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Abstract: Endometrial cancer (EC) is a highly obesity-driven cancer, with limited treatment options. ONC201 is an
imipridone that selectively antagonizes the G protein-coupled receptors dopamine receptor D2 and D3 (DRD2/3)
and activates human mitochondrial caseinolytic protease P (ClpP). It is a promising first-in-class small molecule that
has been reported to have anti-neoplastic activity in various types of cancer through induction of the integrated
stress response (ISR) as well as through stimulation of tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) and subsequent induction of apoptosis. ONC201 is being evaluated in Phase Il clinical trials for solid tumors
and hematological malignancies, including EC. ONC206 is an analog of ONC201 with nanomolar potency in Phase
| clinical trials. This study evaluated the anti-tumor efficacy of ONC206 in EC cell lines and the Lkb1"1p53"" geneti-
cally engineered mouse model of endometrioid EC. ONC206 revealed greater potency than ONC201 in the inhibition
of proliferation in EC cell lines, with IC50 concentration ranges of 0.21-0.32 uM for ONC026 versus 2.14-3.53 uM
for ONC201. ONC206 induced cellular stress, apoptosis and cell cycle G1 arrest, accompanied by inhibition of the
AKT/mTOR/S6 pathways in EC cells. Diet-induced obesity accelerated tumor growth in Lkb1""p53%" mice. ONC206
inhibited EC tumor size and weight in both obese and lean mice after 4 weeks of treatment. Treatment with ONC206
led to a decrease in expression of Ki67, BCL-XL and phosphorylation of S6, as well as an increase in ClpP in endo-
metrial tumors under both obese and lean conditions. Overall, the pre-clinical efficacy of ONC206 is promising and
worthy of further exploration in clinical trials for endometrioid EC.
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Introduction women with advanced or recurrent EC, overall

survival is poor with 5-year survival rates of

Endometrial cancer (EC) is known to be the
most commonly diagnosed gynecologic ma-
lignancy among women, with an estimated
62,500 new cases and 12,200 deaths project-
ed in the United States in 2020 [1]. As an obe-
sity-driven cancer, the obesity epidemic has
directly contributed to the escalating preva-
lence of EC [1, 2]. The majority of women with
EC will present with early-stage disease and
endometrioid histologic subtype, resulting in an
excellent 5-year survival of greater than 85%
[3]. However, 10-15% of patients with early-
stage disease will experience recurrences. For

10-57% [4, 5]. Few effective treatment strate-
gies are available for late-stage and recurrent
disease. Therefore, more novel therapies are
desperately needed for this disease.

Dopamine receptor D2 (DRD2) is a G protein-
coupled receptor that is overexpressed in sev-
eral cancers, including EC [6, 7]. DRD2 has a
significant impact on several important signal-
ing pathways that are involved in cell prolifera-
tion, apoptosis, angiogenesis, migration and
autophagy in cancer cells [6, 8-10]. Increasing
evidence shows that inhibition of DRD2 through


http://www.ajcr.us

Anti-tumorigenic effects of ONC206

pharmacologic approaches using DRD2 antag-
onists reduces cancer cell proliferation and
induces apoptosis in vitro and in vivo. ONC201
is a first-in-class small molecule DRD2/3 antag-
onist and human mitochondrial caseinolytic
protease P (CIpP) agonist that induces the inte-
grated stress response (ISR) and tumor necro-
sis factor-related apoptosis-inducing ligand
(TRAIL) pathways in a p53-independent man-
ner, exerting growth inhibitory effects in many
types of cancers [11-14]. Our recent study has
found that ONC201 exhibited potent antitumor
activity in endometrial cancer cell lines and a
transgenic mouse of endometrial cancer [15,
16]. ONC201 is well tolerated with favorable
pharmacokinetics and pharmacodynamics and
has been shown to be clinically active in ad-
vanced solid tumors, including refractory meta-
static EC patients [16, 17].

