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Abstract 

ONC201/TIC10 activates TRAIL signaling through ATF4 and the integrated stress response (ISR). ONC201 demonstrated 

tumor regressions and disease stability in patients with histone H3K27M-mutated midline-glioma. H3K27M-mutation prevents 
H3K27-methylation on the mutated allele. EZH2 inhibitors (EZH2i) reduce H3K27 methylation and have anti-tumor effects. 
We hypothesized ONC201 sensitivity and tumor apoptosis may increase by reducing H3K27-methylation with EZH2i or HDACi 
as mimics of H3K27M-mutation. EZH2i EPZ-6438 (tazemetostat) or PF-06821497 and HDACi vorinostat were combined with 

ONC201 to treat multiple cancer cell lines and cell viability and histone modifications were analyzed. We observed synergistic effects 
towards cell viability in multiple cancers by EPZ-6438 or PF-06821497 plus ONC201 or triple therapy with vorinostat, EPZ-6438, 
and ONC201. EPZ-6438 and vorinostat synergized with ONC201 to enhance apoptosis. Activation of the ISR and TRAIL-DR5 

were observed in cells treated with ONC201 -/ + epigenetic modulators. Knockdown of ATF4 reduced DR5 induction and apoptosis 
following EZH2i and ONC201 treatment of U251 glioma cells. mRNA expression of dopamine-receptors did not correlate with 

ONC201 sensitivity in the tumor cell lines tested (N = 12), including changes after epigenetic drugs. Dopamine did not rescue 
apoptosis by ONC201 in different tumor cell lines (N = 10) including 2 GBM, 3 DIPG and did not prevent DR5 activation or 
apoptosis. DRD2 agonist sumanirole did not protect brain tumor cells (N = 6 including 4 DIPG cell lines) from ONC201 reduction 

in viability. Although synergy was observed with ONC201 and vorinostat, there was no significant increase in H3K27 acetylation in 

cell lines including DIPG as compared to vorinostat alone, and in some cases the acetylation was less than vorinostat alone at 72 H. 
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H3K27 methylation reduction correlated with synergy from com
combination. Our findings provide a rationale for combination 

in vivo and clinical testing in treatment of human malignancies 

Neoplasia (2021) 23, 792–810 
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Introduction 

ONC201/TIC10 (TRAIL-inducing compound #10), the founding
member of the imipridone class of small molecules, kills solid tumor cells by
triggering an integrated stress response (ISR) dependent on ATF4 activation
[1] and presents anti-proliferative and pro-apoptotic effects against a broad
range of tumors [2–5] . The mechanism of action of ONC201 involves
the engagement of PERK-independent activation of the integrated stress
response, leading to tumor upregulation of TRAIL receptor DR5 and dual
Akt/ERK inactivation, and consequent Foxo3a activation leading to up-
regulation of the death ligand TRAIL [ 6 , 7 ]. 

Early clinical data have indicated that ONC201 provides clinical benefit
in a subset of brain tumor patients with histone H3K27M-mutated diffuse
midline glioma (DMG) [ 8 , 9 ]. DMG with H3K27M mutation presents a
globally reduced H3K27 di- and tri-methylation phenotype and in turn,
alters the expression of genes by epigenetic modulation [10] . PRC2 is a
multiprotein enzyme complex (EZH2, SUZ12, EED, and YY1) responsible
for the methylation of lysine 27 on histone H3 (H3K27me3) [11] . The
Enhancer of Zeste Homolog 2 (EZH2) is a histone methyltransferase that
tri-methylates H3K27 (H3K27me3) and silences target genes. EZH2 is the
functional enzymatic component of the PRC2 that methylates histone H3 at
Lysine 27 (H3K27) and silences target genes involved in various functions
such as cell cycle, cell proliferation, and cell differentiation [12] . EZH2
inhibitors (EZH2i) reduce global histone H3K27 methylation, leading to
the de-repression of target gene transcription and anti-cancer effects [13] .
Anti-cancer effects with EZH2i in tumors have been observed in glioma
[ 14 , 15 ], breast cancer [16] , lymphoma [17] , and multiple myeloma [18] .
In 2020, EZH2i EPZ-6438 (tazemetostat) was approved by the FDA for the
treatment of relapsed/refractory follicular lymphoma and metastatic or locally
advanced epithelioid sarcoma. PF-06821497 is another EZH2i being tested
in clinical trials of small cell lung cancer, follicular lymphoma, castration-
resistant prostate cancer, and diffuse large B cell lymphoma. [19] 

We hypothesized that EZH2i may sensitize tumor cells to ONC201 due
to the reduction of global histone H3K27 methylation, in a manner that
may mimic H3K27M-mutation that has been associated with ONC201-
responsiveness in patients with mid-line glioma. HDAC’s remove the
acetyl groups on the histone and thereby down-regulate the transcription
of the target genes including oncogenes and tumor suppressor genes
[20] . Histone deacetylase inhibitors (HDACi’s) increase levels of histone
acetylation leading to a more relaxed chromatin structure and ultimately gene
transcription, including those involved in tumor suppression, cell-cycle arrest,
cell differentiation, and apoptosis [21] . We hypothesized that epigenetic
modulation may sensitize tumor cells to ONC201 and evaluated the synergy
of combinations of ONC201 and EZH2i and/or HDACi. 

Binding and reporter assays have shown that ONC201 is a selective
antagonist of the dopamine D2-like receptors, specifically, DRD2 and DRD3
[22] . Dopamine receptors belong to the superfamily of G-protein-coupled-
receptors (GPCRs). Dopamine receptors are classified into two groups, the
binations of either EPZ-6438 or vorinostat with ONC201 or triple 
of ONC201 and epigenetic modulators including triple therapy for 
including brain tumors and DIPG. 

ion, Histone acetylation 

1-like group, and the D2-like group. Dopamine receptor D1 (DRD1)
nd DRD5 belong to the D1-like group. Stimulation of D1-like receptors
ncreases cyclic AMP levels. DRD2 and DRD3 belong to the D2-like group
nd their stimulation decreases cyclic AMP levels. DRD5 opposes DRD2
ignaling and a DRD2 + DRD5- biomarker signature is associated with
nhanced ONC201 tumor cell sensitivity [23] . We have also shown that a
RD5 antagonist sensitizes tumor cells to ONC201 [24] . We hypothesized

hat the interaction between ONC201 and DRD2/DRD3 plays a role in
he anti-cancer effects of ONC201 and that dopamine receptor expression
ay correlate with ONC201 sensitivity. In our study, we investigated the

elationship between the expression of dopamine receptors and ONC201 
ensitivity spanning different cancer types, the modulation of dopamine 
eceptor expression with epigenetic drugs, and the effects of dopamine or
RD2-agonist sumanirole on ONC201-mediated cell death to determine 
hether modulation of dopamine receptors is associated with sensitization to
NC201. Our results provide novel insights into the underlying anti-tumor
echanisms of ONC201 against brain tumors with H3K27M mutation, and

rovide evidence for synergies of ONC201 with epigenetic drugs that may in
he future be tested in multiple tumor types including brain tumors or DIPG.

