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Abstract: ONC206, a dopamine receptor D2 (DRD2) antagonist and imipridone, is a chemically modified derivative
of ONC201. Recently, ONC206 and other imipridones were identified as activators of the mitochondrial protease
ClpP, inducing downstream pathways that allow them to selectively target cancer cells. Clinical trials showed that
ONC201, the first in class imipridone, was well tolerated and exhibited tumor regression in some solid tumors. Our
goal was to evaluate the effect of ONC206 on cell proliferation and tumor growth in ovarian cancer cell lines and in a
transgenic mouse model of high grade serous ovarian cancer (KpB model). ONC206 was more potent than ONC201
in inhibiting cell proliferation, as evidenced by a 10-fold decrease in IC50 for the SKOV3 and OVCARS cell lines. This
was accompanied by the results that ONC206 significantly inhibited cellular proliferation, induced cell cycle G1 ar-
rest and apoptosis, caused cellular stress, and inhibited adhesion and invasion in vitro. Treatment of obese and
non-obese KpB mice with ONC206 elevated Bip and ClpP expression and reduced KI67, BCL-XL and DRD2 expres-
sion in the ovarian tumors. Our findings demonstrate that ONC206 has anti-tumorigenic effects in ovarian cancer as
previously demonstrated by ONC201 but appears to be as well tolerated and more potent. Thus, ONC206 deserves
further evaluation in clinical trials.
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Introduction

Ovarian cancer (OC) is the second most com-
mon gynecologic malignancy and one of the
deadliest cancers among women in the United
States, with over 21,000 new cases estimated
in 2021 [1]. Given the asymptomatic nature of
early disease and the vague symptomatology if
and when symptoms exist, women frequently
present with advanced stage OC at the time of
diagnosis. While the overall 5-year survival is
close to 50%, the 5-year relative survival in
women with distant metastatic disease is less
than 30% [2, 3]. Based on the extent and dis-
tribution of disease at the time of diagnosis,
patients undergo either primary debulking sur-
gery followed by adjuvant chemotherapy or

neoadjuvant chemotherapy followed by interval
debulking surgery. The standard of care for neo-
adjuvant and adjuvant chemotherapy remains
platinum/taxane doublet therapy [2, 4]. While
the majority of patients will have no evidence
of disease at the end of upfront treatment,
70-90% will recur [5]. There are a number of
single agent, doublet and triplet combination
chemotherapy regimens available in the setting
of disease recurrence [6, 7]; however, given the
cyclic nature of disease recurrence and the pro-
gressive shortening of the interval between dis-
ease free periods, new therapies are desper-
ately needed.

ONC206 (Chimerix, Inc), a chemical derivative
of imipridone ONC201, is part of the family of


http://www.ajcr.us

ONC206 inhibits ovarian tumor growth

compounds known as imipridones that share a
tri-heterocyclic core structure and act as in-
ducers of the integrated stress response (ISR)
in tumor cells and TNF-related apoptosis-induc-
ing ligand (TRAIL), a cytokine that selectively
targets and kills tumor cells [8-10]. ONC201 is
a dopamine receptor D2/3 (DRD2/3) antago-
nist and mitochondrial caseinolytic protease P
(ClpP) agonist. Activation of TRAIL and ISR,
increased expression of the DR5 death recep-
tor, inhibition of AKT and ERK pathway activity,
and targeting of mitochondrial metabolism are
all inter-related downstream mechanisms that
have been proposed [11, 12]. Early phase |
results indicated that ONC201 is well tolerat-
ed and biologically active in the treatment of
advanced solid tumors [8, 12]. Currently,
ONC201 is being evaluated by multiple phase
I/1l clinical trials as an anti-tumor agent for
various human cancers [13]. Recent literature
demonstrates that ONC206 acts as a ClpP ago-
nist with nanomolar potency and indicates
comparable anti-tumor activity to ONC201 in
diffuse intrinsic pontine glioma, neuroblastoma
and glioblastoma [9, 11, 14, 15]. Our recent
results showed that ONC206 exhibited anti-
tumorigenic and anti-metastatic activity in uter-
ine serous carcinoma (USC) in vitro and inhibit-
ed tumor growth in a transgenic mouse model
of endometrial cancer under obese and lean
conditions [16, 17].

Thus, our objective was to evaluate the poten-
tial anti-tumorigenic effects of ONC206 in OC
cell lines and in a transgenic mouse model of
high-grade serous OC. Our hypothesis was that
ONC206 would demonstrate anti-tumorigenic
effects in OC, with potentially greater potency
than has been found for ONC201 [18]. Obesity
is associated with worse outcomes in OC [19-
21]. Our previous works have confirmed that
obesity promotes ovarian tumor growth com-
pared to lean mice and ONC201 has potentially
increased anti-tumorigenic efficacy in obese
versus lean mice with OC and endometrial can-
cer [22-25]. Therefore, we also examined the
anti-tumorigenic efficacy of ONC206 in a trans-
genic mouse model of OC under obese and
lean conditions.

Materials and methods
Cell culture and reagents

Two ovarian cancer cell lines, OVCAR5 and
SKOV3, were used for cell proliferation assays
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and all other experiments. Both cell lines were
maintained in DMEM/F12 medium with 10%
fetal bovine serum (FBS). All media was sup-
plemented with 100 U/ml of penicillin, 100 ug/
ml of streptomycin, and L-glutamine 2 mM/mL.
The cells were cultured in humidified 5% CO,
at 37°C. ONC206 and ONC201 were obtain-
ed from Chimerix (Durham, NC). MTT (3-
(5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide), RNase A and RIPA buffer were
purchased from Sigma (St. Louis, MO). All anti-
bodies were obtained from Cell Signaling Te-
chnology (Beverly, MA). Enhanced chemilumi-
nescence Western blotting detection reagents
were purchased from Amersham (Arlington
Heights, IL). All other chemicals were purchased
from Sigma (St. Louis, MO).