ONC206 is a highly potent, orally bioavailable
imipridone that induces ISR and TRAIL by se-
lectively targeting DRD2/3 and ClIpP and also
exhibits a benign safety profile in pre-clinical
models [18-20]. Nanomolar activity has been
observed in pre-clinical models of uterine
serous carcinoma and glioblastoma [19, 21,
22]. ONC206 has also demonstrated improved
in vivo efficacy relative to ONC201 in uterine
serous cancer [23]. Thus, we sought to evalu-
ate the anti-tumorigenic effects of ONC206
in human EC cell lines and an LKB1"p53"1
transgenic mouse model of endometrioid EC,
using both obese and lean mice.

Methods
Cell culture and reagents

Two EC cell lines, ECC-1 and Ishikawa, were
used for our experiments. The Ishikawa cells
were grown in Dulbecco’'s Modified Eagle
Medium/Nutrient Mixture F-12 medium (DM-
EM/F12) supplemented with 10% fetal bovine
serum (FBS). The ECC-1 cells were cultured in
RPMI 1640 with 5% FBS. The cells were cul-
tured in humidified 5% CO, at 37°C. All media
included 100 units/ml penicillin and 100 mi-
crogram/ml streptomycin. ONC206 was provid-
ed by Oncoceutics/Chimerix (Philadelphia, PA).
The primary antibodies used in this study were
as follows: myeloid leukemia cell differentia-
tion protein (MCL-1), phosphorylated (phos)-S6,
pan-S6, phos-AKT, pan-AKT, protein-like endo-
plasmic reticulum kinase (PERK), binding immu-
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noglobulin protein (Bip), endoplasmic reticu-
lum oxireduction 1 (Erol), and cyclin dependent
kinase 4 and 6 (CDK4 and CKD®) (Cell Signaling
Technology, Beverly, MA), Secondary antibodies
were horseradish-peroxidase conjugated and
acquired from Sigma.

Cell proliferation assay

The ECC-1 and Ishikawa cells (3000-4000
cells/well) were plated in 96-well plates for 24
hours, and then treated with different doses of
ONC206 for a period of 72 hours. For compari-
son, the cells were also treated with the same
doses of ONC201 for a period of 72 hours.
Following treatments, 5 ul of MTT (5 mg/ml,
Sigma) was added to each well for 1 hour. After
aspiration of medium, 100 pyl DMSO per well
was used to terminate the reactions. Absor-
bance was measured at 490 nm with a plate
reader (Tecan, Morrisville, NC). All experiments
were performed in triplicate, and the mean
of the replicates was plotted. The effect of
ONC206 on cell inhibition was calculated as a
percentage of control cell growth.

Cell cycle assay

The effect of ONC206 on cell cycle progression
was assessed using Cellometer (Nexcelom,
Lawrence, MA). The ECC-1 and Ishikawa cells
(2.5%10° cells/per well) were cultured with or
without ONC206 for 24 hours. The cells we-
re subsequently collected by 0.05% Trypsin
(Gibco/Thermo Scientific, Waltham, MA), wash-
ed with PBS, and fixed in a 90% methanol solu-
tion. On the day of analysis, the cells were re-
suspended in RNA A solution for 30 min at
37°C, and then stained with Pl staining solution
for 10 min in the dark. Cell cycle progression
was analyzed by Cellometer and analyzed by
the FCS 4 Express Flow Cytometry Software
(De Novo Software, Glendale, CA). Each experi-
ment was performed in duplicate and repeated
twice.

Apoptosis assay

Apoptotic cells were quantified by the Anne-
xin-V FITC Apoptosis Detection Kit (BioVision,
Mountain View, CA). Briefly, ECC-1 and Ishikawa
cells were seeded into 6 well plates at 2.5x10°
cells/well overnight, and then the cells were
treated with different doses of ONC206 for 24
hours. The cells were harvested by 0.25%
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Trypsin and stained in 100 ul of Annexin-V and
Pl dual-stain solution for 15 min. The expres-
sion of Annexin V was detected by Cellometer,
and analyzed by FCS 4 software. Apoptotic ce-
lls were expressed as a percentage of the total
number of cells stained.

