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ABSTRACT
ONC201 is a first-in-class imipridone compound that is in
clinical trials for the treatment of high-grade gliomas and
other advanced cancers. Recent studies identified that
ONC201 antagonizes D2-like dopamine receptors at thera-
peutically relevant concentrations. In the current study,
characterization of ONC201 using radioligand binding and
multiple functional assays revealed that it was a full antago-
nist of the D2 and D3 receptors (D2R and D3R) with low
micromolar potencies, similar to its potency for antiprolifera-
tive effects. Curve-shift experiments using D2R-mediated
b-arrestin recruitment and cAMP assays revealed that
ONC201 exhibited a mixed form of antagonism. An opera-
tional model of allostery was used to analyze these data,
which suggested that the predominant modulatory effect of
ONC201 was on dopamine efficacy with little to no effect on
dopamine affinity. To investigate how ONC201 binds to the
D2R, we employed scanning mutagenesis coupled with a
D2R-mediated calcium efflux assay. Eight residues were
identified as being important for ONC201's functional antag-
onism of the D2R. Mutation of these residues followed by

assessing ONC201 antagonism in multiple signaling assays
highlighted specific residues involved in ONC201 binding.
Together with computational modeling and simulation stud-
ies, our results suggest that ONC201 interacts with the D2R
in a bitopic manner where the imipridone core of the molecule
protrudes into the orthosteric binding site, but does not compete
with dopamine, whereas a secondary phenyl ring engages an
allosteric binding pocket that may be associated with negative
modulation of receptor activity.

SIGNIFICANCE STATEMENT
ONC201 is a novel antagonist of the D2 dopamine receptor
with demonstrated efficacy in the treatment of various cancers,
especially high-grade glioma. This study demonstrates that
ONC201 antagonizes the D2 receptor with novel bitopic and
negative allosteric mechanisms of action, which may explain its
high selectivity and some of its clinical anticancer properties
that are distinct from other D2 receptor antagonists widely used
for the treatment of schizophrenia and other neuropsychiatric
disorders.

Introduction
Dopamine receptors belong to the G protein coupled receptor

(GPCR) superfamily and are divided into two subfamilies, D1-
like (D1R and D5R) and D2-like (D2R, D3R, and D4R) on the
basis of their sequence homology, signaling properties, and
pharmacology (Sibley and Monsma, 1992). D1-like receptors
couple toGs/Golf proteins to stimulate adenylyl cyclase activity
and increase intracellular levels of cAMP (Beaulieu and Gain-
etdinov, 2011). In contrast, D2-like receptors couple to Go/Gi/
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Gz proteins to inhibit adenylyl cyclase activity and to alsomod-
ulate the activities of various ion channels (Beaulieu andGain-
etdinov, 2011). Recently, both D1- and D2-like receptors have
also been shown to signal through b-arrestin–mediated path-
ways (Beaulieu andGainetdinov, 2011; Urs et al., 2011; Harris
and Urs, 2021). Together, these receptors mediate the diverse
effects of dopaminergic signaling, including the regulation of
mood, reward, movement, and cognition. Not surprisingly,
they also serve as drug targets for the treatment of numerous
pathologies, including hypertension, Parkinson disease,
schizophrenia, and other neuropsychiatric disorders (Moritz
et al., 2018).
Among the D2-like receptors, the D2R is an extremely well

validated drug target for the therapy of both Parkinson dis-
ease (agonists) and schizophrenia (antagonists) (Moritz et al.,
2018). Notably, a role for the D2R in oncology and anticancer
therapy has recently begun to emerge. Several studies have
shown that D2R is overexpressed in a range of malignancies
(Coufal et al., 2010; Li et al., 2014; Cherubini et al., 2016; Mu
et al., 2017), and that elevated D2R expression is associated
with a poor clinical prognosis (Meredith et al., 2006; Mu
et al., 2017; Prabhu et al., 2019). In addition to paracrine dys-
regulation of the dopamine pathway in tumors localized to
dopamine-rich tissues, evidence for autocrine dysregulation
has emerged where some tumors can also synthesize and
secrete dopamine (Caragher et al., 2019; Tegowski et al.,
2019). Furthermore, D2R silencing or antagonism in pre-
clinical models has been shown to confer proapoptotic and
antiproliferative antitumor effects that involve inactiva-
tion of prosurvival signaling pathways, such as mitogen-
activated protein kinase and protein kinase B serine/threo-
nine-specific protein kinase (Meredith et al., 2006; Sachlos
et al., 2012; Li et al., 2014; Tegowski et al., 2019). These
studies suggest that attenuation of D2R signaling may
play a therapeutic role in specific forms of human cancer if
targeted appropriately.
ONC201, 7-benzyl-4-(2-methylbenzyl)-1,2,6,7,8,9- hexahy-

droimidazo [1,2-a]pyrido [3,4-e]pyrimidin- 5(1H)-one, is a
small molecule that is the founding member of the imipri-
done class of compounds that share a unique heterocyclic
pharmacophore. This anticancer compound is in late-stage
clinical development for H3 K27M-mutant gliomas after the
observation of micromolar intratumoral drug concentrations
in glioblastoma patients, as well as therapeutic intratumoral
pharmacodynamics and durable responses to monotherapy in
biomarker-defined subsets of high-grade glioma (Prabhu
et al., 2020). The anticancer activity of ONC201 was origi-
nally identified in a target-agnostic, phenotypic screen for
small molecule p53–independent inducers of TNF-related
apoptosis-inducing ligand (TRAIL) in tumor cells (Allen
et al., 2013, 2015). Tumor cell signaling studies revealed
that ONC201 causes a dual inactivation of the kinases pro-
tein kinase B serine/threonine-specific protein kinase and
extracellular signal-regulated kinase resulting in the
dephosphorylation of the transcription factor FOXO3a.
Dephosphorylated FOXO3a translocates to the nucleus
resulting in upregulation of TRAIL as one of its direct tar-
get genes. ONC201 and related imipridones have also been
found to activate mitochondrial caseinolytic protease P
(ClpP) leading to an integrated stress response resulting in
tumor cell death (Graves et al., 2019; Ishizawa et al.,
2019). Recently, using a machine learning–based drug-

target identification algorithm, it was predicted and con-
firmed that ONC201 also binds to and antagonizes the
D2R (Madhukar et al., 2019), suggesting that this activity
may contribute to its anticancer effects.
In the current study, we characterize the pharmacological

interactions of ONC201 with all D2-like dopamine receptor
subtypes and show that it is a highly selective antagonist of
both the D2R and D3R. We further investigated ONC201’s
ability to antagonize the D2R and found that it inhibits mul-
tiple D2R-mediated signaling pathways, including Rho acti-
vation. Notably, ONC201 appeared to exhibit a mixed form of
antagonism at the D2R, suggesting an allosteric component
to its mechanism of action. Alanine scanning mutagenesis
identified D2R residues involved in ONC201 binding, which
in turn enabled computational modeling and simulation stud-
ies to characterize the D2R binding pose of ONC201. Our
results suggest that ONC201 interacts with the D2R in a
bitopic manner where the imipridone core of the molecule
protrudes into the orthosteric site, whereas a pendant phenyl
ring engages a secondary allosteric binding pocket that may
confer negative allosteric modulation of receptor activity.
This latter activity may play an important role in the unique
and clinically validated ability of ONC201 to efficaciously
antagonize D2R signaling in tumors.

Materials and Methods
Materials and Reagents. ONC201 and isomer [4,3-d] were

obtained from Oncoceutics, Inc. Pertussis toxin was obtained from
Sigma, and YM-254890 was purchased from FUJIFILM Wako Chem-
icals. Coelenterazine-H and Coelenterazine 400a were purchased
from Nanolight Technology. Mutant receptor constructs were pre-
pared by Bioinnovatise (Rockville, MD). Constructs were prepared in
pcDNA3.1 vectors, and inserts were verified by sequencing. All tissue
culture media and supplies were obtained from Thermo Fisher Scien-
tific (Carlsbad, CA). All other compounds and chemicals, unless other-
wise noted, were obtained from Sigma-Aldrich (St. Louis, MO).

