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ARTICLE INFO ABSTRACT

Keywords: Glutamine metabolism, known as glutaminolysis, is abnormally activated in many cancer cells with KRAS or
Radiation BRAF mutations or active c-MYC. Glutaminolysis plays an important role in the proliferation of cancer cells with
Glutaminolysis oncogenic mutations. In this study, we characterized radiation-induced cell death, which was enhanced by
:zizi;f;czmg glutaminolysis inhibition in non-small cell lung cancer A549 and H460 cell lines with KRAS mutation. A clo-
Apoptosis nogenic survival assay revealed that treatment with a glutaminase inhibitor, CB839, enhanced radiosensitivity.
X-irradiation increased glutamate production, mitochondrial oxygen consumption, and ATP production, whereas
CB839 treatment suppressed these effects. The data suggest that the enhancement of glutaminolysis-dependent
energy metabolism for ATP production is important for survival after X-irradiation. Evaluation of the cell death
phenotype revealed that glutaminolysis inhibitory treatment with CB839 or a low-glutamine medium signifi-
cantly promoted the proliferation of p-galactosidase-positive and IL-6/IL-8 secretory cells among X-irradiated
tumor cells, corresponding to an increase in the senescent cell population. Furthermore, treatment with ABT263,
a Bcl-2 family inhibitor, transformed senescent cells into apoptotic cells. The findings suggest that combination
treatment with a glutaminolysis inhibitor and a senolytic drug is useful for efficient radiotherapy.
Introduction induces death in lung cancer [8], pancreatic cancer [1], melanoma [9],

and triple-negative breast cancer cells [5]. The inhibition of glutamine

Many cancers with mutations (such as KRAS [1,2] or BRAF [3]
mutations) or c-MYC activation [4] and triple-negative breast cancers
[5] are reported to be dependent on glutamine as a source of nutrition
for cell proliferation and homeostasis maintenance. The upregulation of
glutaminolysis in these cancers is attributed to an increase in the
expression of glutaminase (GLS) and the glutamine transporter
(SLC1A5) [6-9]. Glutaminolysis upregulation in cancer cells is consid-
ered to be important for maintaining the mitochondrial tricarboxylic
acid cycle for energy production through the electron transport chain
(ETC) in tumors with oncogene mutations [10].

Cancer-specific glutaminolysis-related metabolism has attracted
attention as a target for cancer therapy. Reportedly, the chemical or
genomic inhibition of GLS and SLC1AS5 suppresses cell proliferation and

metabolism has also been reported to enhance the tumor-cell-killing
efficiency of radiotherapy or chemotherapy. For example,
bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl) ethyl sulfide, a GLS1
inhibitor, enhanced not only the radiation-induced loss of clonogenic
activity in non-small cell lung cancer cells [11], but also cisplatin and
paclitaxel sensitivity in ovarian cancer cells [12]. Moreover, compound
968, a GLS inhibitor, was shown to sensitize ovarian cancer cells to
paclitaxel [13], and glutamine deprivation was shown to increase
cisplatin- or etoposide-induced neuroblastoma cell death [14]. Yang
et al. demonstrated that, as novel effects of glutaminolysis inhibition,
GLS inhibition (via the glutamine antagonist 6-diazo-5-0x-
o-L-norleuicine), short hairpin RNA interference against GLS, and
glutamine depletion in the medium strongly induced senescence in

Abbreviations: ETC, electron transport chain; GLS, glutaminase; SLC1A5, glutamine transporter; SA-f-gal, senescence-associated beta galactosidase; SASP,
senescence-associated secretory phenotype; CDK, cyclin-dependent kinase; MAPK, mitogen-activated protein kinase; MPM, malignant pleural mesothelioma; EMT,
epithelial-to-mesenchymal transition; DMEM, Dulbecco’s modified Eagle’s medium; FBS, fetal bovine serum; HRP, horseradish peroxidase; PBS, phosphate-buffered
saline; OCR, oxygen consumption rate; ESR, electron spin resonance; BSA, bovine serum albumin; PI, propidium iodide; ELISA, enzyme-linked immunosorbent assay;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; TBST, Tris-buffered saline-Tween 20.
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pancreatic cancer 8988 T cells [15]. Although the induction of senes-
cence in cancer cells is reportedly related to mitochondrial energy
metabolism in osteosarcoma cells [16], fibroblast cells [17], and endo-
thelial cells [18,19], it remains unclear whether cellular senescence
plays a major role in radiosensitization and chemosensitization induced
by the sublethal inhibition of glutaminolysis in tumor cells.