ethods 

ell culture and reagents 

The human breast cancer, GBM, gastric cancer, multiple myeloma 
ell lines were purchased from the American Type Culture Collection
ATCC). All cell lines were confirmed to be mycoplasma free using
CR testing methods. All cell lines were cultured in their ATCC-
ecommended media supplemented with 10% (v/v) fetal bovine serum 

nd 1% Penicillin/Streptomycin with or without chemotherapy agents 
t 37 °C within a 95% humidified atmosphere containing 5% carbon
ioxide in an incubator. Saos2 cells were cultured in medium supplemented
ith 15% FBS. Human H3K27-M mutated DIPG cell lines were from
atients with pediatric gliomas and are described in more detail elsewhere
Borsuk, R., Zhou, L., Chang, W-I, Zhang, Y., Sharma, A., Prabhu, V.V.,
apinos, N., Lulla, R.R., and El-Deiry, W.S. "Potent preclinical sensitivity to

mipridone-based combination therapies in oncohistone H3K27M-mutant 
iffuse intrinsic pontine glioma is associated with induction of the integrated
tress response, TRAIL death receptor DR5, reduced ClpX and apoptosis," 
ubmitted, 2021). EPZ-6438 was purchased from Selleckchem and was 
olubilized in DMSO at a storage concentration of 20 mM. PF-06821497
as purchased from ChemieTek and was solubilized in DMSO at a

torage concentration of 10 mM. Vorinostat was purchased from MedKoo
iosciences and was solubilized in DMSO at a storage concentration of
0 mM. ONC201 was supplied by Oncoceutics, Inc and reconstituted in
MSO at a storage concentration of 20 mM. Dopamine was purchased from

igma-Aldrich and was solubilized in PBS at a storage concentration of 50
M. Sumanirole was purchased from Sigma-Aldrich and was solubilized in
BS at a storage concentration of 20 mM. 
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Cell viability and apoptosis assays 

Cells were seeded in opaque-walled 96-well plates at a density of 4000–
5000 cells per well and incubated overnight in 100 μL culture medium before
addition of single-agent ONC201, vorinostat, EPZ-6438, PF-06821497, or
the combination of ONC201 plus PF-06821497, ONC201 plus vorinostat,
ONC201 plus EPZ-6438, vorinostat plus EPZ-6438, or ONC201, EPZ-
6438, and vorinostat. Treatment was continued for 72 H. 20 μL CellTiterGlo
bioluminescence agent (Promega Corporation, Madison, WI) was added into
each well. The content was mixed for 2 Min on a plate shaker to induce cell
lysis. Cell viability was determined with the CellTiterGlo assay. Combination
indices (CI) were calculated by the method of Chou and Talalay using the
CompuSyn software. CI < 1.0 indicates drug synergy. 

Sub-G1 analyses were performed to quantify apoptosis. Cells were seeded
in 6-well plates at a density of 4 × 10 5 - 5 × 10 5 cells per well and incubated
overnight in 2 mL culture medium before addition of single-agent ONC201,
vorinostat, EPZ-6438, or the combination of ONC201 plus vorinostat,
ONC201 plus EPZ-6438, vorinostat plus EPZ-6438, or ONC201, EPZ-
6438, and vorinostat. After treatment of 72 H, the adherent cells were
trypsinized, floating and adherent cells were fixed in 75% ethanol and stained
with propidium iodide in the presence of pancreatic ribonuclease (RNase A).
Sub-G1 analyses by flow cytometry were performed using a Coulter-Beckman
Elite Epics cytometer. 

Immunoblotting 

Cells were seeded in 6-well plates at a density of 4 × 10 5 -5 × 10 5
cells per well or 12-well plates at a density of 2 × 10 5 -3 × 10 5 per well
and incubated overnight in culture media before the addition of single-
agent ONC201, vorinostat, EPZ-6438, PF-06821497, or the combination of
ONC201 plus PF-06821497, ONC201 plus vorinostat, ONC201 plus EPZ-
6438, vorinostat plus EPZ-6438, or ONC201, EPZ-6438, and vorinostat.
After treatment for 48 H, the cells were washed with PBS and lysed in lysis
buffer [150 mM NaCl, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1%
SDS, 50mM Tris-HCl (pH8.0)]. The proteins were quantified with the Bio-
Rad protein assay. LDS Sample Buffer (4x) and reducing reagent were added
into the lysates. For the immunoblotting of histone, the cells were treated for
72 H and lysed directly with lysis buffer [150 mM NaCl, 1% Triton X-100,
0.5% Sodium deoxycholate, 0.1% SDS, 50mM Tris-HCl (pH8.0)] plus LDS
Sample Buffer (4X). The lysates were loaded equally onto 4 to 12% NuPAGE
SDS-polyacrylamide gels (Thermo Fisher Scientific). Standard procedures
were performed to transfer proteins to polyvinylidene difluoride (PVDF)
membranes. After blocking with 5% milk, the PVDF membranes were
incubated with primary antibody overnight and subsequently appropriate
secondary antibodies labeled with horseradish peroxidase for 1 H. The
membranes were developed using an ECL reagent. The primary antibodies
used in this study were as follows: antibodies against PARP (cat. no. 9542S),
cleaved-caspase 3 (clvd-caspase 3, cat. no. 9661S), ATF4 (cat. no. 11815S),
CHOP (cat. no. 2895S), DR5 (cat. no. 3696S), DRD2 (cat. No sc5303),
Acetyl Histone H3 (Lys27) Antibody (cat. no. 4353S) (Cell Signaling),
Histone H3 (tri-methyl K27) antibody (mAbcam 6002), and Histone H3
antibody (cat. no. 9715s). Secondary antibodies were acquired from Pierce
(cat. nos. 31430 and 31460) (horseradish peroxide–conjugated). 

