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Potent preclinical sensitivity to imipridone-based  
combination therapies in oncohistone H3K27M-mutant 
diffuse intrinsic pontine glioma is associated with  
induction of the integrated stress response, TRAIL  
death receptor DR5, reduced ClpX and apoptosis
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Abstract: The H3K27M oncohistone mutation, identified in approximately 80% of diffuse intrinsic pontine gliomas 
(DIPG), is a potential target for therapy. Imipridone ONC201/TIC10 (TRAIL-Inducing Compound #10) induces apop-
tosis of cancer cells, and has clinical efficacy against H3K27M-mutant DIPG. We demonstrate synergy between 
ONC201, ONC206 and ONC212, and targeted therapies with known preclinical activity against DIPG. We hypoth-
esized that imipridone combinations with HDAC or proteasome inhibitors may be superior to single agent ONC201 
treatment in H3K27M mutant DIPG. Six patient-derived DIPG cell lines (SU-DIPG-IV, SU-DIPG-13, SU-DIPG-25, SU-
DIPG-27, SU-DIPG-29, SU-DIPG-36) were exposed to imipridones alone or combinations with histone de-acetylase in-
hibitors [HDACi], marizomib, etoposide, and temozolomide. Dose-dependent response to imipridones was observed 
in DIPG cells with half-maximal inhibitory concentration (IC50) of 1.46 µM, 0.11 µM, and 0.03 µM, for ONC201, 
ONC206, and ONC212, respectively. Upon treatment with the imipridones, DIPG cell lines engaged CLpP/CLPX, 
the integrated stress response with ATF4 activation, and TRAIL death receptor 5 (DR5) induction. Strong synergy 
was identified between ONC201 and HDACi panobinostat (combination index [CI] 0.01), romidepsin (CI 0.08) and 
proteasome inhibitor marizomib (CI 0.19). Synergy was demonstrated between ONC201 and etoposide (CI 0.54), al-
though to a lesser degree than with panobinostat, romidepsin, and marizomib. ONC206 and ONC212 showed simi-
lar synergistic effects with panobinostat, romidepsin, and marizomib. Induction of apoptosis was demonstrated with 
imipridones and panobinostat or romidepsin combinations. Our results suggest increased sensitivity of H3K27M-
mutant DIPG cell lines to second generation imipridone therapies, as compared to ONC201. Additionally, there is 
synergistic cell death with combination of imipridones and panobinostat, romidepsin, or marizomib, which may be 
further tested in vivo and in clinical trials.
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Introduction

First described in 1926 by Dr. Wilfred Harris [1], 
diffuse intrinsic pontine glioma (DIPG), repre-
sents 10% of all pediatric central nervous sys-
tem (CNS) tumors. The median age of patients 
affected is 6-7 years [2, 3]. Despite aggressive 
therapeutic approaches, pediatric malignant 

gliomas remain the leading cause of cancer 
related deaths in children [4, 5], with a greater 
than 90% mortality rate by 18-24 months from 
diagnosis [6].

Until recently, there has been a lack of progress 
in therapeutic approaches to this disease, 
mostly due to a lack of tissue and comprehen-
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sive molecular analyses. However, with recent 
advances in molecular sequencing, the onco-
histone H3K27M mutation has been identified 
in approximately 80% of pediatric DIPG [7], and 
50% of other midline gliomas [8], representing 
a potential new therapeutic target.

Over the past two decades there has been an 
increasing number of clinical trials focused  
on chemotherapeutics targeting DIPG. Focal 
radiotherapy was found to be just as effective 
as whole brain irradiation, and therefore 
became the standard of care, resulting in an 
improvement in symptoms for many patients, 
but with ultimately no change in prognosis [9]. 
Regrettably, chemotherapeutic agents have 
been evaluated with administration concurrent 
to radiotherapy, with no improvement in out-
comes [9]. 

Newer innovative approaches have included 
intra-arterial chemotherapy, intra-nasal chemo-
therapy, and convection enhanced delivery, in 
which chemotherapy is injected directly into the 
tumor to bypass the blood brain barrier (BBB) 
[9]. More recently, trials have included target- 
ed agents such as tyrosine kinase inhibitors, 
PI3K/mTOR pathway inhibitors, and antiangio-
genetic agents [9]. Despite these attempts, the 
prognosis of this disease remains fatal, and 
better treatments are urgently needed. 

ONC201 is a first-in-class small molecule in the 
imipridone family [10-12]. It has been shown to 
cross the blood brain barrier, and induce apop-
tosis/growth arrest in several different tumor 
types by upregulation of TNF-related apoptosis 
inducing ligand (TRAIL) pathway and its pro-
apoptotic death receptor (DR5), independent of 
p53 [12, 13]. Initial use in phase 1 and 2 clini-
cal trials have thus far shown promise in the 
use of ONC201 in patients with diffuse mid- 
line gliomas, as well as an impressive safety 
profile [14]. One patient with DIPG was treated 
with adjuvant ONC201 demonstrated both 
radiographic response and a significant 
improvement in her facial palsies and hearing 
loss [15]. Another patient with GBM received 
ONC201 for 12 months prior to progression. 
The patient subsequently underwent radiother-
apy and 8 more months of chemotherapy, 
before succumbing to the disease [15]. Finally, 
a nine-year-old patient with an H3K27M mutant 
right thalamic diffuse midline glioma demon-
strated partial response to ONC201 [16].

ONC206 is a Dopamine Receptor D2 (DRD2) 
antagonist, which is hypothesized to target cer-
tain DRD2-dysregulated tumors which ONC201 
may not significantly affect. It has a similar 
selective anti-tumor effect to ONC201 which 
has been demonstrated in multiple tumor 
types, including glioblastoma multiforme (GBM) 
cells. ONC206 and ONC212 are fluorinated 
ONC201 derivatives with nanomolar potency 
[17]. Their anti-tumor effect (as well as that of 
ONC201) is known to involve hyperactivation of 
the caseinolytic mitochondrial matrix pepti-
dase proteolytic (ClpP) subunit, initiating tumor 
specific apoptosis. Thus, there is interest in fur-
ther evaluation of imipridone analogs such as 
ONC206 and ONC212 in GBM and DIPG.

