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Abstract: Uterine serous carcinoma (USC) represents an aggressive histologic subtype of endometrial cancer. It is
associated with a poor prognosis, and improved therapies for women battling USCs are greatly needed. ONC201
is an orally bioavailable, first-in-class small molecule that induces tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) independent of p53. ONC201 has demonstrated anti-tumorigenic activity in pre-clinical models of
solid tumors through induction of apoptosis and inactivation of the AKT/MAPK pathways. Recent phase I and Il clini-
cal trials have shown that ONC201 is well tolerated and may have single agent activity in high grade glioma patients
among others. We sought to determine the effects of ONC201 on cell proliferation in USC and identify the mecha-
nisms by which ONC201 inhibits cell growth in this disease. ONC201 inhibited cell proliferation in a dose-dependent
manner in ARK1, ARK2 and SPEC-2 cell lines. The anti-proliferative activity of ONC201 in ARK1 and SPEC-2 cells
was associated with induction apoptosis independent of p53 via both a TRAIL mediated apoptotic pathway and a
mitochondrial apoptosis pathway. Treatment with ONC201 resulted in significant reduction in adhesion and invasion
as well as inhibition of the AKT and MAPK pathways. In addition, ONC201 markedly potentiated the anti-tumorigenic
effects of paclitaxel in USC cells. Our results suggest that ONC201 has significant anti-proliferative and anti-met-
astatic effects in USC cells through both induction of apoptosis and inhibition of the AKT and MAPK pathways.
ONC201 and paclitaxel are a promising therapeutic combination in USC cells. Thus, ONC201 should be evaluated
as a single agent and as a therapeutic partner with paclitaxel in future clinical trials of USC.
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Introduction

Endometrial cancer is the most common gyne-
cologic malignancy among women with an esti-
mated 63,230 new cases and 11,350 deaths
in the United States in 2018 [1]. The majority of
women with endometrial cancer present with
early-stage disease and the favorable endome-
trioid histologic subtype. Thus, endometrioid
endometrial cancer is associated with an excel-
lent 5-year survival of greater than 85% [2].
Uterine serous carcinoma (USC), however, com-
promises approximately 10% of endometrial
carcinomas, and represents an aggressive his-
tologic subtype of this disease. USC is associ-

ated with an increased risk of extrauterine dis-
ease and constitutes 40% of all recurrences
and deaths from endometrial cancer [3, 4].
While the initial treatment of USC includes a
combination of surgical staging or cytoreduc-
tion and adjuvant chemotherapy, the high recur-
rence rate makes clear the need for more effec-
tive treatment strategies for this deadly disease
(5]

ONC201 is a promising first-in-class small mol-
ecule that was identified in a phenotypic
cell-based screen as an inducer of the tumor
necrosis factor-related apoptosis-inducing li-
gand (TRAIL) in a p53-independent manner [6].


http://www.ajcr.us

ONC201 in uterine serous carcinoma

ONC201 causes dual inactivation of the AKT
and MAPK signaling pathways, resulting in
dephosphorylation of the transcription factor
FOX03a and leading to induction of transcrip-
tion of TRAIL [6, 7]. ONC201 exhibits anti-can-
cer activity in various advanced solid tumors in
pre-clinical cancer models, without significant
toxicity in animal cancer models [8]. Unique
features of ONC201 are its broad-spectrum
activity independent of mutations or tumor
type, oral administration, excellent safety pro-
file and ability to penetrate the blood-brain bar-
rier. The FDA has approved ONC201 for phase
I/1l clinical trials as an anti-tumor therapeutic
agent for various human cancers [6]. The first-
in-human phase | dose-escalation study has
confirmed that ONC201 is exceptionally well
tolerated with favorable pharmacokinetics and
pharmacodynamics in advanced solid tumors
including recurrent endometrial cancer [9]. Re-
cently, another phase | clinical trial has showed
that ONC201 is clinically active and well toler-
ated with oral administration in refractory met-
astatic endometrial cancer patients [10].