Quantitative Reverse-Transcription Polymerase Chain Reaction 

(qRT-PCR) 

Cells were seeded in 6-well plates at a density of 4 × 10 5 - 5 × 10 5
cells per well and incubated overnight in culture media before the addition
of single-agent ONC201, vorinostat, or the combination of ONC201 plus
vorinostat. Treatment was continued for 24 H. RNA was extracted using
the RNeasy Plus Mini Kit (Qiagen) according to manufacturers’ instructions
nd quantitated using a Nanodrop spectrophotometer. Genes of interest were 
mplified using 2 μg of total RNA reverse-transcribed to cDNA using a 
uperscript II kit (Invitrogen) with random hexamer primer. In the real-time 
CR step, PCR reactions were performed in triplicate with 1 μl cDNA/20 
l reaction and primers specific for DRD1, DRD2, DRD3, DRD5, and 
lyceraldehyde-3-phosphate dehydrogenase (GAPDH) using the ViiA 7 Real- 
ime PCR System (Applied Biosystems). Thermal cycling was initiated 
t 95 °C for 10 Min followed by 40 cycles of PCR (95 °C for 15 S and
0 °C for 1 Min). GAPDH was used as an endogenous control, and vehicle
ontrol was used as a calibrator. The sequences of the primers are listed in
able S1. The basal expression of genes is depicted by �Ct. Ct represents
he threshold cycle number. The relative changes in gene expression were 
alculated using the following formula: fold change in gene expression, 
 

−��Ct = 2 −[ �Ct (T)- �Ct (NT)] , T represents treatment samples, NT represents 
o-treatment control samples. 

ransient knockdown using siRNA 

Cells were plated in an antibiotic-free medium with 10% FBS in a 24-well
late and incubated overnight. siRNA (a pool of three target-specific siRNAs) 
Santa Cruz Biotechnology) (10 nM final concentration) was transfected 
nto cells using 1.5 μL Lipofectamine RNAiMax. After 24 H, single-agent 

NC201, EPZ-6438, or the combination of ONC201 plus EPZ-6438, 
orinostat plus EPZ-6438, or ONC201, EPZ-6438, and vorinostat were 
dded. 

Cells for cell viability assessment were plated in antibiotic-free medium 

ith 10% FBS in a 6-well plate and incubated overnight. siRNA (a 
ool of three target-specific siRNAs) (Santa Cruz Biotechnology) (10 nM 

nal concentration) was transfected into cells using 7.5 μL Lipofectamine 
NAiMax. The Hep3B cell line was trypsinized after treatment with siRNA 

or 24 H and the AGS cell line was trypsinized after treatment with siRNA
or 48 H and seeded in 96-well plates at a density of 5000 cells per well and
ncubated overnight in 100 μL culture medium before drug treatment. 

esults 

ZH2 inhibitor EPZ-6438 or PF-06821497 synergizes with ONC201 

nd suppresses the cell viability of multiple cancer cell lines 

To test our hypothesis that reduced H3K27 methylation would mimic 
3K27M mutation associated with ONC201 sensitivity in glioma and 

onfer sensitivity to other tumor types, we assessed the therapeutic effect of 
NC201 alone or in combination with EZH2 inhibitors, EPZ-6438 or PF- 

6821497 in vitro . We quantitatively analyzed the combinatorial effects of 
ZH2 inhibitors with ONC201. The data showed that EZH2i EPZ-6438 

ynergizes with ONC201 to suppress the cell viability of breast cancer and 
BM cells in vitro ( Fig. 1 A, 1 B, Table S2). Treatment with EPZ-6438 leads

o a shift of ONC201 IC50 (Fig. S1A). The synergy between ONC201 
nd EPZ-6438 was observed in ER + /PR + /Her2 + breast cancer cell line

CF7, ER + /PR-/Her2 + breast cancer cell line MDA-MB-361 ( Fig. 1 A, 1 B,
ableS2), and triple-negative breast cancer cell line MDA-MB-468 (Fig. S1A, 
able S2). The synergy was also observed in the U251 GBM cell line ( Fig. 1 A,
 B, Table S2) and the AGS gastric adenocarcinoma cell line (Fig. S1A, Table
2), although the synergy observed with AGS cells is less pronounced. We also
bserved that another EZH2i, PF-06821497 synergizes with ONC201 to 
uppress the cell viability of GBM cell line U251, DMG cell line SF8628,
olorectal adenocarcinoma cell line HT29, pancreatic cancer cell line BxPC3, 
nd ER + /PR-/Her2 + breast cancer cell line MDA-MB-361 ( Fig. 1 C, 1 D,
able S3) . 
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Fig. 1. Synergistic interaction between EZH2i and ONC201 in the suppression of cell viability of tumor cell lines. (A) CellTiterGlo assay (CTG) analysis of 
the viability of tumor cell lines treated with EPZ-6438 and ONC201 for 72 H. Drug doses and cell lines are as indicated. (B) The plot of the combination 
index (CI) as the function of cell viability for tumor cell lines treated with EPZ-6438 and ONC201 combinations in tested tumor cell lines. (C) CTG analysis 
of the viability of tumor cell lines treated with PF-06821497 and ONC201 for 72H. Drug doses and cell lines are as indicated. (D) The plot of the combination 
index (CI) as a function of cell viability for tumor cell lines treated with PF-06821497 and ONC201 combinations in tested tumor cell lines. 
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EZH2 inhibitors synergize with ONC201 to induce apoptosis 

We further evaluated the effect of ONC201 in combination with an
EZH2 inhibitor on tumor cell death induction. Immunoblotting detected
cleaved-PARP and confirmed that EPZ-6438 or PF-06821497 synergizes
with ONC201 to promote cancer cell apoptosis. We treated the tumor cell
lines with single agent of ONC201, EPZ-6438, PF-06821497, ONC201
plus EPZ-6438, or ONC201 plus PF-06821497 for 48 H. The single
treatment of ONC201 induced PARP cleavage in MCF7 ( Fig. 2 A, 2 B), U251
 Fig. 2 C, 2 D), Hep3B ( Fig. 5 C, 5 D), and Saos2 (Fig. S4A, S4B) cell lines,
ut not in MDA-MB-361 (Fig. S2A, S2B), AGS (Fig S4C), or MM1 cell

ines (Fig. S4D, S4E). The combination of ONC201 and EPZ-6438 induced
ore cleaved-PARP in MCF7 ( Fig. 2 A, 2 B), U251 ( Fig. 2 C, 2 D), Hep3B

 Fig. 5 C, 5 D), MDA-MB-361 (Fig. S2A, S2B), Saos2 (Fig. S4A, S4B), and
M1S (Fig. S4D, S4E) cell lines, but not in AGS cells (Fig. S4C). In U251

ells, the combined treatment of PF-06821497 plus ONC201 also induced
ore cleaved-PARP ( Fig 2 G). Thus, the mechanism of tumor suppression

nduced by ONC201 and combination of ONC201 and EZH2i in AGS is
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Fig. 1. Continued 
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different from that in other cell lines. Cleaved-caspase3 was induced by the
combination of EPZ-6438 and ONC201 in Saos2 as well as in U251 treated
with PF-06821497 plus ONC201 (Fig. S4, Fig. 2 G). The sub-G1 analysis
detected more apoptosis induced by the combination of ONC201 and EPZ-
6438 as compared with single agents in the MDA-MB-468 ( Fig. 2 F) and
MCF7 (Fig. S2E) cell lines. 

