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Abstract

For mucinous ovarian cancer (MOC), standard platinum-
based therapy is largely ineffective. We sought to identify
possible mechanisms of oxaliplatin resistance of MOC and
develop strategies to overcome this resistance. A kinome-based
siRNA library screen was carried out using human MOC cells
to identify novel targets to enhance the efficacy of chemother-
apy. In vitro and in vivo validations of antitumor effects were
performed using mouse MOCmodels. Specifically, the role of
PRKRA/PACT in oxaliplatin resistance was interrogated. We
focused on PRKRA, a known activator of PKR kinase, and its

encoded protein PACT because it was one of the five most
significantly downregulated genes in the siRNA screen. In
orthotopic mouse models of MOC, we observed a significant
antitumor effect of PRKRA siRNAplus oxaliplatin. In addition,
expression ofmiR-515-3p was regulated by PACT–Dicer inter-
action, and miR-515-3p increased the sensitivity of MOC to
oxaliplatin. Mechanistically, miR-515-3p regulated chemo-
sensitivity, in part, by targeting AXL. The PRKRA/PACT axis
represents an important therapeutic target inMOC to enhance
sensitivity to oxaliplatin.

Introduction
Ovarian cancer represents multiple diseases with different

clinicopathologic and molecular features (1). Mucinous ovarian
carcinoma (MOC) is a relatively rare subset (2%–10% of epithe-
lial ovarian cancer; refs. 2, 3). While standard therapy for ovarian
cancer includes taxane- and platinum-based chemotherapy (4, 5),
such therapy is largely ineffective in patients withMOC. This is, in
part, responsible for the poorer outcomes associated with MOC
compared with other epithelial ovarian cancers (6–8). Therefore,
new treatments are needed to improve MOC outcomes.

Recently reported evidence demonstrated that the pathogen-
esis of MOC might be similar to that of colorectal carcinomas
(9–11). Most colorectal carcinomas are of the mucinous his-
tologic subtype, and patients with advanced colorectal cancer
are treated with oxaliplatin (third-generation platinum com-
pound)-based chemotherapy (12). Oxaliplatin has proven effi-
cacious against many types of cancers, but the development of
resistance to this drug is a frequent obstacle (13). Therefore, to
enhance the efficacy of oxaliplatin in the treatment of MOC, we
performed a kinome-based siRNA library screen in the presence
of oxaliplatin to identify candidate targets that enhance oxali-
platin sensitivity. We found that knockdown of PRKRA, which
is a known cellular protein activator of PKR kinase (14, 15),
enhanced oxaliplatin sensitivity of MOC cells. Also, PACT,
which is the protein encoded by PRKRA, is known to be a
double-stranded RNA-binding protein that impacts miRNA
maturation in humans through interactions with Dicer. We
further examined the role of PACT in MOC by identifying
underlying mechanisms by which it promotes oxaliplatin
resistance.

Materials and Methods
Reagents and antibodies

Oxaliplatin (Wyeth/Pfizer) was obtained from The University
of Texas MD Anderson Cancer Center pharmacy. The primary
antibodies used in Western blotting were anti-PACT (Santa Cruz
Biotechnology), anti-Dicer (Bethyl Laboratories), anti-b-actin
(Sigma-Aldrich), anti-Ki67 (Thermo Fisher Scientific), and anti-
cleaved caspase 3 (Cell Signaling Technology) antibodies. The
following secondary antibodies were used in Western blotting:
horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG,
HRP-conjugated rat anti-mouse IgG2a (Serotec and Harlan
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Bioproducts for Science), and HRP-conjugated donkey anti-goat
IgG (Santa Cruz Biotechnology). The antibody concentrations are
listed in Supplementary Table S1.

Cell lines and culture
RMUG-L-ip1 and RMUG-S-ip1 MOC cells were cultured in

RPMI1640 medium supplemented with 10% FBS and 0.1%
gentamicin at 37�C in 5% CO2 and 95% air. These cell lines
were originally isolated from patients with MOC (16). Ovar-
ian carcinoma cell lines (HeyA8, HeyA8-MDR, SKOV3,
SKOV3-TR, A2780, and A2780-CP20), and the normal
human surface epithelial cell line HIO180 were cultured in
RPMI1640 medium supplemented with 15% FBS and 0.1%
gentamicin at 37�C in 5% CO2 and 95% air. All cell lines
were purchased from the MD Anderson Cancer Center
(MDACC) Characterized Cell Line Core (Houston, TX), ATCC,
or Japanese Collection of Research Bioresources (Ibaraki, Japan).
All cell lines have been validated by STR fingerprint method
through the MDACC Characterized Cell Line Core. Each cell line
was never continuously passaged in culture for more than 3
months, and after that, a new vial of frozen cells was thawed. All
cell lines were routinely tested to confirm the absence of Myco-
plasma, and all in vitro experiments were conducted with 60%–

80% confluent cultures.