Reactive oxygen species (ROS) assay

The alteration of total production of reactive
oxygen species was measured using a DCFH-
DA fluorescent dye [24]. The ECC-1 and Ishikawa
cells (8000-12,000 cells/well) were seeded in
black 96-well plates. After 24 hours, the cells
were treated with ONC206 (0.1 uM-5 uM) for 4
hours to induce ROS generation. Cells were
incubated with DCFH-DA (20 uM) for 30 min-
utes. Using a Tecan plate reader, fluorescence
was monitored at an excitation wavelength of
485 nm and an emission wavelength of 530
nm. All experiments were performed at least
twice to assess for consistency.

Western immunoblotting

The ECC-1 and Ishikawa cells were plated at
2.5x10°% cells/well in six well plates in their
appropriate media. They were treated for 24
hours with ONC206. Cell lysates were prepared
in RIPA buffer (1% NP40, 0.5 sodium deoxy-
cholate and 0.1% SDS) plus PhosStop. The
BCA protein assay (Thermo Fisher Scientific,
Waltham, MA) was used to determine the pro-
tein concentrations. Equal amounts of cell
lysates were loaded in 10-12% SDS-PAGE gel
and transferred onto a PVDF membrane. The
membrane was blocked with 5% nonfat dry
milk and then probed by primary antibodies
overnight at 4°C. The immunoblots were wa-
shed with TBS-T and incubated with the appro-
priate secondary antibody for 1 hour. Antibody
binding was detected by SuperSignal™ West
Pico (Thermo Fisher Scientific) and analyzed
using ChemiDoc™ Image System (Bio-Rad,
Hercules, CA). Each experiment was repeated
three times to assess for consistency.

Lkb1""p53"f mouse model of endometrioid EC

The Lkb1""p53%" mouse model is an endome-
trioid EC mouse model that conditionally knock-
outs the tumor suppressor genes, Lkbl and
p53 [25]. Animal protocols for this study were
approved by the University of North Carolina at
Chapel Hill Institutional Animal Care and Use
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Committee (IACUC). To evaluate ONC206’s in
vivo effects in obese and lean mice, mice were
placed on either a low fat diet (LFD; 10% calo-
ries from fat) or a high fat diet (HFD; 60% calo-
ries from fat, Research Diets, New Brunswick,
NJ), starting at 3 weeks of age. Recombinant
adenovirus Ad5-CMV-Cre (AdCre) was purch-
ased from the University of lowa Transfer Vector
Core at a titer of 10'*-10'? infectious particles/
ml. Intrauterine Ad-Cre injections of Lkb1"p-
53%" mice were performed at 6-8 weeks of age
to induce EC. The LFD (lean) and HFD (obese)-
fed mice (N=15 mice per group) were treated
with the vehicle (PBS+20%DMSO0) or ONC206
(125 mg/kg, weekly, oral gavage), starting 8
weeks after tumor induction. Mice were wei-
ghed weekly throughout the study. All mice
were euthanized after 4 weeks of ONC206 or
vehicle treatment. At sacrifice, endometrial
tumors and blood samples were harvested and
stored at -80°C until use.

Immunohistochemistry

Five sections of 5-mm-thick paraffin embedded
blocks from Lkb1"p53%" mouse tumors were
prepared. IHC staining was performed at the
IHC Mice Core Facility at UNC-CH. The primary
antibodies against Ki-67 (Cell Signaling, Be-
verly, MA, 1:800), DRD5 (Santa Cruz, Santa
Cruz, CA, 1:300), BCLXL (Cell Signaling,
1:1200) and phos-S6 (Cell Signaling, 1:800)
were used in this study. Motic was used to scan
the IHC slides. The results of IHC were analyzed
by ImagePro software (Vista, CA).

Statistical analysis

Data are reported as the mean + SD. Statistical
tests and graphs were generated using Gra-
phPad Prism 8 software. An unpaired Student’s
t test was used for comparisons between
groups. Tumor growth in vehicle and ONC206
treatment arms was analyzed by the One-way &
Two-way ANOVA test. A P value of <0.05 was
considered as a statistically significant diffe-
rence.

