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BH3 mimetic drugs cooperate with Temozolomide, JQ1 and

inducers of ferroptosis in killing glioblastoma multiforme cells
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Glioblastoma multiforme (GBM) is the most common and aggressive form of brain cancer, with treatment options often constrained
due to inherent resistance of malignant cells to conventional therapy. We investigated the impact of triggering programmed cell
death (PCD) by using BH3 mimetic drugs in human GBM cell lines. We demonstrate that co-targeting the pro-survival proteins BCL-
XL and MCL-1 was more potent at killing six GBM cell lines compared to conventional therapy with Temozolomide or the
bromodomain inhibitor JQ1 in vitro. Enhanced cell killing was observed in U251 and SNB-19 cells in response to dual treatment
with TMZ or JQ1 combined with a BCL-XL inhibitor, compared to single agent treatment. This was reflected in abundant cleavage/
activation of caspase-3 and cleavage of PARP1, markers of apoptosis. U251 and SNB-19 cells were more readily killed by a
combination of BH3 mimetics targeting BCL-XL and MCL-1 as opposed to dual treatment with the BCL-2 inhibitor Venetoclax and a
BCL-XL inhibitor. The combined loss of BAX and BAK, the essential executioners of intrinsic apoptosis, rendered U251 and SNB-19
cells refractory to any of the drug combinations tested, demonstrating that apoptosis is responsible for their killing. In an orthotopic
mouse model of GBM, we demonstrate that the BCL-XL inhibitor A1331852 can penetrate the brain, with A1331852 detected in
both tumour and healthy brain regions. We also investigated the impact of combining small molecule inducers of ferroptosis,
erastin and RSL3, with BH3 mimetic drugs. We found that a BCL-XL or an MCL-1 inhibitor potently cooperates with inducers of
ferroptosis in killing U251 cells. Overall, these findings demonstrate the potential of dual targeting of distinct PCD signalling
pathways in GBM and may guide the utility of BCL-XL inhibitors and inducers of ferroptosis with standard of care treatment for
improved therapies for GBM.
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most common and
aggressive form of brain cancer. It is classified as a grade IV
astrocytoma with a median patient survival rate of ~15 months
after diagnosis, and an overall 5-year survival of 5% [1]. Current
standard of care treatment for GBM patients involves maximal
surgical resection followed by chemotherapy with the DNA
damage-inducing alkylating agent Temozolomide (TMZ) and
radiotherapy. GBM tumours are inherently resistant to conven-
tional therapy, with recurrence almost inevitable within 6-9 months
from initial diagnosis. This is in part attributed to a high level of
tumour heterogeneity, with glioblastomas exhibiting marked
proliferative activity and infiltration of malignant cells into healthy
areas of the brain [2]. Subsequent to TMZ, four other agents have
been FDA-approved for the treatment of GBM, however, the
overall survival for patients has not improved for many years [3].
Therefore, it is critical to identify novel therapeutic targets and
develop effective drug combination strategies to treat GBM.

Apoptosis, a form of programmed cell death (PCD), is vital for
normal embryonic development and maintenance of tissue
homoeostasis. Apoptosis is used for the removal of damaged,
infected or obsolete cells [4, 5]. This cell death pathway is
regulated by the balance between anti-apoptotic and pro-
apoptotic B cell lymphoma-2 (BCL-2) family proteins and can be
induced via the mitochondrial (aka intrinsic) or the death receptor
(aka extrinsic) signalling pathways [5]. Pro-apoptotic BH3-only
proteins (BIM, PUMA, BID, BMF, BAD, HRK, BIK, NOXA) are
transcriptionally or post-transcriptionally upregulated in response
to intracellular stressors, such as DNA damage, ER stress or growth
factor deprivation. They initiate apoptosis by binding to and
inhibiting the anti-apoptotic BCL-2 family members, including
BCL-2, BCL-XL, MCL-1, BCL-W and A1/BFL-1 [6, 7]. The binding of
BH3-only proteins to the anti-apoptotic BCL-2 proteins frees BAX
and BAK, the effectors of apoptosis, from their restraint by the
anti-apoptotic BCL-2 proteins, thereby unleashing the caspase
cascade that dismantles the dying cells [4, 5, 8]. In GBM, malignant
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cells display inherent defects in apoptotic cell death, and are
therefore resistant to diverse cytotoxic agents [9]. It is thought that
this contributes to the failure of conventional standard-of-care
treatment in GBM. Human glioblastoma cells were shown to
express higher levels of the pro-survival proteins BCL-2 and BCL-
XL compared to non-neoplastic glial cells [10]. Of note, it was
reported that RNA interference-mediated reduction in BCL-2 or
BCL-XL was able to cause caspase dependant killing of
glioblastoma cells in culture [10]. High levels of BCL-XL have
been associated with rapid disease progression and poor survival
of glioblastoma patients. Therefore, BCL-XL has been proposed as
a marker of therapy resistance in this malignancy [11].

BH3 mimetic drugs are small molecule agents that bind to and
antagonise anti-apoptotic BCL-2 family proteins, directly triggering
the apoptosis machinery in a BAX/BAK dependant manner [7, 12].
The BH3-mimetics S63845 [13], A1331852 [14] and Venetoclax/
ABT-199 [15] selectively target MCL-1, BCL-XL and BCL-2,
respectively [7]. The BCL-2 inhibitor Venetoclax/ABT-199 is
approved by the FDA and many other regulatory authorities for
the treatment of Chronic Lymphocytic Leukaemia (CLL) and Acute
Myeloid Leukemia (AML) [16]. In pre-clinical studies, the MCL-1
inhibitor S63845 was shown to effectively kill a range of B cell
lymphoma, multiple myeloma and AML derived cell lines in
culture and even in vivo [13]. However, this [13] and other MCL-1
inhibitors [17-19] mostly had only modest impact as single agents
on cell lines derived from solid cancers, although they substan-
tially enhanced the therapeutic effect of inhibitors of oncogenic
kinases and diverse standard chemotherapeutic drugs. The BCL-XL
inhibitor A1331852 was shown to kill diverse lymphoma and
leukaemia-derived cell lines and delayed the progression of acute
lymphocytic leukaemia (ALL) in xenograft mouse models [20].
Combined targeting of BCL-XL and MCL-1 was reported to
synergise in kiling melanoma cells in 2D and 3D cell culture
models [21] and in cervical cancer derived cell lines [22]. However,
the safety of this combination therapy is a concern given that loss
of only single alleles of Bcl-x and Mcl-1 causes fatal early neonatal
craniofacial defects [23], and that combined loss of BCL-XL and
MCL-1 specifically in hepatocytes causes liver failure [24]. None-
theless, it is anticipated that careful refinement of the therapeutic
window of existing BH3 mimetic drugs and the generation of BH3
mimetics conjugated to an antibody that selectively targets
malignant cells will lead to improvements in the treatment of
brain cancer and other solid cancers [25].

Ferroptosis refers to a form of iron-dependent necrotic PCD,
characterised by overwhelming lipid peroxidation [26]. In cells
undergoing ferroptosis, mitochondria appear smaller than normal
with increased membrane density [26], while classical features of
apoptosis, such as mitochondrial cytochrome c release, caspase
activation, and chromatin fragmentation are not observed [26].
Ferroptosis can be induced by small molecules, such as erastin,
which inhibits the cystine transport receptor systemXc~ (xCT),
thereby diminishing intracellular glutathione levels. RAS-selective
lethal small molecule 3 (RSL3), functions as a covalent inhibitor of
glutathione peroxidase 4, a glutathione dependent enzyme that
functions to inhibit the formation of lipid peroxides and thereby
induces ferroptosis [26]. Overexpression of xCT in glioblastoma was
shown to be associated with a cancer-stem cell like phenotype
which may contribute to increased resistance to chemotherapeutic
drugs [27]. Inhibition of xCT by erastin or the clinically approved
sulfasalazine, was reported to potentiate the impact of TMZ in
human GBM cells [28]. Moreover, in a diffuse large B cell ymphoma
xenograft mouse model, imidazole ketone erastin, a second-
generation inducer of ferroptosis, resulted in glutathione depletion,
lipid peroxidation, and the induction of markers of ferroptosis, and
this treatment slowed tumour growth both in vitro and in vivo [29].