Cell proliferation assays

The OVCAR5 and SKOV3 cells were plated and
grown in 96-well plates at a concentration of
4.0x1082 cells/well for 24 hours. The cells were
then treated with various concentrations of
ONC201 and ONC206 for a period of 72 hours.
After the addition of MTT dye (5 mg/ml), the
96-well plates were incubated for an additional
hour at 37°C. The MTT reaction was terminat-
ed through the addition of 100 uL of DMSO to
each well. The plates were read by measuring
absorption at 575 nm with a microplate reader
(Tecan, Morrisville, NC). The effect of ONC206
was compared to the effect of ONC201 treated
OVCAR5 and SKOV3 cells in the same manner
as described above. Each experiment was per-
formed at least three times to assess for con-
sistency of results.

Annexin V assay

The effect of ONC206 on cell apoptosis was
evaluated using the Annexin V-FITC Apoptosis
Detection Kit (BioVision, Mountain View, CA).
The cells were plated and grown in 6-well plates
(2.5%x10°% cells/well) for 24 hours and then
treated with varying concentrations of ONC206
for 30 to 36 hours. The cells were collected by
a combination of 0.25% trypsin without ethyl-
enediaminetetraacetic acid (EDTA) and 0.05%
trypsin with EDTA (Gibco, Grand lIsland, NY).
After washing with phosphate-buffered saline
(PBS) solution, cells were resuspended in 100
ul of Annexin-V and propidium iodide (Pl) dual-
stain solution (0.1 ug of Annexin-V FITC and 1
ug of PI) for 15 minutes in the dark. Apoptotic
cells were detected by Cellometer (Nexcelom
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Bioscience, Lawrence, MA). The results were
analyzed by FCS4 express software (Molecular
Devices, Sunnyvale, CA). All experiments were
performed at least three times to assess for
consistency of response.

Cell cycle analysis

The effect of ONC206 on cell cycle progression
was assessed using Cellometer. Cells were
plated and grown at a density of 2.0x10° cells/
well in 6-well plates for 24 hours and then treat-
ed with varying concentrations of ONC206 for
30 to 36 hours. Cells were collected by 0.05%
trypsin, washed with PBS solution, fixed in a
90% methanol solution, and stored at -20°C
until cell cycle analysis was performed. On the
day of analysis, the cells were washed with
PBS, centrifuged, and re-suspended in 50 ul
RNase A solution (250 ug/ml) with 10 mM
EDTA, followed by incubation for 30 minutes at
37°C. After incubation, 50 ul of propidium
iodide (PI) staining solution (2 mg/ml PIl, 0.1
mg/ml Azide and 0.05% Triton X-100) was
added to each tube, and the cells were incu-
bated for 10 minutes in the dark. The cells were
then assessed by Cellometer. The results were
analyzed using FCS4 express software. Each
experiment was performed at least three times
to assess for consistency of results.

Reactive oxygen species (ROS) assay

The Fluorimetric Intracellular Total ROS Activity
Assay Kit (AAT Bioquest, Sunnyvale, CA) was
used to detect alterations in the production of
ROS caused by treatment with ONC206. Both
OC cell lines (8.0x10° cells/well) were seeded
into black 96-well plates. After 24 hours, the
cells were treated with ONC206 and allowed to
incubate for 16 hours at 37°C to induce ROS
generation. DCFH-DA (20 uM) was then applied
to the cells and allowed to incubate for 30 min-
utes. The fluorescence intensity was measured
at an excitation wavelength of 485 nm and an
emission wavelength of 530 nm using a micro-
plate reader. All experiments were performed
at least three times to assess for consistency
of response.

Mitochondrial membrane potential assay

Mitochondrial membrane potential was ana-
lyzed using the specific fluorescent probes
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JC-1. The OVCAR5 and SKOV3 cells were plated
and treated with different concentrations of
ONC206 for 14 hours. The treated cells were
then treated with 2 uM JC-1 for 30 minutes at
37°C. The microplate reader monitored the flu-
orescence intensity at the excitation/emission
wavelength of 530/580 nm. Each experiment
was repeated three times to assess for consis-
tency of results.

Adhesion assay

Each well in a 96-well plate was coated with
100 ul laminin-1 (10 ug/ml) and incubated at
37°C for 1 hour. This fluid was then aspirated,
and 200 ul blocking buffer was added to each
well for 45 to 60 minutes at 37°C. The wells
were then washed with PBS, and the plate was
allowed to chill on ice. To each well, 1.2x10*
cells were added with PBS and varying concen-
trations of ONC206. The plate was then allow-
ed to incubate at 37°C for 2 hours. After this
period, the medium was aspirated, and cells
were fixed by adding 100 ul of 5% glutaralde-
hyde and incubating for 30 minutes at room
temperature. Adhered cells were then washed
with PBS and stained with 100 ul of 0.1% crys-
tal violet for 30 minutes. The cells were then
washed repeatedly with water, and 100 ul of
10% acetic acid was added to each well to
solubilize the dye. After 5 minutes of shaking,
the absorbance was measured at 575 nm using
a microplate reader. Each experiment was
repeated three times for consistency of
response.