Results

ONC206 inhibits cell proliferation in EC cells
and exhibits greater potency compared to
ONC201

The effect of ONC201 and ONC206 on EC cell
proliferation was assessed by MTT assay. The
EC cell lines, ECC-1 and Ishikawa, were treated
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Figure 1. Effect of ONC206 and ONC201 on cell proliferation in EC cells. The ECC-1 and Ishikawa cell lines were
cultured in the presence of varying concentrations of ONC206 and ONC201 for 72 hours. Cell proliferation was de-
termined by MTT assay. Based on the IC50 dose comparison, ONC206 demonstrated 14-20 times greater potency
when compared to ONC201 (A). Western blotting results indicated that ONC206 induced the expression of DRD2

and DR5 in EC cells after 24 hours of treatment (B).

with different doses of ONC201 and ONC206
for 72 hours. ONC201 and ONC206 inhibited
cell proliferation of both EC cell lines in a dose-
dependent manner, as demonstrated in Figure
1A. The mean IC50 value of ONC201 for ECC-1
and Ishikawa was 2.14 and 3.53 uM, respec-
tively. The mean IC50 value of ONC 206 for
ECC-1 and Ishikawa was 0.21 and 0.32 uM,
respectively. These results confirm that ONC-
206 is a more potent analog of ONC201 in in-
hibition of cell proliferation in EC cells (P<
0.01). Because ONC206 selectively antagoniz-
es DRD2/3 and ONC201 exhibits p53-inde-
pendent cytotoxicity through TRAIL and death
receptor 5 (DR5) induction in uterine serous
carcinoma cells [16], we examined whether
treatment of ONC206 regulates the expression
of DRD2 and DR5 in the ECC-1 and Ishikawa
cell lines. Western blotting results showed that
ONC206 significantly up-regulated the expres-
sion of DRD2 and DR5 proteins after 24 hours
of treatment in the ECC-1 and Ishikawa cells
(Figure 1B). These results indicate that ONC201
and ONC206 effectively reduces cell prolifera-

5377

tion in EC cells through induction of DRD2 and
DR5, with ONC206 exhibiting 14-20 times
greater potency.

ONC206 induces cell cycle arrest in EC cells

The cell cycle profile was analyzed after treating
the ECC-1 and Ishikawa cell lines with varying
doses (0.1-5.0 uM) of ONC206 for 24 hours. As
shown in Figure 2A, ONC206 caused GO/G1
cell cycle arrest and reduced S phase and G2
phase in the ECC-1 and Ishikawa EC cell lines in
a concentration-dependent manner. G1 arrest
increased from 36% in control cells to 57% in
the 5 uM ONC206-treated ECC-1 cells and 43%
to 57% in the Ishikawa cells. Additionally, cell
cycle-related proteins were analyzed by west-
ern blotting in the ECC-1 and Ishikawa cell lines
treated with ONC206 for 24 hours. The CDK4
and CDKG6 proteins are responsible for the pro-
gression through G1 and promote G1/S phase
transition. We found that ONC206 significantly
decreased CDK4 and CDK6 expression in both
cell lines (Figure 2B).

Am J Cancer Res 2021;11(11):5374-5387
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Figure 2. Effect of ONC206 on cell cycle progression in EC cells. The ECC-1 and Ishikawa cells were treated with
ONC206 at varying doses for 24 hours. Changes in cell cycle progression were analyzed by Cellometer. ONC206
induced GO/G1 cell cycle arrest and reduced S phase and G2 phase in both EC cell lines (A). Western blotting re-
sults showed that ONC206 decreased the expression of CDK4 and CDK6 after 24 hours of treatment (B) ("P<0.05,
P<0.01)