Cell Culture and Transfection. Human embryonic kidney
(HEK) 293 cells were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, penicillin (100
U/ml), and streptomycin (100 mg/ml). CHO-K1-EA cells were cul-
tured in Ham’s F12 media supplemented with 10% fetal bovine
serum, penicillin (100 U/ml), streptomycin (100 mg/ml), hygromycin
(300 mg/ml), and G418 (800 mg/ml). Cells were grown at 37�C in 5%
CO2 and 90% humidity. HEK293 cells were seeded in 100- or 35-mm
plates and transfected overnight using a 1:3 ratio [1 mg of DNA: 3 ml
of polyethyleneimine (PEI)] diluted to 1 ml in nonsupplemented Dul-
becco’s modified Eagle’s medium and added (100 ml/ml) to the cells
already in culture media. Media were replaced with complete media
the following day. Concentrations of DNA are indicated for each
experiment type. The cells were routinely checked and found to be
negative for mycoplasma infection.

cAMP Accumulation Assay. D2R- and D4R-mediated inhibi-
tion of forskolin-stimulated cAMP production was measured by using
the TR-FRET–based LANCE cAMP assay (PerkinElmer, Inc., Wal-
tham, MA). CHO-K1 cells stably expressing D2R or D4R were plated
in Hanks’ balanced salt solution (with CaCl2 and MgCl2) with 5 mM
HEPES buffer and 0.2 mM sodium metabisulfite at a density of 1 �
106 cells/ml and 5 ml per well in 384-well white-bottom plates. Com-
pounds and forskolin were made in the same buffer. Immediately
after plating, cells were treated with 2.5 ml of varying concentrations
of compound and 2.5 ml of forskolin (10 mM final concentration) and
incubated for 30 minutes at room temperature. When running assays
in antagonist mode, the EC80 of dopamine (10 nM) was added with
the forskolin solution. Eu-cAMP tracer (5 ml) and ULight-anticAMP
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(5 ml) solutions were added to each well according to the manufac-
turer’s protocol, and cells were incubated in the dark for 2 hours at
room temperature. Plates were read on a PHERAstar plate reader
(BMG LABTECH, Cary, NC) with excitation at 337 nm and emission
at 620 and 665 nm. Data were obtained as the ratio between A (exci-
tation at 337 nm/emission at 665 nm) and B (excitation at 337 nm/
emission at 620 nm). Values were normalized to a percentage of the
control TR-FRET signal seen with a maximum concentration of
dopamine for agonist mode assays or the EC80 concentration of dopa-
mine for antagonist-mode assays. The Hill coefficients of the concen-
tration-response curves did not significantly differ from unity, with
the data fitting to a single site model.

DiscoverX b-arrestin Recruitment Assay. Assays were con-
ducted with minor modifications as previously published by our labo-
ratory (Luderman et al., 2018; Moritz et al., 2020b) using the
DiscoverX PathHunter technology (DiscoverX, Inc., Fremont, CA).
Briefly, CHO-K1-EA cells stably expressing b-arrestin fused to an N-
terminal deletion mutant of b-galactosidase and human D2R, D3R,
or D4R fused to a complementing N-terminal fragment of b-galactosi-
dase (DiscoverX, Inc.) were maintained in Ham’s F12 media supple-
mented with 10% fetal bovine serum, 100 U/ml penicillin, 100 ug/ml
streptomycin, 800 mg/ml G418, and 300 ug/ml hygromycin at 37�C,
5% CO2, and 90% humidity. Cells stably expressing D2R, D3R, or
D4R were seeded at a density of 2625 cells/well and 7.5 ml/well in
384-well black-bottomed plates. After 16–24 hours of incubation,
cells were treated with multiple concentrations of compound in PBS
containing 0.2 mM sodium metabisulfite and incubated at 37�C for
90 minutes. DiscoverX reagent was added to cells according to the
manufacturer’s recommendations and incubated for 45 minutes at
room temperature. Luminescence was measured on a Hamamatsu
FDSS mCell reader. Data were collected as relative luminescence
units and subsequently normalized to control compound as indicated
for each figure. The Hill coefficients of the concentration-response
curves did not differ from unity with the data fitting to a single site
model.

Radioligand Binding Assay. Radioligand competition binding
assays were conducted with slight modifications as previously
described by our laboratory (Luderman et al., 2018; Moritz et al.,
2020b; Sanchez-Soto et al., 2020). CHO-K1 cells stably expressing
human D2R or D3R were dissociated from plates using Earle’s bal-
anced salt solution lacking calcium and magnesium, and intact cells
were collected by centrifugation at 1000g for 10 minutes. Cells were
resuspended and lysed using hypotonic lysis buffer (5 mM Tris-HCl
and 5 mM MgCl2 at pH 7.4) at 4�C. Cell lysate was pelleted by cen-
trifugation at 30,000g for 30 minutes and resuspended in Earle’s bal-
anced salt solution 1 CaCl2 at pH 7.4. Cell lysates (100 ml,
containing �10 to 20 mg of protein, quantified by the Bradford assay)
were incubated for 90 minutes at room temperature with 0.2 to 0.3
nM [3H]methylspiperone and the indicated concentrations of
ONC201 in a final reaction volume of 250 ml. Nonspecific binding
was determined in the presence of 4 mM (1)-butaclamol. Bound
radioligand was separated from free by filtration through a Perki-
nElmer UniFilter-96 Harvester (PerkinElmer, Waltham, MA), wash-
ing three times with ice-cold assay buffer (1 ml per well). After
drying, 50 ml of liquid scintillation cocktail (MicroScint PS; Perki-
nElmer) was added to each well, and plates were sealed and quanti-
fied using a PerkinElmer Topcount NXT.

G12 and Rho BRET Assays. BRET assays for detecting G12 or
Rho activation were performed as previously described (Namkung
et al., 2018). Briefly, HEK293 cells were seeded at a density of 1 �
106 cells per 100-mm dish and transfected the next day with 3 mg of
D2R cDNA with 240 ng Ga12(136)-RlucII, 600 ng GFP10-Gc1, and
600 ng FLAG-Gb1 for measuring G12 BRET activation. To measure
Rho activation, the cells were transfected with 1 mg of D2R cDNA
with 120 ng protein kinase N1-Rhobinding domain-RlucII and 900
ng rGFP-CAAX using PEI methods as described previously (Boussif
et al., 1995). Briefly, a total 6 mg of DNA in 0.5 ml of PBS was mixed
with 12 ml of PEI (1 mg/ml) in 0.5 ml PBS and then incubated for 20

minutes at RT prior to applying to the cells. After 24 hours, cells
were detached and seeded onto polyornithine-coated 96-well white
plates at a density of 25,000 cells per well for the BRET assays,
which were performed 48 hours after transfection.

On the day of the BRET assays, the cells were washed once with
Tyrode’s buffer (140 mM NaCl, 2.7 mM KCl, 1 mM CaCl2, 12 mM
NaHCO3, 5.6 mM D-glucose, 0.5 mM MgCl2, 0.37 mM NaH2PO4, 25
mM HEPES, pH 7.4) and left in Tyrode’s buffer at 37�C in a CO2

incubator until use. For the G12 BRET assay, the cells were stimu-
lated with various concentrations of dopamine plus 0.2 mM sodium
metabisulfite and/or ONC201 for 10 minutes at 37�C before BRET
assessment. For the Rho BRET assay, the cells were treated with
either vehicle (Tyrode’s buffer or 0.02% DMSO), 100 ng/ml of pertus-
sis toxin (PTX) (overnight), or 200 nM of YM-254890 for 30 minutes
at 37�C and then stimulated with various concentrations of dopa-
mine for 2.5 minutes at RT before BRET assessment. For antago-
nist-mode assays, the cells were stimulated with either 1 mM or 10
mM of dopamine in the presence of various concentrations of sulpiride
or ONC201. BRET signals were measured 3–5 minutes after addi-
tion of coelenterazine 400a to a final concentration of 5 mM using a
Synergy2 (BioTek) microplate reader. Filter set was 410/80 nm and
515/30 nm for detecting the RlucII Renilla luciferase (donor) and
GFP10/rGFP (acceptor) light emission, respectively. The BRET ratio
was determined by calculating the ratio of the light emitted by
GFP10/rGFP over the light emitted by the RlucII.

Go BRET Assay. HEK293 cells were seeded at a density of 4 �
106 cells per 100-mm dish and incubated overnight. The next day,
cells were transfected with 0.5 mg Gao1-RLuc8, along with 5 mg Gc2-
mVenus, 4 mg Gb1, and 5 mg of the corresponding untagged receptor
vectors using PEI (DNA:PEI, 1:3 ratio). At 48 hours after transfec-
tion, cells were harvested, washed, and resuspended in Dulbecco’s
phosphate-buffered saline containing 0.2 mM sodium metabisulfite
and 5.5 mM glucose. Cells were then plated in 96-well, white, solid-
bottomed plates (Greiner Bio-One) and incubated in the dark for 45
minutes. Dose-response curves were performed by adding 5 mM coe-
lenterazine-h (NanoLight Technology) for 5 minutes, followed by
addition of the indicated concentrations of compounds for 5 minutes.
BRET signals were determined by calculating the ratio of the light
emitted by mVenus (535/30 nm) over that emitted by Rluc8 (475/30
nm) using a PHERAstar plate reader (BMG LABTECH, Cary, NC).
Net BRET values were obtained by subtracting the background ratio
from vehicle-treated wells. Agonist-promoted BRET changes were
expressed as a percentage of the maximum response of the wild-type
receptor for each ligand.

