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Abstract: There is a demonstrated need for new chemotherapy options in pediatric oncology, as pediatric solid tu-
mors continue to plateau at 60% with event-free survival. Imipridones, a novel class of small molecules, represent
a potential new therapeutic option, with promising pre-clinical data and emerging clinical trial data in adult malig-
nancies. ONC201, ONC206, and ONC212 are imipridones showing pro-apoptotic anti-cancer response. Using cell
viability assays, and protein immunoblotting, we were able to demonstrate single-agent efficacy of all 3 imipridones
inducing cell death in pediatric solid tumor cell lines, including osteosarcoma, malignant peripheral nerve sheath
tumors, Ewing sarcoma (EWS), and neuroblastoma. ONC201 displayed IC50 values for non-H3K27M-mutated EWS
cell lines ranging from 0.86 pyM (SK-N-MC) to 2.76 uyM (RD-ES), which were comparable to the range of IC50 val-
ues for H3K27M-mutated DIPG cells lines (range 1.06 to 1.56 uM). ONC212 demonstrated the highest potency in
single-agent cell killing, followed by ONC206, and ONC201. Additionally, pediatric solid tumor cells were treated with
single-agent therapy with histone deacetylase inhibitors (HDACI) vorinostat, entinostat, and panobinostat, showing
cell killing with all 3 HDACi drugs, with panobinostat showing the greatest potency. We demonstrate that dual-agent
therapy with combinations of imipridones and HDACi lead to synergistic cell killing and apoptosis in all pediatric
solid tumor cell lines tested, with ONC212 and panobinostat combinations demonstrating maximal potency. The
imipridones induced the integrated stress response with ATF4 and TRAIL receptor upregulation, as well as reduced
expression of ClpX. Hyperacetylation of H3K27 was associated with synergistic killing of tumor cells following expo-
sure to imipridone plus HDAC inhibitor therapies. Our results introduce a novel class of small molecules to treat pe-
diatric solid tumors in a precision medicine framework. Use of impridones in pediatric oncology is novel and shows
promising pre-clinical efficacy in pediatric solid tumors, including in combination with HDAC inhibitors.
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Introduction gressive disease, or upfront metastasis, pediat-

ric patients with sarcomas continue to have
Pediatric chemotherapy treatment for sarco- poor outcomes. After relapse or progression,
mas has remained stagnant for the past two which occurs in approximately 30-40% of pa-

decades [1, 2]. In the setting of relapse, pro- tients, patients face a 5-year progression-free
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Figure 1. ONC201 and downstream effects leading
to cell death.

survival of less than 10% [3-5]. Even more dis-
appointingly, certain pediatric sarcomas, such
as malignant peripheral nerve sheath tumors
(MPNST), currently have no effective upfront
chemotherapeutic options [6, 7]. Other pediat-
ric solid tumors, such as neuroblastoma, has
had a dramatic increase in survival, leading to
current rates of around 60% event-free survi-
val in metastatic, high-risk neuroblastoma, but
with a plateau of efficacy in patients who are
relapsed or refractory.

The need for new chemotherapy options is
clear. Imipridones, a novel class of small mole-
cules, represent a potential new therapeutic
option in the management of pediatric solid
tumor patients. Imipridones have been report-
ed to antagonize the dopamine receptor D2
(DRD2) and D3 (DRD3), G protein-coupled
receptors that are overexpressed in several
malignancies. One such imipridone, ONC201/
TIC10, is a novel agent that activates a po-
tent innate immune pro-apoptotic anti-cancer
response through the integrated stress res-
ponse [8-10]. ONC201 (Figure 1) has been
found to inactivate cell proliferation kinases
Akt and ERK and to induce cell death through
the pro-apoptotic tumor necrosis factor-relat-
ed apoptosis-inducing ligand (TRAIL) [11-15].
Current pre-clinical and clinical trials have
shown efficacy of ONC201 in adult or pediatric
brain tumors with methionine mutations in his-
tone H3 on lysine 27 (H3K27M-mutations) [16,
17]. ONC201 has potential for further develop-
ment in pediatric solid tumors including in com-
bination with epigenetic modulators [18].
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It is becoming increasingly clear that the epi-
genetic landscape of pediatric solid tumors
plays a role in tumorigenesis on a cellular basis.
Fusion-positive pediatric sarcomas, such as
Ewing sarcoma (EWS) and alveolar rhabdomyo-
sarcoma, have aberrant activation of epigene-
tic pathways, including H3K27 [19-22]. Other
pediatric sarcomas, such as MPNST, are found
to have epigenetic modifications at H3K27,
such as loss of trimethylation [23, 24]. This
presents an opportunity for a novel precision
medicine approach in pediatric sarcomas. In
neuroblastoma, histone deacetylases (HDACs)
play a role in in controlling MYCN function,
which is amplified in more aggressive neuro-
blastoma; MYCN is also suspected to be an
epigenetic modulator of histone hyperacety-
lation, leading to a more adrenergic cellular
profile in high-risk chemotherapy-resistant
neuroblastoma.