SiRNA transfection
All siRNA transfections (Supplementary Table S2) were per-

formed using RNAiMAX Reagent (Invitrogen) with the forward
transfection protocol from the manufacturer. Media was changed
6hours after transfection to minimize toxicity.

Cell viability assay
Cells were plated in eachwell of a 96-well plate andmaintained

overnight. They were then exposed to oxaliplatin at a concentra-
tion of 0.1, 1, 3, 10, 30, or 100 mmol/L for 72 hours. The control
groupswere treatedwith 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 containingMTTwas removed from thewells, and 100mL
of dimethyl sulfoxide (Sigma-Aldrich)was added to thewells. The
cells were then incubated at ambient temperature for 10minutes.
Absorbance in each well was read at 570 nmol/L using a 96-well
Microplate Reader (MQuant MQX200; BioTek). Cell survival was
defined as the percentage of surviving cells relative to the per-
centage of control cells. The experiments were repeated at least
three times.

For siRNA transfection, cells were transfected 6 hours and 48
hours after plating. Chemotherapy treatmentwas started 72 hours
after plating the cells. Cells were incubated for 24, 48, 72 or 96
hours after chemotherapy treatment, and then the MTT assay was
performed.

Colony formation assays
Colony formation assay was performed as described by Wang

and colleagues (17); briefly, 500 untreated, or siRNA-treated
RMUG-S-ip1 cells were placed into 12-well coated high-adhesion
plates (Corning), and cultured for 8 days. Plates were thenwashed
with 1mLPBS,fixed and stainedwithmethanol containing crystal
violet solution for 5minutes (0.025%w/v; Sigma). Thenumber of
colonies was counted in each well, excluding small (<50 cells)
colonies.

Apoptosis assay
Apoptosis of MOC cells was evaluated using a FITC-Annexin V

Apoptosis Detection Kit (BDBiosciences), as described previously
(18). Briefly, cells were incubated in trypsin-ethylenediaminete-
traacetic acid, and cell pellets were suspended in 200 mL of 1 �
annexin V binding buffer. Each cell suspension was incubated
with 4 mL of FITC-Annexin V and 4 mL of propidium iodide at
ambient temperature (25�C) in the dark for 30 minutes. Then,
400 mL of 1 � binding buffer was added to each tube containing
MOC cells, and these samples were analyzed using FACS. Each
experiment was performed in triplicate.

Western blotting
Western blotting was performed as described previously

(18, 19). Briefly, cells were lysed with RIPA lysis buffer and
centrifuged for 15 minutes at 4�C. Protein concentration was
assessed using a Pierce BCA Protein Assay Kit. The protein was
loaded into gels (20 mg/well), and the bands were separated using
electrophoresis. Bands were transferred to nitrocellulose mem-
branes, blocked with 5%milk for 1 hour at ambient temperature,
and incubated with primary antibodies against PACT or Dicer
(1:1,000 dilution) overnight at 4�C. Samples of proteins were
incubated with HRP-conjugated anti-mouse and anti-rabbit anti-
bodies (GE Healthcare) or an anti-goat antibody (Santa Cruz
Biotechnology) for 1 hour at ambient temperature. Blots were
developedandanalyzed, asdescribedpreviously (18, 19). Loading
control (actin) was used; all experiments were performed in
duplicate.

qRT-PCR
The Qiagen RNeasy Kit was used for quantifying mRNA, as

described previously (19). For complementary DNA synthesis, a
Verso cDNA Kit (Thermo Fisher Scientific) was used per manu-
facturer's instructions. mRNA levels were measured using a 7500
Real-Time PCR System (Applied Biosystems) with SYBR Green-
based PCR for all genes as described previously (19). The specific
primers used are listed in Supplementary Table S3. Semi-quan-
titative real-time PCR analysis of mRNA levels was performed
with reverse-transcribed RNA and 1 mmol/L sense and antisense
primers in a total volume of 20 mL. For miRNA quantification,
total RNAwas isolated from cells using TRIzol Extraction Reagent
(Invitrogen). For maturemiRNA quantification, we used TaqMan
miRNA Assays (Life Technologies), and real-time reverse-tran-
scription PCR was carried out per manufacturer's instructions.
Precursor miRNAs in cells were quantified using miScript Precur-
sor miRNA Assays (Qiagen). RNU6B (for mature miRNAs) and
18S (primary and precursor miRNAs) were used as housekeeping
genes.

