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ABSTRACT
◥

Purpose: Novel therapeutic targets are critical to unravel for the
most common primary brain tumor in adults, glioblastoma (GBM).
We have identified a novel synthetic lethal interaction betweenClpP
activation and HDAC1/2 inhibition that converges on GBM energy
metabolism.

Experimental Design: Transcriptome, metabolite, and U-13C-
glucose tracing analyses were utilized in patient-derived xenograft
(PDX) models of GBM. Orthotopic GBM models were used for
in vivo studies.

Results:We showed that activation of the mitochondrial ClpP
protease by mutant ClpP (Y118A) or through utilization
of second-generation imipridone compounds (ONC206 and
ONC212) in combination with genetic interference of HDAC1
and HDAC2 as well as with global (panobinostat) or selective
(romidepsin) HDAC inhibitors caused synergistic reduction of

viability in GBM model systems, which was mediated by inter-
ference with tricarboxylic acid cycle activity and GBM cell
respiration. This effect was partially mediated by activation of
apoptosis along with activation of caspases regulated chiefly by
Bcl-xL and Mcl-1. Knockdown of the ClpP protease or ectopic
expression of a ClpP D190A mutant substantially rescued from
the inhibition of oxidative energy metabolism as well as from the
reduction of cellular viability by ClpP activators and the com-
bination treatment, respectively. Finally, utilizing GBM PDX
models, we demonstrated that the combination treatment of
HDAC inhibitors and imipridones prolonged host survival more
potently than single treatments or vehicle in vivo.

Conclusions: Collectively, these observations suggest that the
efficacy of HDAC inhibitors might be significantly enhanced
through ClpP activators in model systems of human GBM.

Introduction
There is a significant demand for durable treatments for the most

common primary brain tumor in adults, glioblastoma (GBM;
refs. 1–4). Contrasting the advances in glioma biology, still the
prognosis is unfavorable. Single-cell sequencing technologies have
recently confirmed earlier findings about the heterogeneity of these
tumors (2–4). From these observations there is little doubt that
simultaneous targeting of multiple pathways is necessary to accom-
plish durable responses (5–12).

The discovery of imipridones has impacted the neuro-oncology
field since several clinical trials have been launched with these

compounds (13–15). The most studied member out of this family
is ONC201 that has been used for most clinical trials both in
central nervous system and other peripheral malignancies (solid
and non-solid cancers; ref. 15). While ONC201 appeared to have
a more limited efficacy, the chemical derivatives, ONC206 and
ONC212, display higher potency against tumor cells, including
GBM (15, 16). ONC206 has entered a phase I trial for solid central
nervous system malignancies, including glioblastoma and gliosar-
coma (NCT04541082). Although initially discovered as substances
that induce the cytokine, TRAIL, more recently the actual binding
target has been identified by two groups, which turned out to be the
mitochondrial ClpP protease (17–19). In this context, systematic
elucidation of the mitochondrial ClpP protease as a therapeutic target
has not been performed and the identification of novel synthetic lethal
interactions, involving the activation of these enzymes, might result
in the development of novel therapeutic venues. Upon its activation,
the ClpP protein cleaves the respiratory complexes and thereby
diminishes cellular respiration and ATP production through the
process of oxidative phosphorylation (17–19). In this context, it has
been shown that the ClpP Y118A mutant is constitutively active,
whereas the ClpP (D190A) renders the enzyme inactive (17–19).
Energy metabolism beyond the classical Warburg effect has received
significant attention in oncology since recent research clearly outlines
that oxidative metabolism is a necessity for tumors to grow (20–23).
To this end, interference with oxidative metabolism may be a valid
approach for a strong consideration as a potential novel treatment
modality for recalcitrant malignancies (such as GBM). However,
efficient approaches to accomplish this are still lacking.

Although HDAC inhibitors have fallen short of expectations in
several preceding clinical trials, these reagents remain interesting for a
couple of reasons (24). First, HDAC inhibitors, such as romidepsin and
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panobinostat, are FDA approved, albeit for other indications than
GBM. Second, in the context of GBM, they might not have been
studied on the right patient populations. Third, panobinostat is known
to penetrate the blood–brain barrier (25). Fourth, drug combinations,
involving HDAC inhibitors, might still be efficacious in patients and
may not have received enough attention in the past. Thus, these
compounds still bear promise. The concept that the therapeutic
combination of activation of the ClpP protease (through imipridones)
along with HDAC1/2 inhibition may lead to enhanced reduction of
GBM cell viability was based on our previous finding that HDAC
inhibitors enhance pro-survival GBM cell respiration and fatty acid
oxidation (12). In contrast, imipridones (ONC201, ONC206, ON212)
suppress respiration in part through down-regulation of the respira-
tory complexes (16). Therefore, combining the two modalities might
have synergistic killing effects in GBM cells.

In the present work, we discovered that genetic (ClpP Y118A) and
pharmacological activation of the ClpP protease combined with
genetic or pharmacologic inhibition of HDAC1/2 induced synergistic
reduction of cellular viability in human GBM model systems in vitro
and in vivo, which is mediated upstream through disruption of
oxidative energy metabolism and executed downstream by regulation
of Bcl-2 family proteins.

Materials and Methods
Cell cultures

All cell lines were incubated at 37�C in an atmosphere containing
5% CO2. GBM12 and GBM14 (mesenchymal subtypte), GBM61
(proneural subtype), and GBM43 (classical subtype) cells were
obtained from Dr. Jann Sarkaria (Mayo Clinic, Rochester, MN).
U251 cells were obtained from Sigma. GL261 cells was obtained from
Repository of Tumors and Tumor Cell Lines, NCI (Bethesda, MD).
From ATCC, 293T (ATCC CRL-3216) was obtained. Cells were
cultured in DMEM (Fisher Scientific, MT10013CV), 10% FBS
(Gemini), and 100 mg/mL of primocin (Invivogen, ant-pm-1). For
the treatment experiment, cells were cultured in DMEM containing
1.5% FBS. All the cells were performed with passages four to nine.
Astrocyte was purchased from ScienceCell Research Laboratories and
were cultured in the media in DMEM, 10% FBS, N-2 Supplement
(Thermo Fisher, 17502048), and 100 mg/mL of primocin. NCH644

stem-like glioma cells (Cell Line Services, 820403) were cultured in
StemPro NSC SFM (Thermo Fisher, A1050901) with 100 mg/mL
primocin for maintenance and for drug treatment. The cell line
repositories performed the authentications andMycoplasma contam-
ination was excluded by the original source.

Reagents
Imipridones (ONC201, ONC206, and ONC212) were obtained

from Chimerix Inc./Oncoceutics. Panobinostat (HY-10224) and
romidepsin (HY-15149) were purchased from MedchemExpress.
Z-VAD-FMK (S7023) and ATP disodium (S1985) were purchased
from Selleckchem. Puromycin dihydrochloride (P9620) was pur-
chased from Sigma. A 10 mmol/L working solution in dimethylsulf-
oxide (DMSO) was prepared for all reagents with a final concentration
below 0.1% (v/v).

Cell viability assays
A 96-well plate was seeded with 3,000 cells overnight and was

treated with target drugs for 72 hours prior to analyzing cellular
proliferation by CellTiter-Glo assays (Promega, G7571). Bliss analysis
was performed to detect synergistic, additive, or antagonistic effects of
combination drug treatment by using the formula: FaþFb�FaFb

Fc . Fa is the
fractional response to drug A; Fb is the fractional response to drug B;
and Fc is the fractional response to the combination treatment with
drug A and B. If the ratio was < 0.9, the effect was described as
antagonistic. If the ratio was from 0.9 to 1.1, the effect was described as
addictive. If the ratio was > 1.1, the effect was described as synergistic.
In the ATP rescue experiments, cell viability was performed by
CyQUANT Cell Proliferation Assay (Thermo Fisher, C7026).