Invasion assay

The transwell migration assay system (Thermo
Fisher Scientific, Waltham, MA) was used to
determine invasion ability according to the
manufacturer’s protocol. OVCARS and SKOV3
cells were cultured with serum-free media for
12 to 14 hours. The cells (1x10°%) were then
seeded in the transwell inserts of the wells in a
96-well plate. The lower chamber was added
with regular media containing different concen-
trations of ONC206 for 4 hours. After washing
lower chambers with PBS, 100 uL calcein AM
solution was added to the lower chambers for
30 to 60 minutes. The lower chamber plate was
measured by the microplate reader for reading
fluorescence at excitation/emission (EX/EM)
485/520 nm. Each experiment was repeated
three times.
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Wound healing assay

In a 6-well plate, the OVCAR5 and SKOV3 cells
were plated at 4.0x10° cells/well and incubat-
ed overnight. A uniform wound was created
through the cell monolayer using a 20 ul pipette
tip. The cells were washed and treated with dif-
ferent concentrations of ONC206 for 48 hours.
Photos were taken at 24 and 48 hours after
scratching, and the area of the scratch was
analyzed with Imagel) software (National In-
stitutes of Health, Bethesda, MD). Percent clo-
sure of the scratch was measured by compar-
ing to control cells.

Cleaved caspase 3 assays

The OVCAR5 and SKOV3 cells were plated in
6-well plates (2.5x10° cells/well) for 24 hours
and then the cells were treated with ONC206 at
the indicated concentrations for 16 hours. Cells
were washed with PBS and 200 ul lysis buffer
was added into each well. Reaction buffer, con-
taining caspase 3 substrates, was added to
lysis buffer in a new black 96-well plate at 37°C
for 20 to 30 minutes. The fluorescence intensi-
ty (EX/EM=465/540) for Caspase 3 activities
were recorded using a microplate reader. These
assays were repeated three times.

Measurement of vascular endothelial growth
factor (VEGF) levels

To measure the VEGF concentration in OC cells,
OVCAR5 and SKOV3 were incubated in 6-well
plates for 24 hours. The cells were treated with
different doses of ONC206 for 36 hours. Cell
culture media was collected and then centri-
fuged at 2,000xg for 10 minutes to remove
debris. Human VEGF ELISA Kit (Abcam, Wal-
tham, MA) was used to determine the VEGF
production following the protocol.

To measure VEGF concentration in the serum
of mice after exposure to ONC206, 10 ul of
serum were analyzed using a mouse VEGF
ELISA kit (R&D Systems, Minneapolis, MN)
according to the manufacturer’s instructions.
The optical density at 570 nM of each well was
measured using a microplate reader.

Western immunoblotting

Following treatment of OVCAR5 and SKOV3
cells with varying concentrations of ONC206
for 6 to 36 hours, total protein was extracted
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from the cells of both cell lines using RIPA buf-
fer. Equal amounts of protein were separated
by gel electrophoresis and transferred onto a
PVDF membrane. The membrane was blocked
with 5% non-fat dry milk and then incubated
with a 1:1000 dilution of primary antibody over-
night at 4°C. The primary antibodies from Cell
Signaling (Beverly, MA) used in this study were
as follows: Mcl-1, Bcl-2, CDK4, CDK6, Calne-
xin, Erol, and PERK, Snail, B-catenin, vimentin,
VEGF. DRD2, DRD5, and DR5 antibodies were
from Santa Cruz Biotechnology Inc. (Dallas, TX).
The membrane was then washed and incubat-
ed with appropriate secondary peroxidase-con-
jugated antibody for 1 hour at room tempera-
ture after washing. Developing was used to
detect antibody binding using an enhanced
chemiluminescence detection buffer and the
Bio-Rad Imaging System (Hercules, CA). After
developing, the membranes were stripped or
washed and re-probed using antibodies ag-
ainst a-tubulin or B-actin (Sigma, St. Louis, MO).
Each experiment was repeated at least twice to
assess for consistency of results.

K18-gT121*p53""Brcal™" mouse model of
serous OC

The K18-gT1217p53""Brcal™™ (KpB) mouse
model is a high-grade serous OC mouse mo-
del that specifically and somatically deletes the
tumor suppressor genes, BRCA1 and p53, and
inactivates the retinoblastoma (Rb) proteins in
adult ovarian surface epithelial cells following
injection of Ad5-CMV-Cre (AdCre) directly into
the one side of the ovarian bursa of 6-8 week
old mice (KpB mouse model) [22, 26]. All mice
were handled according to protocols approv-
ed by the University of North Carolina at Cha-
pel Hill Institutional Animal Care and Use Com-
mittee (IACUC). The KpB female mice were fed
a high-fat diet (HFD, 60% calories from fat) or
a low-fat diet (LFD, 10% calories from fat,
Research Diets) starting at 3 weeks of age. The
mice were randomly divided into four groups
(15 mice/group): HFD control, HFD+ONC206,
LFD control and LFD+ONC206. When ovarian
tumors reached 0.1-0.2 cm in diameter, the
mice were treated with ONC206 (125 mg/kg,
weekly, oral gavage) or placebo for 4 weeks.
Tumor size was measured twice a week by pal-
pation. Tumor volume was calculated using the
following equation (width? x length)/2. All mice
were euthanized after 4 weeks of ONC206 or
vehicle treatment. Mice were weighed at sacri-
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Figure 1. ONC206 inhibited cell viability. In 96 well plates, OVCAR5 and
SKOV3 cells were treated with increasing concentrations of either ONC201
or ONC206 for 72 hours and subjected to the MTT assay. ONC201 and
ONC206 significantly inhibited cell growth in a dose-dependent manner in
all cell lines, although ONC206 was more potent with a lower IC50. Similar
results were obtained from three independent experiments (A). Western im-
munoblotting was used to evaluate the effect of ONC206 on expression of
DRD2, DRD5 and DR5 in the OVCARS and SKOV3 cells. ONC206 decreased
the expression of DRD2 and increased the expression of DRD5 and DR5 in
a dose-dependent manner in both cell lines after 24 hours of treatment (B).