The overall aim of this study was to investigate
the anti-tumorigenic and anti-metastatic effe-
cts of ONC201 in USC cell lines. Our results
demonstrate that ONC201 inhibits cell growth,
induces apoptosis, inhibits adhesion and inva-
sion, and increases the sensitivity of tumor
cells to paclitaxel, supporting the potential of
ONC201 for further evaluation in clinical trials
in women with USC.

Materials and methods
Cell culture and reagents

Three USC cell lines, ARK1, ARK2 and SPEC-2,
were used for all experiments. The ARK1 and
ARK2 cells were maintained in RPMI 1640
medium with 10% fetal bovine serum (FBS).
The SPEC-2 cells were maintained in DMEM/
F12 with 10% FBS. All medium was supple-
mented with 100 U/ml of penicillin and 100 ug/
ml of streptomycin. The cells were cultured in
humidified 5% CO, at 37°C. ONC201 was
obtained from Oncoceutics, Inc. MTT ((3-5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) was purchased from Sigma (St. Louis,
MO). All antibodies were purchased from Cell
Signaling (Beverly, MA). Enhanced chemilumi-
nescence western blotting detection reagents
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were purchased from Amersham (Arlington
Heights, IL). All other chemicals were purchased
from Sigma.

MTT assay

The ARK1 and SPEC-2 cells were plated and
grown in 96-well plates at a concentration of
4000 to 8000 cells/well for 24 hours. The cells
were subsequently treated with varying doses
of ONC201 for 72 hours. MTT (5 mg/ml) was
added to the 96-well plates at 5 pl/well, fol-
lowed by an additional hour of incubation. The
MTT reaction was terminated through the addi-
tion of 100 ul of DMSO. The results were read
by measuring absorption at 570 nm with a
microplate reader (Tecan, Morrisville, NC). The
effect of ONC201 was calculated as a percent-
age of control cell growth obtained from DMSO
treated cells grown in the same 96-well plates.
Each experiment was performed in triplicate to
assess for consistency of results.

Colony formation assay

ARK1 and SPEC-2 cells growing in log phase
were seeded in 6 cm dishes (1000 cells/dish)
in regular growth media. Cells were allowed to
adhere for 24 hours, and then treated with
ONC201 for 48 hours. The cells were cultured
for 14 days with media changes every third or
fourth day. The dishes were stained with 0.5%
crystal violet, and colonies were counted under
the microscope. Each experiment was repeat-
ed three times for consistency of results.

Annexin V assay

Apoptosis was detected with the Annexin V FITC
kit (Biolegend, San Diego, CA) on Cellometer
(Nexcelom, Lawrence, MA). Briefly, 2 x 10°
cells/well were seeded into 6-well plates, incu-
bated overnight and then treated with ONC201
at different doses for 24 hours. The cells were
then collected, washed with PBS and resus-
pended in 100 pl binding buffer. Subsequently,
1 pl of Annexin V-FITC (100 pg/ml) and 0.5 ul of
propidium iodide (2 mg/ml) were added in the
binding buffer, and the plates placed in the
dark for 15 min. The samples were immediately
measured by Cellometer. The results were ana-
lyzed by FCS4 express software (Molecular
Devices, Sunnyvale, CA). All experiments were
performed in triplicate to assess for consisten-
cy of response.
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Caspase 3 activity assay

Cleaved caspase 3 activity was assessed by
the Cleaved Caspase 3 Activity Assay kit (Ray-
biotech, Norcross, GA). After treating the cells
with ONC201 in 96-well plates, 100 ul of pre-
pared 1 x detection anti-Cleaved-Caspase-3
loading buffer was added into each well and
mixed gently. The plates were then incubated
with shaking for 60 min at 37°C, 5% CO,. The
ELISA plates were read by measuring absorp-
tion at 450 nm. All experiments were perform-
ed in triplicate and repeated twice to assess
for consistency of response.