Flow cytometry
Cells were seeded in a 12-well plate with density 30,000 cells per well

overnight. FITC Annexin V/propidium iodide (BD Biosciences,
556420) was used to detect the apoptosis and necrosis cells. Signal
was detected on a LSRII flow cytometry (BD) and the data was
analyzed with FlowJo software (version 8.7.1; Tree Star).

Microarray and subsequent gene-set enrichment analysis
The experiment is comprised of 8 Human Gene 2.0 ST arrays,

profilingGBM14 cells (PDXglioblastoma cell line) treatedwithDMSO
vehicle control, the DRD2 antagonist/ClpP agonist ONC206, the
histone deacetylase (HDAC) inhibitor romidepsin, or the combination
of the two (n¼ 2 per experimental group). The arrays were normalized
at the same time by employing the Robust Multiarray Average (RMA)
algorithm with a chip definition file that involves unique Entrez Gene
identifiers (Brainarray version 24.0.0). GSEA pathway analysis was
performed with MSigDB version 7.1. The experiments used in this
study were deposited at GEO: GSE166111.

Western blot and protein capillary electrophoresis
Cells were lysed in the Laemmli buffer (Bio-Rad) containing 1X

protease and phosphatase inhibitor cocktail (Thermo Fisher, 78440).
For standardWestern blot, samples were run on a 4%–12% SDS PAGE
gel (Invitrogen,NP0321BOX) andwere transferred to a polyvinylidene
difluoride membrane. The western blots were captured by using the
Azure (C300) imaging system (Azure Biosystems). Protein capillary
electrophoresis was detected by using the Wes instrument (Protein-
Simple). The antibodieswere used in the standardWestern blot: acetyl-
histone H3 (Lys27; D5E4; CST 8173, 1:500), histone H3 (CST 14269;
1:500), PARP (CST 9532; 1:500), cCP9 (CST 7237; 1:500), cCP3 (CST
9665; 1:500), b-actin (Sigma Aldrich A1978, clone AC15; 1:2,000),

Translational Relevance

Glioblastoma, themost common primary brain tumor in adults,
requires better treatments in light of the fact that the standard of
care provides only a small clinical benefit in patients. Histone-
deacetylase inhibitors (HDACi), for example, panobinostat, and
imipridones (e.g., ONC201), have entered clinical trials and are
known to penetrate the blood–brain barrier, which is a critical
prerequisite for glioblastoma therapy. In addition, both com-
pounds have displayed antiglioma activity and ONC201 is known
to enhance the efficacy of the standard of care (i.e., radiation) in
preclinical model systems of glioblastoma. The current findings
suggest that a combination therapy of second-generation imipri-
dones and HDACi exerts significant antiglioma activity in relevant
disease model systems of glioblastoma. Therefore, additional clin-
ical consideration should be given to this potentially promising
therapeutic regimen either in the presence or absence of the
standard of care.
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Mcl-1 (CST 5453; 1:500), Bcl-xL (CST 2764; 1:500), SDHA (Abcam,
ab123545; 1:500), OXPHOS (Abcam, ab110411;1:500), ClpP (B-12;
Santa Cruz Biotechnology Inc, sc-271284; 1:500), ClpX (Abcam,
ab203694, 1:500), Goat anti-Rabbit IgG (HþL) Secondary Antibody,
HRP (Thermo Fisher, 31460), and Goat anti-Mouse IgG (HþL)
Secondary Antibody, HRP (Thermo Fisher, 31430). The antibodies
were used in the protein capillary electrophoresis: HDAC1 (CST
34589; 1:25), HDAC2 (CST 57156; 1:25), and Vinculin (Abcam
ab129002, 1:500).

Real-time PCR analysis
Total RNA was extracted by using miRNAeasy Mini Kit from

QIAGEN (217004). cDNAwas synthesized by using the cDNA super-
mix kit (101414–106) and was amplified by using power SYBR green
RT-PCR reagents kit from Quantabio (101414–276) with the condi-
tion 95�C for 10minutes, followed by 40 cycles of 95�C for 15 seconds,
60�C for 30 seconds, and 72�C for 30 seconds, on a qPCR Instrument
(Quantabio). All RT-PCR was performed in quadruplicate and the
average fold changes were calculated based on 18S in the threshold
cycle (Cq). Primer sequences are in the Table 1 (Supplementary
Table S1).

siRNA transfection and lentivirus transduction
siRNAs were purchased from Dharmacon: non-targeting siRNA-

pool (scramble; D-001810–10–20), CLPP siRNA-pool (L-005811–
00–0005), HDAC1 siRNA (L-003493–00–0005), HDAC2 siRNA
(L-003495–02–0005), Mcl1 siRNA (J-004501–17–0005). Bcl-xL
(CST, 6362) siRNA was obtained from Cell Signaling Technology.
Transfections were performed with Lipofectamine RNAiMAX
(Invitrogen, 13778075) according to manufacturers’ instructions.
CLPP shRNA (TRCN0000046858, TRCN0000046859, and
TRCN0000046860), HDAC1 shRNA (TRCN0000195103 and
TRCN0000195467), and HDAC2 shRNA (TRCN0000004819 and
TRCN0000195198) were purchased from Sigma. Mouse CLPP
adenovirus (ADV-255686) was purchased from Vector Biolabs.
pLX307 Luciferase (117734) was purchased from Addgene. The
lentiviral constructs (empty vector, CLPP- wild type and CLPP-
D190A) in pCDH-EF1a-MCS-BGH-PGK-GFP-T2A-Puro (Systems
Biosciences) were a gift from Drs. Schimmer (University of Tor-
onto, Toronto, Canada) and Andreeff (Department of Leukemia,
MD Anderson Cancer Center, Houston, Texas). Lentivirus produc-
tion was performed by transfection of pMD2.G, psPAX2, and the
relevant lentivirus transfer plasmid into 293T cells. The viral
supernatant was collected over 72 hours. The viral particles were
filtered and concentrated before they were used for transduction of
target GBM cells.

Isotope tracing
GBM14 cells were seeded with a density of 1 � 106 cells per 10-cm

dish and were exposed to DMEM no glucose, no glutamine, and no
phenol red (Thermo Fisher, A1443001), containing 25 mmol/L
(U-13C6) D-Glucose (Cambridge Isotope Laboratories, Inc, CLM-
1396–2), 4 mmol/L Glutamine (Fisher Scientific, 15410314), and
1.5% dialyzed FBS (Thermo Fisher, A3382001) for 24 hours. Polar
metabolites were analyzed by Metabolomics Core Facility at Weil
Cornell (New York, NY).

Chromatin immunoprecipitation RT-PCR
Cells were seeded with density 4 � 106 cells per 15-mm dish and

were extracted according to the company instructions kit (SimpleChIP
Enzymatic Chromatin IP Kit, CST 9003). Chromatin immunoprecip-

itation (chIP) samples were incubated with H3K27ac antibody (CST
4535, 10 mL/sample) or rabbit IgG antibody (CST 2729, 1 mL/sample).
Primer sequences are listed in Table 1 (Supplementary Table S1).

Extracellular flux analysis
A XFe24 cell culture microplate (Agilent) was seeded at 3�104 cells

per well DMEM medium containing 5 mmol/L glucose, 1 mmol/L
pyruvate, and 10% FBS and allowed to attach overnight. Cells were
treated with target drugs in the medium containing 5 mmol/L glucose,
1 mmol/L pyruvate, and 1.5% FBS for 24 hours. The oxygen con-
sumption rate (OCR) was measured with a Seahorse XFe24 Analyzer
(Agilent) using the mito stress assay kit (Agilent, 103015–100) in
the Seahorse XF base medium (Agilent, 102353–100) containing
10 mmol/L glucose, 2 mmol/L glutamine, and 1 mmol/L pyruvate.