Interestingly, in the preclinical setting, an 
H3K27M-mutant patient-derived DIPG-derived 
cell line SF8628 has been noted to be less 
responsive to ONC201 treatment as would be 
expected [18]. Thus, one of our goals was to 
evaluate ONC201 across a larger panel of 
established H3K27M-mutated DIPG cell lines. 
In addition, we wanted to investigate second 
generation imipridones, ONC206 and ONC212 
for preclinical efficacy in DIPG. ONC206 is cur-
rently being explored in an adult phase 1 study 
targeting recurrent glioblastoma at the NCI 
(NCT04541082) while ONC212 has not yet 
entered clinical trials.

To further expand our understanding of the role 
of imipridones, we hypothesized that the com-
bination of ONC201 and other targeted agents 
may be superior to single agent treatment in 
H3K27M mutant DIPG, and that second gener-
ation imipridones (ONC206 and ONC212) may 
demonstrate superior activity to ONC201 for 
H3K27M DIPG in combination with other che-
motherapy agents.

Materials and methods

Cell culture and reagents

All DIPG cell lines originated at Stanford univer-
sity and were generously provided by Dr. M. 
Monje to our group. The cells were maintained 
in NeurobasalTM-A Medium, enriched with 
Antibiotic-Antimycotic liquid, B-27 supplement 
minus vitamin A, sodium pyruvate solution, 
non-essential amino acids solution, glutaMAX, 
HEPES Buffer solution (all purchased from 
Thermo Fisher Scientific Inc., Invitrogen brand, 
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Carlsbad, CA, USA), 0.2% Heparin (from 
STEMCELLTM Technologies, Vancouver, BC, 
Canada), human PDGF-BB, human PDGF-AA, 
human FGF-basic 154 aa(FGF2), and human 
EGF (from Shenandoah Biotechology Inc., 
Warwick, PA, USA). ONC201, ONC206, and 
ONC212 were obtained from Oncoceutics, Inc. 
(Philadelphia, PA, USA). Panobinostat, romidep-
sin, and temozolomide were purchased from 
MedKoo Biosciences Inc. (Morrisville, NC,  
USA), marizomib from Biovision, Inc. (Milpitas, 
CA, USA), and etoposide from Santa Cruz 
Biotechology Inc. (Dallas, TX, USA).

Cell viability assay and synergy assessment

Cell viability was measured by CellTiter-Glo 
(CTG, Promega, Madison, WI). 5×103 cells were 
seeded in neurobasal medium in a 96-well 
plate, and kept overnight at 37°C with 5% CO2. 
Cells were subsequently treated with designat-
ed chemotherapeutic(s) at indicated concen-
trations. Luminescent-based cell viability was 
determined by CTG assay after 96 hours of 
incubation, following manufacturer’s instruc-
tions. Normalization of luminescence signals to 
control wells was used to determine percent of 
cell viability. Results are reported as percent 
viability ± standard deviation. Dose response 
curves were generated, and the half maximal 
inhibitory concentration (IC50) was calculated 
using GraphPad Prism version 6 (San Diego, 
CA, USA). Compusyn software (ComboSyn, Inc.) 
was used to calculate combination indices (CI).

Immunoblotting

A total of 6×106 cells were seeded in neurobas-
al medium in a 6-well plate and incubated over-
night at 37°C with 5% CO2. Cells were subse-
quently treated with either vehicle or designat-
ed chemotherapeutic(s) at designated concen-
trations and returned to incubation. After 72 
hours, adherent cells were mechanically 
detached, washed with phosphate-buffered 
saline (PBS), and lysed with RIPA buffer (Sigma-
Aldrich, St. Louis, MO, USA). Protein concentra-
tion was determined using BCA protein Assay 
Kit (Thermo Fisher Scientific, Carlsbad, CA, 
USA). Equal amounts of proteins were loaded 
onto NuPAGE 4-12% Bis-Tris gel (Thermo Fi- 
sher Scientific), and subsequently transferr- 
ed to a polyvinylidene difluoride membrane 
(PVDF) membrane. Membranes were blocked 
with Tris-buffered saline with Tween 20 (TBST) 
with 5% w/v instant nonfat dry milk and incu-

bated with primary antibody overnight at 4°C. 
Antibodies include PARP/cPARP (Cell Signaling 
9546), ATF4 (Cell Signaling 11815), CLpP (Cell 
Signaling 14181S), CLPX (Sigma Aldrich HPA- 
040262), DR5 (Cell Signaling 36965), RAN 
(Biosciences 610341), and Actin (Sigma Al- 
drich P68133). Membranes were washed with 
TBST and incubated for an hour at room tem-
perature with the appropriate secondary anti-
bodies-anti-mouse IgG (Thermo Scientific 
31430) or anti-rabbit IgG (Cell Signaling  
51275). Chemiluminescence reaction was 
detected using the ECL Reagent (Thermo Fisher 
Scientific). Ran and actin were used as loading 
controls.

Flow cytometry

A total of 6×106 cells were seeded in neurobas-
al medium in a 6-well plate and incubated over-
night at 37°C with 5% CO2. Cells were then 
treated with either vehicle or chemothera- 
peutic(s) at designated concentrations and 
returned to incubation. After 96 hours, cells 
were detached, washed with PBS/1% fetal 
bovine serum (FBS), and resuspended in PBS. 
Cold ethanol alcohol was added, and cells  
were incubated at 4°C for 20 minutes. Cells 
were washed with PBS/1% FBS, and resus-
pended in PBS. Phosphate-citric acid buffer 
was added, and cells were incubated at room 
temperature for 5 minutes. Cells were resus-
pended in propidium iodide/RNase staining 
solution, incubated at room temperature for 30 
minutes, and subsequently analyzed by flow 
cytometry.