ONC206 induces cellular stress in EC cells mouse model of endometrioid EC under obese

and lean conditions [25]. Obese and lean con-
ROS have been known to be a component of ditions were both assessed in mice, as EC is
the cellular response to stress. In order to de- a highly obesity-driven cancer. The mice were
termine the p'resencg of_omdatlve stress as divided into four groups (N=15 mice per group),
part of the anti-tumorigenic effect of ONCQOB, including LFD (lean) and HFD (obese) groups
we measured gellular ROS products using the treated with either ONC206 (125 mg/kg, week-
!Z)CF:DA assay in both EC cell lines. As shown ly, oral gavage) or vehicle (PBS+20%DMSO).
in Figure 3A, ONC206 (0.1-5.0 uM) robustly The initial average body weight of the obese
induced ROS levels in a concentration-depen- mice when starting treatment with ONC206
dent manner in the ECC-1 and Ishikawa cell was 35.1 gram, while that of the lean mice was
lines after 4 hours of treatment. Treatment only 26.2 gram (Figure 4A, P<0.01), which
with ONC206 (5 uM) significantly induced ROS HFD-fed mice weighing 25.4% more than LFD-

production by 0.43 fold in ECC-1 cells and 0.31
fold in Ishikawa cells compared to control
(P<0.01). We next detected the changes of
endoplasmic reticulum (ER) stress-related mar-
kers using western blotting after treatment
with ONC206 in the EC cell lines. The results
of western blotting showed that ONC206 sig-
nificantly induced the protein expression of
PERK, Bip and Erol-La in a dose dependent
manner in ECC-1 and Ishikawa cells (Figure
3B). These results imply that the rise in intracel-
lular ROS levels is involved in the anti-prolifera-
tive effects of ONC206 in EC cells.

fed mice. Tumor weights were significantly in-
creased in HFD-fed mice compared to LFD-fed
mice, consistent with our prior work that obesi-
ty promotes tumor growth in Lkb1"p53"" mice
[15, 26]. In the obese mice, tumor weight de-
creased by 72.0% (P<0.01) with ONC206 treat-
ment when compared with the obese control
group. Among the lean mice, tumor weight
decreased by 67.3% (P<0.01) after treatment
with ONC206 when compared with control-
treated animals (Figure 4B). Similarly, ONC206
significantly reduced tumor sizes in obese and
lean in Lkb1""p53"%" mice after 4 weeks of

ONC206 decreases tumor growth in a mouse treatment (Supplementary Figure 1). The mice
model of endometrioid EC demonstrated tolerance to ONC206 and sh-

owed normal activities during the treatment.
To validate the anti-tumorigenic potential of Regular weekly measurements yielded no ch-
ONC206 in vivo, we used the Lkb1"fp53"1 ange in body weight.
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Figure 3. ONC206 induces cellular stress in EC cell lines. The ECC-1 and Ishikawa cell lines were treated with
ONC206 at the indicated doses for 4 hours. ROS was assessed by DCFDA assay. ONC206 induced cellular ROS pro-
duction in a dose-dependent manner in both cell lines (A). Western blotting results showed that ONC206 increased
expression of the cellular stress proteins Erol, Perk and Bip in both EC cell lines after 24 hours of treatment (B).

("P<0.05, ""P<0.01).

After treatment with ONC206 or placebo, the
protein expression of Ki-67, CIpP and DRD2 in
the endometrial tumors was evaluated by IHC
(Figure 4C). The expression of Ki-67 was sig-
nificantly reduced by 35.8% and 37.9% in the
obese and lean groups treated with ONC206
compared with the vehicle-treated mice, res-
pectively (P<0.01). ONC206 induced DRD2
expression in the treated mice on a HFD by
32.1% and those on a LFD by 25.6%. ONC206
treatment increased ClpP expression by 21.1%
in the obese group and by 19.7% in the lean
group as compared to controls, suggesting
that ONC206 is a potent activator of CIpP in
vivo.
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ONC206 induces apoptosis in vitro and in vivo

The effect of ONC206 on apoptosis was evalu-
ated in EC cells using the Annexin V assay.
ECC-1 and Ishikawa cell lines were treated wi-
th ONC206 at different concentrations (0.1-5.0
uM) for 24 hours. ONC206 robustly increased
the percentage of apoptotic cells in a dose-
dependent manner in both cell lines, with a
twofold increase in ECC-1 cells (13.8% for 5
uM versus 5.9% for control) and Ishikawa cells
(12.2% for 5 uM versus 6.4% for control, P<
0.01, Figure 5A). The results of western immu-
noblotting showed that ONC206 decreased ex-
pression of the anti-apoptotic protein, MCL-1
and BCL-XL, after 24 hours of treatment (Figure

