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ABSTRACT
◥

Glioblastoma (GBM) is a rapidly fatal malignancy typically
treated with radiation and temozolomide (TMZ), an alkylating
chemotherapeutic. These cytotoxic therapies cause oxidative stress
and DNA damage, yielding a senescent-like state of replicative
arrest in surviving tumor cells. Unfortunately, recurrence is inev-
itable and may be driven by surviving tumor cells eventually
escaping senescence. A growing number of so-called “senolytic”
drugs have been recently identified that are defined by their ability to
selectively eliminate senescent cells. A growing inventory of seno-
lytic drugs is under consideration for several diseases associated
with aging, inflammation, DNA damage, as well as cancer. Ablation
of senescent tumor cells after radiation and chemotherapy could
helpmitigate recurrence by decreasing the burden of residual tumor
cells at risk of recurrence. This strategy has not been previously
explored for GBM.We evaluated a panel of 10 previously described

senolytic drugs to determine whether any could exhibit selective
activity against human GBM persisting after exposure to radi-
ation or TMZ. Three of the 10 drugs have known activity against
BCL-XL and preferentially induced apoptosis in radiated or
TMZ-treated glioma. This senolytic activity was observed in
12 of 12 human GBM cell lines. Efficacy could not be replicated
with BCL-2 inhibition or senolytic agents acting against other
putative senolytic targets. Knockdown of BCL-XL decreased
survival of radiated GBM cells, whereas knockdown of BCL-2
or BCL-W yielded no senolytic effect.

Implications:These findings imply thatmolecularly heterogeneous
GBM lines share selective senescence-induced BCL-XL dependency
increase the significance and translational relevance of the senolytic
therapy for latent glioma.

Introduction
Glioblastoma (GBM) is the most common and lethal adult brain

tumor. Standard treatment includes maximal surgical resection fol-
lowed by radiation and temozolomide (TMZ; ref. 1). Treatment-
resistant cells may persist in a latent state for months or years prior
to inevitable recurrence. Because surgery is rarely performed until
radiographic or symptomatic recurrence, relatively little is known
about themolecular characteristics and potential drug sensitivity of the
latent human glioma cells that ultimately give rise to recurrence (2–4).

Prior work has demonstrated that radiation and TMZ induce a
reversible senescent-like phenotype in malignant glioma (2, 3, 5–7).
“Irreversible” senescence in nonmalignant cells can be induced by
genotoxic or other cellular stress and is regulated by master regulators
including CDKN2A (P16), P53, and P21 (CDKN1A). Senescent cells
are characterized by mitotic arrest as well as altered transcriptional,
metabolic, and secretory phenotypes (8). Malignant cells including
GBM frequently accumulate genetic alterations that hamper induction
and maintenance of senescence, including homozygous loss of
CDKN2A (9), or mutations in P53 and associated pathways (10).
Moreover, although P21 is generally upregulated in GBM, it has been
shown to serve a potentially protumorigenic role in malignant
cells (11). Despite these alterations, chemotherapy and radiation can
induce a senescent-like phenotype in GBM, characterized by mitotic
arrest, altered cellular morphology, increased b-galactosidase (b-gal)
activity, upregulated p21, pRn and/or cyclin B1, histoneH3 S10
phosphorylation, and downregulated cyclin D1 (3, 12). Novel thera-
pies are being explored to further promote such a senescent state of
proliferative arrest to help maintain their nonproliferative state (13).
Unfortunately, malignant cells are notorious for escaping any therapy-
induced senescence-like state to reenter the cell cycle, leading to
refractory tumor recurrence (14, 15). Recent advances in the under-
standing of senescence have been fueled by evidence that senescent
cells underlie mechanisms of aging and aging-associated diseases (16).
A growing array of so-called “senolytic” drugs has been identified that
can ablate senescent cells by targeting antiapoptotic mechanisms,
many of which are implicated in both senescence and cancer (Table 1;
refs. 17, 18). Repurposing existing agents for senescence-associated
diseases has facilitated rapid progression of senolytic strategies into
clinical trials (19). A senolytic approach to GBM has not previously
been specifically explored. We asked whether known senolytic drugs
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could be used to help eliminate human GBM cells surviving in
a nonproliferative senescent-like state and identified increased
BCL-XL dependency as a vulnerability in GBM cells surviving after
radiation or TMZ.