Subcutaneous xenograft, orthotopic glioblastoma PDX, and
syngeneic model

A total of 3�106 GBM12 and GBM43 cells were implanted sub-
cutaneously into the flanks of 6- to 8-week-old SCID/SHO mice
(NCRNU-F sp/sp, CrTac:NCr-Foxn1nu). Drugs were dissolved in a
mixture containing DMSO, cremophor EL (Sigma, 61791–12–6),
Ethyl Alcohol (Pharmco-Aaper, 200 Proof), and PBS at the ratio:
10:32:8:50 (v/v/v/v). Tumor sizes were measured with a caliper and
were calculated as (length�width2)/2 three times a week. GBM12 and
GL261 cells were intracranially injected at 3 mm lateral of the bregma
and 3mmdown in 6- to 8-week-old SCID/SHOmice or B6-F (C57BL/
6NTac), respectively. Treatments were given until the animals became
moribund or when neurologic deficits were observed (retardation,
lethargy, seizures). The survival curve was analyzed by Kaplan–Meier
survival fractions and log-rank test was employed for the statistical
significance.

Statistical analysis
Statistical significance was assessed by two-tailed Student t test

or ANOVA (for multiple comparisons) using Prism version 9
(GraphPad). A P ≤ 0.05 was considered statistically significant.

Data availability statement
The data generated in this study are publicly available in Gene

Expression Omnibus (GEO) at GSE166111.

Study approval
All procedures were conducted in accordance with Animal Welfare

Regulations and were approved by the Institutional Animal Care and
Use Committee (IACUC) at the Columbia University Medical Center
(AC-AABC6505 and AC-AAAV7451).

Results
Activation of the ClpP protease along with inhibition of
HDAC1/2 causes synthetic lethality in GBM model systems

To identify novel synthetic lethal interactions, involving ClpP
protease activators, we focused on their principal feature to reduce
oxidative energy metabolism. We hypothesized that pathways that
upon their inhibition, for example, HDAC1/2 inhibition, facilitate an
oxidative energetic phenotype (12) were likely to synergize with ClpP
protease activators (Fig. 1A–D). Therefore, we utilized the selective
HDAC1/2 inhibitor romidepsin and the ClpP protease activator,
ONC206, and assessed how these compounds would alter the tran-
scriptome of the short-terzmGBM14 PDX cell culture following single
and combination treatment. To this end, GBM14 cells were treated
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Figure 1.

Activation of the ClpP protease alongwith inhibition of HDAC1/2 causes synthetic lethality in GBMmodel systems.A andB,GBM14 cells were treatedwith 2.5 nmol/L
romidepsin for 24 hours and were submitted for microarray analysis followed by GSEA. Shown in A is a volcano plot (FDR-q vs. NES). Highlighted is the NES of
Reactome_Pyruvate_Metabolism and Go_Lipid_Catabolic_Process gene sets derived from GSEA. Shown in B is the gene set enrichment analysis. NES, normalized
enrichment score, FDR-q-value (n¼ 2). C and D, GBM14 cells were treated with 10 mmol/L ONC206 and 2.5 nmol/L romidepsin for 24 hours and were submitted for
microarray analysis followed by GSEA. Shown in C is a volcano plot (FDR-q vs. NES). Highlighted is the NES of Go_Mitochondrial_Matrix and Go_Electron_
Transport_Chain gene sets derived from GSEA (interaction analysis of the combination treatment). Shown in D is the gene set enrichment analysis
(n ¼ 2). (Continued on the following page.)
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with vehicle, ONC206, romidepsin, or the combination for 24 hours
and thereafter, the individual treatments were analyzed by transcrip-
tome and subsequent gene set enrichment analysis (Fig. 1A–D;
Supplementary Fig. S1).While romidepsin-treated GBM cells revealed
a significant enrichment in metabolic pathways that facilitate an
oxidative phenotype, the combination treatment of ONC206 and
romidepsin revealed a substantial suppression of gene sets related to
the mitochondrial matrix and the electron transport chain, respec-
tively (Fig. 1A–D; Supplementary Fig. S1). Following these results, we
assessed whether activation of the ClpP protease would synergize with
two FDA-approved HDAC inhibitors, to reduce cellular viability
(Fig. 1E and F; Supplementary Figs. S2 and S3). We focused on the
established, neurosphere and patient-derived xenograft lines U251,
NCH644, GBM14, GBM12, GBM43, and GBM61, respectively. While
all imipridones, including ONC201, ONC206, and the latest derivative
ONC212, revealed some modest reduction of cellular viability, the
addition of either romidepsin or panobinostat led to a synergistic
growth reduction in established, neurosphere and patient-derived
xenograft cell cultures (Fig. 1E and F; Supplementary Figs. S2 and
S3). The drug combination appeared to be less efficacious in human
astrocytes (Supplementary Figs. S2 and S3). We confirmed that our
applied drug concentrations are biologically active against their rel-
evant target, revealing that both romidepsin and panobinostat exerted
an enhanced acetylation ofH3K27, whereas imipridones did not reveal
such an effect. Importantly, imipridones did not reverse HDAC
inhibitor–mediated hyperacetylation of H3K27 (Supplementary
Fig. S4A). Conversely, we validated that imipridones elicited on-
target activity by analyzing the protein levels of CLPX. As anticipated,
ONC206 potently suppressed the expression levels of CLPX, whereas
HDAC inhibitors did not exert a major impact on its expression levels
(Supplementary Fig. S4B). Although romidepsin is known to mainly
interfere with the function of HDAC1/2, we sought to confirm that
indeed the inhibition of those two enzymes is sufficient to elicit a
synthetic lethal interactionwith activation of theClpPprotease. To this
end, we silenced both HDAC1 as well as HDAC2 in NCH644 cells.
Thereafter, the GBM cells were treated with ONC201, ONC206, and
ONC212 (Fig. 1G and H). As anticipated, we found that silencing of
either HDAC1 or HDAC2 sensitized GBM cells to cytotoxic actions of
imipridones (Fig. 1G and H). In U251 and GBM14 cells, silencing of
HDAC1, HDAC2, or the combination by siRNA led to a slight
reduction in cellular viability as compared to non-targeting transfected
cells (Supplementary Fig. S4C and S4D). In U251 cells, silencing of
either HDAC1, HDAC2, or the combination enhanced the efficacy of
all three imipridones (Supplementary Figs. S4C). In contrast, in
GBM14 cells, while silencing of HDAC1 led to a reduction of viability,
interference withHDAC2 demonstrated no impact on cellular growth,
indicating different dependencies amongst the two cell cultures.
However, dual inhibition of HDAC1 and HDAC2 led to a synergistic
reduction in cellular viability inU251 andGBM14 cells. These findings
further support the notion that interference with HDAC1, HDAC2,
or the combination is sufficient to enhance the efficacy of clinically
validated imipridones.

Due to the inherent concern that pharmacological compounds may
elicit substantial off-target effects, we extended our analysis, utilizing a
constitutively active ClpP mutant (Y118A), which is expected to
resemble the on-target effects of imipridones (17). To this purpose,
U251 andNCH644 cells were transducedwithClpPwild-type orClpP-
Y118A mutant vector. Established stable clones were treated with
romidepsin or panobinstat for 72 hours and cellular viability was
assessed thereafter. We found that especially the selective HDAC
inhibitor, romidepsin, elicited a reduction of viability more potently
in ClpP-Y118A cells as compared to the wild-type ones (Fig. 1I;
Supplementary Fig. S4E). Similar results were seen when panobinostat
was used, albeit not as prominent as with romidepsin. To extend these
observations further, we went on to silence HDAC1, HDAC2, or the
combination of both in ClpPwild-type and ClpP-Y118Amutant U251
cells and cellular viability was determined (Supplementary Fig. S4F).
We found that silencing of bothHDAC1 andHDAC2 led to a stronger
reduction of cellular viability in ClpP-Y118A mutant cells when
compared to the wild-type cells. Notably, the most prominent differ-
ence in the reduction of cellular viability between ClpP mutant and
wild-type cells was observed in the condition with dual silencing of
HDAC1 and HDAC2, consistent with the finding that romidespin (a
dual HDAC1 and HDAC2 inhibitor) exerted a more potent reduction
of cellular viability in ClpP mutant cells (Fig. 1I; Supplementary
Fig. S4E and S4F). Thus, these findings establish a novel synthetic
lethal interaction between constitutively active ClpP and loss of
HDAC1/HDAC2 in GBM model systems, which is translatable
through the availability of two classes of clinically validated drugs.

