Gynecologic Oncology 154 (2019) 218-227

journal homepage: www.elsevier.com/locate/ygyno

Contents lists available at ScienceDirect

Gynecologic Oncology

Nuclear receptor 4A1 (NR4A1) antagonists induce ROS-dependent L))

inhibition of mTOR signaling in endometrial cancer

Check for
updates

Kumaravel Mohankumar ?, Xi Li %, Subhashree Sridharan ®, Keshav Karki ?, Stephen Safe &*

2 Department of Veterinary Physiology and Pharmacology, Texas AM University, College Station, TX 77843, USA
b Department of Medical Physiology, College of Medicine, Texas AM University, College Station, TX 77843, USA

HIGHLIGHTS

* NR4A1 is expressed and is highly pro-oncogenic in endometrial cancer cells.
* Bis-indole derived NR4A1 antagonists inhibit cell growth and survival.
» NR4A1 antagonists are novel mTOR inhibitors.

ARTICLE INFO ABSTRACT

Article history:

Received 10 January 2019

Received in revised form 1 April 2019
Accepted 21 April 2019

Available online 30 April 2019

tagonist inhibit mTOR.

Objectives. NR4A1 is overexpressed in many solid tumors, and the objectives of this study were to investigate
the expression and functional role of this receptor in endometrial cancer cells and demonstrate that NR4A1 an-

Methods. Ishikawa and Hec-1B endometrial cells were used as models to investigate the parallel effects of

NR4A1 knockdown by RNA interference (siNR4A1) and treatment with bis-indole-derived NR4A1 ligands (an-
tagonists) on cell growth and survival by determining cell numbers and effects on Annexin V staining. Western
blot analysis of whole cell lysates was used to determine effects of these treatments on expression of growth pro-
moting, survival and apoptotic genes and mTOR signaling. Effects of NR4A1 antagonists on tumor growth were
determined in athymic nude mice bearing Hec-1B cells as xenografts.

Results. siNR4A1 or treatment with bis-indole-derived NR4A1 antagonists inhibited growth of endometrial
cancer cells in vitro and endometrial tumors in vivo and this was accompanied by decreased expression of
growth promoting and survival genes and mTOR inhibition.

Conclusions. NR4A1 exhibited pro-oncogenic activity in endometrial cells due, in part, to regulation of cell
growth, survival and mTOR signaling, and all of these pathways and their associated gene products were
inhibited after treatment with bis-indole-derived NR4A1 antagonists. Moreover, these compounds also blocked
endometrial tumor growth in vivo demonstrating that NR4A1 is a potential novel drug target for treatment of en-
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dometrial cancer.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

Endometrial cancer is the fourth most common cancer among
women, and in 2018, it was estimated that 63,230 new cases would
be diagnosed and 11,350 women would die from this disease in the
United States [1]. Moreover, the incidence of endometrial cancer is in-
creasing in most countries and it estimated the number of cases diag-
nosed by the year 2030 will be doubled [2,3]. Stage I tumors which are
often estrogenic are primarily treated only with surgery and there is a
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good prognosis for these patients. In contrast, the prognosis for
women with later stage tumors is poor and these patients often receive
targeted radiation and chemotherapy [4-6]. Several approaches have
been used to classify endometrial carcinomas [3,7-13], including one
by the Cancer Genome Atlas Research Network which integrated geno-
mic, transcriptomic and proteomic data from 373 endometrial cancer
cases [13]. These approaches have been proposed in order to facilitate
development of optimal treatment regimens for different groups of pa-
tients, and the success of these classifications is currently being
evaluated.

