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Irradiation induces glioblastoma cell senescence
and senescence-associated secretory phenotype
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Abstract Glioblastoma multiforme (GBM) is one of the most
aggressive and fatal primary brain tumors in humans. The
standard therapy for the treatment of GBM is surgical resec-
tion, followed by radiotherapy and/or chemotherapy. Howev-
er, the frequency of tumor recurrence in GBM patients is very
high, and the survival rate remains poor. Delineating the
mechanisms of GBM recurrence is essential for therapeutic
advances. Here, we demonstrate that irradiation rendered
17-20 % of GBM cells dead, but resulted in 60—80 % of
GBM cells growth-arrested with increases in senescence
markers, such as senescence-associated beta-galactosidase-
positive cells, H3K9me3-positive cells, and p53-p21°™'-pos-
itive cells. Moreover, irradiation induced expression of
senescence-associated secretory phenotype (SASP) mRNAs
and NFkB transcriptional activity in GBM cells. Strikingly,
compared to injection of non-irradiated GBM cells into
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immune-deficient mice, the co-injection of irradiated and
non-irradiated GBM cells resulted in faster growth of tumors
with the histological features of human GBM. Taken together,
our findings suggest that the increases in senescent cells and
SASP in GBM cells after irradiation is likely one of main
reasons for tumor recurrence in post-radiotherapy GBM
patients.
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Introduction

Glioblastoma multiforme (GBM) is one of the most aggres-
sive and common primary brain tumors. Radiotherapy is part
of the conventional therapy that is currently used to eradicate
GBM with administration of temozolomide after surgical re-
moval of the tumor. Unfortunately, the median survival period
of patients with GBM remains less than 2 years due to its high
recurrence frequency after treatment [1-3]. Because the sites
of recurrence of post-radiotherapy GBM are located around
the radiation-treated areas [4, 5], it is thought that radiation
may lead to the induction of a tumor-promoting microenvi-
ronment. Many studies have focused on developing potent
and effective radio-sensitizers or anti-tumor drugs to be used
in combination with radiotherapy [6-9].

Irradiated cells activate their DNA damage checkpoints to
delay cell cycle progression in an ATM/ATR-activation man-
ner. Activated ATR/ATM phosphorylates p53 to induce Gl
cell cycle arrest. The phosphorylated p53 increases the expres-
sion of p21<™ an endogenous inhibitor of cyclin-dependent
kinases, to trigger cell growth arrest, senescence, or apoptosis
[10—12]. Senescent cells express senescence-associated beta-
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galactosidase (SA-[3-gal) and present a flat and enlarged mor-
phology. Furthermore, senescent cells show irreversible cell
cycle arrest with a metabolically active state. One study re-
ported that tumor cells can undergo senescence following
treatment with radiation and chemotherapeutic agents
in vitro and in vivo [13]. In addition, other studies also showed
the changes of gene expression and senescence-like cellular
phenotype after radiation in several cancer models [14, 15].
Tumor cells may follow the senescence process as a defense
mechanism against tumor progression [16—19].

Recent evidence suggests that senescent cells may express
the senescence-associated secretory phenotype (SASP),
which includes growth factors, cytokines, and other factors
such as monocyte chemotactic protein 1 (MCP1), chemokine
C-X-C motif ligand 1 (GRO1), and p21<™' [12, 13, 20, 21].
Some studies reported that SASP is required for induction and
maintenance of senescence phenotype in normal cells [19,
22], while the radiation-induced senescent breast cancer cells
express the SASP that is required for triggering the prolifera-
tion, invasion, and migration of surrounding cells in vitro [23,
24]. It is also known that senescent cells secrete interleukin 6
(IL6) and ILS8, which can stimulate the invasion of premalig-
nant cells, leading to a secondary tumor [25]. These studies
suggest that radiotherapy-induced senescence can promote the
progression and invasion of tumors in vivo.