Materials and Methods
Cell culture

Human patient-derived GBM lines used have been previously
described and were cultured according to established protocols (20).
Tumor lines maintained as patient-derived xenografts (PDX) are from
the Mayo National PDX resource (20). Such lines are designated as
“GBM6, GBM10, GBM12, GBM39, GBM76, GBM123, GBM164,
GBM196” (see Table 2 for details regarding cell lines utilized). Pro-
tocols for implantation of patient-derived GBM cells, serial passage of
flank tumor xenografts, and short-term explant culturing have been
described previously (20). For short-term explant cultures, some lines
are maintained in serum-containing media, and others in serum-free
media as noted in Table 2. Some cell lines were maintained from time
of harvest as in vitro cell lines rather than PDX lines, as reported
previously (21). Such lines are designated as dBT114, 116, 120, 132
(differentiated brain tumor). Cell have been regularly passaged up
70%–80% confluency, and after radiation culture conditions were not
changed after induction of senescence. GBMcell lines weremaintained

in passage 2–4 and dBT line were in passage 9–11 (Supplementary
Table S1). Cell supernatants forMycoplasma contamination have been
assessed at regular intervals using MycoAlert Mycoplasma Detection
Kit (catalog no.: LT07-118) using manufacturer protocols and yielded
negative results. Cell authentication was confirmed by short tandem
repeat analysis with each experiment relative to historic controls (20).

Senescence induction
After plating, cells were maintained in 10 cm2 culture dishes for 2–

4 days until >50% confluent. They were then treated with TMZ for
7 days or radiation (cesium-137 irradiator) at various doses as indi-
cated (5, 22). Most experiments were performed with 15 Gy to induce
senescence. Radiation and TMZ each caused death of a variable
percentage of cells in the ensuing days. Senescent tumor cells used
for experiments are considered to be those that survive following TMZ
or radiation treatments. Except for radiation doses of 4Gy or below, no
visible proliferation occurred within 1 month after treatment with
TMZ or radiation. For initial screening of senolytic drugs, cells were
maintained for at least 20 days after radiation or TMZ prior to
replating cells into black-walled optical 96-well plates (5,000 cells/
well) prior to drug treatments.

Analysis of cell proliferation
GBM39was treatedwith 0, 4, 8, 15, and 20Gy radiation as described

above, and 3 days after that, cells then plated in 96-well plates. After
allowing cells to adhere overnight, they were placed into the IncuCyte
(Thermo Fisher Scientific Series 8000 WJ Incubator). Images were
captured every 4 hours over 40 days for automated quantification of
cellular confluence.

Senolytic drug screen
Human GBM cells were exposed to 10, 15, or 20 Gy radiation, as

indicated above. All GBM lines tested (Table 2) yielded a subpopu-
lation of surviving nonproliferative cells used for subsequent experi-
ments, with the exception of GM43, which yielded insufficient sur-
viving cells for senescence experiments. All senolytic drugs used in this
study were dissolved in DMSO (Table 1). Control (0 nmol/L) cells
were treatedwith the same dose of DMSOas cells with the highest drug

Table 1. (38).

SCAPss Inhibitors

1. PI3Kd, AKT, ROS-protective,
metabolic

Quercetin, Fisetin,
Piperlongumine

2. MDM2, p53, p21, serpine Quercetin, Fisetin, Dasatinib
3. BCL-2 Navitoclax, Venitoclax
4. BCL-XL Navitoclax, A1331852,

A1155463
5. Ephrins, dependence receptors,
tyrosine kinases

Dasatinib, Piperlongumine

6. HIF1a Quercetin, Fisetin
7. HSP-90 Onalespib

Table 2. (27).

Line Sex Age
Recurrence
status

MGMT
methylation Subtype IDH1 CDKN2A PTEN EGFR TP53 Met

Tert
Prom Other

6 M 65 Primary No Clas WT LL L A (v3) M A M
10 M 41 Recurrent No Mes WT LL LM A A M
12 M 68 Primary Yes Mes WT LL AM ML M
39 M 51 Primary Yes Mes WT L LM A (v3) A M MDM4 & PIKC32B Amp
43 M 69 Primary No Mes WT LL M M
76 M 38 Recurrent Yes Clas WT LL LM A (v3) A M
114a M 68 Primary Yes ND WT LL L A M
116a F 56 Primary Yes Mes WT LL LM A M A M
120a M 57 Recurrent No PN WT A LL A M A M
123 F 62 Recurrent No PN WT L A (v2) M M CDK4&Myc Amp; ATRX mut
132a M 75 Primary No Clas WT L L A M M
164 F 38 Primary Yes PN Mb LL L A — PDGFR Amp; NF1 loss; ATRX trunc
196 F 30 Primary Yes ND Mc LL L A MA A — PDGFR & RB1 Amp

Note: Subtypes: Classical (Clas), mesenchymal (Mes), proneural (P), not determined (ND); v2, v3 ¼ EGFR variants.
Abbreviations: M, mutant; A, amplified or net gain (>2n); L, loss; LL, homozygous deletion.
a,dBT (“differentiated brain tumor—aka, maintained in culture).
bHeterozygous IDH R132H mutation.
cHomozygous IDH R132H mutation.
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concentration. Unless specified otherwise, cells were maintained in
drug-containing media for 4 days prior to evaluation of cell viability
using the CellTiter-Glo assay (Promega, catalog no. G7570).
This assay utilizes an ATP-dependent luciferase reaction to
generate luminescence proportional to viable cell numbers. For all
experiments, luminescence values are normalized to the 0 nmol/L
control for that cell line and radiation dose. All dose–response
graphs are depicted as means and SD of three technical replicates
at each concentration. Representative data are shown for experi-
ments performed in independent replicates; complete normalized
data for all assays performed (>10,000) are provided in online
Supplementary Data.