Activation of the ClpP protease along with inhibition of
HDAC1/2 activates a cell death with apoptotic features that
is partially dependent on caspases

Next, we determined the underlying modality as to how the
combination treatment reduced the cellular viability of GBM cells.
We hypothesized that based on our microscopic inspection of the
GBMcells responding to the drugs this would likely implicate a formof
cell death, that is, apoptosis. To this end, we treated NCH644, GBM14,
GBM12, GBM61, and U251 cells with vehicle, ONC206, HDAC
inhibitor (panobinostat or romidepsin), or the combination of both
followed by annexin V/PI staining with subsequent multi-parametric
flow cytometry (Fig. 2A–D; Supplementary Figs. S5–S7). While
ONC206 did not facilitate apoptosis, the combination treatment of
either panobinostatþONC206 or romidepsinþONC206 led to a
significant induction of cell death that was stronger than the treatment
with either HDAC inhibitor alone (Fig. 2A–D; Supplementary Figs.
S5–S7). Similar findings were obtained with ONC201, but higher
concentrations were necessary, consistent with its lower potency
(Supplementary Fig. S5). In contrast, ONC212 in combination with
HDAC inhibitors appeared to have a higher ability to enhance
apoptosis for themost part (Supplementary Fig. S7). Given the labeling
of the dead cells with annexin, we wondered whether the observed cell
death elicited by the combination treatment is dependent on the
activation of caspases. To this end, NCH644, GBM14, and U251 GBM

(Continued.) E, NCH644 and GBM14 cells were treated with ONC201, ONC206, or ONC212 (1 mmol/L and 10 mmol/L) in the presence or absence of panobinostat
(50 nmol/L and 200 nmol/L) for 72 hours and cellular viability analysis was performed (n¼ 5). F, NCH644 and GBM14 cells were treated with ONC201, ONC206, or
ONC212 (1mmol/L and 10mmol/L) in thepresenceor absence of romidepsin (1 nmol/L and2.5 nmol/L) for 72 hours and cellular viability analysiswasperformed (n¼ 5).
� , The statistical analysiswas performed between imipridones and combination treatment. #, The statistical analysiswas performedbetween Pb/Ro and combination
treatment. �� , P < 0.01; ���/���� , P < 0.001; ##, P < 0.01; ####, P < 0.001. G, Cellular viability of NCH644 cells transduced with shRNA against HDAC1 or HDAC2 in the
presence or absence of ONC201, ONC206, or ONC212 (n¼ 4). � , The statistical analysis was performed between shNT and shHDAC1/2.þ, The statistical analysis was
performedbetween imipridones andDMSO treatment.H,Protein capillary electrophoresis ofNCH644cells transducedwith shRNAagainstHDAC1 orHDAC2.Vinculin
is usedas a loadingcontrol. I,StableClpP-wild-typeorClpP-Y118ANCH644cellswere treatedwith panobinostat/romidepsin for 72hours andcellular viability analysis
was performed (n ¼ 4). Statistical significance was assessed ANOVA with Dunnett multiple comparison test in E–G and by two-tailed Student t test in I.
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Figure 2.

Activation of the ClpP protease along with inhibition of HDAC1/2 activates a cell death with apoptotic features that is partially caspase dependent. A and B,NCH644
and GBM14 cells were treated with 10 mmol/L ONC206 and 0.2 mmol/L panobinostat and were labeled with Annexin/PI dye for flow cytometry analysis. The
quantification of apoptotic cells is shown in B (n¼ 3). C and D, NCH644 and GBM14 cells were treated with 10 mmol/L ONC206 and 2.5 nmol/L romidepsin and were
labeled with Annexin/PI dye for flow cytometry analysis. The quantification of apoptotic cells is shown in D (n ¼ 3). E, NCH644 and GBM14 cells were treated with
ONC206 and panobinostat/romidepsin in the presence or absence of 10 mmol/L z-VAD-FMK for 48 hours and were labeled with Annexin/PI dye for flow cytometry
analysis. Shown is the quantification of apoptotic cells (n¼ 3). F andG,NCH644 andGBM14 cellswere treatedwith 10mmol/LONC206 and0.2mmol/L panobinostat/
2.5 nmol/L romidepsin for 48 hours and cell lysateswere subjected for standardWestern blottingwith the indicated antibodies. FL, full length; CF, cleavage fragment.
The quantification is shown in G (n ¼ 3). Statistical significance was assessed ANOVA with Dunnett multiple comparison test. � , The statistic in G was compared
between imipridones and combination treatment. #, The statistic in G was compared between Pb/Ro and combination treatment. � , P < 0.05; �� , P < 0.01; ��� , P <
0.001; #, P < 0.05; ##, P < 0.01; ###, P < 0.001.
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cells were treated with vehicle, ONC206, HDAC inhibitor, or the
combination of both in the presence or absence of the pan-caspase
inhibitor, zVAD-fmk (Fig. 2E; Supplementary Fig. S8A). Indeed, we
found that zVAD-fmk led to a partial rescue from cell death induction
mediated by either the single treatment with HDAC inhibitors or the
combination treatment. To further corroborate the role of caspases, we
conducted western blotting analysis of GBM cells treated with vehicle,
ONC206, HDAC inhibitors, or the combination of both. We detected
an enhanced cleavage of both initiator caspase-9 and effector capase-3
as well as cleavage of PARP upon treatment with the combination
treatment (Fig. 2F and G; Supplementary Fig. S8B and S8C). These
results suggest that the combination treatment of HDAC inhibitors
and imipridones induces an enhanced cell death with apoptotic
features.

Activation of the ClpP protease along with inhibition of
HDAC1/2 regulates the expression of antiapoptotic
Bcl-2 family members

Apoptotic cell death is regulated at the mitochondrial level by
antiapoptotic familymembers, including Bcl-xL andMcl-1. Therefore,
we analyzed the expression levels of these proteins in the context of
single or the combination treatments. We found that the combination
treatment of imipridones and HDAC inhibitors led to either a reduc-
tion of Mcl-1 protein levels (U251, GBM14, GBM12 cells) or counter-
acted HDAC inhibitor–mediated increase of Mcl-1 (GBM61 and
NCH644 cells; Fig. 3A and B; Supplementary Fig. S9). There was
one exception in the context of the combination treatment of romi-
depsin andONC212, involving the GBM12 cells, which did not show a
marked reduction of Mcl-1, but instead revealed a reduction in Bcl-xL
levels. Concerning Bcl-xL, we found that the combination treatment of
panobinostat and ONC206/ONC212 elicited a reduction of Bcl-xL
protein levels as well. Similar effects were seenwhen romidepsin in lieu
of panobinostat was used. An exception was noted in the GBM14 cells
treated with the combination of imipridone and romidepsin, but
instead Mcl-1 protein levels were reduced. In the NCH644 cell line,
we found that the combination treatment reduced the levels of Bcl-xL
and counteracted HDAC inhibitor–mediated increase of Mcl-1 pro-
tein levels (Fig. 3A and B; Supplementary Fig. S9). These findings
suggest a potential role of bothMcl-1 andBcl-xL in the execution of cell
death elicited by the combination treatment, consisting of imipridones
and HDAC inhibitors.