In the present study, we assessed the impact of combining
standard of care treatment for GBM with BH3 mimetic drugs in
human GBM cell lines. We demonstrate that co-targeting the two
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pro-survival proteins BCL-XL (with A1331852) and MCL-1 (with
$63845) was more potent at triggering cell death in SNB-19, SNB-
75, U251, SF268, SF295 and SF539 GBM cell lines compared to
conventional therapy. We demonstrate that the BCL-XL inhibitor,
A1331852 can penetrate and accumulate in the brain in an
orthotopic mouse model of GBM. We also show that the
combination of BH3 mimetics selectively targeting MCL-1 and
BCL-XL, or BCL-XL inhibitors combined with TMZ, or the
bromodomain inhibitor JQ1 robustly enhanced the killing of
GBM cells in vitro. Induction of apoptosis was demonstrated by
cleavage of caspase-3 and its substrate Poly ADP-ribose poly-
merase 1 (PARP1). Accordingly, U251 and SNB-19 cells lacking
both BAX and BAK, the essential effectors of apoptosis, were
refractory to the aforementioned treatment combinations. We also
demonstrate that combined treatment of GBM cells with BH3
mimetics targeting MCL-1 and BCL-XL and small molecule
inducers of ferroptosis, such as erastin or RSL3, enhanced the
killing of U251 cells compared to activating only one PCD
pathway. Thus, combination regimens of dual triggering of
apoptosis and ferroptosis may be considered as a strategy for
improved therapies for GBM.

RESULTS

Co-targeting of MCL-1 and BCL-XL with BH3 mimetic drugs
kills glioblastoma cells more potently than treatment with
TMZ or the bromodomain inhibitor JQ1

We first assessed the expression of the pro-survival BCL-2 family
members, MCL-1, BCL-XL and BCL-2, in a panel of 6 human
glioblastoma cell lines: SNB-19, SNB-75, U251, SF-268, SF-295 and
SF-539. MCL-1 was abundantly expressed in most GBM cell lines
with the levels comparable to those seen in the HEK293 human
embryonic kidney cell line and A357 human melanoma cells
(Supplementary Fig. S1a). BCL-XL and BCL-2 were detected at
lower levels (Supplementary Fig. S1a).

Previous studies have demonstrated that targeting pro-survival
proteins with BH3 mimetic drugs, such as the MCL-1 inhibitor
$63845 [13], the BCL-XL inhibitor A1331852 [14] or the BCL-2
inhibitor Venetoclax/ABT-199 [15] can effectively kill a broad range
of cancer derived cell lines as single agent or in combination
[7, 13, 22]. The utility of BH3 mimetic drug treatment has not yet
been explored in human GBM cells. Therefore, we tested the
impact of combining the MCL-1 and BCL-XL inhibitors S63845 and
A1331852 on the viability and growth of GBM cells in culture.
Combined treatment with S$63845 and A1331852 for 5 days
exerted robust anti-proliferative effects in GBM cells (ICso in the
low nM range for all six cell lines assessed), with U251 cells highly
sensitive to the combination treatment (ICso < 100 nM), (Supple-
mentary Fig. S1b), as measured by the Cell-Titre Glo viability assay.
These effects were more pronounced than the modest single
agent effects induced by TMZ or JQ1 (Fig. 1a—c and Supplemen-
tary Fig. S1b). We also tested the ability of BH3 mimetic drugs,
used as single or dual agent treatment for 5 days, to induce
apoptosis in U251 and SNB-19 GBM cells by staining with Annexin
V and DAPI followed by flow cytometric analysis. Only single agent
treatment with the BCL-XL inhibitor A1331852 induced significant
apoptosis in U251 and SNB-19 cells, whereas only little apoptotic
death was observed after treatment with the MCL-1 inhibitor
$63845 or the BCL-2 inhibitor Venetoclax/ABT-199 (Fig. 2a, b). Dual
treatment with S63845 and A1331852 induced robust apoptosis
(Fig. 2a, b), with U251 cells being more sensitive to 48 h of this
treatment (ICsy 0.6 uM) compared to SNB-19 cells (ICsq 2.2 pM)
(Supplementary Fig. S2a, c). Analysis of cell viability at earlier
timepoints revealed that combinations of S63845 plus A1331852
as low as 0.1 uM each caused significant killing of U251 cells
within 16 h and SNB-19 cells within 24 h of treatment in vitro
(Fig. 2¢, d). Cell death in response to these combination
treatments was also evaluated by using the InCucyte live cell
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Fig. 1 BH3 mimetic drugs targeting MCL-1 and BCL-XL kill GBM
cells more potently compared to TMZ or JQ1 monotherapy.
Viability of the human GBM cell lines, SNB-19, SNB-75, U251, SF-268,
SF-295 and SF-539, after treatment with the indicated concentrations
of a TMZ, b JQ1 or ¢ dual treatment with S63845 (MCL-1 inhibitor)
plus A1331852 (BCL-XL inhibitor). ATP levels were determined after
5 days of continuous treatment using the CellTiter-Glo® assay with
data presented relative to DMSO (vehicle control) treated cells. n =3
independent experiments, data are presented as mean +S.D. One-
way ANOVA with the Dunnett’s multiple comparisons tests relative
to DMSO vehicle treated cells. *P < 0.05, **P <,0.01, ***P < 0.001,
****¥P < 0.0001.

imaging platform, where we found that the combination of
A1331852 and S63845 rapidly caused an increase in propidium
iodide signal and loss of cell confluency in a dose dependant
manner (Supplementary Fig. S3a, b, e, f). In contrast, treatment
with S63845 plus Venetoclax induced cell death more slowly and
confluency of U251 cells was only reduced at higher doses
(Supplementary Fig. S3c, d, g, h). Collectively, these results
demonstrate that co-targeting MCL-1 and BCL-XL is more effective
at killing GBM cells compared to standard of care therapy.

Combination treatment of TMZ or JQ1 with the BCL-XL
inhibitor A1331852 potently kills glioblastoma cells

Current standard of care treatment for GBM patients includes
chemotherapy with the DNA damage-inducing alkylating agent
TMZ [30]. Inhibition of BET (bromodomain and extra-terminal)
bromodomain proteins with the small molecule inhibitor JQ1 has
been reported to regulate the DNA damage response in several
cancer cell lines in vitro, and to promote G1 cell cycle arrest and
dissipation of the mitochondrial membrane potential [31-33]. Of
note, inhibition of BET bromodomain proteins was reported to
have anti-tumour effects in mouse models of glioma [34]. Co-
treatment of U87MG and GL261 glioma cells with TMZ and the
BET inhibitor JQ1 caused substantial DNA damage and tumour cell
killing in vitro and slowed tumour expansion in mice [35]. It was
previously shown that combined treatment with JQ1 and the BH3
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mimetic ABT-263, a potent inhibitor of BCL-2, BCL-XL and BCL-W,
caused substantial apoptosis in glioma cells in vitro, and this was
accompanied by an increase in the pro-apoptotic BH3-only
protein NOXA and activation of caspases [33, 36].