Statistics

Statistical analyses for cell viability assays 
were conducted using GraphPad Prism 6. 
Synergy analyses were conducted with 
Compusyn software.

Results

Imipridone analogs ONC206 and ONC212 are 
more potent cytotoxic agents than ONC201 
against H3K27M mutant DIPG

To evaluate for dose-dependent response to 
imipridone therapy, we used single treatment 
viability assays (CellTiterGlo). Each of our six 
DIPG cell lines (Supplementary Table 1) was 
treated with ONC201 and imipridone analogs, 
ONC206 and ONC212. Half maximal inhibitory 
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concentration (IC50) was calculated for each 
drug on all cell lines. Our results demonstrate a 
higher IC50 in all cell lines when exposed to 
ONC201, as compared to treatment with imipri-
done analogs (Figure 1). Furthermore, treat-
ment with ONC212 demonstrated lower IC50 in 
each DIPG cell line, indicating increased poten-
cy of this drug. Mean IC50 were found to be: 
1.46 µM in ONC201, 0.11 µM in ONC206, and 
0.03 µM in ONC212. A summary of the IC50 
results with the 3 imipridones against 6 DIPG 
cell lines in shown in Table 1.

Combinations of ONC201 and HDAC inhibi-
tors panobinostat, romidepsin, and entinostat 
show synergistic activity against H3K27M mu-
tant DIPG

Given the importance of the epigenetic muta-
tion H3K27M to clinical efficacy of ONC201, we 
explored various combinations of epigenetic 
drugs to identify those which demonstrate 
promising preclinical activity. We chose to eval-
uate pan-HDAC inhibitors panobinostat, ro- 
midepsin, and entinostat in combination with 

Figure 1. Dose dependent response demonstrates that imipridone analogs ONC206 and ONC212 are more potent 
cytotoxic agents than ONC201 against H3K27M mutant DMG. A. Single treatment viability assay as measured by 
CellTiter-Glo (CTG) of ONC201, ONC206, and ONC212 in cell line SU-DIPG-IV. B. Graphic representation and table of 
IC50 values of imipridones effect on cell line SU-DIPG-IV. C. Single treatment viability assay as measured by CTG of 
ONC201, ONC206, and ONC212 in cell line SU-DIPG-13. D. Graphic representation and table of IC50 values of the 
effect of imipridones on cell line SU-DIPG-13. Cells were treated for 96 hours before assessment of cell viability.
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imipridone agents against our panel of DIPG 
cell lines. Synergy was identified via combina-
tion analyses (Figure 2 and Supplementary 
Figure 1), with combination indices of <1 indi-
cating synergy, and <0.5 indicating very strong 
synergy [19]. Values that meet this definition 
are highlighted in yellow in Figure 2 and 
Supplementary Figure 1. All combinations were 
tested for 96 hours before assessment of cell 
viability. We observed potent synergy between 
panobinostat and ONC201 across two DIPG 
cell lines, SU-DIPG-13 and SU-DIPG-IV, with the 
best CIs of 0.01 and 0.22 respectively (Figure 
2A, 2B). The combination of ONC201 and 
romidepsin similarly demonstrated robust syn-
ergy in cell lines SU-DIPG-13 and SU-DIPG-29, 
with the best combination index (CI) of 0.02 in 
SU-DIPG-13 and 0.18 in SU-DIPG-29 (Figure 
2C, 2D). Synergy analyses between entinostat 
and ONC201, revealed a lesser degree of syn-
ergy, with the best CI of 0.71 (Supplementary 
Figure 1).

Combination of ONC201 and proteasome in-
hibitors show synergy in treatment of H3K27M 
mutant DIPG

Prior preclinical experiments suggested that 
proteasome inhibitors and in particular marizo-
mib, appear promising as therapeutics for 
H3K27M mutant DIPG. Marizomib crosses the 
blood brain barrier as has been demonstrated 
in preclinical studies. Previous studies also 
showed that TRAIL receptor DR5 could be 
upregulated by proteasome inhibitors [20]. 
Thus, since ONC201 can upregulate TRAIL as 
well as DR5, we hypothesized that it would be 
reasonable to evaluate the effects of the  
combination in DIPG cell lines. The combina-
tion of ONC201 and proteasome inhibitor mar-
izomib at 96 hours, demonstrated promising 
synergy in cell line SU-DIPG-IV, with the best 
combination index of 0.19 (Figure 3). Synergy 
was evident at all doses of ONC201 tested 
(0.3125-10 µM) and from 0.03125-0.5 µM of 
marizomib.

Combinations of ONC201 and temozolomide 
or etoposide are synergistic against H3K27M 
mutant DIPG cell lines

Chemotherapeutic agents used to treat malig-
nant gliomas include temozolomide and etopo-
side. In considering the potential for future clini-
cal trials, temozolomide and etoposide were 
tested for synergy with ONC201 (Figure 4). 
Combination of etoposide and ONC201 demon-
strated mild synergism with the best CI of  
0.46 (Figure 4A). DIPG cell lines treated with 
temozolomide, both as monotherapy and in 
combination, appeared to be resistant to this 
chemotherapeutic (Figure 4B). There is never-
theless evidence of synergy between temozolo-
mide and ONC201 in two cell lines (SU-DIPG-IV, 
SU-DIPG-13) at both low (0.3125 µM) and high 
(2.5 µM, 5 µM) doses of ONC201 with the best 
combination index of 0.4 in both lines. 

Second generation imipridones (ONC206 and 
ONC212) demonstrate potent synergy against 
H3K27M mutant DIPG in combination with 
HDACi, proteasome inhibitors, and other che-
motherapeutic agents

As ONC206 and ONC212 demonstrated great-
er potency against DIPG cell lines, we further 
investigated their potential to be combined 
with therapeutic agents that sensitized to 
ONC201. Similar combinations were assessed 
using the imipridone analogs, with comparable 
results demonstrating synergy (Figure 5 and 
Supplementary Figure 2). Lower doses were 
used for both ONC206 and ONC212 as com-
pared to ONC201 given their increased potency 
(Figure 5 and Supplementary Figure 2). Pano- 
binostat and ONC206 presented a combina-
tion index of 0.54, while ONC206 and romidep-
sin demonstrated a combination index of 0.1. 
Entinostat and etoposide both showed mild 
synergism with ONC206 with the best combina-
tion indices of 0.59 and 0.46 respectively. 
Finally, robust synergy between marizomib and 
ONC206 was illustrated with the best CI of 
0.07.