The identification of prominent pro-oncogenic pathways in endo-
metrial cancer has led to development and clinical applications of
drugs that target angiogenic, PI3K, mTOR, and Ras signaling [4-6].
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Studies in this laboratory have identified and characterized the orphan
nuclear receptor 4A1 (NR4A1, Nur77) as a novel drug target in
hormone-dependent (i.e. breast) cancer and other solid tumors includ-
ing lung, pancreatic, colon and kidney cancers and rhabdomyosarcoma
[14-20]. Results of RNA interference (RNAi) studies demonstrate that
NR4AT1 is pro-oncogenic and regulates several genes/pathways that
are important for cancer cell proliferation, survival and migration/inva-
sion [21,22]. NR4A1 plays a key role in activation of mTOR through reg-
ulation thioredoxin domain-containing 5 (TXNDC5) and isocitrate
dehydrogenase 1 (IDH-1) which keep reductant levels high and reactive
oxygen species (ROS) low [14-16]. Knockdown of NR4A1 results in de-
creased expression of TXNDC5 and IDH1 resulting in the induction of
ROS and ROS-dependent induction of sestrin-2 [14-16]. Sestrin-2 is an
oxygen sensor that activates AMPK which in turn blocks mTOR and
downstream signaling [23,24]. We have also developed a series of bis-
indole-derived analogs (C-DIM) including 1,1-bis(3’-indolyl)-1-(p-
hydroxyphenyl) methane [DIM-C-pPhOH (CDIM8)] which is an
NR4A1 ligand that acts as an NR4A1 antagonist in cancer cells [14-20]
(15-21). The effects of DIM-C-pPhOH on cancer cell growth and survival
parallel those observed after knockdown of NR4A1 and thus, DIM-C-
pPhOH acts as an indirect mTOR inhibitor through inhibiting NR4A1-
dependent pro-oncogenic pathways.

In this study, we used both RNA interference (RNAi) to knockdown
NR4A1 and NR4A1 ligands (antagonists) to investigate their effects on
endometrial cancer cell growth and survival and their impacts on
mTOR signaling, a pathway that is currently being targeted for treat-
ment of endometrial cancer [25-28]. The results demonstrate the pro-
oncogenic activity of NR4A1 in endometrial cancer cells and also show
that the synthetic bis-indole NR4AT1 ligands act as antagonists an induce
apoptosis, inhibit cell growth and mTOR signaling through an ROS-
dependent pathway.

2. Materials and methods
2.1. Cell lines and reagents

Endometrial cancer cell lines, Ishikawa and Hec-1B, were kindly pro-
vided by Dr. Russell Broaddus, MD Anderson Cancer Center, Houston,
TX. HEC1B cells were derived from an endometrial carcinoma from a
71 year old female and Ishikawa cells were similar but derived from a
39 year old woman. Cells were maintained in DMEM/F12 growth me-
dium supplemented with 10% FBS and 1x antibiotic/antimycotic solu-
tion (Sigma-Aldrich, St Louis, MO). All cells were incubated at 37 °C in
CO, incubator in an atmosphere of humidified 5% CO2 and 95% air.
The two ligands DIM-C-pPhOH and DIM-C-pPhOH-3,5-Br, were synthe-
sized by condensation of indole with p-hydroxybenzaldehyde or 3,5-
dibromo-p-hydroxybenzaldehyde as described [17].

2.2. Cell proliferation assay

Endometrial cancer cells (Ishikawa and Hec-1B) were seeded into a
96-well plate and the cells were then treated for 24 h with either DMSO
or different concentrations of CDIM8 and DIM-C-pPhOH 3,5-Br, and
also with siNR4A1 oligonucleotides, the medium was removed, and
MTT solution diluted in PBS was added to cell cultures. After 3 h incuba-
tion, the medium was aspirated and washed with PBS. Dimethyl sulfox-
ide (DMSO) was added and incubated at 37° for 10 min and absorbance
was measured at 570 nM.

2.3. Western blotting

Ishikawa and Hec-1B cells were seeded and allowed to attach for
24 h and cells were then treated for 24 h with either DMSO or different
concentrations of CDIM8 and DIM-C-pPhOH 3,5-Br2. Cells were then
lysed and whole cell lysates were resolved in 10% SDS-PAGE gels and
proteins were transferred using PVDF membrane by wet blotting

followed by primary and secondary antibody incubation and detected
using ECL reagent as described [14-19]. Western blot data were quanti-
tated relative to B-actin and control values were set at 100%.

