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Abstract

Althoughprogesterone receptor (PR)–targeted therapies aremod-
estly active in patients with uterine cancer, their underlying molec-
ular mechanisms are not well understood. The clinical use of such
therapies is limited because of the lack of biomarkers that predict
response to PR agonists (progestins) or PR antagonists (onapris-
tone). Thus, understanding the underlying molecular mechanisms
of action will provide an advance in developing novel combination
therapies for cancer patients. Nuclear translocation of PR has been
reported to be ligand-dependent or -independent. Here, we iden-
tified that onapristone, a PR antagonist, inhibited nuclear translo-
cation of ligand-dependent or -independent (EGF) phospho-PR

(S294), whereas trametinib inhibited nuclear translocation of
EGF-induced phospho-PR (S294). Using orthotopicmousemodels
of uterine cancer, we demonstrated that the combination of ona-
pristone and trametinib results in superior antitumor effects in
uterine cancer models compared with either monotherapy. These
synergistic effects are, in part, mediated through inhibiting the
nuclear translocationofEGF-inducedPRphosphorylation inuterine
cancer cells. Targeting MAPK-dependent PR activation with ona-
pristone and trametinib significantly inhibited tumor growth in
preclinical uterine cancer models and is worthy of further clinical
investigation. Mol Cancer Ther; 17(2); 464–73. �2017 AACR.

Introduction
Uterine cancer is the fourth most common malignancy in

women and the most common gynecologic cancer in the United
States (1). Despite the availability of systemic treatments,
including endocrine therapy and combination chemotherapy,
patients with recurrent or metastatic uterine cancer have a poor
prognosis (2). Progesterone receptor (PR)-targeted therapies are
modestly active in patients with uterine cancer, but the under-

lying molecular mechanisms of PR-targeted therapies are not
well understood (3, 4). In the normal endometrium, estrogen
drives proliferation of the endometrial glandular epithelium,
whereas progesterone counteracts the effects of estrogen. Pro-
gesterone acts by binding to the PR and has a dual role through
both genomic and nongenomic pathways (5, 6). In humans, the
PR gene is expressed as two distinct isoforms of PRA and PRB
(7). The PR phosphorylation sites are separated into two groups:
basal sites that are phosphorylated in the absence of ligand
(Ser 81, Ser 162, Ser 190, Ser 400), and the hormone-dependent
sites (Ser 102, Ser 294, and Ser 345; refs. 8, 9). Ligands with
agonist or antagonist properties can interact with PR to activate
or repress gene expression in target cells (10–12).

Progestins or progesterone agonists (e.g., medroxyprogesterone
acetate, norethindrone acetate, and megestrol acetate) block endo-
metrial proliferation (7). Clinical experience would suggest that
progestins have better efficacy in tumors that are PR-positive, but
these effects are not universal andobjective responses, albeit low, are
seen in PR-nonexpressing tumor, suggesting other mechanisms of
response and resistance are being leveraged (13). Progesterone
antagonists exhibit a spectrum of effects ranging from pure antago-
nists to mixed antagonists. It has been reported that the antagonists
RU486 and ZK98299 (onapristone) stimulate PR binding to deox-
yribonucleic acid in vitro and in vivo, but have distinct effects on
receptor conformation (10, 14). The mixed antagonist (mifepris-
tone/RU486) with both agonist and antagonist activities may stim-
ulate PR action depending on the cell type, the promoter context,
and or the cellular environment of other signaling pathways.

The pure antagonist (onapristone) might be generally incapa-
ble of activating transcription and fully antagonizing PR functions
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(15, 16, 17, 18), and it has demonstrated antitumor activity in
breast cancer patients (19). Onapristone is currently under inves-
tigation in patients with PR-expressing endometrial tumors
(NCT02052128). But, the biological effects and related mechan-
isms of onapristone in uterine cancer are not well understood.

Here, we evaluated the antitumor activity of onapristone
alone and in combination with rationally selected drugs (tra-
metinib) in orthotopic mouse models of uterine cancer and
examined their underlying mechanisms of action. We found
that the combination of onapristone and trametinib results in
superior antitumor effects in uterine cancer models compared
with either monotherapy. These effects are, in part, mediated
through inhibiting the nuclear translocation of EGF/MAPK–
dependent PR activation in uterine cancer cells.