EPZ-6438 synergizes with ONC201 and triggers an integrated stress 
response and TRAIL pathway to promote cell death and apoptosis 

ONC201 kills tumor cells by triggering an integrated stress response
dependent on ATF4 activation [1] . Activating transcription factor-4 (ATF4)
s the master coordinator of the integrated stress response (ISR), which can 
romote cell death [25] . We treated the cancer cell lines with a single-
gent of ONC201, EPZ-6438, PF-06821497, or ONC201 plus EPZ-6438, 
NC201 plus PF-06821497 for 48 hr. Immunoblotting detected more 

nduction of ATF4 in cells treated with the combination of ONC201 and 
PZ-6438 as compared with treatment with a single-agent in the MCF7 
 Fig. 3 A, 3 B), U251 ( Fig. 3 D, 3 E), MDA-MB-361 (Fig. S3A, S3B), and
aos2 (Fig. S5B) cell lines and also in U251 treated with the combination
f ONC201 and PF-06821497 ( Fig. 3 G, 3 H). ATF4 promoted apoptosis,
n part, by regulating the expression of CHOP [26] . CHOP induces death
eceptor DR5, that plays a role in the induction of apoptosis under ER
tress [27] . The ISR induced by ONC201 triggers an increase of TRAIL
nd DR5. CHOP and DR5 expression increase in response to exposure to 
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Fig. 2. Combination of EZH2i plus ONC201 enhances tumor cell line apoptosis. Immunoblotting of cleaved-PARP (clvd-PARP) in (A) MCF7 treated with 
EPZ-6438 (0, 20, 40, 80 μM) plus ONC201 (0, 2.5, 5 μM) and (C) U251 treated with EPZ-6438 (0, 20, 40, 80 μM) plus ONC201 (0, 4, 8 μM) for 48 H. 
Densitometric analysis of clvd-PARP/PARP ratios is as indicated in (B) for MCF7 and (D) for U251. (F) Flow cytometric analysis of cell death distribution of 
MDA-MB-468 cell lines treated with EPZ-6438 (0, 20, 50, 100 μM) plus ONC201 (0, 2.5, 5, 10 μM) for 72 H. The observed % sub-G1 fraction for each 
experimental condition is as indicated. (G) Immunoblotting of cleaved-PARP (clvd-PARP) and cleaved-caspase 3 in U251 treated with PF-06821497 (0, 50, 
100 μM) plus ONC201 (0, 5 μM). 
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ONC201 in cultured HCT116 cells [1] . However, no induction of CHOP
is detected after 48 H of treatment of either single-agent of ONC201 or
ONC201 plus EPZ-6438 in MCF7 (Fig. S3C). Immunoblotting detected
more induction of DR5 in MCF7 ( Fig. 3 A, 3 C) and U251 ( Fig. 3 D, 3 F)
cells treated with the combination of ONC201 and EPZ-6438 or ONC201
plus PF-06821497 as compared with treatment with a single-agent ( Fig. 3 G,
3 I). Up-regulation of ATF4 and DR5 suggests an involvement of the ISR
and TRAIL pathway in apoptosis induced by ONC201 or a combination of
ONC201 and EZH2i in human glioma cells without H3K27M mutation.
Knockdown of ATF4 ( Fig. 7 C) reduced DR5 induction ( Fig. 7 D, 7 E), cell
viability suppression ( Fig. 7 A, 7 B), and apoptosis ( Fig. 7 D, 7 F) induced by
the single-agent of ONC201 or the combination of ONC201 and EPZ-
6438 in U251 glioma cells without H3K27M mutation. Thus, induction
of ISR mediated the apoptosis induced by the combination of ONC201
nd EPZ-6438 in U251 cells. Single treatment of ONC201 induced ATF4
nd DR5 in Hep3B cells ( Fig. 6 D- 6 F). However, the addition of EPZ-6438
id not enhance the induction of ATF4 ( Fig. 6 D- 6 F). Knockdown of ATF4

n Hep3B appeared to induce greater cell viability suppression ( Fig. 6 SA,
SB) and apoptosis ( Fig. 6 C), although the ATF4 knockdown reduced DR5
nduction ( Fig. 6 C). Thus, the cell death induced by the combination of

NC201 and EPZ-6438 in Hep3B depends on the mechanism other than
SR or TRAIL pathway. 

PZ-6438 and HDAC inhibitor vorinostat synergize with ONC201 

nd suppress cell viability of multiple cancer cell lines 

EZH2i reduces global histone H3K27 methylation while HDACi 
nduces histone acetylation and a more relaxed chromosome structure. 
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Fig. 3. The combination of EZHi and ONC201 enhances the up-regulation of AFT4 and DR5 induced by ONC201 . (A) Immunoblotting of ATF4 and 
DR5 in MCF7 treated with EPZ-6438 (0, 20, 40, 80 μM) plus ONC201 (0, 2.5, 5 μM). Densitometric analysis of ATF4/Ran and DR5/Ran ratios in MCF7 
is as indicated in (B) and (C). (D) Immunoblotting of ATF4 and DR5 in U251 treated with EPZ-6438 (0, 20, 40, 80 μM) plus ONC201 (0, 4, 8 μM) for 
48 H. Densitometric analysis of ATF4/ran and DR5/Ran ratios in U251 is as indicated in (E) and (F). 
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Fig. 4. The combination of EPZ-6438, vorinostat and, ONC201 is synergistic in the suppression of cell viability in multiple human tumor cell lines. (A) 
CTG analysis of cell viability of tumor cell lines treated with the combination of EPZ-6438, vorinostat, and ONC201 for 72 H. Cell line and drug doses are as 
indicated. (B) The plot of the combination index (CI) as a function of cell viability for tumor cell lines treated with the combination of EPZ-6438, vorinostat, 
and ONC201. 
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Both acetylation and reduction of methylation of histones lead to the de-
repression of target gene transcription. We added the HDACi vorinostat
to the combination of EPZ-6438 and ONC201 to evaluate the synergy of
the three agents. The combination of the three agents appeared synergistic
in breast cancer, hepatocellular carcinoma, gastric adenocarcinoma, multiple
yeloma, and osteosarcoma cell lines ( Fig. 4 A, 4 B, Table S4). In MCF7,
ep3B and HepG2 cells, the combination of the three agents induced

ynergy at all the dosages use, and most of the combination index values
anged from 0.27-0.80 in MCF7 and 0.06-0.70 in HepG2 and Hep3B cells
 Fig. 4 A, 4 B, Table S4) . 
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Fig. 5. The combination of EPZ-6438, vorinostat and ONC201 enhances apoptosis in human tumor cell lines . Immunoblotting of clvd-PARP in (A) MCF7 
treated with the combination of EPZ-6438 (0, 25, 50 μM), vorinostat (0, 0.25 μM) and ONC201 (0, 2.5 μM), and (C) Hep3B treated with EPZ-6438 
(0, 25, 50 μM), vorinostat (0, 0.25 μM) and ONC201 (0, 2.5 μM) for 48 H. Densitometric analysis of clvd-PARP/PARP ratios is as indicated in (B) for 
MCF7 and (D) for U251. (E) Flow cytometric analysis of cell death distribution of the MCF7 cell line treated with combination of EPZ-6438 (0, 25, 50 
μM), vorinostat (0, 0.25 μM) and ONC201 (0, 2.5 μM) for 72 H. The observed % sub-G1 fraction for each experimental condition is as indicated. 
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EPZ-6438 and vorinostat synergize with ONC201 to induce apoptosis 

