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Background: Inflammatorymediator prostaglandin E2–prostaglandin E2 receptor EP3 (PTGER3) signaling is crit-
ical for tumor-associated angiogenesis, tumor growth, and chemoresistance. However, the mechanism underly-
ing these effects in ovarian cancer is not known.
Methods: An association between higher tumoral expression of PTGER3 and shorter patient survival in the ovar-
ian cancer dataset of The Cancer Genome Atlas prompted investigation of the antitumor effects of PTGER3
downmodulation. PTGER3 mRNA and protein levels were higher in cisplatin-resistant ovarian cancer cells than
in their cisplatin-sensitive counterparts.
Findings: Silencing of PTGER3 via siRNA in cancer cells was associated with decreased cell growth and less inva-
siveness, as well as cell-cycle arrest and increased apoptosis, mediated through the Ras-MAPK/Erk-ETS1-ELK1/
CFTR1 axis. Furthermore, sustained PTGER3 silencing with multistage vector and liposomal 2’-F-
phosphorodithioate-siRNA–mediated silencing of PTGER3 combined with cisplatin resulted in robust antitumor
effects in cisplatin-resistant ovarian cancer models.
Interpretation: These findings identify PTGER3 as a potential therapeutic target in chemoresistant ovarian cancers
expressing high levels of this oncogenic protein.
Fund: National Institutes of Health/National Cancer Institute, USA.

© 2018 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Ovarian cancer (OC) is the most lethal of all gynecological cancers.
Early OC manifests very few specific symptoms, and most cases are di-
agnosed in advanced stages. This absence of symptoms in early disease
and a lack of definitive screeningmethods are the primary causes of late
diagnosis and decreased overall survival for patients with OC [1]. The
current management of advanced epithelial OC generally consists of
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cytoreductive surgery followed by adjuvant chemotherapy that in-
cludes a platinum-based agent combinedwith paclitaxel [2,3]. Although
this protocol typically induces an initial favorable response, most OCs
eventually develop drug resistance, resulting in progressive disease
and ultimately the patient's death [4].

The substantial role of inflammation in the pathogenesis of can-
cer has emerged in recent years [5,6]. Menstrual pain [7], endome-
triosis [8,9], and pelvic inflammatory disease [10] have been
identified as possible risk factors for OC, as has malignant bowel
obstruction in patients with recurrent OC [11]. Inflammatory cells
and mediators such as reactive oxygen and nitrogen species, cyto-
kines, chemokines, and prostaglandins are continuously present
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Ovarian cancer (OC) is the leading cause of gynecological cancer
related mortality. After initial response to therapy, there is high
rate of recurrence and frequently rapid emergence of drug resis-
tance. The pathology underlying this disease is not fully under-
stood, but an inflammatory process is one factor suggested to
participate in tumorigenesis. Recent studies indicate that PGE2,
the ligand for at least four membrane-bound receptors, EP1–4,
can activate cell growth and proliferation pathways in various
types of cancer, including OC. However, the signaling pathway
predominantly affecting OC chemoresistance is not well
understood.

Added value of this study

In this study, we discovered that PTGER3 promotes drug resis-
tance through regulation of the Ras-MAPK/Erk-ETS1-ELK1 path-
way in OC cells, resulting in increased cell growth and reduced
apoptosis. Using a multistage vector (MSV) system and 2′F-P2-
siRNA, we achieved sustained PTGER3 silencing in xenograft
models of OC, which significantly reduced tumor growth. To-
gether, the data presented show that PTGER3has a previously un-
recognized role in the dual regulation of drug resistance and
signaling pathways that are critical to cellular survival and
tumorigenesis.

Implications of all the available evidence

Our findings indicate that PTGER3 is an important regulator of OC
drug resistance through up-regulation of the Ras-MAPK/Erk2-
ETS1-ELK1 axis in cancer cells, resulting in increased migration
and proliferation and decreased apoptosis. PTGER3 is an attrac-
tive target for OC therapy.

291C. Rodriguez-Aguayo et al. / EBioMedicine 40 (2019) 290–304
in tumor tissues, supporting the association between cancer and
inflammation [5,12].

Prostaglandin E2 (PGE2), a major COX-2 metabolite abundantly
present in the cancer microenvironment, is an important mediator of
immune regulation, epithelial cell growth and invasion [13–15], and ep-
ithelial survival [16]. Recent studies indicate that PGE2 can activate cell
growth and proliferation pathways in various types of cancer, including
OC. PGE2 exerts its multiple effects through four G protein–coupled re-
ceptors designated as EP1, EP2, EP3, and EP4 (PTGERs) [17] and through
downstream components of cell proliferation pathways such as MAPK/
Erk [13,15]. PGE2–prostaglandin E2 receptor EP3 (PTGER3) signaling
has been shown to be critical for tumor-associated angiogenesis and
tumor growth [18]. Furthermore, aberrant expression of PTGER3 has
been associated with the biological hallmarks of several malignancies
with negative clinical outcomes [19,20]. However, the roles of PTGER3
and its downstream effectors in chemotherapeutic resistance, metasta-
sis, and proliferation are not well understood.

In this study, we discovered that PTGER3 promotes drug resistance
through regulation of the Ras-MAPK/Erk-ETS1-ELK1 pathway in OC
cells, resulting in increased cell growth and reduced apoptosis. Using a
multistage vector (MSV) system and 2′F-P2-siRNA, we achieved
sustained PTGER3 silencing in xenograft models of OC, which signifi-
cantly reduced tumor growth. Thus, PTGER3 is an attractive target for
OC therapy.
2. Methods

2.1. Cell culture and reagents and siRNA transfection

Normal ovarian cell line HIO180 and OC cell lines OVCAR-3, SKOV3-
ip1, HeyA8, and A2780-PAR (all cisplatin-sensitive) and OVCAR-5 (cis-
platin-resistant) were obtained from ATCC. Chemotherapy-resistant
cell lines SKOV3-TR, HeyA8-MDR, and A2780-CP20 were obtained
from Vivas-Mejia et al. (2011)35 and Moreno-Smith et al. (2013)36.
Cells were maintained in RPMI 1640 or Dulbecco modified Eagle–F12
medium (Corning Cellgro) supplemented with 10%–15% heat-
inactivated FBS and 0.1% gentamicin sulfate (Gemini Bioproducts). All
cell lines were maintained in 5% CO2 and 95% air at 37 °C. SKOV3-TR
cells were maintained in RPMI 1640 supplemented with 10% FBS and
150 ng/mL paclitaxel. HeyA8-MDR cells were maintained in RPMI
1640 supplemented with 10% FBS and 300 ng/mL taxol. All cell lines
were screened formycoplasmaby using theMycoAlertmycoplasma de-
tection kit (Lonza). All experimentswere conductedwith cell cultures at
60%–80% confluence.