Physiologically, senescence refers to the stable arrest of the cell
cycle, which is caused by the shortening of telomeres as the cell divides
and reaches the limit of division (Hayflick limit) [20]. Conversely,
immortalized cells and cancer cells also undergo senescence, known as
premature senescence, which is caused by oncogene mutations [21] and
exogenous DNA damage [22]. Senescent cells are characterized by
changes in the expression patterns of several biomarkers, such as the
activation of senescence-associated beta galactosidase (SA-p-gal), over-
expression of p53, p21 CIP1 (p21), and p16INK4A (p16), and secretion
of a large number of factors, including growth factors, cytokines, che-
mokines, and proteases, which collectively constitute the
senescence-associated secretory phenotype (SASP) [23,24]. Among the
cellular mechanisms underlying the induction of senescence, severe
oxidative stress, gamma and UVB irradiation, and treatment with
several anticancer drugs activate p53 to induce the overexpression of the
cyclin-dependent kinase (CDK) inhibitor, p21, and stimulate p16, which
is followed by the induction of senescence [23,24]. As a different se-
nescent pathway from the p53/p21 axis or the pl6 pathway, the DNA
damage-induced activation of MKK3/6 and p383 mitogen-activated
protein kinase (MAPK) plays an important role in the induction of the
p53-independent pathway in oncogene (RAS/RAF)-induced senescence
[25,26].

Although cellular senescence is irreversible arrest of cell prolifera-
tion, an increase in cellular senescence is not considered to be beneficial
in cancer therapy [27,28], because it leads to the secondary secretion of
various SASP-related factors, such as inflammatory cytokines, IL-1, IL-6,
IL-8 (which cause chronic inflammation), TGF-f (which stimulates
proliferation by promoting angiogenesis), and proteases (which pro-
mote carcinogenesis) [29]. For example, in malignant pleural meso-
thelioma (MPM) cells, treatment with conditioned medium containing
SASP-related factors reportedly induced epithelial-to-mesenchymal
transition (EMT) and led the cells to acquire chemoresistance against
the anticancer folic acid metabolic antagonist pemetrexed [30]. There-
fore, two strategies have been proposed for cancer therapy to prevent
SASP-induced side effects: inhibition of the secretion of SASP factors
[31,32] and conversion of senescence to apoptosis by senolytic agents
[33-35]. Reportedly, the suppression of IL-6 and IL-1a secretion from
radiation-induced senescent fibroblast cells by the mTOR inhibitor
rapamycin inhibits the migration or growth of prostate cancer cells [31].
The senolytic drug ABT263, which is an inhibitor of the Bcl-2 family of
anti-apoptotic proteins, including Bcl-2, Bcl-W, and Bcl-Xj, has also been
reported to induce the transition of therapy-induced senescence to
apoptosis in breast cancer cells and lung cancer cells [33].

In the present study, we demonstrated the enhancement of radio-
sensitivity in response to glutaminolysis inhibition in human lung
adenocarcinoma cells and evaluated the attributed cell death pheno-
type. The increase in the senescent cell population contributed signifi-
cantly to the radiation-sensitizing effect. In addition, we investigated the
effect of the senolytic drug ABT263 on the induction of senescence and
showed that ABT263 induced the transition from senescence to
apoptosis, the latter being the preferred mode of cell death in therapy.

Materials and methods
Cell culture

Human lung cancer cell lines, A549 and H460, were obtained from
the Riken Cell Bank and the American Type Culture Collection, respec-

tively. A549 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Sigma-Aldrich, St. Louis, MO, USA) supplemented with 25 mM
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glucose, 4 mM glutamine, 1 mM sodium pyruvate, and 10% (v/v) fetal
bovine serum (FBS; Biosera, Nuaille, France). H460 cells were incubated
in RPMI1640 medium (Thermo Fisher Scientific, MA, USA) supple-
mented with 10% (v/v) FBS. The cell cultures were maintained at 37 °C
in 5% CO,

Reagents and antibodies

The GLS inhibitor CB839 was purchased from MedChem Express
(South Brunswick, NJ, USA). The Bcl-2/Bcl-X;, inhibitor ABT263 was
purchased from Cayman Chemical (Ann Arbor, ML, USA). Glutamine and
L-[2,3,4,—3H] were purchased from Moravec Inc. (Brea, CA, USA). Anti-
p53, anti-p21, anti-actin, anti-cyclin A, anti-cyclin B1, and horseradish
peroxidase (HRP)-conjugated secondary antibodies were obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). An anti-p-CDK2
(Thr160) antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA).

X-irradiation

X-irradiation was performed using an X-RAD iR-225 (Precision X-
Ray, North Branford, CT, USA) with a dose rate of 1.37 Gy/min at 200
kVp, 15 mA, with a 1.0 mm aluminum filter.

Clonogenic survival assay

Cells were seeded in 60 mm ¢ dishes (Thermo Fisher Scientific) and
incubated for 6 h. The attached cells were X-irradiated (1, 2, 4, or 8 Gy)
and incubated with or without CB839 (4 nM for A549 cells and 40 nM
for H460 cells). The cell colonies were fixed with methanol and stained
with Giemsa stain. Cells from colonies containing more than 50 cells
were scored as surviving cells.