Target gene binding sites and luciferase reporter assays for the
AXL 30-UTR

The putative miRNA binding sites on the AXL 30-UTR were
predicted via bioinformatics analysis using several algorithms
for predicting miRNA targets using the following public site:
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/index.html
(miRWalk 2.0; ref. 20). Candidates were tested for validation
with real-time PCR. The pGL3 Luciferase Reporter Vectors for
the predicted binding sites of the 30-UTR region of AXL were
obtained from Promega (Madison).

RMUG-S-ip1 cells were transfected with FuGene HD transfec-
tion reagent in a 96-well platewith scrambled control ormiR-515-
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3pmimic (100 nm; Ambion) along with the 30-UTR reporter gene
and Renilla luciferase vector control construct (pTK-CLuc Vector).
After 48 hours of transfection, luciferase activity was determined
with the Dual-Luciferase Reporter Assay System Kit using amicro-
plate luminometer per the manufacturer's guidelines (Biotek).
Luciferase activity was normalized against the pTK-CLuc Vector
control construct, and an empty luciferase reporter vector was
used as a negative control. The ratios obtained were further
normalized according to the scrambled control.

Animal care
Nude mice (8-to-12-weeks old, athymic female, Ncr-nu) were

obtained from Taconic Biosciences. The mice were housed and
kept in a specific pathogen-free environment in the animal facility
as described previously (18). The study protocols were approved
and supervised by the Institutional Animal Care and Use Com-
mittee at MD Anderson.

Liposomal nanoparticle preparation
Therapeutic siRNA for in vivo experiments was incorporated

into DOPC nanoliposomes as described previously (21). Briefly,
the mixture was lyophilized and stored. Before in vivo adminis-
tration, the lyophilized material was hydrated with PBS at ambi-
ent temperature at a concentration of 200mg of siRNA per kilo-
gram per injection.

In vivo therapeutic experiments
To generate orthotopic models of MOC, RMUG-L-ip1 or

RMUG-S-ip1 cells were injected into the peritoneal cavity of 40
nude mice (4 � 106 cells/mouse). The mice were randomly
assigned to one of four groups of 10 mice each according to
treatment [control siRNA DOPC, control siRNA DOPC plus
oxaliplatin, PRKRA siRNA (siPRKRA)DOPC, and siPRKRADOPC
plus oxaliplatin], and treatment was initiated at 4 weeks after
injection. Oxaliplatin (5 mg/kg/mouse) was given intraperitone-
ally twiceweekly after being dissolved in PBS. This dosage resulted
in approximately 50% reduction in tumor growth in mucinous
cancer models (22) and allowed for testing the effects of combi-
nations of oxaliplatin with other biologically targeted drugs. A
dose of 200 mg of siRNA per kilogram per mouse was packaged in
DOPC nanoliposomes and delivered intraperitoneally twice
weekly as described previously (21). Mice were monitored daily
and weighed weekly. After 8 weeks of treatment, the mice were
killed, and their total body weights, tumor locations and weights,
and tumor nodule numbers were recorded. Tumor samples were
fixed in 10% formalin and embedded in paraffin or with optimal
cutting temperature compound in liquid nitrogen.

Statistical analysis
The distribution of continuous variables was assessed (Kolmo-

gorov–Smirnov test) and expressed as appropriate (mean� SE or
median with range). The Student t test or the Mann–Whitney
U test was conducted to determine statistical significance. Cate-
gorical variables were evaluated using the Fisher exact test (OR
and 95% confidence interval). P values less than 0.05 were
considered statistically significant (all tests, two-tailed). The SPSS
software program (version 18.0; IBM Corporation) was used for
all statistical analyses.

RNA-IP
RMUG-S-ip1mucinous ovarian cells were plated at the amount

of 1 � 106 cells per 15 cm plate. For the siRNA portion of the

experiment, 4 mg of nontargeting or PRKRA siRNAwas transfected
using the protocol mentioned above. For the overexpression
portion, 4 mg of empty vector, PACT-overexpressing vector, and
PACT-mDR3 mutant vector were transfected using FuGENE
(Promega) at a ratio of 1 mg vector to 3 mL of FuGENE reagent.
Cells were left in media containing the transfection mixture for
4 hours, then fresh complete media was added; 3 days later, the
cells were harvested and subjected to the RIP-Assay Kit (MBL).
RNA was coimmunoprecipitated with AGO2 using the anti-
AGO2 antibody (MBL). RNA immunoprecipitates were then
eluted and subject to TaqMan qRT-PCR to detect the presence of
themiRNAs of interest, using the protocol as described above. The
fold enrichment was determined by comparing the fold enrich-
ment of the AGO2-immunoprecipitated miRNAs relative to the
control IgG-immunoprecipitated miRNAs.

