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PRMT1 expression predicts sensitivity to platinum-based
chemotherapy in patients with ovarian serous carcinoma
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Abstract. Patients with ovarian serous carcinoma are generally
diagnosed at an advanced disease stage. The standard treatment
for these patients is maximal debulking surgery followed by
platinum-taxane combination chemotherapy. Despite initially
responding well, more than half of patients become refractory
to first-line chemotherapy. Upregulation of protein arginine
methyltransferase 1 (PRMTI) expression has been demon-
strated to methylate apoptosis signal-regulated kinase 1 and
inhibit its activity, thereby contributing to chemoresistance.
The present study investigated the association between PRMT1
expression and sensitivity to platinum-based chemotherapy
in 51 patients with ovarian serous carcinoma (International
Federation of Gynecology and Obstetrics stages III and IV),
and the effect of RNA interference-mediated downregula-
tion of PRMTI1 on the sensitivity of ovarian cancer cells to
cisplatin and carboplatin in vitro. Immunohistochemistry of
tumor specimens was used to compare the expression levels
of PRMT1, a Cell Counting Kit-8 assay and small interfering
RNA transfection were performed for chemosensitivity
assays, and reverse transcription-quantitative PCR was used
to examine PRMT1 mRNA expression. Patients were divided
into platinum-sensitive (n=26) and platinum-resistant (n=25)
groups. PRMT1 expression was significantly lower in the
platinum-sensitive group than in the platinum-resistant
group (P=0.019). When patients were categorized according
to PRMT1 expression, those in the low PRMT1 expression
group were more sensitive to platinum-based chemotherapy
than those in the high PRMT1 expression group (P=0.01).
Additionally, in vitro experiments revealed that suppression of
PRMT1 expression by siRNA significantly increased the sensi-
tivity of human ovarian serous carcinoma cells to cisplatin and

Correspondence to: Dr Takeshi Fukuda, Department of Obstetrics
and Gynecology, Osaka City University Graduate School of
Medicine, 1-4-3 Asahimachi, Abeno-ku, Osaka 545-8585, Japan
E-mail: takeshif@med.osaka-cu.ac.jp

Key words: ovarian serous carcinoma, protein arginine
methyltransferase 1, chemotherapy, cisplatin, carboplatin, predictive
marker

carboplatin (P<0.05). In conclusion, PRMT1 expression could
predict sensitivity to platinum-based chemotherapy in patients
with ovarian serous carcinoma.

Introduction

Ovarian serous carcinoma has the highest mortality among
the gynecological cancers (1,2). In general, patients with
malignant ovarian tumors are diagnosed at an advanced stage
(stage IIT or IV) because of the initial lack of specific symp-
toms or biomarkers (3). The standard treatment for advanced
ovarian serous carcinoma is maximal debulking surgery
followed by platinum-taxane combination chemotherapy (4).
Despite a good initial response to chemotherapy, many
patients become resistant to first-line drugs and the prognosis
for these individuals is particularly poor (5). The effect of
re-treatment with platinum-based chemotherapy at the time of
relapse depends on the duration of platinum non-use, which is
defined as the time between last platinum administration and
relapse (6). If the duration between last platinum administra-
tion and recurrence is less than 6 months, the cancer is defined
as platinum-resistant, and if it is longer than 6 months, it is
defined as platinum-sensitive (7).

Sensitivity to platinum-based chemotherapy is one of the
major prognostic factors for ovarian serous carcinoma (8), and
prediction of platinum sensitivity is therefore of great importance
for the development of treatment strategies for patients with this
disease. Unfortunately, however, no effective methods currently
exist to predict platinum sensitivity in ovarian serous carcinoma.
Effective prediction of platinum-sensitivity would enable the
selection of only those patients who represent good candidates for
platinum treatment, while sparing resistant patients the adverse
side-effects associated with these drugs. Therefore, it is important
to identify specific biomarkers that predict platinum sensitivity to
improve patient prognosis in ovarian serous carcinoma.

Protein arginine methyltransferase 1 (PRMT1) is the major
arginine methyltransferase in mammalian cells and is required
for normal embryonic development, cell cycle progression, cell
viability, and signaling (9-12). PRMTT1 has also been reported
to be a driver of tumorigenesis and tumor progression (13),
and to contribute to chemotherapy resistance by methylating
apoptosis signal-regulated kinase 1 (ASK1) (14).