The PTGER3 siRNA duplex was synthesized by Sigma-Aldrich. The
siRNA target sequence was as follows: 3′-CTGCAACCTGGCCACCATT-5′.
Cells were transfected with PTGER3 siRNA or non-silencing control
siRNA. All siRNA transfections were carried out with Hiperfect (Qiagen)
according to the manufacturer's recommended protocol. All siRNA se-
quences used in this study are listed in Supplementary Table 3.
2.2. Survival and correlation analysis for TCGA OC samples

We downloaded mRNA expression and clinical information for
the ovarian serous cystadenocarcinoma samples profiled by TCGA
from FIREHOSE Broad GDAC (http://gdac.broadinstitute.org/). Analy-
ses were carried out in an R statistical environment (version 3.0.1)
(http:///www.r-project.org/). All tests were two-sided and consid-
ered statistically significant at the 0.05 level. We performed Cox re-
gression analysis (univariate and multivariate) for associations
between survival and PTGER3 as well as known clinical parameters
with data available (age, stage, and grade). We saw a consistent as-
sociation between PTGER3 expression and bad outcome across the
different techniques to measure mRNA abundance. For data visuali-
zation, we used the log-rank test to find the point (cut-off) with
the most significant (lowest p value) split in high/low groups
for RNASeq data. The Kaplan-Meyer method was then used to gen-
erate survival curves for both RNASeq and Agilent data cohorts
using this cut-off. The Spearman's rank-order correlation test was
applied to measure the strength of the association between genes
of interest.
2.3. Western blot analysis

Whole cell lysates were prepared from cultured cells by subjecting
them to ice-cold lysis buffer supplemented by protease and phospha-
tase inhibitor cocktails (Sigma). Proteinswere isolated and then quanti-
fied with Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Total
protein samples (30 μg) were subjected to electrophoresis on 7.5%,
10%, and 4% to 15%–gradient sodium dodecyl sulfate polyacrylamide
gels (Bio-Rad) and then each was electrophoretically transferred onto
a polyvinylidene difluoride membrane (Millipore). Membranes were
blocked with non-fat dry milk, washed, and probed overnight at 4 °C
with primary antibody followed by horseradish peroxidase (HRP)–con-
jugated secondary rabbit or mouse antibody (Cell Signaling Technol-
ogy). All antibodies used in this study are listed in Supplementary
Table 1. Bound antibodieswere visualized by using an enhanced chemi-
luminescent HRP antibody detection kit (Denville Scientific).

http://gdac.broadinstitute.org/
http://www.r-project.org
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2.4. RNA isolation and real-time PCR analysis

Total RNA was isolated from cells by using TRIzol reagent
(Invitrogen), and 1 μg of each total RNA was reverse-transcribed by
using Superscript III One-Step Reverse Transcription-PCR System
(Invitrogen) according to the manufacturer's recommended protocol.
The obtained cDNAwas subjected to real-time PCR using iTaq Universal
SYBR Green Super mix (BioRad).

All primers used in this study are listed in Supplementary Table 3.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a
housekeeping gene (internal control). Thirty-nine cycles of amplifica-
tion were performed under the following conditions: melting at 95 °C
for 3 min; annealing at 60 °C for 30 s; and melting curve at 65 °C to 95
°C in increments of 0.5 °C.

2.5. Immunofluorescence

Cells (2.0 × 104/well) were seeded into 48-well plates and subjected
to transfection with PTGER3 or control siRNA. After transfection, cells
were fixed in 2% paraformaldehyde, blocked in 10% FBS overnight, and
then incubated with primary rabbit polyclonal anti-human PTGER3 an-
tibody (1:500; Cayman) followed by secondary antibody goat anti-
rabbit Alexa Fluor 488 (Molecular Probes). Hoechst 33342 (1:10000,
Molecular Probes) was used as a nuclear counterstain. Immunofluores-
cent images were captured by using a Nikon eclipse TE2000-U micro-
scope. At least 5 random images were taken for each sample.

2.6. Cell proliferation assay

Cell viability was assayed by using the Alamar blue reagent (Thermo
Fisher Scientific). Briefly, A2780-CP20 and OVCAR5 cells (1.0
× 103/well) were seeded in 96-well culture plates. Cells were treated
with either cisplatin, siRNA, or in combination for 72 h. After treatment,
the Alamar blue solution dilutedwith culturemedium to a final concen-
tration of 10% was added to each well. The absorbance was recorded by
a spectrophotometer (Molecular Devices).

2.7. Apoptosis and cell cycle analysis

The resistant A2780-CP20 and OVCAR5 cell lines were transfected
with non-silencing negative control or PTGER3 siRNA for 72 h and
stained with the FITC-Apoptosis Detection Kit (BD Pharmingen) and
propidium iodide (Molecular Probes). Apoptosis was analyzed by a
FACSCalibur flow cytometer and CellQuest Pro software according to
manufacturer's recommended protocol. For cell cycle analysis, the
cells were fixed in 75% ethanol at −20 °C overnight. The cells then
were washed with cold phosphate-buffered saline (PBS), treated with
100 μg of RNase A (Qiagen), and stainedwith 50 μg of propidium iodide.
Cell cycle profiles were analyzed by using the FACSCalibur flow
cytometer.

2.8. Wound healing assay

Cellmigrationwasmeasured by awoundhealing assay. A2780-CP20
and OVCAR5 cells (6.0 × 104/well) were plated onto 6-well plates for
16 h before transfection with PTGER3 or control siRNA. After transfec-
tion, cells were incubated at 37 °C until they reached 100% confluence
to form a monolayer. Each cell monolayer was carefully scratched by
using a p200 pipet tip, and cellular debris was removed by washing
with Hanks balanced salt solution (HBSS; Gibco). Imageswere captured
at 0, 12, 24, and 36 h (dependingon cell line) after scratchingwith use of
a phase-contrast Nikon eclipse TE2000-Umicroscope. The rate ofmigra-
tion was measured by quantifying the total distance that transfected
cells migrated from the edge of the scratch toward the center of the
scratch. The obtained values were expressed as percentage migration.
Experiments were done 3 times in duplicate.
2.9. Invasion assay

Cell invasiveness was assessed by a transwell chamber assay.
Transwell chambers (Greiner Bio One) were coated with Matrigel
(Corning) containing extracellular matrix proteins. A2780-CP20 or
OVCAR5 cells transfected with control or PTGER3 siRNA were
suspended in serum-free medium and added into the upper Matrigel-
coated chambers (5.0 × 105 cells/chamber). Completemedium contain-
ing 10% FBSwas added to the lower chambers as a chemoattractant. The
cells were incubated at 37 °C in 5% CO2 for 24h. After incubation, the
cells in the upper chamber were removed with cotton swabs. Cells
that invaded the lower chambers were fixed and stained using the
Hema3 staining set (Protocol). Cells in 5 random fields were counted
by using ImageJ 1.48v software. Experiments were repeated 3 times.
2.10. Colony formation assay

Cells were plated onto 24-well plates (300 cells/well), transfected
with control siRNA or PTGER3 siRNA, and incubated at 37 °C for
1–3 weeks to form colonies. At the end of the incubation, the colonies
were washed once with PBS and stained with crystal violet (0.5% w/v)
and photographed in a Nikon eclipse TE2000-U microscope. ImageJ
1.48v softwarewas used to count the number of colonies perwell. A col-
ony was defined as consisting of at least 50 cells. Each experiment was
performed in quadruplicate and repeated 3 times.
2.11. Tube formation assay