High-throughput kinome siRNA screening and process for
identifying target genes

For kinome siRNA screening, a total of 1,278 siRNAs targeting
639 individual human kinase genes were preprinted on 384-well
plates along with staggered-negative and -positive control siRNA,
as described previously (23). The kinome screening experiments
were performed in duplicate for RMUG-L-ip1 cells. For each
experiment, plates preloaded with siRNA were thawed and
20 mL/well-diluted Dharmafect 3 (Dharmacon) solution was
added. After 30 minutes, 1,000 RMUG-L-ip1 cells in 20 mL of
mediumwere added to eachwell. Cell viability was determined at
96 hours by CellTiter-Glo luminescence assay read on a BMG
Polarstar machine using excitation 544-nm/emission 590-nm
filters. To identify target genes, we examined first that target
gene-siRNA alone does not affect cell viability. Then, we checked
whether the target gene-siRNA plus oxaliplatin showed greater
inhibition of cell viability compared with target gene-siRNA
alone. Through these criteria, we selected the 5 target genes.

Nanostring
For each sample, 100 ng of total RNA was analyzed with

nCounter Human miRNA expression Assay Kit (NanoString
Technologies). Negative control probes were also used. Raw data
was analyzed with nSolve (NanoString Technologies). Data were
normalized by calculating the geometric mean of the top 100
miRNAs in all samples, as recommended by NanoString. For
calculating P values, the LIMMA package (Linear Models for
Microarray Data) from the Bioconductor R project was used. Raw
data are available at NCBI GEO: GSE119845.

Results
PACT expression is increased in MOC cells and plays a role in
chemoresistance

To identify candidate genes that modulate the response of
MOC cells to oxaliplatin-based treatment, we performed a
kinome-based siRNA library screen of 939 genes (Supplementary
Table S4). We evaluated the efficacy of oxaliplatin in this study
because prior studies demonstrated that it was more effective
against MOC than were other platinum agents (22). For this
screen, we selected RMUG-L-ip1 MOC cells, as they demonstrate
oxaliplatin resistance (Supplementary Table S5). After we inde-
pendently tested the efficacy of silencing the top 5 genes that
sensitized MOC cells to oxaliplatin, we selected PRKRA as the
target gene for combination therapy with oxaliplatin. This gene
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was selected because siPRKRA plus oxaliplatin produced the
greatest inhibition of MOC cell viability relative to control siRNA
plus oxaliplatin (Fig. 1A; Supplementary Fig. S1A),while siPRKRA
alone did not affect cell viability in MOC cells (Supplementary
Fig. S1B). To demonstrate the silencing efficiency of siPRKRA, we
transfected RMUG-L-ip1 and RMUG-S-ip1 cells with control
siRNAor two different siPRKRA sequences. An expression analysis
using qRT-PCR and Western blotting demonstrated that PRKRA
and its encoded protein, PACT, were silenced by both siPRKRA
sequences (Supplementary Fig. S1C). To ascertain the involve-
ment of PACT in chemoresistance, we performed colony forma-
tion assays andWestern blot for analysis of cleaved caspase 3. We
observed that treatment with siPRKRA plus oxaliplatin resulted in
decreased colony formation (Fig. 1B) and increased levels of
cleaved caspase 3 (Supplementary Fig. S1D) more so than did
treatment with control siRNA plus oxaliplatin in MOC cells.

We next evaluated PACT protein expression in eight ovarian
cancer cell lines and one nontransformed human ovarian surface
epithelial cell line (HIO180). The level of PACT expression in
RMUG-L-ip1 and RMUG-S-ip1 cells was higher than that in
chemosensitive ovarian cancer cell lines according to the ratio
of PACT to b-actin expression (Fig. 1C). To ascertain the func-
tional impact of PACT expression on chemoresistance of MOC,
we performed a gain-of-function analysis of PACT in ovarian
cancer cells. Because MOC is characterized by chemoresistance,
we used the ovarian cancer cell line A2780, which is highly
sensitive to oxaliplatin. We transfected these cells with a PACT
expression vector or control empty vector and determined wheth-
er PACT overexpression promotes chemoresistance. We observed
that the PACT-overexpressing (A2780-PACT) cells had 4.1-fold
greater resistance to oxaliplatin than did the control (A2780-
control) cells (Fig. 1D; Supplementary Fig. S1E). Moreover, we
examined the viability of A2780-CP20 cells, which are resistant to
oxaliplatin, to determine whether PRKRA knockdown causes
oxaliplatin sensitivity in cells of other histologic subtypes. The
A2780-CP20 cells had greater sensitivity to oxaliplatin than
the control upon knockdown of PRKRA expression (Fig. 1E;
Supplementary Fig. S1F).

