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ONC201in Combination with Paxalisib for the Treatment

of H3K27-Altered Diffuse Midline Glioma

Check for
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Diffuse midline gliomas (DMG), including diffuse intrinsic
pontine gliomas (DIPG), are the most lethal of childhood
cancers. Palliative radiotherapy is the only established treatment,
with median patient survival of 9 to 11 months. ONC201 is a
DRD?2 antagonist and ClpP agonist that has shown preclinical
and emerging clinical efficacy in DMG. However, further work is
needed to identify the mechanisms of response of DIPGs to
ONC201 treatment and to determine whether recurring genomic
features influence response. Using a systems-biological
approach, we showed that ONC201 elicits potent agonism of
the mitochondrial protease ClpP to drive proteolysis of electron
transport chain and tricarboxylic acid cycle proteins. DIPGs
harboring PIK3CA mutations showed increased sensitivity to
ONC201, whereas those harboring TP53 mutations were more
resistant. Metabolic adaptation and reduced sensitivity to
ONC201 was promoted by redox-activated PI3K/Akt signaling,
which could be counteracted using the brain penetrant PI3K/Akt
inhibitor, paxalisib. Together, these discoveries coupled with the
powerful anti-DIPG/DMG pharmacokinetic and pharmacodynamic

'Cancer Signalling Research Group, School of Biomedical Sciences and Phar-
macy, College of Health, Medicine and Wellbeing, University of Newcastle,
Callaghan, New South Wales, Australia. 2Precision Medicine Research Program,
Hunter Medical Research Institute, New Lambton Heights, New South Wales,
Australia. *Center for Genetic Medicine Research, Children’s National Hospital,
Washington, DC. *Brain Tumor Institute, Children’s National Hospital, Washing-
ton, DC. °Centre for Cancer Research, Hudson Institute of Medical Research,
Clayton, Victoria, Australia. °Department of Molecular and Translational Science,
Monash University, Clayton, Victoria, Australia. 'Centre de Recherche en
Cancérologie de Marseille, Aix-Marseille Université, Inserm, CNRS, Institut Paoli
Calmettes, Marseille, France. ®Brain Barriers Group, School of Biomedical
Sciences and Pharmacy, College of Health, Medicine and Wellbeing, University
of Newcastle, Callaghan, New South Wales, Australia. °Department of Biology,
Edge Hill University, Ormskirk, United Kingdom. '°School of Environmental and
Life Sciences, College of Engineering, Science and Environment, University of
Newcastle, Callaghan, New South Wales, Australia. "Infertility and Reproduction
Research Program, Hunter Medical Research Institute, New Lambton Heights,
New South Wales, Australia. “Analytical and Biomolecular Research Facility
Advanced Mass Spectrometry Unit, University of Newcastle, Callaghan, New
South Wales, Australia. *QIMR Berghofer Medical Research Institute, Herston,
Queensland, Australia. Department of Paediatric Oncology, Sydney Children’s

properties of ONC201 and paxalisib have provided the rationale
for the ongoing DIPG/DMG phase II combination clinical trial
NCT05009992.

Significance: PI3K/Akt signaling promotes metabolic adaptation
to ONC201-mediated disruption of mitochondrial energy homeo-
stasis in diffuse intrinsic pontine glioma, highlighting the utility of a
combination treatment strategy using ONC201 and the PI3K/Akt
inhibitor paxalisib.
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Introduction

High-grade gliomas (HGG) are responsible for 10%-15% of all
pediatric central nervous system (CNS) cancers, but account for over
40% of deaths (1). Diffuse midline gliomas (DMG), including those of
the brainstem (diffuse intrinsic pontine glioma, DIPG) are universally
fatal childhood malignancies and responsible for half of all pediatric
HGG diagnoses (2). Despite half a century of clinical trials, radio-
therapy (RT) remains the only life prolonging treatment for DIPG,
with the median overall survival (OS) remaining stagnant at 9-
11 montbhs after diagnosis, and <10% of patients with pontine tumors
surviving more than 2 years after diagnosis (3, 4). The diffuse and
infiltrative growth characteristics of DIPG that enmesh the critical
structures of the brainstem make surgical resection extremely chal-
lenging. However, over the last 10 years image-guided stereotactic
biopsy at diagnosis has been shown to be safe and feasible (5), helping
to isolate tumor tissue to identify the recurring molecular (6) and
immunological (7) features of the disease.

Global loss of trimethylation at lysine 27 (K27) of histone H3 drives
epigenetic dysregulation in primitive neuronal stem cells/oligoden-
drocyte precursor cells, caused by a methionine to lysine substitution
(H3K27M) in either HIST1IH3B (H3.1) or H3F3A (H3.3) genes (8-10)
or through the overexpression of EZHIP (EZH inhibitory protein) in
patients harboring wild-type H3 (11). These H3-alterations inhibit the
catalysis of H3K27 trimethylation by the polycomb-repressive com-
plex 2 (12) and co-occur with mutations in tumor suppressor and
signaling genes (13). Together, these changes promote the activity of
oncogenic signaling cascades that sustain mitogenesis, immune system
avoidance, and drive cellular immortality (14).

Preliminary clinical efficacy for the oral, small-molecule imipridone
anticancer therapy, ONC201, has been reported in patients diagnosed
with DIPG (15) and recurrent H3K27M DMG (16). Previous studies in
hematological (17), colorectal (18), breast (19), uterine (20), and non-
midline brain cancers (such as glioblastoma; ref. 21), showed
ONC201-triggered p53-independent cancer cell apoptosis driven in
part by an atypical integrated stress response, initiating expression of
the antitumor protein TRAIL (22, 23). The identification of a durable
objective response observed in a patient with a secondary glioblastoma
harboring an H3.3K27M mutation encouraged continued testing in
patients with these mutations, such as DIPG (21).

Described as a dopamine receptor D2 (DRD2) selective antagonist,
corroborated by Bayesian machine-learning approaches (24), more
recent studies show that ONC201 is also a potent agonist of the ATP-
dependent Clp protease proteolytic subunit (ClpP), a mitochondrial
protein that degrades mitochondrial respiratory chain proteins to
disrupt energy homeostasis (23, 25). Recently, mRNA expression
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analysis correlated CLPP expression with tumor grade and OS in
DMG (25). These studies also demonstrated that DMG cell lines with
sensitivity to ONC201 and ONC206 (a fluorinated analog of ONC201
ina phase I pediatric clinical trial for DMG PNOC023, NCT04732065),
impaired tumor cell metabolism and caused mitochondrial damage,
inducing reactive oxygen species (ROS) production to activate an
integrative stress response and apoptosis in vitro and in vivo.

Metabolic effects highlight the potential of ONC201 for the treat-
ment of DIPG, potentially circumventing the inter- and intra-tumoral
heterogeneity that has previously plagued the use of precision therapy—
based approaches (6). Indeed, ONC201 induces a state of energy
depletion as outlined by a significant decrease in ATP levels and a
hypophosphorylated state in glioblastoma (26). Potentially, ONC201
represents an important first step in the establishment of a recognized
targeted treatment strategy for some patients with H3K27-altered
DMG; however, monotherapeutic benefits are transient, whereas for
other patients, ONC201 offers no survival improvements and these
individuals succumb quickly (27).

Here, we use a systems-wide approach to identify combination
strategies to increase the therapeutic response to ONC201, thereby
providing the preclinical and preliminary clinical evidence for the
commencement of the phase II clinical trial to test ONC201 in
combination with the potent brain-penetrant PI3K/Akt inhibitor,
paxalisib (28, 29), for the treatment of patients with H3K27M DIPG
and DMG at diagnosis and disease progression (NCT05009992).

Materials and Methods

Reagents
Unless otherwise stated, all reagents were obtained from Thermo
Fisher Scientific.

Drugs
ONC201 (Chimerix) and paxalisib (Kazia Therapeutics Limited)
were obtained under a materials transfer agreement.

Cell lines

The use of patient-derived DIPG neurosphere cell cultures in this
study was approved by the Human Ethics Research Committee,
University of Newcastle (H-2018-0241). Cell lines (summarized in
Supplementary Table S1) were cultured as previously described (30).

Sensitivity

Drug effect on cellular growth and proliferation was determined
using the resazurin cell proliferation assay as previously estab-
lished (15). Briefly, DIPG cells were seeded at 2.5 x 10* cells/well in
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a 96-well plate, incubated overnight at 37°C and treated with a 1:2
serial dilution of ONC201 from 150 umol/L for 96 hours. Cells were
treated as neurospheres without growth matrix. For low-oxygen
testing, DIPG cells were grown in 5% O, conditions for at least 1 week
before commencement of assays. Plates were read using a Fluostar
system at 544/590 nm and values graphed compared with the untreat-
ed control.

Annexin-V FITC assay

Cell death was measured using an Annexin-V FITC apoptosis
detection kit (BD Biosciences) as previously established (15). Cells
were seeded at a density of 5 x 10* per well in a 96-well plate and were
incubated with ONC201, for 96 hours before propidium iodide and
Annexin V staining as per the manufacturer’s recommendations.
Stained cells were analyzed using a FACS Canto II flow cytometer
and data were processed using FlowJo software.

Colony formation assay

SU-DIPG-VI colony forming ability was assessed via soft agar
growth matrix colony formation assay as previously described (31).
A total of 3,000 SU-DIPG-VI cells/well were plated into the top agar
layer of 24-well plates with indicated doses. MTT was used to count
proliferative cells after 2 weeks of growth (5% CO, conditions).
These data were analyzed with Image] and are presented as colony
number compared with untreated wells, performed in biological
triplicate.