We further investigated the effects of the combination of EPZ-6438,
vorinostat, and ONC201 on apoptosis. Immunoblotting of cleaved-PARP
detected apoptosis induced by the combination of EPZ-6438, vorinostat,
and ONC201 in MCF7 ( Fig. 5 A, 5 B), Hep3B ( Fig. 5 C, 5 D), Saos2 (Fig.
S4A, S4B), and MM1S cell lines (Fig. S4D, S4E). The apoptosis was
also demonstrated by the immunoblotting of cleaved-caspase 3 in Hep3B
( Fig. 5 C) and Saos2 cell line (Fig. S4A). But no apoptosis was detected in
AGS cells (Fig. S4C). A Flow cytometry analysis of cell distribution of the
MCF7 cell line treated with EPZ-6438, vorinostat, and ONC201 for 72 H
D  
emonstrated the apoptosis induced by a combination of the three agents 
 Fig. 5 E). 

ole of integrated stress response and TRAIL pathway activation in the 
ynergy of EPZ-6438 and vorinostat 

We further investigated the mechanism of synergy with ONC201 and the 
pigenetic modulators by examining the integrated stress response mediator 
TF4. Immunoblotting of ATF4 demonstrated that the combination of 
NC201, vorinostat, and EPZ-6438 enhanced the induction of ATF4 and 
R5 in MCF7 ( Fig. 6 A, 6 B). The up-regulation of ATF4 implicates the ISR
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Fig. 6. EPZ-6438 and vorinostat enhance expression of ATF4 and DR5 induced by ONC201 in MCF7 and Hep3B cells . Immunoblotting of ATF4 and 
DR5 in MCF7 (A) and Hep3B (C) cells treated with the combination of EPZ-6438 (0, 25, 50 μM), vorinostat (0, 0.25 μM) and ONC201 (0, 2.5 μM) for 
48 H. Densitometric analysis of ATF4/ran and DR5/Ran ratios in MCF7 is as indicated in (B) and (C) and Hep3B in (E) and (F). 
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in the apoptosis induced by the combination of ONC201, vorinostat, and
EPZ-6438 in MCF7. In AGS and MM1S cell lines, no induction of ATF4
was detected with either the combination of ONC201, vorinostat, and EPZ-
6438 or the single-agent of ONC201 (Fig. S5A, S5C). The single-agent of
ONC201 appeared to reduce ATF4 in the AGS cell line (Fig. S5A). In Saos2,
EPZ-6438 enhanced ATF4 induction, but the addition of vorinostat reduced
the up-regulation of ATF4 (Fig. S5B). In Hep3B, although ONC201 alone
could induce ATF4, the addition of vorinostat or EPZ-6438 appeared to
reduce the expression of ATF4 in the Hep3B cell line under the experimental
conditions ( Fig. 6 D, 6 E). Knockdown of ATF4 induced more cell viability
suppression (Fig. S6A, S6B) and more apoptosis detected by immunoblotting
of PARP cleavage and caspase 3 cleavage (Fig. S6C) in Hep3B treated with
the combination of the three agents. ATF4 knockdown had no stable impact
on the viability suppression induced by the combination of ONC201, EPZ-
6438, and vorinostat in AGS cells (Fig. S6D, S6E). Thus, the induction of
the ISR contributed to the apoptosis induced by the combination of the
3 agents in MCF7 cell line. In U251 DR5 induction appears dependent
upon ATF4 induction and the increase in DR5 correlates with ONC201-,
 I
PZ-6438- or combination therapy-induced cell death as measured by PARP
leavage ( Fig. 7 ). ATF4 is induced in Saos2 after treatment with ONC201 or
ombinations of ONC201 with EPZ-6438 (Fig. S5B). In some cell lines such
s AGS, MM1S, and Hep3B, there may be other mechanisms that contribute
o the synergy with the epigenetic modulators and ONC201, although the
estern blot data in Figure S5 is performed at 48 hours after drug treatment.
onetheless, the kockdown of ATF4 in Hep3B did not reduce apoptosis after
NC201 treatment (Fig. S6). 

PZ-6438 reduces methylation at H3K27 in multiple cancer cell lines 

To validate the epigenetic modulation of H3K27 as a molecular mimic
f H3K27M that is associated with ONC201 sensitivity, we examined the
ethylation changes at H3K27 in EZH2i- and ONC201-treated tumor 

ells. We treated MCF7 and U251 with a single-agent of EPZ-6438,
NC201, or EPZ-6438 plus ONC201 and U251 with a single-agent of
F-06821497, ONC201, or PF-06821497 plus ONC201 for 72 hours. 
mmunoblotting showed that EPZ-6438 reduces H3K27 tri-methylation in 
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Fig. 7. Knock-down of ATF4 reduces cell death induced by the combination of ONC201 and EPZ-6438 in U251 glioma cells that do not harbor an H3K27M 

mutation. (A) CellTiterGlo assay (CTG) analysis of cell viability in U251 cells treated with the combination of EPZ-6438 and ONC201 for 72 hours after 
ATF4 knockdown. (B) Cell viability assessment of U251 cells treated with the combination of EPZ-6438 and ONC201 for 72 H after ATF4 knockdown. (C) 
ATF4 was knocked down in U251 for cell viability assessment. (D) Immunoblotting of ATF4, DR5 and clvd-PARP in U251 treated with the combination of 
EPZ-6438 and ONC201 for 72 H after ATF4 knockdown. Densitometric analysis of DR5/Ran and clvd-PARP/PARP ratios in U251 cells is as indicated in 
(E) and (F). 
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the MCF7 ( Fig. 8 B, S7A), Hep3B ( Fig 8 C), and U251 ( Fig. 8 A) cell lines,
PF-06821497 reduced H3K27 tri-methylation in U251 cells (Fig. S7D). We
treated the MCF7, MM1S, and Hep3B cell lines with a single-agent of EPZ-
6438, vorinostat, or ONC201 or the combination of the three agents for
72 H. Immunoblotting detected reduced H3K27 tri-methylation with the
treatment of EPZ-6438 or the combination of EPZ-6438 and vorinostat
( Fig. 8 B, 8 C, Fig. S7B). Immunoblotting of Hep3B detected more H3K27
acetylation with the treatment of EPZ-6438 or the combination of EPZ-
6438 and vorinostat (Fig. S7C). The epigenetic alteration induced by EPZ-
6438, PF-06821497, or vorinostat may contribute to the synergy of the
combination in the suppression of tumor cells. 
RNA expression of dopamine receptors is not associated with ONC201 

ensitivity in the tested tumor cell lines either before or after drug 
reatment by epigenetic drugs 