Materials and Methods
Cell cultures

Weobtained the uterine and breast cancer cell lines from theMD
Anderson Characterized Cell Line Core Facility, which supplies
authenticated cell lines. The cell lines were subjected to routine
testing to confirm the absence of mycoplasma, and all experiments
were performed with cell lines at 60% to 80% confluence. The
uterine cancer cell lines KLE, HEC1A, and ISHIKAWA were main-
tained in specific culture medium, as described previously (20).
HEC1B cells were maintained in MEM supplemented with 10%
FBS, sodium pyruvate, nonessential amino acids, L-glutamine, and
0.1% gentamicin sulfate (Gemini Bioproducts). SKUT2 cells were
maintained in DMEM supplemented with 20% FBS and 0.1%
gentamicin sulfate. RL952 cells were maintained in DMEM/F12
supplemented with 20% FBS and 0.1% gentamicin sulfate. The
breast cancer cell line T47D was maintained in RPMI1640 supple-
mented with 10% FBS and 0.1% gentamicin sulfate. For the
experiments involving onapristone, the growth medium was
replaced with starvationmedium, phenol-red-free Opti-MEM (Life
Technologies) supplemented with 2% dextran-coated charcoal-
stripped serum (HyClone), for 48 hours. EGF treatments were
conducted in phenol-red–free Opti-MEM in the absence of serum.

Drugs and antibodies
Onapristone was provided by Arno Therapeutics, Inc. Trameti-

nib (GSK1120212) was purchased from Selleck Chemicals LLC.
The antibodies used inWestern blottingwere phospho-PR (S345),
PR (both PRB and PRA, Abcam 32085), p44/42 MAPK, phospho-
p44/42 MAPK (Thr202/Tyr204), p21 (all from Cell Signaling
Technology), phospho-PR (S294; R&D Systems), and b-actin
(Sigma-Aldrich). The antibodies used in immunocytochemistry
were phospho-PR (S294; Life Technologies) and phospho-PR
(S345; Cell Signaling Technology). The antibodies used in IHC
were PR (both PRB and PRA) and phospho-PR (S345; Cell Sig-
naling Technology), p21 (all from Abcam), CD31 (BD Pharmin-
gen), Ki67 (Neomarkers Inc.), cleaved caspase-3 (Biocare Medical
LLC), horseradish peroxidase (HRP)–conjugated goat anti-rabbit
or anti-mouse immunoglobulinG(SerotecHarlanBioproducts for
Science, Inc.), and Alexa Fluor 594–conjugated anti-rabbit or anti-
mouse antibody (Jackson ImmunoResearch Laboratories).

MTT assay
To assess cell survival, cells [ISHIKAWA 3 � 103, HEC1A 5 �

103, SKUT2 3 � 103] were plated in each well of a 96-well plate
and maintained overnight in specific culture medium, as

described previously (20). Then the growth medium was
replaced with phenol-red–free Opti-MEM supplemented with
2% dextran-coated charcoal-stripped serum for 48 hours with
or without onapristone or trametinib treatment. Onapristone
was dissolved in DMSOwith a stock concentration of 0.4mol/L.
The cells were then exposed to onapristone or to trametinib for
72 hours. Controls were treated with an equal volume of
vehicle. To assess cell survival, 50 mL of 0.15% MTT (Sigma-
Aldrich) was added to each well, and the cells were incubated
for 2 hours at 37�C. The medium containing MTT was then
removed and 100 mL of dimethyl sulfoxide (Sigma-Aldrich) was
added; the cells were then incubated at room temperature for
10 minutes. Absorbance was read at 570 nm using a 96-well
Synergy HT-microplate reader (Ceres UV 900C; Bio-Tek Instru-
ments, Inc.). Cell survival was defined as the number of viable
cells in the treatment group/number of viable cells in the
control group. The IC50 concentrations were calculated. Iso-
bologram analysis was performed to evaluate the cytotoxicity of
onapristone and trametinib in ISHIKAWA cells using dose–
response cell survival curves (16, 20, 21). An interaction
index was calculated, as described previously (16, 20, 21). The
additive effects (¼1), synergistic effects (<1), and antagonistic
effects (>1) of the combination of onapristone plus trametinib
were determined using the interaction index. The results were
analyzed using R (version 2.14.2). The MTT was also performed
on the Ishikawa cells after a 72-hour treatment with onapris-
tone at indicated doses, followed by transfection with PR siRNA
or control siRNA. PR siRNA and control siRNA (Sigma
00303510, Sigma-Aldrich) transfections were carried out using
Lipofectamine 2000 (Invitrogen catalog no. 11668-500).