In addition, we determined the mRNA expression levels of Mcl-1
and Bcl-xL in U251 and GBM14 cells. Overall, these results showed
that the combination treatment led to a reduction of Mcl-1 and Bcl-xL
(Supplementary Figs. S10A and S10B). Next, we determined the
impact of Mcl-1 and Bcl-xL on the reduction of cellular viability
induced by the single and combination treatments by silencing each
target with siRNAs (Supplementary Figs. S10C and S10D). While we
found a slight enhancement of ONC206-mediated reduction of cel-
lular viability by silencing of Mcl-1 in U251 cells, this effect was not
noted in GBM14 cells. Regarding the HDAC inhibitors, we observed a
slight to modest enhancement of reduction of cellular viability due to
siRNA-mediated suppression of Mcl-1 levels. Notably, the efficacy of
the combination treatment of ONC206 and HDAC inhibitors was
significantly further enhanced through silencing of Mcl-1 levels,
suggesting that the combination treatment (imipridones and HDAC
inhibitors) might be more efficacious through the addition of a BH3-
mimetic that targetsMcl-1.We continued our analysis with Bcl-xL and
did not find any further enhancement of ONC206-mediated reduction
of cellular viability when Bcl-xL was silenced under these conditions.
Contrasting these results, the efficacy of HDAC inhibitors was

enhanced following suppression of Bcl-xL. Notably, the loss of viability
elicited by the combination treatment was further increased by
silencing of Bcl-xL, suggesting akin to theMcl-1 silencing experiments
the addition of a BH3-mimetic that targets Bcl-xL (e.g., ABT263) may
be beneficial (Supplementary Fig. S10C and S10D).

To further support a role for the antiapoptotic Bcl-2 family mem-
bers in the death elicited by the combination treatment, we ectopically
over-expressed Bcl-xL and Mcl-1 by using adenoviruses, which was
confirmed by capillary electrophoresis (Fig. 3C andD; Supplementary
Fig. S11). First, we assessed the effect of adenoviral-mediated over-
expression of Bcl-xL and Mcl-1 on the combination treatment of
ONC206þpanobinostat and ONC206þromidepsin in the setting of a
cellular viability assay. Our results indicated that forced expression of
either Bcl-xL or Mcl-1 mitigated the synergistic reduction of cellular
viability elicited by the combination treatment in U251 and GBM14
cells (Supplementary Fig. S11A–S11D). Because Bcl-xL and Mcl-1 are
predominantly regulators of cell death, we extended our studies with
analysis on apoptotic cell death induction, utilizing annexin V/PI
staining followed by multi-parametric flow cytometry (Fig. 3C andD;
Supplementary Fig. S11E–S11G). As anticipated, this analysis provid-
ed a clearer picture related to the impact of Bcl-xL and Mcl-1 on cell
death induction by the combination treatments (Fig. 3C and D;
Supplementary Fig. S11E–S11G). Importantly, cell death induced by
the combination treatment of imipridone and HDAC inhibitors was
substantially rescued by Bcl-xL, suggesting that Bcl-xL is a critical
mediator of response and resistance to the combination treatment.
Mcl-1 overexpression led to a substantial rescue from cell death
induced by the combination as well, albeit not as potently. These data
suggest that both Mcl-1 and Bcl-xL are implicated in the cell death
induced by the combination treatment.

Activation of the ClpP protease along with inhibition of
HDAC1/2 affects GBM energy metabolism

Based on our transcriptome and GSEA analyses we continued our
studies with extracellular flux analysis to functionally validate these
earlier observations. To this end, we used both the U251 and GBM14
cells and treated them with vehicle, romidepsin, ONC206, or combi-
nation of both followed by amitochondrial stress assay on the seahorse
analyzer (Supplementary Fig. S12). The seahorse assay determines the
baselineOCR and theOCR after sequential addition of oligomycin, the
uncoupler FCCP and rotenone/antimycin, which permits the deter-
mination of coupled respiration (ATP production from oxidative
phosphorylation), maximal respiration and non-mitochondrial res-
piration. We found that ONC206 reduced the OCR, whereas in
contrast HDAC inhibitors led to an inverse response with an increase
of the OCR, in keeping with the transcriptome analysis (Supplemen-
tary Fig. S12). Earlierfindings related toHDAC inhibitors by our group
have established that the increase of OCR by HDAC inhibitors
represented a pro-survival response (12). Strikingly, the combination
treatment of imipridones and HDAC inhibitors led to a substantial
reduction of the basal OCR, coupled respiration, and maximal respi-
ration (Supplementary Fig. S12), suggesting that this abrogation of
oxidative metabolism might likely be implicated in the therapeutic
response by the combination treatment. Moreover, we harnessed the
constitutively active ClpP-Y118A mutant in lieu of imipridones and
romidepsin. Akin to imipridone treatment, ClpP-Y118A mutant
reduced both the OCR and coupled respiration as compared to ClpP
wild-type (Fig. 4A) and counteracted the increase of OCR elicited by
HDAC1/2 inhibition, in keeping with the results related to pharma-
cologic ClpP activation. Next, we extended these findings related to
metabolism by utilizing 13C carbon tracing analysis of uniformly
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labeled glucose because glucose is known to represent one of the
major fuel sources of glioblastoma and other cells (Fig. 4B–D).
Glucose reacts to pyruvate in glycolysis and in turn is converted to
oxaloacetate in the pyruvate carboxylase reaction (biotin dependent
CO2 binding reaction) or oxidized through the multi-enzyme
complex pyruvate dehydrogenase (PDH; oxidative decarboxylation
dependent on thiamine pyrophosphate; Fig. 4B). We hypothesized

that following exposure to the combination treatment less glucose
carbons would label TCA cycle intermediates based on our findings
on the seahorse analyzer. Consistently, we found that both single
exposure to imipridones and the combination treatment of
ONC206 and romidepsin suppressed labeling of the TCA-cycle
metabolites by glucose carbons except for citric acid (Fig. 4B–D).
All in all, these findings suggest that the combination treatment not

Figure 3.

Activation of the ClpP protease alongwith inhibition of HDAC1/2 regulates the expression of antiapoptotic Bcl-2 familymembers.A andB, StandardWestern blots of
the antiapoptotic Bcl-2 family members (Mcl-1, Bcl-xL) in U251, GBM14, GBM12, and NCH644 cells treated with 10 mmol/L ONC206/ONC12 and 0.2 mmol/L
panobinostat/2.5 nmol/L romidepsin for 24 hours.C,NCH644 andGBM14 cellswere transducedwith empty vector (EV) or Mcl1 adenovirus for 24 hours, treatedwith
10 mmol/L ONC206 and 0.2 mmol/L panobinostat/2.5 nmol/L romidepsin for 48 hours, and were labeled with Annexin/PI dye for flow cytometry analysis. Shown is
the quantification of apoptotic cells (n ¼ 3). D, NCH644 and GBM14 cells were transduced with empty vector (EV) or Bcl-xL adenovirus for 24 hours, treated with
10mmol/LONC206and0.2mmol/L panobinostat/2.5 nmol/L romidepsin for 48hours, andwere labeledwithAnnexin/PI dye forflowcytometry analysis. Shown is the
quantification of apoptotic cells (n ¼ 3). Statistical significance was assessed by two-tailed Student t test. ���� , P < 0.001.
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Figure 4.