2.4. Measurement of ROS

ROS levels in cells were measured using cell-permeable probe CM-
H2DCFDA as described in manufacturer's instructions (Life Technolo-
gies, Inc.). Briefly, cells were seeded at a density of 1.0 x 105 cells per
well in 6-well plates in DMEM containing 2.5% charcoal-stripped FBS.
The cells were pre-treated with GSH for 30 min and treated with vehicle
(DMSO), or DIM-C-pPhOH 3,5-Br, with GSH or with siNR4A1 oligonu-
cleotides with GSH and the ROS were measured using Accuri Flow
Cytometer.

2.5. Annexin V staining

Ishikawa and Hec-1B cells were seeded in Nunc chambered
coverglass followed by various drug treatments. The cells were then
washed with ice cold PBS and 5 L Alexa Fluor® 488 Annexin V with
100 pg/mL PI (as per the manufacturer instructions) were added to
the cells and incubated for 15 min and the cells were observed using a
Zeiss confocal fluorescence microscope.

2.6. RNA interference

Ishikawa and Hec-1B were seeded in six-well plates and allowed to
grow to 60% confluence (24 h), then transfections were performed with
Lipofectamine 2000 according to the manufacturer's protocol. Both
siNR4A1 oligonucleotides and nontargeted control small interfering
RNAs were used. Six hours after transfection, the medium was replaced
with fresh medium and left for 72 h and the cells were harvested and
protein expression was determined.

2.7. Luciferase assay

Cells were plated on 12-well plates at 18 x 104 (Hec-1B) or 9 x 104
(Ishikawa cells) per well in DMEM/F12 supplemented with 2.5%
charcoal-stripped FBS. After overnight attachment and growth, various
amounts of DNA [i.e.,, UASx5-Luc (500 ng), GAL4-NR4A1 (50 ng),
NBREx3-Luc (800 ng), NurREx3-Luc (800 ng) and Flag-NR4Al
(80 ng)] were cotransfected into each well using Lipofectamine 2000 re-
agent (Invitrogen, Carlsbad, CA) according to the manufacturer's proto-
col. After 6 h of transfection, cells were treated with plating medium (as
above) containing either solvent (DMSO) or indicated concentrations of
compound for 18 h. Cells were then lysed and cell extracts were used for
chemiluminescence quantification of luciferase activity. Luciferase ac-
tivity values were normalized against corresponding protein concentra-
tion values determined by Bradford assay. Both GAL4- and Flag-NR4A1
constructs contain full length NR4A1 coding sequence and all the plas-
mids used in this study were previously described [17,29].

2.8. Xenograft study

Female athymic nu/nu mice of 4-6 weeks old were purchased from
Harlan Laboratories (Houston, TX). Hec-1B cells were harvested and
suspended at a concentration of 1.5 x 10° cells in 100 ul of DMEM
with ice-cold Matrigel (1:1 ratio) and injected subcutaneously into ei-
ther side of the flank area of nude mice. Small tumors developed within
7 days after tumor cell inoculation; mice (6 per treatment group) were
then randomized and treated every other day with either vehicle (corn
oil) or DIM-C-pPhOH-3,5-Br, (25 mg/kg body weight) in a volume of
100 pl injected intraperitoneally. All mice were weighed once a week
over the course of treatment to monitor changes in body weight. All an-
imals were sacrificed after 21 days of treatment, and tumor weights
were determined. All animal studies were carried out according to the



220 K. Mohankumar et al. / Gynecologic Oncology 154 (2019) 218-227

procedures approved by the Texas A&M University Institutional Animal of variance was used to determine statistical significance. P values < 0.05

Care and Use Committee. were considered statistically significant.
2.9. Statistical analysis 3. Results
All of the experiments were repeated a minimum of three times. The We initially used two oligonucleotides [siNR4A1(1) and siNR4A1

data are expressed as the mean 4 standard error (SE). One-way analysis (2)] for RNAI studies and transfection of the oligonucleotides into