In the present study, our aim was to elucidate role of radi-
ation in GBM cells, and we found that irradiation leads to
GBM cell senescence and SASP expression in vitro, and irra-
diated GBM cells promote tumor progression in non-
irradiated GBM cells in in vivo tumor xenografts.

Materials and methods
Cells and culture conditions

Human GBM cell lines U87MG (p53wt, PTENmut, pI4ARF/
pl6del) and LN229 (p53mut, PTENwt, pI14ARF/p16del) were
purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA) and cultured in high-glucose
Dulbecco’s Modified Eagle’s medium (DMEM) supplement-
ed with 10 % fetal bovine serum (Serana, Bunbury, Australia),
1 % penicillin/streptomycin (Lonza, Basel, Switzerland), and
2 mM L-glutamine (Lonza) at 37 °C with 5 % CO, and 95 %
humidity.

Plasmids and lentiviral infection

U87MG and LN229 cells were infected with lentivirus pro-
duced from 293FT cell line (Life Technologies) that was
transfected with a lentiviral vector (pLL-CMV-puro, pLL-
CMV-IkBa mutant-puro, and pCDH-CMV-EF1-DsRed) and

@ Springer

packaging vectors (3rd generation: pMDLg/pRRE,
pRSV-Rev, and pMD2.G).

137Cs y-ray irradiation

137Cs y-ray irradiation at a dose rate of 2.04 Gy/min for a total
dose of 20 Gy was conducted using an IBL 437C (CIS Bio-
International, Codolet, France).

Cell counting

To assess proliferation, cells were irradiated with 20 Gy, and
then 1x10” cells were plated in 6-well plates. The cells were
harvested by trypsin digestion and stained with trypan blue to
exclude dead cells. Then, live cells were counted using a he-
mocytometer on days 1, 3, 5, and 7.

Annexin V and propidium iodide staining

Non-irradiated or irradiated GBM cells were grown for 3 days.
GBM cells were treated with bis-chloroethylnitrosourea
(BCNU; 80 pg/mL) for 1 day. Then, cells were collected
and washed twice with phosphate-buffered saline (PBS). Irra-
diated, non-irradiated and BCNU-treated cells were incubated
with Annexin V-FITC (BD Bioscience, Bedford, MA, USA)
with or without propidium iodide (PI) (BD Bioscience) for
15 min at room temperature in the dark. Incubated cells were
analyzed by fluorescence-activated cell sorting (FACS Verse,
BD Bioscience).

5-Bromo-2'-deoxyuridine incorporation assay

Non-irradiated or irradiated glioma cells were seeded in 24-
well plates for 3 days and then incubated with 10 uM 5-Bro-
mo-2'-deoxyuridine (BrdU) (B5002, Sigma-Aldrich, St. Lou-
is, MO, USA)-containing media for 3 h. Next, cells were
harvested by trypsin digestion, and collected cells were
washed twice with PBS and fixed in 4 % paraformaldehyde
(PFA) for 15 min at room temperature. Then, cells were
washed twice with cold PBS and incubated with 2 M HCI
for 45 min followed by 0.1 M borate buffer for 15 min at room
temperature. Next, cells were treated with anti-BrdU (1:500;
347583, BD Bioscience) antibody for 12 h at 4 °C. Fluores-
cence images were obtained using an upright fluorescence
microscope (Axio Imager M1, Carl Zeiss, Oberkochen,
Germany).

Carboxyfluorescein succinimidyl ester dilution assay

For labeling with carboxyfluorescein succinimidyl ester (CFSE)
(Sigma-Aldrich), GBM cells were harvested and centrifuged to
pellet the cells. Then, cells were washed with PBS and incubated
with CFSE solution for 30 min at room temperature. Next, cells
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were centrifuged, the supernatants aspirated, and the cells
suspended in culture media. Harvested cells were analyzed on
days 1, 4, and 7 using the FACSCalibur (BD Bioscience).