Table 1. IC50 values of ONC201, ONC206, and ONC212 in each of the six human derived DIPG cell 
lines
Drug (µM) SU-DIPG-IV SU-DIPG-13 SU-DIPG-25 SU-DIPG-27 SU-DIPG-29
ONC201 1.358-1.787 1.469-1.648 1.058 1.173 1.563
ONC206 0.095-0.173 0.062-0.157 0.05 0.058 0.081
ONC212 0.018-0.036 0.023-0.042 0.026 0.014 0.015
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Apoptotic cell death induction following treat-
ment of DIPG cell lines with imipridones

Given the observations with regard to drug 
effects on cell viability, we investigated the cell 

death induction following imipridone treatment 
of DIPG cell lines by flow cytometry. Data was 
analyzed for sub-G1 DNA after drug treatment. 
The results show higher percentage of cell 
death with imipridones and a lesser extent of 

Figure 3. Combination of ONC201 and proteasome inhibitor marizomib demonstrates promising synergy against 
H3K27M mutant DIPG. Synergy analysis of ONC201 and marizomib in cell line SU-DIPG-IV as measured by CTG, with 
best combination index of 0.19. Combinations were tested for 96 hours before assessment of cell viability.

Figure 2. Combination of ONC201 and HDAC inhibitors reveal synergistic activity against H3K27M mutant DIPG. 
Synergy analyses as measured by CTG, demonstrating the combination of (A) ONC201 and panobinostat in cell line 
SU-DIPG-13, with best combination index (CI) of 0.01 (B) ONC201 and panobinostat in cell line SU-DIPG-IV, with best 
CI of 0.01 (C) ONC201 and romidepsin in cell line SU-DIPG-13, with best CI of 0.02 (D) ONC201 and romidepsin in 
cell line SU-DIPG-29, with best CI of 0.18. Combinations were tested for 96 hours before assessment of cell viability.
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Figure 4. Mild synergy revealed via combination analysis of ONC201 and etoposide or temozolomide. A. Combina-
tion of ONC201 and etoposide with best combination index of 0.46 in cell line SU-DIPG-IV, and 0.53 in cell line SU-
DIPG-25. B. Combination of ONC201 and temozolomide with best combination index of 0.35 in cell line SU-DIPG-IV 
and 0.44 in cell line SU-DIPG-13. Combinations were tested for 96 hours before assessment of cell viability.

Figure 5. Second generation imipridones synergize with HDAC and proteasome inhibitors. A. Combination analysis 
of ONC206 and panobinostat in cell line SU-DIPG-IV, with best combination index of 0.54. B. Synergy analysis of 
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Figure 6. Imipridone therapies induce tumor cell apoptosis. Sub-G1 DNA content of SU-DIPG-13 cells treated with ONC201, ONC206, ONC212, Panobinostat, and 
etoposide for 96 hours at equitoxic doses. All combinations were tested for 96 hours before assessment of cell viability.

ONC206 and marizomib has best CI of 0.07 in cell line SU-DIPG-36. C. Synergy analysis of ONC212 and marizomib in cell line SU-DIPG-IV with best combination 
index of 0.29. D. Combination of ONC212 and romidepsin in cell line SU-DIPG-IV shows best combination index of 0.24. All combinations were tested for 96 hours 
before assessment of cell viability.
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apoptosis with both panobinostat and etopo-
side as single drug treatments (Figure 6). 
Additionally, there is a much higher rate of cell 
death at 96 hours as compared to 48 hours of 
incubation (Figure 7). The majority of the DIPG 
cells treated by the imipridones were found to 
be in sub-G1 phase after 96 hours, indicative 
of extremely potent pro-apoptotic effects 
against the H3K27M-mutated DIPGs (Figures 
6, 7).

Upon treatment with imipridone monotherapy, 
DIPG cell lines engage CLpP/CLPX, the inte-
grated stress response with ATF4 activation, 
and TRAIL death receptor 5 (DR5) induction

Our previous work has documented induction 
of the integrated stress response involving 
ATF4, CHOP, and TRAIL death receptor 5 (DR5) 
after the treatment of multiple human tumor 
cell lines with TIC10/ONC201 [10, 21]. We 
therefore investigated activation of the inte-
grated stress response in DIPG cells with 
H3K27M mutation after treatment with 
ONC201 as well as 2nd generation imipridones 
ONC206 and ONC212. We also analyzed 
changes in mitochondrial caseinolytic protease 
CLpP and its regulator CLPX as the imipridones 
act as agonists to block mitochondrial oxidative 
phosphorylation [22, 23].

We found that SU-DIPG-IV cells upregulate ATF4 
and DR5 after treatment with ONC206 (Figure 

8A). We note with ONC206, as we have 
observed previously with other imipridones [24] 
reduced expression of CLPX consistent with 
engagement of CLpP to inhibit oxidative phos-
phorylation. In these SU-DIPG-IV cells there 
was a correlation between apoptotic cell death 
as measured by PARP cleavage, engagement of 
CLpP, and upregulation of ATF4 and DR5 (Figure 
8A). We made similar observations in SU- 
DIPG-36 after treatment with ONC206 with 
induction of death receptor 5 and modest  
PARP cleavage at 48 hours (Figure 8B). After 
ONC212 treatment of SU-DIPG-36 we observed 
elimination of expression of CLPX, upregulation 
of DR5 (Figure 8C). A modest PARP cleavage 
was also observed at 48 hours after treatment 
of SU-DIPG-36 by ONC212 (Figure 8C).