Glutamine uptake and glutamate production

X-irradiation was performed 24 h before measurement, and 10 pM
CB839 was administered 1 h before measurement. Glutamine uptake
and glutamate production in the cells were measured according to a
partially modified version of a method reported by Mongin et al. [36]. In
the experiments regarding glutamine metabolism and oxygen con-
sumption rate (OCR), a relatively high concentration (10 mM) was
employed unlike other radiosensitivity experiments, since the objective
was only to confirm the inhibitory effect of CB839 on them for a short
time under conditions where cell death by CB839 would not cause cell
number changes. The cells were seeded in a 35 mm ¢ dish and incubated
overnight. DMEM supplemented with 50 nM glutamine, 1-[2,3,4,—>H]
(6 uCi) was added to the cells, and the cells were incubated at 37 °C in
5% CO,. Following this, the cells were washed with 1 mL of cold
phosphate-buffered saline (PBS) three times on ice. The cells were then
mixed with 1 mL of cold PBS, removed by a cell scraper, and collected in
1.5 mL tubes. The cells were lysed by sonication, and the obtained cell
lysate was applied to an anion exchange resin (AG 1-X8 Polyprep
Chromatography Columns, Bio-Rad Laboratories, Hercules, CA, USA) to
isolate 3H-labeled glutamate synthesized by cellular GLS from gluta-
mine, 1-[2,3,4,—3H]. The resin was washed three times with 2 mL of
water, and the washing solution was collected for the measurement of
glutamine uptake in the cells through amino acid transporters present in
the plasma membrane. The adsorbate in the column was eluted three
times with 2 mL of 0.1 N HCI, and the eluent was collected for the
measurement of glutamate synthesized by cellular glutamine One
milliliter of washing solution with water or the eluent with 0.1 N HCl
solution was mixed with 5 mL of a liquid scintillator (AQUASOL-2;
PerkinElmer, Waltham, MA, USA). °H radioactivity was measured using
an LSC-5100 instrument (Hitachi, Tokyo, Japan).
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Measuring oxygen consumption rate (OCR) by electron spin resonance
(ESR)

OCR was measured using ESR, as previously reported [37-41].
X-irradiation was performed 24 h before measurement, and 10 pM
CB839 was administered 1 h before measurement.

ATP measurement

ATP measurement was performed using the “Cell” ATP assay regent
(Toyo B-Net, Tokyo, Japan) according to the manufacturer’s in-
structions. Cells were collected from 35 mm ¢ dish by trypsinization,
and cell suspensions were prepared at 1.0 x 10° cells/mL. One hundred
microliters of the cell suspensions were added to 96-well plates, and the
ATP assay reagent was added. Cellular ATP levels were measured using a
VICTOR Nivo Multimode Microplate Reader (PerkinElmer).

Evaluation of DNA damage

Cells were seeded on a coverslip in a 35 mm ¢ dish and incubated
overnight. Ten nM CB839 was administered immediately after X-irra-
diation, and the cells were incubated for 0.5, 1, 2, 6, or 24 h. Cells were
fixed with 4% paraformaldehyde in PBS for 10 min. Cells were per-
meabilized with PBS containing 0.3% Triton-X, and then washed three
times with 1 mL of PBS. Non-specific antibody binding was blocked with
PBS containing 6% bovine serum albumin (BSA) for 60 min at room
temperature. The blocked cells were incubated overnight with an anti-
yH2AX antibody (1:1,000) or anti-53BP1 antibody in PBS containing 1%
BSA and 0.3% Triton-X at 4 °C. Next, the cells were incubated for 1.5 h in
the dark with an Alexa Fluor® 488 anti-rabbit antibody (1:1,000) in PBS
containing 1% BSA and 0.3% Triton-X at room temperature. After in-
cubation, the cells were washed three times with PBS and counter-
stained with 300 nM DAPI for 5 min at room temperature. The coverslips
were mounted with ProLong® Gold Antifade Mountant reagent (Thermo
Fisher Scientific). Fluorescence microscopic analysis was performed
using an Olympus BX61 microscope (Olympus, Tokyo, Japan). The
number of YH2AX foci or 53BP1 foci per cell was counted. At least 100
cells were analyzed.

SA-f-gal assay

To analyze cellular senescence, a senescence-associated p-galactosi-
dase staining kit (Cell Signaling Technology) was used according to the
manufacturer’s instructions. Cells were seeded in a 35 mm ¢ dish and
incubated overnight. A549 and H460 cells were X-irradiated (5 Gy) and
then incubated for 5 and 3 days, respectively. After incubation, the cells
were fixed with a fixing solution for 10 min at room temperature. The
fixed cells were washed three times with PBS. The cells were treated
with 1 mL of an SA-p-gal staining solution and incubated overnight at
37 °C. The solution was replaced with 70% glycerol, and images of the
cells were acquired using a BZ-9000 instrument (KEYENCE, Osaka,
Japan). At least 200 cells were analyzed. SA-p-gal-positive cells were
counted, and the percentage of SA--gal-positive cells among total cells
was calculated.