Activation of theClpPprotease alongwith inhibition of HDAC1/2 affects GBMenergymetabolism.A, Stable ClpP-wild type or ClpP-Y118AU251 cellswere treatedwith
2.5 nmol/L romidepsin for 72 hours and analyzed for OCR by amito stress assay on a Seahorse XFe24 device. F, FCCP; OM, oligomycin; R/A, rotenone/antimycin. The
graph (right) shows theOCR and coupled respiration level (n¼ 4–5).B, The graphic presents one turn of the TCA cycle. Glucose ismetabolized to pyruvic acid (mþ3;
three carbons labeled).Whenglucose is oxidized in the TCAcycle, citric acid (mþ2) is produced (two carbons are labeled).Whenglucose is used for anaplerosis, citric
acid (mþ3) is produced (three carbons are labeled). C and D, GBM14 cells were incubated in DMEM (devoid of phenol red, pyruvate and glutamine) supplemented
with 25 mmol/L U-13C-glucose, 4 mmol/L glutamine, and 1.5% dialyzed FBS in the presence of 10 mmol/L ONC206, 2.5 nmol/L romidepsin or the combination for
24 hours. Shown are the total metabolites in the TCA cycle in C and the fractions of isotopologs in D (n¼ 3). E, Real-time PCR analysis of GBM14, U251, and NCH644
cells treatedwith 10 mmol/L ONC206, 2.5 nmol/L romidepsin/0.2 mmol/L panobinostat, or the combination for 24 hours. 18S is used as an internal control. Shown are
means and SD (n¼ 4). F,CHIP-qPCRwith anti-H3K27ac antibody of two different promoter regions (PGC1a and PPARD) in GBM14 treatedwith ONC206, 0.2 mmol/L
panobinostat/2.5 nmol/L romidepsin, or the combination for 24 hours (n¼ 3). Statistical significance was assessed ANOVA with Dunnett multiple comparison test.
�� , P < 0.01; ���/���� , P < 0.001. þ, The statistic in D and E was compared between Pb/Ro and combination treatment.
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Figure 5.

The combination treatment of imipridones along with HDAC inhibitors is highly dependent on mitochondrial ClpP. A, GBM14 cells were transduced with three
different shRNA against CLPP, were treatedwith 10 mmol/L ONC206 and 0.2 mmol/L panobinostat/2.5 nmol/L romidepsin for 72 hours, and cellular viability analysis
was performed (n¼ 4).B, StandardWestern blots of GBM14 transducedwith three different shRNA against ClpP. Actin is used as a loading control. C, Stable shCLPP
GBM14 cells were transduced with empty vector (EV) or an adenovirus carrying CLPP cDNA for 24 hours (CLPP-OE), were treated with 10 mmol/L ONC206 and
0.2 mmol/L panobinostat/2.5 nmol/L romidepsin for 72 hours, and cellular viability analysis was performed (n ¼ 4). Statistical significance was assessed ANOVA
with Dunnett multiple comparison test in A and C. � , The statistical analysis was performed between shNT and shClpP. þ, The statistical analysis was performed
between empty vector (EV) and ClpP-OE. (Continued on the following page.)
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only impairs general oxidative metabolism, but more specifically it
interferes with glucose oxidation.

Given the impact on oxidative metabolism by the various treat-
ments, we followed up with protein expression analysis of the different
complexes that make up the respiratory chain in mitochondria (Sup-
plementary Figs. S13A and S13B). We found that predominantly
imipridones suppressed the expression of respiratory complexes,
whereas for the most part HDAC inhibitors led to an increase. The
combination treatment mediated a substantial suppression of most
components of the respiratory chain, in keeping with the results
obtained from the seahorse analyzer and the glucose 13C tracing
experiments (Fig. 4B–D). Next, we assessed several key genes that
encode for pivotal factors, involved in oxidative energy metabolism,
including enzymes, and transcription factors that are known to drive
OXPHOS-dependent energy metabolism (Fig. 4E). We found that
HDAC inhibitors increased the mRNA levels of SDHA and SDHB,
which are part of complex II of the respiratory chain. In addition, we
noted an increase of IDH3A as well as ACADSB and ACADVL
(Fig. 4E). Importantly, two transcription factors, PGC1A and PPARD
that are known to facilitate oxidative energy metabolism were
increased as well. In some instances, HDAC inhibitor–mediated
increase of these mRNAs was counteracted by imipridones, in keeping
with our transcriptome and gene set enrichment analysis and the
measurements on the seahorse analyzer. Next, we investigated the
mechanism by which HDAC inhibitors facilitate up-regulation of
oxidative metabolism. We hypothesized that HDAC inhibitors would
facilitate the presence of active histonemarks in the promoter region of
these genes. Following treatment with vehicle, imipridones, HDAC
inhibitors, or the combination of both, we performed chromatin
immunoprecipitation with an antibody againstH3K27ac and analyzed
the promoter regions of PGC1A, PPARD, and ACADSB by real-time
PCR analysis. As anticipated, we found that HDAC inhibitors
increased the presence of H3K27ac at the promoter regions of these
genes in both U251 and GBM14 cells (Fig. 4F; Supplementary
Fig. S13C and S13D). It is noteworthy that the combination treatment
counteracted this increase only in some, but not all promoter regions,
suggesting that the combination treatment reversed HDAC inhibitor–
mediated activation of oxidative metabolism at least in part indepen-
dent of the epigenome and transcriptome.

The combination treatment of imipridones along with HDAC
inhibitors is highly dependent on the mitochondrial ClpP
protease

Next, we sought to establish further mechanisms through which the
combination treatment elicited killing of GBM cells and regulated
energy metabolism. To this end, we hypothesized that the ClpP
protease is likely involved in this process. We silenced the expression
of the ClpP protease by both siRNA and shRNAs in GBM cells
followed by treatment with ONC206 and ONC212 (Fig. 5A and B;
Supplementary Fig. S14). We found that silencing of ClpP attenuated

the reduction in viability caused by imipridones, in keeping with the
notion that the ClpP protease represents the primary target of both
ONC206 and ONC212 (Supplementary Fig. S14A–S14C). Next, we
extended these findings to the combination treatments (Supplemen-
tary Fig. S14D). To this end, both U251 and GBM14 cells were treated
with imipridones (ONC201, ONC206, or ONC212), HDAC inhibitors
(panobinostat or romidepsin), or the respective combination treat-
ment and analyzed for cellular viability. As anticipated, we noted a
rescue from imipridone-mediated reduction in cellular viability
(Fig. 5A and B; Supplementary Fig. S14D). To ensure specificity of
these findings, we performed a cDNA rescue experiment, utilizing an
adenoviral vector encoding murine ClpP (Fig. 5C and D). We found
that adenoviral-mediated over-expression of ClpP cDNA reversed
the ClpP shRNA-driven rescue from the reduction of cellular viabi-
lity by the combination treatment (Fig. 5C and D). Next, we assessed
whether silencing of ClpP would also rescue from the cell death
induced by the combination treatment. To this purpose, ClpP and
non-targeting siRNA-transfected U251 cells were treated with vehicle,
ONC206, HDAC inhibitors, or the respective combinations followed
by annexinV/PI staining analyzed bymulti-parametric flow cytometry
(Supplementary Figs. S15A–S15C). Our results showed that silencing
of ClpP by siRNA rescued from cell death induced by the combination
treatment, albeit this effect was less pronounced as compared to the
measurements obtained in the cell viability assay, suggesting that the
activity of the ClpP protease may be more important for the inhibition
of proliferation mediated by the combination treatment than for cell
death induction. In alignment with these findings, we found that
silencing of ClpP protected from imipridone-mediated suppression of
CLPX protein levels (Supplementary Fig. S15D). Next, we assessed the
impact of the ClpP (D190A) mutant on the reduction of cellular
viability imposed by single treatment with ONC206 or the combina-
tion treatment of imipridone and HDAC inhibitors. We found that
ClpP-D190A rescued the reduction of viability induced by ONC206 as
well as the combination treatment of ONC206 and HDAC inhibitors
in U251, GBM14, and NCH644 GBM cells (Fig. 5E and F), lending
significant specificity to our findings and suggesting broad applica-
bility. Similarly, CLPX protein levels were maintained in the presence
of mutant ClpP-D190A following treatment with ONC206 (Fig. 5G;
Supplementary Fig. S15E).