Induction of the integrated stress response 
and apoptotic cell death markers is modulated 
by imipridone combinations with HDAC inhibi-
tors panobinostat and romidepsin

We further explored the effects of imipridones 
on induction of the integrated stress response, 
mediators or inhibitors of cell death and mark-
ers of apoptosis. We examined DIPG cell line 
SU-DIPG-13 upon treatment with increasing 
doses of ONC201, ONC206, and ONC212 as 
monotherapies after 96 hours (Figure 9). All 
three imipridone drugs upregulated ATF4 in the 
DIPG cells at equitoxic doses. We combined  
the imipridones with HDAC inhibitors panobino-

Figure 7. Imipridone induced apoptosis is dependent on timeframe of incubation period. Sub-G1 DNA content of 
SU-DIPG-13 cells treated with equitoxic doses of ONC201 and ONC206 at both 48 and 96 hours.
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stat and romidepsin and observed increased 
induction of poly (ADP-ribose) polymerase 
(PARP) cleavage with the combination thera-
pies as compared to single agents. Notably, 
cleaved PARP was increased with use of lower 
(equitoxic) doses of ONC206 and ONC212 as 
compared to ONC201 (Supplementary Figure 
3). Thus, we have shown that all three imipri-
dones (ONC201, ONC206, and ONC212) acti-
vate the integrated stress response to DIPG 
cells and consistent with the earlier observed 
synergies with HDAC inhibitors, the combina-
tions induced PARP cleavage indicative of 
apoptosis. We did not observe suppression of 
anti-apoptotic proteins Bcl-XL or XIAP in 
SU-DIPG-13 after treatment with ONC212 (data 
not shown).

Discussion

There is an urgent need to explore new treat-
ment options for pediatric diffuse intrinsic pon-
tine glioma and other malignant gliomas as 
they remain the most common cause of child-
hood cancer-related mortality [5]. Novel im- 

ipridone therapies, ONC201, ONC206, and 
ONC212, represent a promising new approach. 
We compared for the first time the relative 
effects of these novel therapeutics alone or in 
combination with other chemotherapy agents 
such as HDAC inhibitors, proteasome inhibitors 
or other chemotherapeutics in pediatric DIPG 
cells lines. We observed synergies between the 
imipridones and HDAC inhibitors, proteasome 
inhibitors, or etoposide in killing of DIPG cells. 
These effects on cell viability were associated 
with induction of the integrated stress response 
as demonstrated by increased ATF4 in DIPG 
cells treated with any of the three imipridones.

Preclinical high-throughput combination drug 
screening exploring >2000 agents and >9000 
drug combinations identified several potential 
drugs with potent effects on DIPG and classi-
fied them by potency and brain penetration. 
These included marizomib, romidepsin, and 
panobinostat, providing a framework on which 
we based our decision to trial these medica-
tions in combination with imipridones [25]. Lin 
et al. (2019) demonstrate that proteasome 

Figure 8. Imipridone single agent therapy induces integrated stress response as demonstrated by upregulation of 
ATF4 and DR5. A. Western blot analysis of SU-DIPG-IV cells treated with both high and low dose ONC206 monother-
apy incubated for 48 hours. B. Western blot analysis of SU-DIPG-36 cells treated with high and low dose ONC206 
as single agent therapy, incubated for 48 hours. C. Western blot analysis of SU-DIPG-36 cells treated with high and 
low dose ONC212, incubated for 48 hours.
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Figure 9. Integrated stress response and apoptosis induced by imipridones as monotherapy and in combination 
with other therapeutic agents. Western blot analysis of SU-DIPG-13 cells treated with (A) ONC201 at varying doses, 
both alone and in combination with panobinostat or romidepsin (B) ONC206 at both low and high doses, alone and 
in combination with panobinostat or romidepsin (C) Low and high dose ONC212, as single agent therapy and in 
combination with panobinostat or romidepsin. 
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inhibitors and HDACi have potent synergy when 
combined, however, here we were interested in 
testing each one in combination with imipri-
done therapy. Proteasome inhibitors are known 
to induce apoptosis in cultured cancer cell  
lines as well as murine models. Discovered in 
the 1980’s, the ubiquitin proteasome pathway 
(UPP) has been identified as a key element of 
protein degradation in eukaryotic cells. It is the 
central pathway of protein regulation, support-
ing DNA repair, cell survival, cell cycle progres-
sion, and apoptosis. Cancer cells are well 
known to dysregulate this pathway leading to 
uninhibited cell proliferation. Marizomib targets 
the proteasome more broadly than other drugs 
in this class and has shown increased activity 
in combination therapies [26, 27]. HDACs are 
known to alter the balance of acetylation of the 
histone terminal lysine group, thereby regulat-
ing transcription and translation and activating 
gene expression. HDAC inhibitors are a power-
ful group of chemotherapeutics which initiate 
changes in histone methylation and acetyla-
tion. They not only lead to apoptosis, but can 
inhibit angiogenesis and disrupt cellular growth 
and differentiation [28].

Our study provides evidence that DIPG cell 
lines have a significant dose-dependent res- 
ponse to imipridone therapies. We found that 
ONC206 and ONC212 were more potent in kill-
ing DIPG cell lines as compared to ONC201, 
with ONC212 showing greater potency com-
pared to ONC206. Second generation imipri-
dones ONC206 and ONC212 were more po- 
tent at apoptosis induction of DIPG cell lines. 
All of the imipridones induced the integrated 
stress response with induction of ATF4, TRAIL 
death receptor 5 (DR5), and reduced CLPX 
expression in all DIPG cell lines that were test-
ed. It is noteworthy that ONC212, which has not 
been implicated as acting through blockade of 
dopamine receptors DRD2 and DRD3 but rath-
er is believed to in part act as an agonist of 
GPR132, is more potent than either ONC201 or 
ONC206 at killing DIPG cell lines in culture. 
ONC212, like the other imipridones activates 
the ISR and DR5 signaling to induce apoptosis 
in DIPG cells.