SiRNA transfection

Transfection of siRNA was performed using
p53 siRNA (Santa Cruz Biotechnology Inc.,
Santa Cruz, CA) and QIAGEN HiperFect Trans-
fection Reagent. In brief, SPEC-2 cells were
plated at a density of 2.5 x 10° cells/well in
6-well plates. The transfection complexes con-
taining p53 siRNA and 6 ul HiperFect Trans-
fection Reagent for a 6-well plate were added
into the media. A scramble siRNA was used as
the negative control. The cells were harvested
for western blot and other assays after trans-
fection for 48-72 hours. The impact of siRNA
transfection on cell proliferation was evaluated
by MTT assay. The experiments were repeated
twice in triplicate to assess for consistency of
response.

Adhesion assay

Each well in a 96-well plate was coated with
100 pl laminin-1 (10 pg/ml) and incubated at
37°C for 1 hour. The fluid was then aspirated,
and 200 ul blocking buffer was added to each
well for 45-60 min at 37°C. The wells were
washed with PBS, and the plate was allowed to
chill on ice. To each well, 2.5 x 102 cells were
added with PBS and varying concentrations of
ONC201 directly. The plate was then allowed to
incubate at 37°C for 2 hours. The medium was
then aspirated, and the cells were fixed by
directly adding 100 pl of 5% glutaraldehyde and
incubating for 30 min at room temperature.
Adhered cells were then washed with PBS and
stained with 100 pl of 0.1% crystal violet for 30
min. The cells were washed repeatedly with
water, and 100 ul of 10% acetic acid was added
to each well to solubilize the dye. After 5 min of
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shaking, the absorbance was measured at 570
nm using a microplate reader from Tecan. All
experiments were performed in duplicate to
assess for consistency of response.

Invasion assay

Cell invasion assays were performed using
96-well HTS transwells (Corning Life Sciences,
Wilmington, NC) coated with 0.5-1 x BME
(Trevigen, Gaithersburg, Maryland). Starved
(serum free media for 12 hours) ARK1 and
SPEC-2 cells (50,000 cells/well) were seeded
for 12 hours in the upper chambers of the wells
in 50 yl FBS-free medium, and the lower cham-
bers were filled with 150 pl regular medium
with different concentrations of ONC201. The
plate was incubated for 24 hours at 37°C to
allow invasion into the lower chamber. After
washing the upper and lower chambers with
PBS once, 100 ul calcein AM solution was
added into the lower chamber and incubated at
37°C for 30-60 min. The lower chamber plate
was measured by the plate reader for reading
fluorescence at EX/EM 485/520 nM. All experi-
ments were performed in duplicate to assess
for consistency of response.

Wound healing assay

ARK1 and SPEC-2 cells were plated at 2 x 10°
cells per well in a 6-well plate and incubated
overnight. A uniform wound was created th-
rough the cell monolayer using a 20 ul pipette
tip. The cells were washed and treated with dif-
ferent concentrations of ONC201 for 48 hours.
Pictures were taken at 24 and 48 hours after
scratching, and the area of the scratch was
analyzed with Image) software (National In-
stitutes of Health, Bethesda, MD). Percent clo-
sure was measured by comparing to control
cells.

Western immunoblotting

The ARK1 and SPEC-2 cells were plated at 2 x
10° cells/well in 6-well plates in their corre-
sponding media and then treated with ONC201
for 24-36 hours. Cell lysates were prepared in
RIPA buffer. Equal amounts of protein were sep-
arated by gel electrophoresis and transferred
onto a PVDF membrane. The membrane was
blocked with 5% nonfat dry milk and then incu-
bated with a 1:1000 dilution of primary anti-
body overnight at 4°C. The membrane was then
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washed and incubated with a secondary perox-
idase-conjugated antibody for 1 hour after
washing. Antibody binding was detected using
an enhanced chemiluminescence detection
system on the Alpha Innotech Imaging System
(Protein Simple, Santa Clara, CA). After develop-
ing, the membrane was stripped and re-probed
using antibodies against B-actin or a-tubulin to
confirm equal loading. Intensity for each band
was measured and normalized to B-actin or
o-tubulin as an internal control. Each experi-
ment was repeated two times to assess for
consistency of results.