Mechanistically, cellular proliferation is inacti-
vated by ONC201 through inhibition of Akt and
ERK, and cell death is induced through the
TRAIL pathway [8-10]. Prior in vitro studies of
pediatric sarcomas, such as EWS, have pro-
duced promising results with ERK pathway inhi-
bition, leading to apoptosis and inhibition of
metastasis [25].

Thus, with all the complex interplay of epi-
genetics and cellular proliferation processes,
we proposed to target pediatric solid tumors
with a novel chemotherapeutic class, imipri-
dones, and to investigate the synergy of an
epigenetic modifying agent, HDAC inhibitors,
in combination with imipridones. We proposed
utilizing cell survival analyses, protein quantifi-
cation, and flow cytometry to investigate mark-
ers of cell death. This is a unique approach of
combining novel therapies for a patient popula-
tion that continues to search for effective meth-
ods of combating difficult-to-treat disease.

Materials and methods
Cell culture and reagents

All cell lines were purchased from the American
Type Culture Collection (ATCC). Cells were cul-
tured in Eagle’s Minimum Essential Medium
supplemented with 10% fetal bovine serum
(FBS), in RPMI-1640 medium supplemented
15% FBS, and in Dulbecco’s Minimum Essen-
tial Medium supplemented with 10% fetal

Am J Cancer Res 2023;13(12):6241-6255



Imipridone and HDAC inhibitor combinations in pediatric solid tumors

Table 1. IC50 of tumor cell lines with ONC201 treatment (uM)

Cell Line H3K27 mutation status IC50 (uM)
SH-SY5Y (MYCN non-amplified neuroblastoma) H3K27 with epigenetic changes leading to hyperacetylation 1.00
SU-DIPG-25 (brain tumor) H3.3K27M (mutant) [26] 1.06
SU-DIPG-27 (brain tumor) H3.3K27M (mutant) [26] 1.17
SU-DIPG-29 (brain tumor) H3.3K27M (mutant) [26] 1.56
SK-N-MC (EWS) H3K27 with epigenetic changes leading to hyperacetylation 0.86
sNF96.2 (MPNST) H3K27me3 loss [27-29] 2.56
RD-ES (EWS) H3K27 with epigenetic changes leading to hyperacetylation 2.76
U-2 OS (osteosarcoma) H3K27me3 (wild-type, low expression) [30] 4.08
Saos-2 (osteosarcoma) H3K27me3 (wild-type) [31] 5.71
SK-N-BE(2) (MYCN amplified neuroblastoma) H3K27 with epigenetic changes leading to hyperacetylation 7.08

Half-maximal inhibitory concentration (IC50) of ONC201 when applied to pediatric solid tumor cell lines. With the addition of ONC201 IC50
results of our previously published work (Borsuk et al.) [27], there is a trend of increased sensitivity to ONC201 in cell lines with H3K27M muta-
tions and in cell lines that have epigenetic changes leading to hyperacetylation at H3K27.

bovine serum (FBS). ONC201, ONC206, and
ONC212 were obtained from Oncoceutics/
Chimerix (Philadelphia, PA, USA). Panobinostat
was purchased from MedKoo Biosciences Inc.
(Morrisville, NC, USA). Entinostat and vorinos-
tat were purchased from Selleck chemicals
(Houston, TX, USA). All cell lines were incubated
at 37°C in humidified atmosphere containing
5% CO,,.

Cell viability assay and synergy assessment

Cells were plated at a density of 3 x 10° cells
per well of a 96-well plate. Cell viability was
assessed using the CellTiter Glo assay (CTG,
Promega, Madison, WI) and incubated at 37°C
with 5% CO,. Cells were subsequently treated
with designated chemotherapeutic(s) at indi-
cated concentrations. Cells were mixed with 25
ul of CellTiter-Glo reagents in 100 ul of culture
volume, and bioluminescence imaging was
measured using the Xenogen IVIS imager.
Normalization of luminescence signals to con-
trol wells was used to determine percent of cell
viability. Results are reported as % viability +
standard deviation. Dose response curves
were generated, and the half maximal inhibito-
ry concentration (IC50) was calculated using
GraphPad Prism version 6 (San Diego, CA,
USA). Compusyn software (ComboSyn, Inc.)
was used to calculate combination indices (ClI).