Western blotting

Protein was extracted from DIPG cells using RIPA buffer as per
the manufacturer’s recommendations and previously described (32).
BCA quantification was performed using a Pierce BCA Protein
Assay Kit (catalog no. 23227) according to the manufacturer’s
instructions. Primary antibodies were incubated overnight at dilu-
tions described in Supplementary Table S2. Secondary horseradish
peroxidase (HRP)-conjugated antibody (1662408; Bio-Rad) was
used at a dilution of 1:5,000. Labeled protein bands were imaged
using enhanced chemiluminescence (ECL—Classico, Crescendo;
Merck KGaA) in combination with a Chemidoc MP Imaging
System (Bio-Rad) and data were analyzed using ImageLab software.

Res259 H3 mutation transfection

The human pediatric glioma cell line Res259 (grade II, diffuse
astrocytoma) was transfected to express the wild-type or mutated
histone H3 forms, using a Cell Line Nucleofector Kit V (Lonza)
with 1 pug of the plasmid containing K27M-mutated H3F3A or
HISTIH3B gene fused with the mCherry gene, and bearing a
resistance gene for Hygromycin B. As a control, cells were trans-
fected with a similar plasmid containing the wild-type H3F3A or
HIST1H3B gene. Cells were selected using Hygromycin B and
sorted for mCherry expression. Histones PTMs were collected using
a histone extraction kit (Abcam ab113476) and analyzed using
immunoblotting.

CRISPR/Cas9

A total of 2x10° cells were seeded in a 6-well plate and incubated
overnight. Cells were then replenished with fresh complete media
containing 5 ug/mL polybrene (Thermo Fisher Scientific). A 250 uL
aliquot of lentiviral cocktail containing either Lenti-Cas9-Blast
plasmid (SU-DIPG 13; Addgene), Lenti-Cas9-2A-Blast (SU-
DIPG 36; Addgene) or FUCas9Cherry (DIPG-HSJD-007; Addgene)
was supplemented into the cell media and incubated for 72 hours.

AACRJournals.org
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Transduced cells were selectively maintained in complete media
containing 10 pg/mL blasticidin (Jomar Life Research) for at least
7 days, or sorted for mCherry expression, before experiment. CLPP,
DRD2, TP53, and nontargeting control (NTC) single guide RNAs
(sgRNA), cloned into the U6-gRNA/hPGK-puro-2A-BFP vector,
were obtained from the Human Sanger Whole-Genome Lentiviral
CRISPR Library (Thermo Fisher Scientific). The details of gRNA
sequence for the CLPP, DRD2, and TP53 were as follows: CLPP: 5'-
GGTGTGGTGACCGCGGGCCTGG-3', DRD2: 5'-GGCAATGAT-
GCACTCGTTCTGG-3', TP53: 5'-CTCGAAGCGCTCACGCCCA-
CGG-3'".

A total of 5 x 10° Lenti-X HEK29T were seeded in 6-well plates and
the following day were transfected with sgRNA plasmids along with
the viral packaging plasmids, psPAX-D64V (Addgene) and pMD2.G
(Addgene) using Lipofectamine LTX Reagent with PLUS reagent as
per the manufacturer’s recommendations. Transfection media were
replaced with fresh media after 6 hours and incubated for a further
72 hours before collection of virus-containing media. Viral media were
added to 2 x 10° Cas9-expressing DMG cells in a 6-well plate in the
presence of 1 ug/mL polybrene, centrifuged at 800 x g for 30 minutes
and then incubated for 72 hours. Selection of transduced cells using
2 ug/mL of puromycin in fresh media was performed until non-
transduced control cells were dead. Heterogenous cell lines were
maintained in 2 pug/mL puromycin. For the establishment of single-
cell clones from the heterogenous population, single BFP-positive
cells were sorted in 96-well plates containing a 1:1 mixture of
conditioned media and fresh media. Single-cell clones were expand-
ed and screened using immunoblotting to identify clones with
reduced or absent target protein.

Mass spectrometry

Proteomic analysis was conducted as previously reported (33).
Briefly, protein was extracted from DIPG cells using a Na,CO;
solubilization method capable of differentiating between soluble
and membrane bound proteins. Oasis solid-phase extraction col-
umns (Waters) were blocked using a trypsin digest of BSA before
being used to desalt protein extracts. A total of 100 pg of each
sample (as determined by Qubit 2.0 Fluorometer quantification)
was labeled with TMT 16 plex pro labeling tags (as per Supple-
mentary Table S3) according to the manufacturer’s instructions.
Samples were fractionated by offline high-pH reverse phase frac-
tionation using a Dionex Ultra 3000 uHPLC system (Thermo
Fisher Scientific) using nano Ease M/Z Peptide CSH C18 column
(130 A, 1.7 um, 300 pum x 100 mm; Waters). LC/MS-MS was
performed using EASY-nLC 1000 (Thermo Fisher Scientific) cou-
pled online to an Orbitrap Exploris 480 mass spectrometer
(Thermo Fisher Scientific). Raw files were processed via Proteome
Discoverer 2.5.

Hierarchical clustering was performed using Perseus. For our
parameters, we used a Euclidean distance, with average linkage and
no constraint. A pre-process with k-means was performed, with a
maximum of 300 clusters, no more than 10 iterations and 1 restart.
Because of the small size of some clusters, we grouped like clusters
where the same treatment had similar expression profiles. Cluster 1
was the combination of two clusters, whereas cluster 3 was the
combination of 7 clusters, 4 of which with clusters less than 5 genes.
Clusters 2 and 4 are standalone. Hierarchical clustering trees have been
highlighted. Ingenuity Pathway Analysis (IPA) software (Qiagen) was
used for bioinformatic analysis of proteomic dataset. Canonical path-
ways, and upstream regulator analyses were generated and assessed on
the basis of P value and z-scores.

Cancer Res; 83(14) July 15, 2023
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DIPG xenograft modeling

All in vivo experiments were conducted in compliance with the
approved CNH Institutional Animal Care and Use Committee pro-
tocol (#30425), the University of Newcastle Animal Care and Ethics
Committee (#A-2019-900) and the University of California San
Francisco Institutional Animal Care and Use Committee (IACUC).
Five-week-old, male, NOD SCID gamma (NSG) mice were implanted
with 100,000 SU-DIPG-VI/Luc and 300,000 HSJD-DIPG-007 tumor
cells into the pontine region of the brainstem using coordinates with
Lambda as the reference point (Y: 1.5 mm, X: 0.8 mm, Z: 5 mm) at a
rate of 1 uL/minute. Mice were allowed to recover for 4 and 3 weeks,
respectively, before commencement of treatment.

For SU-DIPG-VI/Luc model, ONC201 and paxalisib were admin-
istered by oral gavage at 125 mg/kg (PBS) and 10 mg/kg (0.5% methyl
cellulose/0.2% Tween 80), respectively, at a frequency of 1 time/wk and
3 times/wk. Animals were monitored for weight loss (compared with
base weight) and clinical signs. Dose holidays were given at 10% weight
loss and resumed at 5% weight recovery. Mice were humanely sacri-
ficed when neurological symptoms were observed, or with more than
20% weight loss.

For the HSJD-DIPG-007 xenograft model, ONC201 and paxalisib
were administered as above, except paxalisib was given twice daily at
5 mg/kg. Mice were treated for 5 weeks. Mice were sacrificed at
endpoints as described above.

For the SF8628 study, five to six week-old, female athymic (homo-
zygous, nu/nu) mice were obtained from Harlan-Envigo Laboratory.
For tumor inoculation 500,000 human SF8628 DIPG cells with the
luciferase reporter gene were intracranially implanted into the right
pons as previously described (34). Briefly, anesthetized animals
received 2 UL of cell suspensions into the right pontine area, with
injection coordinates 1 mm to the right from the lambda, top of
lamboid suture, and 4-mm depth. Treatment initiated at day 14, when
bioluminescence indicated log phase growth. Mice were euthanized
when tumor burden reached levels determined by IACUC guidelines.

Tumor size was monitored bi-weekly, using an IVIS-Lumina III
imaging system (PerkinElmer) for SU-DIPG-VI/Luc. For SF8628,
bioluminescence was measuring using an IVIS Lumina imaging
station (Caliper Life Sciences; ref. 35). Mice were intraperitonially
injected with 150 mg/kg of p-luciferin (Gold Biotechnology) and
imaged 10 minutes following p-luciferin injection. BLI signal inten-
sities were quantified using the region of interest feature of Living
Image software. BLI signal at each time point was plotted as an average
of total flux (photons/s) for all animals in each group.

In SU-DIPG-VI/Luc, following 2 in vivo treatments with ONC201,
paxalisib or combination, brainstems were resected lysed with RIPA
buffer, immunoblotting was then performed as described above.
Samples for IHC were collected in the middle of the fourth week of
treatment in HSJD-DIPG-007 xenograft model and staining was
conducted as previously described for H3K27M, Ki67 and SDHA (15).
Images were visualized using ImageScope and pixel intensity was
quantified using Image]J in technical triplicates across three biological
replicates.

Patient experience

Written informed consent was obtained from each of the families
whose child’s data are included in this study. Two children with
biopsy/autopsy-confirmed H3K27M, PIK3CA or PIK3RI mutant
DIPG were treated with ONC201 and paxalisib.