Annexin V Stainin
A. Cell Proliferation B. g
- ) :
e *
100 S 41
_ s .
S 80 25
S 60 * 2
et . 3 2-
® 40 2
2 £ 11
: " 1]
(4
0 0
«>°&
C.
D
_ 120 - g 4
g 100 A s
S 804 £3
T o 2 2
2 40 P
s s 1
3 20 - g
§ 0
NS d
o\\“
Ishikawa Hec1B
Annexin V PI Merged Annexin V
DMSO
DIM-C-
pPhOH
(25uM)

3,5-Br,
(10pM)

Fig. 1. Inactivation of NR4AT1 inhibits cell growth and survival: Ishikawa and Hec-1B cells were transfected with siCtrl (non-specific oligonucleotide) and two oligonucleotides targeting
NR4AT1 (siNR4A1(1) and siNR4A1(2)) and effects on cell proliferation (A) and Annexin V staining (B) were determined as outlined in the Materials and methods. Ishikawa and Hec-1B
cells were treated with DIM-C-pPhOH (15 and 25 uM) and DIM-C-pPhOH-3,5-Br, (5 and 10 uM) for 24 h and effects on cell growth (C) and Annexin V staining (D) were determined
as outlined in the Materials and methods. Results are expressed as mean 4+ SD for at least 3 determinations per treatment and significant (P < 0.05) differences from control
treatments are indicated (*).
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Ishikawa and Hec-1B cells resulted in significant inhibition of cell
growth (Fig. 1A), indicating that NR4A1 is a growth-promoting gene
in endometrial cancer cells. A similar approach was also used to deter-
mine effects of NR4A1 knockdown on Annexin V staining, a marker of
apoptosis, and the results showed that loss of NR4A1-induced Annexin
V staining in Ishikawa and Hec-1B (Fig. 1B) cells. Studies in this labora-
tory initially identified DIM-C-pPhOH as an NR4A1 ligand which is an
NR4AT1 antagonist in cancer cells [17], and subsequent studies showed
that buttressed analogs of DIM-C-pPhOH such as the 3,5-dibromo
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analog (DIM-C-pPhOH-3,5-Br,) are also NR4AT1 ligands with enhanced
activity [30]. Treatment of Ishikawa and Hec-1B cells with DIM-C-
pPhOH and DIM-C-pPhOH-3,5-Br; inhibited cell growth (Fig. 1C) and
induced Annexin V staining (Fig. 1D) and exhibited NR4A1 antagonist
activity in endometrial cancer cells as previously observed in other can-
cer cell lines [14-20]. The two ligands were used as models for investi-
gating NR4A1-dependent transactivation studies using a GAL4-NR4A1
chimera and a GAL4-response element-luciferase reporter gene
(UOSs-luc) (Fig. 2A), an NBRE-Iuc (Fig. 2B) and an NuRE-luc (Fig. 2C)
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Fig. 2. Effects of NR4AT1 ligands on transactivation. Ishikawa and Hec-1B cells GAL1-4 NR4A1 and UAS-luc reporter gene (A) or NBRE-luc (B) and NuRE-luc (C) reporter genes and FLAG-
NR4AT1 and after treatment with DIM-C-pPhOH or DIM-C-pPhOH-3,5-Br; luciferase activity was determined as outlined in the Materials and methods. Results are expressed as means + SD
for at least 3 replicate determinations for each treatment group and significant (P < 0.05) inhibition is indicated (*).
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Fig. 3. Role of NR4A1 inactivation on growth promoting and survival gene products Ishikawa and Hec-1B cells were transfected with sictrl or siNR4A1(1)/siNR4A1(2) and whole cell
lysates were analyzed for expression of growth promoting (A) and survival/apoptotic (B) gene products by western blots as outlined in the Materials and methods. Ishikawa and Hec-
1B cells were treated with DIM-C-pPhOH (20 and 25 pM) or DIM-C-pPhOH-3,5-Br, (5 and 10 uM) for 24 h and whole cell lysates were analyzed for expression of growth promoting
(C) and survival/apoptotic gene products by western blots as outlined in the Materials and methods. Comparable western blots were observed in replicate experiments.