Variables impacting BCL-XL inhibitor sensitivity
To evaluate the radiation dose effect on BCL-XL inhibitor

sensitivity, we radiated GBM39 with 0, 1, 2, 4, 8, and 15 Gy.
Four days after radiation, cells were plated in black walled 96-well
plates overnight and drugs were added the next day. Seven days
after drug treatment, cell viability was measured by Cell Titer-Glo.
To determine the impact of varying duration of drug exposure, we
plated 15 Gy radiated cells 7 days after radiation, with the minimum
drug exposure time being 1 hour and the maximum 96 hours. Cells
were plated in black-walled 96-well plates, and drugs were added the
next day as described above. At the designated timepoint, drug-
containing media were removed, rinsed once, and replaced with
drug-free media for the remainder of the experiment. The cell
viability assay was performed after 96 hours.

qRT-PCR
RNA was extracted from irradiated or non-irradiated cells at

variable time points. Briefly, cells were washed with PBS before
being homogenized with TRIzol reagent (Invitrogen). RNA precip-
itation was performed at �20�C overnight. Resulting RNA pellets
were dissolved in RNase-free water and concentration was
measured by absorbance at 260 nm (A260) using a Nanodrop2000.
cDNA synthesis was performed with 1 mg of total RNA using a M-
MLV reverse transcriptase kit (Thermo Fisher Scientific) as per the
manufacturer’s protocol. A total of 25 ng of cDNA was used
for real-time PCR by the Taqman gene expression assay targeting
IL6 (Hs00174131_m1), BCL-2 (Hs00608023_m1), and BCL-XL
(Hs001691412_m1) on an ABI 7500/7500-Fast Real-Time PCR
System (Applied Bioscience). The relative expression of each gene
was determined by the DDCT method.

Senescence-associated b-gal activity
Senescence-associated (SA-b-gal) staining Kit (Cell Signaling

Technology, #9860) was used as an indicator of relative senescence
after radiation as per the manufacturer’s directions. Briefly, cells
were fixed for 10 minutes in b-gal fixative solution (10% 100�
Fixative Solution; 90% H2O) and washed with PBS. The cells were
then stained with b-gal Staining Solution (93% 1� Staining
Solution; 1% 100� Solution A, 1% 100� Solution B, 5% X-gal.
Wells without samples were filled with PBS, and the plate was
wrapped in parafilm to prevent evaporation. The plate was left
overnight in a dry incubator at 37�C. The next day, cells were
examined under a microscope for b-gal–positive cells (blue stain-
ing). PBS was added to the wells, and the plate was placed on the
rocker (speed ¼ 30/minute) for 5 minutes. The plate was washed
three times. Staining was performed in proliferating, and chemo-
radiation treated GBMcells. To follow development of senescence
over time, b-gal staining was performed at days 0, 7, and 14

following 15 Gy radiation. For each timepoint and condition,
staining was done in multiple wells.

Protein analysis by Western blotting
Cells grown in 6-well plates, 10 cm2 dishes or T-25 flasks were

washed with PBS, trypsinized and collected in 1.5 microcentrifuge
tubes as a cell pellet. The cell pellet was then lysed using lysis buffer
composed of 10% RIPA lysis buffer, 4% Protease Inhibitor cocktail,
1% Phosphatase Inhibitor cocktail-2, 1% Phosphatase Inhibitor
cocktail-3, and 84% molecular grade water. The cell palate with
the lysis buffer then sonicated for 30 minutes in a water bath
sonicator (1-minute sonication every other minute for a total of
30 minutes). The whole lysate was centrifuged for 10 minutes at
17,000 � g to collect the supernatant as the final protein lysate. The
concentration of the final protein lysate was then measured using a
BCA kit (Thermo Fisher Scientific). Proteins extracted from cells
using lysis buffer were separated in an SDS-PAGE along with the
protein ladder (Life Technologies) using 4%–12% Bis-Tris gel
(Thermo Fisher Scientific). Proteins were then transferred to a
polyvinylidene difluoride membrane (Bio-Rad). The membrane
was blocked in 5% fat-free milk (Cell Signaling Technology) for
30 minutes, washed three times (5 minutes each) using Tris-
buffered saline with tween20, and probed with different antibodies
(Cell Signaling Technology).

Gene knockdown using siRNA
siRNA sequences were either designed manually using commer-

cially available software or purchased as already designed sequences
(Horizon-Thermo Fisher Scientific). The siRNA was resuspended in
1� siRNA buffer (Dharmacon) or in other nuclease-free solutions.
Cells were plated overnight at the optimal density in 6-well plates
(4 � 105 per well) or 96-well plates (2 � 104 per well) in antibiotic-
free medium. The next day, the transfection complex was prepared
by mixing the siRNA (either for the gene of interest or the negative
siRNA control) and Lipofectamine RNAiMAX (Invitrogen) in
serum-free medium. A total of 250 mL from the transfection
complex were added to each well of the 6-well plates and 10 mL
for each well of 96-well plates. One day posttransfection, RNA was
collected to be analyzed by qRT-PCR to confirm gene silencing.
Two to three days posttransfection, protein was collected to be
analyzed by SDS-PAGE and Western blotting to confirm gene
silencing. Three days after transfection, cell viability in response
to gene silencing was measured using a Cell Titer-Glo assay
(Promega) and the cell survival ratio was calculated compared with
negatively silenced control cells.