Western blot analysis
Cell lysates were obtained with RIPA lysis buffer [50 mmol/L

Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% Triton, 0.5% deox-
ycholate, 2mmol/L EDTA, and1mmol/L sodiumorthovanadate)
and centrifuged for 15 minutes at 4�C. Protein concentration was
then determined using the Bio-Rad Protein Assay Kit (Bio-Rad).
Following protein loading (40 mg/well), bands were separated on
8% to 12% gel using SDS-PAGE, transferred to nitrocellulose
paper, blocked with 5% BSA for 1 hour at room temperature, and
incubated with the primary antibodies overnight at 4�C. The
bands were then incubated with HRP–conjugated anti-mouse or
anti-rabbit antibodies (GE Healthcare) for 1 hour at room tem-
perature. The blots were developed using an Enhanced Chemi-
luminescence Detection Kit (Pierce Biotechnology). b-Actin was
used for loading control. Densitometry (ImageJ; NIH, Bethesda,
MD) was used to assess the differences in the results.

RNA extraction and quantitative real-time PCR
Cells were first homogenized with TRIzol (Invitrogen), and

RNA was extracted using Direct-zol RNA MiniPrep (Zymo
Research). cDNA was generated with 1 mg of high-quality RNA
using a SuperScript-III reverse transcriptase kit (Thermo Scientif-
ic). Quantitative real-time PCR was performed in triplicate in an
Applied Biosystems 7500 series real-time PCR system, using SYBR
Green Master Mix (Thermo Scientific). The 18S rRNA gene was
used as an endogenous control. The mean fold change was
recorded. The PR primers used were 50-CGATGCAGTCATTT-
CTTCCA-30 (F) and 50-GTCCTTACCTGTGGGAGCTG-30 (R). The
18S primers were 50-CGCCGCTAGAGGTGAAATTC-30 (F) and
50-TTGGCAAATGCTTTCGCTC-30 (R).
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Cell proliferation, cell-cycle, and apoptosis assays
To assess cell proliferation, we used the Click-iT EdU Assay Kit

(Invitrogen). Cellswere seeded into 6-well plates and cultured in a
phenol-red–free Opti-MEM with 2% dextran-coated charcoal-
stripped serum for 48 hours. Cells were then harvested for the
assessment of proliferation after a 96-hour treatment, or apopto-
sis after a 72-hour treatment, or cell cycle after a 48-hour treatment
with 20 mmol/L onapristone and or 100 nmol/L trametinib.

Apoptotic cells were evaluated using an Annexin V apoptosis
detection Kit (BD Biosciences). Cell pellets were suspended in 1mL
of 1� Annexin V binding buffer. Following this incubation for
30 minutes, 400 mL of 1� binding buffer was added to each tube,
and specimens were analyzed using an XL 4-color flow cytometer.

For cell-cycle analysis, we synchronized the treated cells by
maintaining them in serum-free media for 24 hours. The cells
were then trypsinized, washed with PBS, fixed in 70% cold
ethanol, and stored overnight at 4�C. After washing with PBS,
cell pellets were suspended in propidium iodide (Roche Diag-
nostics) at 50 mg/mL and RNAse A (Qiagen) at 100 mg/mL and
incubated in the dark at room temperature. The cell-cycle status
was determined using FACS.

IHC and immunofluorescence staining
Paraffin-embedded tumor tissue samples were incubated with

Ki67 (1:200), cleaved caspase-3 (1:100), p21 (1:100), or PR (1:140,
Abcam 32085) and phospho-PR (S345; 1:100) overnight at 4�C.
Antigen retrieval for phospho-PRs (S345) and p21 was performed
using 1 mmol/L EDTA-NaOH solution (pH 8.0) by steamer treat-
ment for 30 minutes. Antigen retrieval for total PR was performed
using 1� Diva-decloaker by steamer treatment for 20 minutes.
Staining with rat monoclonal anti-mouse CD31 (1:800; BD Phar-
mingen)was performedon the frozen sections. Phospho-PR (S294)
or phospho-PR (S345) expression was analyzed using immunoflu-
orescence (IF) staining. Briefly, cells were fixed in 4% paraformal-
dehyde, permeabilized with 0.025% Triton, incubated with phos-
pho-PR (S294) antibody (1:50) or phospho-PR (S345) antibody
(1:50) overnight at 4�C, and then incubated with Alexa Fluor 594–
conjugated anti-mouse or anti-rabbit antibody (1:1,000) for 1 hour
at room temperature. After washing with PBS, they were incubated
with DAPI (Invitrogen) for 10 minutes at room temperature.
Mounted samples were visualized using a fluorescent microscope
(Leica Microsystems CMS GmbH) with the appropriate filter (orig-
inal magnification, �200). For semiquantitative analysis of the
expression of phospho-PR (S294) or phospho-PR (S345), or PR,
the percentage of positive cells was determined in 6 random 0.159
mm2