fice, and blood samples were taken. Half of the
ovarian tumor was snap-frozen and stored at
-80°C, and the other half was fixed in 10% neu-
tral-buffered formalin and paraffin embedded.

Immunohistochemistry (IHC)

Ovarian tumor slides (5 pm) were first incubat-
ed with protein block solution (Dako) for 1 hour
and then with the primary antibodies for Ki-67,
Bip, Clip, DRD2, BCL-XL and VEGF overnightin a
cold room. The slides were then washed and
incubated with appropriate secondary antibod-
ies at room temperature for 1 hour. The slides
were washed, and the specific staining was
visualized using the Signal Stain Boost Immu-
nohistochemical Detection Reagent (Cell Sig-
naling Technology, Danvers, MA), according
to the manufacturer’s instructions. Individual
slides were scanned using the Motic, and digi-
tal images were analyzed for target protein
expression using ImagePro software (Vista,
CA).

Statistical analysis
Data were presented as mean + standard error

of the mean. Statistical analysis of the differ-
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ONC206 inhibits ovarian
cancer cell proliferation more
potently than ONC201

The effect of ONC206 and
ONC201 on ovarian cancer
cell proliferation was assess-
ed by MTT assay. Two cell
lines, OVCARS and SKOV3, we-
re treated with varying con-
centrations (0.01 to 100 uM)
of ONC201 or ONC206 for 72
hours. As shown in Figure 1A,
ONC201 and ONC206 inhibit-
ed cell proliferation in both OC
cell lines in a dose-dependent
manner. For the cells treated
with ONC206, the mean IC50
value for OVCAR5 and SKOV3 was 0.18 and
0.37 uM, respectively. For the cells treated wi-
th ONC201, the mean IC50 value for both
OVCAR5 and SKOV3 was 1.78 and 3.52 uM.
These results suggest that ONC206 effectively
inhibits cell proliferation in OC cells as well as
ONC201 and is more potent.

Next, we examined the effect of ONC206 on
DRD2, DRD5, and death receptor 5 (DR5) in
both cell lines. After OVCARS and SKOV3 cells
were treated with ONC206 for 24 hours, west-
ern immunoblotting showed that ONC206 sig-
nificantly increased expression of DR5 and
DRD5 and dramatically decreased the expres-
sion of DRD2 in both cell lines (Figure 1B), sug-
gesting that ONC206 inhibited cell proliferation
through targeting DRD2 and DRD5 pathways
and activating DR5 pathway in OC cells.

ONC206 induces apoptosis in ovarian cancer
cells

The effect of ONC206 on apoptosis was evalu-
ated using the Annexin V assay. This assay
detects apoptotic cells by monitoring fluores-
cent-labeled Annexin V, which binds to phos-
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dependent manner in both
cell lines (P<0.05). At a dose
of 5 uM, ONC206 induced an
average of 15.32% early ap-
optosis in SKOV3 and 12.26%
early apoptosis in OVCARS ce-
lls. To evaluate whether mito-
chondrial apoptotic pathways
were involved in apoptosis in-
duced by ONC206, ELISA as-
says were applied to detect
the activity of cleaved cas-
pase 3 in OVCAR5 and SKOV3
cells after 16 hours of tre-
atment. ONC206 significantly
increased the level of cleaved
caspase 3 in a dose-depen-
dent manner. At a dose of 5
uM, ONC206 increased cleav-
ed caspase 3 by 1.62 times in
the OVCAR5 cells and 1.68
times in the SKOV3 cells
(Figure 2B, P<0.05). Further-
more, Western immunoblot-
ting showed that ONC206
down-regulated protein ex-
pression of apoptosis-related
Mcl-1 (myeloid-cell leukemia
1) and Bcl-2 (B-cell lympho-
ma-2) (Figure 2C). These re-
sults suggest that ONC206
inhibits cell proliferation th-
rough induction of the mito-
chondrial apoptotic pathway
in OC cells.

ONC206 induces cell cycle ar-
rest in ovarian cancer cells

Figure 2. ONC206 induced apoptosis. OVCAR5 and SKOV3 cells were in-

cubated for 30 to 36 hours with the indicated concentration of ONC206.
Annexin V was analyzed by Cellometer. ONC206 caused increasing early
apoptosis in a dose-dependent manner (A). Cleaved caspase 3 activity was
assayed by ELISA assay. ONC206 induced the activity of the cleaved caspas-
es 3 in both cell lines after treatment with ONC206 for 16 hours (B). Western
immunoblotting showed ONC206 downregulated expression of Mcl-1 and
Bcl-2 (C). The results are shown as the mean £ SD and are representative of

three independent experiments. "P<0.05, "*P<0.01.