Statistical analysis

Results for experiments were normalized to the
mean of the control and analyzed using the
Student t-test. Differences were considered
significant if the p value was less than 0.05
(P<0.05) with a confidence interval of 95%.

Results
ONC201 inhibited USC cell growth

The USC cell lines ARK1, ARK2 and SPEC-2
were cultured in medium with various concen-
trations of ONC201 for 72 hours, and the viabil-
ity of cultured cells was analyzed using the MTT
assay. As shown in Figure 1A, treatment of USC
cells with ONC201 dramatically decreased via-
ble cell number in a dose-dependent manner.
The mean IC50 values of ONC201 were 6 uM
for ARK1, 10 uM for ARK2 and 12 uM for
SPEC-2.

The colony formation assay is used as an indi-
cator of long-term tumor cell survival. Thus,
colony formation assays were performed to
investigate the long-term effect of ONC201 on
cell growth in the ARK1 and SPEC-2 cell lines.
As shown in Figure 1B, the colony-forming abil-
ity of ARK1 and SPEC-2 was reduced by 49%
and 61%, respectively, after exposure to 10 uM
of ONC201 for 2 days and subsequent culture
of cells for 14 days. The effects of ONC201 on
cellular morphology in both cell lines are shown
in Figure 1C. Following ONC201 treatment for
48 hours, SPEC-2 cells shrunk and displayed
an elongated shape while control cells were
round or oval shape with large nuclei. ONC201
did not change the cell shape in ARK1 cells.
Taken together, these results suggest that USC
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cell lines are sensitive to treatment with
ONC201.

Because ONC201 exhibits p53 independent
cytotoxicity through TRAIL and DR5 induction in
cancer cells, we examined whether ONC201
treatment regulates the expression of DR5 pro-
tein in ARK1 and SPEC-2 cells. As shown in
Figure 1D, western blotting results showed that
ONC201 treatment significantly up-regulated
the expression of DR5 protein after 24 hours of
treatment in both cell lines.

ONC201 induced apoptosis in USC cells

In order to determine whether the reduction of
cell viability by ONC201 was due to increased
apoptosis, we detected apoptotic cells by per-
forming an Annexin-V and Pl double staining
assay. We treated the ARK1 and SPEC-2 cell
lines with varying concentrations of ONC201
for 24 hours, and found that the percentage of
ARK1 and SPEC-2 cells undergoing apoptosis
significantly increased in a dose-dependent
manner when compared to controls (Figure
2A). We next treated both cell lines with
ONC201 for 24 hours, and found that ONC201
decreased the expression of BCL-1 and MCL-1
and increased cleaved caspase 3, caspase 9
and PARP protein expression in a dose depen-
dent manner. In addition, treatment of ONC201
in both cells also increased cleaved caspase 8
as well as DR5 expression (Figure 2B). Since
caspase-8 activation and TRAIL/DR5 expres-
sion are characteristic markers of extrinsic
apoptotic pathway activation, these data sug-
gest that ONC201 effectively activates both
extrinsic and endogenous apoptotic pathways
in human USC cells.