reporter genes containing 3 binding sites for the NR4A1 monomer and
dimer, respectively. Both DIM-C-pPhOH and DIM-C-pPhOH-3,5-Br;
decreased transactivation (luciferase) in cells transfected with all
three NR4A1l-responsive reporter gene constructs in Ishikawa
and Hec-1B cells. These results are similar to those observed in other
cancer cell lines treated with DIM-C-pPhOH and transfected with the
NR4AT1-responsive genes [14-20], indicating that DIM-C-pPhOH and
DIM-C-pPhOH-3,5-Br;, exhibit NR4A1 antagonist activity for these
responses.

NR4A1 regulates both growth promoting and pro-survival gene
products in cancer cells [14-20] and, in Ishikawa and Hec-1B cells
transfected with siNR4A1 oligonucleotides, we observed downregula-
tion of the epidermal growth factor receptor (EGFR) and cMyc
(Fig. 3A). This same treatment also decreased expression of survivin
and bcl-2 and increased expression of bax and cleaved caspase 3 and
PARP (Fig. 3B). The cells were also treated with DIM-C-pPhOH and
DIM-C-pPhOH-3,5-Br, and this resulted in decreased expression of
EGFR and cMyc (Fig. 3C) and expression of bcl-2/survivin, and increased
induction of bax and cleavage of caspase-3 and PARP (Fig. 3D). Thus, the
NR4AT1 antagonists decreased NR4A1-regulated growth promoting and
pro-survival gene products and this paralleled results observed in other
cancer cell lines [14-20].

Previous studies show that NR4A1 regulates mTOR signaling in can-
cer cells and this is primarily due to ROS-dependent induction of
sestrin-2 (SESN2) and subsequent activation of AMPK [14-16]. Results
show that knockdown of NR4A1 induces sestrin-2 and phospho-
AMPK (pAMPK) (Fig. 4A). In addition, knockdown of NR4A1 also de-
creased phospho-mTOR and activation of downstream kinases 70S6K
and S6RP (Fig. 4B), confirming that NR4A1 regulates the mTOR path-
way. In parallel experiments, treatment of Ishikawa and Hec-1B cells
with DIM-C-pPhOH or DIM-C-pPhOH-3,5-Br; also induced phospho-
AMPK and sestrin-2 (Fig. 4C) and downregulated phosphorylation of
mTOR 70S6K and S6RP (Fig. 4D).

NR4A1 knockdown or treatment with NR4A1 antagonists decrease
expression of TXNDCS5 is several different cancer cell lines and in rhab-
domyosarcoma (RMS) cells, knockdown of TXNDC5 induces ROS and
oxidative stress [14-16]. Fig. 5A demonstrates that both knockdown of
NR4A1 or treatment with DIM-CpPhOH-3,5-Br; decreased TXNDC5 ex-
pression and these same treatments induced ROS which was attenuated
after cotreatment with GSH in Ishikawa and Hec-1B cells (Fig. 5B and C).
Knockdown of TXNDC5 by RNA interference (siTXNDC5) also induced
ROS (attenuated by cotreatment with GSH) (Fig. 5D) and this is consis-
tent with the effects of NR4A1-knockdown/NR4A1 antagonist effect on
TXNDC5 (Fig. 5A) and ROS induction (Figs. 5B). Induction of sestrin-2
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Fig. 4. NR4AT1 inactivation inhibits mTOR signaling. Ishikawa and Hec-1B cells were transfected with siCtrl or siNR4A1(1)/siNR4A1(2) and effects on induction of sestrin-2 and p-AMPKo
(A) and mTOR signaling pathway (B) were determined by western blot analysis of whole cell lysates. Ishikawa and Hec-1B cells were treated with DIM-C-pPhOH (20 and 25 uM) and DIM-
C-pPhOH-3,5-Br; (5 and 10 uM) for 24 h and whole cell lysates were analyzed by western blots for induction of sestrin-2 and p-AMPKa (C) and mTOR signaling (D). Comparable western
blots were observed in replicate experiments. Quantitation of the western blots is given in Supplemental Figs. 1 and 2.