phatidylserine externalized on the surface of
the cell membrane and is representative of a
distinct phenomenon of early apoptosis. OV-
CAR5 and SKOV3 were treated with ONC206
at varying concentrations (0.1-5 uM) for 30 to
36 hours. As shown in Figure 2A, the percent-
age of apoptotic cells increased in a dose-
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To evaluate the underlying me-
chanism of growth inhibition
by ONC206, the cell cycle pro-
file was analyzed after treating
OVCAR5 and SKOV3 cell lines
with varying doses (0.1-5 uM)
of ONC206 for 30 to 36 hours.
As illustrated in Figure 3A,
ONC206 induced GO/G1 cell cycle arrest and
reduced S phase and G2 phase in the both cell
lines in a dose-dependent manner. In SKOV3,
the number of cells in G1 cell cycle arrest in-
creased from 50% in the control to 71.3% in the
cells treated with 5 uM of ONC206 (P<0.05).
The dose-dependent increase in cells in G1 cell
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Figure 3. ONC206 induced cell cycle G1 arrest. The OVCAR5 and SKOV3
cells were incubated with increasing concentrations of ONC206 for 30 to 36
hours. Cell cycle progression was assessed by Cellometer. Cell cycle G1 ar-
rest was found in both cell lines and increased in a dose-dependent manner
(A). The cells were exposed to ONC206 prior to western immunoblotting for
the detection CDK4 and CDK6. ONC206 decreased the expression of CDK4
and CDK®6 (B). The results are shown are one of three independent experi-

ments. "P<0.05, "*P<0.01.

cycle arrest was noted at doses of 0.1 uM and
0.5 uM, at 57.8% and 66.8% respectively. In
OVCARD, the number of cells in G1 cell cycle
arrest increased from 47.6% in the control to
64.6% in cells treated with 5 uM of ONC206
(P<0.05). The dose-dependent increase in cells
in G1 cell cycle arrest was noted at doses of 0.1
uM and 0.5 uM, at 49.6% and 63.8% respec-
tively. To further characterize ONC206’s effect
on cell cycle arrest, cell cycle-related proteins
were analyzed in the two ONC206-treated cell
lines. Western immunoblotting showed that
ONC206 down-regulated the cell cycle-related
proteins, CDK4 and CDK6 (Figure 3B). These
data suggest that ONC206 induced inhibition
of cell proliferation is also involved in cell cycle
G1 arrest in OC cells.

ONC206 induces cell stress in ovarian cancer
cells

Reactive oxygen species (ROS) have long been
known to be a component of the cellular res-
ponse to stress. Production of ROS by a diverse
group of anti-cancer drugs has been closely
related with the induction of apoptosis in can-
cers [27]. To investigate the involvement of oxi-
dative stress in the anti-proliferative effect of
ONC206, intracellular ROS levels were exam-
ined using the ROS fluorescence indicator
DCFH-DA. After 16 hours of treatment, ONC-
206 (0.1-5 uM) significantly increased ROS pro-
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! G2M manner in the two ovarian
o gmm cancer cell lines (Figure 4A,
P<0.05). In SKOV3, ROS pro-
duction increased 8%, 21%
and 45% compared to the
control after treatment with
ONC206 doses of 0.1 uM, 0.5
uM and 10 uM, respectively
(P<0.05). In OVCAR5, ROS pro-
duction increased 10%, 23%
and 31% compared to the con-
trol after ONC206 treatment
with doses of 0.1 uM, 0.5 uM
and 10 uM, respectively (P<
0.05). To further evaluate wh-
ether this increase in ROS is
related to mitochondrial func-
tion, the JC-1 assay was used
to detect alterations of mito-
chondrial membrane potential
(AWm). The results showed
that ONC206 induced the loss
of AUm in a dose-dependent manner in both
cell lines after 14 hours of treatment compared
to control cells (Figure 4B, P<0.05). In addition,
Western immunoblotting results showed that
ONC206 significantly induced the protein ex-
pression of the endoplasmic reticulum (ER)
stress-related proteins, PERK, Erol, and cal-
nexin, in both cell lines after 18 hours of treat-
ment (Figure 4C). These results indicate that
an increase in ROS production and ER stress
might also be involved in the anti-proliferative
effects of ONC206 in OC cells.

ONC206 decreases tumor growth in KpB mice
under obese and non-obese conditions

To validate the anti-tumorigenic potential of
ONC206 in vivo, we utilized the KpB serous
ovarian cancer mouse model. The KpB mice
were fed with either HFD and LFD and divid-
ed into four groups (n=15 mice/group). When
tumors reached a size of 0.2 cm in diameter,
the mice were treated with either ONC206 (125
mg/kg, Q week, IP) or placebo for 4 weeks.
Tumor growth during treatment was monitored
by palpation and caliper measurements twice
a week. After 4 weeks of treatment, the mice
were euthanized, and the ovarian tumors were
removed, photographed, and weighed. ONC-
206 significantly inhibited tumor growth under
obese and non-obese conditions (Figure 5A).
ONC206 caused a significant decrease in tu-
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mor weight (61.2%, P<0.01) among obese mi-
ce compared to the vehicle-treated controls.
Similarly, treatment with ONC206 caused de-
creased tumor weight (49.6%, P<0.01) among
non-obese mice (Figure 5B). During the tre-
atment, the mice showed good toleration of
ONC206 and maintained normal activities. Re-
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SKOV3

gular weekly measurements
yielded no significant changes
in blood glucose or body
weight (data not shown).