Am J Cancer Res 2021;11(11):5374-5387
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Figure 4. ONC206 significantly decreased tumor weight in the Lkb1""p53%"" EC mouse model. Lkb1""p53% mice
were fed a HFD (obese) or LFD (lean) starting at 3 weeks of age. Diet-induced obesity significantly increased the
body weights of Lkb1"1p53%" mice (A). The mice were treated with ONC206 (125 mg/kg, oral gavage, weekly) or
vehicle for 4 weeks, beginning 8 weeks after tumor induction. ONC206 significantly inhibited tumor weight under
obese and lean conditions (B). IHC results showed that ONC206 treatment reduced the expression of Ki67 and

increased the expression of DRD2 and CIpP in endometrial tumor tissues (C). ("P<0.05, “P<0.01).

5B). To further assess the effect of ONC206 on
apoptosis in the Lkb1""p53%" mouse model of
EC, IHC was performed to measure the expres-
sion of BCL-XL in tumor tissues. The results
showed that treatment with ONC206 signifi-
cantly reduced the expression of BCL-XL in
obese and lean mice compared to control mice
(Figure 5C). Overall, these results suggest that
ONC206 inhibits tumor growth through induc-
tion of apoptosis in vitro and in vivo.

ONC206 inhibits mTOR/S6 pathway in vitro
and in vivo

The effect of ONC206 on the mTOR pathway
and downstream signaling targets in both cell

5380

lines was assessed using Western immunob-
lotting. The mTOR protein is a serine-threonine
kinase and serves as a central regulator of cell
metabolism, growth, proliferation and survival.
Ribosomal protein S6 is a downstream target
of the mTOR pathway, and phosphorylation of
S6 is correlated with increased cell prolifera-
tion. Immunoblotting results demonstrate that
ONC206 decreased phosphorylation of S6 in
ECC-1 and Ishikawa cell lines with increasing
drug concentration. Additionally, ONC206 in-
creased phosphorylation of AKT at a dose of
5 uM in both cell lines (Figure 6A). To further
confirm the effect of ONC206 on S6 in vivo,
we analyzed the ONC206 and vehicle treated

Am J Cancer Res 2021;11(11):5374-5387
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Figure 5. ONC206 induced apoptosis in vitro and in vivo. Cells were treated with ONC206 at the indicated doses for
24 hours and then analyzed for expression of Annexin V by Cellometer. ONC206 increased the expression of Annexin
Vin a dose-dependent manner in both cell lines (A). Western blotting results showed that ONC206 significantly re-
duced the expression of MCL-1 and BCL-XL in both cell lines (B). IHC results demonstrated that ONC206 decreased
the expression of BCL-XL in endometrial tumor tissues (C). ("P<0.05, “"P<0.01).

endometrial tumors from Lkb1""p53"" mice, and 37.6% in the lean group), in comparison to
via IHC staining for phosphorylated S6. En- vehicle-treated mice (Figure 6B). These results
dometrial tumors from the obese and lean mice suggest that ONC206 inhibited EC cell prolifer-
treated with ONC206 had significantly reduced ation and EC tumor growth through inhibition of
phosphorylated S6 (34.5% in the obese group mTOR/S6 pathway.
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Figure 6. ONC206 inhibited mTOR/S6 pathway in vitro and in vivo. The ECC-1 and Ishikawa cell lines were treated
with ONC206 at varying doses for 24 hours. Western blotting results demonstrate that ONC206 decreased phos-
phorylation of S6 and increased phosphorylation of AKT in both cell lines (A). Treatment with ONC206 for 4 weeks
significantly decreased the expression of phosphorylated S6 in endometrial tumor tissues of Lkb1"1p53%"" mice (B).