Caspase activity assay
Sham or 15 Gy radiated GBM39 cells were treated with 0 or

1,000 nmol/L A1331852 7 days after radiation. Caspase 3/7 activity
assay was performed using the Caspase-Glo 3/7 assay (Promega,
catalog no. G8090) according to the manufacturer’s protocol. Analysis
was performed 24 hours after A1331852 treatment. Simultaneously
plated cells were incubated for 4 days prior to cell viability assay to
demonstrate the correlation between caspase activity and resultant cell
viability. Luminescence values were normalized to the 0 nmol/L
control of each radiation dose group.

Statistical analysis
Multiple linear regressionwas used to assess the relationship of drug

dose and treatment (e.g., control, radiation, TMZ) with cell inhibition
within each cell line. For these models, cell inhibition was the outcome
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and drug dose, treatment, and the drug dose-by-treatment interaction
were the independent predictors. If the drug dose-by-treatment inter-
action was significant (P < 0.05), pairwise comparisons were made at
each drug dose between treatment groups using a two-tailed t test. IC50

was calculated via nonlinear regression (curve fit) of dose–response
inhibition curves. Statistical analyses were performed using GraphPad
prism 8.4.2.

Data availability statement
Data were generated by the authors and included in the article. Raw

data for all graphs are provided as Supplementary Data.

Results
Chemoradiation induces a senescence-like state of sustained
proliferative arrest

We sought to test the hypothesis that GBM could be relatively more
sensitive to senolytic ablative therapies when induced into a senescent-
like state of proliferative arrest following radiation (7, 8, 23). No
phenotypic marker is perfectly sensitive or specific for senescence.
Indeed, significant overlap exists between phenotypic characteristics of
malignant and senescent cells (3, 6, 24, 25). However, while malignant
cells are defined in part by proliferative behavior, senescent cells, by
definition, do not divide. We evaluated single-fraction radiation doses

Figure 1.

Radiation of GBM cells in vitro induces a senescent-like phenotype susceptible to senolytic.A, Change in GBM39 confluency in vitro over 40 days following radiation
at doses ranging from 0 to 20 Gy, error bars are� SD from technical replicates. B, Increased b-gal in GBM39 over 14 days following 15 Gy radiation. C, Senolytic drug
screening was performed 21 days after 15 Gy radiation in GBM39. Cells were exposed to drugs for 4 days prior to analysis via CellTiter-Glo. Purple and black lines
denote the dose–response curve for 15 and 0 Gy radiated cells, respectively. Luminescence values are normalized to 0 nmol/L control for each radiation dose.
Navitoclax and A1331852 had a lower IC50 in radiated cells; � , P < 0.05. Data shown are the mean � SD of three technical replicates; similar results were obtained
GBM76, GBM6, and GBM123 (see Supplementary Figs. S1 and S2 and Supplementary Data).
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on human GBM cells and determined that radiation doses of 8 Gy or
higher lead to sustained loss of proliferative activity. Representative
findings are illustrated in Fig. 1A, demonstrating confluency as a
function of radiation dose in GBM39, quantified over time using the
Incucyte live cell imaging system. Nonproliferative senescent-like
cultures demonstrated evidence of increased SA-b-gal staining, con-
sistent with a senescent phenotype induced by radiation (Fig. 1B;
ref. 8). Subsequent experiments utilized 12 additional human GBM
lines (Table 2). Among these, only one line (GBM43) failed to yield
sufficient numbers of surviving cells after radiation (10–20 Gy) for use
in downstream senolytic experiments.

Radiated GBM cell lines are selectively vulnerable to anti-BCL-2
family agents

A growing variety of drugs have been reported to demonstrate
senolytic activity. Consistent with a degree of overlapping biology

between senescence and malignancy, some senolytic drugs have
known antitumor activity (25, 26). We investigated whether prior
radiation increases sensitivity to senolytic agents. The senolytic drugs
tested and the senescent cell–associated antiapoptotic pathways
(SCAP) they disable are summarized in Table 1 (26). Of the initial
candidate senolytic drugs tested in GBM39 (Fig. 1C), only navitoclax
and A1331852 demonstrated markedly consistently improved ability
to kill senescent GBM cell. Navitoclax targets BCL-2 and BCL-XL,
whereas A1331852 targets BCL-XL only (27, 28). Representative data
for GBM39 (newly diagnosed P53-WT GBM) are depicted in Fig. 1.
Very similar results were observed in other GBM cell lines including
recurrent GBM (GBM76; Supplementary Fig. S1) and IDH-mutant
GBM (GBM196; Supplementary Fig. S2). Of note, the P53-mutant
status did not interfere with radiation-induced induction of prolifer-
ative arrest, SA-b-gal activity nor sensitivity to BCL-XL inhibition
(Supplementary Fig. S2).