CAMYEL cAMP BRET Assay. Measurement of cAMP accumu-
lation using the CAMYEL BRET biosensor was performed as
described previously (Jiang et al., 2007; Sanchez-Soto et al., 2020).
Briefly, HEK293 cells were seeded at a density of 4 � 106 cells per
100-mm dish. The next day, cells were transfected with 5 mg of
untagged receptor vector and 5 mg of CAMYEL biosensor (Jiang
et al., 2007) using PEI (1:3 ratio, DNA:PEI). At 48 hours after trans-
fection, cells were harvested, washed, and resuspended in Dulbecco’s
phosphate-buffered saline containing 0.2 mM sodium metabisulfite
and 5.5 mM glucose. Cells were then plated in 96-well, white, solid-
bottomed plates (Greiner Bio-One) and incubated in the dark for 45
minutes. To measure inhibition of cAMP accumulation, cells were
pretreated for 5 minutes with 10 mM forskolin and 10 mM proprano-
lol (to block endogenous b-adrenergic receptors) followed by the addi-
tion of 5 mM coelenterazine-h. Cells were then incubated for 5
minutes with indicated compounds, and the BRET signal was deter-
mined by calculating the ratio of the light emitted by mVenus (535/
30 nm) over that emitted by Rluc8 (475/30 nm) using a PHERAstar
plate reader (BMG LABTECH, Cary, NC). The net BRET values
were obtained by subtracting the background ratio from vehicle-
treated cells. Agonist-promoted BRET changes were expressed as a
percentage of the maximum response of the wild-type receptor for
each ligand.
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GPCR Profiling. To determine the GPCR selectivity profiles of
ONC201 and haloperidol, these compounds were screened using the
DiscoverX gpcrMAX GPCR panel, which measures the GPCR activa-
tion of b-arrestin recruitment to different GPCRs (see DiscoverX
b-arrestin recruitment assay methods above). This study was con-
ducted by DiscoverX, Inc. (Fremont, CA). b-arrestin recruitment to
each GPCR in the panel was stimulated by an agonist for that spe-
cific GPCR in the presence of either 10 mM ONC201 or 10 mM halo-
peridol. Assay results, run in duplicate, are presented as the mean
percent inhibition of the indicated GPCR for each compound tested.
Only responses that deviate >20% from baseline are considered sig-
nificant. For a full description of the DiscoverX gpcrMAX GPCR
panel, see http://www.DiscoverX.com.

Alanine Scanning Mutagenesis and Ca2+ Mobilization
Assay. The D2R alanine scan mutant library was created by mutat-
ing residues 2–443 of the human D2R long isoform (444 total resi-
dues in length) to alanines (with wild-type alanines changed to
serines). Each of the resulting 442 clones was verified by DNA
sequencing. Functional activity of each clone was assessed using a
Ca21 mobilization assay as previously described (Greene et al.,
2011). Briefly, HEK293T cells were transiently transfected with each
D2R clone along with a chimeric Ga16 subunit containing 44 residues
of rat gustducin and then plated in poly-D-lysine coated, black 384-
well plates with clear bottoms and incubated for 22 hours at 37�C.
Growth media was removed, and the cells were washed twice with
Hanks’ balanced salt solution containing 20 mM HEPES then loaded
with a Ca21 indicator dye in Hanks’ balanced salt solution contain-
ing 20 mM HEPES (calcium 4 assay kit, Molecular Devices). Cells
were incubated at 37�C for 1 hour in the presence of dye, then moved
to a Flexstation II-384 (Molecular Devices) set for 32�C. After a 15-
minute temperature equilibration (without washout), indicated com-
pounds were injected (at t 5 20 seconds), and fluorescence was mea-
sured for 100 to 180 seconds, reading every 3 seconds. Data sets
were analyzed and represented as % over baseline signal using
Prism 5.0 software (GraphPad Software, Inc).

Molecular Docking. The molecular modeling and docking proce-
dures described below were carried out with the Schrodinger Suite
(version 2020-4). Specifically, the compound structures were pre-
pared and parameterized with the LigPrep and Epik modules. The
missing torsion parameters were acquired by the Forcefield Builder.
The D2R structures in inactive (Im et al., 2020) (PDB: 7DFP) and
active (Yin et al., 2020) (PDB: 6VMS) states were prepared with the
Protein Preparation Wizard. The induced-fit docking was performed
with the extended sampling protocol. Hierarchy clustering in the
conformer cluster module was used to select representative docking
poses.

Molecular Dynamics Simulations. In the D2R active state
structure (PDB: 6VMS), the N terminus and the N-terminal region
of TM1 are missing and distorted as well. To prevent the lipid mole-
cules from entering into the binding pocket from this incomplete por-
tion of transmembrane domain during MD simulations, we built part
of the N terminus starting from residue Q16 and the complete TM1
with Modeler (version 9.24) (Sali and Blundell, 1993). Using the
resulting D2R model, we docked and selected representative poses of
ONC201 with dopamine bound in the orthosteric site. The resulting
complex models were then embedded in a 1-palmitoyl-2-oleoylphos-
phatidylcholine lipid bilayer with explicit water using Desmond Sys-
tem Builder in Schrodinger Suite (version 2020-4). The Na1 and Cl-

ions were added to neutralize the system and to make the salt con-
centration of the system to be 150 mM. MD simulations were carried
out using Desmond MD System (version 6.1; D.E. Shaw Research,
New York, NY) (Bowers et al., 2006) with the OPLS3e force field
(Roos et al., 2019). For both the equilibrations and the following
unrestrained production runs, we used Langevin constant pressure
and temperature dynamical system to maintain 1 atm pressure and
310K temperature on an anisotropic flexible periodic cell. After the
simulation systems were minimized and equilibrated with restraints
on the heavy atoms of the ligands and protein backbone for 18 ns, a

1200 ns MD trajectory was collected for each of two poses described
in Results.

Analysis of Functional Data. GraphPad Prism 9.1.2 (San
Diego, CA) was used for all statistical analysis, nonlinear regression,
and simulations. All concentration-response curve data were ana-
lyzed using the modified four-parameter Hill equation to derive
potency estimates (https://www.graphpad.com/):

E 5 basel 1
ðEmax � baselÞ � ½A�nH

½A�nH 1 ECnH
50

,

Where E is the effect of the system, nH is the Hill slope, and EC50 is
the concentration of agonist [A] that gives the midpoint response
between basal and maximal effect (Emax) of dopamine or other ago-
nists, which are the lower and upper asymptotes of the response,
respectively.

Functional data describing the interaction between ONC201 and
dopamine at the D2R were analyzed using a complete operational
model of allosterism and agonism (Leach et al., 2007) according to
the following equation:

E 5 Em
ðsA½A�ðKB 1 ab½B�Þ1 sB½B�KAÞnH

ð½A�KB 1KAKB 1KA½B�1 a½A�½B�nH 1 ðsA½A�ðKB 1 ab½B�Þ1 sB½B�KAÞnH
,

Where Em is the maximum possible cellular response, [A] and [B]
are the concentrations of orthosteric (dopamine) and allosteric
(ONC201) ligands, respectively, KA and KB are the equilibrium disso-
ciation constant of the orthosteric and allosteric ligands, respectively,
sA and sB (constrained to 0.001 to reflect no detectable efficacy) are
operational measures of orthosteric and allosteric ligand efficacy,
respectively, that incorporate both signal efficiency and receptor den-
sity, nH is the Hill slope of the orthosteric agonist concentration-
response curve, a is the binding cooperativity parameter between the
orthosteric and allosteric ligand, and b denotes the magnitude of the
allosteric effect of the modulator on the efficacy of the orthosteric
agonist. Increasing concentrations of ONC201 caused a decrease in
Emax that did not reach a limit within the concentration range used.
To fit the model to these data, b was constrained to 0.001 to denote
high negative cooperativity with dopamine efficacy. Values of a and/
or b greater than 1 denote allosteric potentiation, whereas values
less than 1 (but greater than 0) denote allosteric inhibition. Our fits
derived estimates of a that were close to 0. We used an extra sum of
squares F-test to compare the fit of these data when a was con-
strained to 0 or was not constrained and found that the simpler
model (when a 5 0) was preferred (P > 0.05).

Statistical Analyses. Unless otherwise indicated, data were
analyzed using GraphPad Prism 8.4.0 (GraphPad Software, Inc., La
Jolla, CA). All results are normalized to dopamine control. Maximum
efficacies are expressed as mean ± S.D. Affinities and potencies are
expressed as geometric mean [95% confidence interval]. Statistical
significance was determined using two-tailed Student’s t tests when
two groups were compared and one-way ANOVA with Bonferroni
test when multiple groups were compared, with P < 0.05 used as the
cutoff for statistical significance.