DIPG patient at 5-year-old was diagnosed in March, 2021 with
H3.1K27M, PIK3R1, and ACVRI mutations. A biopsy was performed
in the two weeks following this diagnosis, with RT started soon after.

2424 Cancer Res; 83(14) July 15, 2023

The combination of ONC201 (15 mg/kg) and paxalisib (27 mg/m?)
was started 3 months following diagnosis and is ongoing.

DIPG patient at 16-year-old was diagnosed with H3.3K27M, TP53,
and PIK3CA mutations on the December 19, 2018, without a biopsy.
They began radiotherapy and ONC201 (15 mg/kg) treatment on the
January 9, 2019. ONC201 alone began in February, 2019. February,
2020 saw further progression, with ONC201 and panobinostat (45 mg
daily three times per week), stopped May 20, 2020, at further pro-
gression. Re-irradiation and ONC201 began on May 29. ONC201 and
paxalisib (27 mg/ m?) dual compassionate use began on June 22, 2020.

Statistical analysis

GraphPad Prism 9 software was used for statistical analyses. Unless
otherwise stated, two sample unpaired Student ¢ tests or one-way
ANOVA was used to determine significant differences between
groups. Where samples sizes were smaller, comparing different
biological samples, nonparametric tests, one-way ANOVA, and
t tests were used. Survival analysis was performed using the log-
rank test. Values shown are the mean £SEM. Significance values,
*, P <0.05 **, P <0.01; ***, P < 0.001; ****, P < 0.0001, are used
throughout.

Data availability

Data generated in this study have been included in the article and
Supplementary Material. The proteomics data are deposited to
ProteomeXchange via the PRIDE with the dataset identifier
PXD036245 (36). All other raw data are available upon request
from the corresponding author.

Results

Comprehensive drug profiling predicts reduced sensitivity to
ONC201 in TP53-mutant DIPG

Using 13 patient-derived neurosphere-cell culture models harbor-
ing DMG molecular subtypes (H3-wt n = 2, H3.1K27M n = 4, and
H3.3K27M n = 7) and immortalized neural cell controls (HCMEC/D3
blood-brain barrier endothelial cells, HMC3 microglial cells and ReN
neural progenitor cells), we assessed sensitivity to ONC201 via inhi-
bition of proliferation, induction of apoptosis and cell death. Overall,
43% of DIPG models showed >50% reduction in proliferation follow-
ing ONC201 exposure (Fig. 1A; Supplementary Table S4). However,
we identified a subpopulation of DIPG models, including controls,
which demonstrated <50% reduction in proliferation, even at very high
concentrations of ONC201 (>150 pmol/L) for up to 96 hours (Fig. 1A;
Supplementary Table S4).

Analysis of cell death markers via annexin V/PI cytotoxicity analysis
corroborated proliferation data, showing ONC201 is cytotoxic to SU-
DIPG-XXXIII (P = 0.0043) and HSJD-DIPG-007 (P = 0.0018), with
UON-JUMP4 and SU-DIPG-XIII demonstrating decreased sensitivity
(Fig. 1B), akin to previous studies testing ONC201 in DIPG mod-
els (15, 25) and at physiologically relevant doses (5 wmol/L; ref. 37).
Neurosphere morphology was assessed following a 6-day ONC201
treatment to account for variations in doubling times (Supplementary
Fig. S1) across 11 DIPG cell line models. ONC201-sensitive cells
showed reduced cell number and less viability, whereas neurosphere
models similarly featured less robust sphere formation accompanied
by more nonviable, singular cells (Fig. 1C, top; Supplementary Fig. S2).
By contrast, models with decreased sensitivity retained cell number
and neurosphere morphology and presented with fewer differences in
nonviable cells compared with untreated controls (Fig. 1C, bottom;
Supplementary Fig. S2B).
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Figure 1.

DIPG patient-derived cell lines show variable response to ONC201 treatment. A, Resazurin proliferation (percentage compared with untreated) after 96 hours
ONC201 exposure in DIPG patient-derived cell lines; EZHIP+ (circles) = CNMC-XD-760, DIPG-VUMCIO; H3.1K27M (squares) = UON-JUMP4, SU-DIPG-IV, SU-DIPG-
XXXII, SU-DIPG-XXXVI, and H3.3K27M (triangles) = HSJD-DIPG-007, SU-DIPG-VI, SU-DIPG-XIII, SU-DIPG-XVII, SU-DIPG-XXIV, SU-DIPG-XXV, SU-DIPG-XXIX. The
endothelial cell line, HCMEC/D3, SV-40-dependent human microglial line, HMC3 and neural progenitor cell line, ReN cells, were used as controls (diamonds). Values
shown as mean =+ SEM (n = 3). B, Annexin V apoptosis assay after 96 hours exposure with 5 umol/L ONC201 (dark gray) compared with untreated (light gray) in SU-
DIPG-XXXVI, HSJD-DIPG-007, UON-JUMP4, and SU-DIPG-XIII. Unpaired t test, values shown as mean + SEM (n = 3). C, Representative phase contrast images of
biological triplicates (n = 3) of HSJD-DIPG-007 and SU-DIPG-XIII following 6 days exposure to 1.25 umol/L ONC201. Scale bar, 0.2 mm. D, Oncoplot of somatic
mutations determined using TSO500. Cell lines ordered from the least to most sensitive to ONC201 exposure (top to bottom). Larger values of MSI and TMB are
associated with increased pathogenicity. E, Proliferation data were grouped by H3 status; wt-H3 (n = 5), H3.1K27M (n = 4), and H3.3K27M (n = 7), and sensitivity to
ONC201 was determined by the AUC, & SEM. Statistical analysis was performed via nonparametric unpaired one-way ANOVA. F, Resazurin proliferation, AUC,
following ONC201 exposure for 96 hours in Res259 cells harboring knockin of either H3.1K27M or H3.3K27M mutations. Statistical analysis performed via parametric
unpaired t test, with Welch correction. G, Western blot validation of H3K27M knockin in Res259 cells. H, TP53 status, wt- and mutant-7P53 (n = 4 vs. n = 9), and
sensitivity to ONC201 were determined by the AUC, with values shown as mean 4 SEM. Statistical analysis performed via nonparametric unpaired ¢ test. I, Resazurin
proliferation, AUC, following ONC201 exposure in wt-TP53 HSJD-DIPG-007 DIPG cell lines transduced with a nontargeting control (NTC) gRNA, TP53-KD
(knockdown), and TP53-KO (knockout). Statistical analysis was performed via parametric unpaired one-way ANOVA with Welch correction. J, Western Blot
confirmation of TP53 KO and KD in HSJD-DIPG-007 cells. K, Validation of decreased response to ONC201 in TP53-KD or TP53-KO HSJD-DIPG-007 cell lines was
performed by Western blot analysis of PARP cleavage (cPARP). L, Resazurin proliferation, AUC, following Nutlin-3 exposure for 96 hours in HSJD-DIPG-007 NTC,
TP53-KD, and TP53-KO. Statistical analysis was performed via parametric unpaired one-way ANOVA with Welch correction. M and N, Proliferation data were grouped
by ACVRI status; ACVRI wild-type (n = 8) versus ACVRT mutant (n = 5; M) and PIK3CA status; PIK3CA wild-type (n = 9) versus PIK3CA mutant (n = 4; N) and
compared with AUC following ONC201 exposure. Statistical analysis performed via nonparametric unpaired t test. *, P < 0.05; **, P < 0.01; ****, P < 0.0001.
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To determine whether recurring mutations influenced the sen-
sitivity of DIPG cell lines to ONC201, we performed pharmacoge-
nomic analysis using next generation sequencing (summarized
in Fig. 1D). As a means of determining the comparative sensitivity
across models, we calculated the AUC of cell lines treated with
ONC201 (Fig. 1A), and grouped DIPG models by H3K27 status and
assessed whether there were differences in sensitivity (Fig. 1E). No
difference in ONC201 sensitivity was seen in H3K27-altered sub-
types (Fig. 1E, wt-H3 vs. H3.1K27M, P = 0.0696; wt-H3 vs.
H3.3K27M, P = 0.09999; H3.1K27M vs. H3.3K27M, P =
0.1711). In line with previous studies of ONC201 efficacy in
glioblastoma models (21), and to confirm the role histone mutations
may play in response to ONC201, we knocked in H3.1K27M or
H3.3K27M mutations into wt-H3 astrocytoma models (Res259;
ref. 38). Res259 cells harbor overexpression of PDGFRA and
KIT (39), which represents a similar genetic architecture to DMGs
without the H3/EZHIP alterations. In line with previous studies
Res259-H3.3K27M " cells showed significantly increased sensitivity
compared with H3.1K27M™ cells (H3.3K27M vs. H3.1K27M P =
0.0139; Fig. 1F and G; Supplementary Fig. S3A and S3B).