Next, we transfected U251 and GBM14 cells with non-targeting or
ClpP siRNA and treated them with vehicle, ONC206, HDAC inhibi-
tors, or the respective combination treatments. Thereafter, we per-
formed extracellular flux analysis in the context of a mitochondrial
stress assay (Fig. 5H and I; Supplementary Fig. S16A and S16B). We
found that imipridone-mediated reduction in OCR and coupled
respiration (ATP production) was rescued by silencing of the ClpP
protease. To further extend the specificity of these findings, we utilized
a ClpP-D190A mutant. U251 GBM cells were transduced with lenti-
viral particles encoding for ClpP wild-type or ClpP-D190A mutant
(Fig. 5J and K; Supplementary Fig. S16C–S16F). Following selection,

(Continued.)D,StandardWestern blots of stable shCLPPGBM14 cellswere transducedwith empty vector (EV) or adenovirus (CLPP-OE) for 24hours.E,U251, GBM14,
and NCH644 cells were transduced with empty vector (EV), ClpP wild-type, or ClpP D190A lentiviral particles and were treated with 10 mmol/L ONC206, 0.2 mmol/L
panobinostat/2.5 nmol/L romidepsin, or the combination for 72 hours and cellular viability analysis was performed (n¼ 4). F, StandardWestern blot of U251, GBM14,
and NCH644 cells transduced with empty vector (EV), ClpP wild-type, or ClpP D190A lentiviral particles. G, Standard Western blot of GBM14 cells transduced with
ClpP wild-type or ClpP D190A lentiviral particles and were treated with 10 mmol/L ONC206, 0.2 mmol/L panobinostat/2.5 nmol/L romidepsin, or the combination for
24 hours. H and I, GBM14 cells were transfected with siRNA against CLPP; treated with 10 mmol/L ONC206, 2.5 nmol/L romidepsin, or the combination of both for
24 hours; and analyzed for OCR by amito stress assay on a Seahorse XFe24 device. F, FCCP; OM, oligomycin; R/A, rotenone/antimycin. The graph in I shows theOCR
and coupled respiration level (n ¼ 4–5). J and K, Stably transduced cells expressing CIpP wild-type or ClpP D190A treated with 10 mmol/L ONC206, 2.5 nmol/L
romidepsin, or the combination of both for 24 hours were analyzed for OCR by mito stress assay on a Seahorse XFe24 device. The graph in K show the OCR and
coupled respiration level (n ¼ 5). Statistical significance was assessed by two-tailed Student t test in E, I, and K. � , P < 0.05; ���/���� , P < 0.001.
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these cells were subjected to treatments with ONC206, HDAC inhi-
bitors (romidepsin or panobinostat), and the respective combinations
followed by extracellular flux analysis. We found that ClpP-D190A
mutant rescued from ONC206 or ONC206þHDAC inhibitor–
mediated reduction in OCR as well as coupled respiration (ATP
production;Fig. 5J andK; Supplementary Fig. S16C–S16F).Moreover,
ClpP-D190A reversed imipridone and combination treatment-
mediated suppression of respiratory complexes (Supplementary
Fig. S16G). Consistently, our tracing analysis revealed that less glucose
carbons are utilized for the synthesis of both AMP and ATP following
treatment with imipridones or the combination treatments (Supple-
mentary Fig. S17A). Considering our transcriptomic and metabolic
observation there appears a reasonable likelihood that parts of the
reduction of the combination treatment is dependent on ATP since
aside from glycolysis, oxidative phosphorylation, and the TCA-cycle
are the main drivers of ATP production. To test this idea further, we
treated U251 and GBM14 cells with vehicle, ONC206, HDAC inhi-
bitors, or combination treatments ofONC206 andHDAC inhibitors in
the presence or absence of ATP.We found that ATP partially reversed
the reduction in cellular viability driven by the combination treatment,
suggesting that energy deprivation related to stalling of oxidative
metabolism with subsequent reduction of ATP is a driver of the
efficacy of the combination treatment (Supplementary Fig. S17B).
Furthermore, we determined how the ClpP-D190A mutation affects
the Bcl-2 family of proteins following treatment with imipridones,
HDAC inhibitors, and the combination of both (Supplementary
Fig. S17C). We found that ClpP-D190A mutation rescued from
ONC206 or ONC206þHDAC inhibitor–mediated reduction of
Mcl-1 protein levels (Supplementary Fig. S17C).

Combined treatment with imipridones and HDAC inhibitors
elicits enhanced antiglioma activity in PDX models

We followed up with in vivo studies related to the various treat-
ments. To this end, we utilized patient-derived xenograft models and
initiated our studies with two well-characterized PDX GBM models
(GBM12 and GBM43) to study the growth of subcutaneous tumors
following treatment with vehicle, ONC206, romidepsin, and the com-
bination treatment followed by toxicity analysis (Fig. 6A–D). Follow-
ing establishment of tumors, the animals received treatment with the
indicated compounds and regular sizemeasurements were performed.
While ONC206 had fairly little impact on the growth of the GBM12
and GBM43 xenografts, we noted a substantial tumor size reduction
after treatment with the selective HDAC1/2 inhibitor, romidepsin
(Fig. 6A–D). Notably, the combination treatment reduced the tumor
size further as compared to both single treatments, in keeping with our
observations in the in vitro setting. It is noteworthy that this effect was
not accompanied by organ toxicity (Supplementary Fig. S18A). Next,
we investigated how the different treatments affected the histology of
the tumors (Fig. 6E–G). Standard H&E morphology demonstrated a
potent reduction in cellularity following exposure to the combination
treatment, which was more significant than following treatment with
romidepsin alone. To account for cell death induction, we followed up
with TUNEL staining and found that there was significant DNA
fragmentation in the tumors exposed to the combination treatment
(highermagnification of the same image is shown in the supplement to
emphasize the nuclear staining; Fig. 6F; Supplementary Fig. S18C). To
account for cellular proliferation, the slides from the different groups
were labeled with an antibody against Ki-67 (Fig. 6G). We found that
romidepsin reduced the number of positive nuclei, which was further
reduced by the combination treatment. Thus, the combination treat-
ment exerted its effects in part through suppression of proliferation

and induction of cell death, in keeping with the findings observed
in vitro.

Next, we assessed the efficacy of the drug combination of imipri-
dones andHDAC inhibitors in an orthotopic GBM12 PDXmodel.We
utilized panobinostat since this compound has been shown to pen-
etrate the blood–brain barrier and appeared to be efficacious in a
model system of midline glioma, harboring the H3K27M muta-
tion (25). ONC212 was employed in the orthotopic model because
previous research revealed that ONC212 exerted some single-agent
efficacy in PDX GBMmodel systems (16). While the single treatment
exerted no survival benefit, we found that the combination treatment
of ONC212 and panobinostat led to a significant extension of animal
survival (Fig. 6H–J). In addition, we used the GL261 murine model
since it has an active immune system to closely mirror the brain
microenvironment. Following injection of GL261 cells and establish-
ment of tumors, four treatment groups were formed, consisting of
vehicle, ONC212, panobinostat, and the corresponding combination
treatment (Fig. 6K–M). While single treatment did not increase the
survival of host animals, we found that the combination treatment
significantly extended overall survival compared to the vehicle-treated
animals (Fig. 6K–M) and no organ toxicity was observed on the basis
of the histologic analysis (Supplementary Fig. S18B).