ONC201 is a selective antagonist of the dopamine D2-like receptors, 
pecifically, DRD2 and DRD3. DRD5 is a D1-like receptor that opposes 
RD2 signaling, and we previously showed that a DRD5 antagonist 

ynergizes with ONC201 [24] . A DRD2 + DRD5- biomarker signature 
s associated with enhanced ONC201 tumor cell sensitivity in clinical 
pecimens [23] . We hypothesized that the interaction between ONC201 
nd D2-like dopamine receptors plays a role in the anti-cancer effects of 
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Fig. 8. Post-translational modification of H3K27 following treatment of tumor cells with EPZ-6438 or vorinostat. EPZ-6438 or EPZ-6438 plus vorinostat 
reduce H3K27 tri-methylation in (A) U251 cell lines treated with the combination of EPZ-6438 (0, 40, 80 μM) and ONC201 (0, 8 μM), (B) MCF7 cells 
treated with the combination of EPZ-6438 (0, 25, 50 μM), vorinostat (0, 0.25 μM), and ONC201 (0, 2.5 μM) and (C) Hep3B cells treated with the 
combination of EPZ-6438 (0, 25, 50 μM), vorinostat (0, 0.25 μM), and ONC201 (0, 2.5 μM) for 72 H. 

Table 1 

The expression of the different dopamine receptors is variable across 

different cell types. ( �Ct values Are Shown) 

Cell Type Cell Line DRD1 DRD2 DRD3 DRD5 

Colorectal cancer HCT116 10.7 17.9 17.1 18.1 

HT29 9.9 9.5 13.1 12.4 

SW480-1 9.3 3.2 7.0 6.7 

Breast cancer MCF7 5.1 6.4 13.2 11.9 

MDA-MB-361 11.3 11.8 17.4 15.3 

MDA-MB-468 12.2 5.7 12.0 12.5 

Glioblastoma T98G-1 14.4 1.1 12.0 12.4 

SF8628 ND 11.0 14.8 13.7 

U251 9.9 0.8 16.4 13.0 

Gastric cancer SNU16-1 8.0 ND ND 8.3 

Prostate cancer DU145 12.7 14.9 12.8 13.5 

PC3 15.0 13.7 13.2 14.0 

ND = not detected. 
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ONC201, and thus, the basal expression of dopamine receptors and the
ratios of D2-like versus D1-like dopamine receptors expression may correlate
with ONC201 sensitivity. We determined the basal expression of dopamine
receptors in multiple tumor cell lines through RT-PCR and investigated
the potential association between the levels of dopamine receptors and
IC50 of ONC201. The basal mRNA expression of dopamine receptors was
depicted by �Ct ( Table 1 ). In the 12 tumor cell lines tested, no correlation
was detected between ONC201 sensitivity and basal mRNA expression of
dopamine receptors or the ratio of DRD2 versus DRD5 expression ( Fig. 9 ).
We tried to modulate the expression of dopamine receptors with HDACi
vorinostat and investigate whether modulation of dopamine receptors is
associated with sensitization to ONC201. The relative changes in gene
expression were depicted by 2 −��Ct . In the 11 tumor cell lines tested, no
correlation was detected between changes of mRNA expression of dopamine
 w  
eceptors and changes of IC50 of ONC201 caused by vorinostat treatment
 Fig. 10 ). 

xpression of DRD2 in tumor cells treated with the combination of 
pigenetic modulators and ONC201 

To understand whether DRD2 plays a role in the synergy of the
ombination of epigenetic modulators and ONC201, we evaluated the 
mpact of the combination of epigenetic modulators and ONC201 on the
xpression of DRD2 in the tumor cell lines at the protein level. The addition
f the epigenetic modulators increased the expression of DRD2 in U251,
CF7 and AGS cells (Fig. S8). However, significant up-regulation of DRD2

xpression was not observed in U251 (Fig. S8A, S8B). In MCF7 cells there
as some apparent increase in DRD2 with EPZ-6438 (Fig S8C, S8D) and a
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Fig. 9. ONC201 sensitivity is not associated with basal expression of dopamine receptors or with the ratio of DRD2/DRD5 in a panel of 12 tumor cell lines. 
(A–D) Lack of correlation between dopamine receptor expression (as indicated) determined by RT-PCR with ONC201 sensitivity in a panel of 12 human 
cancer cell lines. (E) The ratio of DRD2 expression versus DRD5 expression in multiple cancer cell lines. �Ct was calculated by (Ct value of dopamine 
receptor - Ct value of GAPDH). The 12 cell lines are HCT116, HT29, SW480, MCF7, MDA-MB-361, MDA-MB-468, T98G, SF8628, U251, SNU16, 
DU145, and PC3 and the �Ct values are shown in Table 1 . 

Fig. 10. Change of ONC201 sensitivity was not associated with modulation of dopamine receptor mRNA expression by vorinostat in multiple human tumor 
cell lines. The change of dopamine receptor mRNA expression was depicted by 2 −��Ct and is shown for the 12-cell line panel as indicated. The 12 cell lines 
are HCT116, HT29, SW480, MCF7, MDA-MB-361, MDA-MB-468, T98G, SF8628, U251, SNU16, DU145, and PC3 and the �Ct values are shown 
in Table 1 . �IC50 of ONC201 was generated by (IC50 of ONC201 with simultaneous treatment of vorinostat - IC50 of ONC201 without vorinostat 
treatment). 
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similar trend although less pronounced was observed in AGS cells (Fig. S8E,
S8F). It remains unclear whether up-regulation of DRD2 may play a role
in the synergistic effect of epigenetic modulators and ONC201 in some cell
lines where DRD2 expression may be altered for example, by EPZ-6438. 

Reduced H3K27me3 methylation in multiple tumor cell types including 
H3K27M-mutated DIPG cells treated with EPZ-6438 or vorinostat 
and ONC201 

To further explore relationships between H3K27 methylation and
acetylation with observed synergies between the epigenetic drugs EPZ-
438 or vorinostat in combination with ONC201, we evaluated the 
3K27 modifications and correlated the effects with apoptotic cell death 