Besides H3K27M alterations, TP53 loss-of-function mutations
(LoF) were the next most frequently identified in our DIPG models
(n=29), and included missense variants (n = 5), stop gains (n = 3) and
a splice donor variant (n = 1), predominantly affecting H3.3K27M
DIPG models (Fig. 1D). TP53-mutant DIPG models were significantly
less sensitive to ONC201 than wt-TP53 DIPG models (P =
0.014; Fig. 1H). Receiver operating characteristic (ROC) curve analysis
supported the pharmacogenomic observation that TP53-mutant
DIPGs possessed decreased sensitivity to ONC201 (AUROC =
0.9722, P = 0.0087; Supplementary Fig. S3C). To further explore the
influence of TP53 mutations, we performed CRISPR/Cas9-mediated
TP53 knockdown (KD) and single-cell knockout (KO) using the
ONC201-sensitive HSJD-DIPG-007 DIPG model, which harbors
wt-TP53, H3.3K27M and mutant PPM1D (Fig. 1A, B, and D). Mod-
ulating expression of TP53 did not influence proliferation rate (Sup-
plementary Fig. S3D); however, in agreement with our pharmacoge-
nomics studies, TP53 KD/KO decreased sensitivity of HSJD-DIPG-
007 to ONC201 treatment compared with nontargeting gRNA con-
trols (ONC201 ICsy wt-TP53 = 2.202 pmol/L, TP53-KD = 7.344
pmol/L P = 0.0117, TP53-KO = NR P = 0.004; Fig. 1I and J;
Supplementary Fig. S3E). The role LoF TP53 mutations in response
to ONC201 was further investigated using immunoblotting, which
demonstrated that 5 pmol/L ONC201 induced robust cleavage of
PARP, indicative of apoptosis in wt-TP53 cells, moderate cleavage in
TP53-KD cells, but no cleavage of PARP in TP53-KO HSJD-DIPG-007
cells (Fig. 1K), corroborating the pharmacogenomic analysis showing
that DIPG cells harboring TP53 mutations show decreased sensitivity
to ONC201. Using the small-molecule MDM2 inhibitor of Nutlin-3,
we show that KD/KO of TP53 mimics LoF mutations, driving senes-
cence only in nontransfected control (TP53-NTC ICsq = 3.507; TP53-
KD and TP53-KO ICs5y = NR) than TP53-KD and TP53-KO, which
did not reach ICs, (Fig. 1L). Furthermore, even though HSJD-DIPG-
007 cells harbor a PPMI1D mutation, these cells are as sensitive to
MDM2 antagonism in line with other PPM1D mutant cells lines (40),
and conversely to HSJD-DIPG-007 cells harboring TP53 LoF, show
reduced sensitivity to ONC201 (Fig. 1L; Supplementary Fig. S3E-
S3G). As TP53 and H3.3K27M mutations are known to associate with
aneuploidy, and a chromosomal instability signature, we examined
whether TP53 mutations and ONC201 sensitivity correlated with
chromosomal instability (41), through the measurement of tumor
mutational burden (TMB), microsatellite instability (MSI; Fig. 1D;
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Supplementary Fig. S3H and S3I) and chromosomal gains and losses
(Supplementary Fig. S3] and S3K). No difference between TP53 status
and MSI, TMB or chromosomal gains/losses was observed, suggesting
that this may not be a feature of TP53-mutant DMGs in our cohort.
Furthermore, TSO500 revealed high number of ACVRI-mutant DIPGs
(38%, n = 5), often co-occurring with H3.1K27M (23%, n = 3; Fig. 1D).
We next examined whether ACVRI promoted sensitivity to ONC201;
however showed no difference in ONC201 sensitivity between wt-
ACRV1 and mutant DIPGs (P = 0.1274; Fig. 1M). In addition, as
ACVRI and PIK3CA regularly co-occur (23%, n = 3), with recurrent
PIK3CA mutations seen in our DMG models (31%, n = 4), we examined
whether PIK3CA mutations could predict sensitivity and show here that
they are more sensitive to ONC201 compared with wt-PIK3CA DIPGs
(P = 0.012; Fig. 1N).

Somatic pharmacogenomic analysis identified DRD2 and CLPP
to be targets of ONC201 in DIPG

In vitro profiling of the G-protein coupled receptor (GPCR) super-
family has previously shown ONC201 to be a dopamine receptor
(DRD2/3/4) antagonist (24), as well as an agonist of the mitochondrial
protease ClpP (19, 23). Recently, we performed molecular modeling of
both ClpP and DRD2 to show that ONC201 binds to both targets with
high affinity (15). Therefore, to identify targets of, and hence pathways
influenced by ONC201, we correlated ONC201 sensitivity (z-AUC)
with basal gene (Supplementary Fig. S4A) and protein (Fig. 2A)
expression profiles of known putative targets. High DRD2 protein
expression was significantly correlated with increased sensitivity to
ONC201 (R? = 0.2348; P = 0.0027; Fig. 2B), and at the transcript level
(R* = 0.1382; P = 0.0431; Supplementary Fig. S4B). A significant
correlation was also identified for ClpP at the protein level (R* =
0.1240; P = 0.0352; Fig. 2B); however, not at the transcript level (R2 =
0.06571; P = 0.1715; Supplementary Fig. S4B). Pediatric patients with
HGG, including patients with DIPG, harbor ubiquitously high-CLPP
expression, more so than any other pediatric CNS tumor (Fig. 2GC;
ref. 42). Agonism of ClpP by ONC201, increases its proteolytic activity
to drive degradation of respiratory chain complex subunits, including
Succinate dehydrogenase A and B (SDHA and SDHB), among others
(Supplementary Fig. S4C; ref. 23). Succinate dehydrogenase enzymes
form integral components of both the TCA cycle and mitochondrial
respiratory ETC, and not only oxidize succinate to fumarate to support
energy production, but their loss promotes oxidative stress through the
production of ROS and release intermediates that control chromatin
modifications and gene expression (43). Our recent study of ONC201
used by patients with DIPG, showed that ONC201 elicited potent
degradation of SDHA in DIPG patient-derived xenograft (PDX)
tumor tissue in vivo (15). Analysis shows that SDHA protein expres-
sion did nonsignificantly correlate with ONC201 sensitivity (R* =
0.05555; P = 0.1664; Fig. 2B), and this was also not at the transcript
level (R* = 0.118; P = 0.071; Supplementary Fig. S4B). However, the
ratio of SDHA (proteolytic target) to ClpP (protease) protein expres-
sion profiles may influence DMG cell sensitivity to ONC201 (R* =
0.1823; P = 0.0094; Fig. 2B), providing further evidence that ClpP is a
target of ONC201 in DIPG. We further examined the role of CIpP and
DRD2 in mediating ONC201 sensitivity using CRISPR/Cas9-medi-
ated KD (Fig. 2D). Indeed, loss of CLPP expression had no effect on the
ONC201-cell line harboring reduced sensitivity (SU-DIPG-XIII) yet
abrogated the effects of ONC201 in the sensitive line (SU-DIPG-
XXXVL Fig. 2D and E). Interestingly, DRD2 was shown to be
indispensable for DIPG cell line proliferation in vitro, regardless of
sensitivity (Fig. 2D and E), analogous to in vitro and in vivo studies
performed in patient-derived glioblastoma models (44).
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(yellow). Values shown as mean 4 SEM (n = 3). E, Western blot validation of successful knockdown of CLPP and DRD2 in SU-DIPG-XIII and SU-DIPG-XXXVI.

*, P<0.05; **, P < 0.01; ****, P < 0.0001.

Quantitative proteomic profiling confirms that ONC201 drives
mitochondrial degradation, rescued by redox-regulated
PI13K/Akt signaling

Pharmacogenomics coupled with gene editing predicted TP53
mutations/LoF to influence sensitivity to ONC201 (Fig. 1), which is
at odds with previous studies in non-DIPG cancers (17, 22). However,
biochemical correlation of putative targets, including DRD2 and
ClpP, supports previously identified mechanisms of the anticancer
effects of ONC201 in non-DIPG cells.

Given the critical role SDHA plays in mitochondrial respiration, we
performed high-resolution quantitative proteomic profiling following
ONC201 exposure (5 umol/L, 24 hours) in both normoxic and low-
oxygen conditions to mimic the spatial heterogeneity of DIPG using
SU-DIPG-VI cells (H3.3K27M, TP53-mutant, DRD2-low, SDHA-
high, ONC201 resistant; Supplementary Table S5). Hierarchical clus-
tering revealed subtle but significant changes in protein expression
induced by ONC201 treatment in cells grown under different oxygen
tensions (Supplementary Fig. S5A). By interrogating differentially and
commonly expressed clusters, assigned using the differences influ-
enced by ONC201 or oxygen concentration (Supplementary Fig. S5B
and S5C) using IPA, we identified mitochondrial dysfunction as the
most significantly altered canonical process across these clusters and
across both oxygen tensions following ONC201 treatment (P =
1E—27; Fig. 3A; Supplementary Fig. S5B-S5D; Supplementary Tables
S6-S8), with oxidative phosphorylation the most significantly

AACRJournals.org

downregulated cellular process (P = 1.58e—24, z-score = —4.49;
Fig. 3A; Supplementary Fig. S5B and S5C). Activated upstream
regulator analysis further revealed the role that ONC201 plays in
promoting ClpP (P = 6.65E—09, z-score = 3.051) and KDM5A (P =
2.22E—15, z-score = 4.2) activity, disrupting mitochondrial homeo-
stasis (P = 6.65E—09, z-score = 3.051; Fig. 3B) and degrading
mitochondrial and tricarboxylic acid cycle (TCA) proteins (SDHA,
P = 2.58E—04 and IDH3B, P = 5.29E—03, respectively), as well as
additional enzymes of the mitochondrial energy production pathways
(Fig. 3C). Immunoblotting confirmed the changes in protein expres-
sion revealed by mass spectrometry, here ONC201 elicited degradation
of mitochondrial proteins SDHA and IDH3A/B and increased phos-
phorylation of H2AX (Fig. 3D).

