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Abstract

Imipridones constitute a novel class of antitumor agents. Here, we report that a second-generation imipridone, ONC212,
possesses highly increased antitumor activity compared to the first-generation compound ONC201. In vitro studies using
human acute myeloid leukemia (AML) cell lines, primary AML, and normal bone marrow (BM) samples demonstrate that
ONC212 exerts prominent apoptogenic effects in AML, but not in normal BM cells, suggesting potential clinical utility.
Imipridones putatively engage G protein-coupled receptors (GPCRs) and/or trigger an integrated stress response in
hematopoietic tumor cells. Comprehensive GPCR screening identified ONC212 as activator of an orphan GPCR GPR132
and Goq signaling, which functions as a tumor suppressor. Heterozygous knock-out of GPR132 decreased the antileukemic
effects of ONC212. ONC212 induced apoptogenic effects through the induction of an integrated stress response, and
reduced MCL-1 expression, a known resistance factor for BCL-2 inhibition by ABT-199. Oral administration of ONC212
inhibited AML growth in vivo and improved overall survival in xenografted mice. Moreover, ONC212 abrogated the
engraftment capacity of patient-derived AML cells in an NSG PDX model, suggesting potential eradication of AML
initiating cells, and was highly synergistic in combination with ABT-199. Collectively, our results suggest ONC212 as a
novel therapeutic agent for AML.

Introduction which can carry poor prognosis. Standard chemotherapy has

not changed over the past 40+ years and acquired resistance
Acute myeloid leukemia (AML) encompasses a group of  leading to disease relapse typically occurs in the majority of
highly heterogeneous hematological malignancies, some of ~ AML patients. Better understanding of the disease in the
last decade has led to the development of multiple targeted
therapeutics that are being investigated in preclinical mod-
els and clinical trials, and breakthrough discoveries in

elderly AML treated with ABT-199 (Bcl-2 inhibition)
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Imipridones encompass a new class of antitumor small
molecules that were created following the discovery of the
lead compound ONC201 [1], which is in clinical trials for
several advanced malignancies including leukemias, mye-
lomas, lymphomas, and gliomas [2, 3]. ONC201 demon-
strated an exceptional pharmacokinetic and
pharmacodynamic safety profile and encouraging evidence
of antitumor activity [4]. ONC201 was putatively deter-
mined to antagonize the G protein-coupled receptor (GPCR)
superfamily dopamine receptors D2 and D3 (DRD2/3) [5],
and by us and others to activate an atypical integrated stress
response (ISR) [6, 7]. By way of this novel mechanism of
action, ONC201 was reported to induce apoptosis in
numerous human cancer types that were resistant to
standard-of-care therapeutics without causing cytotoxicity
in normal cells [7, 8].

The GPCR superfamily is the largest and most diverse
group of cell surface receptors in mammals. In a patho-
physiological context, GPCRs are involved in cancer
initiation, promotion, and metastasis [9], and play pivotal
roles in activating major proliferative and survival signal
transduction pathways relevant to cancer cells [10, 11].
Thus, GPCRs are considered promising therapeutic targets
in cancer [12].

In view of the therapeutic opportunities available within
the GPCR superfamily, ONC201's therapeutic index
[1, 2, 7], and its novel triheterocyclic core chemical struc-
ture [13], a series of second-generation analogs were gen-
erated [14]. In this study, we report the effects of one such
compound, ONC212, on AML, and a novel therapeutic
mechanism targeting the orphan GPCR GPR132 and ISR.
In addition, we report on unique combinatorial approaches
that extend these anticancer effects.

Materials and methods
Cell culture

Cell lines were purchased from the Leibniz-Institut
Deutsche Sammlung von Mikroorganismen und Zellk-
ulturen or the American Type Culture Collection. The
authenticity of the cell lines was confirmed by DNA fin-
gerprinting with the short tandem repeat method, using a
PowerPlex 16 HS System (Promega, WI, USA) within
6 months before the experiments. All cell lines were tested
using the PCR Mycoplasma Detection Kit (Applied Bio-
logical Materials, Richmond, BC, Canada) as directed by
the manufacturer. The mantle cell lymphoma (MCL) line
JeKo-1 was cultured in RPMI 1640 medium containing
20% fetal bovine serum (FBS), AML lines (OCI-AML3,
MOLM-13, MOLM-14, MV4;11, KG-1, Kasumi-1, U937,
HL-60, and THP-1), T-cell leukemia (Jurkat and JurkatI9.2)