SA-f3-gal staining

To detect cell senescence, non-irradiated or irradiated GBM
cells were stained using a Senescence 3-Galactosidase Stain-
ing Kit (9860, Cell Signaling Technology, Danvers, MA,
USA), according to the manufacturer’s instructions. In brief,
after washing the plate with PBS, 1x fixative solution was
added to each well, and the plate was incubated for 15 min
at room temperature. Next, the plate was rinsed with PBS
followed by adding [3-galactosidase staining solution. Then,
the plate was incubated overnight at 37 °C in a dry incubator
(no CO,). After incubation, cells were analyzed using an
inverted fluorescence microscope (Axio Observer D1, Carl
Zeiss) to detect the blue color.

Immunofluorescence assay

Non-irradiated or irradiated glioma cells were seeded in 24-
well plates for 3 days. Then, cells were fixed in 4 % PFA and
incubated with primary anti-p21 (1:200; sc-397, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-H3K9me3 (1:200;
07—442, EMD Millipore, Bedford, MA, USA) antibodies for
12 h at4 °C. Cells were washed twice with PBS and incubated
with fluorescence-conjugated secondary antibody (Invitrogen,
Carlsbad, CA, USA) for 1 h at room temperature. Cells were
then counterstained with the nuclear dye 4',6-diamidino-2-
phenylindole (DAPL; 1 pg/mL) for 5 min. Fluorescence im-
ages were obtained using the Axio Imager M1 microscope.

Quantitative reverse transcription-polymerase chain
reaction

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) was performed in order to determine the mRNA
levels. Total RNA was isolated from cells using TRIzol Re-
agent (Invitrogen), according to the manufacturer’s instruc-
tions. RNA (1 pg) that had been treated with RNase-free DN-
ase was utilized as a template for synthesizing complementary
DNA (cDNA) using the RevertAid First Strand cDNA Syn-
thesis Kit (Thermo Scientific, Waltham, MA, USA), accord-
ing to the manufacturer’s instructions. The qRT-PCR analysis
was performed using Takara Bio SYBR Premix Ex Taq and
CFX096 (Bio-Rad, Hercules, CA, USA). The expression lev-
el of each target gene was normalized to that of 18S rRNA.
The primer sequences were human 18S rRNA forward: 5'-
CAGCCACCCGAGATTGAGCA-3', reverse: 5'-
TAGTAGCGACGGGCGGTGTG-3', human MCP1 forward:
5'-CCCAAACTCCGAAGACTTGA-3', reverse: 5'-
CAAAACATCCCAGGGGTAGA-3’, human GROI

forward: 5'-AATCCAACTGACCAGAAGGG-3', reverse:
5'-CATTAGGCACAATCCAGGTG-3', human IL6 forward:
5'-CCTGAACCTTCCAAAGATGGC-3’, reverse: 5'-
TTCACCAGGCAAGTCTCCTCA-3’, human IL8 forward:
5'-GCTCTGTGTGAAGGTGCAGT-3', reverse: 5'-
ACTTCTCCACAACCCTCTGC-3’, human VEGFA for-
ward: 5'-AGGGCAGAATCATCACGAAGT-3', reverse: 5'-
AGGGTCTCGATTGGATGGCA-3’, human CSF1 forward:
5'-GCT CCAGGAGTCTGTCTTCC-3', reverse: 5'-
GTAGAACAAGAGGCCTCCGA-3’, human CXCL12 for-
ward: 5'-ATTCTCAACACTCCAAACTGT-3', reverse: 5'-
CACTTTAGCTTCGGGTCAATGC-3', human p21 forward:
5'- TTAGCAGCGGAACAAGGAGT-3', reverse: 5'-
ATTCAGCATTGTGGGAGGAG-3', human EGF forward:
5'-CTCCATGATGGTGTGTGCAT-3', reverse: 5'-
ACCCCCATTCTTGAGGTCTT-3', human FGF2 forward:
5'-ACCGGTCAAGGAAATACACC-3', reverse: 5'-
CAGCTCTTAGCAGACATTGGA-3', human IL1« forward:
5'-CAGCCAGAGAGGGAGTCATT-3', reverse: 5'-
GGAGTGGGCCATAGCTTACA-3', human IL1p forward:
5'-CCCAACTGGTACATCAGCAC-3’, and reverse: 5'-
GGAAGACACAAATTGCATGG-3'.