The combination of siPRKRA and oxaliplatin has enhanced
antitumor efficacy against MOC

To identify potential tumor-promoting pathways regulated by
PRKRA, we analyzed mRNA expression data from RNA sequenc-
ing of RMUG-S-ip1 cells transfected with siPRKRA or control
siRNA.Heatmaps of the expression of the 78most downregulated
genes (ratio, <0.8) and the 47 most upregulated genes (ratio,
>1.3) in PRKRA-silenced RMUG-S-ip1 cells are shown in Supple-
mentary Fig. S2A. Ingenuity Pathway Analysis of mRNA sequenc-
ing data identified the "cell death and survival-related" pathway
and the "cellular growth andproliferation-related" pathway as the
two most impacted pathways of downregulated genes after
siPRKRA treatment (Fig. 2A). Conversely, we identified the "cel-
lular growth and proliferation-related" pathway as the most
impacted pathway in the context of upregulated genes (Supple-
mentary Fig. S2B).

To identify potentialmechanisms bywhich the combination of
siPRKRA and oxaliplatin exerts its antitumor activity, we tested its
effects on MOC cell viability and apoptosis. Treatment with
siPRKRA plus oxaliplatin consistently resulted in decreased via-
bility of RMUG-L-ip1 and RMUG-S-ip1 cells more than treatment
with control siRNA plus oxaliplatin (Fig. 1A; Supplementary

Fig. S3A). The combination of siPRKRA and oxaliplatin induced
similar late apoptosis in both cell lines more than treatment with
control siRNA plus oxaliplatin (Fig. 2B; Supplementary Fig. S3B).

Because combination therapy with siPRKRA and oxaliplatin
was effective against MOC cells in our in vitro study, we next
evaluated the effects of this combination inRMUG-L-ip1 (Fig. 2C)
and RMUG-S-ip1 (Supplementary Fig. S3C, D and E) mouse
models. In these models, mice that were given siPRKRA and
oxaliplatin had 90% lower tumor weights (P < 0.0001) and
90% fewer tumor nodules (P < 0.0001) than did mice given
control siRNA plus oxaliplatin (Fig. 2D and E; Supplementary Fig.
S3CandS3D). The tumormetastasis rate, including at sites such as
themesentery and pelvis, wasmarkedly lower in the combination
treatment groups than in the other groups (Fig. 2F; Supplemen-
tary Fig. S3E). To determine the biological effects of the combi-
nation of siPRKRA and oxaliplatin, we used the RMUG-L-ip1
tumor model to examine proliferation (Ki67 staining) and apo-
ptosis (cleaved caspase-3) rates. We observed fewer Ki67-positive
cells in tumors treated with siPRKRA plus oxaliplatin than in
tumors in the other groups. Also, the percentage of cleaved
caspase-3–positive cells was higher in mice given siPRKRA plus
oxaliplatin than in mice given control siRNA plus oxaliplatin
(Fig. 2G), indicating both decreased proliferation, and greater
apoptosis in the tumors treated with siPRKRA plus oxaliplatin.

PACT-mediated downregulation of miR-515-3p expression
leads to increased chemoresistance

Because our preliminary data indicated that silencing of
PRKRA upregulated the expression of some mature miRNAs, we
sought to determine whether PACT's binding affinity for Dicer
affects the sensitivity of MOC cells to oxaliplatin. To determine
which domain of PACT is required for Dicer binding in MOC
cells, we created three point mutants of binding sites (mDR1,
mDR2, and mDR3) as reported previously (24). Specifically, we
performed point mutagenesis to alter the highly conserved
amino acids in double-stranded RNA-binding domains
(dsRBD). dsRBD1 was mutated at the two conserved alanine
residues (A91 and A92) to lysine residues in mDR1. Similarly,
the conserved alanine residues at A185 and A186 of dsRBD2 and
the alanine residues at A289 and A290 of dsRBD3 were con-
verted to lysine residues in mDR2 and mDR3, respectively. We
fused these mutants to a FLAG epitope at the N-termini and
induced coexpression with myc-Dicer and performed co-immu-
noprecipitation experiments. The PACT mutants mDR1 and
mDR2 efficiently bound to Dicer, whereas the C-terminal
mutant mDR3 did not interact with Dicer (Supplementary Fig.
S4A). Therefore, dsRBD3 of PACT may be involved in the
interaction of PACT with Dicer in MOC cells.