To explore the impact of combinations of BH3 mimetic drugs
with TMZ or JQ1 on the killing of GBM cells, we assessed the
viability of U251 cells after 5 days of single agent and combination
treatments by staining with Annexin V and DAPI, followed by flow
cytometric analysis. Significant death was observed in cells treated
with 50 uM TMZ or 1 uM JQ1 as single agents. Notably, the BCL-XL
inhibitor A1331852 (but none of the other BH3 mimetic drugs
tested) co-operated with TMZ as well as JQ1 in the killing of
U251 cells (Fig. 3a).

To ascertain the effect of single agent and combination
treatments with A1331852, TMZ and JQ1 on cell cycle progres-
sion, cell cycle distribution was assessed in U251 and SNB-19 cells
by DAPI staining and flow cytometric analysis to measure DNA
content (Fig. 3b, c and Supplementary Table 1). Treatment of
U251 cells with 50 uM TMZ alone and when combined with 1 uM
of the BCL-XL inhibitor A1331852 caused a significant reduction
of cells in the G1 phase (vehicle control treated: 62.6%, compared
to TMZ treated: 27.7% and TMZ plus A1331852 treated: 24.2%).
Treatment with TMZ and A1331852 also caused a substantial
increase of U251 cells in the sub-G1 phase (dying cells; vehicle
control treated: 10.1% compared to TMZ plus A1331852 treated:
26.3%), consistent with an increase in apoptotic cells. Treatment
with TMZ alone induced G2/M cell cycle arrest in U251 cells
(vehicle control treated: 12.8% compared to TMZ treated: 50.5%)
and SNB-19 cells (vehicle control treated: 13.4% compared to TMZ
treated: 25.8%). In SNB-19 cells, the combination of TMZ plus
A1331852 also promoted significant G2/M cell cycle arrest
(vehicle control treated: 134% compared to TMZ plus
A1331852 treated: 23.2%) (Fig. 3b, c and Supplementary Table 1).
We did not observe significant effects of JQ1 on cell cycle
progression in U251 and SNB-19 cells at 48 h post-treatment as
single agent or when combined with A1331852. These results
reveal that TMZ promotes G2/M cell cycle arrest in U251, and
SNB-19 cells and enhances apoptosis when combined with a BCL-
XL inhibitor.

Activation of caspase-3 and cleavage of PARP1 in response to
dual treatment with MCL-1 inhibitor combined with BCL-XL
inhibitor, JQ1 combined with BCL-XL inhibitor or TMZ
combined with either BH3 mimetic drug

The mechanism underlying the anti-tumour effects of TMZ is
thought to be due to its DNA alkylating properties, delivering a
methyl group to purine bases of DNA (O6-guanine; N7-guanine and
N3-adenine), thereby eliciting DNA damage to cause apoptosis [37].
It has also been reported that TMZ induces autophagy in U251 cells,
thereby attenuating cell migration and reducing cell viability [38].
JQ1 has been reported to impact the DNA damage response,
triggering G1 cell cycle arrest [31, 32]. The promising clinical utility
of BH3 mimetics is encompassed by their ability to directly activate
the apoptosis machinery in cancer cells by inhibiting anti-apoptotic
BCL-2 family members, therefore bypassing the requirement for
upstream initiators of apoptosis, such as the tumour suppressor p53
[39]. We assessed the ability of single and dual agent BH3 mimetic
drug treatments or TMZ and JQ1 as single agents and in
combination with BH3 mimetics to trigger apoptosis in U251 and
SNB-19 cells. This was done by examining the amounts of cleaved
(i.e. activated) caspase-3 and the proteolysis of its substrate PARP1,
both markers of apoptosis. Abundant cleavage of caspase-3 (p19
and p17 fragments detected by Western blotting) and accumula-
tion of a cleaved PARP1 fragment were detected in U251 and SNB-
19 cells after combined treatment with 1 uM of each, the BCL-XL
inhibitor A1331852 and the MCL-1 inhibitor S63845 overnight
(Fig. 4a, c and Supplementary Fig. S4a, d). U251 and SNB-19 cells
were also subjected to single and dual agent treatment with 50 uM
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Fig. 2 Combination treatments with BH3 mimetic drugs targeting MCL-1, BCL-XL or BCL-2 causes increased apoptosis of GBM cells

compared to single agent treatment. a, b U251 and SNB-19 cells

were treated as indicated with BH3 mimetic drugs as single agents or

combinations of BH3 mimetic drugs at 1 uM each for 5 days. Cell viability was determined by staining with Annexin V plus DAPI followed by

flow cytometric analysis. n =3 independent experiments, data are
comparison test relative to DMSO (vehicle control) treated cells. ¢, d

presented as mean + s.d. One-way ANOVA with the Dunnett multiple
U251 or SNB-19 cells were treated with the indicated drug combinations

for 16, 24 or 48 h. Cell viability was determined by staining with Annexin V plus DAPI followed by flow cytometric analysis. n = 3 independent

experiments, data are presented as mean + s.d. One-way ANOVA
control) treated cells or as indicated between treatment groups. *P

TMZ, 1 uM JQ1 and 1 uM BH3 mimetics for 5 days. In U251 cells,
abundant cleavage (activation) of caspase-3 and accumulation of
cleaved PARP1 were observed in response to TMZ as single agent,
and in combination with S63845, A1331852 or Venetoclax (Fig. 4b
and Supplementary Fig. S4b, c). JQ1 treatment alone did not induce
cleavage of caspase-3 or PARP1, however, cleaved (activated)
caspase-3 and cleaved PARP1 were abundant when JQ1 was
combined with the BCL-XL inhibitor A1331852 (Fig. 4b). In SNB-19
cells, we observed accumulation of cleaved caspase-3 in response
to TMZ as single agent, and in combination with $63845, A1331852
or Venetoclax, and in response to dual treatment with JQ1 and
A1331852 (Fig. 4d and Supplementary Fig. S4e). In the presence of
the broad-spectrum caspase inhibitor QVD-OPH, no cleavage
(activation) of caspase-3 or its substrate PARP1 was detected in
U251 cells treated with single or dual agent BH3 mimetic treatment

SPRINGER NATURE

with the Tukey’s multiple comparisons tests relative to DMSO (vehicle
< 0.05, ***P < 0.001, ****P < 0.0001.

or TMZ and JQ1 combined with BH3 mimetic drugs (Supplemen-
tary Fig. S5a, b). Moreover, QVD-OPH protected U251 and SNB-19
cells from apoptosis (shown by staining with Annexin V and DAPI)
induced by BH3 mimetic drugs and JQ1 as single agents or
combinations of these agents (Supplementary Fig. Séa, b, c, d).
However, despite the addition of QVD-OPH, U251 cells showed
staining with Annexin V and DAPI after treatment with TMZ as
single agent or in combination with BH3 mimetic drugs
(Supplementary Fig. S6b), demonstrating that this death can occur
in the absence of caspase activity. Overall, these results demon-
strate that JQ1 can effectively trigger apoptosis when combined
with the BCL-XL inhibitor A1331852 whereas TMZ alone or when
combined with BH3 mimetic drugs, in particular an inhibitor of BCL-
XL, can trigger cell death with hallmarks of apoptosis but also
through a caspase independent process.