Figure 2.

Radiated GBM cell lines are selectively vulnerable to BCL-XL blockade. GBM39, GBM76, GBM10, and GBM123 were used to evaluate the senolytic activity of BCL-2-
family inhibitors, including the BCL-XL–specific inhibitors (A1331852, A1155463), the selective BCL-2 inhibitor (venetoclax), and dual inhibitor of both BCL-XL and
BCL-2 (navitoclax). Dose–response curves shown for control nonradiated (black) and 15 Gy radiated (purple) cells. Cells were exposed to drugs for 4 days, starting
21 days after radiation. 15 Gy radiated cells demonstrated higher sensitivity than nonradiated cells to the BCL-XL–selective inhibitors (A1331852, A1155463), and
navitoclax (inhibits BCL-XL and BCL-2) but, not venetoclax (BCL-2–selective inhibitor). For all groups, luminescence values are normalized individually to 0 nmol/L
control. Data shown are means � SD of three technical replicates at each concentration. Data shown are representative of multiple confirmatory experiments.
Complete data for each cell line and condition are available in Supplementary Data.
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To discriminate further between the dependence of radiated human
GBM upon BCL-XL and BCL-2, we evaluated navitoclax and
A1331852, as well as A1155463, a BCL-XL–selective inhibitor, and
venetoclax, a BCL-2–selective inhibitor (29). For reference, the pre-
viously published Ki values for each of these four drugs for anti-
apoptotic BCL-2 family members (BCL-XL, BCL-2, and BCL-W) are
shown in Supplementary Table S2. To date, no drug is available that
selectively inhibits BCL-W. Ablation of radiated cells was seen
across all lines (GBM10, GBM39, GBM76, GBM123) and for all
drugs, except venetoclax (Fig. 2). Three of the four cell lines showed
no selective ablation with venetoclax, but lower viability was seen
with high-dose venetoclax in radiated GBM10 cells. These data
suggested BCL-XL to be the most relevant therapeutic target for
ablation of previously radiated senescent-like GBM. To evaluate
further the reproducibility of BCL-XL dependence in radiated
human GBM, we tested A1331852 and/or navitoclax in several
additional molecularly diverse cell lines with and without prior 10,
15, or 20 Gy radiation (Supplementary Fig. S3). The molecular
characteristics of the cell lines utilized are summarized in Table 2.
Among the 13 human GBM cell lines evaluated, meaningful analysis
was possible in all, with the exception of GBM43, for which
insufficient cells survived radiation to permit testing. Results of
the pharmacologic BCL-XL inhibition studies performed are sum-
marized in Supplementary Table S1 and Fig. 5. While the IC50 of
BCL-XL inhibition with and without radiation varied markedly
among lines, radiated GBM was reproducibly more susceptible to
BCL-XL inhibition than nonradiated GBM.

Timepoint of BCL-XL inhibitor sensitivity
In the previous experiments, radiated cells were maintained for 2–

4 weeks after radiation prior to senolytic drug testing. While the
senescence process often takes weeks, the apoptotic pathways regu-
lated by BCL-2 family members are dynamically regulated within days
followingDNAdamage. As such, we usedGBM39 to ask if aminimum
period of time after radiation must elapse following radiation prior to
onset of BCL-XL sensitivity. Using a timed assay following radiation,
GBM39 was treated with the BCL-XL inhibitors, A1331852 or
A1155463, for 4 days, starting 1, 5, or 9 days after radiation. Analysis
was performed at the end of the 4-day drug exposure. While efficacy
was seen upon treatment starting 1 day after radiation, more complete
cell ablation was observed with a leftward shift of the dose–response
curve after 4 days had elapsed since radiation and prior to starting
treatment 5 or 9 days following radiation (Fig. 3A; Supplementary
Fig. S4B).

Dependency on drug exposure time and radiation dose
We next asked whether a minimal radiation dose was required to

induce susceptibility to cell death with BCL-XL inhibition. Radi-
ation doses of 4 Gy or higher in GBM39 promoted sensitivity to
A1331852, with increasing efficacy up to 15 Gy (Fig. 3B). For most
cell lines, radiation doses of 10–20 Gy yielded similar results
(Supplementary Fig. S3; Supplementary Table S1). In anticipation
of future therapeutic dosing, we next evaluated what duration of
continuous BCL-XL inhibitor exposure is required to observe
senolytic effects. To accomplish this, GBM39 was exposed to drugs
for varying durations from 0–96 hours, with the drug then being
washed off and cells maintained in normal growth media thereafter
until time of analysis. Although an impact was observed even within
1 hour of treatment, maximal impact was seen in cells that had
received sustained exposure to BCL-XL inhibition for 96 hours
(Fig. 3B).