To further evaluate the role of ONC201 on the
caspase apoptotic pathways, we used pan-cas-
pase inhibitor (Z-VAD-FMK) to block caspase
activity in both cell lines and determined whe-
ther the cell proliferation inhibition and cas-
pase-3 activity were changed after ONC201
treatment. Pretreatment with Z-VAD-FMK for 2
hours resulted in total blocking of ONC201
induced cleaved caspase-3 activity and a sig-
nificant decrease in the inhibition of ONC201-
mediated proliferation in both cell lines (Figure
2C and 2D). These results suggest that the cas-
pase cascade dependent pathways are involved
in the inhibition of cell proliferation in USC cells
treated with ONC201.
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Figure 1. ONC201 inhibited the proliferation of USC cells. The ARK1 and SPEC-2 cells were cultured for 24 hours and then treated with varying concentrations of
ONC201 in 96 well plates for 72 hours. Cell proliferation was assessed by MTT assay (A). The ARK1 and SPEC-2 cells were seeded at low density in 6 cm dishes
and treated with ONC201 for 48 hours. The cells were cultured for 14 days with medium changes every third or fourth day. Colonies were visualized by crystal violet
staining (B). Morphologies of the ARK1 and SPEC-2 cells after treatment of ONC201 for 48 hours (C). The effect of ONC201 on death receptor 5 (DR5) was examined
by Western blot analysis. Treatment of ONC201 resulted in a dose-dependent decrease in expression of DR5 protein in both cell lines (D). Each experiment was
performed three times.
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Figure 2. ONC201 induced apoptosis in USC cells. The ARK1 and SPEC-2 cell lines were treated with the varying concentrations of ONC201 (1-100 uM) for 24
hours. Apoptosis was detected using the Annexin-V FITC assay in both cell lines after 24 hours of treatment. ONC201 increased Annexin V expression in the ARK1
and SPEC-2 cells (A). Western blotting shows treatment with ONC201 for 24 hours decreased the expression of MCL-1 and BCL-2, and increased cleaved PARP,
caspase 3, caspase 9 and caspase 8 expression in both cell lines (B). Pretreatment with Z-VAD-FMK for 2 hours in ARK1 and SPEC-2 cells resulted in total blocking
of ONC201 induced cleaved caspase-3 activity and a significant decrease in the inhibition of ONC201-mediated proliferation in both cell lines (C and D). Western
blotting showed siRNA p53 reduced the expression of p53 after 48 hours transfection in the SPEC-2 cells. p53 knockdown did not affect cell proliferation treated
by ONC201 compared to control cells (E). Data are shown as mean + SEM of two experiments (*P<0.05). Each experiment was performed three times.
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Figure 3. ONC201 decreased adhesion and invasion in USC cells. The ARK1 and SPEC-2 cell lines were cultured for 24 hours and then treated with ONC201 in a
laminin-coated 96 well plate for 2 hours to assess adhesion (A) or a BME coated 96 transwell plate for 4 hours to assess invasion (B), respectively. The data repre-
sents relative inhibition in each cell line. Wound healing assay showed that ONC201 increased wound width in both cells in a dose-dependent manner (C). VEGF,
Snail, Slug, E-Cadherin and N-cadherin were measured by Western blotting in cell lysates after 24 hours exposure to ONC201 (D). Each experiment was performed
three times (*P<0.05, **P<0.01).
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Figure 4. Effect of ONC201 on AMPK/AKT and MAPK pathways in USC cells.

The ARK1 and SPEC-2 cells were treated with ONC201 at different doses
for 24 hours. Phosphorylated-p42/44, phosphorylated-AKT, phosphory-
lated-AMPK and phosphorylated-pS6 were assessed by Western blotting.
ONC201 inhibited downstream targets of the AKT and MAPK pathways in
both cell lines and increased AMPK activation in the ARK1 and SPEC-2

cells. Each experiment was performed two times.

Given that p53 serves as an important molecu-
lar target in USC, we also assessed whether
knockdown of p53 by siRNA would alter cellular
sensitivity to ONC201 in SPEC-2 cells with
mutant p53 [11]. As shown in Figure 2E, p53
siRNA dramatically decreased p53 protein
expression in SPEC-2. Treatment of p53 siRNA
transfected cells with different concentrations
of ONC201 for 72 hours did not change sensi-
tivity to ONC201 when compared with the con-
trol. In agreement with prior studies in other
cancers, these results suggest that ONC201
inhibits cell proliferation in USC cells in a p53
independent manner [12].