Imipridones synergize well in vitro with HDAC 
inhibitors, panobinostat and romidepsin, as 
well as proteasome inhibitor marizomib in the 
treatment of DIPG. Immunoblotting showed 
increased integrated stress response signaling 

induced by imipridone combinations with pano-
binostat or romidepsin, further supporting their 
synergistic properties. 

Notably, an international multi-center preclini-
cal trial using both zebrafish and murine mod-
els of DIPG was able to demonstrate increased 
survival in ONC201 and ONC206 as mono-ther-
apies, as well as with a combination of these 
two imipridones. Additionally, they demonstrat-
ed significant survival benefit with the use of a 
combination of ONC201 and panobinostat. 
Treatment with marizomib was attempted, how-
ever, there was toxicity demonstrated in both 
animal models [29]. 

Temozolomide and ONC201 did not appear to 
show combinational efficacy against H3K27M 
mutant DIPG cell lines SU-DIPG-IV and SU- 
DIPG-13. Previous studies have not demon-
strated efficacy of temozolomide against DIPG 
[30, 31]. Despite some evidence of synergy at 
both high and low doses of ONC201, there is a 
lack of cell death at doses as high as 2000 µM 
temozolomide. ONC206 demonstrated promis-
ing synergy with both romidepsin and marizo-
mib across a wide range of doses. Both of 
these medications also revealed a strong, 
though not as ubiquitous, synergistic relation-
ship with ONC212. Synergy was further validat-
ed via immunoblotting, with evidence of 
increased integrated stress response and 
increased apoptosis.

As historically there has been scarce tissue 
obtained from these tumors, the availability of 
cell lines proved to be limited. As such, we were 
unable to obtain a pediatric H3K27M wild-type 
DIPG cell line for comparison.

Our results indicate increased sensitivity to 
imipridone analogs, relative to ONC201 thera-
py, in H3K27M mutant DIPG cells, both as 
monotherapy and in combination therapies 
with other agents. Our data suggests that a 
combination of second generation imipridones 
with panobinostat, marizomib, or romidepsin 
could be further explored in the treatment of 
pediatric DIPG. Caution will need to be taken 
with use of marizomib as a proteasome inhibi-
tor in combination studies given the previous 
group’s experience with toxicity in their animal 
models [29]. Based on the findings we report, 
ongoing clinical studies should investigate 
more closely biomarkers of the integrated 
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stress response, CLPX, and TRAIL death recep-
tor DR5 expression in pre- and post-treatment 
biopsies with imipridone therapeutics adminis-
tered to patients with midline gliomas. Our 
results provide insight into potential strategies 
for new therapeutic approaches to pediatric 
DIPG, which should be explored in in vivo mod-
els for translation into future clinical trials.

Acknowledgements

W.S.E-D. is an American Cancer Society 
Research Professor and is supported by the 
Mencoff Family University Professorship at 
Brown University. This work was supported by 
NIH grant (CA173453) to W.S.E-D. The contents 
of this manuscript are solely the responsibility 
of the authors and do not necessarily represent 
the official views of the National Cancer 
Institute, the National Institutes of Health, or 
the American Cancer Society.

Disclosure of conflict of interest

W.S.E-D. is a co-founder and shareholder of 
Oncoceutics, Inc., a subsidiary of Chimerix. Dr. 
El-Deiry has disclosed his relationships with 
Oncoceutics, Inc., Chimerix, and potential con-
flict of interest to his academic institution/
employer and is compliant with the institutional 
policy that is managing this potential conflict of 
interest. V.V.P. is an employee and shareholder 
of Chimerix. 

Address correspondence to: Wafik S El-Deiry, 
Cancer Center at Brown University, Brown University, 
75 Waterman Street, Providence, RI, USA. Tel: 610-
800-2443; E-mail: wafik@brown.edu

References

[1] Harris W. A case of pontine glioma, with spe-
cial reference to the paths of gustatory sensa-
tion. Proc R Soc Med 1926; 19: 1-5.

[2] Buczkowicz P, Bartels U, Bouffet E, Becher O 
and Hawkins C. Histopathological spectrum of 
paediatric diffuse intrinsic pontine glioma: di-
agnostic and therapeutic implications. Acta 
Neuropathol 2014; 128: 573-581.

[3] Saratsis AM, Kambhampati M, Snyder K, Yada-
villi S, Devaney JM, Harmon B, Hall J, Raabe 
EH, An P, Weingart M, Rood BR, Magge SN, 
MacDonald TJ, Packer RJ and Nazarian J. Com-
parative multidimensional molecular analyses 
of pediatric diffuse intrinsic pontine glioma re-
veals distinct molecular subtypes. Acta Neuro-
pathol 2014; 127: 881-895.

[4] Graham MS and Mellinghoff IK. Histone-mu-
tant glioma: molecular mechanisms, preclini-
cal models, and implications for therapy. Int J 
Mol Sci 2020; 21: 7193.

[5] Pellot JE and De Jesus O. Diffuse intrinsic pon-
tine glioma. StatPearls. Treasure Island (FL): 
StatPearls Publishing; 2021. 

[6] Nazarian. Pediatric brainstem glioma and dif-
fuse intrinsic pontine glioma. 2021.

[7] Schwartzentruber J, Korshunov A, Liu XY, Jones 
DT, Pfaff E, Jacob K, Sturm D, Fontebasso AM, 
Quang DA, Tönjes M, Hovestadt V, Albrecht S, 
Kool M, Nantel A, Konermann C, Lindroth A, 
Jäger N, Rausch T, Ryzhova M, Korbel JO, Hiel-
scher T, Hauser P, Garami M, Klekner A, Bog-
nar L, Ebinger M, Schuhmann MU, Scheurlen 
W, Pekrun A, Frühwald MC, Roggendorf W, 
Kramm C, Dürken M, Atkinson J, Lepage P, 
Montpetit A, Zakrzewska M, Zakrzewski K, 
Liberski PP, Dong Z, Siegel P, Kulozik AE, Za-
patka M, Guha A, Malkin D, Felsberg J, Reifen-
berger G, von Deimling A, Ichimura K, Collins 
VP, Witt H, Milde T, Witt O, Zhang C, Castelo-
Branco P, Lichter P, Faury D, Tabori U, Plass C, 
Majewski J, Pfister SM and Jabado N. Driver 
mutations in histone H3.3 and chromatin re-
modelling genes in paediatric glioblastoma. 
Nature 2012; 482: 226-231.