SPRINGER NATURE

[15], DDIT3 (CHOP) knockdown cells which we pre-
viously established [7], and the colorectal cancer cell line
HCT-116 were all cultured in RPMI 1640 medium con-
taining 10% FBS; wild type and Bax and Bak double knock
out mouse embryonic fibroblasts (MEFs) were cultured in
MEMa 1640 medium containing 20% FBS. ONC201-
resistant (ONC-R) cell lines were generated by chronic
exposure of MCL and AML cell lines to ONC201 whose
ED50s for ONC201 at 72 h were all >5 uM, as described
previously [7]. To generate HCT-116 GPR132 knock-out
cells, we used the PITCh system gene knock-in method
previously established [16]. A GFP knock-in cell line at the
AAVSI locus was used as control. Details are described
in Supplemental Methods.

Reagents and drug treatment

ONC201 and ONC212 were manufactured and provided by
Oncoceutics Inc. (Philadelphia, PA). ABT-199 for the
in vitro experiments was purchased from Selleck Chemicals
LLC (Houston, TX, USA) and for in vivo experiments from
Active Biochemku LTD (Maplewood, NJ, USA). Doxor-
ubicin was purchased from Bedford Laboratories (Bedford,
Ohio, USA). For 72-h drug treatment experiments, cell lines
were plated at a density of 1.5x 10°/ml for JeKo-1, OCI-
AML3, MOLM-13, MOLM-14, MV4;11, KG-1, U937;
3.0x 10°/ml for Kasumi-1, HL-60, THP-1, Jurkat, and
Jurkatl9.2; 5.0 x 10%/ml for HCT-116; and treated with the
indicated compounds. For 120-h drug treatment experi-
ments, cell lines were plated at a density of 5.0 x 10%ml for
OCI-AML3 and U937 and 1.0 x 10°/ml for Kasumi-1, KG-
1, HL-60, and THP-1. For ISR activation, 1 uM thapsi-
gargin (6 h) were used.

Flow cytometric analysis

For apoptosis analysis, annexin V (BD Pharmingen, CA, USA)
and propidium iodide (PI; Sigma-Aldrich, MO, USA) were
used to assess apoptosis. annexin V- and PI-double negative
cells were counted as live cells. To determine absolute cell
numbers, CountBright beads (Thermo Fisher Scientific, MA,
USA) were added to each sample. For cell cycle analysis, DNA
content analysis was performed by staining with PI and 5-
ethynyl-2'-deoxyuridine (EdU) incorporation was analyzed by
the Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit
(Thermo Fisher Scientific), as per manufacturer’s instructions.
To measure mitochondrial membrane potential (MMP), we
loaded cells with MitoTracker Red CMXRos (300 nM) and
MitoTracker Green (100 uM, both from Molecular Probes,
Eugene, OR, USA) for 1h at 37°C. The MMP was then
assessed by measuring CMXRos retention (red fluorescence),
whereas simultaneously adjusting for mitochondrial mass
(green fluorescence) [17].
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Statistical analyses

Differences among groups were analyzed for statistical
significance with GraphPad Prism 6 software (Graph-Pad
Software, San Diego, CA, USA) using a Student’s t-test or
ANOVA followed by Tukey’s post hoc test. A p <0.05 was
considered statistically significant. Unless otherwise indi-
cated, values are expressed as the mean = SD calculated by
performing three or more independent experiments. For
drug combination analysis, synergistic effects of drugs were
analyzed by CompuSyn software (ComboSyn Inc., Para-
mus, NJ, USA). The combination index (CI) provides
quantitative determination for synergism (CI< 1), additive
effect (CI = 1), and antagonism (CI> 1) [18, 19].