Elimination of TMZ-treated senescent glioma
Radiation andTMZare both routinely administered to patientswith

GBM. Both may induce senescence and modulate apoptotic machin-
ery. To determine whether TMZ (100 mmol/L) exposure similarly
induces senescence and selective susceptibility to BCL-XL inhibition,
we pretreated the GBM cell lines with TMZ for 20 days, leading to
induction of SA-b-gal activity, upregulation of P21 expression and
downregulation of Ki67, consistent with observed proliferative arrest
in vitro. Using GBM39, we found that prior TMZ exposure for 14 days
induced TMZ and BCL-XL inhibitor dose-dependent sensitivity to the
BCL-XL–specific inhibitors A1331852 and A1155463 (Supplementary
Fig 4D); GBM76 and GBM39 both showed comparatively minimal
sensitivity to BCL-2–specific inhibition with venetoclax (Fig. 4).
Because patients are generally treated with both TMZ and radiation,
these were tested in combination. We failed to demonstrate a sub-
stantively additive effect between radiation and TMZ, perhaps sug-
gesting a ceiling effect above which further cytotoxic insult will not
further increase sensitivity to BCL-XL inhibition.

On the basis of the previously published selectivity of A1331852 and
A1155463 to BCL-XL and venetoclax to BCL-2 (Supplementary
Table S2), we predicted that knockdown of BCL-XL, but not BCL-
2, would impede survival of radiated cells. We utilized siRNA con-
structs and scrambled controls and evaluated their impact on survival
in radiated and nonradiated GBM. Compared with scrambled con-
trols, BCL-2 and BCL-W knockdown elicited no impact on cell
survival, whereas BCL-XL knockdown significantly decreased survival
of radiated cells (Fig. 3D–I).

Finally, in one of our unutilized GBM39 cultures at 6 weeks
following 8 Gy radiation, we observed spontaneous regrowth consis-
tent with escape from senescence, with cell doubling time mirroring
that of the original parent culture. This raised the question of whether
prior cytotoxic therapy is sufficient to permanently induce sensitivity
to BCL-XL blockade, or whether cells must remain in a senescent-like
nonproliferative state to maintain sensitivity. Cells in the “escaped”
culture reverted to quite poor sensitivity to BCL-XL inhibition
(Supplementary Fig. S5). This is consistent with the observation that
gliomas derived from patients with both primary and recurrent lesions
(Fig. 5) proved relatively insensitive to BCL-XL inhibition until placed
into a state of proliferative arrest with either TMZ or radiation.

Discussion
We here demonstrate that human GBM cells surviving in a

senescent-like state after chemotherapy or TMZ are relatively more
susceptible to BCL-XL blockade than na€�ve proliferative GBM.
Conventional cancer therapies, such as radiation and alkylating
chemotherapies, act through induction of oxidative stress and DNA
damage (30, 31). These can exert therapeutic impact through
multiple mechanisms: (i) lethal cell damage, (ii) inducing a senes-
cent-like state of proliferative arrest that impedes further
growth (32), (iii) promoting a state of tumor quiescence to attenuate
proliferation, and/or (iv) altering the tumor microenvironment or
tumor-immune response to achieve indirectly some combination of
the first three goals (33).

The invariable recurrence of gliomas highlights the inadequate
levels of lethal cell damage achieved by standard chemoradiation.
Recent work showed that cancer cells with an initially senescent
phenotype following chemotherapy escaped senescence upon p53
inhibition, giving rise to tumor stem cells that were more aggressive
and resilient than those present in the original tumor (34–38). If true
for glioma, senolytic therapies could help eliminate senescent glioma
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cells before they have the chance to reemerge as proliferative and
predictably highly treatment-resistant recurrent gliomas.

Interestingly four of the GBM lines used (10, 76, 120, 123) were
derived from a patient with recurrent tumors who had previously

undergone chemotherapy and radiation (39). Although GBM123 was
among the weaker responders, all others showed similarly augmented
response to BCL-XL inhibition after reinduction of senescence with
radiation or TMZ. Also of note, certain lines tested (including GBM6

Figure 3.