[8] Solomon D, Wood M, Tihan T, Bollen A, Gupta 
N, Phillips J and Perry A. Diffuse midline glio-
mas with histone H3-K27M Mutation: a series 
of 47 cases assessing the spectrum of mor-
phologic variation and associated genetic al-
terations. Brain Pathol 2016; 26: 569-580.

[9] Perrone MG, Ruggiero A, Centonze A, Carrieri 
A, Ferorelli S and Scilimati A. Diffuse intrinsic 
pontine glioma (DIPG): breakthrough and clini-
cal perspective. Curr Med Chem 2021; 28: 
3287-3317.

[10] Kline CL, Van den Heuvel AP, Allen JE, Prabhu 
VV, Dicker DT and El-Deiry WS. ONC201 kills 
solid tumor cells by triggering an integrated 
stress response dependent on ATF4 activation 
by specific eIF2α kinases. Sci Signal 2016; 9: 
ra18.

[11] Prabhu VV, Morrow S, Rahman Kawakibi A, 
Zhou L, Ralff M, Ray J, Jhaveri A, Ferrarini I, Lee 
Y, Parker C, Zhang Y, Borsuk R, Chang WI, Hon-
eyman JN, Tavora F, Carneiro B, Raufi A, Hun-
tington K, Carlsen L, Louie A, Safran H, Seyhan 
AA, Tarapore RS, Schalop L, Stogniew M, Allen 
JE, Oster W and El-Deiry WS. ONC201 and 
imipridones: anti-cancer compounds with clini-
cal efficacy. Neoplasia 2020; 22: 725-744.

[12] Allen JE, Krigsfeld G, Mayes PA, Patel L, Dicker 
DT, Patel AS, Dolloff NG, Messaris E, Scata KA, 
Wang W, Zhou JY, Wu GS and El-Deiry WS. Dual 
inactivation of Akt and ERK by TIC10 signals 
Foxo3a nuclear translocation, TRAIL gene in-

mailto:wafik@brown.edu


Novel imipridone combination therapies in DIPG

4622 Am J Cancer Res 2021;11(9):4607-4623

duction, and potent antitumor effects. Sci 
Transl Med 2013; 5: 171ra17.

[13] Allen JE, Krigsfeld G, Patel L, Mayes PA, Dicker 
DT, Wu GS and El-Deiry WS. Identification of 
TRAIL-inducing compounds highlights small 
molecule ONC201/TIC10 as a unique anti-can-
cer agent that activates the TRAIL pathway. 
Mol Cancer 2015; 14: 99.

[14] Stein M, Bertino J, Kaufman H, Mayer T, Moss 
R, Silk A, Chan N, Malhotra J, Rodriguez L, Ais-
ner J, Aiken R, Haffty B, DiPaola R, Saunders T, 
Zioza A, Damare S, Beckett Y, Yu B, Najmi S, 
Gabel C, Dickerson S, Zheng L, El-Deiry W, Al-
len J, Stogniew M, Oster W and Mehnert J. 
First-in-human clinical trial of oral ONC201. 
Clin Cancer Res 2017; 23: 4163-4169.

[15] Chi A, Tarapore R, Hall M, Shonka N, Gardner 
S, Umemura Y, Sumrall A, Khatib Z, Mueller S, 
Kline C, Zaky W, Khatua S, Weathers S, Odia Y, 
Niazi T, Daghistani D, Cherrick I, Korones D, 
Karajannis M, Kong X, Minturn J, Waanders A, 
Arillaga-Romany I, Batchelor T, Wen P, Merding-
er K, Schalop L, Stogniew M, Allen J, Oster W 
and Mehta M. Pediatric and adult H3 K27M-
mutant diffuse midline glioma treated with the 
selective DRD2 antagonist ONC201. J Neu-
rooncol 2019; 145: 97-105.

[16] Duke E, Murnick J, Tarapore R, Allen J and Kil-
burn L. Clinical and radiographic response to 
ONC201 in a pediatric patient with thalamic 
H3K27M and BRAFV600E mutant diffuse mid-
line high grade glioma [abstract]. The 19th In-
ternational Symposium of Pediatric Neuro-On-
cology 2020 (ISPNO2020).

[17] Wagner J, Kline CL, Ralff MD, Lev A, Lulla A, 
Zhou L, Olson GL, Nallaganchu BR, Benes CH, 
Allen JE, Prabhu VV, Stogniew M, Oster W and 
El-Deiry WS. Preclinical evaluation of the 
imipridone family, analogs of clinical stage an-
ti-cancer small molecule ONC201, reveals po-
tent anti-cancer effects of ONC212. Cell Cycle 
2017; 16: 1790-1799.

[18] Zhang Y, Zhou L, Safran H, Borsuk R, Lulla R, 
Tapinos N, Seyhan AA and El-Deiry WS. EZH2i 
EPZ-6438 and HDACi vorinostat synergize with 
ONC201/TIC10 to activate integrated stress 
response, DR5, reduce H3K27 methylation, 
ClpX and promote apoptosis of multiple tumor 
types including DIPG. Neoplasia 2021; 23: 
792-810.

[19] Chou T. The combination index (CI<1) as the 
definition of synergism and of synergy claims. 
Synergy 2018; 7: 49-50.

[20] Hetschko H, Voss V, Seifert V, Prehn J and Ko-
gel D. Upregulation of DR5 by proteasome in-
hibitors potently sensitizes glioma cells to 
TRAIL-induced apoptosis. FEBS J 2008; 275: 
1925-1936.

[21] Ralff MD, Jhaveri A, Ray JE, Zhou L, Lev A, 
Campbell KS, Dicker DT, Ross EA and El-Deiry 
WS. TRAIL receptor agonists convert the re-
sponse of breast cancer cells to ONC201 from 
anti-proliferative to apoptotic. Oncotarget 
2020; 11: 3753-3769.