Results

ONC212 exhibits potent antitumor effects via the
activation of orphan GPCR GPR132

We recently reported that the first generation imipridone
ONC201 putatively antagonizes DRD2/3 [5]. Therefore, we
speculated that imipridones in general could selectively target
the GPCR superfamily of proteins. Experimental GPCR pro-
filing using the PathHunter B-arrestin assay [20] determined that
ONC212 (Fig. la) was highly selective for activating the
orphan GPCR GPR132 (Fig. 1b). Although six hits were
identified from the initial screen with this single high con-
centration of ONC212, multi-dose validation studies confirmed
that ONC212 only engaged GPR132 at nanomolar concentra-
tions (EC50 ~400nM) (Fig. 1c and Table S3). We further
performed the BioSensAll assays to determine which Ga iso-
form was engaged downstream of GPR132, and demonstrated
that Goq family proteins (Gog, Gal4, and Gal5/16) are spe-
cifically activated via GPR132 by ONC212 (Figs. 1d and S1)
while Gas family proteins were not (Fig. S1). The activation of
Gagq was blocked by the Gaq inhibitor UBO (Fig. 1d), indi-
cating the specificity of detected bioluminescence resonance
energy transfer (BRET) signals. Interestingly, Gaq activation
varied with pH, consistent with GPR132 being a pH sensitive
GPCR [21] (Fig. S2).

To further assess the impacts of GPR132 on cytotoxic
effects of ONC212 in tumor cells, we generated HCT-116
GPR132 knock-out cells by gene knock-in method using
CRISPR/Cas9 [16] (Fig. S3A). We identified one hetero-
zygous knock-out clone, which has a knock-in allele and in-
frame 27 base-pair deletion on the other allele (Figs. le
and S3B, S3C). The GPR132 heterozygous knock-out
decreased ONC212’s apoptogenic effects (Fig. 1f, g), fur-
ther supporting a role for GPR132 in this process. Interest-
ingly, GPR132 knock-down by shRNA decreased target
levels by approximately 50%, but ONC212 increased

GPR132 levels above baseline; hence this system could not
be used to determine impact of GPR132 on activity (data not
shown).

RNA-seq data available in The Cancer Genome Atlas
(TCGA) revealed that GPR132 is expressed in a wide range
of tumor types, with highest expression in leukemias and
lymphomas (http://www.cbioportal.org/) without any repor-
ted loss-of-function gene mutations (Fig. S4). Previous stu-
dies have implicated GPR132 as tumor suppressor [22, 23],
suggesting that activation of GPR132 by ONC212 could
exert growth inhibitory and apoptotic effects. We analyzed
the in vitro antitumor effects of ONC212 in the GDSC
collection of cell lines (i.e., 1,088 human cancer cell lines)
and found that leukemias and lymphomas were most sen-
sitive (Fig. S5A). When we further analyzed types of leu-
kemias, AML, acute lymphoblastic leukemia, and chronic
myeloid leukemia lines were all similarly sensitive to
ONC212 (Fig. S5B, S5E). In support of the therapeutic
relevance of GPR132 for ONC212 antitumor activity,
expression of GPR132 mRNA was positively correlated
with sensitivity to ONC212 (Fig. 1h), based on gene
expression profiling data in the GDSC panel. Moreover, we
compared GPRI132 expression between human primary
AML and normal hematopoietic samples in the RNA-seq
data from TCGA and The Genotype-Tissue Expression
projects using Gene Expression Profiling Interactive Ana-
lysis [24]. The AML patient samples significantly higher
levels of GPR132 expression compared to normal samples
(Fig. 1i). Since a threshold level for normal hematopoietic
cells has not been established, the lack of observed toxicity
could be related to lower levels of GRP132. These data
suggest that GPR132 could be a potential therapeutic target,
particularly in AML.

ONC212 induces apoptosis in AML cells

We assessed ONC212's efficacy and mechanisms in AML
cells. We first tested the apoptogenic effects of ONC212 in a
series of AML cell lines (Fig. 2a, b). Compared with the
ED50s of ONC201 that we reported previously [7], ONC212
exerted markedly enhanced apoptogenic effects [ED50s of
ONC201 [7] versus ONC212 (Fig. 2a) at 72 h; 6.4 uM versus
258.7nM for OCI-AML3, 3.6uM versus 105.7nM for
MOLM13 cells, respectively], indicating that this agent was
>30-fold more potent than the parent compound.