Discussion

The incidence of EC is increasing annually,
while the number of deaths attributed to EC are
also escalating [2]. Between 1987 and 2008,
there was a 50% increase in the incidence of
EC and a 300% increase in associated deaths
[27]. For patients with Stage Ill or IV disease
and for those with recurrent disease, the prog-
nosis remains poor with optimal treatment yet
to be defined. Most recently, Matei et al. con-
firmed the role of cytotoxic therapy in advanced
disease, but disease-free survival remains less
than 60% just 5 years following adjuvant treat-
ment [28]. For recurrent endometrial cancer,

5382

few treatments are approved by the Federal
Drug Administration (FDA) and currently inclu-
de immunotherapies and hormonal agents.
Pembrolizumab demonstrated an objective res-
ponse rate of 57% in the phase [l KEYNOTE-158
trial, but only for endometrial tumors with high
microsatellite instability, while the combination
of megesterol acetate and tamoxifen was
associated with only 27% objective response
rate in phase Il trial [29, 30]. More efficacious
therapeutic options are needed for patients
with advanced and recurrent EC [31, 32]. In
this study, we delineated the anti-tumorigenic
effects of ONC206 in human EC cell lines and
a transgenic LKB1""p53"" mouse model of
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endometrioid EC under obese and lean condi-
tions. We found that ONC206 exhibits its
anti-tumorigenic activities via inhibition of the
mTOR/S6 pathway as well as induction of apop-
tosis, cell cycle G1 arrest and cellular stress in
EC cells. ONC206 demonstrated anti-tumor
efficacy in both obese and lean mice after
4 weeks of treatment, co-incident with a
decrease in expression of Ki67, phos-S6 and
BCL-XL as well as an increase in ClpP and DRD2
in the EC tumor tissues. Thus, our study pro-
vides pre-clinical evidence for the potential
benefit of ONC206 as an anti-cancer agent in
endometrioid EC.

ONC201 is known to reduce cell proliferation
via selectively and competitively antagonizing
DRD2 and then inactivating Ras signaling and
activating the ISR, ultimately inducing apopto-
sis and inhibiting cell growth [33-35]. In our pre-
vious study of ONC201 in uterine serous carci-
noma cell lines, we found that the anti-prolifer-
ative activity of ONC201 was involved in induc-
tion of apoptosis, independent of p53 via both
TRAIL- and mitochondrial-mediated apoptotic
pathways in the ARK1 and SPEC-2 uterine se-
rous cancer cell lines [16]. Similar results have
been found in solid tumor and hematological
malignancies [33, 35-39]. ONC206 is a chemi-
cally modified derivative of ONC201 with antici-
pated enhanced efficacy. Recent studies sug-
gested that ONC206 also activated similar sig-
naling pathways as ONC201 including the ISR
pathway leading to upregulation of DR5 and
TRAIL, ultimately resulting in more potent anti-
proliferative activity than ONC201 in glioblas-
toma and colon cancer cells [18, 19]. To clarify
the molecular mechanism of ONC206-induced
inhibition of cell proliferation, we comprehen-
sively investigated the effects of ONC206 on
cell cycle, apoptotic, cellular stress and AKT/
mOTR pathways. Inhibition of cell proliferation
induced by ONC206 led to G1 cell cycle arrest
and an increase in Annexin V expression in
the EC cell lines, which was accompanied by
increased cellular ROS and inhibited mTOR/S6
pathway inhibition in both cell lines. Similar
effects were observed in our Lkb1""p53"1
mouse model of endometrioid EC, which dem-
onstrated that ONC206 reduced tumor growth
via inhibition of the mTOR/S6 pathways and
activation of both cellular stress and apoptotic
pathways.
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The PIBK/AKT/mTOR pathway is the most sig-
nificantly altered pathway in EC [40]. Data from
The Cancer Genome Atlas Program in 2013
demonstrated alterations in PISBKCA, PIK3R1,
AKT1, and PTEN in 59.7%, 33%, 3.2% and 66%
of EC cases, respectively [41]. Another impor-
tant growth regulator is the Ras/MARK path-
way, which interacts with the PI3K/AKT/mTOR
pathway through RAS proteins, suggesting coo-
peration between the two pathways to produce
functional outcomes [42, 43]. In our previous
work, ONC201 reduced phosphorylation of
AKT and p42/44, while inducing AMPK activa-
tion in uterine serous cells in vitro, suggesting
that the effect of ONC201 on cell growth may
be related to the inhibition of the PISK/AKT/
mTOR and RAS/RAF/MEK pathways. In this
study, effect of ONC206 on the mTOR/S6 path-
way was assessed in vitro and in vivo. As a
downstream target, phosphorylation of the pro-
tein S6 is correlated with increased cell prolif-
eration. ONC206 demonstrated inhibition of
protein S6 phosphorylation and thus, acts to
inhibit cell proliferation and tumor growth.