Tube formation assaywas performed according to the followingpro-
tocol. Briefly, 50 μL of Matrigel (BD) was loaded in each well of the 96-
well angiogenesis plate and incubated at 37 °C for 30 min to allow
Matrigel to polymerize. RF-24 cells were seeded into 6-well plate and
transfected with either control or PTGER3 siRNA for 72 h. Cells (1.5
× 104) were harvested and added into the Matrigel. The plate was
then incubated at 37 °C, and tube formation was observed at 0, 6, 12,
and 24 h. At 24 h, the wells were imaged using a Nikon microscope.
2.12. Chromatin immunoprecipitation assay

A2780-CP20 cells were cultured in 10% FBS to ~75% confluence, and
cells were cross-linkedwith 37% formaldehyde (final concentrationwas
1%) for 20min andwere incubatedwith glycine (0.125M) as previously
described. Cells were lysed, and chromatin was sonicated 6 times for
10 s in each, according to the protocol provided by the kit (EZ ChIP, Up-
state Biotechnology; cat #17–371). Possible binding sites of ETS1 and
ELK1 in the CFTR promoter were predicted with use of an online tool
(http://alggen.lsi.upc.es). Six primer pair sets were designed by using
basic local alignment search tool software (National Center for Biotech-
nology Information). Primers used for amplification of theDNA in quan-
titative PCR are shown in Supplementary Table 3. Anti-ELK1 antibody,
anti-ETS1 antibody were used for the chromatin immunoprecipitation
assays (details are provided in Supplementary Table 1). The Bio-Rad
DNA Engine Dyad Thermal Cycler (Bio-Rad) was used with the follow-
ing cycling conditions: 2 min at 94 °C, followed by 35 cycles of 30 s at
94 °C, 30 s at 60 °C, and 1 min at 72 °C, followed by 1 min at 72 °C.
2.13. Sulprostrone treatment

A2780-CP20 and OVCAR5 cells (6.0 × 104/well) were seeded into 6-
well plates and subjected to treatment with sulprostrone (Cayman),
PTGER3 agonist, in various concentrations. After 72 h, cells were ob-
served with use of a microscope and were then harvested for Western
blot analysis.

http://alggen.lsi.upc.es
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2.14. Serum stability assay

SiRNAs (1.33μg) were incubated in 20μL of 10% FBS in PBS at 37 °C
for up to 24h. All samples were separated in 20% polyacrylamide gels.

2.15. Preparation of siRNA nanoliposomes and assembly into MSV

siRNAs were incorporated into 1,2-dioleoyl-sn-glycero-3-
phosphocholine (DOPC; Avanti Polar Lipids, Inc.) by lyophilization.
Briefly, 15 μg of siRNA and DOPC were mixed in the presence of excess
t-butanol at a ratio of 1:10 (w/w) as described previously [21]. After ad-
dition of Tween-20, the mixture was frozen in an acetone-dry ice bath
and dried. Liposomes were reconstituted by adding 40 μL of water into
the vial and mixing briefly and were then loaded into discoidal porous
silicon-based MSV microparticles (6 × 108) as we have previously de-
scribed [22].

2.16. OC xenograft mouse model studies

Female athymic nudemicewere purchased from Taconic Farms. An-
imal studies were conducted in accordancewith the guidelines set forth
by the American Association for Accreditation of Laboratory Animal
Care and the US Public Health Service policy on Humane Care and Use
of Laboratory Animals. Allmouse studieswere approved and supervised
by TheUniversity of TexasMDAnderson Cancer Center Institutional An-
imal Care and Use Committee. All animals used were 6–8 weeks old at
the time of injection.

Orthotopic models of OC were developed as described previously24.
A2780-CP20 or OVCAR5 cells were harvested by using trypsin-EDTA,
neutralized with FBS-containing medium, washed, and resuspended in
appropriate numbers in HBSS before injection. To assess the therapeutic
activity of MSVs, DOPC-nanoliposomes bearing either control siRNA or
PTGER3 siRNAwere loaded by capillarity into silicon particles to assem-
ble MSVs for delivery of PTGER3 siRNA alone and in combination with
cisplatin. Nude mice bearing A2780-CP20 tumors were randomly di-
vided into 4 groups (4 mice/group) and treated with the following:
MSV-DOPC-negative control-siRNA (15 μg control siRNA); MSV-DOPC-
PTGER3-siRNA (15 μg PTGER3 siRNA); MSV-DOPC-negative control-
siRNA + cisplatin (15 μg control siRNA +160 μg CIS); or MSV-DOPC-
PTGER3-siRNA (15 μg PTGER3 siRNA +160 μg CIS). Cisplatin was ad-
ministered intraperitoneally once weekly, and MSV/siRNA was admin-
istered intravenously biweekly. Animals were killed by cervical
dislocation after 6 weeks of treatment, and tumors were removed and
processed for immunohistochemical (IHC) analyses. Once mice in any
group became moribund or after 6 weeks they were killed and
necropsied, and tumors were harvested. Tumor weight and number
and location of tumor nodules were recorded. Tumor tissue was fixed
in formalin for paraffin embedding, frozen in optimal cutting tempera-
ture medium (OCT) to prepare frozen slides, or snap-frozen for lysate
preparation.

2.17. IHC analysis

IHC analysis for Ki-67 was performed on 4-μm formalin-fixed
paraffin-embedded epithelial cancer sections. Slides were
deparaffinized and dehydrated and then subjected to antigen retrieval
by using 1× Diva Decloaker (BioCare Medical) under a steamer. Endog-
enous peroxidases were blocked with 3% hydrogen peroxide in metha-
nol followed bywasheswith PBS. Nonspecific bindingwas blockedwith
5%normal horse serum and 1%normal goat serum in PBS. Sampleswere
incubated with primary antibody against Ki-67 (1:200, Neomarkers)
overnight at 4 °C, followed by the addition of goat anti-rabbit HRP sec-
ondary antibody (Jackson Immuno Research Laboratories) diluted in
blocking solution.

IHC analyses for CD-31 were performed on 8-μm sections of fresh
frozen cancer specimens embedded in OCT. Slides were fixed with
cold acetone and acetone:chloroform and rehydrated with PBS. Non-
specific binding was blocked with 5% normal horse serum and 1% nor-
mal goat serum in PBS. Samples were incubated with the primary
antibody, rat anti-mouse CD-31 (1:200, BD Pharmingen), overnight at
4 °C. After samples were washed, they were incubated with
peroxidase-conjugated goat anti-rat secondary antibody (Jackson
ImmunoResearch Laboratories). The slides were incubated with 3, 3′-
diaminobenzidine (Sigma-Aldrich) at room temperature, counter-
stained with hematoxylin for 15 s, and mounted on a slide to be ana-
lyzed with use of a bright-field microscope.

2.18. TUNEL assay

The terminal deoxinucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay (Promega) was performed on 4-μm sections of
fresh frozen cancer specimens embedded in OCT according to the man-
ufacturer's recommendation. The fragmented DNA of apoptotic cells
was detected by fluorescence microscopy.

2.19. Tissue platinum measurement

For analysis of the total platinum level in tumor, lung, or liver tissue
samples were weighed and dissolved in benzethonium hydroxide (100
uL of benzethoniumhydroxide/30mg tissue) in a 55 °Cwater bath over-
night. After acidification with 0.3 N HCl (4 vols), the samples were ana-
lyzed by flameless atomic absorption spectrophotometry (FAAS), and
the platinum levels were determined by the method of standard addi-
tion, as described previously [23].