Apoptosis analysis by flow cytometry

Cells were seeded in a 60 mm ¢ dish and incubated overnight. A549
and H460 cells were irradiated with 5 Gy X-ray and incubated for 3 and
2 days, respectively. The cells were collected in 15 mL tubes by trypsi-
nization. The cells were centrifuged at 1,000 rpm for 5 min at 4 °C, and
the supernatant was removed. The cells were suspended in PBS, and 2.0
x 10° cells were collected in a 1.5 mL tube. The sample was centrifuged
at 1,000 rpm for 5 min at 4 °C, and the supernatant was removed. The
cells were suspended in 450 uL of binding buffer (10 mM HEPES, 150
mM NaCl, 5 mM KCl, and 2.5 mM CaCl,). APC annexin-V (Thermo
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Fisher Scientific) was added to the tube, and the mixture was incubated
for 15 min at room temperature. Following this, the cells were stained
with 5 L of propidium iodide (PI) for 5 min at room temperature, and
1.0 x 10° cells were analyzed for apoptosis using BD FACSVerse™
(Becton, Dickinson and Company, Tokyo, Japan). Annexin-V single-
positive cells were considered early apoptotic cells, and annexin-V and
PI double-positive cells were considered late apoptotic cells or necrotic
cells.

Engyme-linked immunosorbent assay (ELISA)

The levels of IL-6 and IL-8 in the culture medium were measured
using ELISA MAX ™ Deluxe set (BioLegend, San Diego, CA, USA) ac-
cording to the manufacturer’s instructions. Cells were seeded in a 60 mm
¢ dish and incubated overnight. Next, the cells were X-irradiated (5 Gy)
and incubated for 5 days. The culture medium was collected in a 15 mL
tube. A coating buffer containing a capture antibody (1:200) was added
to a 96-well plate, and the plate was incubated overnight at 4 °C. After
this, the plate was washed four times with 300 pL of wash buffer (PBS
containing 0.05% Tween). To block non-specific binding, 200 uL of the
assay diluent was added to the plate, and the plate was incubated at
room temperature for 1 h with shaking. After washing the plate with 300
uL of wash buffer four times, 100 pL of each sample was added to each
well, and the plate was incubated at room temperature for 2 h with
shaking. The plate was washed four times with 300 uL of wash buffer. An
assay diluent (100 uL) with detection antibody (1:200) was added to
each well, and the plate was incubated at room temperature for 1 h with
shaking. The plate was washed four times with 300 uL of wash buffer.
Avidin-horse radish peroxidase solution (100 pL) was added to the plate,
and the plate was incubated at room temperature for 1 h with shaking.
The plate was washed five times with 300 pL of wash buffer. TMB
substrate solution (100 uL) was added to the plate, following which the
plate was incubated at room temperature for 15 min in the dark. After
incubation, a stop solution was added to each well, and the level of IL-6
was determined by measuring the absorbance at 450 nm using a VICTOR
Nivo Multimode Microplate Reader (PerkinElmer). The levels of IL-6 or
IL-8 were normalized by the cell number at the endpoint.

Western blotting

After the indicated treatment, the cells were collected in a 1.5 mL
tube with a scraper. The cells were centrifuged at 10,000 rpm for 1 min
at 4 °C, and the supernatant was removed. The cell pellets were added to
a lysis buffer (50 mM Tris-HCI [pH 7.5], 1% Triton-X, 5% glycerol, 5
mM EDTA, and 150 mM NaCl) and subjected to freeze-thawing.
Following this, the pellets were centrifuged at 15,000 rpm for 15 min
at 4 °C, and the supernatant was collected in a new 1.5 mL tube. The
protein concentration in the supernatant was measured using a Bio-Rad
Protein Assay Kit (Bio-Rad Laboratories) according to the manufac-
turer’s instructions, and the protein concentration in each sample was
standardized. The samples were added to half the volume of sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer (composed of 0.125 M Tris-HCl (pH 6.8), 10% 2-mercaptoetha-
nol, 4% sodium dodecyl sulfate, 4% glycerol, and 0.004% bromophe-
nol blue) and boiled for 1 min. The samples were separated by SDS-
PAGE and transferred to a nitrocellulose membrane (Advantec Toyo,
Tokyo, Japan). The membrane was blocked with Tris-buffered saline-
Tween 20 (TBST; 10 mM Tris-HCI (pH 7.4) and 0.1% Tween-20) con-
taining 5% skimmed milk for 1 h at room temperature. The membrane
was treated overnight with primary antibodies against p53 (1:1,000),
p21 (1:1,000), cyclin A (1:1,000), cyclin B (1:1,000), p-CDK2 (Thr160)
(1:1,000), and actin (1:2,000) in TBST containing 5% skimmed milk at
4 °C. Next, the membrane was treated with an HRP-conjugated sec-
ondary antibody (1:2,000) for 1 h at room temperature. Blots were
developed using Western Lightning Plus-ECL (PerkinElmer) and detec-
ted using an LAS 4000 mini (Fujifilm, Tokyo, Japan).
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Statistical analysis

Results are expressed as the mean + SD of values obtained from three
experiments. The variance ratio was estimated using the F-test, and two-
group comparisons were performed using the Student’s t-test or Welch’s
t-test. Dunnett’s test was performed for multiple comparisons. The
minimum level of significance was set at P < 0.05.