 Fig. 11 ). In H3K27M-mutated DIPG-13 cells, we observed potent synergy 
etween combinations of ONC201 plus either vorinostat or EPZ-6438 
 Fig. 11 A). The synergistic cell death noted with increase in PARP cleavage
ollowing treatment with ONC201 + vorinostat or ONC201 + EPZ- 
438 or the triple combination correlated with reduced H3K27 methylation 
nd no significant increase in H3K27 acetylation (( Fig. 11 A). A similar
attern was noted in DIPG-25 cells with decreased H3K27 methylation 
ith the ONC201 + epigenetic drug doublets or triple combination of 
NC201 + EPZ-6438 + vorinostat ( Fig. 11 B). There was a modest increase
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Fig. 11. Reduced H3K27me3 methylation in multiple tumor cell types including H3K27M-mutated DIPG cells treated with EPZ-6438 or vorinostat 
and ONC201. (A) H3K27M-mutated DIPG-13 cells were treated with combinations of ONC201 plus either vorinostat or EPZ-6438. PARP cleavage, 
H3K27 methylation and H3K27 acetylation is shown by western blot along with loading controls. (B) H3K27M-mutated DIPG-25 cells were treated with 
combinations of ONC201 plus either vorinostat or EPZ-6438. PARP cleavage, H3K27 methylation and H3K27 acetylation is shown by western blot along 
with loading controls. (C) A second experiment with H3K27M-mutated DIPG-25 cells were treated with combinations of ONC201 plus either vorinostat 
or EPZ-6438. PARP cleavage, H3K27 methylation and H3K27 acetylation is shown by western blot along with loading controls. (D–G). DIPG-29, Hep3B, 
U251, and T98G cells were treated with combinations of ONC201 plus either vorinostat or EPZ-6438. PARP cleavage, H3K27 methylation and H3K27 
acetylation is shown by western blot along with loading controls. 
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in H3K27 acetylation and methylation with combinations containing
vorinostat although methylation was suppressed with the triple combination
( Fig. 11 B). DIPG-25 cells showed a similar pattern of suppression in H3K27
methylation with EPZ-6438 plus ONC201 or the triple combination that
included vorinostat ( Fig. 11 C). Despite the observed synergies, there were
no significant increases observed in H3K27 acetylation in DIPG-25 cells
with ONC201 in combination with the epigenetic drugs as compared to
vorinostat alone at 72 H ( Fig. 11 C). An exception to H3K27 methylation
suppression with ONC201 in combination with EPZ-6438 or vorinostat was
noted in DIPG-29 cells undergoing apoptosis ( Fig. 8 D). Hep3B, U251, and
T98G showed suppression of H3K27 methylation and appreciable increase
in H3K27 acetylation with combinations of ONC201 plus EPZ-6438 or
vorinostat or the triple combination in cells undergoing apoptosis ( Fig. 11 E,
F, G). 

Dopamine or the DRD2 agonist sumanirole do not rescue ONC201 

mediated loss of cell viability in multiple human tumor cell lines 
including DIPG 

Because we did not observe correlations between dopamine receptor
DRD2 or DRD3 mRNA expression and loss of cell viability of multiple
tumor cell lines treated with ONC201 alone or in combination with
epigenetic drugs, we explored whether the addition of dopamine to the
cultures might alter the results. Dopamine did not rescue apoptosis by
ONC201 in different tumor cell lines (N = 10) including 2 GBM, 3 DIPG
( Fig. 12 , 13 ) and did not prevent ATF4 induction, DR5 activation or
poptosis ( Fig. 15 ). DRD2 agonist sumanirole did not protect brain tumor
ells (N = 6 including 4 DIPG cell lines) from ONC201 reduction
n viability ( Fig. 14 ). In experiments where we added dopamine to cell
ultures, we confirmed an increase in phosphorylation of PKA substrate
fter ONC201 treatment and some suppression when dopamine was added,
s another indicator that dopamine receptor signaling was engaged. Thus,
xperimentally in cell culture, dopamine or dopamine receptor DRD2 
gonist sumanirole cannot overcome the functional activity of ONC201 to
ctivate the cell death pathway in human cancer cell lines, including DIPG. 

iscussion 

ONC201 blocks cells from proliferating and kills tumors in cell and
nimal models. Multiple clinical trials of ONC201 in various cancer types
ave demonstrated the safety and preliminary efficacy of ONC201 in
ultipole tumor types. A subset of pediatric and adult patients with histone
3K27M-mutated midline glioma benefit from ONC201 [ 8 , 9 , 28 ]. EZH2

s a histone methyltransferase and EZH2i’s reduce the bi- and tri-methylation
n H3K27. We reasoned that inhibition of H3K37 methylation by an EZH2
nhibitor may mimic the H3K27M mutation and thus predicted and sought
o demonstrate synergy from the combination of EZH2i with ONC201 in
ultiple tumor types. 

We treated multiple tumor cell lines with the combination of EZH2i
PZ-6438/PF-06821497 and ONC201 and observed synergy of the two 
gents in breast cancer cell lines, including ER + /PR + /Her2 + , ER + /PR-
Her2 + , and triple-negative breast cancer, GBM, DMG, colorectal cancer,
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Fig. 12. Effects of dopamine on cell viability of multiple human tumor cell lines treated with ONC201. (A) MCF7 breast, (B) A549 lung, (C) H460 lung, 
(D) HCT116 colorectal, and (E) HPAF II pancreatic cancer cell lines were treated with drug doses as indicated and CellTiterGlo assays were performed at 72 
H. 
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pancreatic cancer, gastric adenocarcinoma, hepatocellular carcinoma, and
multiple myeloma cell lines. The extent of the synergy was different across
various tumor cell lines. The synergy was more potent in U251 and HepG2
in which the combination index of ONC201 and EPZ-6438 is less than 0.3
at some dosages (Table S2). We tested another EZH2i, PF-06821497 and
revealed that PF-06821497 produced greater synergy when the combined
treatment conducted in the same cell lines compared with EPZ-6438 (Table
S3, S2), which further supports the combination therapy of EZH2i plus
ONC201. 

The synergy was evaluated with the CellTiterGlo cell viability assay which
detects the amount of ATP directly proportional to the number of cells
present in the culture. MDA-MB-468 is sensitive to ONC201 with IC50
of 5.52 μM (Fig. S1A), but a single treatment with ONC201 could not
induce PARP cleavage in MDA-MB-468 (Fig. S2B). With the addition of
EPZ-6438, synergy was observed in the CTG assay, and PARP cleavage
was evident following EPZ-6438 treatment in MDA-MB-468 (Fig. S2C,
S2D). ONC201 was originally reported to transcriptionally induce TRAIL
and DR5, leading to extrinsic cell death pathway activation and caspase-
dependent apoptotic cell death[ 1 , 6 , 24 ]. The fact that ONC201 could not
induce PARP cleavage implicates that the suppression of cell viability induced
by ONC201 may be due to mechanisms other than caspase-dependent
apoptosis, and several growth arrest mechanisms were proposed [24] . 
It has been demonstrated that EZH2 and HDAC proteins work 
ooperatively to mediate gene silencing by acting on the same nucleosome(s) 
 29 , 30 ]. We hypothesize that EZH2i and HDACi may cooperate to open
hromatin and induce transcription of target genes. With the addition 
f vorinostat, the combination of vorinostat, EPZ-6438, and ONC201 
emonstrates potent synergies in MCF7, HepG2, Hep3B, MM1S, Saos2, 
nd AGS cell lines ( Fig. 4 , Table S4) over and above observed synergies
ith EPZ-6438 and ONC201 ( Fig. 1 , Fig. S1B, Table S2). However, neither

he single treatment with ONC201 at 2.5 μM nor the combination of the
hree agents could induce caspase 3 or PARP cleavage in AGS cells (Fig.
4C). Thus, the suppression of cell viability in AGS caused by ONC201 
r the combination of vorinostat, EPZ-6438, and ONC201 may be due to 
echanisms other than caspase-dependent apoptosis. 