Cell Death & Differentiation
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a U251 cells were treated for 5 days with 1 yM A1331852 (BCL-XL inhibitor), 1 uM S63845 (MCL-1inhibitor), 1 uM Venetoclax (BCL-2 inhibitor);
50 uM TMZ; 1 uM JQ1 as single agents or with the indicated drug combinations. Cell viability was determined by staining with Annexin V plus
DAPI followed by flow cytometric analysis. n =3 independent experiments, data are presented as mean + s.d. One-way ANOVA with the
Tukey’s multiple comparisons tests relative to DMSO (vehicle control) treated cells or as indicated. *P < 0.05, **P <,0.01, ***P < 0.001, ****P <
0.0001. b Effect of A1331852, TMZ and JQ1 as single agents or combination treatments as indicated on cell cycle progression. U251 and SNB-
19 cells were treated for 48 h with 1 uM A1331852, 1 uM JQ1 or 50 uM TMZ. DMSO was used as vehicle control. Cells were fixed in 70% ethanol
followed by DAPI staining and flow cytometric analysis. Percentages of cells in the sub-G1 (dying), G1, S and G2/M phases are indicated.
Histograms shown are representative of results from three independent experiments.

The combined absence of BAX and BAK renders U251 and
SNB-19 glioblastoma cells resistant to combined treatment
with TMZ plus BH3 mimetic drugs

The multi-BH domain pro-apoptotic proteins BAX and BAK are the
essential effectors of the intrinsic pathway of apoptosis [5, 40].
Accordingly, cells lacking BAX and BAK are refractory to diverse
agents that kill cells by inducing apoptosis [13, 41]. For example,
the combined deletion of BAX and BAK using CRISPR/Cas9
technology rendered tumour-derived cell lines resistant to the
MCL-1 inhibitor $63845 [13]. To determine whether loss of BAX
and BAK can protect GBM cells from apoptosis triggered by BH3
mimetic drugs, TMZ, JQ1 and combinations thereof, we employed
CRISPR/Cas9 technology to generate U251 and SNB-19 cells
deficient in BAX and BAK. Treatment with doxycycline to induce
expression of the guide RNAs (gRNA) targeting Bax and Bak,
resulted in a significant reduction of BAX and BAK in U251 and
SNB-19 cells, as confirmed by Western blotting (Fig. 5a). BAX/BAK
double knock-out (DKO) U251 and SNB-19 cells were significantly
protected from cell death induced by the combination of the
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MCL-1 inhibitor S63845 plus the BCL-XL inhibitor A1331852
(Fig. 5b and Supplementary Fig. S7c). Significant rescue in cell
viability was also observed in BAX/BAK DKO U251 cells treated
with combinations of TMZ plus A1331852, or combinations of JQ1
with A1331852, Venetoclax/ABT-199 or $63845 (Fig. 5¢). Similarly,
BAX/BAK DKO SNB-19 cells, were significantly protected from
killing induced by treatment with combinations of TMZ with
A1331852, Venetoclax/ABT-199 or S63845 and JQ1 combined with
A1331852 (Fig. 5d). It appears that TMZ as a single agent caused
comparable loss of cell viability in control and BAX/BAK DKO U251
and SNB-19 cells. This indicates that TMZ must be able to also
trigger cell death processes in addition to intrinsic apoptosis.
Notably, parental U251 cells were more sensitive to cell death
induced by JQ1 compared to the SNB-19 cells (Fig. 5¢, d). We also
generated single cell clones of SNB-19 cells by cell sorting and
treated them with doxycycline to induce expression of guide RNAs
(gRNA) targeting Bax and Bak. These clones were expanded and
assessed for the deletion of BAX and BAK by Western blotting
(Supplementary Fig. S8a). Efficient deletion of BAX and BAK was
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Fig. 4 Cleavage of caspase-3 and PARP1, markers of apoptosis, is seen in U251 and SNB-19 cells after treatment with TMZ or JQ1 plus
BH3 mimetic drugs. a, ¢ Western blot analysis of lysates from U251 or SNB-19 cells that had been treated with 1 yM A1331852 (BCL-XL
inhibitor), 1 yM Venetoclax/ABT-199 (BCL-2 inhibitor) or 1 uM S63845 (MCL-1 inhibitor) for 16 h as single agents or the indicated drug
combinations. b, d Western blot analysis of lysates from U251 or SNB-19 cells that had been treated for 4 days with 1 uM A1331852, 1 uM
$63845, 1 uM Venetoclax/ABT-199, 50 uM TMZ or 1 pM JQ1. Membranes were probed for cleaved (activated) caspase-3 (CC3; p19, 17 fragments
indicated) and cleaved PARP1. * indicates cleaved PARP1 fragment. Probing for $-actin was used as a loading control.

observed in clones #4, 5, 7 and 9. As expected, clone #4 was
profoundly resistant to treatment with combinations of TMZ or
JQ1 with BH3 mimetic drugs (Supplementary Fig. 8b). BAX/BAK
DKO U251 cells were also significantly protected from JQ1
induced cell death (Fig. 5c). The rescue in cell viability in BAX/
BAK DKO U251 and SNB-19 cells was supported by observations
that in these cells we detected no (or only little) cleavage of
caspase-3 and PARP1 after dual treatment with S63845 plus
A1331852, TMZ combined with BH3 mimetic drugs or JQ1
combined with A1331852 (Fig. 5e, f and Supplementary Fig. S7a,
b). BAX or BAK single knock out (SKO) U251 cells were also
generated by CRISPR/Cas9, with efficient deletion of BAX or BAK
verified by Western blot analysis (Supplementary Fig. S9a). BAX
SKO but not BAK SKO U251 cells were resistant to treatment with
$63845 plus A1331852, demonstrating that in these cells, BAX is
more critical than BAK for MCL-1 inhibitor plus BCL-XL inhibitor
induced apoptosis (Supplementary Fig. S9b, c¢). BAK SKO
U251 cells but not BAX SKO U251 cells were protected from
killing induced by TMZ alone and TMZ combined with A1331852
(Supplementary Fig. S9d, e), demonstrating BAK is more critical
than BAX in the killing of these cells by TMZ.

The BCL-XL inhibitor A1331852 can penetrate the brain and

enter brain tumour tissue in an orthotopic mouse model of GBM
The ability of small molecule agents to penetrate the brain
remains a major challenge for the treatment of GBM. While TMZ
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can penetrate the brain due to its small size and lipophilic
properties, many anti-cancer agents do not exhibit these
characteristics. To investigate whether the BCL-XL inhibitor
A1331852 can penetrate and accumulate in the brain of healthy
and tumour bearing mice, we first assessed the concentration of
A1331852 in the brain and plasma of healthy (i.e. not bearing
tumours) NOD/SCID/yc”™ mice, 1h and 4 h post-drug administra-
tion at 25mg/kg body weight by Ultra Performance Liquid
Chromatography (UPLC). Based on the brain to plasma ratio, we
conclude that A1331852 was not present at a significant
concentration in the brain of healthy mice, and therefore did
not adequately penetrate the brain to detectable levels (Supple-
mentary Table 2). We next ascertained whether A1331852 can
penetrate the brain of tumour bearing mice. For this, NOD/SCID/
v~ mice were intracranially injected with U251 human GBM cells
harbouring an mCherry-luciferase reporter to establish an
orthotopic mouse model of GBM as previously described [42].
Engraftment of tumour cells was detected on day 7 by
bioluminescent imaging (Fig. 6a). Following daily treatment for
5 days with 50 mg/kg body weight A1331852, there was a marked
decrease in platelet numbers (Fig. 6b), consistent with on-target
thrombocytopenia caused by inhibition of BCL-XL [43], thereby
confirming successful administration of the drug. The brain was
less exposed to A1331852 compared to the liver and spleen,
however, this drug was detected in malignant as well as healthy
tissue in the brain at concentrations above the binding affinity for
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BCL-XL (Fig. 6¢, Supplementary Table 3), which is in the low
nanomolar range [14]. This warrants future studies to assess the
in vivo therapeutic impact of A1331852 in preclinical models of
GBM.