2.20. Statistical analysis

The Student t-test (unpaired, two-tailed)was used to compare inde-
pendent samples from 2 different groups. All statistical tests were 2-
tailed and performed by GraphPad Prism 6.0. All data were presented
as mean± standard deviation (SD). P b .05 was considered statistically
significant.

3. Results

3.1. Elevation of PTGER3 expression is associated with poor patient survival
in OC and cisplatin resistance in OC cell lines

We analyzed mRNA data from the TCGA database by using RNAseq
and a microarray for patients with OC. High expression of PTGER3 was
significantly associated with shorter overall survival for OC patients.
The Cox regression analysis of overall survival yielded for RNASeqv2
data a hazard ratio (HR) of 1.1 (95% confidence interval [CI] = 1.01,
1.16; p = .03); Agilent microarray data had the same HR of 1.1 (95%
CI = 1.004, 1.2; p = .04). High expression of PTGER3 was significantly
associated with shorter disease-free survival for both the microarray
and RNASeqv2 data type. The Cox regression analysis of disease-free
survival yielded for the RNASeqv2 data a HR of 1.1 (95% CI = 1.03,
1.18; p = .006) and for the Agilent microarray data a HR of 1.15 (95%
CI = 1.05, 1.25; p = .002). The Kaplan-Meier plots are shown in
Fig. 1A and B. For Affymetrix microarray data, we found that PTGER3
was statistically significant via univariate regression analysis (both
overall and disease-free survival), but when included in the final multi-
variate regression model, PTGER3 was an insignificant risk factor (data
not shown).

We then analyzed the expression levels of PTGER3 mRNA (Fig. 1C)
and protein (Fig. 1D) in a panel of OC cell lines. Densitometry analysis
results are presented in Fig. 1E, and the association between mRNA
and protein expression in Fig. 1F (R squared = 0.850). PTGER3 was
expressed at higher levels in the cisplatin-resistant cell lines (OVCAR5,
SKOV3-TR, and A2780-CP20) than in its cisplatin-sensitive counter-
parts. Because of the high levels of PTGER3 expressed in cells from



Fig. 1. PTGER3 overexpression in human tumors is associated with poor patient survival. (A, B) Statistical analysis of PTGER3mRNA expression and clinical data from patients with high-
grade serous ovarian cancer (OC) fromTheCancerGenomeAtlas showed that the overall survival (OS) durationwas significantly shorter for patientswhose tumor expressed a higher level
of PTGER3. (C, D)A panel ofOCand normal ovarian cell lineswas subjected to real-time PCR andWestern blot analysis for PTGER3, as described in theMethods section.Βeta-actinwasused
as a loading control. (E) Densitometric analysis of the band intensities revealed the normalized relative protein expression levels of PTGER3 in each cell line. (F) Correlation between
PTGER3mRNA and protein levels for each cell line (R squared = 0.8504).
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cisplatin-resistant cell lines A2780-CP20 and OVCAR5, these cells were
used for further experiments.

4. In vitro suppression of PTGER3 expression reduces OC cell growth

Next, we analyzed the effect of PTGER3 silencing in two cisplatin-
resistant OC models (A2780-CP20 and OVCAR5). SiRNA-mediated
PTGER3 suppression was confirmed by Western blot analysis and
immunofluorescence (Fig. 2A, B, and Supplementary Fig. S1A\\C).
Levels of PTGER3 mRNA and protein expression were N 50% lower in
the PTGER3 siRNA–transfected cells than in the control siRNA-
transfected cells. Moreover, the silencing effect was specific for
PTGER3, since neither PTGER1 nor PTGER2 was affected (Supplemen-
tary Fig. S2A and B).



Fig. 2. siRNA-mediated silencing of PTGER3 in OC cells suppresses proliferation, increases sensitivity to cisplatin, and reduces expression of Ras-ETS1-ELK1 pathway effectors. siRNAs
targeting exon 2 of the human PTGER3 sequence (NM_001126044) were used. (A, B) Total protein isolated from A2780-CP20 cells (1.6 × 104/well) transfected with PTGER3 siRNA
(175 nmol/L) or control siRNA was subjected to Western blot analysis and immunofluorescence showing that the protein levels of PTGER3 were decreased. UT, untreated. (C) Dose
response analysis A2780-CP20 cells (1 × 103/well). The effect of cisplatin on cell proliferation was determined after 72 h of treatment using different concentrations [20,30,40,and].
(D) A2780-CP20 cells (1 × 103/well) were transfected with control siRNA or PTGER3 siRNA at several concentrations (25, 50, 75, 100, 125, 150, 175, and 200 nM). Cell proliferation
was calculated 72 h after transfection. Percentages were obtained after blank OD subtraction, taking the untreated cell values as a normalization control. Means ± SD are shown.
(E) A2780-CP20 cells (1 × 103/well) were transfected with control siRNA (200 nmol/L) or PTGER3 siRNA (200 nmol/L). The next day, the medium was replaced by cisplatin in RPMI-
1640 medium (CIS; 1.6 nmol/L final concentration). Cell proliferation viability was calculated 48 h after cisplatin treatment (72 h after transfection). Means ± SEM are shown.
(F) A2780-CP20 cells (1.6 × 104/well) were transfected with PTGER siRNA (175 nmol/L) or control siRNA. Total protein was isolated from siRNA-transfected cells and analyzed for
PTGER3 cell signaling effectors by Western blot analysis of the cell signaling of PTGER3. (G) Scatter plot graphs of the Spearman's rank-order correlation between PTGER3 and ETS1,
MAPK1 and ETS1 in TCGA samples for both microarrays and RNASEqv2 data types, MAPK1 and PTGER3, MAP2K1 and ETS1 in TCGA samples for microarrays.
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Nextwe carried out experiments to determine the responsiveness of
the cisplatin-resistant A2780-CP20 and OVCAR5 cells lines to cisplatin,
PTGER3 siRNA, or the combination. First, cells were treatedwith several
concentrations of cisplatin (0.01, 0.1, 1.0, 5.0, 10.0, 15.0, 20.0, 30.0, and
40.0 μM), and growth was assessed at 72 h. As expected, the A2780-
CP20 showed a cisplatin median inhibitory concentration (IC50) of ~20
μM (39% inhibition; Fig. 2C). The cisplatin IC50 for OVCAR5 was similar,
at ~20 μM (50% inhibition; Supplementary Fig. S3A). The effects of dif-
ferent concentrations of PTGER3 siRNA (25.0, 50.0, 75.0, 100.0, 125.0,
150.0, 175.0, and 200.0 nM) on cell growth were then evaluated;
dose-dependent growth inhibition was observed after 72 h of incuba-
tion (Fig. 2D; Supplementary Fig. S3B). In A2780-CP20 cells treated
with a combination of PTGER3 siRNA (200 nM) and various concentra-
tions of cisplatin (20.0, 30.0, or 40.0 μM), PTGER3 silencing reduced the
IC50 to b20.0 μM, unlike results seen after treatment with control siRNA
(Fig. 2E). A similar effect was induced by PTGER3 silencing in OVCAR5
cells (Supplementary Fig. S3C). Control siRNA did not affect cisplatin
sensitivity in either OC cell line.