fields at 200� magnification. Two independent investigators
evaluated the staining without the knowledge of the parameters.

Animal experiments
Female athymic nude mice (NCr-nu) were purchased from

Taconic Farms. All mouse studies were approved by the Institu-
tional Animal Care and Use Committee and the animals were
cared for in accordance with guidelines set by the American
Association for Accreditation of Laboratory Animal Care and the
US Public Health Service Policy on Human Care and Use of
Laboratory Animals. For therapeutic experiments, ISHIKAWA
uterine cancer cells were directly injected into the uterine horn
and to create an orthotopic mouse model of uterine cancer as
described previously (20). Forty mice were randomly allocated
into 4 treatment groups: control, onapristone (10 mg/kg subcu-
taneously, dissolving the drug in castor oil containing 10%benzyl

benzoate, daily; ref. 22), trametinib (1 mg/kg orally, dissolving
the drug in 30% PEG400/0.5% Tween80/5% propylene glycol,
daily; ref. 23), or onapristone plus trametinib. Treatment was
initiated 2 weeks after cancer cell injection into the uterine horn.
After 6weeks of treatment, themicewere sacrificed, and total body
weight, tumor location andweight, andnumber of tumornodules
were recorded. Tumor specimens were preserved in either opti-
mum cutting temperature medium (Miles Inc.; for frozen slides),
or fixed in formalin (for paraffin slides) for further analysis.

Statistical analyses
Statistical analyses were performed using the Statistical Package

for Social Science software version 18.0 (SPSS, Inc.). Continuous
variables were compared using a Student t test (for 2 groups) or
ANOVA (for all groups) if the data were normally distributed. For
nonparametric distributions, theMann–WhitneyU test was used.
A P value of <0.05 was deemed statistically significant.

Results
In vitro effects of onapristone in uterine cancer cells

To investigate the biological effects of onapristone in uterine
cancer cells, we first examined the mRNA and protein expression
of PR in a panel of uterine cancer cell lines and a breast cancer cell
line (T47D; Fig. 1A andB).We found that PRwas highly expressed
at both RNA and protein levels in ISHIKAWA cells, but weakly
expressed in SKUT2 cells.We selected the ISHIKAWA,HEC1A, and
SKUT2 cell lines based onPR expression and assessed the effects of
onapristone on cell survival using the MTT assay. We found that
onapristone treatment produced a reduction in the viability of
ISHIKAWA cells (Fig. 1C). Furthermore, PR silencing significantly
decreased the onapristone sensitivity of the PR-high–expressing
Ishikawa cells, compared with control siRNA (��, P < 0.01,
Supplementary Fig. S1). No significant effects were noted in the
other cell lines, suggesting thatmost of the uterine cancer cell lines
are relatively resistant to onapristone (24, 25). Therefore, we
selected ISHIKAWA and SKUT2 cells for further in vitro and
in vivo studies. To identify potential mechanisms by which ona-
pristone exerts its antitumor activity, we next tested its effects on
proliferation, apoptosis, and cell cycle in ISHIKAWA and
SKUT2cells.Onapristone increased rates of apoptosis (vs. control,
P < 0.01) in PR-high–expressing cells (ISHIKAWA), but not in
PR-weak–expressing cells (SKUT2; Fig. 1D). Onapristone also
decreased proliferation in ISHIKAWA cells, but not in SKUT2
cells (Fig. 1E). In addition, onapristone inducedG1-phase arrest in
ISHIKAWA cells, but not in SKUT2 cells (Fig. 1F).

