The effects of extracellular HMGB1 on tumor biology are compli-
cated and sometimes contradictory. Some reports demonstrated that
extracellular HMGB1 may favor cancer cell proliferation and inhibit
apoptosis through its growth factor capability [33,34]. Other reports
provided evidence that extracellular HMGB1 can induce cancer cell
death through promoting genome instability or limiting the Warburg
effect [35,36]. Conti et al. reported autocrine HMGB1 from breast cancer
cells and CSCs could sustain CSC renewal [37]. Another study showed
that autophagic cancer associated fibroblasts (CAFs) released HMGB1
and could promote stemness and tumorigenicity of luminal breast
cancer [23]. According to our in vitro results, HMGB1 in the supernatant
was progressively up-regulated at 36 h, and then maintained at a high
level for 72 h after radiotherapy. The dramatic increase of the CD133+

population started at 48 h after radiotherapy. These results suggest
that HMGB1 functioned as an important regulator of CD133+ cancer
cell stemness and self-renewal. Thus, extracellular HMGB1 can
function in a paracrine or autocrine manner to affect the stemness of
cancer cells. The role of HMGB1 in regulating cancer cell biology may
also depend on its oxidation/redox status. We also confirmed that re-
duce state of extracellular HMGB1 was important for maintaining the
stemness of CD133+ cancer cells, while the oxidized state of extracellu-
lar HMGB1 promoted the differentiation of CD133+ cancer cells (data
not shown).

By interacting with several cell surface receptors (including RAGE,
TLRs, and CD24), extracellular HMGB1 induces various functional
responses. It was reported that TLRs play an important role in the path-
ophysiology of pancreatic cancer [38]. Our findings also suggest that
TLR2 and TLR4 are the major receptor responsible for HMGB1-
mediated effects on pancreatic cancer cell stemness and self-renewal.
Previous reports showed that TLR2 maintained CSC self-renewal in
ovarian and breast cancer, while TLR4 suppressed CSC self-renewal in
glioblastoma[37,39,40]. Our results demonstrate for the first time the
opposite roles of TLR2 and TLR4 in pancreatic CSC self-renewal. Based
on our in vitro results, the basal expression levels of TLR2 and TLR4 var-
ied between different pancreatic cancer cell lines. Interestingly, their
responses to HMGB1 mediated stemness effects were also different.
TLR2 inhibition significantly reduced the formation of mammospheres
and the expression of stem cell markers, while inhibition TLR4 had the
opposite consequences. These results suggested that TLR2 is a positive
regulator that mediates HMGB1 induced stemness, while TLR4 acts as
a negative mediator, although the molecular mechanism between
TLR4–TLR2 crosstalk was not well elucidated in this study. It was
reported that TLR2 and TLR4 can induce each other's expression in
acute lung injury and that their crosstalk serves as an important ampli-
fier of inflammation [41]. Ovarian cancer research showed that TLR2 en-
hanced the self-renewal of MyD88+ EOC cells, while TLR4 induced
MyD88+ EOC cells proliferation [39,42]. We speculate that crosstalk
ntmanner. (a) qRT-PCR andwestern blot analysis of the baseline protein levels of TLR2 and
1990, Panc1, and AsPC1). GAPDH expression was detected as a loading control. (b)Co-IP

ls. (c) TLR4+ CD133+ SW1990, TLR4+ CD133+ AsPC1, TLR2+ CD133+ SW1990 and TLR2+

s was performed to examine the expression level of Oct4, Sox2, and Nanog at 72 h post-
+ CD133+ SW1990, TLR4+ CD133+ AsPC1, TLR2+ CD133+ SW1990 and TLR2+ CD133+

PC1, TLR2− CD133+ SW1990, and TLR2− CD133+ AsPC1 cancer cells were treated with
els of Oct4, Sox2, and Nanog at 72 h post-treatment. GAPDH was detected as a loading
, TLR2− CD133+ SW1990 and TLR2− CD133+ AsPC1 cells at 14 d after treatment with
Nanog in TLR4+ CD133+ SW1990 cells treated with the following agents: i) DMSO; ii)
50 ng/mL) + TAK-242. GAPDH was detected as a loading control. Scale bar, 1000 μm.
b .05, **P b .01, ***P b .001. Statistical analysis was performed using Student's t-test (d