It has been suggested that PGE2 can activate components of cell pro-
liferation pathways such asMAPK/Erk [13]. To identify the potential sig-
naling pathways in which PTGER3 is involved, we analyzed control
siRNA–treated and PTGER3 siRNA–treated A2780-CP20 and OVCAR5
cells with the antibodies described in Supplementary Table 1 against
several proteins and their respective phosphoproteins. Silencing
PTGER3 reduced expression of the effectors of the Ras signaling path-
way (Fig. 2F), K-Ras, RAF, MEK, Erk-2, and the transcriptional factors
ELK1 and ETS1 (Supplementary Fig. S4A [A2780-CP20]; densitometry
analysis, Supplementary Figs. S4B and S5A [OVCAR5]).

The Spearman's rank-order correlation test revealed a positive cor-
relation between PTGER3 and ETS1 in TCGA samples for both microar-
rays (coefficient = 0.43) and RNASEqv2 (coefficient = 0.46) data
type. We also found positive correlation between PTGER3 and MAPK1
(Erk2; coefficient = 0.26), MAP2K1 (MEK1) and ETS1 (coefficient =
0.28), MAPK1 and ETS1 (coefficient= 0.36) in TCGA samples formicro-
arrays and MAPK1 and ETS1 (coefficient = 0.29) in TCGA samples
RNASEqv2 data type. Scatter plot graphs are shown in Fig. 2G.

We previously reported that a chemical modification, consisting of
phosphorodithioate (PS2), in which both non-bridging phosphate oxy-
gen atoms are substituted with sulfur atoms, significantly improves
serum stability and gene silencing over phosphoromonothioate (PS)-
modified siRNAs [24]. To determine the gene-silencing activity of
novel modified PTGER3 siRNAs and to gain insight into their regulation
of the RNAi pathway, we first synthesized a library of modified siRNAs
on solid support via thiophosphoramidite chemistry [25–27]. We de-
signed PS2, 2’-OMe-PS2, and 2’-F-PS2 duplex siRNAs (Supplementary
Fig. S6 and Supplementary Table 2). A2780-CP20 epithelial OC cell
lines that highly express PTGER3 were transfected with modified
siRNAs to test their silencing efficacy. The experiment was performed,
and PTGER3 mRNA quantification was done at 48 h after transfection.
2’-OMe-PS2 and 2’-F-PS2 significantly decreased PTGER3 levels in
A2780-CP20 cells compared with levels in unmodified (UM) siRNA
(Fig. 3A). However, for the modification of 2`-MS2 in nucleotides 18th
and 19th, and double 2’-F-PS2 modification in the nucleotides 4th and
5th in the siRNA and 10th and 11th blocked the silencing activity,
these results were confirmed byWestern blot analysis (Supplementary
Fig. S7A, Supplementary Table 2). In particular, we found that the 2’-F-
PS2 modification silenced PTGER3 to a much greater degree than did
UM siRNA (four-fold enhancement). Given the potential of the 2’-F-
PS2modification in the cell line examined, we next determined the sta-
bility of themodified siRNA (2’-F-PS2) in serum. Tomimic the condition
in the preclinical or clinical setting, themodified siRNAs (2’-F-PS2)were
incubated in a medium containing 10% fetal bovine serum (FBS). siRNA
stability assays showed that half of UM siRNAs were broken down
within 6 h, with near-complete degradation at 12 h. However, 2’-F-
PS2was stable for N24 h (Supplementary Fig. S8A). Next, we introduced
the sequences into A2780-CP20 cells, and the PTGER3 protein levels
were examined at 24, 48, 72, and 96 h after transfection. Increase in in-
tracellular siRNA stability was confirmed with the duration of PTGER3
knockdown up to 96 h with the 2’-F-PS2modified sequence in compar-
ison toUM(Fig. 3B). Overall improvement in silencing and serumstabil-
ity was seen for 2’-F-PS2 modified sequences compared with UM
sequences (Supplementary Fig. S9A).

Having demonstrated that 2’-F-PS2-PTGER3 siRNA has superior
gene-silencing activity compared with its UM counterpart, we next
assessed its silencing, and in turn,we silenced the transcriptional factors
ELK1 and ETS1. We then compared the therapeutic ability of an OC tar-
get gene, since acquired chemoresistance is a major contributor to pa-
tient mortality from OC, and we sought to identify targets having
substantial roles in this process. Therefore, we determined the varia-
tions in expression of the MDR1 protein, as well as the multidrug resis-
tance assosicated protein (MRP) family of drug efflux pumps. Of eight
different targets, only two proteins were identified as being down-
regulated in A2780-CP20 OC cells after treatment of 2’-F-PS2-PTGER3,
when compared with untreated or siRNA negative control. We found
that MDR1 protein expression was decreased after knockdown of
PTGER3, but not when we silenced either ETS1 or ELK1. Therefore, we
focused on Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR1) (MRP7), which also showed decreased expression when
PTGER3 was knocked down, as well as either ETS1 or ELK1 when we
compared to untreated (UT) or the siRNA negative control (Fig. 3C).

We next investigated whether ELK1 or ETS1 transcriptionally regu-
lates CFTR1. ELK1 or ETS1 DNA binding sites were predicted on the
basis of PROMO software using version 8.3 of TRANSFAC. We identified
18 possible ETS1 binding sites and 10 ELK1 binding sites in the CFTR1
promoter by using PROMO, a virtual laboratory for the study of tran-
scription factor binding sites in DNA sequences. The transcription start
site was predicted by the ensemble approach and was compared with
the CFTR1 transcript sequence and the binding locations in the CFTR1
promoter region (Fig. 3D). Six primer sets containing segments for the
18 possible ETS1 binding sites and 10 ELK1 binding sites were designed
(Fig. 3D, Supplementary Table 3). DNA segments (Supplementary
Fig. S10A) were amplified, cloned, sequenced, and confirmed with a
standard nucleotide–nucleotide basic local alignment search tool (Na-
tional Center for Biotechnology Information). To determine whether
ELK1 or ETS1 binds to the promoter, we performed a chromatin immu-
noprecipitation (ChIP) assay in A2780-CP20 cells with ELK1 or ETS1 an-
tibodies. Subsequent PCR results confirmed the interaction of CFTR1
promoter and four of the six predicted ELK1 or ETS1 binding sites
(BS1, BS2, BS3, and BS4; Fig. 3E). A densitometric analysis of the inputs
and immunoprecipitation results for each binding site revealed that
BS1, BS2, and BS3 had an affinity of b50% (Fig. 3F).

Thesefindings guided us to further analyze the link betweenPTGER3
and chemoresistance. Our results demonstrated that PTGER3 down-
regulation increased cisplatin sensitivity and compromised the prolifer-
ation of chemoresistant OC cells.