To further confirm the anti-
tumorigenic activity of ONC-
206 in vivo, the expression of
Ki-67, BCL-XL, Bip, ClpP, and
DRD2 in the ovarian tumor tis-

0.1

ONC206 (uM)
SKOvV3

-

0.5

v

sues was evaluated by immu-
nohistochemistry (Figure 5C).
Ki-67 and BCL-XL were signifi-
cantly reduced following 4
weeks of ONC206 treatment
in both obese and non-obese
mice compared to the con-
trols, whereas ONC206 in-
creased the levels of Bip and
ClpP in the treated mice.
Consistent with our results in
vitro, the expression of DRD2

Calnexin -

Q-

ONC206 (uM)

0.1

e —

was decreased in both obese
o? - and lean mice treated with
ONC206 as compared to
untreated mice. These results
confirmed that ONC206 inhib-
its ovarian tumor growth in
vivo.

1 5uM

ONC206 inhibits cell adhe-
sion and invasion in ovarian
cancer cells

Adhesion and invasion are
important steps leading to
metastasis in OC [28]. To
determine the effect of ONC-
206 on adhesion and invasion
of OC cells, an in vitro laminin
adhesion assay, transwell in-
vasion assay and wound heal-
ing assay were employed, res-
pectively. Incubation of the
OVCAR5 and SKOV3 cells with
ONC206 at 0.1, 0.5 and 5 uM
for 90 minutes in 96 well plate
coated with laminin-1 showed a significant
reduction in adhesion in both cells (Figure 6A,
P<0.05). Treatment of both cells with ONC206
at dose of 5 uM significantly decreased cell
invasion by 20.5% in OVCAR 5 and 22.1% in
SKOV3, respectively, as determined by the
transwell invasion assay (Figure 6B, P<0.05).
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Figure 5. ONC206 inhibited tumor growth in KpB mouse model of OC. Obese and lean KpB mice were treated with ONC206 (125 mg/kg, weekly) or vehicle for
4 weeks. Tumor volumes of ovarian tumors were measured weekly. The mean tumor volume was reduced in obese or lean mice treated with ONC206 (A). Tumor
weight measurements of KpB mice were recorded at the time of sacrifice and were significantly reduced in both obese and lean KpB mice treated with ONC206
(B). The expression of Ki-67, BCL-XL, Bip, CIpP and DRD5 was assessed by immunohistochemistry analysis in the ovarian tumors following ONC206 treatment.
ONC206 decreased the expression of Ki-67 and BCL-XL and increased the expression of Bip, ClpP and DRD5 in the ovarian tumor tissues under both obese and
lean conditions (C). “P<0.05; “P<0.01.

A 4 OVCARS5 ‘o SKOV3 B i OVCARS e SKOV3
c 3 .
.g g 1.0+ - - _§ 1.0 . . E 1.0- -
§ £ 0.8 3 0.8 - E 0.84 =
§ 3 06 § 0.6- § 0.6
2o £ o] 2 0
E : ;:3 0.2 ﬁ 0.2
. 0.0 0.04
0.1 [ 0.1 0.5 5 c 0.1 0.5 5 C 0.1 0.5 s
ONC206 (uM) ONC206 (uM) ONC206 (uM) ONC206 (uM)
C 0.5 5 uM D
ONC206 C 0.1 1 5 C0115uM
=== - . p-catenin WEEEww——
WP e  VEGF-C Wi
5 4 = — ———
§ . OVCARS * 3 I SKOV3 T ———EE  Bactin
% 3 ‘g . : OVCARS SKOV3
- 2 g
-3 " [ 3 "
[+ (- (3] 0.5 5
nucm |uu) ONC206 (uM)

530 Am J Cancer Res 2022;12(2):521-536



m

1.2+
1.04
0.84
0.6+
0.44

0.2+

Relative VEGF Production

0.0~

cC

01 05
ONC 206 (ulM)

5

Relative VEGF Production

1.2
1.04
0.8
0.6
0.4+

0.2

c

ONC206 inhibits ovarian tumor growth

SKOV3

e

T

01 05
ONC 206 (uM)

F
< 1.2 - .
5 P—
g 1.0
w 0.8
& 03 T T
5 0.6+
@
® 0.4+
3
= 0.21
5
& 0.0- —— T
o o
& & &
& & & S
x oo EA
@ & @
g &
O o
Cd
¢°

G

v
3
non-Obese =
o
ONC206 >
A ‘;:_" 2 '-"".-
&

Obese
206

s
LTy

ONC
P T

Figure 6. ONC206 inhibited adhesion and invasion, decreased VEGF production. The OVCAR5 and SKOV3 cells were treated with ONC206 at a range of doses from
0.1-5 uM. The laminin-1 assay was used to assess adhesion after 90 minutes of treatment with ONC206 (A). Invasion was examined by transwell assay after 4
hours of treatment with ONC206 (B). Migration was assessed by wound healing assay after treatment with ONC201 for 48 hours (C). Western immunoblotting found
that ONC206 reduced the expression of snail, B-catenin, vimentin and VEGF in both cell lines (D). ELISA assay showed that ONC206 decreased VEGF production
after treatment for 36 hours in both cell lines (E). The obese and lean KpB mice were treated with ONC206 for 4 weeks. Immunohistochemical results showed that
ONC206 reduced VEGF expression in both obese and lean mice (F). Obesity was associated with increased serum VEGF production as compared to lean mice, and

ONC206 reduced the production of VEGF in serum under both obese and lean conditions (G). "P<0.05; *"P<0.01.