Several cell lines were relatively insensitive 72 h after
ONC212 exposure (Fig. 2a), but became an apoptotic at
120 h (Figs. 2b and S6A). Time course analysis of OCI-
AMLS3 cells showed that induction of apoptosis took more
than 36h and gradually increased in a time-dependent
manner (Fig. 2¢, d). ONC212 reduced MMP, suggesting
mitochondrial apoptosis (Fig. S7A, S7B), consistent with
previously reported GPR132-mediated mitochondrial

SPRINGER NATURE


http://www.cbioportal.org/

T. Nii et al.

a

spceqel

ONC212
160 Agonist
120 Antagonist

-
(=3
o

GPCR Engageme!
-
o

recruitment (%)

GPR132 B-Arrestin O

10° 10" 10®  10° 10¢ 10¢
ONC212 (nM)

hGPR132 /pH 7.4 GAPL-Gaq

< 10 min
4 10 min (+UBO)

GPR132

10 8 6 4
log[ONC212], M

e f g
GPR132 _ 25 , 150 = AAvs1*”
E .4 2 =1 AAVST- & GPR132°"
% : B @ 201 m GPr132°~ z x
£z S1s 2 1
3 S > 3
'g,_,o.s £ 10 £ 50
B £ 5 =
3 <
) 0 0
0 50 200 0 50 200
e ONC212 (nM) ONC212 (W)
- QQ-
¥ d
h i
-l
= 1.0 -
8 S :
& g7
7 =
805 =
~ a «
8 g i
S 0.0 S~
Low High 2
GPR132 expression level E E
2 ol
- e —
AML Normal

Fig. 1 Target screening of G protein-coupled receptors (GPCRs) identifies
GPR132 as a receptor of ONC212. a Chemical structure of ONC212. b
ONC212 (10 uM) target screening in GPCRs performed with the Path-
Hunter B-Arrestin assay. Dotted line indicates a 20% cut-off to select
targets for subsequent validation. ¢ ONC212 dose-response curve in the
PathHunter p-Arrestin assay for GPR132. EC50=405nM (n=2). d
Cells were pre treated for 1 h with UBO-QIC (100 nM). Experimental data
were produced in singleton and curves were fitted using the 4-parameter
logistic nonlinear regression model (GraphPad 6). Data in graphs represent
a 10 min incubation with ONC212 and expressed as uBRET. e qRT-PCR
analysis of GPR132 expression. GFP heterozygous knock-in at GPR132
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locus (GPR132*~; GPR132 heterozygous knock-out) and at AAVSI
locus (AAVS17~; gene knock-in control). f The percentage of apoptotic
cells (Annexin V' cells) induced by ONC212 treatment for 72h in
GPR132"~ and AAVSI™~. g The percentage of live cell numbers after
72-h treatment with ONC212 in GPR132"~ and AAVS1*/~. h Average
ONC212 response as measured by the area under the dose-response curve
(AUC) in GDSC cell lines with high versus low GPR132 expression.
##%%P <(0.001. i comparison of GPR132 expression in AML and normal
samples using Gene expression profiling interactive analysis (GEPIA).
AML (n =173) and Normal (n = 70) *p <0.01
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Fig. 2 Assessment of ONC212 potency in AML cells. a Summary data
of ONC212’s effects on several AML cell lines at the indicated con-
centration for 72 h. b The percentage of apoptotic cells induced by
ONC212 treatment for 120 h in KG-1, HL-60, U937, Kasumi-1, and
THP-1 cell lines. ¢ Time course analysis of apoptosis induced by
ONC212 or ONC201 in OCI-AMLS3 cells. d Time course analysis of
the percentage of live cells following treatment with ONC212 or
ONC201. Annexin V- and PI-negative cells were counted as live cells.
e The percentage of apoptotic cells induced by ONC212 treatment for

apoptosis [25]. In addition, Bax and Bak double knockout
MEFs showed resistance to ONC212, compared to wild-
type MEFs (Fig. S7C, S7D). Of note, ONC-R cell lines
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72h in parental or ONC201-resistant (ONC-R) OCI-AML3 cells.
f The percentage of live cell numbers after 72-h treatment with
ONC212 in parental or ONC-R OCI-AMLS3 cells. The percentage of
Annexin V7 cells of MV4;11 (g) and MOLMI13 (h) cells treated with
ONC212 (250 nM) for 4, 8, 24, 36, and 72 h. ONC212 medium was
replaced by fresh medium at these time points and cell viability was
determine at 72 h for all samples. Data are shown as the mean + SD (n
=3). ¥*p<0.01, ***p <0.005

[7] showed cross-resistance to ONC212 (Figs. 2e, f
and S6A-S6D), suggesting common resistance mechanisms
for the two compounds. Also, as reported for ONC201
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[7], ONC212 increased YH2A.X only to the extent seen
in Nutlin-3a treated cell, which was selected as a
compound that induces only minimal DNA damage [26]
(Fig. S6E). This finding suggests that ONC212 is non-
genotoxic, which is a potential advantage for its clinical
implementation.