Results
ONC201 is a Selective D2R/D3R Antagonist. Since

prior studies (Madhukar et al., 2019; Prabhu et al., 2019)
suggested that the D2R is a potential target that is directly
involved in the antiproliferative and anticancer effects of
ONC201 (Fig. 1A), we sought to characterize its interaction
mechanism with the D2R. As many compounds that interact
with the D2R also exhibit cross reactivity at other GPCRs,
ONC201 was screened for functional activity in a panel of
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diverse human GPCR targets using b-arrestin recruitment
as the functional readout. As shown in the top panel of Fig.
1B, when screened in antagonist mode at a relatively high
concentration (10 mM), which is achieved therapeutically in
plasma and several tissues (Prabhu et al., 2020), ONC201
only blocked signaling through the D2R and D3R while lack-
ing activity at a wide range of biogenic amine and other
GPCRs (see Supplemental Table 1 for list of GPCRs). In con-
trast, the prototypical D2R antagonist and typical antipsy-
chotic haloperidol exhibited its expected activity at the
D2-like receptors (for which it has low nanomolar affinity),
but also exhibited complete blockade of the D1-like receptors
and a number of other adrenergic and serotonergic receptors
for which it has affinity in the 10 nM range (Fig. 1C, bottom
panel). When tested in agonist mode, neither ONC201 nor
haloperidol stimulated b-arrestin recruitment to any of the
tested GPCRs (data not shown). Thus, ONC201 exhibits

global selectivity among GPCRs and functions primarily as a
D2R/D3R antagonist.
We were next interested in quantifying the binding

affinity of ONC201 at the D2R and D3R and performed
radioligand binding competition assays using [3H]methyl-
spiperone, a competitive antagonist that binds to the
orthosteric sites of the D2R and D3R. Figure 2 shows that
ONC201 is able to completely inhibit [3H]methylspiperone
binding to both the D2R and D3R in a dose-dependent
fashion. Using this assay, ONC201 actually exhibited
slightly higher (�2-fold) binding affinity for the D3R
(Ki 5 30 mM) than for the D2R (Ki 5 67 mM). Notably,
however, the receptor binding affinities of ONC201
appeared low compared with the level of functional antag-
onism seen with 10 mM ONC201 in the GPCR screening
panel (Fig. 1B), so we sought to further characterize
ONC201-D2R/D3R interactions using functional assays.
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We initially examined ONC201’s functional interactions
with the D2R using b-arrestin recruitment, the same func-
tional assay that was used in Fig. 1. The experiment in Fig. 3A
shows that ONC201 has no efficacy as an agonist in this assay
but antagonized dopamine-stimulated b-arrestin recruitment
with an IC50 of 11 mM (Fig. 3B). The competitive antagonist
sulpiride was included as a positive control and exhibited an
IC50 of 48 nM (Fig. 3B). Similarly, ONC201 lacked agonist
activity for stimulating b-arrestin recruitment to the D3R (Fig.
3C) but dose-dependently inhibited dopamine-stimulated activ-
ity with an IC50 of 21 mM, whereas a positive control antago-
nist, spiperone, inhibited b-arrestin recruitment to the D3R
with an IC50 of 5.3 nM (Fig. 3D). Thus, based on the IC50 val-
ues derived from the functional b-arrestin recruitment assay,
ONC201 appears to be �6-fold and �2-fold more potent at the
D2R and D3R, respectively, when compared with its affinities
observed in the radioligand binding competition assay. Also, in
contrast to the radioligand binding assay, ONC201 is �2-fold
more potent at the D2R versus the D3R using the b-arrestin
recruitment assay. We also examined ONC201’s ability to
antagonize agonist-simulated b-arrestin recruitment to the
D4R. ONC201 lacked agonist efficacy in this assay (Fig. 3E)
and only inhibited the dopamine-stimulated response at the
highest concentration (100 mM) used (Fig. 3F). Taken together,
these data are congruent with those observed in the functional
GPCR scan shown in Fig. 1B. Further, these results indicate
that ONC201 is a selective D2R/D3R versus D4R antagonist.
We next evaluated a structurally related imipridone com-

pound that is a linear [4,3-d] isomer of ONC201 [also referred
to as the [3,4-e] isomer, (Wagner et al., 2014)] (Fig. 4A). Nota-
bly, the [4,3-d] isomer does not induce cell death or affect the
proliferation of cancer cells in a therapeutically relevant dose
range (Wagner et al., 2014). When tested for its ability to
antagonize dopamine stimulation of b-arrestin recruitment
to the D2R, we found that this compound was inactive up to
the highest concentration examined (100 mM) (Fig. 4B). In
contrast, sulpiride effectively antagonized the dopamine

response with an IC50 of 48 nM. When the assay was per-
formed in a different format using dopamine concentration-
response curves and increasing concentrations of the
ONC201 isomer [4,3-d], similar results were observed (Fig.
4C). The potency of dopamine was not significantly affected
by any concentration of the ONC201 isomer [4,3-d]. These
results are consistent with the idea that antagonism of the
D2R contributes to the anticancer activity of ONC201.
Next, the effects of ONC201 were evaluated on cAMP accu-

mulation as a readout of the canonical G protein–signaling
pathway for the D2R. Figure 5A shows that dopamine inhib-
ited forskolin-stimulated cAMP accumulation with an EC50

of 2.3 nM. ONC201 exhibited no agonist activity in this assay
but inhibited the dopamine response with an IC50 of 9.3 mM.
This IC50 value is similar to that observed for ONC201 in the
D2R b-arrestin recruitment assay (11 mM, Fig. 3B). Sulpiride
was also observed to potently inhibit the dopamine response
with an IC50 of 1.5 nM (Fig. 5A). Since the D3R is not
robustly coupled to regulating cAMP levels, we were not able
to test ONC201 in this signaling paradigm, but we were able
to evaluate it using a D4R-mediated cAMP assay (Fig. 5B).
As with the D2R, ONC201 was without effect as an agonist
but, unlike the D2R results, it displayed minimal activity as
an antagonist in the D4 cAMP assay (Fig. 5B). As the inhibi-
tion by ONC201 was less than 50% at the highest concentra-
tion tested (100 mM), we were unable to calculate an IC50

value. These results mirror those observed for the D4R-medi-
ated b-arrestin recruitment assay (Fig. 3F). Taken together,
these results further confirm that ONC201 is a selective D2R/
D3R antagonist with similar inhibitory potencies between its
effects on b-arrestin recruitment and cAMP accumulation.
ONC201 Antagonizes D2R-Mediated Rho and G12

Signaling. In addition to antagonizing the cAMP and
b-arrestin–mediated signaling pathways, we wondered if
ONC201 might play a role in regulating noncanonical D2R
signaling potentially related to cancer. We noted that the
small molecular weight GTPase Rho may play a role in sev-
eral cancers, including glioblastoma (Fortin Ensign et al.,
2013; Yu and Brown, 2015; Yu et al., 2018). Rho can be acti-
vated by different Rho guanine nucleotide exchange factors,
which in turn are activated by G12/13 proteins through vari-
ous GPCRs. Given the recent availability of Rho and G12

BRET biosensors (Namkung et al., 2018), we wanted to use
these to determine if the D2R could activate this signaling
pathway. Figure 6A shows that dopamine can, in fact,
potently stimulate Rho activation in D2R-transfected HEK
cells with an EC50 of 185 nM. Rho activation was not
observed in cells lacking D2R transfection (data not shown).
To investigate the underlying mechanism of Rho activation,
we treated the cells overnight with PTX to inactivate Gi and
Go proteins (Namkung et al., 2018), which are normally
linked to the D2R. As can be seen in Fig. 6A, PTX treatment
did not have an effect on dopamine-stimulated Rho activa-
tion. We next cotreated the cells with YM-254890, which is a
small molecule inhibitor of Gq/11 proteins, however, this too
was without effect on dopamine-stimulated Rho activation
(Fig. 6A) suggesting that other G proteins, such as G12/13, are
involved. Figure 6B shows that Rho activation by dopamine
can be blocked by the D2R-selective antagonist sulpiride
with an IC50 of 63 nM. Notably, ONC201 was also able to
antagonize this response with an IC50 of 9.4 mM, similar to
its potency in blocking other D2R-mediated signaling
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Fig. 2. Radioligand binding competition assays to determine ONC201
affinity for the D2R and D3R. Radioligand binding assays using
[3H]methylspiperone were performed as described in the Materials and
Methods. Briefly, membranes from CHO cells stably expressing either
the D2R or D3R were harvested and incubated with the indicated con-
centrations of ONC201 and 0.5 nM [3H]methylspiperone. The data are
expressed as percentage of the control specific binding and represent
mean ± S.D. values from three independent experiments performed in
triplicate. Mean ONC201 Ki values [95% C.I.] for each receptor were
calculated from the IC50 values using the Cheng-Prusoff equation
(Cheng and Prusoff, 1973) and found to be 65.6 mM [44–102] for the
D2R and 27.9 mM [9.2–99] for the D3R.
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pathways (vide supra). As G12 protein–mediated signaling
can lead to Rho activation, we next examined the ability of
the D2R to activate G12 using a BRET-based assay (Nam-
kung et al., 2018). Figure 6C shows that dopamine dose-
dependently stimulates G12 activation with an EC50 of 310
nM, whereas ONC201 treatment alone had no stimulatory
effect. In contrast, Fig. 6D shows that ONC201 can dose-
dependently inhibit dopamine-stimulated G12 activation with
an IC50 of 33 mM. Sulpiride also antagonized this response
with an IC50 of 18 nM. To our knowledge, these data are the
first to show that the D2R can couple to G12 and mediate Rho
activation and further show that ONC201 can antagonize
this signaling pathway.
ONC201 Antagonizes D2R in an Allosteric Fashion.