531

Am J Cancer Res 2022;12(2):521-536



ONC206 inhibits ovarian tumor growth

Inhibition of cell adhesion and invasion was
occurred in a dose-dependent manner in both
cell lines. Wound healing was examined at 24
and 48 hours, and the results showed that
ONC206 slowed down cell migration back into
the “wounded” area in both SKOV3 and OVCAR5
at 24 and 48 hours of treatment compared to
control groups (Figure 6C, P<0.05). To further
analyze the effect of ONC206 on angiogenesis
and epithelial-to-mesenchymal transition (EMT)
in OC cells, OVCARS5 and SKOV3 cells were
treated with ONC206 for 24 hours. Western
blotting results showed that ONC206 reduced
the expression of Snail, B-catenin, Vimentin,
and VEGF (Figure 6D). Using a VEGF ELISA
assay, we determined the concentration of
VEGF in cell culture media after treatment of
ONC206 for 24 hours. ONC206 decreased the
production of VEGF in a dose-dependent man-
ner in both cells (Figure 6E, P<0.05).

To examine the effect of ONC206 on VEGF lev-
els in serum and tumor tissue of KpB mice,
serum VEGF production was determined by
VEGF ELISA. Serum levels of VEGF were found
to be decreased significantly by 25.6% in the
obese mice (P<0.01) and 18.4% in the non-
obese mice (P<0.05) treated with 4 weeks of
ONC206 compared to control mice (Figure 6F).
IHC results showed that expression of VEGF
was slightly higher in obese than in hon-obese
mice. Treatment with ONC206 significantly
reduced the protein expression of VEGF in ovar-
ian tumor tissues under obese and non-obese
conditions (Figure 6G, P<0.01). Overall, these
results suggest that ONC206 has potential to
inhibit adhesion and invasion in OC in vitro and
in vivo.

Discussion

While high-grade serous OC remains highly
responsive to platinum therapy in the frontline
setting, its preponderance for development of
platinum resistance necessitates the contin-
ued search for effective and well tolerated ther-
apies to be used in the recurrent setting [29].
The improvement in our understanding of
molecular and genetic changes implicated in
OC pathogenesis has led to development of tar-
geted therapies. Examples of this include the
Federal Drug Association (FDA) approval of the
anti-angiogenesis agent, Bevacizumab, and
multiple Poly ADP-ribose polymerase (PARP)
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inhibitors for the treatment of select patients
with OC [30]. Dopamine, a catecholamine neu-
rotransmitter, is imperative in the regulation
and processes of our central nervous system
[31]. The dysfunction of the dopaminergic sys-
tem, made up of a family of G protein-coupled
receptors, is related to some neurologic diseas-
es. Epidemiologic studies among patients with
schizophrenia and Parkinson’s disease, two
diseases characterized by dopaminergic dys-
function, point to a possible relationship bet-
ween dopamine receptors and the develop-
ment of certain cancers [32-37]. While the risk
of developing many cancers appears to be
lower in patients with schizophrenia and
Parkinson’s disease, the studies examining
these relationships often have heterogenous
populations with many different cancer types
included. High mRNA and protein expression of
DRD2 has been observed in OCs, potentially
linking this pathway to OC pathogenesis [38].
Furthermore, treatment with thioridazine, a
DRD2 antagonist used in the treatment of
schizophrenia, inhibited OC proliferation in vitro
and in vivo [39].

ONC201 is a first-in-class small molecule selec-
tive DRD2 antagonist. Given the promising
results of the first-in-human clinical trial of
ONC201 in patients with refractory solid tu-
mors [8], there are now multiple ongoing phase
Il clinical trials using ONC201 in select solid
tumors, including platinum resistant and refrac-
tory OC. Our prior work showed that targeting
DRD2 by ONC201 significantly inhibited cell
proliferation and tumor growth in serous OC
and uterus serous carcinoma cell lines and in a
transgenic mouse model of high-grade serous
OC under obese and lean conditions [24, 25,
40]. Recently, ONC206 entered a phase 1 trial
as a single agent for the treatment of adults
with recurrent and rare primary central nervous
system neoplasms [13]. In the current study, we
used ONC206, a more potent derivative of
ONC201, to investigate its effects on cell
growth, cellular stress, apoptosis, cell cycle
progression, invasion/adhesion and tumor
growth in OC cell lines and the KpB mouse
model of high-grade serous OC. The results
showed that ONC206 significantly reduced cell
proliferation, caused cellular stress, induced
cell cycle G1 arrest and apoptosis, and de-
creased invasion/adhesion in OC cells. Addi-
tionally, ONC206 inhibited ovarian tumor
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growth along with decreasing DRD2, Ki67,
VEGF and BCL-XL as well as increasing Bip and
CIpP expression in ovarian tumors of both
obese and lean KpB mice.

ONC206 was one of several imipridone ana-
logues developed to capitalize on the anti-
tumorigenic effects of its predecessor, with a
similar low toxicity profile but distinct receptor
pharmacology. The chemically modified and
more potent ONC201 derivative, ONC206,
showed promise as an active against central
nervous system (CNS) tumors in preclinical
work [9]. ONC206 is currently under investiga-
tion in Phase | studies in adult and pediatric
patients with brain tumors. It exerts its effects
through many of the same mechanisms as its
parent-compound and has been shown to
impair cell migration more robustly than
ONC201 [44]. In our current study, we found
that ONC206 decreased cell proliferation in
OC cells with improved potency relative to
ONC201 (i.e. 10 fold decrease in IC50 for
ONC206 compared to ONC201) via similar
mechanisms of action as we have previously
shown for ONC201 [23, 40]. In addition, we
recently compared the potential for cell growth
inhibition of ONC201 and ONC206 in uterus
serous carcinoma cells and found ONC206 was
more effective in inhibiting cell proliferation
compared to ONC201 [16, 40].