Discussion
Recent evidence from the literature highlights that GBMs display

critical metabolic dependencies, including carbohydrate, amino acid,
and fatty acid metabolism (4, 26–29). In agreement with the tran-
scriptional and proteomic heterogeneity of these recalcitrant tumors, it
recently became apparent that these tumors have a central core that
relies mostly on glycolysis, which is surrounded by a periphery that
appears to be dependent on oxidative metabolism, for example, beta-
oxidation of fatty acids (30). These observations imply that targeting
different metabolic regions within glial tumors may be a viable
therapeutic approach. While these metabolic changes mentioned
above are associated with a particular location in a tumor, drug-
inducedmetabolic reprogramming adds another layer of complexity to
this scenario. In this vein, several recent reports suggest that there may
be substantial therapeutic benefits to interfere with drug-induced
metabolic reprogramming. For instance, melanomas harboring the
BRAF V600E mutation that were treated with vemurafenib developed
reliance on oxidative energy metabolism. In turn, inhibitors of oxi-
dative phosphorylation acted synergistically with BRAF inhibitors to
reduce the viability of melanoma cells and xenografts (31). While it
seems that a significant number of tumors respond to treatment with
transitioning their metabolism to become strongly dependent on
oxidative phosphorylation, there are pertinent examples in the liter-
ature that render cancer cellsmore reliant on glycolysis and the pentose
phosphate pathway. For instance, such findings were observed in
preclinical models of pancreatic carcinoma that were exposed to the
FDA-approved drug gemcitabine (32). These earlier observations in
other tumor entities suggest that targeting drug-induced metabolic
reprogramming may become a rising strategy for the treatment of
hematological and solid malignancies. However, this concept has not
been explored in depth in brain tumors, especially in GBM. Therefore,
additional studies are necessary to clarify whether drug-induced
reprogrammed metabolism is a worthwhile target in GBM.

In this report, we made the discovery that in glioblastoma model
systems specific activation of the ClpP protease (Y118A) is synthet-
ically lethal with either HDAC1 or HDAC2 inhibition by inducing
intrinsic apoptosis relying on both anti-apoptotic Bcl-xL and Mcl-1.
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Figure 6.

Combined treatment with imipridones and HDAC inhibitors elicits enhanced antiglioma activity in PDX models. A–D, GBM12 and GBM43 cells were implanted
into the subcutis of immunocompromised Nu/Nu mice and were treated with vehicle, ONC206 (50 mg/kg), romidepsin (0.5 mg/kg), or combination treatment
of both three times per week after tumors were established. The tumor volumes over time are shown in A and C and the tumor volumes on the last day of the
experiment are shown in B and D. E–G, Tumors from the experiment in A were fixed and stained with H&E, TUNEL, or Ki-67. H–J, Survival analysis of
immunocompromised Nu/Nu mice implanted with GBM12-luc 15 � 104 cells and administered with vehicle, ONC212 (50 mg/kg), panobinostat (5 mg/kg), or
combination treatment of both two times per week after 8 days post intracranial. The log-rank test was used to assess statistical significance (vehicle n ¼ 12,
ONC212 n ¼ 8, Pb n ¼ 10, and combination n ¼ 14). The representative IVIS image from each group after 22 days of implantation was shown in J. K–M, Survival
analysis of C57BL/6NTac mice implanted with GL261-luc 10�104 cells and administered with vehicle, ONC212 (50 mg/kg), panobinostat (5 mg/kg), or
combination treatment of both two times per week for panobinostat and one time per week for ONC212 after 8 days post intracranial. The log-rank test was
used to assess statistical significance (vehicle n ¼ 11, ONC212 n ¼ 9, Pb n ¼ 9, and combination n ¼ 11). The representative IVIS image from each group after
17 days of implantation is shown in M. Scale bar, 50 mm. Statistical significance was assessed ANOVA with Dunnett multiple comparison test.
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These findings are timely and suggest that FDA-approved drugs, that
is, panobinostat, may be effectively combined with clinically validated
imipridones, such as ONC201 or the more recently developed com-
pounds, ONC206 and ONC212. We confirmed this notion by testing
these drug combinations in a range of different highly biologically
relevant models of human GBMs, including PDX models in vitro and
most relevantly in vivo. Although our experiments confirm on-target
efficacy (HDAC1/2 and CLPP) we cannot completely exclude that
there are off-target effects elicited by the combination treatment. Since
we observed an extension of overall survival by the combination
treatment in two orthotopic mouse models, it is conceivable that
temozolomide and/or radiation will likely further enhance the efficacy
of this treatment regimen, encouraging the launch of potential phase I
clinical trials. Transcriptome and metabolite tracing analysis pin-
pointed that this combination treatment exerts its effect in part
through blocking oxidative energy metabolism in a manner highly
dependent on the ClpP protease since a ClpP-D190A mutant abro-
gated the killing effects and the metabolic effects of the combination
treatment. This finding is relevant since not long ago there was some
controversy about the direct target of imipridones. Initially, these
compounds were identified as potent inducers of the death ligand
TRAIL (13, 14, 16, 33), but shortly thereafter it became clear that
imipridones (i.e., ONC201) appeared to exert their anti-tumor effects
through other means as well, such as inhibition of proliferation or
modulation of intrinsic apoptosis (i.e., Mcl-1 suppression; ref. 34). In
this context, it was shown that these compounds induce the integrated
stress response with a prominent increase in ATF4. In addition,
dopamine receptors were identified as targets for imipridones (35).
Consistently, high levels of dopamine receptors (DRD2) conferred
increased susceptibility of cancer cells to the cytotoxic effects of
imipridones (35). Our research has shown that MYC expression levels
may be predictive of a potentially more pronounced response to
imipridones (16). We and others were also able to link imipridones
tomitochondrial energymetabolism sinceONC201 andmore potently
ONC206 and ONC212 interfered with OCR, mitochondrial respira-
tion, and coupled respiration (16). Imipridones also modulated gly-
colysis in a cell type and context-dependent manner (16). Given their
primary impact on oxidative metabolism it was not surprising that
blockage of glycolysis by 2-DG enhanced the potency of ONC201 in
several model systems of humanGBMs (36). Along with the inhibition
of tumor energy metabolism there was an activation of the serine-
glycine synthesis pathway with induction of PHGDH, PSAT1, and
PSPH, which was partially orchestrated by imipridone-mediated
increase of ATF4 (16, 36). More recently, two groups identified ClpP
as a novel target for imipridones and linked the ClpP protease with
tumor respiration and oxidative phosphorylation (15, 17–19). How-
ever, these studies were limited and did not involve a larger group of
different cell lines, that is, there were no prior studies on GBMPDX or
neurosphere models that would inform about the importance of ClpP
as the actual target of imipridones in those sets of models. Moreover,
since single treatments are most likely to fall behind expectations, it
is highly critical to determine the role of ClpP in drug combina-
tions, involving standard and novel engineered/chemically modified
imipridones. In this context, the present study significantly extends
prior knowledge since it demonstrates for the very first time that
imipridone-containing drug combinations require a functional mito-
chondrial ClpP protease protein. We confirmed this critical notion
through a two-prong strategy, involving silencing experiments and
more importantly a point mutation in ClpP, which has been shown to
arise in contexts of imipridone-induced secondary resistance (evolving
from prior treatments; ref. 17). These findings are unfortunate to some

extend since it might suggest that the present combination treatment
of imipridone and HDAC inhibitors may not overcome secondary
imipridone resistance mediated by certain ClpP point mutations.
However, it is still possible that the present combination will be
effective to overcome other forms of imipridone-mediated resistance.
Another critical aspect is whether the combination treatment of
imipridones and HDAC inhibitors would prevent the occurrence of
a secondary ClpP-D190A mutation, which may be part of future
investigations. Our finding that imipridones and HDAC inhibitors
appear to exert their anti-glioma effects to a significant degree through
blockage of oxidative energy metabolism is novel and it seems likely
that the metabolic stress induced by the combination treatment is up-
stream of intrinsic apoptosis. Mechanistically, HDAC inhibitors and
imipridones exert opposite effects on oxidative metabolism, whereby
HDAC inhibitors drive and imipridones block tumor cell respiration.
While HDAC inhibitors transcriptionally up-regulate enzymes and
transcription factors that facilitate oxidative metabolism, imipridones
suppress the expression of respiratory complexes in a manner largely
dependent on the ClpP protease.

In summary, we have unraveled a novel synthetic lethal interaction,
involving HDAC1 and HDAC2 and the mitochondrial ClpP protease,
which exerts its effects in part through suppression of tumor cell
metabolism. Therefore, HDAC inhibitorsmay be effectively combined
with imipridones in GBM.
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