Results
CB839, a GLS inhibitor, enhanced radiation sensitivity

At first, to evaluate the pharmacological effect of a GLS inhibitor,
CB839, we investigated glutamine uptake and glutamate production by
using 3H-labeled glutamine [36]. X-irradiation significantly increased
the glutamine uptake, but CB839 did not affect the glutamine uptake in
A549 and H460 cells (Figs. SIA and S2A). Glutamate conversion from
glutamine was increased by X-irradiation, and this increase was
inhibited by CB839 treatment in both cell lines (Figs. S1B and S2B).
Next, we performed OCR measurement with ESR in order to contribu-
tion of glutaminolysis in TCA cycle and mitochondrial ETC. X-irradia-
tion significantly increased the mitochondrial oxygen consumption, and
CB839 inhibited this increase (Fig. S1C). In parallel, the X-irradi-
ation-induced enhancement of ATP production was also inhibited by
CB839 (Fig. S1D). Reportedly, a mitochondrial complex I inhibitor

A 1
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rotenone decreased oxygen consumption rate and cellular ATP level in
human promyelocytic leukemia cell line HL-60 cells [42], and treatment
of metformin, which have the complex I inhibitory activity, inhibited
oxygen consumption and ATP production in canine osteosarcoma cell
line HMPOS [43]. We also previously reported the relationship between
decreased mitochondrial ATP production caused by inhibition of OCR
and radiosensitivity in a study based on the inhibition of the mito-
chondrial electron transport system by lipophilic triphenylphosphonium
derivatives in HeLa cells and A549 cells [39].

To examine the effect of the CB839 on radiation sensitivity in lung
cancer cells, a colony formation assay was performed. The sublethal
doses of CB839 in a 2-week treatment for A549 and H460 cells were
estimated at 4 nM (Fig. S3A) and 40 nM (Fig. S4A), respectively. In
addition, 10 nM CB839 had no effect on cell survival for 5 days in A549
cells (Fig. S3B). A549 and H460 cells were treated with sublethal doses
of CB839 immediately after X-irradiation. Treatment with a sublethal
dose of CB839 after X-irradiation significantly decreased the survival
fraction of both cell lines (Figs. 1A and S4B). Since radiation-induced
cell death is primarily mediated by DNA damage, immunofluorescence
staining for YH2AX and 53BP1, which are DNA damage markers, was
performed to investigate whether glutaminolysis inhibition affects DNA
damage and the DNA repair capability after X-irradiation. CB839
treatment after X-irradiation did not affect yH2AX (Fig. 1B) and 53BP1
(Fig. 1C) foci formation. These results suggest that the radiation-induced
activation of glutaminolysis-dependent ATP production through the

Fig. 1. The effect of the GLS inhibitor CB839 on radiosensitivity
and radiation-induced DNA damage in A549 cells. (A) The clono-
genic survival of A549 cells after treatment with CB839 and X-
irradiation was assessed in the colony formation assay. A549 cells
were treated with 4 nM CB839 immediately after X-irradiation,
and then incubated for 14 days. Radiation-induced DNA damage
was evaluated by immunostaining for yH2AX (B) and 53BP1 (C).
The cells were seeded and incubated overnight. The cells were
treated with (a) or without (@) 10 nM CB839 immediately after X-
irradiation (0.5 Gy (B) or 1 Gy (C)) and incubated for 0, 0.5, 1, 6,
or 24 h. Data are expressed as mean + SD for three experiments.

] H no drug
] @ CB839 (4 nM)

c |

o

8 0.11

s

2 1

s ]

=

w -

0.01 1

0 2 4 6

Dose (Gy)

W
o

14
—@—no drug 14

12 =12
% —i— CB839 °
210 10
S o
8° g8
3 g ©

4
3 g 4
> 9 2

0 - i ! 0 T T T T

0 6 12 18 24

Time after irradiation (h) 0 6 12

18 24

Time after irradiation (h)



M. Fujimoto et al.

mitochondrial ETC is essential for cell survival, and CB839 enhances
radiosensitivity by inhibiting this activation, but DNA damage and the
DNA repair capability do not contribute to CB839-induced
radiosensitization.

Inhibition of glutaminolysis enhanced radiation-induced senescence

GLS inhibition was reported to induce senescence in pancreatic
cancer cell lines [15]. X-irradiation increased the percentage of
SA-p-gal-positive cells; furthermore, CB839 treatment after X-irradiation
increased the percentage of SA-p-gal-positive A549 cells from 10.5% to
24.8% (Fig. 2A). Inhibition of glutamine-related metabolic pathways by
treatment of low-glutamine medium also significantly increased per-
centage of SA-B-gal positive A549 and H460 cells after X-irradiation
(Figs. 2B and S5A). The secretion of SASP factors is known to be
increased in senescent cells [24]. We evaluated the concentrations of
IL-6 and IL-8 secreted from cancer cells into the medium. The combi-
nation of treatment with CB839 or 0.5 mM glutamine medium and
X-irradiation significantly increased IL-6 and IL-8 secretion in A549 cells
and H460 cells compared with that achieved using X-irradiation alone
(Figs. 2C, 2D, 2E, 2F, S5B and S5C). These results revealed that
radiation-induced senescence is enhanced by the inhibition of gluta-
minolysis. The effect of glutaminolysis inhibition on radiation-induced
apoptosis was determined by flow cytometry with annexin-V/PI stain-
ing. While X-irradiation increased the percentage of cells showing early
apoptosis, number of these apoptotic cells against total cells was