ONC201 inhibited adhesion and invasion in
USC cells

In order to determine the effect of ONC201 on
the invasive ability of USC cells, laminin adhe-
sion, wound healing and transwell invasion
assays were employed. Incubation of the ARK1
and SPEC-2 cells with ONC201 (1, 50 and 100
uM) for 2 hours showed significant inhibition
of cell adhesion (Figure 3A). Exposure to
ONC201 at concentrations ranging from 1-100
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Since adhesion and invasion of
cancer cells are mediated by a
variety of membrane proteins
as well as modulation of cyto-
skeletal assembly, we further
analyzed the effect of ONC201
on the epithelial-mesenchymal
transition (EMT) and angiogenesis in USC cells.
The expression of cadherins, Slug, Snail and
VEGF were assessed by western blotting ana-
lysis. After 24 hours of treatment, ONC201 in-
duced the expression of E-cadherin and Slug,
and reduced N-cadherin, Snail and VEGF ex-
pression in ARK1 and SPEC-2 cells (Figure 3D).
These results further support the role of ONC-
201 in the inhibition of adhesion, invasion and
angiogenesis in USC cells.

Effect of ONC201 on the AMPK/AKT/mTOR
and MAPK pathways

Given deregulation of the P13K/AKT pathway in
USC tumors and induction of TRAIL by ONC201
via Akt and ERK inactivation [8, 13, 14], we
investigated whether these pathways were
involved in the anti-proliferative effects of
ONC201 in USC cells. Western blotting showed
that phosphorylation of AKT, S6 and p42/44
was repressed by ONC201 in a dose depen-
dent manner after 24 hours of treatment in
both cell lines (Figure 4). Meanwhile, ONC201
also increased phosphorylation of AMPK in the
ARK1 and SPEC-2 cells. Together, these data

Am J Cancer Res 2018;8(8):1551-1563



ONC201 in uterine serous carcinoma

A 12 ARK1 ONC201 synergized with pa-
Wl Taxol clitaxel in USC cells
1.01 | Taxol+ONC201
os . T ONC201 has been previously

Relative cell proliferation
o
o

e
[N}

e
o
1

& Taxol (nM)

SPEC-2

Bl Taxol
1.0 I

0.89 T

0.6

Relative cell proliferation

(SRS & o Y K §

oM

o‘\@- Taxol (nM)

c
Combination index analysis of ONC201 combined with
paclitaxel in ARK1 and SPEC-2cells *

=]

IS

—
| 1

shown to synergize with pacli-

taxel in non-small cell lung

cancer cell lines and nude

]- mouse xenografts [8]. Thus,
we assessed the effect of

ONC201 on sensitivity to pa-

clitaxel in ARK1 and SPEC-2

& cells. The antagonism or syn-
ergism of the combinations

was evaluated using Chou-

Talalay method [15]. Both cell

lines were pre-treated with a

low concentration (0.5 uM) of

ONC201 for 24 hours and

then combined with serial

dilutions of paclitaxel for 48

hours. MTT assays demon-

strated that the combination

of 0.5 uM of ONC201 with

paclitaxel resulted in syner-

N gistic inhibitory effects in
. both cell lines at the majority
of dose combinations (CI<1,
Figure 5A-C). These results
suggest that treatment of
ONC201 increases the sen-

Taxol+ONC201

Paclitaxel ~ ONC201 Clfor ARK1 Cl for SPEC2 sitivity of the USC cells to
(nM) (uM) cell line cell line paclitaxel.
0.01 0.5 0.658 0.874 Discussion

0.1 0.5 0.514 0.483 Given the aggressiveness of

1 0.5 0.413 0.425 USC, there remains a great

10 0.5 0.570 0.763 need for improved therapies

in women battling this cancer.