Inducers of ferroptosis cooperate with BH3 mimetic drugs in
the killing of GBM cells

Ferroptosis represents a form of iron-dependant PCD characterised
by overwhelming lipid peroxidation [26]. Small molecules, such as
erastin and RSL3, can induce ferroptosis. Erastin inhibits xCT,
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thereby diminishing intracellular glutathione levels and promoting
cell death, whereas RSL3 covalently binds to and inhibits GPX4 and
thereby induces ferroptotic cell death, without affecting glutathione
levels in the presence of liproxstatin-1 (Supplementary Fig. S10a-d).
In vitro, the effects of lipid peroxidation can be neutralised by iron
chelators, such as deferoxamine (DFO), and lipophilic radical traps,
such as ferrostatin-1 or liproxstatin-1, and these agents can thereby
inhibit ferroptosis [44]. In U251 cells, both erastin and RSL3 caused
an accumulation of toxic lipid reactive oxygen species (ROS) with
ensuing lipid peroxidation (Supplementary Fig. S11) [26], with a

SPRINGER NATURE



D. Moujalled et al.

Fig. 5 U251 and SNB-19 cells lacking both BAX and BAK, the essential effectors of apoptosis, are profoundly resistant to killing by
combination treatments with TMZ or JQ1 with BH3 mimetic drugs. a Western blot analysis of lysates from U251 or SNB-19 cells that had
been left untreated or treated with 1 pg/mL doxycycline for 5 days to induce expression of Bax and Bak sgRNAs. Blots were probed for BAX,
BAK and f-actin, the latter used as a loading control. b, ¢, d U251 or SNB-19 cells were left untreated (control) or treated with 1 pg/mL
doxycycline for 5 days to induce sgRNAs for Bax and Bak. b Cells were then treated for 48 h with 1 uM A1331852 (BCL-XL inhibitor), 1 uM
$63845 (MCL-1 inhibitor) or 1 pM Venetoclax/ABT-199 (BCL-2 inhibitor) with the indicated combinations. Shown are representative dot plots
following staining with Annexin V plus DAPI followed by flow cytometric analysis. ¢, d Cells were treated for 5 days with 1 uM A1331852 (BCL-
XL inhibitor), 1 uM S63845 (MCL-1 inhibitor), 1 uM Venetoclax/ABT-199 (BCL-2 inhibitor), 50 yM TMZ, 1 uM JQ1 as single agents or with the
indicated drug combinations. Cell viability was determined by staining with Annexin V plus DAPI followed by flow cytometric analysis. n =3
independent experiments; data are presented as mean + s.d. Two-way ANOVA with the Bonferroni’s multiple comparisons tests. *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. e Western blot analysis of lysates from BAX/BAK DKO U251 cells that had been treated for 16 h with 1
UM A1331852, 1T uM Venetoclax/ABT-199 or 1 uM S63845 as single agents or with the combinations of agents indicated. f Western blot analysis
of lysates from BAX/BAK DKO U251 cells that had been treated for 5 days with 1 uM A1331852, 1 uM S63845, 1 uM Venetoclax/ABT-199, 50 uM
TMZ or 1 uM JQ1. Membranes were probed for cleaved (activated) caspase-3 (CC3; p19, 17 fragments indicated) and cleaved PARP1. * indicates
cleaved PARP1 fragment. Probing for p-actin was used as a loading control. Lysates from parental U251 cells that had been treated with 1 pM

21331852 plus 1 uM S63845 were used as a positive control for cleaved caspase-3 and cleaved PARP1.

corresponding reduction in GPX4 protein levels (Supplementary Fig.
S12a, ¢). Inhibition of xCT was shown to reduce glutathione levels in
GBM cells and thereby sensitise them to TMZ induced cytotoxicity
[45]. Moreover, erastin was shown to sensitise glioma cells to TMZ
induced cytotoxicity, and this was prevented by concurrent
treatment with iron chelators [28]. Therefore, exploiting ferroptosis
induced by small molecules and FDA-approved clinical drugs may
be harnessed as an effective approach to treat apoptosis-resistant
cancers [44]. To assess the impact of combining BH3 mimetic drugs
with small molecule inducers of ferroptosis in GBM cells in culture,
we first assessed the ability of RSL3 and erastin to induce ferroptosis
as single agents, with cell viability determined by the MTT assay. In
a dose dependent manner, erastin as well as RSL3 reduced the
viability of U251 cells (ICso with single agent treatment of erastin:
2.5 uM and RSL3; 64.5 nM), with significant rescue achieved by the
addition of inhibitors of ferroptosis (1 uM liproxstatin-1 or 50 uM
deferoxamine) (Fig. 7a, b). The combination treatment of the MCL-1
inhibitor S63845 and the BCL-XL inhibitor A1331852 with erastin (2,
2.5 and 3 pM) or RSL3 (50, 100 and 200 nM) for 24 h substantially
diminished the viability of U251 cells, with a reduction in
intracellular glutathione levels (Supplementary Fig. S10e, f),
accumulation of cleaved (activated) caspase-3 and cleaved PARP1
(Supplementary Fig. S12b, d, e) with ICso values markedly reduced
compared to co-treatment with 563845 plus A1331852 (Fig. 7c-f).
The status of mitochondria was examined in these experiments by
assessing mitochondrial cytochrome c release and activation of BAX
and BAK. After treatment with 563845 plus A1331852, both BAX
and BAK were activated (Supplementary Fig. S13a) and cytochrome
¢ was released from mitochondria (Supplementary Fig. S13b),
indicative of mitochondrial outer membrane permeabilization
(MOMP). This was not evident after treatment with erastin or
RSL3, indicating that mitochondria remain intact during induction
of ferroptosis. Interestingly, erastin and possibly RSL3 enhanced
mitochondrial cytochrome c release when cells were also treated
with S63845 plus A1331852; notably, this was not inhibited by
liproxstatin-1 (Supplementary Fig. S13b). However, liproxstatin-1 (1
pM) could reduce the killing of U251 cells treated with increasing
concentrations of $63845 plus A1331852 and fixed concentrations
of erastin (2.5 uM) or RSL3 (100 nM) (Fig. 7e, f). We next explored the
viability of U251 cells deficient in the effectors of apoptosis, BAX
and BAK, after combination treatments with $S63845 plus A1331852
on their own or when combined with erastin or RSL3. As expected,
BAX/BAK DKO U251 cells were not killed by S63845 plus A1331852.
They could, however, be killed when co-treated with these BH3
mimetic drugs plus erastin or RSL3, albeit to a much lesser extent
compared to their parental counterparts (Fig. 7g, h). BAX/BAK DKO
U251 cells co-treated with the ferroptosis inhibitor liproxstatin-1
were completely protected from killing induced by the combination
of S63845 plus A1331852 with erastin or RSL3 (Fig. 7g, h). These
findings demonstrate that inhibiting MCL-1 and BCL-XL with BH3
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mimetic drugs cooperates with induction of ferroptosis by using
erastin or RSL3 in killing U251 GBM cells.

DISCUSSION

The survival and quality of life of patients with GBM have not
improved in the last 30 years. Lack of effective treatment options
for these aggressive brain tumours largely falls on the micro-
environmental and genetic features of the brain, frequently
rendering these cancers inherently resistant to conventional and
novel treatments [46]. In this study, we assessed the impact of
combining BH3 mimetics with TMZ or other agents in a range of
human GBM cell lines. Our findings show that co-targeting pro-
survival proteins BCL-XL and MCL-1 with the BH3 mimetic drugs
A1331852 and S63845, respectively, was more potent at triggering
cell death in all six GBM cell lines tested, SNB-19, SNB-75, U251,
SF268, SF295 and SF539, compared to conventional therapy with
TMZ or the bromodomain inhibitor JQ1. This treatment with
inhibitors of BCL-XL and MCL-1 was more robust at killing GBM
cells compared to dual combination of inhibitors of MCL-1 and
BCL-2 (Venetoclax/ABT-199), with significant cell death observed
as early as 16 h with 0.1 uM of these BH3 mimetics. In U251 cells,
significantly more killing was observed after treatment with
combinations of a BCL-XL inhibitor with TMZ or JQ1 compared to
exposure to TMZ or JQ1 as single agents, while combinations with
an MCL-1 or a BCL-2 inhibitor did not enhance cell killing
compared to single agent treatment.