We also performed wash-out experiments of ONC212 to
investigate how long this agent is required to be present to
induce irreversible apoptosis. Unlike ONC201, in which at
least a 72 h exposure is required for apoptosis induction, only
12 h of exposure to ONC212 was sufficient (Fig. 2g, h).

GPR132 mRNA expression was detected in all tested
AML cell lines (Fig. S8A). There was a statistically sig-
nificant correlation between the level of apoptosis induction
by ONC212 and GPR132 mRNA expression in the AML
cell lines tested (Fig. S8B). However, THP-1 and Kasumi-1

cells, which respond only slowly and display the lowest
sensitivity to ONC212, were outliers (Fig. 2b) [7]. In addi-
tion, ONC212 treatment transcriptionally increased GPR132
expression (Fig. S8C), suggesting that the apoptogenic
effects of ONC212 reflect not only functional activation of
GPR132 but also on its transcriptional induction.

ONC212 efficiently induces cell death in patient-
derived AML, but not normal hematopoietic cells

Next, we examined the effects of ONC212 on human pri-
mary AML and normal bone marrow (BM) cells (Fig. S9A).
ONC212 treatment inhibited blast colony formation in a
dose-dependent manner (Figs. 3a, b, and S9B). Importantly,
in normal BM cells there were no marked effects by
ONC212 on colony formation (Fig. 3c) and differentiation

Fig. 3 ONC212 treatment a Patient 1 Patient 2 Patient 3 b
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potential of hematopoietic progenitor cells (Figs. 3d
and S9C). ONC212 also did not affect cell viability of
normal BM and lung fibroblasts at doses that were effica-
cious in this regard in malignant cells (Fig. S10). These
results suggested that ONC212 exerts selective toxicity in
leukemia as compared to nonmalignant cells.

ONC212 dysregulates cell cycle progression
resulting in antiproliferative effects in AML cells

To examine the cell cycle effects of ONC212, we analyzed
the incorporation of EAU and DNA content in AML cell
lines. ONC212 treatment increased the percentage of GO/G1
and decreased S and G2/M cells and EdU incorporation in S
phase in MOLM13 and HL-60 cells (Fig. SI1A-S11E). In
particular, ONC212 treatment induced a more prominent
GO/G1 arrest in MOLM13 than in HL-60 cells (Fig. S11A).
To confirm the growth inhibitory effects of ONC212, we
counted the number of viable cells at early time points
before apoptosis was induced and indeed, the proliferation
of viable cells was inhibited by ONC212 (Fig. S11F, S11G)
at 24 h indicating a cytostatic effect on AML cells.

ONC212 exhibits antileukemia activity in vivo

For assessing ONC212's antileukemia effects on leukemia-
initiating cells (LICs), we utilized an established PDX
mouse model [7]. Bulk AML cells [t(9;11)(p22; q23),
CEBPA and ATM mutants] from secondarily engrafted
mice (i.e., LIC-enriched PDX cells) were incubated ex vivo
for 36 h with or without 250nM of ONC212. We then
injected identical numbers of viable treated and untreated
cells into recipient NSG mice. After 1 month, the percen-
tage of human CD45™ cells in the peripheral blood, spleen,
and BM was significantly decreased in the ONC212-treated
group compared to the untreated control (Figs. 4a
and S12A). Spleens collected from the treated mice were
significantly smaller than those obtained from the controls
(Fig. S12B, S12C). These results suggested that ONC212
impairs the engraftment capacity of LICs.