A B
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remained considerably low. The percentages of early apoptotic, late
apoptotic, and necrotic A549 cells after X-irradiation were unaffected by
CB839 treatment (Figs. 3A, 3B, and 3C), indicating that glutaminolysis
inhibition did not enhance apoptosis or necrosis after X-irradiation.
These results suggested that senescence contributes to radiosensitization
by glutaminolysis inhibition, whereas apoptosis or necrosis do not.

Treatment with low-glutamine medium decreased the expression of p-
CDK2, cyclin A, and cyclin B1 after X-irradiation

We next investigated the molecular mechanism underlying the
enhancement of radiation-induced cellular senescence in response to
low-glutamine medium. The effect of treatment with low glutamine
medium after X-irradiation on p53 and p21 expression was determined.
The expression of p53 and p21 increased 10 h after X-irradiation, and
the levels were maintained until 96 h. Combined treatment with a low-
glutamine medium and X-irradiation did not alter the expression of p53
and p21 from that achieved with only X-irradiation until 24 h, but the
expression of p53 and p21 after 48 h of combined treatment was lower
than that obtained with only X-irradiation (Fig. 4A). These results
indicated that p53 and p21 do not directly contribute to the enhance-
ment of radiation-induced senescence by treatment with low-glutamine
medium. To evaluate the mechanism underlying cell cycle arrest
induced by treatment with low-glutamine medium, we assessed the
phosphorylation of CDK2 and the expression of cyclin A and cyclin B1.
Cyclin A and CDK2 form cyclin A-CDK2 complexes and regulate the G1/S
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Fig. 2. The effect of glutaminolysis inhibition on radiation-induced senescence in A549 cells. (A, B) Senescence-associated beta galactosidase (SA-p-gal) staining was
performed 5 days after X-irradiation (5 Gy). Treatment with 10 nM CB839 (A) or low-glutamine (0, 0.5, 1, or 2 mM) medium (B) was performed immediately after X-
irradiation. Enzyme-linked immunosorbent assay for IL-6 (C, D) and IL-8 (E, F) was performed 5 days after X-irradiation (5 Gy). Treatment with 10 nM CB839 (C, E)
or 0.5 mM glutamine medium (D, F) was performed immediately after X-irradiation. Data are expressed as means + SD for three experiments. *p<0.05, **p<0.01,

significant difference, n.s., not significant.
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and PI double positive cells were considered late apoptosis and necrosis (C). Flow cytometry was performed 3 days after X-irradiation (5 Gy). Ten nanomolar CB839
was administered immediately after X-irradiation. Data are expressed as means + SD for three experiments. *p<0.05, significant difference, n.s., not significant.
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Fig. 4. Effect of treatment with low-glutamine medium or CB839 on the expression of p53, p21, p-CDK2, cyclin A, and cyclin B1. (A, B) Samples of western blotting
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and/or treatment with 10 nM CB839 Incubation in 0.5 mM glutamine medium or 10 nM CB839 was performed immediately after X-irradiation.

phase transition [44]. Cyclin B1 forms complexes with CDK1 and pro-
motes the Gy/M phase transition. Reportedly, CDK2 expression de-
creases in senescent cells [45]. Cyclin A and cyclin Bl levels are also
reduced during DNA damage-induced senescence [46]. In contrast to

glutamine medium of normal concentration, low-glutamine medium
reduced the levels of p-CDK2, cyclin A, and cyclin B1 at 24 h after
X-irradiation (Fig. 4B). Similar to treatment with low glutamine me-
dium, CB839 treatment decreased the level of p53, p21, p-CDK2, cyclin
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A and cyclin B1 after X-irradiation (Fig. 4C). These results suggested that
decreased CDK2 and cyclin A/Bl expression may be related to
senescence-like cell cycle arrest enhanced by glutamine shortage in
X-irradiated A549 cells, although the increase in the proportion of se-
nescent cells in response to glutamine shortage is independent of the
functions of p53 and p21.