5. PTGER3 knockdown induces apoptosis and G2-M arrest

To test the effect of PTGER3 silencing on apoptosis and the cell cycle,
we performed a flow cytometry analysis of A2780-CP20 and OVCAR5
OC cells for apoptosis (Fig. 4A) and analyzed the cell cycle (Fig. 4B) dis-
tribution after transfectionwith control siRNA or PTGER3 siRNA. Knock-
down of PTGER3 significantly increased the number of cells positive for
annexin V/propidium iodide staining, indicating apoptosis (A2780-
CP20, 29%; OVCAR5, 45%) (Supplementary Fig. S11A). In addition,
knockdown of PTGER3 induced PARP and caspase-3 cleavage and de-
creased levels of procaspase-9 and cytochromeC 72 h after transfection,
as determined by Western blot analysis (Supplementary Fig. S12A). In
line with this, G2-M cell cycle arrest was increased (A2780-CP20, 38%;
OVCAR5, 42%) 48 h after PTGER3 siRNA transfection (Supplementary
Fig. S11B). Western blot analysis confirmed that key proteins required
for transition from the G2-M to the G1 phase were altered after
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PTGER3 silencing in A2780-CP20 cells. Specifically, cyclin B1 accumu-
lated after PTGER3 silencing and cell division cycle protein 2 homolog
(Cdc2a; also known as cyclin-dependent kinase 1 [CDK]) had decreased
phosphorylation on threonine 161 (T161) and tyrosine 15 (Y15),
whereas proteins associatedwith the G1 phase of cell-cycle progression
(Cdk2, Cdk4, cyclin A, cyclin D1, cyclin D3, and inhibitor p21) were
unchanged compared with untreated or control siRNA–treated cells
(Supplementary Fig. S13A). These results demonstrate that PTGER3
down-regulation increased apoptosis and led to cell-cycle arrest in the
G2-M transition phase in chemoresistant OC cells.
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5.1. PTGER3 knockdown inhibitsmigration, invasion, colony formation, and
tube formation in OC cells in vitro

To examine the effect of PTGER3 on tumorigenic potential, we ana-
lyzed the effects of PTGER3 knockdown onmigration, invasion, and col-
ony formation in OC cells and tube formation with endothelial cells. To
assess the effect of PTGER3 on migration, a wound healing assay was
performed in A2780-CP20 and OVCAR5 cells after transfection with
control siRNA or PTGER3 siRNA. PTGER3 knockdown cells showed
significantly less migration than untreated cells or cells transfected
with control siRNA after 30 h of migration time (Fig. 4C, Supplementary
Figs. S14A, S15A, and S15B).

To determine the effect of PTGER3 on OC cell invasion, we
transfected A2780-CP20 and OVCAR5 cells with PTGER3 siRNA
(175 nmol/L) and cultured them for 72 h before harvesting and
counting them for the invasion assay in Matrigel-coated transwell
chambers. The percentage of invading A2780-CP20 cells was 22% (P b

.0001) and of OVCAR5 cells was 32% (P b .001) (Fig. 4D, Supplementary
Fig. S14B). These results indicate that PTGER3 knockdown decreased
the invasiveness of both chemoresistant OC cell lines.

We also assessed the clonogenic potential of these two
chemoresistant OC cell lines treated with PTGER3 siRNA (175 nmol/L).
PTGER3 knockdown resulted in 4.2 times fewer A2780-CP20 and
OVCAR5 colonies than did A2780-CP20 and OVCAR5 cells treated with
control siRNA (Fig. 4E, Supplementary Fig. S14C).

To assess in vitro angiogenesis, we used the tube formation assay, as
described in the Methods section. Human endothelial EC-RF24 cells
were transfected with PTGER3 siRNA (175 nmol/L) or control siRNA
for 72 h. After 6 h of incubation in Matrigel, the number of nodes in
the endothelial cells transfected with PTGER3 siRNA was lower than
that in cells treated with control siRNA or in untreated cells (P b .001,
Fig. 4F), indicating that PTGER3 knockdown inhibits in vitro
angiogenesis.

5.2. Treatment with a PTGER3 agonist promotes PTGER3 expression and
proliferation signaling of cisplatin-resistant OC cells in vitro

To confirm the role of PTGER3 in the resistance of OC cells to cis-
platin, we performed an agonistic assay in A2780-CP20 and OVCAR5
cisplatin-resistant cells. Sulprostrone, an agonist specific for PTGER3,
was administered to the cells at various doses (1, 2.5, 5, or 10 μM).
A2780-CP20 cell growth was dependent on Sulprostrone dose
(Fig. 5A, Supplementary Fig. S16A). Western blot analysis showed that
the cells stimulated with Sulprostrone expressed higher levels of
PTGER3 and p-MEK1/2 proteins (Fig. 5B).

5.3. Long-lasting PTGER3 silencing restores OC sensitivity to cisplatin in vivo

On the basis of our in vitro findings, we examined the antitumor ac-
tivity of weekly or biweekly PTGER3 silencing in two orthotopic OC
cisplatin-resistant mouse models, A2780-CP20 and OVCAR5. In the for-
mer model, we tested the capacity of PTGER3 siRNA, incorporated into
DOPC nanoliposomes and loaded into a MSV, to down-regulate
PTGER3 expression in vivo; we also determinedwhether this PTGER3 si-
lencing could sensitize resistant tumors to cisplatin therapy in a
Fig. 3.Gene silencing of chemicallymodified PTGER3 siRNA and regulation of CFTR1 by ETS1-EL
Silencing efficiency of 2′F-PS2- and 2-OMe-modified PTGER3 siRNAs. mRNA silencing by a pan
after transfection. Transfection was performed at 100 nM in A2780-CP20 cells in the presence
modified (UM) PTGER3 siRNA; bars and error bars represent mean values and the correspond
on the protein level of PTGER3 in A2780-CP20 cells in a time-dependent manner (100 nM, 1
UM, 2′F-PS2 PTGER3 siRNA, ETS1, ELK1 (100 nmol/L) or control siRNA. Total proteinwas isolate
of the cell signaling of PTGER3. (D) The 18 predicted binding sites of ETS1 (blue) and the 10 pr
machine scores using an online tool, available at http://alggen.lsi.upc.es. Six different primer se
precipitation (ChIP) analyses with ETS1 and ELK1 antibodies in A2780-CP20 cells. Relevant se
(F) Densitometric analysis of ChIP data. Sequence and antibody-specific controls were include
xenograft mouse model of OC. A week after inoculation with A2780-
CP20 (cisplatin-resistant) cells, tumor-bearing mice were divided
randomly into 4 treatment groups (n = 4 mice per group): (a) MSV-
DOPC-negative control siRNA, (b) MSV-DOPC-PTGER3-siRNA,
(c) MSV-DOPC-negative control siRNA + cisplatin, and (d) MSV-
DOPC-PTGER3-siRNA + cisplatin. All siRNA treatments were given at
450-μg/kg of PTGER3 siRNA intravenously biweekly, and 160 μg of cis-
platin was given intraperitoneally once per week. Neither control
siRNA nor PTGER3 siRNA alone had a significant effect on tumor growth
(Fig. 5C, left panel) or number of nodules (Fig. 5C, right panel). In con-
trast, treatment with MSV-DOPC-PTGER3-siRNA + cisplatin resulted
in a 98% reduction in tumor growth (P b .01) compared with treatment
with control siRNA–DOPC + cisplatin and in 98.05% less tumor growth
(P b .01) compared with treatment with control siRNA alone (Fig. 5C).