We next administered ONC212 orally to mice bearing
two different AML xenografts. In the first model, MV4,
11 cells were subcutaneously injected into the right and left
flank of mice. Mice were treated with cytarabine, ONC201,
or ONC212 when the tumors reached a detectable volume.
ONC212 significantly reduced leukemia xenograft growth,
as well as the cytarabine treatment, while ONC201 was not
efficacious in this model at similar doses (Fig. 4b). Of note,
more frequent dosing with lower doses of ONC212 (5 or 25
mg/kg) did not inhibit leukemia progression (Figs. 4b
and S13).

In the second model, we utilized systemic AML xeno-
grafts. OCI-AML3 cells expressing luciferase were injected

into NSG-S mice via tail vein and monitored by biolumi-
nescence imaging (BLI). After confirmation of AML
engraftment after 7 days (Fig. 4c), mice were treated with
oral administration of ONC212, serial BLI images showed
that ONC212 significantly inhibited AML growth as soon
as during the week of therapy (Fig. 4c). Moreover, ONC212
treatment decreased spleen leukemia burden (Fig. 4d) and
prolonged overall survival compared with controls (p =
0.0003; Fig. 4e). The median survival increased from 43 to
49 days (+14%). Consistently, AML cell infiltration in BM
and spleens of the ONC212-treated mice was reduced, as
indicated by spleen size (Fig. 4d) and flow cytometric
analysis (Fig. S14). These results indicated that ONC212
exerts antileukemia activity in vivo. The most effective
dose/schedule remains to be established.

ONC212 activates an ISR in AML cells and synergized
with the BCL-2 inhibitor ABT-199 in vitro and in vivo

We and others previously reported that an ISR-like pathway
involving ATF4 was one of the major molecular mechan-
isms involved in apoptosis induced by ONC201 in solid and
hematologic tumors [6, 7], and comparable induction of ISR
by ONC212 was recently also reported in pancreatic cancer
cells [27]. Similarly, 24 and 36 h treatment with ONC212
increased phosopho-elF2a and ATF4 protein abundance
(Fig. 5a). DDIT3 (CHOP) mRNA, a transcriptional target of
ATF4, and its target genes GADD34, DRS, and TRIB3 were
also upregulated in ONC212-treated AML cells by a 24-h
exposure to ONC212 (Fig. 5b).

To investigate the potential link of the ISR pathway with
GPR132-Gaq signaling, we analyzed key effector mole-
cules of ISR in the heterozygous GPR132 knockout HCT-
116 cells. DDIT3 (CHOP) induction appeared lower, while
resultant induction of the CHOP downstream genes (DRS5
and GADD34) was observed at a similar level compared to
those in control HCT-116 cells (Fig. SI5A). This suggests
that CHOP signaling is perhaps independent of GPR132-
Gaq signaling activated by ONC212. Next, to investigate
the involvement of ISR in ONC212-induced apoptosis, we
tested the role of DRS and CHOP the two major molecules
which could function as an apoptogenic effectors. We first
tested the DR5-related extrinsic apoptosis pathway by using
Jurkatl9.2 cells carrying inactivated mutant caspase 8 [15].
The mutant Jurkat cells were only slightly less sensitive
than parental Jurkat cells, showing 60-80% apoptosis at
nanomolar concentrations of ONC212 (Fig. S15B), sug-
gesting that DRS and its downstream apoptotic signaling are
only minimally involved in ONC2I12-induced apoptosis.
We also tested CHOP knock down (KD) OCI-AMLS3 cells
that we previously established [7]. The CHOP KD cells
were more sensitive to ONC212 than control cells
(Fig. SI15C, S15D), indicating that CHOP plays an
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Fig. 4 ONC212 treatment inhibits the leukemia stem and progenitor
cells. a, b Ex vivo treatment of primary AML patient-derived xeno-
graft (pdx) cells with ONC212. One month post injection of pdx-AML
cells with or without ONC212 (250 nM), we analyzed human CD45™
cells in peripheral blood (PB), spleen, and BM. a Quantification data
of human CD45" cells. Data are shown as the mean+SD (n=3). b
MV4;11 cells were subcutaneously implanted in the flanks of athymic
nude. Tumor volume of the AML xenograft model treated with
ONC201 (50 mg/kg/wk), ONC212 [(1) 5 mg/kg/wk; (2) 5mg/kg,
twice/wk; (3) 25 mg/kg, twice/wk; (4) 50 mg/kg/wk] and cytarabine

antiapoptotic role in ONC212-induced apoptosis, a result
similar to our previous finding with ONC201 [7]. More
comprehensive screening of ISR-related molecules would
be required to determine which ISR effectors contribute
most to ONC212-induced apoptosis. Of note, in ONC212-
resistant (ONC-R) OCI-AML3 cells, an increase of ATF4
by ONC212 was not observed (Fig. S15E). There was no
change in baseline GPR132 expression levels between
parental versus ONC-R cells (Fig. S8A). Therefore, the
observed resistance in OCI-AML3 ONC-R cells occurs
perhaps upstream of ISR induction, but is not caused by
reduction in basal expression levels of GPR132.