ABT263, a senolytic drug, induced apoptosis in radiation-exposed
senescent cells

To determine the sublethal dose of ABT263 appropriate for use in the
experiment, we analyzed the cytotoxicity of ABT263 alone. Treatment
with 5 uM or 10 uM ABT263 exerted limited effect on cell survival and
proliferation, whereas treatment with 20 yM ABT263 induced clear
cytotoxic effects in A549 cells (Fig. 5A). Administration of 2.5 uM or 5
uM ABT263 had little effect on cell survival and proliferation in H460
cells (Fig. S6A). Therefore, 2.5 uM ABT263 was administered to evaluate
the effect of ABT263 on apoptosis or senescence induced by treatment
with low-glutamine medium and/or X-irradiation in both cells. We
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assessed the effects of ABT263 treatment on radiation-induced senes-
cence, which was enhanced by glutamine shortage. ABT263 treatment
did not affect the rate of proliferation of SA-f-gal-positive cells in the
absence of X-irradiation (Fig. 5B). In A549 cells, ABT263 treatment after
X-irradiation significantly decreased the rate of senescence from
approximately 13.0% to approximately 1.83%; furthermore, it signifi-
cantly decreased the rate of senescence from approximately 39.0% to
approximately 6.83% when combined with treatment with low-
glutamine medium and X-irradiation (Fig. 5B). Similarly, ABT263
decreased the rate of senescent cells after X-irradiation or the combi-
nation of treatment with low-glutamine medium and X-irradiation in
HA460 cells (Fig. S6B). Concurrently, ABT263 significantly decreased the
secretion of IL-6 (Figs. 5C and S6C) and IL-8 (Figs. 5D and S6D) from
A549 and H460 cells when administered after X-irradiation or after
glutamine shortage combined with X-irradiation. ABT263 treatment
after X-irradiation increased the rate of early apoptosis of A549 and
H460 cells, and the combination of low-glutamine medium and ABT263
treatment after X-irradiation increased the rate of early apoptosis,
compared to that obtained after treatment with glutamine medium of
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Fig. 5. The effect of the senolytic drug ABT263 on radiation-induced senescence, apoptosis, and necrosis. (A) Cytotoxicity to ABT263 in A549 cells was analyzed by
crystal violet staining. The cells were seeded and incubated overnight. After incubation, the cells were treated with 5, 10, 15, or 20 uM ABT263 and incubated for 5
days. (B, C) Senescence-associated beta galactosidase (SA-p-gal) staining (B) and enzyme-linked immunosorbent assay for IL-6 (C) and IL-8 (D) was performed 5 days
after X-irradiation (5 Gy). Cells were treated with 2.5 uM ABT263 and/or 0.5 mM glutamine medium immediately after X-irradiation. (E-G) Apoptosis and necrosis
were analyzed by flow cytometry for annexin-V /propidium iodide detection. (E) Representative plot was shown. Annexin-V single positive cells were considered
early apoptotic cells (F), and annexin-V and PI double positive cells were considered late apoptotic and necrotic cells (G). Flow cytometry was performed 3 days after
X-irradiation (5 Gy). Cells were treated with 2.5 uM ABT263 and/or 0.5 mM glutamine medium immediately after X-irradiation. Data are expressed as means + SD
for three experiments. *p<0.05, **p<0.01, significant difference, n.s., not significant.
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normal concentration (Figs. 5F and S6F). These data show that ABT263
treatment and the combination of glutamine shortage and ABT263
treatment considerably enhanced radiation-induced apoptosis; more-
over, ABT263 treatment also increased radiation-induced late apoptosis
and necrosis. However, the degree of increase was small, and glutamine
medium of low concentration did not affect radiation-induced late
apoptosis and necrosis in A549 and H460 cells (Figs. 5G and S6G). These
results suggest that ABT263 improves the efficacy of radiation cancer
therapy by inducing apoptosis in senescent cancer cells.

Discussion

Since glutaminolysis is essential for energy metabolism and
biomolecule synthesis in several cancer cell types [6], glutaminolysis
has been studied as a target for cancer therapy [1,8,9,11,15]. Gluta-
minolysis inhibition suppresses growth or survival and enhances
radiosensitivity in some cancer cell lines [11]. In this study, the
phenotype of cell death induced by X-irradiation with and without
glutaminolysis inhibitors was characterized, and the relationship be-
tween energy metabolism and cell death after these treatments was also
investigated in non-small cell lung cancer cell lines.

Glutamate synthesis, mitochondrial oxygen consumption, and ATP
production were enhanced in A549 cells subjected to X-irradiation
(Fig. S1). The increase was inhibited by the GLS inhibitor CB839, sug-
gesting that the radiation-induced enhancement of ATP production
through mitochondrial ETC is highly dependent on glutaminolysis in
A549 cells. These findings suggested that there exists a strong correla-
tion between the inhibition of intracellular energy production by glu-
taminolysis and the radiosensitization effect shown in Fig. 1. A previous
study conducted in our laboratory showed that a mitochondrial ETC
inhibitor suppressed ATP production and induced radiosensitization in
human cervical adenocarcinoma HeLa cells and A549 cells [39]. Qin
et al. reported that the increase in ATP production after X-irradiation is a
radioadaptive response, and the excess ATP produced is used to effec-
tively mitigate DNA damage [47]. These data indicate that the
enhancement of glutamine-dependent energy metabolism is necessary
for cell survival after X-irradiation, and CB839 treatment enhances
radiosensitivity by decreasing glutamine-dependent ATP production.