Western blot analysis

Cell extracts were prepared using RIPA lysis buffer (150 mM
sodium chloride, 1 % NP-40, 0.1 % SDS, 50 mM Tris, pH 7.4)
containing 1 mM f3-glycerophosphate, 2.5 mM sodium pyro-
phosphate, 1 mM sodium fluoride, 1 mM sodium
orthovanadate, and protease inhibitor (Roche, Basel, Switzer-
land). Protein concentration was quantified using the Bradford
assay reagent (Bio-Rad), according to the manufacturer’s in-
structions. Proteins were resolved by SDS-PAGE and then
transferred to a polyvinylidene fluoride membrane (Pall Cor-
poration, Port Washington, NY, USA). Membranes were
blocked with 5 % nonfat milk and incubated with the follow-
ing antibodies at the indicated dilutions: anti-p21 (1:500; sc-
397), anti-IkBee (1:500; sc-371), anti-p53 (1:500; sc-126, all
from Santa Cruz Biotechnology), anti-p-p53 (1:500; 9286,
Cell Signaling Technology), and anti-{3-actin (1:10,000;
A5316, Sigma-Aldrich). Membranes were then incubated
with horseradish peroxidase-conjugated anti-IgG secondary
antibody (Pierce Biotechnology, Rockford, IL, USA) and vi-
sualized using the SuperSignal West Pico Chemiluminescent
Substrate (Pierce Biotechnology).

Luciferase assay

NFkB-regulated promoter/luciferase gene activity was deter-
mined in GBM cells by transfection of NF«xB (which contains
multiple NFkB binding sites in the promoter of the firefly
luciferase reporter gene) plasmid using the Dual-Glo Lucifer-
ase Assay System (Promega, Madison, WI, USA).
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Transfection efficiency was normalized to the activity of
Renilla luciferase according to the manufacturer’s
instructions.

Subcutaneous glioma cell implantation and tumor
dissociation

GBM cells were injected subcutaneously into nude mice
(BALB/c nu/nu). Mice were sacrificed when the tumor size
exceeded 1500 mm3, and the tumors were harvested. All
mouse experiments were approved by the Animal Care Com-
mittee of the College of Life Sciences and Biotechnology,
Korea University, according to government and institutional
guidelines and regulations of Korea. The tumors were minced
into 2—4 mm fragments and then incubated with trypsin for
30 min at 37 °C. The fragments were filtered through a 40 um
nylon mesh cell strainer (CD1-1KT, Sigma-Aldrich). The re-
leased cells were centrifuged at 1200 rpm for 3 min and incu-
bated in culture media at 37 °C with 5 % CO, and 95 %
humidity [26].

Hematoxylin and eosin and Ki67 staining in tumor tissue

Tumor-bearing mice were perfused with PBS and 4 % PFA.
Obtained tumor tissues were embedded in paraffin, sectioned

Fig. 1 Irradiation promotes
GBM cell growth inhibition
rather than cell death. a Upper
panel shows representative
images of irradiated U§7MG and
LN229 and non-irradiated control
cells on day 7 after irradiation
with 20 Gy. Lower panels show
GBM cell proliferation after
irradiation with 20 Gy. Irradiation
led to growth inhibition in
U87MG and LN229 cells in a
time-dependent manner
compared to non-irradiated
control cells. ¥*¥p<0.01 (n=3).
Data are expressed as means=+
SEM. b FACS analysis revealed
that Annexin V-positive US7MG
and LN229 apoptotic cells
gradually increased in a radiation
dose-dependent manner on day 3.
However, total apoptotic cells
after irradiation were less than 17
and 20 % in US7MG and LN229
cells, respectively. BCNU-treated
U87MG and LN229 cells were
used for positive controls of
cellular apoptosis. *p<0.05,
**p<0.01 (n=3). Data are
expressed as means+SEM
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(4 um in thickness), and placed on glass slides. After
deparaffinization and hydration, the tissue slides were
treated with hematoxylin (Merck, Darmstadt, Germany)
for 5 min and rinsed with tap water. Next, tissue slides
were dipped 10-15 times in acidic alcohol and rinsed
again in tap water. All slides were incubated in an eosin
solution (109844, Merck) for 30 s, followed by washing
with distilled water.