ONC201 exerts its anti-tumorigenic activity by
ATF4/CHOP-mediated integrated stress res-
ponse leading to TRAIL/DR5-induced apopto-
sis through inactivation of the AKT and ERK
pathways [12, 42]. The inhibitory cell prolifera-
tion of ONC201 was associated with reduction
of BCL-2 expression, activation of DR5 and
induction of apoptosis independent of p53 via
both a TRAIL-mediated apoptotic pathway and
a mitochondrial apoptosis pathway in uterine
serous cancer cells [40]. Importantly, ONC206
induced apoptosis and the expression of ER
stress-related proteins including ATF4, PERK,
and Bip; and inhibition of cellular stress by NAC
partially negated the effects of ONC206 on cell
proliferation in uterine serous cancer [16]. In
this study, ONC206 induced caspase 3 activity,
increased ROS and JC1 productions, decreased
MCL-1 and BCL-2 expression, and caused an
increase in PERK, Erol and Calnexin in OC
cells. Treatment of ONC206 in KpB mice for 4
weeks significantly increased the expression of
Bip and CIpP in the ovarian tumors. These
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results suggest that induction of cellular stress
and apoptosis may be major mechanisms for
the inhibition of cellular proliferation and tumor
growth by ONC206 in OC.

Peritoneal dissemination is a unique and impor-
tant method of metastasis that OC exploits,
which involves epithelial-to-mesenchymal tran-
sition (EMT), a process in which epithelial cells
lose their polarity and cell-to-cell adhesion to
become more migratory [28, 43, 44]. Vascular
endothelial growth factor (VEGF), a cytokine
and regulator of angiogenesis, promotes angio-
genesis and enhances vascular permeability
resulting in the development of ascites and
metastasis [45, 46]. Thioridazine, a DRD2
antagonist, was shown to inhibit VEGF-sti-
mulated proliferation, invasion, and capillary-
like structure tube formation in OC cells th-
rough the suppression of the avp3/FAK/mTOR
pathway [47]. Recent results showed that the
anticancer activity of ONC201 was dependent
on transcriptional inhibition of VEGF Receptor 2
and RET in medullary thyroid cancer cells [48].
ONC201, in combination with bevacizumab,
synergistically resulted in tumor regression or
complete tumor ablation in colorectal cancer
xenografts through independent mechanisms
[49]. These results suggest that targeting
VEGF by ONC201 or the combination of
ONC201 and a VEGF inhibitor may represent a
potent therapeutic approach in some types of
cancer [48]. Our recent findings demonstrate
that treatment with either ONC201 or ONC206
not only effectively inhibited the expression of
VEGF but also reduced invasive ability through
cellular stress-induced EMT process in uterus
serous cancer cells [40]. Similar to our previous
work with ONC201 and ONC206, this current
study found that ONC206 reduced VEGF
expression and inhibited adhesion and inva-
sion of OC cells using the same EMT targets.
More importantly, we also found that ONC206
decreased serum VEGF levels and VEGF expres-
sion in ovarian tumors under obese and lean
conditions in a high-grade serous OC mouse
model. Thus, the underlying mechanisms by
which ONC206 inhibits invasion of OC cells may
be dependent on the regulation of the EMT pro-
cess and angiogenesis.

Mounting evidence points to obesity as a risk
factor for OC and its association with a worse
prognosis [19-21]. Given the fact that obesity
can impact the efficacy of chemotherapy and
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DRD2 signaling pathway in the brain has been
implicated in obesity and metabolic dysfunc-
tion, we induced obesity by feeding a HFD (ver-
sus a LFD) to KpB mice, in order to observe the
effectiveness of ONC206 treatment under
obese and lean conditions. We found that obe-
sity induced by a HFD significantly increased
tumor weight and volume in the KpB mouse
model of high grade serous OC, confirming pre-
viously described findings [22, 24]. ONC206
decreased tumor weight by 61.2% in obese
mice and 49.6% in lean mice. Although no sta-
tistical significance was found in obese and
lean mice, there seems to be a trend to poten-
tially improve efficacy under obese conditions.
In addition, treatment with ONC206 also
increased expression of CIpP in the tumors of
KpB mice, indicating that ONC206 may trigger
cell death via activation of the ClpP pathway in
0C.

In conclusion, we found that ONC206 inhibited
proliferation of OC cells as well as induced cel-
lular stress, cell cycle arrest and apoptosis.
Importantly, ONC206 impaired OC cell adhe-
sion and invasion, which are essential to pro-
mote metastatic spread of this disease. In vivo,
ONC206 treatment caused a significant de-
crease in tumor weight and volume in a trans-
genic mouse model of high grade serous OC
under both obese and lean conditions. Imi-
pridones have emerged as a potential treat-
ment among solid tumors. Our work points to
an anti-tumorigenic effect of ONC206 for high
grade serous OC in vitro and in vivo and con-
firms its higher potency compared to its parent
compound, ONC201. Our study adds to the
growing body of literature demonstrating the
activity that imipridones have in the treatment
of gynecologic cancers, and the promise
ONC206 holds as an active agent against high
grade serous OC, which will hopefully be evalu-
ated in future clinical trials.
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