Protein expression profiles significantly regulated by ONC201
treatment across oxygen tensions predicted the Akt serine/threonine
kinase, the key effector of the PI3K pathway, to be upregulated
following ONC201 treatment (AKT1, z-score = 2.399; Akt, z-
score = 2.349; Fig. 3B; Supplementary Table S9). In addition, IL15
activity (z-score = 2.416), which is known to stimulate the JAK-STAT
pathway and PI3K/Akt signaling was predicted to be increased (45).
Taken together, the predicted increase of PI3K/Akt signaling is
potentially responsible for the significantly altered protein expression
profiles seen following ONC201 treatment (Fig. 3E). These include
decreased expression of the proapoptotic protein BAD, increased
expression of the antiapoptotic protein BCL2 as well as increased
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Figure 3.

Quantitative proteomic profiling identifies increased PI3K/Akt signaling in resistant models. High-resolution quantitative proteomic profiling was conducted on SU-
DIPG-VI, exposed to 5 umol/L ONC201 for 24 hours. Cells were treated in low oxygen (5% O,, 5% CO,) and normoxic conditions (20% O,, 5% CO,) in biological
triplicate. A and B, Major canonical pathways (A) and activated upstream regulators (determined by IPA; B) of proteins significantly altered following 5 umol/L
ONC201, regardless of oxygen tension (Student ¢t test, P < 0.05, n = 6). C, Expression changes of proteins were calculated as log,-fold change and grouped by
mitochondrial proteins, transcription factors, and protein markers of apoptosis. Student t test of average change; *, P < 0.05; **, P < 0.01; ***, P< 0.001; ****, P<
0.0001. D, Orthogonal validation of mitochondrial changes, such as decreased SDHA, was analyzed in DIPG cell lines (HSJD-DIPG-007, SU-DIPG-XXXVI, SU-DIPG-VI,
SU-DIPG-XIII, and SU-DIPG-XVII) via Western blot, exposed to 5 umol/L ONC201 for up to 48 hours. E, Network of proteins from upregulated PI3K/Akt signaling
predicted by IPA were integrated in Cytoscape StringApp. Predicted increase (orange) and predicted decrease (blue) functional networks indicated with sharp and
dark lines linking proteins to indicate a higher confidence interval. Protein expression changes mapped as log,-fold change of ONC201/untreated calculated using the
right-tailed Fisher exact test with the smaller the P value, the more likely the association between proteins not to be a random event (P < 0.05). F and G, High-
resolution quantitative proteomic profiling was conducted on SU-DIPG-XXXVI, SU-DIPG-VI and SU-DIPG-XXXVI, exposed to 5 umol/L ONC201 for 24 hours.
F, Heatmap and unbiased hierarchical clustering of protein expression values normalized using z-score of abundances in Perseus. G, Canonical pathways and
predicted upstream regulators determined by IPA analysis of proteins altered following ONC201 exposure. Positive z-score value is predictive of pathway activation,
whereas a negative z-score is predictive of inhibition. H, Orthogonal validation of protein-associated PI3K/Akt/mTOR signaling and the antioxidant-response
element (ARE) axis were assessed in DIPG cell lines following ONC201 exposure.

expression of markers of quiescence and progenitor cell types such as
SOX2 and EZH2. Predicted increased activity of activating transcrip-
tion factor 4 (ATF4; z-score = 2.051, P = 0.0104; Fig. 3B), leading to
antiapoptosis through unfolded protein response (P = 5.89E—04;
Supplementary Fig. S5B; ref. 46) is also driven by increased PI3K/Akt
signaling, inferring a mechanism of avoiding cell death processes
following ONC201 treatment.
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To further elucidate the role PI3K/Akt activation may be playing in
resistance to ONC201, we performed high-resolution comparative
and quantitative proteomic profiling following ONC201 exposure
(5 umol/L, 24 hours) across additional DIPG cell lines with varying
sensitivity to ONC201; SU-DIPG-XXXVI, SU-DIPG-XIII and com-
pared with SU-DIPG-VI (Fig. 3F). SU-DIPG-VI and SU-DIPG-XIII
cells, less sensitive to ONC201 clustered together, away from
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SU-DIPG-XXXVI, which is more sensitive to ONC201. Analysis using
IPA revealed mitochondrial dysfunction and activation of ClpP/
KDM5A following treatment with ONC201 across all cell lines
(Fig. 3G), further validating ONC201 to be elucidating anti-DIPG
effects through mitochondrial dysfunction. Treatment with ONC201
induced activation of PI3K/AKkt signaling proteins (Fig. 3G), including
Akt, IGF1, and downregulated PTEN signaling, in all cell lines,
suggesting Akt activation is a reciprocal mechanism associated with
ONC201 treatment; however, greater upregulation of Akt signaling
was observed in cell lines less sensitive to ONC201 (z-score: Akt SU-
DIPG-XXXVI = 1.067, SU-DIPG-VI = 1.692, SU-DIPG-XIII = 2.039,
mTOR: SU-DIPG-XXXVI = 0.378, SU-DIPG-VI = 1.134, SU-DIPG-
XIII = 1.890). Given that unbiased global proteomic profiling results
predicted increased PI3K/Akt activity following ONC201 exposure, we
orthogonally validated phosphorylation changes of proteins regulated
by this pathway, all of which showed increased phosphorylation in cells
refractory to ONC201 following treatment (Fig. 3H). Activated PI3K/
Akt signaling potentiated phosphorylation of Akt at Thr308 and
Ser473 across DIPG lines regardless of ONC201 sensitivity; however,
activation of downstream pathway proteins GSK3o, GSK3f, and
p70S6K was only present in cell lines showing reduced sensitivity to
ONC201 (SU-DIPG-VI, SU-DIPG-XIII, and SU-DIPG-XVII; Supple-
mentary Fig. S5E). In cell lines more sensitive to ONC201, the increase
in Akt phosphorylation occurred earlier (24 hours for HSJD-DIPG-
007); however, after 48 hours, these cells became apoptotic as indicated
by increased cleaved PARP (Fig. 3H). Such data align with our recent
demonstration that ONC201 drives mitochondrial ROS production
and mitochondrial structural abnormalities (25), and thereby links
these responses with the oxidative DNA damage seen in these cells
(YH2AX, Fig. 3D).

Together, the increased mitochondrial oxidative stress caused by
ONC201’s ClpP agonism and electron leakage (25), commensurate
with increased PI3K/Akt signaling activity, may be promoting the
activity of the stress sensing transcription factor nuclear factor ery-
throid 2-related factor 2 (NRF2; Fig. 3G), as increased expression of its
downstream target, the reductase NQO1 was detected following
ONC201 treatment (log,-fold-change = 0.28, P = 0.0017 and orthog-
onally validated; Fig. 3C, E, and H). NQOL1 is responsible for pro-
moting redox homeostasis and cell survival (47). In this regard, KEAP1
is known to regulate the activity of NRF2, and is degraded with
ONC201 treatment, leading to decreased abundance (Fig. 3H). These
observations are in line with previous studies that show loss of
expression/degradation of KEAP1 promotes the transcriptional activ-
ity of NRF2, resulting in partial epithelial-to-mesenchymal transition
but only in tumors harboring TP53 LoF mutations (48). These
observations potentially explain the persistent proliferation of
TP53-mutant DIPG cells even in the presence of high-dose ONC201.

ONC201-driven oxidative stress drives PI3K/Akt signaling,
highlighting the potential of ONC201 combined with the
PI13K/Akt inhibitor paxalisib

Proteomic profiling predicted that increased PI3K/Akt signaling
may be leading to decreased sensitivity of DIPG cells to ONC201
(Fig. 3). Previously, we showed that ONC201 increased ROS produc-
tion (25); therefore, we used the potent ROS scavenger N-acetyl-l-
cysteine (NAC) to investigate whether there was a link between
increased ROS and increased PI3K/Akt signaling. NAC abrogated
phosphorylation of Akt, whereas hydrogen peroxide (H,0,) increased
phosphorylation (Fig. 4A; Supplementary Fig. S6A and S6B). As such,
we hypothesized that inhibition of PI3K signaling may prevent the
Akt-mediated cell survival signaling induced following exposure to
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ONC201. To investigate this, we tested whether the brain penetrant
PI3K/Akt inhibitor paxalisib (previously GDC-0084; refs. 28, 29)
could also suppress PI3K/Akt signaling in response to ONC201.
Paxalisib decreased phosphorylation of Akt in the H3.3K27M,
TP53-mutant and ONC201-refractory model SU-DIPG-XVII either
alone or in combination with ONC201 (Fig. 4B; ref. 49). Again,
ONC201 modulated the abundance of proteins mapping to NRF2-
regulated antioxidant response, including the loss of KEAPI,
increased NQOI, both abrogated by the combination with paxalisib
(Fig. 4B) to drive cell death.

To assess adhesion-independent cell proliferation and survival of
DIPG cells treated with ONC201, we performed soft agar colony-
forming assays using SU-DIPG-VT that show decreased sensitivity to
ONC201 as a monotherapy. Encouragingly, at physiologically relevant
dosing, single agents decreased colony formation (ONC201 —0.43
log,-fold, P = 0.007; paxalisib —0.5 log,-fold, P = 0.0032), with the
combination of ONC201 and paxalisib significantly decreasing colony
formation beyond that achieved using either of the single agents
(combination vs. UT, —1.4 log,-fold, P = <0.0001, combination vs.
ONC201, —1 log,-fold, P = 0.0007, combination vs. paxalisib, —0.93
log,-fold, P = 0.0014; Fig. 4C). Indeed, ONC201 in combination with
paxalisib synergized, particularly in H3.3K27M TP53-mutant DIPG
models, regardless of whether the treatment was performed under
normoxic or low-oxygen conditions (Fig. 4D and E; Supplementary
Figs. S7, S8A and S8B; Supplementary Table S10); however, the
combination was additive in the UON-JUMP4 model, grown in
low-oxygen conditions (Supplementary Fig. S8A and S8B). As an
additional control, we assessed the sensitivity of human peripheral
blood mononuclear cells in vitro donated from healthy volunteers to
each drug individually and in combination, which revealed no increase
in cell death; however, a reduction in PI3K/Akt/mTOR signaling was
observed (Supplementary Fig. S8C and S8D).