U251 and SNB-19 cells both showed readily detectable cleavage
(activation) of caspase-3 and cleavage of its substrate PARP1 in
response to the various combination treatments. The p17
fragment of caspase-3 was more abundant in U251 cells, which
is in accordance with this cell line being more sensitive to these
treatments compared to SNB-19 cells. TMZ and JQ1 promote G2/
M and GT1 cell cycle arrest, respectively, in various cancer cell lines.
Of note, we observed that in U251 cells, the BCL-XL inhibitor
A1331852 diminished TMZ induced G2/M cell cycle arrest since
large numbers of U251 cells exhibited a Sub-G1 DNA content after
co-treatment with A1331852 plus TMZ, indicating that they were
undergoing apoptosis. Overall, these data demonstrate that U251
and SNB-19 cells depend on BCL-XL and MCL-1 for survival and
that combined inhibition of these pro-survival proteins with
563845 plus A1331852 or combined treatment with TMZ plus the
BCL-XL inhibitor A1331852, cause significantly increased killing of
GBM cells compared to standard of care therapy.

Previous studies have reported the impact of combining TMZ
with the bromodomain inhibitor JQ1, with enhanced efficacy
observed when these compounds were applied as a ligand-
targeted liposomal nanocarrier in glioma cells in vitro and in
intracranial orthotopic mouse models of GBM [35]. It was also
shown that RNA-interference mediated reduction in BCL-2 or BCL-
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Fig. 6 A1331852 can penetrate the brain in an orthotopic mouse model of GBM. a NOD/SCID/yc”” mice were intra-cranially injected with

5x10% U251-mCh-Luc cells using a stereotactic frame. Successful engraftment and growth of tumour cells was detected on day 7 by
bioluminescent imaging using the IVIS imaging system. b Platelet counts in wt NOD/SCID/yc”” mice intra-cranially injected with U251-mCh-
Luc cells and then administered with vehicle (as a control) or 50 mg/kg body weight A1331852 (BCL-XL inhibitor) daily for 5 consecutive days.
Blood was collected via cardiac puncture and shown are platelet counts 5 days post treatment. n =5 wt NOD/SCID/yc”” mice administered
with vehicle (as a control) and n = 4 wt NOD/SCID/yc” mice administered with 50 mg/kg body weight A1331852 (BCL-XL inhibitor). Data are
presented as mean + s.d. student’s unpaired t-test ****P < 0.0001. ¢ Concentration of A1331852 in plasma, brain (healthy region or tumour
region), spleen, and liver in tumour bearing mice following a 5-day treatment with this BH3 mimetic drug. Data are presented as mean + s.d. n

=4 per tissue analysed.

XL was able to kill glioblastoma cells in culture, with cell killing
shown to be caspase dependent [10]. Moreover, high levels of
BCL-XL have been reported to be associated with rapid
progression and poor survival of GBM patients. Therefore, BCL-
XL has been proposed as a marker of therapy resistance in this
malignancy [11]. In pre-clinical studies, the BCL-XL inhibitor
A1331852 was shown to kill diverse lymphoma and leukaemia
derived cell lines. Moreover, A1331852 could delay the progres-
sion of ALL in xenograft mouse models [20] and significantly
inhibit tumour growth in xenograft models of certain solid
cancers, including breast cancer, non-small cell lung cancer and
ovarian cancer [47]. Combined targeting of BCL-XL and MCL-1 was
reported to synergise in killing melanoma cells [21] and cervical
cancer derived cell lines [22] in tissue culture. However, the clinical
utility of dual BH3 mimetic treatment may be limited by their on-
target toxicity in various healthy tissues that is predicted by
experiments using genetic loss of these pro-survival proteins [48].
Notably, the loss of only single alleles of Bcl-x and Mcl-1 causes
fatal craniofacial defects [23], combined loss of BCL-XL and MCL-1
specifically in hepatocytes causes severe liver disease [24], and the
on-target killing of platelets with ensuing thrombocytopenia limits
the use of BCL-XL inhibitors in vivo [14, 15, 43]. Therefore,
preclinical studies may need to focus on combinations of standard
of care therapy with A1331852 or other BCL-XL inhibitors, such as
those that have been modified (e.g, by conjugation to an
antibody) or using PROTAC-based approaches [49] to selectively
target malignant cells.

Cell Death & Differentiation

Under pathological conditions, such as GBM, the structural
integrity of the BBB can be compromised, resulting in its
disruption [50]. Despite these observations, clinical evidence
demonstrates that there is a significant tumour burden with an
intact BBB in GBM, compromising the entry of anti-cancer
therapeutics [51], and this contributes to therapy resistance and
tumour expansion. While BH3 mimetics are classified as ‘small
molecules’, they are still relatively large, impeding their entry
across the BBB. Nevertheless, we investigated if A1331852 can
enter the brain in healthy mice and in an orthotopic mouse model
of GBM. We report that A1331852 could penetrate the brain only
in tumour bearing mice, entering both malignant as well as
healthy tissues, albeit still at lower levels compared to other
tissues. This reinforces the need for future studies to assess the
in vivo impact of A1331852 and possibly other BH3 mimetic drugs
in preclinical models of GBM.

Recent reports suggest that inducers of ferroptosis have anti-
tumour effects in various experimental models of cancer [52-54],
and they were shown to synergise with chemotherapeutic agents
in killing diverse cancer cell lines [28, 55]. For example, it was
reported that erastin sensitised GBM cells to TMZ by restraining
xCT and cystathionine-y-lyase function [28]. Many human cancer
cell lines express high levels of xCT and this is often associated
with enhanced tumour growth, metastasis, resistance to che-
motherapy and poor patient survival [56, 57]. The tumour
suppressor p53 was shown to inhibit cystine uptake and sensitise
cells to ferroptosis by repressing expression of xCT in human
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cancer cell lines [58]. Therefore, potent, and highly specific
inhibitors of xCT are potentially interesting candidates for cancer
therapy that are worth testing in preclinical studies.

Consistent with previous reports that glioblastoma cells are
sensitive to inducers of ferroptosis, such as small molecule
inhibitors of xCT or inhibitors of GPX4 [28, 59, 60], we found that
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erastin and RSL3 can kill U251 cells by inducing ferroptosis. Of
note, our study is the first to report that BH3 mimetic drugs
(563845, A1331852) cooperate with inducers of ferroptosis (erastin
or RSL3) in killing GBM cells, at least in vitro. While induction of
ferroptosis by FDA-approved drugs, such as sulfasalazine and
artesunate, holds promise for cancer therapy, a clinical trial of
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Fig. 7 BH3 mimetic drugs cooperate with inducers of ferroptosis in the killing of GBM cells. a, b U251 cells were treated for 24 h with the
indicated concentrations of erastin (a) or RSL3 (b) (both inducers of ferroptosis) + 1 pM liproxstatin-1 or 50 pM deferoxamine (both inhibitors
of ferroptosis). Cell viability was determined by using the MTT assay and data are expressed relative to vehicle control treated cells. Data are
presented as means + s.e.m; n =9 from 3 independent experiments. One-way ANOVA with the Dunnet’s multiple comparisons test. ****P <