We next performed a miRNAmicroarray analysis of MOC cells
transfected with siPRKRA or control siRNA. We observed
increased expression of certain miRNAs after silencing PRKRA
(Fig. 3A; Supplementary Table S6). Using qRT-PCR, we analyzed
the expression of significantly upregulated miRNAs (Fig. 3A) in
cells with silenced PRKRA. We found a marked increase in the
levels of six of the sevenmiRNAs that we tested (Fig. 3B). We then
aimed to determine whether PACT–Dicer interaction is respon-
sible for biogenesis of thesemiRNAs.Uponour analysis ofmature
miRNA expression in MOC cells using qRT-PCR, we observed
that the wild-type PACT-containing plasmid inhibited mature
miR-515-3p and miR-519-3p expression, whereas mDR3
expression did not result in any changes in the expression of
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Figure 1.

PRKRA expression and function in MOC. A, Results from the kinome-based siRNA library screen. Left, heatmap with genes according to the ratio of MOC samples
given siRNA to the samples given siRNA plus oxaliplatin. Right, cell viability assay for RMUG-L-ip1 cells given combination therapy with oxaliplatin and
siPRKRA. The experiment was performed 72 hours after treatment. B, Colony formation assay for RMUG-S-ip1 cells given combination therapy with oxaliplatin and
siPRKRA or control siRNA (cont si). C, Western blot analysis of PACT expression in nontransformed epithelial ovarian cells (HIO-180) and in ovarian cancer
cell lines. D, Cell viability assay for A2780 cells treated with oxaliplatin. The cells were transfected with either a control vector or the pcDNA-PACT vector. The
experiment was performed 72 hours after treatment. E, Cell viability assay for A2780-CP20 cells given combination therapy with oxaliplatin and siPRKRA.
The experiment was performed 72 hours after treatment. The data are presented as mean � SE of the mean for at least three experimental groups. (�� , P < 0.01;
��� , P < 0.001; ���� , P < 0.0001; Student t test).
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mature miR-515-3p or miR-519-3p (Fig. 3C; Supplementary Fig.
S4B). This result suggested that PACT negatively regulates miR-
515-3p and miR-519-3p biogenesis by binding to Dicer in MOC

cells. In addition, we performed RNA-IP to confirm the binding of
miR-515-3p and miR-519-3p to AGO2 in the context of PRKRA
knockdown as well as PACTwild-type andmDR3 overexpression.

Figure 2.

Antitumor effects of the combination of oxaliplatin and siPRKRA.A,Thefivemolecular functionsmost significantly altered as a result of downregulatedmRNAs under
PRKRA-silenced conditions. Data are from RNA-sequencing of cells transfected with siPRKRA or control siRNA. The data were subjected to Ingenuity
Pathway Network analysis. B, Apoptosis assay for oxaliplatin and siPRKRA in RMUG-L-ip1 cells at the end of 72-hour time point. Cells were transfected 6 hours
and 48 hours after plating. Chemotherapy treatment was started 72 hours after plating the cells. The oxaliplatin dose used for the assay was 1 mmol/L. C,
Representative images of the extent of metastatic spread of MOC in mice given a control siRNA (cont si), control siRNA plus oxaliplatin, siPRKRA, or siPRKRA plus
oxaliplatin (n ¼ 10 per group). Tumor weights (D) and nodule numbers (E) in each mouse group 43 days after RMUG-L-ip1 cell injection. F, Distribution of
metastatic nodules in each mouse group.G, IHC staining of MOC samples obtained from RMUG-L-ip1 orthotopic models for Ki67 and caspase 3. Scale bar¼ 100 mm.
The in vitro data are presented as mean � SE of the mean for at least three experimental groups. (� , P < 0.05; �� , P < 0.01; ���� , P < 0.0001; Student t test).
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Figure 3.