To determine whether TP53 status influenced ONC201 PI3K/Akt
signaling, we investigated the effect of ONC201 in the TP53-KD and
TP53-KO HSJD-DIPG007 models via immunoblotting. Here,
ONC201 decreased SDHA abundance and ERK1/2 phosphorylation
regardless of p53 status (Fig. 4F). Again, ONC201 significantly
increased phosphorylation of Akt at both T308 and S473 residues
(Fig. 4F; Supplementary Fig. S9) across models, including cells har-
boring either TP53-KD or TP53-KO. Interestingly, TP53-KD and
TP53-KO HSJD-DIPG-007 cells harbored significantly increased basal
levels of phosphorylation of Akt at T308, a marker of active PI3K
signaling compared with the NTCs, which was further potentiated
using ONC201 (Fig. 4F; Supplementary Fig. S9). Therefore, to deter-
mine whether paxalisib could rescue the decreased response promoted
by KD and KO of TP53 in HSJD-DIPG-007 cells, we tested ONC201 in
combination with paxalisib and identified very high-level synergy in
the TP53-KD/TP53-KO cells, greater than three times that of parental
cells and corresponding to the level of increased PI3K signaling seen
(Fig. 4G and H; Supplementary Fig. S10). Together, these in vitro
results highlight the potential for the use of paxalisib in combination
with ONC201 even in highly aggressive H3.3K27M TP53-mutant
DIPG models.

Preclinical optimization of ONC201 combined with paxalisib
Clinical trials testing ONC201 and paxalisib as monotherapies in
DIPG/DMG have demonstrated acceptable safety and toxicity profiles
(NCT03416530 and NCT03696355, respectively). Therefore, to test
the preclinical utility of ONC201 combined with paxalisib, we first
examined their efficacy using the SU-DIPG-VI/Luc (H3.3K27M,
TP53-mutant) and HSJD-DIPG-007 (H3.3K27M, TP53-wild-type)
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Figure 4.

ONC201in combination with paxalisib is synergistic across DIPG models. A, SU-DIPG-VI was treated with 5 umol/L ONC201for 48 hours, 20 mmol/L NAC for 24 hours,
and 1 mmol/L H,0, for 1 hour, and protein changes downstream PI3K/Akt and reductase signaling were validated by Western blot. B, Western blot analysis
of PI3K/Akt, Erk, and antioxidant response element (ARE) signaling in SU-DIPG-XVII treated with 5 umol/L ONC201 (48 hours) and 1 umol/L paxalisib (24 hours).
C, SU-DIPG-VI was grown in soft agarose in colony formation for 2 weeks treated with 0.5 umol/L ONC201, 100 nmol/L paxalisib, and the combination. The number
of colonies was then quantified using ImageJ. Assay was performed in biological triplicate with representative images shown. One-way ANOVA; **, P < 0.01;
*** P<0.001; ****, P< 0.0001; values shown as mean + SEM. D and E, DIPG cells SU-DIPG-VI, SU-DIPG-XIIl, and SU-DIPG-XVII were passaged, grown in low oxygen
(5% 0,, 5% CO,) or atmospheric oxygen (20% O,, 5% CO,) conditions for a week, and then proliferation assays were performed using ONC201, paxalisib, or both for
96 hours (n = 3). Synergy was determined using Chou-Talalay via CompuSyn (D) or Bliss synergy (E) analysis where a combination index (CI), where <1 (dotted line)
demonstrates a synergistic effect and Bliss score >10 represents a strong synergism. F-H, Parental wt-TP53 HSJD-DIPG-007 and HSJD-DIPG-007 cell lines
transduced with a nontargeting control (NTC) gRNA, harboring KO or KD of TP53 were subjected to analysis following ONC201 treatment alone or in combination
with paxalisib. F, Western blot confirmation of mitochondrial marker, SDHA, PI3K/Akt, Erk, and ARE signaling to ONC201 (5 umol/L, 48 hours). G and H, Cells were
treated with increasing concentrations of ONC201, paxalisib, or both for 96 hours, in biological triplicate. Synergy was determined using Chou-Talalay (G) or Bliss
synergy (H) analysis. Chou-Talalayand Bliss synergy graphs are reported as mean =+ SD.
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DIPG xenograft mouse models, using mouse equivalent MTDs
(125 mg/kg once a week ONC201, in combination with paxalisib
10 mg/kg three times a week, or 5 mg/kg twice daily, respectively;
refs. 42, 43), engrafted into the fourth ventricle/pons of NSG mice
(Fig. 5A). SU-DIPG-VI/Luc mice were treated continuously and
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start (Fig. 5A). In vivo bioluminescence imaging (BLI) was performed
immediately before drug or vehicle control administration to assess
baseline tumor burden (Supplementary Fig. S11A and S11B). Using
BLIas a surrogate for tumor size in SU-DIPG-VI/Luc, ONC201 had no
significant effect on tumor size, whereas paxalisib significantly reduced

HSJD-DIPG-007 mice were treated for five weeks from treatment  tumor burden (paxalisib = 404.84 p sec”' cm™2 sr™ !, P = 0.0309;
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Figure 5.

ONC201in combination with paxalisib is a synergistic drug combination in DIPG xenograft models. A, SU-DIPG-VI/Luc and HSJD-DIPG-007 cells were injected into
the brainstem of NSG mice. Treatment was started at 4 or 3 weeks, respectively, from xenograft date. ONC201 and paxalisib were administered by oral gavage.
Xenografts were sacrificed for pharmacodynamics and survival was tracked where they were culled at ethical endpoints. B and C, Survival curve analysis of days after
treatment start at animal sacrifice, with significance determined by survival curve comparison for SU-DIPG-VI/Luc (B) and HSJD-DIPG-007 (C). Shading indicates
treatment duration. Log-rank (Mantel-Cox) test. D, Tumor tissue from SU-DIPG-VI/Luc xenografts sacrificed at 2 weeks following start of treatment analyzed by
Western blot. E, SU-DIPG-VI/Luc in vitro cells exposed to 5 umol/L ONC201for 0, 24, 48, and 72 hours compared with in vivo SU-DIPG-VI/Luc tissue collected from the
prefrontal cortex (PFC) and brainstem (BS), treated with ONC201. E, Tumor tissue was resected from HSJD-DIPG-007 xenografts following 4 weeks of treatment and
analyzed by IHC. F, Sections were stained for H3K27M, Ki67, and SDHA (representative images are presented). Scale bars, 2 mm, 200 or 50 um. G, IHC images
quantified via ImageJ (measured in technical triplicate, across biological replicates, n = 3).*, P< 0.05; **, P< 0.01; ***, P< 0.001; ****, P < 0.0007; ns, not significant.
b.i.d., twice daily; g.w., once a week; t.i.w., three times a week.
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Supplementary Fig. S11A and S11B). ONC201, combined with pax-
alisib, decreased tumor burden throughout the treatment regimen
compared with vehicle control (4-week mean BLIONC201+paxalisib =
158.34 p sec” ! ecm ™% sr™Y, P = 0.0038).

Both ONC201 and paxalisib as single agents significantly extended the
survival of SU-DIPG-VI/Luc xenograft models compared with vehicle
controls, with the combination significantly extending the survival
compared with all treatments (vehicle = 45 days, ONC201 = 56 P =
0.0082, paxalisib = 54 days P = 0.0082, ONC201+-paxalisib = 72 days,
combination vs. vehicle P = 0.0027, combination vs. paxalisib P =
0.0198, and combination vs. ONC201 P = 0.0044, after treatment
start; Fig. 5B; ref. 50). In the SU-DIPG/VI model, we identified some
early toxicity using 10 mg/kg three times a week (Supplementary
Fig. S11C); therefore, treated HSJD-DIPG-007 mice with 5 mg/kg
twice daily to improve tolerability (Supplementary Fig. S11D). In the
ONC201-sensitive, HSJD-DIPG-007 model, ONC201 provided an
increased survival (vehicle = 43.5 vs. ONC201 = 50 days, P =
0.0009), and twice daily low-dose paxalisib also provided an improved
survival advantage (vehicle vs. paxalisib = 55 days, P <
0.0001; Fig. 5C). Together the combination both significantly
increased survival effect versus controls (combination = 61 days, P
< 0.0001) and was synergistic compared with monotherapies
(ONC201 vs. combination, P = 0.0003; paxalisib vs. combination,
P = 0.0019; Fig. 5C). Analogous to in vitro studies (Fig. 4), tumors
resected from SU-DIPG-VI/Luc* DIPG xenograft mice treated for two
weeks, showed increased Akt phosphorylation and expression of
EZH2 following ONC201 treatment alone, consistent with our
in vitro proteomic profiling, with the former rescued using paxalisib
(Fig. 5D). To determine the systemic effects of ONC201 treatment
in vivo, we measured the expression of tyrosine hydroxylase
(TH; Fig. 5E). ONC201 treatment decreased TH expression in the
prefrontal cortex, but not in brainstem where the SU-DIPG-VT cell
line was engrafted (Fig. 5E). ONC201 decreased Erk phosphory-
lation in both the prefrontal cortex and brainstem (Fig. 5E),
commensurate with global effects on DRD2 inhibition, suggesting
that systemic effects of DRD2 inhibition and Erk phosphorylation
may contribute to efficacy observed in these models. To assess
pharmacodynamic markers of treatment response, we performed
IHC on fixed tumor tissue following 4 weeks of treatment. Tumor
was detected in the pons of all animals; however, compared with the
controls, decreased H3K27M staining was seen across biological
replicates, including in the cerebellum of treated mice (Fig. 5F
and G; P < 0.05). Compared with the controls, decreased staining
of the proliferation marker Ki67 was also seen across treatments
(ONC201, P = 0.0114; paxalisib, P = 0.0023; combination P =
0.0002), with the combination also significantly decreased
compared with ONC201 alone (P = 0.0275; Fig. 5F and G).
Significantly decreased staining for SDHA was seen in samples
treated with ONC201 and the combination (ONC201, P = 0.008;
ONC201+paxalisib, P = 0.0436, respectively; Fig. 5F and G).