GBM vulnerability to BCL-XL inhibition depends on postirradiation timepoint, radiation dose, and duration of inhibitor exposure.A, Sensitivity to BCL-XL inhibition at
4 (blue), 8 (purple), and 12 (red) days after 15 Gy radiation. All cohortswere exposed to drugs for the same amount of time (4 days) andwere analyzed on the fifth day
after plating. Very similar results were obtained with the alternative BCL-XL inhibitor A1155463, and after induction of senescence with TMZ—see Supplementary
Fig. S4. B, Impact of prior radiation dose on BCL-XL inhibitor sensitivity: A1331852 treatment was initiated 4 days following various doses of radiation. C,Duration of
drug exposure impacts GBM39 vulnerability to A1331852, applied 7 days after radiation for 1 to 96 hours with equal total culture duration prior to analysis.
Luminescence values are normalized individually by0nmol/L control. Graphs showmeans�SDof technical replicates at each concentration.D–I,RadiatedGBMcells
are selectively vulnerable to BCL-XL knockdown. BCL-XL, BCL-W, and BCL-2 were knocked down via siRNA in GBM39, 7 days after 0 Gy, or 15 Gy radiation (D–F).
Quantified data from western blots are normalized to GAPDH. Control cells were transfected with a scrambled construct. Images for the Western blots used for
quantification inA are provided in Supplementary Fig. S6. CellTiter-Glo analysis was performed to evaluate relative survival after knockdownwith siRNA constructs
against BCL-XL, BCL-W, andBCL-2 (G–I). Relative luminescence for knockdowns is shown in the 0 and 15 Gy groups, normalized to control (scrambled) knockdowns.
Error bars show SD. J, Representative data demonstrating elevated caspase 3/7 activity 24 hours A1331852 exposure, quantified using Caspase-Glo assay.
Experiment performed 7 days after 0 or 15 Gy radiation. Cells from the same experiment were analyzed for viability after 4 days of A1331852 exposure using CellTiter-
Glo. Error bars ¼ SD.
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and GBM10) have been reported as being radioresistant, with nominal
prolongation of survival in xenografts upon radiation. Nevertheless,
these were amenable to sufficient proliferative arrest in vitro to permit
augmented ablation by BCL-XL inhibition.

p53 is a key regulator of cell-cycle arrest in the context of radiation-
induced DNA damage and senescence, and is the most commonly
mutated gene across human cancers (40, 41). Although several lines
with some of the most robust relative sensitivity to BCL-XL (in
radiated vs. nonradiated cells) were wild-type (WT) for p53 (e.g.,
GBM10, GBM39, GBM76, GBM114), highly significant induction was
also observed in p53-mutant cell lines (GBM6, GBM12, GBM132,
GBM196). Similarly, no clear p53 pattern was found in cells with
modest radiation-induced BCL-XL inhibitor sensitivity: p53-mutant
GBM123 showed only 2.5� induction of A1331852 sensitivity (results
were more robust for A1155 and navitoclax; Fig. 3), yet p53-WT
GBM164 showed a minimally significant difference between radiated
and nonradiated cells after either A1331852 or navitoclax. That 11 of
12 tested lines showed significant induction of sensitivity to one or
more BCL-XL inhibitors with radiation supports this broadly repro-
ducible phenomenon across molecularly diverse GBM.

It is likely that additional stimuli besides radiation and alkylating
chemotherapymay augment sensitivity to BCL-XL inhibition.Massler
and colleagues, previously reported induction of synthetic lethality
with BCL-XL inhibition in IDH-mutant gliomas, or upon induction of
the on cometabolite D2-HG produced by IDH-mutant gliomas (42).
Their study specifically utilized GBM164, which they observed to have
robust sensitivity to BCL-XL. Indeed, among the 12 lines tested,
GBM164 was one of the twomost sensitive in the absence of radiation.
However, the most sensitive line was GBM12, which is IDH WT. We
additionally evaluated another line that, unlike GBM196, is homozy-
gous for IDH1-R132H, in contrast to GBM164, which is heterozygous
for IDH1-R132H. Accordingly, GBM196 generates higher levels of

D2-HG, yet demonstrated approximately100� lower baseline sensi-
tivity to A1331852 than GBM164. While we did not independently
evaluate the impact ofD2-HGonBCL-XL inhibition in this study, data
obtained in this studywould have not provided a rationale for doing so.
Rather, our data indicate that baseline sensitivity to BCL-XL inhibition
may vary widely among both IDH-mutant and IDH-WT cell lines.
However, in 90% of cases, radiation exposure was observed to enhance
radiation sensitivity. Notably, baseline sensitivity to BCL-XL was not
predictive of the degree of final BCL-XL sensitivity achievable after
exposure to radiation or TMZ. Indeed, certain lines with negligible
baseline sensitivity (e.g., GBM39) were induced by radiation to be
among the most sensitive after radiation.

As such, while some molecular therapies can be selectively targeted
to specific tumor subtypes, our data with only 12 cell lines that are
divergent across phenotypes for EGFR, PTEN, CDKN2A, and p53, as
well as gender, age, MGMT methylation, molecular subtype, and
recurrence status, revealed no specificmolecular phenotype thatwould
obviously portend poor response to BCL-XL inhibition. Rather, we
speculate that the therapy-induced sensitivity to BCL-XL dependency
may be mechanistically linked to intracellular processes subserving
andmaintaining amolecularmediator of proliferative arrest and could
thus be synergistic with therapies that activate appropriate mitotic
checkpoint machinery (43). Among master regulators of cellular
senescence, a mechanistic role of p16INK4A is largely excluded by
virtue ofmost tested lines being homozygous null for CDKN2A, which
encodes p16INK4A, an inhibitor of CDK4/6 (22, 44, 45). This could, by
implication, reduce the probability of synergy between BCL-XL inhi-
bitors with CDK4/6 inhibitors; yet also induce senescence, at least in
regards to BCL-XL inhibition. Conversely, p21CIP1 is almost ubiqui-
tously conserved in glioma, is frequently overexpressed in glioma, and
is upregulated by radiation-induced DNA damage, providing an
attractive avenue for future mechanistic investigations. While p21CIP1

Figure 4.