Further examination of the biological effects of PTGER3-targeted
therapy on tumor cell proliferation revealed that the mice treated
with MSV-DOPC-PTGER3-siRNA as well as those treated with MSV-
DOPC-PTGER3-siRNA + cisplatin had significant decreases in cell
proliferation (40%, P b .001, and 83%, P b .001, respectively) compared
with their corresponding controls (Ki-67; Fig. 6A upper panel, Supple-
mentary Fig. S17A left panel). The tumors of mice treated with MSV-
DOPC-PTGER3-siRNA orMSV-DOPC-PTGER3-siRNA+ cisplatin showed
decreased microvessel density compared with their corresponding
controls (CD31; Fig. 6A middle panel). The rates of apoptosis (percent-
ages of TUNEL-positive cells) in tumors from mice treated with
MSV-DOPC-PTGER3-siRNA, control siRNA–DOPC + cisplatin, or MSV-
DOPC-PTGER3-siRNA + cisplatin were considerably higher than were
rates from mice treated with MSV-negative control siRNA or MSV-
negative control siRNA + cisplatin. Tumors of mice treated with MSV-
DOPC-PTGER3-siRNA or MSV-DOPC-PTGER3-siRNA + cisplatin had
significantly higher apoptotic rates than did their corresponding
controls (P b .0001; TUNEL; Fig. 6A, lower panel).

In the second orthotopic model (OVCAR5), the treatment groups
were (i) DOPC-control siRNA, (ii) DOPC-PTGER3 siRNA, (iii) DOPC-2’-
F-PS2-PTGER3 siRNA, (iv) DOPC-control siRNA plus cisplatin,
(v) DOPC-PTGER3 siRNA plus cisplatin, and (vi) DOPC-2’-F-PS2-
PTGER3 siRNA plus cisplatin (n = 10 per group). DOPC siRNA was ad-
ministered intravenously every week in all treatment groups. Tumors
removed from mice treated with DOPC-PTGER3 siRNA alone weighed
35% less than did those of mice treated with DOPC-control siRNA
(Fig. 5D, left panel). The number of nodules was significantly reduced
in mice treated with either DOPC-PTGER3 siRNA or DOPC-PTGER3
siRNA plus cisplatin (Fig. 5D, right panel). The greatest reduction was
observed in the group treated with both DOPC-2’-F-PS2-PTGER3
siRNA plus cisplatin. None of the groups in either mousemodel showed
decreased body weight, which indicates that the treatments were not
toxic (Supplementary Fig. S17B). These data indicate that inhibiting
PTGER3 results in antitumor activity in mouse models of OC and that
themodification of 2’-F-PS2-PTGER3 siRNA incorporated into DOPC de-
livery system is an efficient tool for in vivo gene silencing.

Given the in vitro and the previous in vivo effects of PTGER3 silenc-
ing, we performed Ki67, CD31, and TUNEL staining to examine the bio-
logical effects of silencing PTGER3 on tumor cell proliferation,
angiogenesis, and apoptosis, respectively. Mice treated with either
with DOPC-PTGER3 siRNA or 2’-F-PS2-PTGER3 showed significant
K1 transcriptional factors. (A) Silencing of PTGER3with use of chemicallymodified siRNAs.
el of 2′F-PS2- and 2-OMe-modified siRNAs. The PTGER3 mRNA level was assessed at 48 h
of 10% FBS. The p-value was obtained with a Student t-test; *, p b .05, compared with un-
ing S.E.M.s (n = 3). UT, untreated. (B) Silencing effect of UM and 2′F-PS2 PTGER3 siRNAs
0% FBS containing media). (C) A2780-CP20 cells (1.6 × 104/well) were transfected with
d from siRNA-transfected cells and analyzed for resistant effectors byWestern blot analysis
edicted binding sites of ELK1 (purple) in the CFTR promoter on the basis of support vector
ts were designed for the ETS1 and ELK1 predicted binding sites. (E) Chromatin immuno-
quences were quantified by PCR with the six designed primers subsequent to ChIP assay.
d. Data are presented as percentage of input.

http://alggen.lsi.upc.es


Fig. 4. PTGER3 silencing promotes apoptosis and cell-cycle arrest and inhibitsmigration, invasion, colony formation, and angiogenesis of ovarian cancer (OC) cells. Apoptosis and cell-cycle
progression were assessed by flow cytometry after siRNA-mediated PTGER3 silencing in cisplatin-resistant OC cells. (A) A2780-CP20 cells (6 × 104/well) were transfected with PTGER3
siRNA (175 nmol/L) or control siRNA. After 72 h, apoptosis was measured with an FITC apoptosis detection kit. Means ± SD are shown for 3 independent experiments. **, P b .01. UT,
untreated. (B) A2780-CP20 cells (6 × 104/well) were transfected with PTGER3 or control siRNA as in (A); 48 h after transfection, the cells were fixed and cell-cycle progression was
determined on the basis of staining that was analyzed by Cell Quest software. Means ± SD are shown for 3 independent experiments. (C) A2780-CP20 cells (2 × 104/well) were
transfected with PTGER3 siRNA (175 nmol/L) or control siRNA and subjected to a wound healing assay 24 h later. UT, untreated. (D) The invasiveness of A2780-CP20 cells was
assessed by a transwell invasion assay after transfection of PTGER3 or control siRNA as in (A). UT, untreated. (E) A2780-CP20 cells (1.6 × 104/well) were seeded into 24-well plates
and 24 h later were transfected with PTGER3 or control siRNA as in (A). After 14 days, cells were stained and colony formation scored with use of a light microscope. (F) Vascular
endothelial EC-RF24 cells were transfected with PTGER3 or control siRNA for 72 h and then incubated in Matrigel for 6 h for the tube formation assay. The number of nodes was
significantly lower in the PTGER3 knockdown cells than in untreated cells. For all assays, representative images are shown. Means ± SD are shown. ***, P b .001; ****, P b .0001.
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reduction in cell proliferation comparedwith proliferation in the control
group (P*** b 0.0001; Ki-67, Fig. 6B, Fig. 17C left panel); this effect was
increased when the treatment was combined with cisplatin (P*** b

0.0001).
We also examined the effects of DOPC-PTGER3 siRNA or 2’-F-PS2-

PTGER3 treatment on angiogenesis. The DOPC-PTGER3 siRNA or 2’-F-
PS2-PTGER3 treatments group had significantly reduced microvessel
density compared with the microvessel density in the control; such ef-
fect was more prominent when the treatment was combined with cis-
platin (P ≤.0001; Supplementary Fig. 17 middle panel). Moreover, the
combination with cisplatin and the DOPC-PTGER3 siRNA or DOPC-2’-
F-PS2-PTGER3 had an increase in the percentages of TUNEL-positive
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cells (P b .0001; TUNEL, Fig. 6B lower panel, Fig. 17C right panel).These
data showed that down-regulation of PTGER3 was highly associated
with decreased cell proliferation, reduced microvessel density, and in-
creased apoptosis. In further examinations, tissues were processed to
evaluate the platinum tumor uptake after the treatment with DOPC-
PTGER3 siRNA or DOPC-2’-F-PS2-PTGER3 in combinationwith cisplatin.
Platinum tumor uptake was significantly increased in DOPC-PTGER3
siRNA (P***, 0.45 ng platinum/mg) or DOPC-2’-F-PS2-PTGER3 (P*,
0.86 ng platinum/mg) compared with DOPC-control siRNA (Fig. 6C).

These results are consistent with our in vitro data, indicating that
long-lasting PTGER3 silencing offered by liposomal/MSV siRNA delivery
or DOPC-2’-F-PS2-PTGER3 restores sensitivity to cisplatin and inhibits
angiogenesis in OC cells both in vitro and in vivo.