ONC201 was reported to transcriptionally induce TRAIL
in solid tumors [1], but this mechanism was found by us not
to be operational in hematological malignancies [7]. Simi-
larly, ONC212 did not increase TRAIL mRNA in OCI-
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(100 mg/kg, 5 times/wk). n =10, *p < 0.05 relative to vehicle control.
d, e NSG-S mice injected OCI-AML3-Luc were treated with or
without ONC212 (treatment started on day 7, 50 mg/kg/mice, twice/
wk for 7 wk). ¢ Serial bioluminescence intensity of mice bearing OCI-
AML3-Luc treated with the vehicle or ONC212. ONC212 treatment
decreased OCI-AML3 propagation. d Picture of spleen from mice
injected OCI-AML3-Luc with or without ONC212 treatment after
45 days of OCI-AML3-Luc cells injection. e Kaplan—Meier survival
curves for mice (control: n =8, ONC212: n=11)

AMLS3 cells, and rather decreased it in MOLM13 and HL-
60 cells (Fig. S15F).

BCL-2 has been implicated as a protective factor in cells
under ISR [7, 28-33]. Also importantly, ONC212 markedly
reduced MCL-1 protein levels (Fig. S16), is the key resis-
tance factor for BCL-2 inhibition in AML [34]. Conse-
quently, apoptosis induction was significantly increased by
combined treatment with ONC212 and the BCL-2 inhibitor
ABT-199 compared to either drug alone, even in THP-1
cells, which were the most resistant cells to both ONC212
and ABT-199, as well as in ONC-R OCI-AML3 cells (Figs.
S5c—f and S17, S18), suggesting that this combination could
potentially overcome resistance to either agent alone.

We further investigated combinatorial regimen in vivo
using a systemic AML model employing MOLM13-Luc
cells intravenously injected into NSG-S mice. After
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Fig. 5 ONC212 induces integrated stress response and shows syner-
gistic effects with ABT-199. a Western blotting analysis of elF2a
phosphorylation level and ATF4 expression. We treated OCI-AML3,
MOLM13, and HL-60 with or without ONC212 (250 nM) or ONC201
(5 uM) for the indicated time. b Relative expression level of DDIT3
(CHOP), DRS, GADD34, and TRIB3. We treated OCI-AMLS3,
MOLMI13, and HL-60 with or without ONC212 (250 nM) for 24 h and

confirmation of AML engraftment (3 days after injection),
the mice were treated orally with ABT-199 and/or ONC212.

analysis of gene expression by qRT-PCR. The range given for these
genes relative to control were determined by evaluating the expression:
2-AACT with AACT +s and AACT - s, where s =the SD of the
AACT value. e—f The percentage of annexin VT cells induced by
ONC212 and/or ABT-199. All data are shown as the mean+SD
(n =3). The combination index (CI) values for synergistic effects were
all performed with Compusyn software

Serial BLI analysis showed that ONC212 in combination
with ABT-199 inhibited AML progression (Fig. 6a),
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Fig. 6 ONC212 and ABT-199
combination treatment
synergistically decreases AML
propagation in vivo. a Serial
bioluminescence images of mice
bearing MOLM13-Luc treated
with the solvent, ONC212 (50
mg/kg; 3 times/wk), ABT-199
(100 mg/kg; daily), and
combination treatment
(treatment started on day 3
administered by oral gavage).

b Kaplan—Meier survival curves
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resulting in highly significant prolongation of survival
compared to the effects exerted by either drug alone (Fig. 6b,
c). Median survival increased from 20-21 days (+5% for
ONC212 and ABT-199, respectively) to 30 days, a 50%
increase for the combination, p < 0.0001). Of note, this AML
model of MOLM13 is highly aggressive with only ~20-day
median survival, which may have reduced the potential
survival benefit of the monotherapy groups of ONC212 or
ABT-199, compared to the OCI-AML3 model shown in
Fig. 4e. This also implicates that the combination therapy is
able to exert a prominent anti-AML effects in such an
aggressive type of the AML model, where single treatments
with ABT-199 or OCN212 was completely ineffective.