We extended our pharmacological characterization of ONC201
by examining its mechanism of D2R antagonism. To accom-
plish this, we performed curve-shift experiments in which the

ability of increasing concentrations of ONC201 to modulate
dopamine potency and efficacy was measured. Figure 7A
shows concentration-response curves for dopamine stimula-
tion of b-arrestin recruitment in the presence of increasing
concentrations of ONC201. As can be appreciated, as the con-
centration of ONC201 increases, there is a decrease in both
the apparent potency (EC50) of dopamine as well as the maxi-
mum response (Emax), suggesting that ONC201 exhibits a
mixed form of antagonism. Analysis of these data using the
operational model of allostery (Leach et al., 2007) was consis-
tent with a highly negative modulatory effect on dopamine
efficacy, such that it was necessary to constrain this parame-
ter (b) to 0.001 to achieve a good fit to the data (see Materials
and Methods). This fit allowed estimation of ONC201’s affinity
(Kb 5 3 mM) and indicated no cooperativity with dopamine
affinity (a 5 0.2, but not significantly different from a 5 0,
extra sum of squares F-test, P > 0.05) (Table 1). Similar
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Fig. 3 Pharmacological activity of ONC201 on D2-like dopamine receptors. b-arrestin recruitment assays were performed as described in the
Materials and Methods. Data are expressed as a percentage of the maximum dopamine response in each assay and represent the mean ± S.D. val-
ues from 3 experiments each performed in triplicate. EC50 or IC50 values are expressed as means (95% CI). ONC201 did not produce any measur-
able agonist response for any of the tested receptors. (A) Dopamine stimulated b-arrestin recruitment to the D2R with an EC50 of 58 nM [40–86].
(B) b-arrestin recruitment to the D2R was stimulated with an EC80 concentration of dopamine (1 mM) and coincubated with the indicated concen-
trations of either sulpiride or ONC201 resulting in IC50 values of 48 nM [35–68] and 11 mM [5.6–21], respectively. (C) Dopamine stimulated
b-arrestin recruitment to the D3R with an EC50 of 3 nM [2–4.7]. (D) b-arrestin recruitment to the D3R was stimulated with an EC80 concentra-
tion of dopamine (30 nM) and coincubated with the indicated concentrations of either spiperone or ONC201 resulting in IC50 values of 5.3 nM
[3.8–7.5] and 21 mM [9.6–51], respectively. (E) Dopamine stimulated b-arrestin recruitment to the D4R with an EC50 of 100 nM [47–218]. (F)
b-arrestin recruitment to the D4R was stimulated with an EC80 concentration of dopamine (1 mM) and coincubated with the indicated concentra-
tions of either spiperone or ONC201 resulting in an IC50 value of 1.6 nM [0.6–4.5] for spiperone, whereas incomplete inhibition was observed for
ONC201 (IC50 > 100 mM).
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results were obtained when we examined dopamine-stimu-
lated inhibition of cAMP accumulation (Fig. 7B) with the
resulting data analysis yielding the following parameters:
ONC201 Kb 5 2.3 mM, b constrained to 0.001, a 5 0.5 (but not
significantly different from a 5 0, extra sum of squares F-test,
P > 0.05) (Table 1). Taken together, these data suggest that
ONC201 displays limited cooperativity with dopamine affinity
but exhibits a highly negative modulatory effect on dopamine
efficacy, which is consistent with an allosteric mechanism of
action. These curve-shift data contrast with those observed for
sulpiride, a purely competitive antagonist of the D2R, which
only affects dopamine’s potency, as we have previously pub-
lished (Moritz et al., 2020a). Notably, the derived Kb values of
2 to 3 mM are consistent with the low (3.9–19.4 mM) plasma
concentrations of ONC201 observed using dosing regimens in
ongoing clinical trials (Stein et al., 2017; Prabhu et al., 2020).

Identification of D2R Residues That Are Critical
for ONC201 Antagonism. To identify the receptor residues
involved in ONC201 antagonism of the D2R, we performed
alanine scanning mutagenesis and evaluated the functional
impact of the mutations with a high throughput Ca21 flux
assay, as previously described (Greene et al., 2011). A library
of 442 D2R constructs was first created by mutating residues
2–443 of the D2RL isoform to alanines (wild-type alanines
were changed to serines) and coexpressing them in
HEK293T cells with a chimeric Ga16 subunit containing
44 residues of rat gustducin (Greene et al., 2011). When
the wild-type D2R is expressed with the chimeric Ga16
subunit containing 44 residues of rat gustducin, the addi-
tion of dopamine results in a rapid and dose-dependent
Ca21 flux response that can be measured using an intra-
cellular Ca21-sensitive dye (Supplemental Fig. 1, A and B). In
contrast, when the D2R is replaced with the bitter taste recep-
tor TAS2R16, dopamine fails to induce Ca21 flux indicating
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Fig. 5. Functional antagonism of D2R- and D4R-mediated inhibition of
forskolin-stimulated cAMP accumulation. CHO cells stably expressing
either the D2R (A) or D4R (B) were incubated with 10 mM of forskolin
plus the indicated drug combinations, and the resulting cAMP levels
were determined using the LANCE assay as described in the Materials
and Methods. Data are expressed as a percentage of the inhibition
observed with dopamine alone (% control) and are expressed as the
mean ± S.D. values from at least 3 experiments each performed in trip-
licate. EC50 or IC50 values are expressed as means (95% CI). (A)
ONC201 failed to show any measurable agonist response. Dopamine
dose-dependently inhibited cAMP accumulation with an EC50 value of
2.3 nM [1.5–3.6]. For antagonist-mode assays, inhibition of cAMP
accumulation by the D2R was promoted with an EC80 concentration
of dopamine (10 nM) and coincubated with the indicated concentra-
tions of either sulpiride or ONC201 resulting in IC50 values of 1.5 nM
[1.3–1.7] and 9.3 mM [5.7–15], respectively. (B) ONC201 failed to
show any measurable agonist response. Dopamine dose-dependently
inhibited cAMP accumulation with an EC50 value of 0.6 nM [0.3–1.2].
For antagonist-mode assays, inhibition of cAMP accumulation by the
D4R was promoted with an EC80 concentration of dopamine (10 nM)
and coincubated with the indicated concentrations of either spiperone
or ONC201, resulting in an IC50 value of 9.8 nM [7.9–12] for spiper-
one, whereas incomplete inhibition was observed for ONC201 (IC50 >
100 mM).
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specificity of the dopamine response for the D2R (Supplemental
Fig. 1B). ONC201 was found to inhibit the dopamine-stimu-
lated Ca21 flux mediated by the wild-type D2R in a dose-de-
pendent fashion with an IC50 of 21.5 mM (Supplemental Fig. 1,
C and D), comparable to the ONC201 IC50 values observed in
other D2R functional assays (vide supra). The entire library of
442 mutant D2R constructs was next screened for Ca21 flux
activity using an �EC80 concentration (1 nM) of dopamine
(Supplemental Fig. 1E). Dopamine-stimulated Ca21 flux was
observed with most of the D2R mutants, although their
responses tended to be less robust than those observed with the
wild-type D2R. Notably, we did not attempt to normalize
these data for receptor expression levels. This alanine scan
also identified 28 D2R residues that, when mutated, led to
a dopamine response that was more than two S.D.s below
the average Ca21 response or, in some cases, completely
negated (Supplemental Fig. 1E, Supplemental Table 2).
We next evaluated the ability of ONC201 to inhibit dopa-

mine-stimulation of the mutant D2R constructs with the
exclusion of the 28 constructs listed in Supplemental Table 2.
Ca21 flux was first measured in response to 1 nM dopamine
for each of the 442 D2R mutants, with the data expressed as a
percentage of the wild-type D2R response (Fig. 8, light green
symbols). Secondly, we measured the dopamine-stimulated
Ca21 response for each of the mutants in the presence of 100
mM ONC201, a concentration that inhibits the dopamine
response in the wild-type D2R by 100% (Supplemental Fig. 1,
C and D). On average, across the entire library of mutant