Using the highly aggressive H3.3K27M SF8628 DIPG xenograft
model (51), paxalisib alone and the combination of ONC201 and
paxalisib decreased tumor burden at early time points (day 4;
vehicle vs. paxalisib, P = 0.0075, vehicle vs. combination P =
0.0152, day 10; vehicle vs. paxalisib, P = 0.0042, vehicle vs.
combination P = 0.0032; Supplementary Fig. S11E), commensurate
with survival analysis, where paxalisib alone provided a significant
survival benefit compared with the vehicle (vehicle = 22.5 days,
paxalisib = 28 days, P = 0.0453) as did the combination therapy
(ONC201+paxalisib = 28 days, P = 0.0002; Supplementary
Fig. SI1F). The combination of ONC201 and paxalisib also
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increased survival of xenograft mice compared with ONC201 alone
(P = 0.0024), and provided a modest benefit compared with
paxalisib alone (P = 0.0442; Supplementary Fig. S11F).

Case reports of ONC201 combined with paxalisib in patients
with DIPG at diagnosis or disease progression

To demonstrate the potential utility of ONC201 in combination
with paxalisib, we report two recent DIPG case studies of patients that
received both ONC201 and paxalisib through compassionate access.
These patients underwent radiographic analysis according to response
assessment in pediatric neuro-oncology (RAPNO). The first is a
6-year-old patient diagnosed in March, 2021, harboring H3.1K27M,
ACVRI, and PIK3R1 mutant DIPG identified following biopsy
(Fig. 6A). At diagnosis, a diffuse pontine lesion was identified
(Fig. 6B and C, tumor area 1,554 mm?). The patient received 54 Gy
of RT delivered in 30 fractions of 1.8 Gy in the 1 to 3 months following
diagnosis. After RT MRI indicated a tumor reduction of 38.1%
compared with diagnosis (Fig. 6B and D; tumor area 962 mm?). The
patient began the combination treatment of ONC201 (15 mg/kg once a
week) and paxalisib (27 mg/m? daily) 7 weeks following the after RT
scan, corresponding to 5 months after diagnosis. Tumor size remained
relatively stable over the next consecutive MRIs (Fig. 6E and F, tumor
area = 1,156 and 1,224 mm?, respectively). Encouragingly, 9 months
after diagnosis, a substantial 62.1% decrease in tumor area based on
T2-weighted images was recorded from the previous MRI, represent-
ing a 70.1% reduction compared with diagnosis and 51.8% reduction
compared with after RT (Fig. 6B and G; tumor area = 464 mm?),
showing a partial response. Furthermore, 12 months after diagnosis,
8 months into the ONC201 and paxalisib combination, the tumor had
reduced by 80.3% and 68.2%, compared with diagnosis and after RT,
respectively (Fig. 6B and H; tumor area = 306 mmz). Clinically,
24 months after diagnosis, the tumor remains stable (Fig. 6I) and the
patient continues to do well, experiencing continued reduction in
DIPG-associated clinical symptoms, and has returned to school.
Intermittent toxicities during treatment included grade II mucositis
during the initial few months on the combination, which responded
well to dexamethasone mouthwash.

The second patient with DIPG was a 16-year-old diagnosed with
DIPG (tumor area = 977.8 mm?>; Fig. 6]-L). The patient did not have a
biopsy and began RT in combination with ONC201 (625 mg, once a
week) soon after diagnosis. The patient then continued to receive
ONC201 as a maintenance therapy. Clinical and radiological signs of
first progression were detected 15 months after diagnosis (Fig. 6K
and M; tumor area = 1,303.3 mm?). The patient then received the
combination of ONC201 and panobinostat (45 mg daily three times
per week) but stopped after 3 months upon detection of further signs of
disease progression (Fig. 6K and N, tumor area = 1,814 mm?). The
patient then immediately underwent re-irradiation (20 Gy delivered in
10x2 Gy fractions). Paxalisib (45 mg, 27 mg/m?) was then combined
with ONC201 (625 mg) 18 months after diagnosis and continued until
the patient succumbed to Pneumocystis pneumonia (PCP), 24 months
after diagnosis. The acquired PCP was attributed to concomitant
steroid use and hence, the patient was unable to continue either
therapy, ultimately passing away 6 months after re-irradiation. T2
axial MR scans during ONC201 and paxalisib treatment showed
partial response, with a 34% reduction in total tumor area compared
with regression (Fig. 6N-P) and 9% reduction during treatment with
ONC201 and paxalisib (Fig. 60 and P), a reduction not seen when
ONC201 was combined with RT at diagnosis (Fig. 6K, O, and P).
Autopsy analysis revealed viable tumor with no evidence of growth
when compared with the latest MRI 1 month earlier, with the family of
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Figure 6.

ONC201 in combination with paxalisib drives tumor
regression and increased survival in DIPG case studies.
A, Six-year-old H3.1K27M, PIK3RI, ACVRI mutant
patient with DIPG underwent biopsy soon after diag-
nosis and received 54 Gy radiotherapy over 30 frac-
tions. MRI was performed six weeks after the comple-
tion of radiotherapy, and compassionate access was
granted for the use of paxalisib to target PIK3R1 muta-
tions. Family of the patient sourced German ONC201
and started concurrently with paxalisib. B, Tumor size
at diagnosis, following radiotherapy and throughout
treatment. C, T2 and T1 after contrast MR axial scans at
patient diagnosis, tumor area = 1,554 mm?. D, Follow-
ing radiotherapy, tumor area decreased by 38.1% to 962
mm? compared with diagnosis. E, MRI showed that
tumor area was stable following radiotherapy = 1,156
mm?, 20.2% progression. Following this scan, the
ONC201 (15 mg/kg once a week) and paxalisib
27 mg/m2 daily) combination was started. F, MRI
following 8 weeks on the combination tumor area was
stable (1,224 mm?), 6% increase. G, Tumor regression
was seen after 20 weeks on the drug combination.
Tumor area = 464 mm? tumor reduction by 62%
compared with the last scan. H, Most recent MRI. Tumor
area = 306 mm?; total tumor area reduction compared
with diagnosis = 80%. I, The patient continues to
remain on the combination 22 months following diag-
nosis. J-P, Sixteen-year-old H3.3K27M, TP53, PIK3CA
mutant patient with DIPG received 54 Gy over 30
fractions. Patient enrolled in the ONC201 monotherapy
trial NCT03416530 and experienced stable disease for
2 months. Following radiological and clinical progres-
sion, the patient received panobinostat (45 mg daily
three times a week) with ONC201 (625 mg once a
week). Further progression was seen in the subsequent
MRI, where the patient then received reirradiation.
The patient immediately commenced ONC201 and
paxalisib, both on compassionate grounds. K, Tumor
area measured throughout treatment. L, T2 and T1after
contrast MR axial scans at patient diagnosis. Tumor
area = 977.8 mm>. M, MRI following first progression.
Tumor area = 1,303.3 mm?2. N, Patient received panobi-
nostat in combination with ONC201; MRIimage following
the combination. Tumor area = 1,814 mmZ. Following,
this patient received reirradiation and ONC201 (15 mg/kg
once a week) and paxalisib (27 mg/m? daily) O, Tumor
regression was seen 8 weeks after re-RT, while receiving
ONC201 in combination with paxalisib. Tumor area =
1,322.6 mm>. P, Tumor regression was again seen after
20 weeks on the combination; tumor area = 1,209 mm?,
20 months after diagnosis. Patient continued to receive
ONC201 and paxalisib for the next 3 months and then
contracted pneumonia and passed away 24 months
from diagnosis.
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the child also reporting no signs of DIPG-associated clinical symptoms
before the infection. NGS of post-mortem tumor tissue identified
typical H3.3K27M, TP53, PIK3CA mutations (Fig. 6]), highlighting
the potential of combined use of ONC201 and paxalisib for the
treatment of DIPG at diagnosis and disease progression.

Discussion

The recent development and sharing of patient-derived models has
helped to illustrate the high level of inter- and intratumoral hetero-
geneity of DIPG and DMG, results that highlight the need for
combined therapies that target the metabolic rather than the geno-
mic/epigenetic heterogeneity of the disease (6, 13). In this study, we
have used a pharmaco-proteogenomic approach to inform a combi-
nation treatment regimen to improve response to the imipridone,
ONC201, and build upon the preliminary promising efficacy of the
drug for the treatment of DIPG (15, 21).