Discussion

In this study, we investigated a novel, second-generation
imipridone ONC212, which is a derivative of ONC201.
ONC201 is now in multiple clinical trials for leukemias,
lymphomas, myelomas, and solid tumors. We show that
ONC212 activates the orphan GPCR GPR132, a novel
target in hematological malignancies. ONC212 exerts anti-
tumor activities in a broad range of cancers and our detailed
studies in AML demonstrate that ONC212 potently induces
apoptosis in AML cell lines expressing high levels of
GPR132, with significant in vivo efficacy. These anti-AML
effects were much more potent than those observed for
ONC201 and as potent as those reported by us and others
for the BCL-2 inhibitor ABT-199 (venetoclax). Collec-
tively, we propose a novel therapeutic strategy by activating
GPR132, using the novel GPR132 activator ONC212.
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The functions of GPR132 in cancer biology are poorly
understood, but Lin and Ye [25] demonstrated that forced
expression of GPR132 results in mitochondrial apoptosis.
Activation of GPR132 was shown to inhibit BCR-ABL-
induced acute B-cell lymphoblastic leukemia [23]. We here
demonstrate that ONC212 directly and transcriptionally
activates GPR132, efficiently induces apoptosis in AML
cells that highly express GPR132. Moreover, heterozygous
knockout of GPR132 decreases the apoptogenicity of
ONC212. Given these results, this orphan GPCR represents
a potential therapeutic target for cancer therapy.

The link between GPR132 and ISR induced by ONC212
is unclear. Considering that GPR132 heterozygous KO in
HCT-116 did not reduce ATF4-CHOP signaling by
ONC212, we speculate that these two pathways are inde-
pendent. However, since ISRs were not induced by
ONC212 in OCI-AML3 ONC-R cells which are highly
resistant to ONC212-induced (namely, GPR132-mediated)
apoptosis, we also speculate activation of a common
upstream target for ISR and GPR132 activation. A better
mechanistic understanding of how GPR132-Gaq signaling
induces apoptosis has yet to be developed in future studies.

ONC212 induced the apoptosis as we reported for
ONC201 [7]. Moreover, by targeting BCL-2, a prosurvival
factor against apoptosis [28, 30-33], the combination
treatment of ONC212 and ABT-199 was found highly
synergistic, as validated in our AML xenograft model.
ABT-199 and related BCL-2 inhibitors currently in clinical
trials have shown antileukemia activity as monotherapy [35]
and pronounced synergy with standard chemotherapy and
demethylating agents [36]. This synergism could be also
explained by our finding that ONC212 reduces protein
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abundance of MCL-1, which is known to be the most
important resistance factor for ABT-199 in AML [34].
Therefore, ONC212 and ABT-199 are efficiently targeting
each other’s resistance factors. Considering the low
response rate to therapy with ABT-199 and high relapse rate
even after ABT-199 and azacitidine or Cytarabine [37-39],
the concept of combining ONC212 with BH3 mimetics,
including Bcl-2 and Mcl-1 inhibitors, could provide excel-
lent rationale for highly effective and nongenotoxic novel
drug combinations in AML. This concept is supported by
the strategy combining Bcl-2 and Mcl-1 targeted agents
[40-42], or Bcl-2 and MDM2 inhibition [43] in preclinical
survival extension similar to the ones shown here for the
combination of ONC212 and ABT-199 [43], which is
presently validated in a clinical trial [44] with 50% CR in
relapsed/refractory AML the proposed combinatorial treat-
ment appears promising.

Taken together, selectively targeting GPR132 by imi-
pridone ONC212 maybe a promising therapeutic strategy
for AML. The present study provides the first reported
evidence of therapeutically targeting GPR132 in oncology.
Based on our preclinical findings, further development of
ONC212 is in progress to enable the clinical evaluation of
this novel agent in patients with advanced hematologic
malignancies.
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