After deparaffinization and hydration, the tissue slides were
stained with primary antibodies against Ki67 (NCL-Ki67p,
Leica Biosystems, UK) for 12 h at 4 °C. Cells were washed
twice with PBS and incubated with fluorescence-conjugated
secondary antibody (Invitrogen) for 1 h at room temperature.
Nuclei were then stained with DAPI (1 pg/mL) for 5 min.
Fluorescence images were obtained using a confocal laser
scanning microscope (LSM5 Pascal, Carl Zeiss).

Statistical analysis

Statistical analysis was performed using the two-tailed Stu-
dent’s ¢ test. Values of p <0.05 (*) or p<0.01 (**) were con-
sidered statistically significant for different experiments, as
indicated in the figure legends. Data are presented as means
+standard error of the mean (SEM).
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Results

Irradiation influences GBM cell growth rather than cell
death

To determine whether irradiation induces death in GBM cells,
we exposed the GBM cell lines US7MG and LN229 to 20 Gy
of radiation and found that irradiation significantly inhibited
the growth of US7MG and LN229 cells during 7 days after
exposure (Fig. 1a). Next, we tested whether irradiation trig-
gers cellular apoptosis by exposing cells to various doses of
radiation (0 to 20 Gy). We used BCNU-treated U87MG and
LN229 cells as positive controls for cellular apoptosis
(Fig. 1b; 84.6 and 61.9 % cell death in BCNU-treated
US7MG and LN229 cells, respectively). Annexin V-FITC
analysis showed that irradiation did not markedly induce ap-
optosis after exposure of up to 20 Gy (Fig. 1b; 17 and 20 %
cell death in irradiated US7MG and LN229 cells, respective-
ly). Therefore, our results indicate that irradiation results in
inhibition of GBM cell growth rather than induction of cell
death.

Fig. 2 Irradiated GBM cells a
undergo growth arrest. a The

BrdU incorporation assay

revealed that the proliferation of
U87MG and LN229 cells is
significantly inhibited by

irradiation with 20 Gy compared

to non-irradiated counterpart

cells. ¥*p<0.01 (n=3). Data are
expressed as means+SEM. b

U87MG and LN229 cells were

cultured with the fluorescent dye 0 .
CFSE and harvested at indicated 0Gy D D-2

40 ; US7MG

BrdU positive cell population (%)

Irradiation leads to GBM cell cycle arrest

To further determine the effect of irradiation on the prolifera-
tive ability of U§7MG and LN229 cells, we performed a BrdU
incorporation assay and CFSE dilution assay. The BrdU in-
corporation assay revealed that irradiation markedly inhibited
the proliferation of GBM cells and significantly decreased the
number of BrdU-positive cells at different time periods after
exposure to 20 Gy (Fig. 2a). The CFSE dilution assay also
showed that the CFSE dye was rapidly diluted depending on
the proliferation of non-irradiated GBM cells, but was diluted
slowly in irradiated GBM cells (Fig. 2b). These results suggest
that irradiated GBM cells undergo cell cycle arrest in the GO or
G1 phase.

Irradiation induces GBM cell senescence

Based on our results from the CFSE dilution assay, we as-
sumed that irradiation may induce cellular senescence in
GBM cells. To test our hypothesis, we first observed the
GBM cell morphology and found that irradiation caused
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significant changes, including cell enlargement, a larger flat-
tened cytoplasm, and vacuole formation, compared to non-
irradiated GBM cells (Fig. 3a). These changes represent the
induction of senescence in GBM cells. Furthermore, we de-
tected SA-{3-gal activity, a surrogate marker of senescence.
Interestingly, SA-[3-gal-positive cell populations were signif-
icantly increased in U87MG and LN229 cells in a radiation
dose-dependent manner (Fig. 3b, c). Taken together, these
results indicate that irradiation induces senescence in GBM
cells.