0.0001. Data were fitted using a non-linear regression curve. ¢, d U251 cells were treated for 24 h with the indicated concentrations of S63845
(MCL-1 inhibitor) plus A1331852 (BCL-XL inhibitor) + the indicated concentrations of erastin (c) or RSL3 (d). Cell survival was determined as
described above. Data are presented as means * s.e.m, n =9 from 3 independent experiments. Two-way ANOVA with the Tukey’s multiple
comparisons tests relative to 63845 and A1331852 treated cells at the indicated concentrations; *P < 0.05, **P <,0.01, ***P < 0.001, ****P <

0.0001. Data were fitted using a non-linear regression curve. e, f Parental U251 cells and g, h BAX/BAK DKO U251 cells were treated for 24 h
with vehicle control, 0.2, 0.4 or 0.8 uM S63845 plus 0.2, 0.4 or 0.8 yM A1331852 + 1 uM liproxstatin-1, £ 2.5 pM erastin (e, g) or 100 nM RSL3
(f, h). Cell survival was determined as described above. Data are presented as means * s.e.m, n = 9 from 3 independent experiments. Two-way
ANOVA with the Tukey’s multiple comparisons tests relative to control or as indicated between treatment groups, *P < 0.05, **P <,0.01,

***p < 0.001, ****P < 0.0001.

sulfasalazine for patients with glioma was unsuccessful due to
severe side effects and lack of clinical response [61, 62]. Therefore,
improved derivatives of erastin or other potent inducers of
ferroptosis will need to be developed and tested in combination
with inducers of apoptosis, such as BH3 mimetic drugs. Recently,
imidazole ketone erastin was reported as a more metabolically
stable inhibitor of system xCT and inducer of ferroptosis with
nanomolar potency, and this compound was shown to delay
tumour growth in a mouse xenograft model of diffuse large B cell
lymphoma [63]. The safety and efficacy of imidazole ketone
erastin in vivo was improved when nanocarriers were utilised,
leading to more effective and selective delivery of this compound
to tumour tissues [29]. However, the efficacy of imidazole ketone
erastin in GBM cell lines (or other solid cancer derived cell lines)
and in vivo models of GBM as single agent or in combination with
standard of care chemotherapy is yet to be reported.

Recently, it was shown [64] that high expression of dihydroor-
otate dehydrogenase (DHODH), a key enzyme of de novo
pyrimidine biosynthesis correlated with resistance to GPX4
inhibitors, such as RSL3 and ML162, in various cancer cell lines.
Deletion of DHODH sensitised HT-1080 cells to RSL3 or ML162
induced lipid peroxidation and ferroptosis induced cell death. The
therapeutic potential of brequinar, an inhibitor of DHODH was
investigated using a HT-1080 cancer cell line xenograft mouse
model. Knockdown of GPX4 sensitised HT-1080 tumours to
brequinar treatment and suppressed tumour growth was largely
restored by concomitant treatment with liproxstatin-1 [64]. While
targeting DHODH in preclinical models of GBM is yet to be
reported, the utility of DHODH inhibitor as an inducer of
ferroptosis may be considered in combination with standard of
care therapy for cancers. Indeed, future preclinical studies in
orthotopic mouse models of GBM may involve evaluating the
utility of combining an inducer of ferroptosis demonstrating
in vivo efficacy in neurological disorders, a modified BCL-XL
inhibitor that also demonstrates in vivo efficacy in neurological
disorders and standard of care treatment in order to achieve
neuroprotective outcomes and potent inhibition of brain cancer
growth. Collectively, our findings demonstrate for the first time
that combined treatment with BH3 mimetic drugs targeting MCL-
1 and BCL-XL and small molecule inducers of ferroptosis, erastin or
RSL3, elicited more potent killing of U251 cells compared to dual
treatment with A1331852 plus S63845. This finding heralds dual
triggering of apoptosis and ferroptosis as a novel treatment
paradigm that may be harnessed for the development of
improved therapies for GBM.

MATERIALS AND METHODS

Cell culture

SNB-19, SNB-75, U251, SF268, SF295 and SF539 cells were a kind gift from
Associate Professors Andrew Morokoff and Kate Drummond (The
University of Melbourne). U251 cells expressing mCherry and luciferase
(U251-Ch-Luc) were generated by the transduction of U251 cells with a
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lentivirus encoding IRES mCherry Firefly luciferase, to enable in vivo
tracking of tumour growth using bioluminescence. All cells were cultured
in RPMI-1640 medium supplemented with 10% foetal bovine serum (FBS;
MilliporeSigma), 100 U/mL penicillin, and 100 ug/mL streptomycin, and
maintained at 5% CO,, 37°C. All cell lines were routinely verified as
mycoplasma free.

CRISPR/Cas9 gene editing and cell sorting

CRISPR/Cas9 gene editing was performed by serial infection using a
lentiviral system composed of stably expressed CAS9, followed by
doxycycline-inducible expression of single guide RNA (sgRNA), as
previously described [65]. A non-targeting control sgRNA (sgNT) or sgRNA
construct against Bax and Bak were used [66]. To generate single-cell gene
edited clones, cells with high expression of Cas9 (mCherry) and Bax and
Bak or NT sgRNA (eGFP) were sorted into flat-bottomed 96-well plates at 1
cell per well on an Aria W flow cytometer (BD Biosciences). Twelve clones
were expanded and sgRNA expression was induced with 1 ug/mL
doxycycline for 5 days. Cells were screened for deletion of BAX and BAK
by Western blot analysis.

Drug treatments

Cells were plated in triplicate at 1x 10 cells/well of flat-bottomed 24-well
plates. Temozolomide (LKT LABS; #85622-93-1), JQ1 (Cayman Chemical
#11187), Venetoclax/ABT-199 (BCL-2 inhibitor; Active Biochem; #A-1231),
S$63845 (MCL-1 inhibitor; Active Biochem; #6044), A-1331852 (BCL-XL
inhibitor; AbbVie, provided by G. Lessene) in dimethyl sulfoxide (DMSO)
and QVD-OPH (Enzo Life Sciences #502008362) were added at the
specified concentrations. Cell viability was determined at the indicated
time points. Data were normalised to control cells treated with an
equivalent amount of DMSO (vehicle).

Cell cycle analysis

U251 and SNB-19 cells were treated with 50 pM TMZ, 1 uM JQT and 1 pM
A1331852 or DMSO for 48 h and harvested by trypsinisation. Harvested
cells were suspended in Hanks Balanced Salt Solution (HBSS) containing
2% FBS and fixed with 70% v/v ethanol for 24 h. Pelleted cells were
washed twice with HBSS containing 2% FBS and then stained with 10 pg/
mL DAPI in PBS for 30 min at room temperature in the dark. Stained cells
were examined in a CytoFLEX (Beckman Coulter, Brea, USA) cytometer,
and the data analysed using FlowJo software (BD Biosciences). The
proportions of cells in the following cell cycle phases were determined:
sub gap 1 (sub-G1; dead or dying); gap 1 (Gy); synthesis (S) and gap 2/
mitosis (Gy/M).