6. Discussion

Our findings indicate that PTGER3 is an important regulator of OC
drug resistance through up-regulation of the Ras-MAPK/Erk2-ETS1-
ELK1 axis in cancer cells, resulting in increasedmigration and prolifera-
tion, and reduced tumor drug uptake and decreased apoptosis. A pro-
posed pathway for this mechanism is shown in Fig. 7. Although
PTGER3 knockdownwas demonstrated to increase platinum drug accu-
mulation in tumor xenografts, such studieswere not conducted in tissue
culture cells to confirm and remove thepossibility that increased uptake
could be an in vivo phenomenon. Therefore, further studies are needed
to fully validate the role of PTGER3 in modulating drug accumulation.
Deficiency of PTGER3 has been described as an enhancer of tumor for-
mation [28]; however, we found that low levels of PTGER3 attenuated
Ras-ETS1-ELK1 pathway–dependent tumorigenesis and drug resis-
tance. This finding supports the key connection between inflammatory
processes and cancer pathogenesis, but the mechanisms remain
unclear.

In prostate cancer cells, PTGER3 limits expression of the androgen
receptor, a master regulator of cell survival [19]. Sex hormones are im-
portant, either directly or indirectly, in the etiology of endometrial,
breast, ovarian, and prostate malignancies. The growth and develop-
ment of these organs is controlled by sex hormones, and epidemiologi-
cal studies have shown that the risk of developing these cancers is
associated with various hormone-related factors such as age at menar-
che, pregnancy, and age at menopause. There is also direct evidence
that the risk of developing some of these cancers is related to the circu-
lating serum concentration of various sex hormones [29]. Conversely,
through activation of PTGER3, PGE2 sensitizes platelets to their agonists
but also inhibits them through its two other receptors, PTGER2 and
PTGER4. In mice, the net result of these opposed actions is that
PTGER3 mediates the potentiation of platelet aggregation [30]. In-
creased platelet levels influence chemotherapy response in OC [31–33].

Our further demonstration revealed that the Ras-ETS1-ELK1 activa-
tion pathwaywas promoted by PTGER3,whichwas verified by silencing
the expression of the receptor. The characterization of the signaling
pathway showed that PTGER3 influenced a series of signaling pathways,
in which most biological functions were related to the stimulation of
PTGER3 by PGE2, thereby promoting proliferation and reducing apopto-
sis, two hallmarks of cancer development, and drug resistance. K-Ras
protein is an important component of the tyrosine kinase signaling
RAS/MAPK pathway. The K-Ras protein functions as a binary switch,
Fig. 5. Sulprostrone, a PTGER3 agonist, promotes expression of PTGER3 and pMEK1/2 and proli
tumor growth in amouse OC orthotopicmodel. (A) A2780-CP20 cells (1.6 × 104/well) were tre
use of a microscope. (B) A2780-CP20 cells treated as in (A) were subjected toWestern blot anal
levels of PTGER3 and its signaling effectors p-MEK1/2. (C) Mouse xenograft ovarian tumors we
intraperitoneally; tumor-bearing mice were randomly allocated into treatment groups as descr
siRNA;MSV-NC-siRNA+cisplatin (CIS); orMSV-PTGER3-siRNA+cisplatin. Treatment began1
4wk. (D)Mouse xenograft ovarian tumorswere established by injecting female nudemicewith
allocated into treatment groups as described in the Methods section: DOPC-control siRNA, (ii
cisplatin, (v) DOPC-PTGER3 siRNA plus cisplatin, and (vi) DOPC-2’-F-PS2-PTGER3 siRNA plu
number of nodules were recorded after 4 wk.
binding GDP in its inactive state and GTP in the active, signal-emitting,
state. To inactivate itself, the K-Ras protein interacts with GTPase-
activating proteins (GAPs) and, when bound to GDP, it is not able to
transmit signals to the cell nucleus. The hyper-activation promoted by
PTGER3 or missense point mutations in the KRAS gene abolish the
GTPase function and, hence, lead to a constitutively activated protein
that cannot turn itself off. Inhibition of PTGER3 reduced expression of
the effectors of the Ras signaling pathway. Regulating, the activation
of c-Raf, MEK, Erk-2 and the transcriptional factor ELK1 and ETS1.
There is growing evidence that ETS1 is involved in drug resistance.
The first study linking ETS1 to resistance showed that the ETS1 level
in the cisplatin-resistant OC C13* cell line was higher than that in the
cisplatin-sensitive parental human 2008 OC cell line and that overex-
pression of ETS1 in the parental cell line resulted in cisplatin desensiti-
zation [34]. We found that ETS1 or ELK1 protein expression was
decreased after knockdown of PTGER3, as well as MDR1 protein and
Cystic Fibrosis Transmembrane Conductance Regulator (CFTR1)
(MRP7), members of multidrug resistance assosicated protein (MRP)
family of drug efflux pumps. Moreover, ETS1 or ELK1 bind to the
promotor region of CFTR1, suggesting that can control its expression.
However, more studies are necessary to fully validate that decrease
CFTR1levels decrease platinumdrug efflux. Ciglitazone enhances the cy-
totoxicity of cisplatin against OC cells, and the combination remarkably
decreased the expression of COX-2, microsomal prostaglandin E syn-
thase (mPGES), and PTGER3 in tumors [3]. The clinical data also showed
that high PTGER3 expression is associated with poor prognosis in OC.
ETS1-ELK1 also is known to promote tumorigenesis, not only in OC
but also in pancreatic [35], breast [36,37], and prostate cancers [38,39].

Together, the data presented show that PTGER3 has a previously un-
recognized role in the dual regulation of drug resistance and signaling
pathways that are critical to cellular survival and tumorigenesis. Al-
though this study focused on OC models, overexpression or mutations
in PTGER3 in mice are also associated with endometrial cancer [40]. In
conclusion, silencing of PTGER3 leads to the inactivation of ETS1-ELK1,
therefore suggesting that pharmacological targeting of PTGER3 may be
beneficial in individuals with a PTGER3-overexpressing tumor and can
be an effective platinum-based drug sensitizer that can improve the
chemotherapeutic efficacy in patients with OC.
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Fig. 6. Immunohistochemical analysis of Ki-67, CD-31, TUNEL and cisplatin uptake in mouse xenograft A2780-CP20 and OVCAR5 cisplatin-resistant tumors. The analysis showed that
treatment with MSV-DOPC-PTGER3-siRNA or DOPC-2’-F-PS2-PTGER3 and/or combination with cisplatin reduced proliferation and angiogenesis and increased apoptosis in vivo. (A, B).
Tumor tissue platinum uptake showed significantly greater accumulation of cisplatin in DOPC-PTGER3 siRNA and with greater uptake for DOPC-2’-F-PS2-PTGER3 in combination with
cisplatin (C). Means ± SEM are shown. *, P b .05; **, P b .01; ***, P b .001.
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Fig. 7. Proposed model for the mechanism underlying PTGER3's role in cisplatin-resistant ovarian cancer. PGE2, a major COX-2 metabolite, can activate cell growth and proliferation
through binding to PTGER3 and activating downstream components Ras-MAPK/Erk-ETS1-ELK1 in cisplatin-resistant ovarian cancer cells, resulting in increased migration, proliferation,
and angiogenesis and decreased apoptosis and cisplatin uptake.
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