Irradiation induces senescence markers in GBM cells

Next, we performed a number of biochemical analyses to
further confirm irradiation-induced senescence in GBM cells.
A relatively high population of H3K9me3-positive cells, a
marker of senescent cells with heterochromatin DNA, was
observed in the irradiated GBM cells compared to the non-
irradiated counterpart cells (Fig. 4a). Cells expressing p21<™",
a well-known senescence marker, were relatively high among
irradiated GBM cells (Fig. 4b). Moreover, the p21<"! mRNA
levels in U87MG and LN229 cells were also increased in a
time-dependent manner after irradiation (Fig. 4c, d). It is

known that the US7MG cell line has the wild-type p53 gene
and LN229 cells contain a mutant p53 gene with normal p53
function [27]. The p53 transcription factor is phosphorylated
by irradiation-induced DNA damage and activates cell cycle
checkpoints by increasing p21“™"" expression [28]. Therefore,
we performed a Western blot assay to measure total and phos-
phorylated p53 protein levels. The results show that total and
phosphorylated p53 and p21“™" markedly increased in irradi-
ated GBM cells compared to non-irradiated counterpart cells
(Fig. 4e, f). Taken together, these results suggest that the p53-
p21°™! regulatory axis is likely associated with cellular senes-
cence rather than apoptosis in the irradiated GBM cells.

Irradiation increases SASP and NFkB transcriptional
activity in GBM cells

Senescent cells are metabolically active and able to crosstalk
with other cells through several secretory factors, which is also
known as SASP. We examined the mRNA levels of SASP in
irradiated GBM cells by using qRT-PCR. The results show
that the SASP factors MCP1, GROI, IL6, ILS8, IL1«, IL1p3,
and p21°™" significantly increased in irradiated US7MG and
LN229 cells compared to non-irradiated counterpart cells
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Fig. 3 Irradiation induces GBM cell senescence. a U§7MG and LN229
cells displayed morphological changes, such as cell flattening and
enlargement, after irradiation. The images shown were obtained on day
3 after irradiation with 20 Gy. b The SA-[3-gal staining assay revealed that
irradiation renders the majority of U87MG and LN229 cells SA-[3-gal-
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positive. The representative photos shown were obtained from GBM cells
treated with indicated radiation doses on day 3. ¢ The graphs indicate
quantitative data for SA-3-gal-positive GBM cells shown in Fig. 3b.
**p<0.01 (n=3). Data are expressed as means+SEM
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(Fig. 5a). NFkB signaling is known to be a master regulator
for SASP induction [29]. Therefore, we analyzed the expres-
sion level of IkBax, an endogenous inhibitor of the transcrip-
tion factor NF«kB. The results show that IkBx protein levels
markedly decreased in GBM cells in a time-dependent manner
after irradiation (Fig. 5b), indicative of NFkB activation. To
directly evaluate NFkB signaling, we analyzed the promoter/
luciferase reporter gene activity of the transcription factor
NFkB. The results show that irradiation enhanced the NFkB
promoter transcriptional activity in U87MG and LN229 cells
(Fig. 5c). Collectively, these results suggest that irradiation
likely triggers SASP induction in GBM cells through the ac-
tivation of NFkB signaling.

To understand a direct role of NF«kB in the irradiation-
induced senescence and cell death, we established US7MG
and LN229 cell lines expressing IkBo mutant that constitu-
tively inhibit NFkB by escaping from IkB kinase-mediated

Fig. 4 Irradiation increases the
expression of senescence markers
in GBM cells. a
Immunofluorescence analysis
revealed that H3K9me3, the
heterochromatin DNA and
senescence marker, was
significantly increased in the
U87MG and LN229 cells on day
3 after irradiation with 20 Gy.
*#p<0.01 (n=3). Data are
expressed as means+SEM. b
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phosphorylation and subsequent degradation. We found that
there was no significant difference in SA-{3-gal activity be-
tween the control and IkBa mutant-expressing GBM cells
(data not shown). However, apoptotic cell population was
relatively decreased in IkBa mutant-expressing GBM cells
compared to control cells by irradiation (sFig. 1). Therefore,
these results indicate that NFkB signaling is not directly
linked to radiation-induced cell autonomous senescence.