It is known that PR is phosphorylated at different sites (basal
sites S81, S162, S190, and S400 and hormone-dependent sites
S102, S294, and S345), and their ligand-induced phosphorylation
has been well characterized (9). Next, we tested the effects of
onapristone on PR phosphorylation in uterine cancer cells. West-
ernblot analysis showed that theexpressionofphospho-PR(S345)
in ISHIKAWA cells was significantly inhibited by onapristone in a
dose-dependent manner at 24 hours (Fig. 1G). Meanwhile, the
expression of the PR-targeted p21 gene (26) was increased in
ISHIKAWA cells at 48 and 72 hours, but not detectable in SKUT2
cells at 24, 48, and 72 hours (Fig. 1H). Surprisingly, we also found
that onapristone induces slight increase in phosphorylation of
p44/42 MAPK in ISHIKAWA cells in a dose-dependent manner,
which prompted us to consider that MEK inhibition might
enhance the efficacy of onapristone in uterine cancer.
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Figure 1.

In vitro effects of onapristone in uterine cancer cells. Real-time PCR (A) and Western blot analyses (B) of PR expression in a panel of uterine cancer cell
lines. C, Cell viability after treatment with the indicated concentrations of onapristone for 72 hours. Cell viability was defined as the percentage of
viable cells in the treatment group relative to viable cells in the control group. Data represent the means of triplicate measurements with error bars
to represent the SEM. �� , P < 0.01 compared with the control group. In vitro functional studies of apoptosis (D) for 72 hours, proliferation (E) for 96 hours,
and cell cycle (F) for 48 hours in ISHIKAWA and SKUT2 cells treated with 20 mmol/L onapristone. Data represent the means of triplicate
measurements with error bars to represent the SEM. �� , P < 0.01 G, Western blot analysis of phospho-PR (S345) and phospho-p44/42 MAPK expression
in ISHIKAWA cells treated with the indicated concentrations of onapristone for 24 hours. Quantification of band intensity relative to phospho-PR
intensity is shown graphically. � , P < 0.05; �� , P < 0.01 compared with the control group. Quantification of band intensity relative to p44/42 MAPK
intensity is shown graphically. NS indicates P > 0.05, compared with the control group. H, Western blot analysis of p21 expression in ISHIKAWA
and SKUT2 cells treated with 10 mmol/L onapristone for 24, 48, and 72 hours. Quantification of band intensity relative to b-actin intensity is shown
graphically.
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MEK inhibition enhanced antitumor activity of onapristone
in uterine cancer cells

On the basis of our in vitro data and the existing knowledge that
MAPKs may serve to couple PR protein stability to regulation of
transcriptional activity (27), we assessedwhether the combination
of onapristone and trametinib exerts synergistic or additive effects
onuterine cancer cells.We selected trametinib for the in vitro and in
vivo studies because trametinib is already FDA-approved for treat-
ing several malignancies. ISHIKAWA and SKUT2 cells were treated
with onapristone and trametinib at the indicated doses, as the
sensitivity of the uterine cancer cell lines to trametinib is quite
different. The MTT assay and isobologram analysis showed a
synergistic effect of onapristone and trametinib in the ISHIKAWA
cells, but not in SKUT2 cells (Fig. 2 A–C; Supplementary Fig. S2).
These results suggest that MEK inhibition enhances the sensitivity
of uterine cancer cells to onapristone.

Further in vitro studies showed that combination treatment
significantly increased rates of apoptosis by 1.7-fold compared
with onapristone alone (P < 0.01) and 3.2-fold compared with
trametinib alone (P < 0.01) in ISHIKAWA cells (Fig. 2D). Com-
bination treatment decreased the proliferation rate by 42.7%
compared with onapristone alone (P < 0.01) and 53.2% com-
pared with trametinib alone (P < 0.01) in ISHIKAWA cells
(Fig. 2E). Furthermore, the combination treatment increased the
proportion of the cell population in the G1 phase over that
observed for onapristone or trametinib alone (Fig. 2F).

In vivo effects of onapristone, trametinib, or combination
therapy in orthotopic mouse models of uterine cancer

Next, we tested the effects of the combination therapy in
orthotopic mouse models of PR-high–expressing uterine tumors.