Cell viability analysis

Cells were stained with Annexin V conjugated to alexa-647 or alexa-680
and DAPI and evaluated for apoptosis by flow cytometry according to the
manufacturer’s protocol (BD Biosciences Pharmingen, San Diego, CA, USA).
Briefly, 1 x 10° cells were washed twice with PBS and stained with Annexin
V alexa-647 or alexa-680 and DAPI (2 pg/mL) in 1x binding buffer (10 mM
HEPES, pH 7.4, 140mM NaOH, 25mM CaCl,) for 15min at room
temperature in the dark. The stained cells were examined in a CytoFLEX
(Beckman Coulter, Brea, USA) flow cytometer and data were analysed
using FlowJo software (BD Biosciences Pharmingen). Ten thousand events
were analysed for each sample. GraphPad Prism software was used to
calculate I1Csq values.
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MTT assay

Cell viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay as previously
described [67]. Briefly, cells were cultured in 96-well plates at a density of
1x10* cells/well in growth medium for 16h. Cells were subsequently
incubated with ferroptosis inducing compounds (erastin, Selleckchem
Cat#57242; RSL3, Selleckchem Cat#5S8155), apoptosis inducing compounds
(563845, A1331852) and/or ferroptosis preventing compounds (Liproxsta-
tin-1, Sigma Aldrich Cat#SML1414; Deferoxamine, Sigma Aldrich Cat#
D9533) at the indicated concentrations in growth medium for an additional
24 h. MTT was then added to the cultures at a final concentration of 0.5 mg/
mL and absorbance was measured at 570 nm using a microplate reader
(BioTek). Cell viability was expressed as a percentage of control cells. Non-
linear regression analysis with a variable slope model was used to fit a four-
parameter logistic curve to dose-response data to calculate ECsy with 95%
Cl (GraphPad Prism 9.0.0 software).

CellTitre-Glo assay

The CellTitre-Glo® assay was carried out according to the manufacturer's
instructions. Briefly, CellTitre-Glo ATP reagent (Promega) was added to cells
after treatment with the indicated agents to determine cell viability by
measuring ATP levels. The luminescence of each sample was determined in a
LumiSTAR Galaxy luminometer (BMG Labtech). Cell viability was expressed as
percent change relative to DMSO (vehicle control) treated control cells.

Cell lysis, SDS PAGE and Western blot analysis

Untreated or drug-treated U251, and SNB-19 cells were harvested and
lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCL,
150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% sodium dodecyl sulphate)
supplemented with phosphatase inhibitors and complete protease
inhibitor cocktail (Roche). Protein concentration was determined using
the Pierce™ BCA Protein Assay Kit. Proteins were separated on 4-12% Bis-
Tris NUPAGE protein gels (Invitrogen) under reducing conditions and then
transferred onto Immobilon-P membranes. Membranes were blocked in
PBS containing 0.1% Tween with 5% skim milk, then immunoblotted with
antibodies to cleaved (activated) caspase-3 (Cell Signaling 9661), PARP1
(Abcam ab191217), MCL-1 (clone 19C4-15), BCL-XL (clone 9C9), BCL-2
(clone BCL-2-100), BAK (clone 4B5), BAX (clone 10F4) (all from the WEHI
monoclonal antibody facility), GPX4 (Abcam ab125066), ACSL4 (sc-271800
Santa Cruz) and B-actin (loading control; Santa Cruz sc-517582 HRP) diluted
in PBS containing 0.1% Tween. Secondary anti-rat/mouse/rabbit IgG
antibodies conjugated to HRP (Southern BioTech) were applied, followed
by Luminata Forte Western HRP substrate (Merck) for band visualisation.
Membranes were imaged using the ChemiDoc XRS + machine with
Imagelab software (Bio-Rad). Uncropped Western blots are provided in
supplemental information.

Mice

6-week-old female non-obese diabetic/severe combined immunodeficient
(NOD/SCID/yc™) mice were bred under specific pathogen-free conditions
at the WEHI Kew animal facility and maintained in the animal facility at the
Walter and Eliza Hall Institute of Medical Research (WEHI) (Parkville,
Victoria, Australia). All mouse experiments were conducted with ethical
approval from the WEHI animal ethics committee (ethics # 2020.022).

Administration of the BCL-XL inhibitor A1331852 in tumour
naive mice and in an orthotopic xenograft mouse model of
GBM

For orthotopic xenograft mouse model of GBM, 5x10* U251-Ch-Luc cells
were implanted intracranially using a stereotactic frame into 6-week-old
female NOD/SCID/yc"' mice as previously described [42]. Engraftment of
tumour cells was detected on day 7 by bioluminescent imaging using the
IVIS imaging system (IVIS Lumina IIl Series Hardware, Perkin) as previously
described [42]. After detectable engraftment of tumour cells, mice were
gavaged with vehicle (control) or the BCL-XL inhibitor A1331852 (50 mg/kg
body weight) formulated in 60% Phosal 50 PG (Lipoid), 27.5% polyethylene
glycol 400 (Sigma), 10% ethanol, and 2.5% dimethyl sulfoxide (DMSO) daily
for 5 consecutive days followed by blood and organ harvest. Mice not
bearing tumours were gavaged once with the BCL-XL inhibitor A1331852
(25 mg/kg body weight), and organs as well as blood were collected 1 h
and 4 h following drug administration. At experimental end point, mice
were euthanised by CO, exposure, and brain, spleen and liver were
collected and stored at —80 °C until UPLC analysis. Blood was drawn via
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cardiac puncture into microtainer tubes containing EDTA (Sarstedt, Ingle
Farm, SA, Australia) and plasma was collected following centrifugation.
Automated blood counts were carried out using an Advia 2120
haematological analyser (Siemens, Munich Germany).

Determination of plasma and organ concentrations of the
BCL-XL inhibitor A1331852

Plasma and organ concentrations of A1331852 were determined via UPLC at
the Monash Institute of Pharmaceutical Sciences. Briefly, a calibration
standard curve was prepared from a stock solution of A1331852 (1 mg/mL
in DMSO), with subsequent dilutions from the stock in 50% (v/v) acetonitrile
in water. In-house plasma from male Swiss mice was used for preparation of
the calibration standards and analytical replicates. Plasma calibration
standards were prepared by spiking blank mouse plasma (50 pL) with the
solution standards (10 pL) and the internal standard diazepam (10 pL of 5
pg/mL in 50% acetonitrile in water). Extraction from plasma samples was
conducted using protein precipitation with acetonitrile (1:3 volume ratio).
Standards and samples were vortexed and then centrifuged at 10,000 rpm
for 3 min. The supernatant was subsequently separated and injected directly
into the column for LC-MS/MS analysis. Brain and liver samples were
quantified against calibration standards prepared using in-house brain and
liver tissue from untreated male Swiss mice. Spleen samples were quantified
using solvent calibration standards prepared in 50% acetonitrile in water.
Pre-weighed tissue samples were homogenised using a gentle MACS™
homogeniser, in buffer containing stabilisation cocktail (0.1 M EDTA in 4 mg/
mL potassium fluoride, 3 mL) cocktail/g tissue) before extraction with
acetonitrile (1:3 volume ratio). Samples were vortexed and then centrifuged
at 10,000 rpm for 3 min. The supernatant was subsequently separated and
injected directly onto the column for LC-MS/MS analysis. Triplicate analytical
replicate samples were prepared similarly to the standards for each sample
type at three concentrations and repeat injections of these analytical
replicate samples were included throughout the analytical run to assess
assay performance. The extraction of the test compound from the standards
and analytical replicate samples were conducted as described above.

Statistical analysis

Graphs were generated using GraphPad Prism software version 9.0.0 and
was used for statistical analyses. Statistical analyses were performed using
One-way ANOVA or Two-way ANOVA analysis of variance. Error bars
represent the standard deviation (s.d.) of three independent experiments
unless otherwise indicated (*P < 0.05, **P <0.01, ***P < 0.001, ****P <
0.0001). For in vivo experiments, at least four mice were used per
treatment group, no randomisation methods were applied for sample
treatment allocations. For groups of mice analysed, no evidence for
deviation of the data points from a normal distribution was found.

Ethics statement
All animal experiments complied with the regulatory standards of, and
were approved by, The Walter and Eliza Hall Institute Animal Ethics
Committee (Melbourne, Australia).

Supplementary information is available at the Cell
Differentiation website.
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All data are available on request from the authors.
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