In this study, we evaluated the association between PRMT1
expression and sensitivity to platinum-based chemotherapy
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in ovarian serous carcinoma. Our aim was to identify new
biomarkers and explore new treatment options to improve the
prognosis of patients with platinum-resistant disease.

Materials and methods

Patients and samples. We reviewed 51 cases of stage III or IV
serous ovarian cancer in patients aged 75 and under treated
at the Osaka City University Hospital between January 2005
and December 2013. Patients were assigned to one of two
groups according to their platinum sensitivity. Patients
assigned to the platinum-sensitive group (n=26) had received
chemotherapy with platinum after maximal tumor debulking
surgery and had no tumor recurrence within 6 months of
the date of the last platinum dose. Patients assigned to the
platinum-resistant group (n=25) had received platinum-based
chemotherapy after maximal debulking surgery and had
tumor recurrence within 6 months of the date of the last
platinum dose. The study was approved by the Institutional
Review Board (IRB) of Osaka City University Hospital after
written informed consent was obtained from all patients
prior to treatment (IRB no. 4247).

Immunohistochemistry. PRMT1 expression in ovarian serous
carcinoma specimens was determined by immunohisto-
chemical analysis of paraffin-embedded tissue sections using
the Dako LSAB2 peroxidase kit (cat. no. KO675; Agilent
Technologies, Inc.). Four-micron-thick tissue sections were
deparaffinized, rehydrated, and soaked in 3% hydrogen
peroxide for 10 min at room temperature to block endogenous
peroxidase activity. Antigen retrieval was performed by auto-
claving sections in 10 mM citrate buffer (pH 6.0) at 110°C for
20 min. After washing with phosphate-buffered saline (PBS),
sections were incubated overnight at 4°C in a 1:100 dilution of
rabbit polyclonal antibody against PRMT] (cat. no. ab-70724;
Abcam). Sections were washed with PBS for 15 min and incu-
bated with biotinylated goat IgG secondary antibody (Dako;
Agilent Technologies, Inc.) for 10 min. Additional sections
were incubated with streptavidin-peroxidase complexes and
3,3'-diaminobenzidine was used as a chromogen. Finally, all
sections were stained with hematoxylin. As a control, primary
antibodies were omitted to examine the specificity of the
immunohistochemical reaction.

PRMT]1 expression scoring was calculated by multi-
plying the percentage score of positive tumor cells by the
staining intensity score using the weighted scores method of
Sinicrope et al (15). The percentage score of positive tumor
cells was defined as follows: 0 (<5%), 1 (5-25%), 2 (25-50%),
3 (50-75%), and 4 (>75%). The staining intensity was scored
as follows: 0 (no staining), 1 (weak staining), 2 (moderate
staining), or 3 (strong staining).

Cell culture. The human ovarian serous carcinoma cell line
OVSAHO (cat.no. JCRB1046; National Institute of Biomedical
Sciences) was cultured in RPMI medium (Gibco; Thermo
Fisher Scientific, Inc.), supplemented with 10% fetal bovine
serum (Gibco; Thermo Fisher Scientific, Inc.), penicillin
(100 U/ml) and streptomycin (100 U/ml), and the medium
was changed every other day. Cell cultures were maintained
at 37°C in a humidified incubator containing a 5% CO,

atmosphere. After collection, cells were stored at -80°C for
subsequent analysis by reverse transcription-quantitative PCR
(RT-gPCR).

Chemosensitivity assay and siRNA transfection. OVSAHO
cells were seeded in 96-well plates at 3,000 cells per well
and divided into groups that were transfected with or
without PRMTI1-specific siRNA (siPRMTI). Transfection
was performed using Lipofectamine RNAiMax (Invitrogen;
Thermo Fisher Scientific, Inc.).

The siPRMT1 sense sequence was 5'-GCAACUCCAUGU
UUCAUAALtt-3',and the antisense sequence was 5'-UUAUGA
AACAUGGAGUUGCgg-3'. After 24 h of culture in the
presence or absence of siPRMT]I, cell cultures received
fresh medium containing cisplatin at concentrations of 0,
5.0, 10, or 50 uM, or carboplatin at concentrations of 0, 50,
100, or 150 uM, and then cultured for an additional 48 h. To
confirm cell viability, 10 ul of CCK-8 and 100 ul of RPMI
were added to each well using the Cell Counting kit-8
(CCK-8; Dojindo Molecular Technologies, Inc.). The plate
was then incubated at 37°C for 2 h and the absorbance
subsequently measured at 450 nm using a microplate reader
(Corona Electric Co., Ltd.). Dose-response curves were
prepared to determine the percentage of viable cells relative
to the untreated control.