Obesity is well known to increase the risk of EC,
complicate clinical management strategies and
worsen EC-specific mortality [2, 44]. As such,
we mimicked the clinically obese state of EC by
feeding Lkb1""p53"" mice a HFD (as compared
to a control LFD). Treatment with ONC206 in
the obese mice appeared to have similar anti-
tumor efficacy as that seen in lean mice, with
72% tumor reduction in the obese mice and
67.3% reduction in lean mice. Treatment was
well-tolerated in both diet groups. Inhibition of
endometrial tumor growth in both obese and
lean mice was significantly associated with
decreased expression of Ki-67, activated ce-
llular stress and increased ClpP expression as
well as induction of apoptosis and inhibition of
targets of the mTOR/S6 pathway. These re-
sults support that ONC206 exhibits similar
anti-tumorigenic mechanisms as compared to
ONC201 in vitro and in vivo [16, 38, 45, 46].

Two studies recently reported that CIpP is the
molecular target that binds ONC201 in a direct
and specific manner; and thus, the activation of
ClpP was essential for cell death induced by
ONC201 [13, 14]. ClpP has an important role in
mitochondrial protein quality control by proteo-
lytic activity involved in oxidative phosphoryla-
tion and other mitochondrial functions [47].

Am J Cancer Res 2021;11(11):5374-5387



Anti-tumorigenic effects of ONC206

Hyperactivation of this protease selectively kills
cancer cells, independent of p53 status [12,
48]. Cancer lethality occurs through selective
degradation of the respiratory chain protein
substrates, while non-cancer cells remain unaf-
fected, likely resulting in the excellent tolerabil-
ity seen in multiple mouse models. These find-
ings support earlier reports of reduced oxida-
tive phosphorylation induced by ONC201 [45].
As a result, ONC201 may have the potential to
treat chemo-resistant tumors, including in EC,
as several reports demonstrate that cancer
stem cells and chemo-resistant cells rely heav-
ily on oxidative phosphorylation [49-53]. In this
current study, we found that ONC206 induced
cellular stress and expression of ClpP in Lkb1"
p53"" mice under obese and lean conditions,
indicating that ONC206 may trigger cell death
via activation of the ClpP pathway in EC. Thus,
CIpP activity may serve as a potential biomar-
ker of imipridone response that should be as-
sessed in ongoing clinical trials with ONC201 or
ONC206 in EC as well as other cancers [12].

To date, ONC201 is being evaluated for efficacy
in several solid tumors and hematological
malignancies in multiple clinical trials [14, 17,
39, 54]. NIH has also launched an ONC206
first-in-human study that is currently ongoing.
Our pre-clinical data finds that ONC206 dem-
onstrated greater potency in inhibition of cell
proliferation in EC cells when compared directly
to ONC201 and most importantly, ONC206 was
efficacious in reducing tumor growth in the
Lkb1""p53%" mouse model of endometrioid EC
under obese and lean conditions, without sig-
nificant toxicities or side effects. Our in vitro
and in vivo studies provide strong support and
rationale for the investigation of ONC206 in
endometrioid EC clinical trials after determina-
tion of its clinical safety profile. As part of our
future work, we will expand our studies of sin-
gle agent ONC206 and begin to explore poten-
tial therapeutic partners in combination with
ONC206 in EC, including both cytotoxic and tar-
geted agents, as novel treatments for obesity
driven-EC are so desperately needed.
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Anti-tumorigenic effects of ONC206
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Supplementary Figure 1. ONC206 reduced tumor sizes in LKB1 p53 mouse model.