50 0.5 0.987 0.828 In this study, we found that

100 0.5 1.011 0.790 ONC201 exhibits anti-tumori-

*Cl = 1.00, additive; Cl < 1.00, synergistic; Cl > 1.00, antagonistic
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then treated with different concentrations of paclitaxel for 48 hours. MTT
assays showed that ONC201 increased sensitivity to paclitaxel in both cell
lines. Combination index (Cl) was calculated by Chou-Talalay method (C) sup-

ported by CompuSyn.

suggest that ONC201 exerts its anti-tumorigen-
ic activity via activation of AMPK and inhibition
of the AKT/mTOR and MAPK signaling pathways
in USC cells.
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genic activity in human USC
cells through inhibition of cell
proliferation as well as induc-
tion of p53-independent ap-
optosis. In parallel to ONC-
201's anti-proliferative effe-
cts, ONC201 treatment was
associated with inhibition of
the AKT/mTOR and MAPK
pathways and activation of both TRAIL/DR5/
caspase 8 and caspase 9/3, and PARP medi-
ated apoptotic pathways in USC cells. Intrigu-
ingly, ONC201 significantly reduced the ability
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of adhesion and invasion through mediation of
cadherins and their associated transcription
factors. Thus, our study provides a strong ratio-
nale for the application of ONC201 as an anti-
tumorigenic and anti-metastatic agent in USC.

The mechanism of action of ONC201’s inhibi-
tion of cancer cell proliferation is an area of
active study. The anti-tumorigenic activity of
ONC201 was initially reported to be associated
with an early-stage integrated stress response
(ISR) activation and a late stage inactivation of
AKT and ERK pathways. This ultimately result-
ed in induction of TRAIL and DR5 and cell death
through apoptosis in a p53 independent and a
cell-type dependent manner [6, 16]. Depho-
sphorylated FOX03a, a master regulator of the
TRAIL gene promoter, triggers the induction of
TRAIL and DR5 expression, which activates
the extrinsic apoptotic pathway and conse-
quently cause caspase-8 dependent apoptosis
in ONC201 treated-solid tumor cells [8, 17].
Recent studies found that the anti-tumorigenic
activity of ONC201 did not require FOXO3a-
dependent transcription of TRAIL or caspase 8
activation in hematological malignancies, rath-
er the intrinsic apoptotic pathway was signifi-
cantly activated in response to ONC201 [7, 12,
18]. Overexpression of BCL-2 protected against
ONC201-induced apoptosis and inhibition of
BCL-2 expression synergistically increased
apoptosis induced by ONC201 in these cells
[7]. Interestingly, ONC201 exhibited potent
cytotoxic and cytostatic activities through both
extrinsic (TRAIL/caspase-8-dependent) and
mitochondrial (caspase-9-dependent) apoptot-
ic pathways in pancreatic cancer cells [19]. In
agreement with previous studies, we found that
treatment with ONC201 reduced BCL-2 expres-
sion and induced DR5, cleaved caspase 8,
cleaved caspase 9, cleaved caspase 3 and
PARP expression in USC cells. Inhibition of cas-
pases activation by Z-VAD-FMK significantly
attenuated ONC201-induced survival loss and
apoptosis. These findings indicate that ONC201
inhibits USC cells growth through both a TRAIL
dependent and a TRAIL independent manner,
suggesting that the mechanism of action of
ONC201 may be tissue- or cancer type-specific
[16, 18].

Recent whole-exome sequencing data finds
that USC has a unique molecular signatures
distinct from most endometrioid endometrial
cancers, including overexpression of HER2 and
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mutations in TP53 as well as mutations in the
PIK3CA/AKT/mTOR and cyclin E/FBXW7 path-
ways [13, 20]. The overexpression of HER2
results in the phosphorylation of tyrosine
kinase residues and constitutively activated
PIK3CA/AKT/mTOR and RAS/RAF/MEK path-
ways, which are vital for regulating cell prolifer-
ation, apoptosis resistance, differentiation,
metabolism, invasion and survival [13]. The
complexity and function of the cellular signaling
network in USC cells opens the possibility of
actively targeting multiple pathways, which
might lead to superior anti-tumor activity.
Several PI3K/AKT/mTOR inhibitors and anti-
HER2 therapies are currently under evaluation
in clinical trials against a variety of human can-
cers, including USC [21]. In the current study,
we showed that ONC201 simultaneously
reduced phosphorylation of AKT and p42/44
and induced AMPK activation in USC cells in
vitro, suggesting that the effects of ONC201 on
cell growth may be intricately linked to the inhi-
bition of PIK3CA/AKT/mTOR and RAS/RAF/
MEK pathways in USC cells.