RT-qPCR. Total RNA was extracted from OVSAHO cells
using the RNeasy Mini kit (QIAGEN GmbH). RNA was
reverse-transcribed using the High Capacity cDNA Reverse
Transcription kit (Thermo Fisher Scientific, Inc.) and PRMT1
mRNA expression was determined using the TagMan Gene
Expression Assay and an ABI 7500 Fast Real-Time PCR System
(Applied Biosystems; Thermo Fisher Scientific, Inc.). mRNA
levels were normalized to those of the GAPDH house-keeping
control. The TagMan PRMT1 (Hs01587651_gl) and GAPDH
(Hs99999905_m1) assays were used for RT-qPCR assays
(Thermo Fisher Scientific, Inc.). The 244 method was used to
analyze the relative changes in gene expression for RT-qPCR
experiments (16).

Statistical analysis. Data are presented as means + standard
deviation in the tables and means + standard error in the figures.
Prognosis was assessed by Kaplan-Meier and log-rank anal-
ysis. Weighted scores were analyzed using the Mann-Whitney
test and the receiver operating characteristic (ROC) curve.
The Student's t-test was used to assess the significance of the
difference between the mean values of the two groups and the
y’ test or Fisher's exact test was used appropriately to identify
significant associations between the categorical variables of
the two groups. Analyses were performed with EZR (Saitama
Medical Center, Jichi Medical University, Saitama, Japan). A P
value <0.05 was considered as statistically significant.

Results

Patient characteristics. When the association between age,
FIGO stage, CA125 level, and postoperative residual disease
was examined, only the size of postoperative residual disease
was significantly higher in the platinum-resistant group
(P=0.005; Table I).
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Table I. Patient characteristics for the platinum-sensitive and platinum-resistant groups.

Variable Platinum-sensitive group Platinum-resistant group P-value
No. of cases 26 25
Age, years (mean + SD) 60.4+11.7 58.5+8.6 0.521*
FIGO stage, n 0.418°
ITA 1 0
I11B 3 1
1IC 20 18
IVA 1 3
IVB 1 3
Tumor marker CA125, U/ml (mean) 3467.6 20574 0.309*
Postoperative residual disease, n 0.005°
None 5 0
<l cm 8 2
>1 cm 13 23

Student's t-test; "Fisher's exact test. CA125, cancer antigen 125; FIGO, International Federation of Gynecology and Obstetrics.
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Figure 1. Immunohistochemical analysis of PRMT]1 expression in ovarian serous carcinoma. (A) Negative control (no primary antibody). Tissue sections
assigned scores of (B) 6 and (C) 12, following labeling with primary antibody against PRMT]I. Scale bars, 100 yzm. (D) Weighted score for PRMT1 expres-
sion in cancerous samples. PRMTI expression was significantly higher in the platinum-resistant group than in the platinum-sensitive group. "P=0.019
(Mann-Whitney U test). (E) Receiver operating characteristic curve for determining the PRMT1 score cut-off to evaluate the sensitivity to platinum-based
chemotherapy. Using a cutoff value of 3, the specificity was 68.0%, and the sensitivity was 69.2%. The area under the curve was 0.689 and the 95% confidence

interval was 0.540-0.838. PRMT1, protein arginine methyltransferase 1.

Expression of PRMTI in ovarian serous carcinoma tissue.
Fig. 1 shows PRMT1 expression in cancer tissues, the weighted
scores for the platinum-sensitive and resistant groups and
the ROC curve for determining the PRMT]1 score cut-off to
evaluate the sensitivity to platinum-based chemotherapy. The

weighted score for PRMT1 expression in the platinum-resis-
tant group was significantly higher than that obtained for the
platinum-sensitive group (P=0.019). From the ROC curve, the
cut-off value was set to 3, with a specificity of 68.0% and a
sensitivity of 69.2%. Based on this cut-off value, cases were
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Table II. Characteristics of the patients in the low and high PRMT1 expression groups.