and downstream effects were ROS-dependent in RMS, breast and renal
cancer cells [14-16]; similar effects were observed in endometrial can-
cer cells where knockdown of NR4A1 (Fig. 5E) or treatment with DIM-
C-pPhOH-3,5-Br, (Fig. 5F) induced sestrin-2 and pAMPK and
cotreatment with GSH attenuate these responses. A direct linkage be-
tween TXNDC5 and inhibition of mTOR is illustrated in Fig. 5G where
knockdown of TXNDC5 by two oligonucleotides [(1) and (2)] induced
sestrin-2 and pAMPK and decreased phosphorylation of mTOR 70S6K
and S6RP. We also observed inhibition of tumor growth in athymic
nude mice bearing Hec-1B cells and treated with DIM-C-pPhOH-3,5-
Br, (25 mg/kg/day) (Fig. 6A) and this was accompanied by

downregulation of TXNDC5, induction of sestrin-2 and activation of
AMPK (Fig. 6B) and inhibition of mTOR signaling (Fig. 6C and D) Thus
both in vivo and in vitro results were complementary demonstration
that NR4A1 antagonists are novel inhibitors of mTOR signaling in endo-
metrial cancer. These results are consistent with the pathway for inhibi-
tion of mTOR signaling by DIM-C-pPhOH as illustrated in Fig. 5H.

4. Discussion

NR4A1 is an immediate early gene induced by multiple stressors and
is important for maintaining cellular homeostasis [31,32]. In addition,
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Fig. 5. Role of TXNDC5 in mediating inhibition of mTOR. Ishikawa and Hec-1B cells were transfected with siCtrl or siNR4A1 or treated with DIM-C-pPhOH or DIM-C-pPhOH-3,5-Br (5 and
10 M) for 24 h and effects on TXNDC5 protein expression (A) were determined. A similar treatment protocol (+GSH) was used to determine induction of ROS by RNA interference (B) or
treatment with NR4A1 antagonists (C). Ishikawa and Hec-1B cells were transfected with siCtrl or siTXNDC5 and effects on ROS induction (D) were determined as outlined in the Materials
and methods. Ishikawa and Hec-1B cells were transfected with siNR4A1 (+GSH) (E) or treated with DIM-C-pPhOH-3,5-Br;, (F) and effects on NR4A1, sestrin-2 and p-AMPK protein levels
were determined by western blot analysis of whole cell lysates. Cells were transfected with siCtrl and siTXNDC5 and whole cell lysates were analyzed for gene products associated with
activation of AMPKa and inhibition of mTOR signaling (G). Results (B-D) were expressed as means =+ SD for 3 separate determinations and significant (P < 0.05) effects (compared to
untreated cells) are indicated (*). The western blot data in Fig. 5G is quantitate in Supplemental Fig. 2.

G.

this receptor is enhanced and/or a potential drug target for multiple dis- prognostic factor for patient survival or recurrence [14-22,33-35].
eases and this is particularly true for solid tumors where NR4A1 exhibits There is evidence that some apoptosis — inducing agents induce nuclear
pro-oncogenic activity and for some cancers NR4A1 is a negative export of NR4A1 to for pro-apoptotic mitochondrial NR4A1-bcl2
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Fig. 6. In vivo studies. A. Effects of DIM-C-pPhOH-3,5-Br; (25 mg/kg/day) and vehicle control on growth of tumors in athymic nude mice bearing Hec-1B cells as xenografts. Western blot
analysis of tumor lysates from control and DIM-C-pPhOH-3,5-Br treated mice on expression of TXNDC5, sestrin-2 and p-AMPKa (B) and mTOR signaling (C). D Quantification of western
blot data; results are expressed as means + SD for 3 separate determinations and significant (P < 0.05) treatment-related effects on protein expression are indicated (*).