USC is commonly found to have lymphovascu-
lar space invasion and lymph node involve-
ment, even in apparently early stage disease.
Cell adhesion and invasion are early steps in
metastasis which involve tumor cell degrada-
tion of the extracellular matrix (ECM) and resul-
tant cell migration [15]. TRAIL signaling exerts
regulatory effects on cancer cell adhesion,
migration and invasion. TRAIL has been shown
to significantly inhibit liver metastasis in three
separate tumor models [22]. TRAIL-resistant
breast cancer cells have enhanced invasive-
ness and induce the epithelial to mesenchymal
transition (EMT) by down-regulation of PTEN
[23]. Recently, Wagner et al found that the
migration and invasion capabilities of cancer
cells were significantly attenuated by ONC201,
even in TRAIL-resistant cancer cells [24]. Our
results also confirm the ability of ONC201 to
reduce adhesion and invasion in USC cells, as
measured by the transwell assay and wound
healing assay as well as decreased expression
of Snail and VEGF, and increased expression of
E-cadherin. However, the underlying biological
mechanisms by which ONC201 affected EMT
and VEGF remain areas for further investi-
gation.

Cytotoxic chemotherapy with a combination of
paclitaxel and carboplatin is the standard adju-
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vant therapy for advanced stage and recurrent
USC. Low concentrations of TRAIL significantly
enhanced the lethality of paclitaxel against
human cancer cells, and the combination of
TRAIL and paclitaxel resulted in a significantly
improved anti-tumorigenic effect compared
with either TRAIL or paclitaxel alone in in nude
mice bearing glioblastoma xenografts [25].
Furthermore, paclitaxel also markedly sensi-
tized TRAIL-mediated apoptosis in TRAIL-resis-
tant gastric cancer cells and animal models
through activation of the mitochondrial apop-
totic pathway, upregulation of TRAIL receptors
and inactivation of the MAPK pathway [26]. It
has been reported that ONC201 has broad
synergistic potential with chemotherapeutics
and other small molecules in a variety of solid
tumors and hematologic malignancies includ-
ing pancreatic cancer, myeloma, hepatocellular
carcinoma, lymphoma and non-small cell lung
cancer [16, 27, 28]. Synergistic interactions
between ONC201 and paclitaxel have been
observed in non-small cell lung cancer cells
and non-small cell lung cancer xenografts in
nude mice [8]. After treating the USC cells with
varying concentrations of paclitaxel in combi-
nation with ONC201, we found that low concen-
trations of ONC201 increased sensitivity of the
cells to paclitaxel in both cell lines (Cl<1). Given
the unique pharmacokinetic (PK) and pharma-
codynamic (PD) profiles of ONC201, the combi-
nation of ONC201 and paclitaxel is an attrac-
tive potential therapeutic strategy for USC. Fur-
ther work on the potential application of this
combination in clinical trials is certainly war-
ranted [6, 9, 29, 30].

In conclusion, ONC201 causes significant inhi-
bition of USC cell proliferation and invasion
through activation of TRAIL/DR5/caspase 8
and mitochondrial apoptotic pathways as well
as modulation of AMPK/AKT/mTOR and MA-
PK pathways. Furthermore, the combination of
ONC201 and paclitaxel has a synergistic inhi-
bitory effect in USC cells. Our recent work
finds that oral administration of ONC201 sh-
owed a significant reduction in tumor growth
and serum VEGF production in the absence of
significant toxicities or side effects in a trans-
genic mouse model of endometrial adenocarci-
noma (Data not shown). Given that ONC201
has been well-tolerated and has shown preli-
minary efficacy in solid tumor clinical trials [9,
10, 29, 30], our results provide a strong ratio-
nale for the investigation of ONC201 as a single
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agent and in combination with paclitaxel in USC
clinical trials.
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