TMZexposure induces selective vulnerability to BCL-XL inhibitors. GBM76andGBM39were treatedwith TMZ (100mmol/L) for 7days followedby 14 days of TMZ-free
media prior to treatment with BCL-2 family inhibitors as shown. TMZ-treated cells demonstrated selective vulnerability to BCL-XL inhibitors (A1331852, A1155463,
navitoclax), but not to theBCL-2–specific inhibitor (venetoclax). For all experiments, luminescence values are normalized individually to0nmol/L control. All data are
means � SD of three technical replicates at each concentration.
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is upregulated by p53, which is mutant in many GBMs, p21CIP1 is also
regulated by other pathways and the interactions between mutant p53
and p21CIP1 can be paradoxical in cancer.

Recent work demonstrated that systemic navitoclaxwas effective for
prolonging survival of GBM164 in a xenograft model as well as getting
rid of senescent cells do (42, 46, 47). If BBBpenetrationwere equivalent
across cell lines, this would suggest that GBM114, GBM116, GBM120,
GBM76, GBM39, and GBM12 should exhibit comparable or better
sensitivity to BCL-XL inhibition after chemotherapy and/or radiation,
whereas even radiatedGBM132,GBM10,GBM123, andGBM196 each
maintained an in vitro IC50 >10� that of nonradiated GBM164 and
may thus be more resistant to BCL-XL inhibition. Efficacy of navito-
clax as a senolytic was recently demonstrated in a tauopathy model of
Alzheimer’s disease, suggesting that BBB disruption may not be
required for efficacy (48). Moreover, to the extent that radiation-
induced senescence may contribute to radiation-induced cognitive
impairment, concurrent ablation of senescent host cells could provide
a cognitively beneficial adjunct to senescent tumor ablation (49).

While senescence serves to attenuate cell-intrinsic proliferation,
SASP factors produced by senescent cells have been shown to promote
tumor infiltration and recruitment of protumorigenic tumor-
associated macrophages. We and others have observed increased
aggressiveness of human glioma implanted into the previously radi-
ated brain. Whether this phenomenon can be attenuated with seno-
lytics is under investigation. However, the phenomenon of “senescence
spreading” has been proposed as a means via which senescent cells
could actually attenuate proliferation of adjacent tumor cells. The
diversity of responses to BCL-XL inhibition in absence of clear
phenotypic correlates suggests empiric studies will be required to
discriminate among these possibilities.

The current study provides our first efforts to harness the senescent-
like biology of treated human GBM to facilitate the clearance of
dormant tumor cells. An obvious limitation of this work is that
in vitro cultures offer notoriously poor surrogates of the in vivo human
glioma microenvironment. Although we provide pilot data from a
single in vivo experiment utilizing CED for BCL-XL inhibitor delivery

Figure 5.

Senescent GBM is selectively vulnerable to BCL-XL inhibitors. A, Relative survival of senescent and proliferating all GBM cell lines tested with 1 mmol/L A1331852
treatment. B, Comparison of selective vulnerability of p53 WT and mutant senescent glioma to BCL-XL inhibition. C, Demonstrating senolytic effect of A1331852
across the primary and recurrent gliomas with or without chemoradiation. D, Data shown summarize the results obtained utilizing six p53-WT (blue labels) and six
p53-mutant GBM lines (red labels) subjected to varying senescence induction paradigms followed by exposure to BCL-XL inhibitors (A1331852 or A1155463) or the
BCL-XLþBCL-2 inhibitor, navitoclax. Each data point depicts the mean fold change in IC50. Bold underline ¼ GBM lines from patients with recurrent disease.
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and observed decreased bioluminescence, further work will be needed
to test whether BCL-XL sensitivity is indeed higher in senescent than
nonsenescent cells in vivo, and whether treatment can improve
survival. Future work to critically characterize the molecular pheno-
type of senescent glioma will be important to optimally leverage
vulnerabilities. Access to senescent human glioma tissue directly from
human patients may be hampered by the fact that surgery is rarely
performed except as treatment for actively proliferating disease.
Moreover, senescent tumor cells may be present with relatively low
abundance in latent disease and cannot be expanded given prolifer-
ative arrest. It is quite possible that the complex tumor microenvi-
ronment could endow malignant cells with diverse sources of trophic
support that are lacking in vitro, potentially requiring adjuvant
strategies not anticipated from in vitro analyses to achieve optimal
senescent GBM ablation in vivo (50).

In conclusion, we demonstrate that radiation and TMZ endow
glioma with increased dependence upon BCL-XL, blockade of which
may facilitate ablation of latent glioma cells that survive prior cytotoxic
therapy. Because radiation and TMZ are standard of care for GBM,
further work is needed to determine whether BCL-XL inhibition could
be leveraged to help forestall glioma recurrence.
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