Downregulation of miR-515-3p expression by PACT leads to increased chemosensitivity of MOC. A, Heatmap showing the 11 most upregulated mature miRNA levels
under PRKRA-silenced conditions assessed using miRNA array data. B, Expression levels for significantly altered mature miRNAs in PRKRA-silenced in RMUG-L-ip1
cells. C, Mature miR-515-3p expression levels in RMUG-S-ip1 cells transfected with a plasmid containing FLAG, wild-type PACT, or PACT mDR3. D, RNA
immunoprecipitation (RIP) analysis of miR-515-3p expression in RMUG-S-ip1 cells transfected with control siRNA (cont si), siPRKRA, empty vector, wild-type PACT
plasmid, or PACT mDR3 plasmid. E, Cell viability assay for PRKRA-silenced RMUG-L-ip1 cells transfected with a wild-type PACT-containing plasmid or
mutant plasmid. The cells were treated with oxaliplatin. F, Cell viability assay of PRKRA-silenced RMUG-L-ip1 cells transfected with a miR-515-3p inhibitor or control
antisense inhibitor. The cells were treated with oxaliplatin. G, Mature miR-515-3p and PRKRA expression levels in tumors obtained from RMUG-L-ip1 mouse
models, which treated with control siRNA, control siRNA plus oxaliplatin, siPRKRA, or siPRKRA plus oxaliplatin. Data are presented as mean� SE of the mean for at
least three experimental groups. (� , P < 0.05; �� , P < 0.01; ��� , P < 0.001; ����, P < 0.0001; Student t test).
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In all settings, we observed binding of these miRNAs and AGO2
(Fig. 3D; Supplementary Fig. S4C).

Next, we asked whether the PACT–Dicer interaction and
subsequent impact on miR-515-3p and/or miR-519-3p expres-
sion regulates chemosensitivity to oxaliplatin in MOC cells.
First, we transfected mDR3 into RMUG-S-ip1 cells and per-
formed a cell viability assay. While cells transfected with
siPRKRA and a control vector had decreased viability after

treatment with oxaliplatin, the viability of those transfected
with siPRKRA and a wild-type PACT-containing vector was
restored. In contrast, transfection of mDR3 did not restore
cell viability after treatment with oxaliplatin alone (Fig. 3E;
Supplementary Fig. S4D). These results suggest that PACT–
Dicer binding affects chemoresistance of MOC.

Next, we tested whether miR-515-3p and miR-519-3p regulate
chemosensitivity of MOC cells. Resistance to oxaliplatin was

Figure 4.

MiR-515-3p regulates the chemosensitivity of MOC via AXL. A, The five molecular functions most significantly altered as a result of downregulated mRNA
expression following miR-515-transfection. The data are from RNA-sequencing of MOC cells transfected with a miR-515 mimic or control mimic. The data were
subjected to Ingenuity PathwayNetwork analysis.B,AXLmRNA (top) and protein (bottom) expression levels in RMUG-L-ip1 and RMUG-S-ip1 cells transfectedwith a
miR-515 mimic or control mimic. C, AXL mRNA expression levels in RMUG-L-ip1 and RMUG-S-ip1 cells transfected with siPRKRA or a control siRNA. D, Cell
viability assay for oxaliplatin sensitivity in RMUG-S-ip1 cells transfected with AXL siRNA (siAXL). The experiment was performed for 72 hours. E, Untreated
RMUG-S-ip1 cells were cotransfected with wild-type or AXL 30UTR and the miR-515 mimic or negative control. After 48 hours, luciferase/Renilla activity was
measured. The data are presented as mean � SE of the mean for at least three experimental groups. (� , P < 0.05; �� , P < 0.01; ���, P < 0.001; ���� , P < 0.0001;
Student t test).
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enhanced by exposure to a miR-515 inhibitor in MOC cells.
Moreover, cells transfected with siPRKRA and the miR-515 inhib-
itor were more viable than cells transfected with siPRKRA alone
(Fig. 3F; Supplementary Fig. S4E). In addition, wemeasuredmiR-
515-3p expression in tumors obtained from RMUG-L-ip1 mouse
models. Consistent with the in vitro results, miR-515-3p expres-
sion was higher in tumors from siPRKRA or siPRKRA plus oxa-
liplatin models than in tumors from other groups (Fig. 3G;
Supplementary Fig. S4F) while siPRKRA or siPRKRA plus oxali-
platin did not affect Dicer expression in tumors (Supplementary
Fig. S4G). These results suggest that miR-515-3p is a regulator of
chemosensitivity in MOC cells.

MiR-515-3p regulates MOC chemosensitivity via AXL
To examine the mechanism by which miR-515-3p regulates