In vivo tumor xenograft growth of GBM cells is elevated
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Because most SASP genes induced in irradiated GBM cells
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irradiated GBM cells in tumor progression is evaluated by co-
injection with non-irradiated GBM cells and irradiated GBM
cells that express the red fluorescent protein DsRed. The re-
sults show that 2 x 10%-irradiated U87MG-DsRed and LN229-
DsRed cells alone did not form a tumor mass in immune-
deficient mice (Fig. 6a, d). Of interest, co-injection of 1x10°
US7TMG cells with 2x 10%-irradiated US7MG-DsRed cells
produced relatively large tumors compared to 1x10°
US7MG cells alone (Fig. 6a, b). Similarly, co-injection of
1x10° LN229 cells with 2x 10°-irradiated LN229-DsRed
cells generated larger tumor volume and mass than 1x10°
LN229 cells alone (Fig. 6d, ¢). We then harvested the subcu-
taneous tumor masses and stained them with hematoxylin and
eosin (H&E) and Ki67 to evaluate their histological features.
The H&E revealed that tumors derived from co-injected irra-
diated and non-irradiated cells displayed relatively more ag-
gressive GBM phenotypes, including cells with diverse sizes,
increased vessel formation, and palisading necrosis, compared
to tumors obtained from injected non-irradiated cells (Fig. 6c¢,
). However, Ki67 staining analysis revealed that there was no
obvious difference in cell proliferation in tumors derived from
two the groups (Fig. 6¢, f). To examine whether irradiated
DsRed-positive senescent cells are present in the tumors, we
dissociated the tumor into single cells and analyzed the exis-
tence of DsRed-positive cell populations by FACS analysis.
Compared to DsRed fluorescence-positive cell population

Fig. 5 Irradiation induces a 60 -
expression of SASP and NFkB b
activity in GBM cells. a qRT-PCR
assay showed that mRNA levels
of the SASP genes MCP1,
GROI, IL6, IL8, IL1«, and IL1f3
were significantly increased in the
U87MG and LN229 cells on day
3 after irradiation with 20 Gy.
*p<0.05, **p<0.01 (n=3). Data
are expressed as means+SEM. b
Western blot analysis revealed 10
that IkBo protein levels gradually

decreased in US7MG and LN229 0
cells in a time-dependent manner

after irradiation with 20 Gy. ¢ The
promoter/luciferase reporter gene

assay showed that NFkB b
promoter transcriptional activity
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from 1 x 10° non-irradiated LN229 cells with 2 x 10®-irradiated
LN229-DsRed cells before the mouse co-injection (sFig. 2a),
there were no irradiated DsRed-positive LN229 cells in the
single cells derived from the tumors (sFig. 2b). These results
indicate that the irradiated GBM cells should be disappeared
after changing tumor microenvironment.

Taken together, our findings suggest that irradiation may
influence GBM progression and recurrence by generating a
tumor-promoting microenvironment that stimulates growth of
irradiation-escaped GBM cells after radiotherapy treatment.