In the ISHIKAWA model, onapristone demonstrated more anti-
tumor activity than no treatment [65.5% reduction in tumor
weight versus control P < 0.05] and 63.6%decrease in the number
of tumor nodules versus control (P < 0.01; Fig. 3A and B).
Trametinib treatment also exhibited antitumor activity (86.2%
reduction in tumor weight vs. control P < 0.01) and 76.0%
decrease in the number of tumor nodules versus control (P <
0.01; Fig. 3A and B). The combination of both drugs resulted in
a large reduction in tumor weight in the ISHIKAWA model
(96.5% vs. control; P < 0.01) and 85.2% decrease in the number
of tumor nodules versus control (P < 0.01; Fig. 3A and B). The
combination of both drugs resulted in a significant reduction in
tumor weight in the ISHIKAWA model, compared with onapris-
tone or trametinib (89.7% vs. onapristone, P < 0.05; 74.5% vs.
trametinib, P < 0.05). The combination of both drugs resulted in a
significant reduction in tumor nodules in the ISHIKAWA model,
compared with onapristone alone (59.6% vs. onapristone, P <
0.05). No obvious toxicity was observed in any of the groups; the
mean body weight was similar across all groups (Fig. 3C). No
antitumor activity of onapristone was seen in the PR-weak–
expressing SKUT2 model (Supplementary Fig. S3).

To examine the biological effects of onapristone–trametinib
combination therapy, we examined tumor specimens from the
ISHIKAWA mouse model for markers of proliferation (Ki67),
apoptosis (cleaved caspase-3),microvessel density (MVD;CD31),
phospho-PR (S345), total PR and downstream target of PR (p21).
Representative images of IHC staining are presented in Fig. 3D.
We observed that rates of apoptosis were significantly increased in
the combination group over onapristone or trametinib alone
from 7.9 � 1.1 to 26.6 � 2.2 (P < 0.01); from 11.1 � 0.7 to
26.6� 2.2 (P < 0.01). Specifically, expression of cleaved caspase-3

Figure 2.

In vitro effects of onapristone and trametinib in uterine cancer cell lines. A and B, Cell viability after treatment with onapristone and trametinib at the
indicated doses in ISHIKAWA cells for 72 hours. Data represent the means of triplicate measurements with error bars to represent the SEM. � , P < 0.05 and
�� , P < 0.01 compared with the control group. C, Isobologram analysis of the two-drug interaction in ISHIKAWA cells. In vitro functional studies of
apoptosis (D) for 72 hours, cell proliferation for 96 hours (E), and cell cycle (F) at 48 hours in ISHIKAWA cells treated with 20 mmol/L onapristone
combined with 100 nmol/L trametinib. �� , P < 0.01 compared with the single drug.
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and p21 was increased in the combination treatment group (Fig.
3D), whereas levels of phospho-PR (S345) and Ki67 and CD31
were significantly decreased, but total PR was not significantly

changed (Supplementary Fig. S4). These results confirmed our in
vitro findings that combination treatment showed better antitu-
mor activity than did either monotherapy.

Figure 3.

In vivo effects of onapristone and trametinib in orthotopic mouse model of uterine cancer. In vivo effect of onapristone, trametinib, and the combination
of both drugs on tumor weight (A), number of tumor nodules (B), and body weight (C). Error bars indicate the SEM; � , P < 0.05. D, IHC staining
showing the effects of onapristone, trametinib, and the combination on apoptosis (cleaved caspase-3), cell proliferation (Ki67), and MVD (CD31) in the
ISHIKAWA model. Predictive markers [phospho-PR (S345) and p21] are shown for the ISHIKAWA model. � , P < 0.05 and �� P < 0.01, compared with the single
drug; Original magnification, �200.
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Blocking the nuclear translocation of phospho-PR by trametinib
or onapristone or the combination in uterine cancer cells

It has been reported that PR phosphorylation at S345 is also
MAPK-dependent (5, 28).We further testedwhether trametinib can
also inhibit PR phosphorylation at S345. Western blot analysis
showed that the expression of phospho-PR (S345) was decreased
by trametinib treatment (Fig. 4A). Phosphorylation of p44/42
MAPK was also inhibited by trametinib treatment. Moreover, the
combination treatment significantlydecreasedphospho-PR (S345)

expression and increased p21 expression in ISHIKAWA cells com-
pared with the controls (Fig. 4B and C). Furthermore, IF analysis
revealed that MEK inhibition enhances the sensitivity of uterine
cancer cells to onapristone, likely through blocking the nuclear
translocation of phospho-PR (S345; Fig. 4D and E).