Western blots and antibodies

A total of 6 x 10° cells was seeded in media
in a 6-well plate and incubated overnight at
37°C with 5% CO,. Cells were subsequently
treated with either vehicle or designated che-
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motherapeutic(s) at designated concentrations
and returned to incubation.

After 72 hours, adherent cells were mechani-
cally detached and washed with phosphate-
buffered saline (PBS). Proteins were extracted
from cells with RIPA buffer (Sigma-Aldrich, St.
Louis, MO, USA). Protein concentration in ex-
traction samples was determined using BCA
protein Assay Kit (Thermo Fisher Scientific,
Carlsbad, CA, USA). An equal amount of protein
lysate was electrophoresed NUPAGE 4-12% Bis-
Tris gel (Thermo Fisher Scientific) and trans-
ferred to polyvinylidene difluoride membrane
(PVDF) membranes. The PVDF membrane was
blocked with 5% non-fat milk (Sigma) in 1x PBS.
Membranes were blocked with Tris-buffered
saline with Tween 20 (TBST) with 5% w/v
instant nonfat dry milk and incubated with
primary antibody overnight at 4°C. Immuno-
blotting for proteins was performed using the
following antibodies: Cell Signaling Technology
Phospho-p44/42 MAPK (Erk1/2) (Thr202/
Tyr204) (D13.14.4E) XP® Rabbit mAb #4370,
Cell Signaling Technology p44/42 MAPK
(Erk1/2) Antibody #9102, BD Biosciences Ran
Antibody #610341, Cell Signaling Technology
Caspase-8 Antibody #9746, Cell Signaling
Technology cleaved PARP Antibody #9546,
Santa Cruz Actin Antibody #sc8432, Cell
Signaling Technology Acetyl Histone 3 #9649S,
Cell Signaling Technology Phospho-PKA sub-
strate Antibody #9521S, Cell Signaling
Technology ATF4 Antibody #11815S, Abcam
CLPX Antibody #Ab168338, Cell Signaling
Technology Phospho-AKT Antibody #4060S,
Santa Cruz CLPP Antibody #sc271284, and
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Figure 2. A. Pediatric solid tumor cell line IC50s af-
ter single drug treatment for a 72-hour incubation
with imipridones (ONC201, ONC206, ONC212), as-
sessed with CellTiter-Glo luminescent cell viability
assay measuring ATP activity. B. Ewing sarcoma cell
lines SK-N-MC and RD-ES drug treatment with imipri-
dones. C. Osteosarcoma cell lines Saos2 and U2-0S
with imipridone ONC201 drug treatment at 96 hours
and 72 hours respectively.
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BD Biosciences Cleaved Caspase 3 Antibody
#559565.

Primary antibodies were diluted according to
their datasheets. The primary antibodies indi-
cated in the figures were incubated with the
transferred PVDF in blocking buffer at 4°C over-
night. Antibody binding was detected on PVDF
with appropriate Pierce HRP-conjugated sec-
ondary antibodies by the Syngene imaging sys-
tem. Invitrogen Goat anti-Rabbit IgG (H+L)
Secondary Antibody, HRP #31460 and Goat
anti-Mouse IgG (H+L) Secondary Antibody, HRP
#31430 were diluted 1:5000 in 2.5% non-fat
milk. Chemiluminescence reaction was detect-
ed using the ECL Reagent (Thermo Fisher
Scientific). Ran and Vinculin were used as load-
ing controls.

Statistics

Statistical analyses for cell viability assays
were conducted using GraphPad Prism 6.
Synergy analyses were conducted with Com-
pusyn software and Synergy Finder software.

Results

Increased cell death with single agent drug
treatment with imipridones

Drug treatments with imipridones on estab-
lished pediatric cell lines were conducted.
Osteosarcoma cell lines Saos-2 and U-2 OS,
MPNST cell line sNF96.2, EWS cell lines SK-N-
MC and RD-ES, MYCN amplified neuroblastoma
cell line SK-N-BE(2), and non-MYCN amplified
neuroblastoma cell line SK-SY5Y were treated
with single-agent therapy, using ONC201 (Table
1), ONC206, and ONC212 (Figure 2). Tumor cell
lines were most sensitive to ONC212 followed
by ONC206 and ONC201.