ONC201 triggers the ISR that is dependent on ATF4 up-regulation 
nd downstream signaling. In the present study, a single treatment with 
NC201 induced ATF4 and the addition of EPZ-6438 or vorinostat 

nhanced the induction of ATF4 in the MCF7, U251, MDA-MB-361, and 
aos2 cell lines ( Fig. 3 , Fig. S3A, S5B). A single treatment of ONC201
lso induced ATF4 in the Hep3B cell line, but with the addition of EPZ-
438 or vorinostat, there was no additional enhancement of ATF4 up- 
egulation ( Fig. 6 B). Knockdown of ATF4 reduced the cell death after
reatment in U251 but increased the cell death in Hep3B. In AGS and
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Fig. 13. Effects of dopamine on cell viability of multiple human brain tumor cell lines treated with ONC201. (A) U251 glioma, (B) T98G glioma, (C) 
DIPG4, (D) DIPG13, and (E) DIPG25 cell lines were treated with drug doses as indicated and CellTiterGlo assays were performed at 72 H. Dopamine and 
ONC201 concentrations are in μM. 
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MM1S cell lines, no ATF4 up-regulation was observed with either ONC201
or the combination treatment. Thus, the role of ATF4 in the cell viability
suppression or the apoptosis induced by ONC201 or the combination of
ONC201 and the epigenetic modulators is different across different tumor
types. 

ONC201 up-regulates TRAIL, and TRAIL binds to its membrane-bound
death receptor DR5 inducing the formation of a death-inducing signaling
complex thereby activating the apoptotic cascade. In order to implicate the
role of this pathway, we evaluated DR5 expression changes with the different
treatments. We observed up-regulation of DR5 in MCF7, U251, and Hep3B
by ONC201 and the combinatorial treatment. But we could hardly detect the
induction of DR5 in AGS and MM1S cell lines in which the up-regulation
of ATF4 was not observed either. Thus, DR5 plays a role in apoptosis caused
by ONC201 or the combination of ONC201 and the epigenetic modulators
in MCF7, U251, and Hep3B cell lines. However, a mechanism other than
the TRAIL pathway may contribute to the tumor cell suppression in AGS
and MM1s cell lines. 

It has been previously demonstrated that over-expression of the DRD2
receptor increases the extent of apoptosis resulting from ONC201 treatment
and that knockdown or pharmacological blockade of DRD5 increases
ONC201-induced apoptosis [24] . Moreover, a DRD2 + DRD5- biomarker
ignature is associated with enhanced ONC201 tumor cell sensitivity 
23] . However, in our study, no correlation between mRNA expression
f dopamine receptors and ONC201 sensitivity was observed in multiple
umor cell lines (N = 12). No correlation was observed as well between
ltered mRNA expression of dopamine receptors and drug sensitivity after
reatment with ONC201 alone or in combination with vorinostat. The lack
f detection of endogenous dopamine receptor expression at the protein
evel is a limitation of this study, although the dopamine receptors were
ypothesized to be transcriptionally regulated including through epigenetic 
odulation. Nevertheless, epigenetic modulation with vorinostat impacts 

 broad spectrum of targets, so the effects on gene expression are global.
ontributing factors towards the sensitization to ONC201 due to vorinostat

re therefore complex and remain to be further elucidated. To understand
hether DRD2 plays a role in the synergy of the combination of epigenetic
odulators and ONC201, we evaluated the impact of the combination of

pigenetic modulators and ONC201 on the expression of DRD2 in the
umor cell lines at the protein level. No prominent or stable up-regulation
f DRD2 was observed in U251 and AGS cell lines. Up-regulation of DRD2
as observed in MCF7 cells. However, the role of DRD2 in the synergy with
NC201 and the epigenetic modulators still needs to be demonstrated by

he knockdown of DRD2. 
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Fig. 14. Effects of DRD2 agonist sumarinole on cell viability of multiple human brain tumor cell lines treated with ONC201. (A) T98G glioma, (B) U251 
glioma, (C) DIPG25, (D) DIPG13, (E) DIPG4 and (F) DIPG29 cell lines were treated with drug doses as indicated and CellTiterGlo assays were performed 
at 72 H. ONC201 and sumanirole concentrations are in μM. 
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Our results suggest that effects of dopamine or DRD2 agonist sumanirole
may be quite limited in overcoming the anti-tumor efficacy of ONC201 at
least in multiple cultured tumor cell lines (including DIPG) treated with
ONC201. The lack of suppression of ATF4 induction, DR5 induction, or
cell death of tumor cells including DIPG cells suggests that those mechanisms
may not be overcome by the classical activation of dopamine receptor
signaling. The correlation of suppression of cell death by siATF4 argues that
the integrated stress response and downstream effects leading to induction of
DR5 and apoptosis are relevant for ONC201 mediated apoptosis of multiple
tumor cell lines including DIPG cells. 

Our studies reveal the synergy of ONC201 plus epigenetic modulators
targeting H3K27 in vitro and provide a rationale for the combinatorial
regimens of ONC201 and epigenetic modulators in tumor therapy. While
we hypothesized that reduced methylation as well as increased acetylation
of H3K27 might correlate with synergies between epigenetic modulators and
ONC201, it was somewhat surprising that only reduced methylation and not
necessarily increased acetylation occured to correlate with cell death with the
ONC201 plus epigenetic modulator doublet or triple therapies (ONC201,
EPZ-6438, vorinostat). Since these analyses were performed using tumor
cells harvested after 72 H incubations with the drugs, it is possible that the
ells with increased acetylation died at earlier time points. This possibility 
ould be further evaluated in the models we used here in future experiments.
oreover, early data in our laboratory in fusion-driven sarcoma models 

uggest that the cells with the highest acetylation may be eliminated earlier 
fter combinations of ONC201 with HDAC inhibitors (Wen-I Chang and 
.S. El-Deiry, unpublished observations). The fact that epigenetic alteration 

t H3K27 enhances apoptosis due to ONC201 implicates the role of H3K27 
n the mechanism of tumor suppression caused by ONC201. Our results 
uggest that further testing of ONC201 in combination with epigenetic 
odulators such as EZH2i and HDACi including a triple combination may 

e pursued further in vivo and in the clinic for multiple tumor types. 
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Fig. 15. Dopamine or the DRD2 agonist sumanirole do not rescue ONC201 mediated loss of cell viability in multiple human tumor cell lines including 
DIPG. Dopamine effects on ONC201-induced increase in PKA substrate in DIPG13 (A), DIPG25 (D). Effects of dopamine on apoptosis by ONC201 
in different tumor cell lines on ATF4 induction, DR5 activation or apoptosis (B,C,E,F,G). In panels A, and D, there are multiple bands that are impacted 
(increased intensity) by the positive control Forskolin, reflecting phosphorylation of cellular PKA substrates. 
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