In addition, PR phosphorylation at S294 is also MAPK-depen-
dent (29, 30). Because the expression of phospho-PR (S294) in
ISHIKAWA cells is low, we used R5020 (PR agonist) to induce it.
There are at least two independent mechanisms for nuclear

Figure 4.

Effects of onapristone or trametinib on the nuclear translocation of phospho-PR (S345) in uterine cancer cells. A, Western blot and semiquantitative
analysis of phospho-PR (S345) and phospho-p42/44 MAPK expression in ISHIKAWA cells treated with trametinib at the indicated doses for 24 hours.
Western blot (B) and semiquantitative analysis (C) of phospho-PR(S345) and phospho-p42/44 MAPK expression in ISHIKAWA and SKUT2 cells treated with
10 mmol/L onapristone, 100 nmol/L trametinib, or a combination for 24 hours. �, P < 0.05, compared with control. P21 was assessed using 10 mmol/L
onapristone, 100 nmol/L trametinib, or a combination for 48 hours (P > 0.05, compared with control). IF (D) and semiquantitative analysis (E) of the
nuclear phospho-PR (S345) in ISHIKAWA cells treated with 10 mmol/L onapristone, 100nmol/L trametinib, or a combination for 24 hours. Data represent
the means of six random field measurements with error bars to represent SEM. � , P < 0.05 and �� , P < 0.01, compared with the control.
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Figure 5.

Effects of onapristone, trametinib, and combination treatment on the nuclear translocation of R5020 or EGF-induced phospho-PR (S294) in uterine cancer
cells. A, Western blot and semiquantitative analysis of R5020-induced phospho-PR expression in ISHIKAWA cells treated with 10 mmol/L onapristone,
100 nmol/L trametinib, or both for 2 hours, followed by 25 nmol/L R5020 for 1 hour. IF (B) and semiquantitative analysis (C) of R5020-induced phospho-PR
expression and location in ISHIKAWA cells treated with 10 mmol/L onapristone, 100 nmol/L trametinib, or both for 2 hours followed by 25 nmol/L
R5020 for 1 hour. Data represent the means of 6 random field measurements with error bars to represent SEM. � , P < 0.05, compared with the R5020
treatment. D, Western blot and semiquantitative analysis of EGF-induced phospho-PR expression and location in ISHIKAWA cells treated with 10 mmol/L
onapristone, 100 nmol/L trametinib, or both for 2 hours, followed by treatment with 30 ng/mL EGF for 30 minutes. �� , P < 0.01, compared with EGF
treatment or control. IF (E) and semiquantitative analysis (F) of EGF-induced phospho-PR expression and location in ISHIKAWA cells treated with 10 mmol/L
onapristone, 100 nmol/L trametinib, or both for 2 hours, followed by treatment with 30 ng/mL EGF for 30 minutes. Data represent the means of six
random field measurements with error bars to represent SEM. � , P < 0.05, compared with EGF treatment.
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translocation of phospho-PR (S294). We first tested whether ona-
pristone inhibits R5020-induced (ligand-dependent)nuclear trans-
location of phospho-PR (S294). Western blotting and IF showed
that treatment of ISHIKAWA cells with R5020 at 25 nmol/L for 1
hour resulted in PR phosphorylation at the S294 site and nuclear
translocation, whereas treatment of ISHIKAWA cells with onapris-
tone at 10mmol/L blocked R5020-induced nuclear translocation of
phospho-PR(S294). IF stainingwith thephospho-antibody reflects
a change in cellular location of phospho-PR, because onapristone
did not affect total PRprotein levels (Fig. 5A–C; Supplementary Fig.
S4). Onapristone blocked R5020-induced phospho-PR (S345;
Fig. 5A). However, trametinib did not decrease R5020-induced
nuclear translocation of phospho-PR (S294) and phospho-PR
(S345). In addition, phospho-p44/42MAPKwas blocked by either
trametinib or the combination of onapristone and trametinib. It
has been reported that MAPKs play a dual role in PR subcellular
trafficking and aid the rapid nuclear association of PR via S294
phosphorylation in response to growth factors in the absence of
ligand(31). Therefore,we testedwhether trametinib canblockEGF-
mediated (ligand-independent) phospho-PR (S294) nuclear trans-
location. Western blot and IF analyses revealed that EGF signifi-
cantly induced phospho-PR (S294) nuclear translocation and that
EGF-induced nuclear translocation of phospho-PR (S294) was
blocked by trametinib treatment (Fig. 5D–F). Interestingly, IF
analysis also revealed that onapristone induced phospho-PR
(S294) translocation from a nuclear to a perinuclear location (Fig.
5E). In addition, phospho-p44/42MAPK was induced by EGF and
blocked by either trametinib or the combination of both drugs.
Ligand-dependent phospho-PR (S294) blocked by onapristone
and ligand-independent phospho-PR (S294) inhibited by trame-
tinib suggests that MEK inhibition enhances the sensitivity of
uterine cancer cells to onapristone, likely through blocking the
nuclear translocation of phospho-PR (S294). We also found that
EGF did not induce phospho-PR (S345; Fig. 5D).