complexes [36-38] whereas the C-DIM/NR4A1 antagonists target nu-
clear NR4A1 [17,20]. NR4AT1 is highly expressed in Ishikawa and Hec-
1B endometrial cancer cell lines (Fig. 4A) and this is consistent with
high expression of this receptor in cell lines derived from many other
solid tumors where NR4A1 exhibits pro-oncogenic activities [14-22].
Knockdown of NR4AT1 in Ishikawa and Hec-1B cells decreased growth
and induced several markers of apoptosis (Figs. 1-3), demonstrating a
function for this receptor in the growth and survival of endometrial can-
cer cells. Moreover, loss of NR4A1 in Ishikawa and Hec-1B cells resulted
in downregulation of genes associated with cell growth (EGFR, c-Myc)

and survival (bcl-2 and survivin) and induction of apoptosis markers in-
cluding Annexin V staining, bax and cleaved caspase-3 and PARP. All of
these functional responses and effects on gene products, after loss of
NR4A1 have previously been reported in other solid tumor-derived
cell lines [14-22] and confirm the pro-oncogenic functions of NR4A1
in endometrial cancer.

Bis-indole-derived compounds exhibit structure-dependent activity
as peroxisome proliferator-activate receptor y (PPARY) ligands [39] and
NR4AT1 ligands [14-20], and DIM-C-pPhOH was among the most active
first generation NR4AT1 ligands with a binding Kp of 0.10 uM [17]. In
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transactivation assays DIM-C-pPhOH decreases NR4A1-dependent
luciferase activity (Fig. 2) and effects of this compound on endometrial
cancer cell growth and survival paralleled those observed after NR4A1
silencing and confirmed that this NR4A1 ligand exhibited receptor an-
tagonist activity. DIM-C-pPhOH-3,5-Br, was synthesized as a buttressed
analog of DIM-C-pPhOH containing two bromo substituents adjacent to
the hydroxyl group to inhibit metabolism (conjugation) and thereby in-
crease potency. The enhanced NR4A1-dependent activity of these but-
tressed analogs was previously observed in C2C12 muscle cells [30]
and in endometrial cancer cells, DIM-C-pPhOH-3,5-Br, was more potent
than DIM-C-pPhOH as an NR4A1 antagonist in most assays.

Endometrial cancer is a complex disease and although cytotoxic
drug combination therapies have been commonly used, clinical trials
on cytotoxic drug combination and more mechanism-based therapies
are in progress [4-6]. Since the mTOR pathway plays a key role in cell
growth, metabolism and cell cycle progression, clinical trials with vari-
ous mTOR inhibitors are ongoing in patients with endometrial and
other gynecological cancers [25-28]. There is evidence in multiple can-
cer cell lines that NR4A1 is upstream from mTOR and plays a role in sus-
taining mTOR signaling in cancer cells, and in RMS, breast and renal
cancer cell lines. Treatment with NR4A1 antagonists or receptor inacti-
vation inhibits mTOR and this has been linked to generation of ROS
[14-16]. ROS activates the oxygen sensor sestrin-2 which in turn in-
duces phosphorylation of AMPK resulting in inhibition of mTOR and
downstream kinases [14-16]. The major source of ROS in endometrial
cancer cells in which NR4A1 is silenced or cells are treated with
NR4A1 antagonist is associated with downregulation of TXNDC5 and
this is supported by the large increase in ROS after silencing of
TXNDC5 by RNA interference (Fig. 5D). Thus, downregulation of
TXNDC5 and the subsequent induction of ROS play a key role in
NR4A1 antagonist-mediated inhibition of mTOR signaling in endome-
trial cancer cell lines (Fig. 5E) and we observed comparable effects
in vivo (Fig. 6). These results illustrate the important pro-oncogenic
role of NR4A1 in endometrial cancer and demonstrate for the first
time that NR4A1 antagonists represent a novel class of inhibitors of
the mTOR signaling pathway which are being developed for future clin-
ical applications.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ygyno.2019.04.678.
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