[22] Ishizawa J, Zarabi SF, Davis RE, Halgas O, Nii T, 
Jitkova Y, Zhao R, St-Germain J, Heese LE, 
Egan G, Ruvolo VR, Barghout SH, Nishida Y, 
Hurren R, Ma W, Gronda M, Link T, Wong K, 
Mabanglo M, Kojima K, Borthakur G, MacLean 
N, Ma MCJ, Leber AB, Minden MD, Houry W, 
Kantarjian H, Stogniew M, Raught B, Pai EF, 
Schimmer AD and Andreeff M. Mitochondrial 
ClpP-mediated proteolysis induces selective 
cancer cell lethality. Cancer Cell 2019; 35: 
721-737, e9.

[23] Ferrarini I, Jhaveri A, Lee Y, Safran H, Zhou L 
and El-Deiry WS. Imipridone ONC212 induces 
apoptosis, suppresses autophagy and syner-
gizes upon GRP132 knockdown or exposure to 
lactic acid in preclinical studies of the pancre-
atic cancer microenvironment [abstract]. Bos-
ton, MA: AACR-NCI-EORTC International Confer-
ence on Molecular Targets and Cancer 
Therapeutics; 2019.

[24] Ferrarini I, Louie A, Zhou L and El-Deiry WS. 
ONC212 is a novel mitocan acting synergisti-
cally with glycolysis inhibition in pancreatic 
cancer. Mol Cancer Ther 2021; [Epub ahead of 
print].

[25] Lin GL, Wilson KM, Ceribelli M, Stanton BZ, 
Woo PJ, Kreimer S, Qin EY, Zhang X, Lennon J, 
Nagaraja S, Morris PJ, Quezada M, Gillespie 
SM, Duveau DY, Michalowski AM, Shinn P, 
Guha R, Ferrer M, Klumpp-Thomas C, Michael 
S, McKnight C, Minhas P, Itkin Z, Raabe EH, 
Chen L, Ghanem R, Geraghty AC, Ni L, Andreas-
son KI, Vitanza NA, Warren KE, Thomas CJ and 
Monje M. Therapeutic strategies for diffuse 
midline glioma from high-throughput combina-
tion drug screening. Sci Transl Med 2019; 11: 
eaaw0064.

[26] Manasanch EE and Orlowski RZ. Proteasome 
inhibitors in cancer therapy. Nat Rev Clin Oncol 
2017; 14: 417-433.

[27] Johnson DE. The ubiquitin-proteasome sys-
tem: opportunities for therapeutic. Endocr 
Relat Cancer 2015; 22: T1-T17.

[28] Hull E, Mongomery M and Leyva K. HDAC in-
hibitors as epigenetic regulators of the im-
mune system: impacts on cancer therapy and 
inflammatory diseases. Biomed Res Int 2016; 
2016: 8797206.

[29] Przystal JM, Yadavilli S, Abadi CC, Yadav VN, 
Laternser S, Cosentino CC, Waszak SM, Car-
taxo R, Biery M, Myers C, Jayasekara S, Olson 
JM, Filbin MG, Vitanza NA, Cain J, Koschmann 
C, Müller S and Nazarian J. DIPG-64. Interna-



Novel imipridone combination therapies in DIPG

4623 Am J Cancer Res 2021;11(9):4607-4623

tional preclinical drug discovery and biomarker 
program informing an adoptive combinatorial 
trial for diffuse midline gliomas. Neuro Oncol 
2020; 22: iii300.

[30] Bailey S, Howman A, Wheatley K, Wherton D, 
Boota N, Pizer B, Fisher D, Kearns P, Picton S, 
Saran F, Gibson M, Glaser A, Connolly DJ and 
Hargrave D. Diffuse intrinsic pontine glioma 
treated with prolonged temozolomide and ra-
diotherapy--results of a united kingdom phase 
II trial (CNS 2007 04). Eur J Cancer 2013; 49: 
3856-3862.

[31] Cohen K, Heideman R, Zhou T, Holmes E, 
Lavey R, Bouffet E and Pollack I. Temozolo-
mide in the treatment of children with newly 
diagnosed diffuse intrinsic pontine gliomas: a 
report from the children’s oncology group. 
Neuro Oncol 2011; 13: 410-416.



Novel imipridone combination therapies in DIPG

1 

Supplementary Table 1. Known characteristics of six human-derived DIPG cell lines
Cell line Malignancy Age Sex Mutation
SU-DIPG-IV DIPG 2yo F H3.1K27M
SU-DIPG-13 DIPG 6yo F H3.3K27M
SU-DIPG-25 DIPG 4yo F H3.3K27M
SU-DIPG-27 DIPG 5yo M H3.3K27M
SU-DIPG-29 DIPG 6yo F H3.3K27M
SU-DIPG-36 DIPG H3.1K27M

Supplementary Figure 1. Combination of ONC201 and entinostat reveals lesser synergy against H3K27M mutant 
DIPG. Synergy analysis as measured by CellTiter-Glo (CTG), demonstrating the combination of ONC201 and entino-
stat in cell line SU-DIPG-IV, with best combination index (CI) of 0.71.
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Supplementary Figure 2. Second generation imipridones synergize with HDAC inhibitors and etoposide. Synergy 
analyses demonstrating combinations of (A) ONC206 and romidepsin in cell line SU-DIPG-29 with best CI of 0.1 (B) 
ONC206 and etoposide in SU-DIPG-IV with best CI of 0.62 (C) ONC206 and etoposide in cell line SU-DIPG-25 with 
best CI of 0.46 (D) ONC206 and entinostat in cell line SU-DIPG-IV with best CI of 0.59.
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Supplementary Figure 3. Increase in integrated stress response and apoptosis with increasing doses of imipri-
dones. Western blot analysis of SU-DIPG-36 cells treated with ONC206, high and low doses of ONC201, and both 
high and low doses of ONC212.