https://genome-cancer
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Fig. 6. Knockout of HMGB1 and/or TLR2 inhibited CD133+ cancer cell tumorigenesis and stemnss in vivo. (a, b) CD133+ SW1990 cancer cells co-cultured with irradiated HMGB1+ cells,
irradiated HMGB1− cells (HMGB1-shRNA1, HMGB1-shRNA2), rhHMGB1(150 ng/mL) or empty medium for 5 d and then implanted subcutaneously into the right dorsal flanks of nude
mice. The tumor volume (a) and tumor-growth rate (b) were measured at 27 d post-injection. (c, d) TLR4+CD133+, TLR4−CD133+, TLR2+CD133+ and TLR2−CD133+ SW1990 cancer
cells treated with or without rhHMGB1(150 ng/mL), with limiting dilution tumor-initiation ability studied with eight mice per group. The tumor volume (a) and growth-growth rate
(b) were measured at 34 d post injection. Experiments were repeated three times, and the data are expressed as the mean ± SEM. *P b .05, **P b .01, ***P b .001. Statistical analysis
was performed using Student's t-test. Statistical analysis was determined by Fisher exact test (b, d).
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between TLR2 and TLR4 determines the proper balance of CSCs and
differentiated cells in HMGB1-mediating tumor recurrence.
HMGB1-TLR2 signaling induces CSC self-renewal and therefore main-
tenance/expansion of the stem cell pool. In contrast, HMGB1-TLR4
signaling promotes the differentiation of CSCs and further gives rise
to heterogeneous daughter cells. Similar to tissue repair upon
injury, the balance between self-renewal and differentiation of CSCs
is critical for promote tumor repair and recurrence following radio-
therapy. The exact crosstalk mechanism between TLR2 and TLR4 in
pancreatic cancer cells need to be investigated further and at a deeper
level.

In the present study, we identified the HMGB1-TLR2/TLR4-Wnt/β-
catenin signaling pathway as being initiated by irradiated cancer cells,
and our data implicated a specific cancer cell subpopulation, CD133+

CSCs, in mediating tumor recurrence following radiotherapy. Our
Fig. 5. TheWnt/β-cateninpathwaywas involved in theHMGB1/TLR2-mediated stemness of CD1
CD44, and c-myc in CD133+ SW1990 cells co-cultured with irradiated HMGB1+cells, irradiated
shRNA. GAPDH expression was detected as a loading control. (b) qRT-PCR analysis of LEF1 an
irradiated HMGB1− cells, rhHMGB1(150 ng/mL), or empty medium. GAPDH was detected as
catenin knockdown CD133+ SW1990 cells treated with 150 ng/mL rhHMGB1. (d) The sph
150 ng/mL rhHMGB1. Scale bar, 1000 μm. Experiments were repeated three times, and the d
was performed using Student's t-test (a right, b, d right).
results open the possibility for developing new effective strategies to
prevent tumor repair in patients with residual disease. Combining ra-
diotherapy and an HMGB1 inhibitor or targeting TLR2-induced CSC
self-renewal may be considered for future therapeutic protocols.
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Fig. 7. Stem cell-relatedmarkers expression correlated with HMGB1, TLR2, and TLR4 levels in human pancreatic carcinoma. (a) Analysis of the relationships between HMGB1 expression
and CD133, CD44, Oct4, Nanog, and β-catenin expression in human pancreatic cancer tissues from the TCGA database. (b) Analysis of the relationships between TLR2 expression and
CD133, CD44, Oct4, Nanog, and β-catenin expression in human pancreatic cancer tissues from the TCGA database. (c) Analysis of the relationships between TLR4 expression and
CD133, CD44, Oct4, Nanog, and β-catenin expression in human pancreatic cancer tissues from the TCGA database. The results are presented in a heat map: n = 183. The data are
presented as fold changes in cancer specimens as compared to matched normal tissues. Statistical analysis was performed using Pearson's correlation analysis (a right, b right, c right).
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Fig. 8. Schematic representation of how radiotherapy-induced cell death may activate paracrine HMGB1-TLR2/4 signaling and regulate the stemness of resident CSCs. Radiotherapy
induced the cancer cells death which enriched for CSCs. HMGB1 is released by dying cells and binds specific receptors (TLR2 and TLR4) expressed on CSCs. HMGB1/TLR2 stimulates
Wnt/β-catenin in a paracrine manner, which promotes the self-renewal of CSCs, while HMGB1/TLR4 abrogates this effect.
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