D2R constructs, 100 mM ONC201 inhibited the dopamine-sti-
mulated Ca21 response by �75% (Fig. 8, cyan symbols). Nota-
bly, however, we identified eight mutant D2R constructs that
exhibited Ca21 flux responses greater than two S.D.s above
the average responses observed in the presence of 100 mM
ONC201 (Fig. 8, red residues, Table 2), suggesting that
these residues are important for antagonism of the D2R by
ONC201. These eight residues are also mapped on the
D2R-risperidone crystal structure (Fig. 8B) (Wang et al.,
2018). Table 2 further illustrates the impact of these muta-
tions on ONC201’s ability to antagonize the D2R-mediated
Ca21 response; note the complete inhibition by 100 mM
ONC201 in the wild-type D2R and relative lack of inhibi-
tion in the mutant constructs.
We then investigated the effects of the eight identified

mutations on dopamine signaling using different functional
assays for the D2R. Figure 9A shows dopamine stimulation
of D2R-mediated Go activation using a BRET-based assay
(Sanchez-Soto et al., 2020) with the average EC50 values for
dopamine listed in Table 3. As can be seen, the mutant EC50

values vary within 2-fold of the wild-type EC50 value, while
the Emax values are nearly identical (Fig. 9A), suggesting
that the mutations have very little effect on dopamine-stimu-
lation of the D2R. Using this same assay, we also examined
the ability of the orthosteric antagonist sulpiride to inhibit
dopamine-stimulated Go activation (Fig. 9B) with the average
IC50 values listed in Table 3. Somewhat greater variability in
the IC50 values for sulpiride was observed with the mutant
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Fig. 6. Functional effects of ONC201 on D2R-mediated activation of Rho and G12. HEK293 cells were transiently cotransfected with the D2R and
either the Rho or G12 BRET biosensors, and dopamine-stimulated BRET responses were measured as described in the Materials and Methods.
Data are expressed as a percentage of the maximum dopamine response (% control) in each assay and represent the mean ± S.D. values from 3
experiments each performed in triplicate. EC50 or IC50 values are expressed as mean values (95% CI). (A) Dopamine dose-dependently stimulated
Rho activation with an EC50 of 185 nM [97–385]. Concurrent treatment of the cells with 200 nM YM-254890 (1YM) or overnight treatment with
100 ng/ml 1PTX resulted in dopamine EC50 values of 430 nM [162–986] and 207 nM [99–447], respectively, which were not significantly different
from control values. (B) Rho activation (BRET) was stimulated with an EC80 concentration of dopamine (1 mM) and treated with the indicated
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IC50 values of 18 nM [12–27] and 33 lM [20–55], respectively.
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receptors, however, these varied by less than 3-fold with the
exception of the I397A mutant, where sulpiride was �4-fold
less potent compared with the wild-type D2R. These results
suggest that, with the possible exception of I397A, these

mutations have minimal effects on the ability of sulpiride to
antagonize the D2R. To confirm these results, we used
another D2R-mediated functional assay: inhibition of cAMP
accumulation using a CAMYEL BRET biosensor (Sanchez-
Soto et al., 2020). Figure 9 shows concentration-response
curves for dopamine stimulation (Fig. 9C) or sulpiride inhibi-
tion (Fig. 9D) of the cAMP response mediated by the D2R
wild-type or mutant receptors with their corresponding EC50

and IC50 values displayed in Table 3. As can be seen, other
than the slight �4-fold decrease in potency for sulpiride
exhibited by the I397A construct, these mutations appear to
have minimal effects on the interactions of either dopamine
or sulpiride with the D2R.
We next evaluated the ability of ONC201 to inhibit dopa-

mine stimulation of the D2 wild-type or mutant receptors
using the Go and cAMP functional assays. Figure 10A shows
concentration-response curves for ONC201 inhibition of
dopamine stimulation of Go BRET activation with the mean
IC50 values displayed in Table 3. As can be seen, three of the
mutations, V91A, E95A, and I397A produced a greater than
5-fold decrease in ONC201 potency for inhibiting the Go

response, whereas the other mutations were less impactful.
Figure 10B shows dose-response curves for ONC201 inhibi-
tion of the dopamine-stimulated cAMP response with mean
IC50 values displayed in Table 3. In the case of this functional
response, three mutations, V91A, Y192A, and I397A, resulted
in a greater than 5-fold decrease in ONC201 potency, although
the IC50 for the E95A mutant was also increased by greater
than 2-fold. In particular, the dose-response curves for V91A
and I397A appear to be right-shifted by more than one log
unit, although we cannot determine their IC50 values quanti-
tatively. Taken together, based on the results of the Ca21 flux,
Go activation, and cAMP inhibition assays, we concluded that
the mutations that produced the most severe impact on
ONC201’s ability to antagonize the D2R were V91A, E95A,
Y192A, and I397A. Note, Y192 is in close vicinity to I397 in
the interface between TMs 5 and 6, while V91 and E95 are
one helical turn away from each other within the extracellular
portion of TM2 (vide infra).
Molecular Modeling Reveals Interactions of ONC201

with a D2R Allosteric Pocket. Given the identification of
D2R residues that are important for ONC201 activity, we
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Fig. 7. Curve-shift assays indicate that ONC201 behaves in an alloste-
ric manner with dopamine at the D2R. D2R-mediated b-arrestin
recruitment assays (A) or cAMP inhibition assays (LANCE) (B) were
conducted by stimulating the receptor with the indicated concentra-
tions of dopamine with or without various concentrations of ONC201,
as described in the Materials and Methods. For the cAMP assay, the
cells were preincubated with 10 mM forskolin to stimulate cAMP pro-
duction. Data are expressed as a percentage of the maximum dopamine
response seen in the absence of ONC201 (% control). Data points repre-
sent the mean ± S.D. of at least three independent experiments each
performed in triplicate. The curves represent the best global fit of
grouped data as determined using an operational model of allosterism
(Leach et al., 2007), as described in the Materials and Methods, with
the corresponding functional parameters being summarized in Table 1.

TABLE 1
Functional parameters for ONC201 antagonism of D2R-mediated signaling
Data are the best fit of grouped data from at least 3 independent experiments, expressed as geometric means [95% confidence interval].

Assay LogtaA LogtbB pKc
A pKd

B Logae Logbf slopeg

KB a
b-arrestin 1.57

[0.73–2.40]
�3.00 5.26

[4.39–6.14]
5.53

[5.42–5.64]
(3 lM)

�0.70
[�1.59–0.20]

(0.2)

�3.00 1.21
[1.06–1.35]

cAMP 1.68
[1.21–2.23]

�3.00 5.62 [5.05-6.15] 5.64
[5.37–5.92]
(2.3 lM)

�0.28
[�0.85� 0.34]

(0.5)

�3.00 0.88
[0.77–1.02]

b-arrestin and cAMP experiments were performed as described in Figs. 7A and B and the data were analyzed according to an operational model of allosterism (Leach
et al., 2007) as described in the Materials and Methods to derive estimates of:
athe logarithm of dopamine efficacy,
bthe logarithm of ONC201 efficacy constrained to �3 to indicate ONC201 displays no detectable agonist efficacy,
cthe negative logarithm of dopamine affinity,
dthe negative logarithm of ONC201 affinity,
ethe logarithm of the binding cooperativity between dopamine and ONC201,
fthe logarithm of the magnitude of the allosteric effect of the modulator on the efficacy of the orthosteric agonist, constrained to �3 indicating that ONC201 exhibits
a very high level of negative cooperativity,
gthe Hill slope.
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sought to further characterize the binding pose of ONC201
at the D2R using computational modeling and simulation
approaches. We first performed molecular docking of
ONC201 using an inactive state structure of the D2R as
represented by the crystal structure of the receptor in com-
plex with the antagonist spiperone (Im et al., 2020), given
that our radioligand binding assays were carried out with
[3H]methyspiperone and that the binding poses of various
antagonists can affect the size and shape of the binding
pocket even within inactive states (Lane et al., 2020). Our
pKa prediction indicated that, unlike most aminergic
receptor ligands (Michino et al., 2015), ONC201 lacks a
protonatable nitrogen at physiologic pH, which is neces-
sary to form an ionic interaction with the conserved
D1143.32 residue in TM3 [superscripts denote Ballesteros-
Weinstein numbering (Ballesteros and Weinstein, 1995)].
Indeed, our docking results show that ONC201 fails to
form a salt bridge with D1143.32 (Fig. 11). Instead,
ONC201 adopts a binding pose such that the unsubstituted

phenyl ring (Fig. 1A) enters a secondary binding pocket
(SBP) formed by the interface between TMs 2 and 7 and
forms interactions with V912.61 and E952.65 (Fig. 11, A and
B). Figure 11 also illustrates the binding pose of spiperone
within the orthosteric binding site of the D2R as deter-
mined from the crystal structure (Im et al., 2020). The
binding pose of ONC201 suggests that it protrudes into the
orthosteric space occupied by spiperone in the inactive
D2R structure (Fig. 11, A and B) and is consistent with the
ability of ONC201 to compete with [3H]methyspiperone for
binding to the D2R (Fig. 2).
Using an active state structure of the D2R (Yin et al.,

2020), we then docked ONC201 to the extracellular vestibule
of the receptor (Yin et al., 2020) with dopamine bound to the
orthosteric binding site. From preliminary docking results,
we identified two representative poses; one is located near
Y1925.41 and I3976.59 (pose 1), while the other involves inter-
actions with V912.61 and E952.65 (pose 2). However, we could
not find any ONC201 pose where it simultaneously interacts
with all four of these residues, which is geometrically
unlikely as Y1925.41/I3976.59 and V912.61/E952.65 are on the
two opposite ends of the extracellular vestibule. To evaluate
the stability of these two poses, we carried out molecular
dynamics (MD) simulations (see Materials and Methods).
Our results show that in pose 1, the hydrophobic and aro-
matic interactions formed between the toluene moiety of
ONC201 and I3976.59 and Y1925.41 are stable to the extent of
our simulations (Fig. 12A), while in pose 2, ONC201 persis-
tently interacts with residues V912.61 and E952.65 in the SBP
(Fig. 12B), as was observed in the inactive state of the D2R
(Fig. 11). Notably, however, in either pose, ONC201 does not
overlap with the space occupied by dopamine within the
orthosteric binding site (Fig. 12B).