Increased cell killing potency was noted with
ONC206 compared to ONC201, and with
ONC212 exhibiting the highest potency in all
cell lines (Figure 2). In the neuroblastoma cell
lines, imipridones demonstrated greater cell
killing in the MYCN non-amplified cell line.

Increased cell death with single agent drug
treatment with histone deacetylase inhibitors
(HDACI)

Drug treatment with histone deacetylase inhibi-
tors on established pediatric cell lines were

Am J Cancer Res 2023;13(12):6241-6255
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Figure 3. Pediatric solid tumor cell line IC50s after
single drug treatment for a 72-hour incubation with
HDACi (vorinostat, entinostat, panobinostat), as-
sessed with CellTiter-Glo luminescent cell viability
assay measuring ATP activity. A. Ewing sarcoma cell
lines SK-N-MC and RD-ES drug treatment with HDA-
Ci. B. Osteosarcoma cell line Saos2 with HDACi drug
treatment. C. Malignant peripheral nerve sheath
tumor (MPNST) cell line sNF96.2 with HDACi drug
treatment.
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conducted. Osteosarcoma cell lines Saos-2
and U-2 0S, MPNST cell line sNF96.2, EWS
cell lines SK-N-MC and RD-ES, MYCN ampli-
fied neuroblastoma cell line SK-N-BE(2), and
non-MYCN amplified neuroblastoma cell line
SK-SY5Y were treated with single-agent thera-
py, using vorinostat (SAHA), entinostat, and
panobinostat.

In general, increased cell killing potency was
noted with entinostat compared to vorinostat,
and with panobinostat exhibiting the highest
potency in all cell lines (Figure 3).

Increased cell death with combination treat-
ment with imipridones and HDACi drugs

Cell viability studies and analysis with Com-
pusyn demonstrate potent synergistic effects
causing tumor cell death when imipridones are
combined with HDAC inhibitors (Figure 4).
Synergy calculations show that a wide range
of doses of ONC201, ONC206, and ONC212,
when combined with any of the 3 HDACi used
in our experiments, have broadly synergistic
effects in all the pediatric solid tumor cell lines
tested.

Markers of cell death with combination treat-
ment with imipridones and HDACi drugs

Using protein quantification studies and down-
stream target analysis on drug-treated cells, we
investigated the mechanisms of how these
therapies caused cell death. We showed that
imipridones inactivate cell proliferation kinases
Akt/ERK (Figure 5). Markers of cell death via
protein analysis demonstrated that imipridon-
es ONC201, ONC206, and ONC212 induced
cell death, with increasing cleaved PARP levels
as imipridone doses increased. Cleaved cas-
pase 3 also increased with higher doses of
imipridones, indicating that apoptotic mecha-
nisms played a role in programmed cell death.
Tumor cell apoptosis may occur by modifying
the mitochondrial Clp protease complex,
decreasing expression of chaperone subunit
ClpX and activating mitochondrial proteolysis,
seen most markedly with ONC201 drug treat-
ment in all cell lines.

Our initial western blots in Figure 5A showed an
increase in pERK levels in the SK-N-BE(2) and
SH-SY5Y cell lines. The protein lysates were
equally loaded despite significant cell death
that was observed over 72 hours. We repeated
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Figure 4. In vitro studies of pediatric solid tumor cell lines treated with 72-hour incubation of increasing dose combi-
nations of imipridones with HDAC inhibitors. Cell viability assessed using CellTiter-Glo. Combination index obtained
with CompuSyn software (ComboSyn, Inc.) shown in yellow and white boxes below. A. Synergistic dose combination
indices of <1.0 are in yellow. B. Cell viability and synergy of Ewing sarcoma cell line SK-N-MC after 72-hour drug
combination treatment with HDACi and imipridones. C. Cell viability and synergy of Ewing sarcoma cell line RD-ES
after 72-hour drug combination treatment with HDACi and imipridones. D. Cell viability and synergy of osteosarcoma
cell lines U2-0S and Saos-2 after 72-hour drug combination treatment and 96-hour drug combination treatment
with vorinostat (SAHA) and ONC2041, respectively. E. Cell viability and synergy of MPNST cell line sNF96.2 after 72-
hour drug combination treatment with HDACi and imipridones. Cell viability and synergy of neuroblastoma cell lines