Discussion

Although many cancer biologists have focused on delineating
the molecular mechanism underlying tumor recurrence, the
exact mechanism has remained elusive. Several studies have
reported that senescence is a physiological defense mecha-
nism that suppresses tumor progression at a premalignant
stage [30, 31]. However, it has also been reported that senes-
cence can promote the initiation and progression of cancer
[12, 13]. For example, soluble factors secreted by senescent
cells can promote the growth of premalignant and malignant
epithelial cells [32]. In addition, tumor tissues develop cellular
senescence after administration of radiation therapy and che-
motherapeutic agents in vitro and in vivo [13]. Several other
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studies have also suggested that cellular senescence is a prom-
ising target to eradicate cancer and reduce the incidence of
tumor recurrence [16, 19, 29]. Therefore, it is likely that, in
the early stages of tumor development, cellular senescence
may be acquired as a defense mechanism against tumor cells,
while in late stages of tumor development or in a tumor after
therapy, cellular senescence may lead to tumor progression.
The traditional therapy against GBM now in use is the
concomitant treatment by radiotherapy with chemotherapeutic
agents after surgical resection [33]. Recently, Kioi et al. [34]
reported that bone marrow-derived cells (BMDCs) are recruit-
ed to GBM and promote neovasculogenesis after radiotherapy
treatment. Furthermore, the SDF-1/CXCR4 interaction is pri-
marily required for recruiting BMDCs, leading to
neovasculogenesis in recurrent GBM. Therefore, inhibition

a —e— UB7MG 108 b
1600 —&— US7MG 10° + DsRed (20Gy) 2X10¢ 0.8 -
1400 U87MG-DsRed (20Gy) 2X10¢ 0.7 4
'E 1200 - S 06
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Fig. 6 Irradiated GBM cells promote tumor xenograft growth of non-
irradiated GBM cells. a and d No tumor growth was observed after
injection of irradiated GBM cells in immune-deficient mice (a, US7MG
and d, LN229). The larger tumor volume was formed by co-injection of
non-irradiated GBM and irradiated GBM cells at a ratio of 1:2 compared
to injection of non-irradiated GBM cells alone (a, U§7MG cells and d,
LN229 cells). *p<0.05, **p<0.01 (n for USTMG cells=2, n for LN229
cells=4). Data are expressed as means+SEM. b and e Tumor weight was
increased by co-injection of non-irradiated GBM and irradiated GBM

Con + DsRed (20Gy)

of the SDF-1/CXCR4 interaction might be a promising strat-
egy against the recurrence of GBM [34, 35]. Our data show
that the expression of the SASP genes MCP1, GRO1, IL6,
IL8, IL1cx, and IL13 was significantly increased in irradiated
GBM cells. Previous studies have demonstrated that these
SASP factors are strongly associated with the tumor microen-
vironment and tumor progression. For example, MCP1, also
known as CCL2, is important for recruiting monocytes, which
promote breast cancer metastasis and correlate with poor
prognosis [36, 37]. GRO1 promotes the migration of prostate
cancer cells [38]. IL6 and IL8 secreted by senescent cells
stimulate the invasion of premalignant cells [23]. Therefore,
it is likely that targeting therapy-induced cellular senescence
or SASP would be a promising approach to improve the ther-
apeutic response and survival rate of cancer patients.
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cells compared to injection of non-irradiated GBM cells alone. The
mice were sacrificed on day 69 (b, U87MG cells) and day 90 (e,
LN229 cells). *p<0.05 (n=4). Data are expressed as means+SEM. ¢
and f H&E and Ki67 staining revealed that tumors derived from co-
injection of non-irradiated GBM and irradiated GBM cells showed
histological features of human GBM compared to tumors derived from
injection of non-irradiated GBM cells alone. The mice were sacrificed on
day 69 (¢, US7MG cells) and day 90 (f, LN229 cells). N necrosis. The
images shown are 400x magnified
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Activated NFkB signaling has been detected in several
types of solid tumors, including breast tumors, prostate tu-
mors, melanoma, and GBM [39-41]. NFkB signaling is in-
volved in tumor cell proliferation, invasion, angiogenesis, and
inflammation. Activation of NFkB signaling is a major sig-
naling mechanism that triggers SASP induction and likely
generates a favorable microenvironment for the recurrence
observed in GBM. Therefore, our study suggests that the com-
bination of standard therapy with the targeting of NF«B sig-
naling is an attractive therapeutic strategy to suppress tumor
progression and recurrence through inhibition of SASP-driven
changes in the tumor microenvironment.
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