Discussion
As antagonism of the D2R has been suggested to contrib-

ute to ONC201’s anticancer activity (Madhukar et al.,
2019), we wished to characterize the pharmacological
interactions of this compound with the D2R and related
dopamine receptor subtypes. Our results revealed that
ONC201 was highly selective for the D2R and D3R with lit-
tle to no activity at related biogenic amine and other
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Fig. 8. Alanine scanning mutagenesis identifies amino acids important
for ONC201 antagonism of D2R signaling. HEK293T cells were tran-
siently transfected with the wild-type (WT) D2R or D2R mutants and a
chimeric Ga16 subunit. After 22 hours, calcium flux experiments were
performed as described in the Materials and Methods. (A) Ca21 flux
was measured in response to 1 nM dopamine for each of the 442 D2R
clones shown in Supplemental Fig. 1E and expressed as a percentage
of the wild-type D2R response (light green symbols). For each D2R
clone in the alanine-scan library, Ca21 flux was also measured in
response to 1 nM dopamine in the presence of 100 mM ONC201 and
expressed as a percentage of the dopamine-stimulated response for the
wild-type D2R (cyan and red symbols). The data represent average val-
ues from three experiments. Mutant clones (red symbols) were consid-
ered to be critical for ONC201 inhibition if they demonstrated Ca21

flux values greater than 2 S.D.s above the average flux value (AV 1 2
S.D.) observed in the presence of 100 mM ONC201. These eight resi-
dues (red symbols) are listed in Table 2. (B) The eight residues identi-
fied in (A) are depicted in the risperidone-D2R crystal structure
[(Wang et al., 2018), PDB 6CM4]. Four colors depict the distinct geo-
graphic regions of these eight residues.

TABLE 2
D2R residues critical for ONC201 inhibition of dopamine-stimulated
Ca21 flux

D2R Mutation* DA-stimulated Ca21 Flux
DA-stimulated Ca21 Flux 1

ONC201

% WT % WT
WT 100 0
L81A 83 63
V91A 119 94
E95A 123 97
T165A 92 67
A177S 85 77
Y192A 64 85
V196A 119 79
I397A 105 89

*Residues were identified from the analysis shown in Figure 8A. Calcium flux
was measured in response to 1 nM dopamine (DA) with or without 100 mM
ONC201 as described in Figure 8 and expressed as a percentage of the WT
D2R response in the absence of ONC201.
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GPCRs. Radioligand binding competition experiments using
[3H]methylspiperone revealed that ONC201 exhibited Ki val-
ues of 67 mM and 30 mM for the D2R and D3R, respectively,
suggesting that ONC201 actually exhibits higher affinity for
the D3R versus the D2R. It should be noted, however, that
our derivation of these Ki values using the Cheng-Prusoff
equation (Cheng and Prusoff, 1973) assumes a completely
competitive interaction between ONC201 and the radioli-
gand, which, in fact, might be more complicated in nature
(vide infra). In contrast, when assessed using a b-arrestin
recruitment functional assay, ONC201 exhibited greater
potency for antagonizing the dopamine-stimulated response
at the D2R (IC50 5 11 mM) when compared with the D3R
(IC50 5 21 mM). The reason for the different D2R/D3R selec-
tivity in the binding and functional assays may be related to
the different potencies of dopamine for stimulating b-arrestin
recruitment to the D2R (dopamine EC50 5 58 nM) versus the
D3R (dopamine EC50 5 3 nM), and that the interactions of
ONC201 with the receptors may differ between the assays
(vide infra). Finally, ONC201 was found to exhibit little affin-
ity for the D4R as assessed using both b-arrestin recruitment
and cAMP functional assays.
Notably, a structurally related isomer of ONC201 that is

inactive in inhibiting the proliferation of cancer cells (Wagner
et al., 2014) was similarly ineffective in antagonizing the
D2R consistent with the idea that reduced D2R signaling
contributes to the anticancer activity of ONC201. In addition

to antagonizing the D2R, ONC201 also activates mitochon-
drial ClpP, which inhibits cancer cell proliferation (Graves
et al., 2019; Ishizawa et al., 2019), suggesting that dual D2R
inhibition and ClpP activation might have additive or syner-
gistic effects to cause cancer cell death. Notably, many Food
and Drug Administration–approved antipsychotic drugs,
whose mechanism of action is D2R antagonism (Kapur and
Remington, 2001; Masri et al., 2008), also exhibit anticancer
effects, albeit with variable efficacies and potencies typically
lower than their affinities for the D2R (Lee et al., 2016; Gao
et al., 2018; Roney and Park, 2018; Weissenrieder et al.,
2019; Bhat et al., 2020). Patients taking antipsychotics have
also been shown to exhibit a decreased incidence of cancers
such as glioblastoma (Gao et al., 2018). However, to date, no
antipsychotic drug has been repurposed as a cancer thera-
peutic, suggesting that D2R antagonism alone may be insuf-
ficient to effectively induce cancer cell death, and that
modulation of additional targets (e.g., ClpP activation) may
be needed to be clinically efficacious as an anticancer thera-
peutic. In addition, drugs that exhibit a highly negative
modulatory effect on dopamine efficacy might be particu-
larly effective in blocking D2R signaling in tumors with
high local concentrations of dopamine that might overcome
competitive antagonists, which comprise the vast majority
of antipsychotics.
Importantly, the specific D2R-mediated signaling path-

ways that are associated with the therapeutic effects of
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Fig. 9. D2R mutants that affect ONC201 antagonism are not impaired in dopamine stimulation or sulpiride antagonism of G protein-mediated
signaling. (A) HEK293 cells were transfected with the untagged wild-type D2R, or the indicated D2R mutants, along with Gao1-RLuc8, Gc2-mVe-
nus, and Gb1. After 48 hours, dopamine-stimulation of Go activation was assessed using a BRET assay as described in the Materials and Meth-
ods. The dopamine EC50 values for each D2R construct are shown in Table 3. (B) The cells were transfected as in (A) followed by stimulation with
an EC80 concentration of dopamine (7 nM) and increasing concentrations of the orthosteric antagonist sulpiride. BRET ratio values were deter-
mined and the sulpiride IC50 values for each D2R construct are shown in Table 3. (C) HEK293 cells were transfected with the untagged wild-type
D2R, or the indicated D2R mutants, along with the CAMYEL cAMP BRET biosensor. After 48 hours, the cells were incubated with 10 mM forsko-
lin to stimulate cAMP accumulation, plus the indicated concentrations of dopamine. BRET ratio values were determined as described in the Mate-
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ide IC50 values for each D2R construct are shown in Table 3. In each panel, the data are expressed as a percentage of the wild-type D2R response.
Data points represent the mean ± S.D. of at least three independent experiments each performed in triplicate.
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ONC201 are not clear. In this regard, it was of interest to
observe that the D2R activated G12 and Rho signaling. Typi-
cally, the D2R signals through the Go/Gi/Gz family of G pro-
teins (Beaulieu and Gainetdinov, 2011) and is predominantly
coupled to Go in the brain (Jiang et al., 2001; Masuho et al.,

2021). In fact, to our knowledge, this is the first evidence that
the D2R is capable of activating of G12. Notably, Ga12/13,
Ga12/13-coupled GPCRs, and their effectors, including Rho,
are overexpressed in a number of different cancers [reviewed
in (Arang and Gutkind, 2020)]. Further, Ga12/13 have been
investigated as drivers of cellular transformation, cancer pro-
gression, and metastatic potential in a variety of cell types
(Arang and Gutkind, 2020). Theoretically, in a cell type
endogenously expressing the D2R and G12 (or possibly G13,
although we did not examine D2R-G13 interactions), muta-
tions leading to activation or upregulation of either protein
could result in aberrant D2R-G12 coupling and downstream
signaling, such as Rho activation, ultimately leading to can-
cer initiation. In this scenario, ONC201 might be effective in
dampening tumor cell growth through inhibiting D2R-G12

signaling, although as noted above, engagement of other tar-
gets might also be important. It will be of interest to examine
D2R-G12 signaling in cancer cell types (e.g., gliomas) in
future experimentation.
As noted above, the apparent affinity of ONC201 for the

D2R was between 2- to 6-fold lower in the radioligand bind-
ing competition assays using [3H]methylspiperone (Ki 5 67
mM) when compared with antagonizing dopamine action in
the functional assays: (IC50 values) b-arrestin recruitment
(11 mM), cAMP inhibition (9.3 mM), Ca21 mobilization (21.5
mM), G12 activation (33 mM), and Rho activation (9.4 mM). If
an antagonist is competitive in nature, then its Kb value can
be derived from IC50 values by performing functional curve-

TABLE 3
Pharmacological Characterization of D2R Mutants using Go and CAMYEL BRET Assays.
EC50 and IC50 values were derived as described in Figs. 9 and 10 via nonlinear regression of individual experiments normalized to the dopamine-
stimulated wild-type (WT) D2R control. For each D2R mutant, the EC50 or IC50 value was divided by the wild-type EC50 or IC50 value to derive
the corresponding wild-type ratio. Data are expressed as geometric means [95% confidence interval].