chemosensitivity of MOC, we compared global differences in
gene expression profiles between miR-515-3p–overexpressing
RMUG-S-ip1 and control cells using a gene microarray. Heat-
maps of the expression of significantly downregulated and
upregulated genes in miR-515-3p–overexpressing RMUG-S-
ip1 cells are shown in Supplementary Fig. S5A. Using Inge-
nuity Pathway Analysis, we identified that for the downregu-
lated genes, the most impacted cellular functions were related
to "cell death and survival" (Fig. 4A) and for the upregulated
genes, "DNA replication, recombination, and repair" (Supple-
mentary Fig. S5B). We then specifically examined the genes
related to these functions, as these pathways may hold rele-
vance for chemoresistance. To determine whether the expres-
sion of these genes is regulated by PACT, we compared gene
expression profiles between siPRKRA RMUG-S-ip1 cells and
siControl cells using a gene array (Supplementary Fig. S2A).
Upon integrating the list of downregulated genes in miR-515-
3p–overexpressing cells and PRKRA-silenced cells, we identi-
fied AXL to be a potential mediator of chemosensitivity in
MOC cells. To address this, we first determined whether miR-
515-3p regulates AXL expression. We observed that cells trans-
fected with a miR-515 mimic had lower AXL expression than
control cells (Fig. 4B). We next examined whether PACT
regulates AXL expression. We observed that cells transfected
with siPRKRA also had lower AXL expression relative to the
control (Fig. 4C). We then determined whether AXL regulates
chemosensitivity of MOC cells. Cells transfected with AXL
siRNA were less viable than cells transfected with control
siRNA when combined with oxaliplatin (Fig. 4D). In addition,
we examined whether miR-515-3p targets AXL in MOC cells.
We performed a luciferase assay to examine the regulatory
effects of miR-515-3p on the AXL 30-UTR. When the reporter
gene vector was coexpressed with miR-515 mimic, AXL 30-UTR
expression was reduced by 38% (Fig. 4E). We also determined
whether AXL regulates cell death in MOC cells. By using
plasmid which does not have AXL-30UTR, we performed apo-
ptosis assay. When MOC cells were cotransfected with the
plasmid and siPRKRA, the effect of oxaliplatin was reduced
compared with cells cotransfected siPRKRA and miR-515
inhibitor (Supplementary Fig. S5C).

Discussion
The keyfinding in thiswork is that treatmentwith siPRKRAplus

oxaliplatin had a significant antitumor effect onMOCcells. This is
important becauseMOC is known tohavepoorer outcomes and is

more chemoresistant than other subtypes of ovarian carcinoma
(2, 3, 22, 25).

Previously published work has reported that in complex with
Dicer, PACT suppresses the processing of precursor miRNA sub-
strates (26). In addition, PACT can affect various sizes ofmiRNAs,
thereby influencing target-binding properties. Experiments with
PACT variants showed that the two N-terminal RNA-binding
domains of this protein have differences in double-stranded RNA
substrate identification and processing of the Dicer–double-
stranded RNA-binding protein complex. The full role of PACT
in the miRNA pathway remains to be determined (27).

In this study, we demonstrated that PACT regulates the che-
mosensitivity of MOC cells. Using a binding site mutant that
cannot bind to Dicer, we also found that PACT–Dicer interaction
affects PACT-mediated chemoresistance. In addition, using this
binding site mutant, we demonstrated that PACT negatively
regulates miRNA processing in MOC cells, and that knockdown
of PACT expression results in increased levels of maturemiR-515-
3p. Decreased expression ofDicer in cancer cells is associatedwith
poor clinical outcomes (28–31). Recent reports described an
association between Dicer expression and increased metastasis
in the context of a Dicer knockout model (32). Furthermore,
changes in mature miRNA expression observed in hypoxic envir-
onments have been linked to decreased expression ofDicer. Taken
together, changes in Dicer expression and processing are involved
in promoting tumor growth and progression (19). Here, we have
added to this understanding by demonstrating that changes to
Dicer-regulated processing of a subset of miRNAs by PACT is
another mechanism by which Dicer is involved in cancer path-
ogenesis. These results could have clinical implications. Specifi-
cally, the combination therapy of siPRKRA and oxaliplatin may
benefit patients with MOC. Moreover, because some chemore-
sistant ovarian cancer cell lines have higher expression of PACT
than do chemosensitive cell lines, siPRKRA-based therapy may
benefit patientswithother histologic subtypes of ovarian cancer as
well.

Another important finding of this study is that miR-515-3p
can affect chemosensitivity in MOC cells. Recent studies have
suggested that some miRNAs, such as miR-199b-5p, miR-506,
and miR-484, are associated with chemoresistance of serous
ovarian cancer (33–35). However, whether certain miRNAs are
related to chemoresistance of MOC is not well understood. In
addition, although miR-515-3p expression is reported to be
increased in plasma during pregnancy, the role of this miRNA
in cancer is unclear (36, 37). In this study, we found that miR-
515-3p also plays an important role in chemosensitivity of
MOC.

In summary, this study demonstrated that PACT is frequently
overexpressed in MOC cells and may be a therapeutic target for
enhancing chemotherapeutic efficacy in this disease. In light of
the results presented here, the combination of siPRKRA and
oxaliplatin may be a candidate for further development in
MOC.
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