Glutaminolysis inhibition has been reported to induce senescence in
pancreatic cancer cells [15] and endothelial cells [48]; however, it re-
mains unclear whether senescence contributes to radiosensitization and
chemosensitization by glutaminolysis inhibition. In the SA-p-gal assay
(Figs. 2A, 2B and S5A) and flow cytometry experiment with
annexin-V/PI staining (Fig. 3), we showed that glutaminolysis inhibition
after X-irradiation enhanced senescence, but not apoptosis. These results
suggest that cellular senescence primarily contributes to radio-
sensitization by glutaminolysis inhibition. Senescent cells are charac-
terized by the increased expression/activity of several markers, such as
SA-p-gal and cell cycle inhibitors (including p53, p21, and p16), and the
increased secretion of SASP factors. In this study, glutaminolysis inhi-
bition increased the rate of SA-p-gal-positive cell proliferation and IL-6
secretion after X-irradiation (Fig. 2 and S5). However, the increase in
p53 and p21 expression in response to the combination of low-glutamine
medium treatment and X-irradiation was less than that obtained with
X-irradiation alone (Fig. 4A). These observations suggest that the
enhancement of radiation-induced senescence by glutamine shortage
may be independent of p53 and p21. The MKK3/6-p385 MAPK pathway
was reported as a senescence pathway independent of p53, p21, and p16
[25]. Furthermore, Cipriano et al. showed that Ras-induced senescence
mediated by the activation of the TGF-p receptor does not require p53,
p21, or p16 [49]. TGF-B, which is associated with glutaminolysis, pro-
motes GLS expression [50]. Since the relationship between
radiation-induced senescence enhanced by glutamine shortage and
p53-, p21-, and pl6-independent cellular senescence remains unclear,
further studies involving p385, TNF-p, and Ras are required to elucidate
the mechanism underlying the increase in cellular senescence induced
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by irradiation with the inhibition of glutaminolysis. Next, with respect
to the relationship between the CDK/cyclin system and senescence-like
cell cycle arrest, the expression of CDK2 has been reported to decrease in
senescent human umbilical vein endothelial cells [46], and cyclin A and
cyclin Bl levels have been shown to be decreased in DNA
damage-induced senescence in HeLa cells [30]. These findings indicate
that the CDK/cyclin system plays a major role in senescence-like cell
arrest. As shown in Fig. 4B, the expression of cyclin A, cyclin B, and
p-CDK2 after irradiation and treatment with 4 mM glutamine was
significantly lower than that obtained after irradiation and treatment
with 0.5 mM glutamine. These results suggest that in the present study,
the low expression of cyclin A, cyclin B1, and CDK2 after irradiation
under glutaminolysis inhibitory conditions may have been related to the
enhancement of radiation-induced senescence-like cell cycle arrest.

Senescent cells secrete SASP factors, such as cytokines, chemokines,
growth factors, and proteases, which exert negative effects. The com-
bination of glutaminolysis inhibition and X-irradiation induced the
secretion of IL-6 and IL-8 with generation of SA-p-gal-positive cells
(Figs. 2C, 2D, 2E, 2F and S5). Reportedly, MPM cells induced EMT and
acquired chemoresistance to pemetrexed when treated with the condi-
tioned medium of senescent MPM cells producing SASP factors [30].
Inflammatory cytokines cause chronic inflammation and stimulate
cancer proliferation by promoting angiogenesis [35]. Since the presence
of senescent cells can cause these negative effects, the elimination of
senescent cancer cells is beneficial for cancer therapy. Therefore, seno-
lytic drugs that induce apoptosis in senescent cells are garnering
increasing attention [34]. ABT263 disrupts Bcl-2/Bcl-X;, interference
and initiates apoptosis [33]. Reportedly, combined treatment with
ABT263 and doxorubicin or etoposide induces apoptosis and decreases
senescence compared to that observed upon treatment with only doxo-
rubicin or etoposide in MDA-MB-231 and A549 cells [33]. In this study,
ABT263 increased the number of apoptotic cells and decreased the
number of senescent cells obtained after X-irradiation. Moreover,
ABT263 treatment administered in combination with treatment with
low-glutamine medium increased apoptosis and decreased senescence
compared to that obtained with ABT263 treatment after X-irradiation
(Figs. 5 and S6). These results suggest that combination treatment with
senolytic drugs and X-irradiation under glutamine shortage is useful for
the development of a novel cancer therapy without side effects such as
inflammation and metastasis.

In summary, the present study demonstrated that glutaminolysis-
dependent ATP production was increased by X-irradiation, and the
GLS inhibitor CB839 enhanced radiosensitivity by suppressing the in-
crease in ATP production. Furthermore, enhanced radiation-induced
senescence, which can be independent of p53 and p21, primarily con-
tributes to radiosensitization by glutaminolysis inhibition. Lastly,
treatment with senolytic drugs increased the transformation of
radiation-induced senescent cells to apoptotic cells. These data indicate
that senolytic drugs may improve the efficacy of cancer radiation ther-
apy by inhibiting its side effects.
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