ONC201 is currently being assessed in 12 clinical trials worldwide,
including in H3K27-altered gliomas (NCT03295396, NCT03416530
and NCT02525692) that reveal a preliminary survival benefit (27).
ONC201 increased median OS for H3K27M brainstem tumor patients
(DIPG) to 20 months (P = 0.0002), from the historical 11.9 months.
Patients who received ONC201 outside of trials purchased by their
families from a German oncologist survived 18 months, whereas those
who also underwent re-irradiation survived 22 months (15, 52).
Although these preliminary results are favorable, patients still succumb
within 18-20 months, with some patients failing upfront treatment,
indicating mechanisms of intrinsic resistance. Here, we present evi-
dence that decreased response is influenced by PI3K/Akt signaling;
prompting us to test the clinically relevant PI3K/Akt inhibitor, paxalisib
(NCTO03696355; refs. 28, 49), both in DIPG cell line models that were
sensitive and resistant to ONC201. Combined treatment with ONC201
and paxalisib rescued the therapeutic potential of ONC201 in refractory
models, independent of the availability of oxygen and independent
of TP53 status, highlighting the potential for this drug combination
therapy to combat the metabolic, spatial, and genetic heterogeneity of
DIPG. Commensurate with these in vitro discoveries, combined treat-
ment tested in two out of three DIPG xenograft models significantly
extended the survival of mice compared with monotherapies, whereas
the combination had an additive effect in the other.

We show that ONC201 targets DRD2 and ClpP in DIPG models
in vitro and xenograft models in vivo. DIPG models harboring TP53
mutations show decreased sensitivity to ONC201. This is distinct from
previous studies revealing ONC201 to be effective in TP53-mutant
non-DIPG cancer models (17). Irrespective of sensitivity, ONC201
elicits potent agonism of the mitochondrial protease, ClpP, which
drives mitochondrial degradation and ROS production. Previous
studies showed ONC201 to be a selective antagonist of DRD2 and
DRD3, causing cell death through TRAIL signaling (22). Overexpres-
sion of DRD2 has been correlated with ONC201 sensitivity (53), with
antagonism shown to decrease the pro-proliferative effects of DRD2
signaling in glioblastoma, mediated, in part, by Ras/Erk, confirmed in
DMG cell lines in vitro (15). This mode of action is in agreement with
the DRD2 antagonist activity of haloperidol, an FDA approved
antipsychotic, which also decreased Erk activity, analogous to the
response of DIPG cells that are refractory to ONC201 (15), while
having no effect on Akt. The importance of DRD2 antagonism was
further highlighted following CRISPR/Cas9-mediated DRD2 KD, a
strategy that proved lethal to DIPG cells in vitro. In several DIPG cell
line models, including SU-DIPG-VI, ONC201 showed limited cyto-
static effects; however, when the same cell line was implanted into the
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brainstem of mice, ONC201 provided a significant survival advantage
compared with controls. It is plausible that these in vivo results
reflect ONC201’s role in global DRD2 antagonism rather than in the
tumor alone. DIPG synthesize and secrete dopamine, a characteristic
that is likely supportive of DIPG gliomagenesis (54). In glioblastoma,
elevated DRD2 expression is seen in glioma-initiating cell populations,
with stimulation causing neuron-like hyperpolarization exclusively
driving sphere-formation and increasing tumor engraftment in PDX
models (47). Here, we observe that treatment of mice with ONC201
decreased expression of TH in the prefrontal cortex suggestive of
global antagonism of DRD2; however, further mechanistic insights
are needed to elucidate the antitumor benefit in DMGs at this
time. It is highly probable that paracrine dopamine signaling also
occurs in DIPG as these cells express TH, analogous to electro-
chemical communications between DIPG and neurons transmitted
through synapses to drive proliferation, differentiation, and sur-
vival (55). It was recently shown that DIPG patients with increased
"8 E-DOPA uptake during MRI showed decreased sensitivity to RT
(P = 0.001) and experienced worse outcomes independently cor-
relating "*F-DOPA uptake with OS (54). These studies highlight the
potential benefit in assessing '*F-DOPA during routine MRI mon-
itoring of patients receiving ONC201 and may contribute to pre-
dicting response to ONC201.

Our studies support the findings that ClpP is an important target of
ONC201 in DIPG, where agonism caused mitochondrial dysfunc-
tion (22), and CLPP KD abrogated ONC201’s anti-DIPG effects
in vitro (24). Regardless of sensitivity, ONC201 drives oxidative stress
(following ClpP-mediated degradation of SDHA, IDH3B, CLS,
COX4LI1, COX5A, and COX10; ref. 24); however, in nonsensitive
cells, promotes redox activation of PI3K/Akt; however, the mechanism
promoting reduced sensitivity in TP53-mutant lines remains
unknown. Akt inactivates GSK30/ a well-characterized mechanism
of metabolic rescue driven by increased glycogen and protein synthesis
to promote cell survival (49). GSK30./f3 also cooperates with Kelch-like
ECH-associated protein 1 (KEAP1; ref. 50) to repress the activity of the
transcription factor, NRF2 (NFE2L2). Yet under mitochondrial and
oxidative stress, KEAP1 is degraded and NRF2 translocates to the
nucleus, binding to the antioxidant response elements at gene pro-
moters to combat oxidative stress, by promoting expression of the two-
electron reductase NQO1 (38), this response could be inhibited
through the combination with paxalisib to drive cell death. Here, we
show that TP53-KO in HJSD-DIPG-007 leads to increased phosphor-
ylation of Akt at Thr308 and Ser473, further promoting expression of
NQOL in line with this proposed mechanism of action. In addition,
treatment with ONC201 increases phosphorylation of Akt at Thr308
and Ser473 further promoting expression of NQOL. It is important to
note that the DIPG xenograft mouse survival benefit provided by the
combination was modest, commensurate with the insidious clinical
journey experienced by DIPG patients. Early clinical experience from
the two cases we report using ONC201 in combination with paxalisib is
promising. Both patients demonstrated resolution of clinical symp-
toms and radiographic tumor regression. The first patient, who
demonstrated the more dramatic response and continual regression
of the primary tumor extending >24 months after diagnosis, remains
on the combination at the time of submission. In addition, this strategy
was also used in a H3.3K27M, TP53, PIK3CA mutant DIPG patient
enrolled on the phase I clinical trial (NCT03416530) testing oral
ONC201 in pediatric patients with newly diagnosed DIPG, experienc-
ing an almost complete regression of the progressive tumor to initial
diagnosis size and a reversal of clinical symptoms, regression not seen
following upfront RT+ONC201, although the re-RT might have
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contributed to this response. Both patients tolerated the treatments
well by combining treatment with dexamethasone mouthwash. The
optimal dose and timing of the combination and whether these
enhance the effects of standard-of-care RT either in the upfront or
relapse setting remain to be determined, given that both patients
also received either upfront or re-irradiation, respectively. However,
in this study, we cannot explicitly rule out the contribution of
paxalisib to patient response as both patients commenced ONC201
before or at the same time as paxalisib; furthermore, the contri-
bution of paxalisib for patients harboring PI3K mutations has not
yet been determined; questions that will be elucidated under clinical
trial conditions. In addition, the off-target effects of paxalisib are
currently unknown.

We acknowledge that ONC201 in combination with paxalisib may
not be solely responsible for the almost complete resolution of the
disease, particularly at advanced stages, given the modest xenograft
results using immune-compromised mouse models. Indeed, H3K27M
mutant DIPGs are known to reside in an immunologically cold tumor
microenvironment devoid of inflammatory immune cells (7). The
global loss of the H3K27me3-mediated epigenetic landscape within
DIPG cells is similar to those seen in embryonic stem cells (56)
characterized by little to no expression of the MHC I proteins, making
these primitive cells less visible to the immune system (57). The
observed change in the epigenetic landscape following ONC201
treatment and following modulation of oxidative stress may play a
role in the immunogenicity of DIPG, particularly in patients with an
active immune system. The partial restoration in H3K27me3 following
ONC201 treatment is consistent with recent data showing that
H3K27M mutations drive TCA cycle protein expression (58). Here,
we show that ONC201 drives potent degradation of IDH3A/B and
hence loss of mitochondrial TCA-cycle function. This, in turn, may
modulate the production of epigenetic cofactors required to maintain
hypomethylation of H3K27me3 (59). This highlights the emerging
link between H3K27M mutations and metabolic and epigenetic
plasticity (58), which may play a role in the immunogenicity of the
tumor, driving an anticancer response from the immune system.

The preclinical and clinical data provided here underpin the
recently commenced phase II clinical trial (NCT05009992), where
we are seeking to determine whether ONC201 in combination with
paxalisib is an effective regimen for treating patients with DIPG and
DMG at diagnosis, after RT and at the time of progression when
patients are eligible for re-irradiation. This multimodal clinical trial
will assess safety of single agents in combination with upfront RT or re-
irradiation for patients commencing the trial at advanced stages that
we hope will form the backbone of future combination studies. We
hypothesize that rationally designed combination trials, informed by
rigorous preclinical data, will improve outcomes for these poor
prognosis cancers. Integration of correlative studies will be critical
for assessment of predictive biomarkers of response and refinement of
inclusion and exclusion criteria for specific combination therapies.
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