WT L81A V91A E95A T165A A177S Y192A V196A I397A

Dopamine Go
EC50

9.9 nM
[6.3–15]

5.7 nM
[1.5–14]

7.7 nM
[4.3–13]

11 nM
[6.8–17]

10 nM
[7.2–14]

6.5 nM
[4.5–9.3]

5.9 nM
[3.8–8.8]

8.3 nM
[5.8–12]

7 nM
[3.4–13]

WT Ratio 1 0.6 0.8 1.1 1 0.7 0.6 0.8 0.7
cAMP EC50 12 nM

[10–16]
5.8 nM
[4.8–7]

9 nM
[6–13]

13 nM
[9.7–17]

12.7 nM
[9.7–17]

8.7 nM
[6.3–12]

5.1 nM
[3.6–7.2]

10 nM
[7.5–14]

3.3 nM
[2–4.8]

WT Ratio 1 0.5 0.7 1 1 0.7 0.4 0.8 0.3
Sulpiride Go

IC50

13 nM
[10–20]

34 nM
[24–46]

38 nM
[29–50]

21 nM
[29–50]

9.8 nM
[6.6–15]

12 nM
[8–17]

37 nM
[25–55]

25 nM
[19–33]

51 nM
[39–67]

WT Ratio 1 2.6 2.9 1.6 0.8 0.9 2.9 2.1 3.9
cAMP
IC50

17 nM
[12–25]

26 nM
[20–35]

63 nM
[42–92]

40 nM
[24–65]

18 nM
[12–26]

18 nM
[13–23]

43 nM
[31–61]

25 nM
[17–38]

78 nM
[59–104]

WT Ratio 1 1.5 3.7 2.4 1 1 2.5 1.5 4.6
ONC201 Go

IC50

21 mM
[12–40]

45 mM
[29–71]

>100 mM >100mM 32 mM
[15–67]

31 mM
[17–60]

40 mM
[25–66]

50 mM
[30–87]

>100 mM

WT Ratio 1 2 >5 >5 1.5 1.5 1.9 2.4 >5
cAMP
IC50

23 mM
[16–33]

46 mM
[20–122]

>100 mM 55 mM
[28–126]

12 mM
[9–16]

29 mM
[14–63]

>100 mM 45 mM
[23–97]

>100 mM

WT Ratio 1 2 >5 2.4 0.5 1.3 >5 2 >5

N 5 3–5 experiments run in triplicate.
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Fig. 10. ONC201 antagonism of D2R-mediated G protein-mediated sig-
naling is severely impaired in select D2R point mutants. (A) Go BRET
activation assays were performed as described in Fig. 9 and the Materi-
als and Methods. Cells were incubated with an EC80 concentration of
dopamine (7 nM) and increasing concentrations of ONC201. BRET ratios

were determined, and the data are expressed as a percentage of the
wild-type D2R response. The mean IC50 values for each D2R construct
are shown in Table 3. (B) CAMYEL BRET cAMP inhibition assays were
performed as described in Fig. 9 and the Materials and Methods. The
cells were incubated with an EC80 concentration of dopamine (25 nM)
and increasing concentrations of ONC201. BRET ratios were deter-
mined, and the data are expressed as a percentage of the maximum
wild-type D2R response. The mean IC50 values for each D2R construct
are shown in Table 3. Data points represent the mean ± S.D. of at least
three independent experiments each performed in triplicate.
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shift experiments and Schild plot analyses. However, it was
clear from the functional curve-shift data shown in Fig. 7
that ONC201 exhibited mixed antagonism of dopamine sig-
naling through the D2R. We thus analyzed the ONC201
curve-shift data using an operational model of allostery
(Leach et al., 2007) to derive Kb values for antagonism of
dopamine-stimulated b-arrestin recruitment (Kb 5 3 mM)
and inhibition of cAMP accumulation (Kb 5 2.3 mM). Thus,
the functional potency of ONC201 for antagonizing dopa-
mine-stimulation of the D2R actually appears to be �2 to 3
mM. Interestingly, these analyses also revealed that ONC201
displays little apparent cooperativity with dopamine affinity
but mostly exhibits a negative modulatory effect on dopamine
efficacy, suggestive of an allosteric mechanism of action.
To further understand the mechanism of action of ONC201

at the D2R, we identified the receptor residues important for
ONC201 to antagonize dopamine signaling. This initially
involved alanine scanning mutagenesis while evaluating the
functional activity of the receptor using a high throughput
Ca21 mobilization assay. This endeavor identified eight recep-
tor residues that, when mutated to alanines, significantly
decreased the ability of a single high concentration (100 mM) of
ONC201 to inhibit dopamine-stimulated Ca21 mobilization

mediated by the mutant receptors. More comprehensive analy-
ses of the D2R mutants by collecting full ONC201 dose-
response curves using Go activation and cAMP inhibition
assays showed that mutations of four specific residues, V912.61,
E952.65, Y1925.41, and I3976.59, produced the most severe impact
on ONC201’s ability to antagonize dopamine-stimulated signal-
ing. Notably, two of these residues, V912.61 and E952.65, reside
within a SBP formed by the interface between TMs 2 and 7
and have been shown to be involved in allosteric modulation of
the D2R by bitopic and negative allosteric modulators (NAMs)
(Draper-Joyce et al., 2018; Verma et al., 2018; Klein Here-
nbrink et al., 2019).
Using the mutational data as a guide, we sought to charac-

terize the binding pose of ONC201 with the D2R using com-
putational modeling and simulation studies. Initial
molecular docking of ONC201 using the crystal structure of
an inactive state of the receptor bound to spiperone (Im
et al., 2020) suggested that a pendant phenyl ring can enter
the SBP described above and form hydrophobic and polar
interactions with V912.61 and E952.65, respectively. Notably,
this binding pose also suggests that the imipridone core of
ONC201 protrudes into the orthosteric space occupied by spi-
perone, which likely explains its ability to inhibit [3H]methyl-
spiperone binding, albeit with low affinity. These results
suggest that ONC201 can interact with the D2R in a bitopic
manner, where the imipridone core of the molecule overlaps
with the orthosteric binding site while a phenyl ring engages
a secondary allosteric binding pocket.
In contrast, when we docked ONC201 at an active state D2R

structure (Yin et al., 2020) with dopamine occupying the orthos-
teric site, we could not identify a pose where ONC201 simulta-
neously interacts with all four residues (V912.61, E952.65,
Y1925.41, and I3976.59) that were shown to be extremely impor-
tant for antagonism of the receptor. However, two poses were
stable after microsecond scale MD simulations; one involves
ONC201 interactions with Y1925.41 and I3976.59 (pose 1),
whereas in the other pose ONC201 interacts with V912.61 and
E952.65 (pose 2). To integrate the experimental observations, we
propose that residues Y1925.41 and I3976.59 interact with
ONC201 near an entry point to the extracellular vestibule at
the extracellular interface of TM5 and TM6 followed by a tran-
sition of ONC201 to a pose near the interface between TM2
and TM7 where it interacts with V912.61 and E952.65 within the
SBP. Notably, in either pose, ONC201 does not overlap with
the space occupied by dopamine within the orthosteric binding
site, suggesting that it acts as a NAM to inhibit dopamine-stim-
ulated receptor signaling. These results are in good agreement
with the curve-shift experiments (vide supra), suggesting that
ONC201 has little effect on dopamine’s affinity but exhibits
strong negative cooperativity with dopamine’s efficacy.
In summary, ONC201 is a novel antagonist of the D2R with

demonstrated efficacy in the treatment of various cancers, espe-
cially high-grade glioma. It demonstrates a novel bitopic/NAM
mechanism of action that may explain its high selectivity for
the D2R and some of its clinical anticancer properties that are
distinct from other D2R antagonists widely used for the treat-
ment of schizophrenia and other neuropsychiatric disorders.

Authorship Contributions

Participated in research design: Free, Xie, Namkung, Prabhu, Sib-
ley, Laporte, Shi, Allen.

Conducted experiments: Cuoco, Xie, Namkung, Willette, Day.

Fig. 11. The binding pose of ONC201 in the inactive state of the D2R
overlaps with that of spiperone. Molecular docking was performed as
described in the Methods using a model (see Supplement for PDB file)
of the D2R in an inactive state based on a crystal structure of the D2R
in complex with the antagonist spiperone (Im et al., 2020) (PDB:
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