SK-N-BE(2) and SK-SY5Y after 72-hour drug combination treatment with HDACi and imipridones.
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Figure 5. Protein immunoblotting
analysis showing 72-hour combi-
nation drug treatment of pediatric
solid tumor cells in vitro with imipri-
dones and HDACi. A. Increasing
concentrations of drugs in combi-
nation leads to increased cell death
(cleaved PARP) and suppression of
pAKT and pERK. B. Alterations in
pERK in SK-N-MC, SK-N-BE(2) and
SH-SY5Y cell lines treated with vari-
ous doses of imipridones ONC201,
ONC206, or ONC212.
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the experiments with imipridones ONC201,
ONC206, and ONC212 in the SK-N-BE(2) and
SH-SY5Y cell lines (Figure 5B). Neither cell line
had much increase in pERK. Both experiments
showed decreased viability at 72 hours. In the
first experiment where loading was equal, there
was likely enrichment for viable cells while in
the second experiment there was more clear
reduction in pERK. For SH-SY5Y cells, the
repeat experiment showed a decrease in pERK
with ONC206, ONC212, and ONC201 at sever-
al doses. In SK-N-MC cells, pERK decreased
with the ONC201 plus entinostat combination.

Discussion

Our work demonstrates that imipridones are a
potent novel therapy that shows great promise
in the treatment of pediatric solid tumors. We
show that imipridones inactivate cellular prolif-
eration in pediatric sarcomas through the Akt/
ERK pathway. Protein quantification by Western
blotting revealed treatment with imipridone
ONC201 affected the mitochondrial Clp prote-
ase complex by decreasing the chaperone sub-
unit ClpX. Cell viability studies and analysis with
Compusyn demonstrate potent synergistic ef-
fects causing tumor cell death when imipri-
dones are combined with HDAC inhibitors.

6251

Preclinical studies with the imipridone ONC201
in H3K27-mutated brain tumors have shown
promising results, and Phase I/l clinical trials
investigating the effects of ONC201 in patients
with H3K27-mutated adult tumors are currently
underway. Mechanistically, cellular prolifera-
tion is inactivated by ONC201 through the Akt/
ERK pathway, and cell death is induced through
the TRAIL pathway. We show ERK pathway inhi-
bition, leading to apoptosis and inhibition of
metastasis. We also demonstrate changes in
the mitochondrial pathway, with decreases
in mitochondrial machinery ClpX seen with
increasing doses of ONC201.

Pediatric sarcomas with chromosomal translo-
cations are driven by the disease-causing
fusion protein with downstream cell-prolifera-
tion pathway effects, including H3K27 [32].
Tumor cell lines harboring H3K27 mutations
display remarkable sensitivity to ONC201 and
other imipridones. We noted that cell death
with single-agent imipridone treatments were
higher in mutant H3K27 cell lines compared to
wild-type H3K27 cell lines. Our work brings up
the question if epigenetic changes in pediatric
solid tumors lead to increased sensitivity to
imipridones due to downstream H3K27 epigen-
etic modifications (Figure 6). H3K27-modifi-
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Figure 6. Hypothesized mechanism of action of Imipridones and HDACi drug synergy leading to increased cell death

with combination therapy.

cations, such as loss of trimethylation or
increased acetylation due to oncogenic fusion
drivers, may confer increased anti-tumor
effects of imipridones.

Our results introduce a novel class of small
molecules to treat pediatric solid tumors in a
precision medicine framework. Use of impri-
dones in pediatric oncology is novel and shows
pre-clinical efficacy in inducing cell death.
Synergy studies with HDACi and imipridones
consistently demonstrate increased cell Killing
via a pro-apoptotic anti-cancer effect through
the integrated stress response. Results from
our work provides the pre-clinical background
for this new class of drugs to be developed into
Phase I/Il clinical studies as a first-in-class
therapy for pediatric solid tumors. Future direc-
tions include opening Phase I/l clinical trials
for pediatric sarcomas once pre-clinical data is
obtained from this study. Preclinical strategies
to target gene fusions include both the utiliza-
tion of existing inhibitors as well as the develop-
ment of novel drugs through rational design
approaches. The development of novel thera-
pies requires a significant development time
and multidisciplinary effort that includes exper-
tise in genomics, molecular biology, pharma-
cology, clinical trials, and clinical oncology.
Using these resources more effectively will not
only help drive the development of novel thera-
pies, but also better inform individual patient
treatment decisions. As our understanding of
the molecular drivers of pediatric fusion-posi-
tive cancers increases, so do our abilities to
tailor therapies toward better outcomes for this
patient population.
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