Discussion
The key findings from this study are that the combination

therapy of onapristone and trametinib results in superior
preclinical antitumor effects in uterine cancer compared with
either monotherapy, both in vitro and in vivo. Although the
exact mechanisms by which the combination of onapristone
and trametinib exerts its synergistic effects remain largely
unknown, we have identified that nuclear translocation of
phospho-PR (S294) and phospho-PR (S345) is a key determi-
nant of uterine cancer cells' sensitivity to onapristone and
trametinib treatment.

Progesterone acts by binding to PR and regulating genomic
and non-genomic pathways in both a ligand-dependent (25)
and a ligand-independent manner (5). Our study further indi-
cates that MEK inhibition enhances the sensitivity of uterine
cancer cells to onapristone, partially through blocking the
nuclear translocation of phospho-PR (S294 and S345).
MAPK-dependent activation of phospho-PR might contribute
to resistance to ligand-dependent PR targeted therapy. MAPKs
have been reported to regulate PR at multiple points, including
transcriptional synergy and nuclear translocation and play a
dual role in PR subcellular trafficking (31). In the absence of
ligand, phosphorylation of PR by MAPKs is likely to aid the
rapid nuclear translocation of PR via S294 phosphorylation
in response to EGF (27, 30). It has also been reported that

RU486 with both mixed agonist and antagonist activities
induces the PR phosphorylation at S294 to the same extent as
R5020 (PR-agonist; ref. 32). In contrast, onapristone blocks the
R5020-induced PR phosphorylation at S294 (9). Consistent
with those results, our study has shown that EGF-induced
nuclear translocation of phospho-PR (S294) was blocked by
trametinib or onapristone while R5020-induced nuclear trans-
location of phospho-PR (S294) was blocked by onapristone.
The third possible explanation is that trametinib can inhibit
pMAPK induced by onapristone or R5020 or EGF, which may
enhance the antitumor activity. Still, the mechanism by which
MEK inhibition enhances the sensitivity of uterine cancer cells
to onapristone needs to be explored further. The fourth pos-
sible explanation for the synergistic effect we observed could be
that extracellular rapid activation of the EGF/EGFR and Src/
MAPK cascade may promote PR phosphorylation-dependent
interactions with other regulatory molecules (coactivators or
cosuppressors) and mediate nonclassical transcriptional syner-
gy (p21; refs. 27, 28). Consistent with this possibility, we found
that p21 expression was higher in PR-high–expressing cells
treated with both onapristone and trametinib compared with
either monotherapy. These results provide additional support
for the rationale for the use of onapristone-trametinib combi-
nation therapy for treatment of uterine cancer.

Identification of biomarkers for predicting response to PR-
targeted therapies is important for further clinical development.
We have identified that nuclear translocation of phospho-PR
(S294) and phospho-PR (S345) is a key determinant of uterine
cancer cells' sensitivity to onapristone and trametinib treatment.
Consistent with our findings, a recent study showed that patients
with uterine cancer with active PR (a transcriptionally active PR)
may benefit from progesterone antagonists (24, 25). Whether
active PR can be a reliable biomarker to predict onapristone
sensitivity will require additional testing (13).

In summary, our studies indicate that nuclear translocation of
phospho-PR (S294) and phospho-PR (S345) is a key determinant
of uterine cancer cells' sensitivity to onapristone and trametinib
treatment. Targeting MAPK-dependent PR activation with ona-
pristone alone or in combination with trametinib, significantly
inhibited tumor growth in preclinical uterine cancer models and
is worthy of further clinical investigation.
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