Variable Low PRMT1 (<3) group High PRMT1 (=4) group P-value
No. of cases 26 25
Age, years (mean + SD) 62.3+9.2 56.5+10.7 0.488*
FIGO stage, n 0.945*
IIIA 0 1
I11B 2 2
IIC 19 19
IVA 2 2
IVB 3 1
Tumor marker CA125, U/ml (mean) 3,799.7 1,712.0 0.129*
Postoperative residual disease, n 0.068"
None 4 1
<l cm 6 4
>1 cm 16 20

sStudent's t-test; "Fisher's exact test. CA125, cancer antigen 125; FIGO, International Federation of Gynecology and Obstetrics; PRMT1,

protein arginine methyltransferase 1.

Table III. Numbers of patients with low and high PRMT 1 expression in the platinum-sensitive and platinum-resistant groups.

PRMT1 expression Platinum-sensitive, n (%) Platinum-resistant, n (%) P-value
Low, <3 18 (69.2) 8 (30.8) 0.012*
High, =4 8 (32.0) 17 (68.0)

a2 test. PRMTT, protein arginine methyltransferase 1.

assigned to either a low PRMT]1 expression group (weighted
score <3, n=26) or a high PRMT1 expression (weighted
score =4, n=25), according to their weighted score. There were
no significant differences in age, stage, CA125 value, and post-
operative residual lesion between the low PRMT]1 expression
and high PRMT1 expression groups (Table II).

Association of platinum sensitivity with PRMTI expression.
The proportion of patients sensitive to platinum-based chemo-
therapy was significantly higher in the low PRMT]1 expression
group, when compared with the high PRMT1 expression
group (P=0.01, Table III). In the low PRMT1 expression group,
18 (69.2%) cases were platinum-sensitive and 8 (30.8%) cases
were platinum-resistant; in the high PRMT]1 expression group,
8 (32.0%) cases were platinum-sensitive and 17 (68.0%) cases
were platinum-resistant.

Survival. Overall survival (OS) was significantly longer for
patients of the low PRMT1 expression group than for patients
of the high PRMT1 expression group (P=0.031, Fig. 2).

SiRNA-mediated silencing of PRMTI expression enhances
the sensitivity of ovarian carcinoma cells to platinum-based
therapy. PRMT1 mRNA expression in OVSAHO cells was
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Figure 2. Overall survival for patients in the low and high PRMT1 expression
groups. P=0.031 (Kaplan-Meier and log-rank test). PRMT1, protein arginine
methyltransferase 1.

suppressed 48 h after transfection with siPRMT]1, and cells
transfected with siPRMT1 were significantly more sensitive to
cisplatin or carboplatin (Fig. 3).
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Figure 3. Effects of inhibition of PRMT1 expression on OVSAHO ovarian
serous cancer cell sensitivity to platinum-based chemotherapeutic agents.
(A) PRMT1 mRNA expression was significantly decreased following trans-
fection with PRMT1-targeting siRNA. "P<0.05 (Student's t-test). PRMT1
mRNA levels were normalized to those of GAPDH. (B) Sensitivity of
OVSAHO cells to cisplatin in the presence or absence of an siRNA specific
for PRMTI. "P<0.05 (Student's t-test). (C) Sensitivity of OVSAHO cells to
carboplatin in the presence or absence of an siRNA specific for PRMT]I.
“P<0.05 (Studen's t-test). PRMT], protein arginine methyltransferase 1;
siRNA, small interfering RNA.

Discussion

Effective treatment for serous ovarian cancer remains a major
challenge because of platinum-resistant recurrence. It has been
suggested that mechanisms of platinum-resistance may involve
decreased cellular import and increased cellular export of
the drug by transporter proteins, intracellular drug inactiva-
tion by detoxifying enzymes, enhanced DNA damage repair,
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and inactivation of cell death signaling. In platinum-resistant
tumor cells, multiple mechanisms may be involved simultane-
ously (17-19).

Arginine methylation is a major regulator of protein func-
tion in mammalian cells (9). PRMT]1 represents the major
arginine methyltransferase in mammalian cells and is required
for normal embryonic development, cell division and cell
viability (9-12). PRMT] is involved in signaling pathways that
regulate DNA damage, mRNA translation, cell cycle progres-
sion, apoptosis, and genes transcription (20-24).

PRMT]1 has been implicated in the development and
progression of a variety of diseases, including cancer,
cardiovascular disease, diabetes, and fat production in the
liver (25-29). There are several reports regarding PRMT1
expression or involvement in a variety of cancers, including
colorectal, breast, lung, bladder, liver, esophageal and head
and neck cancers (13,30-35).

PRMT1 has been shown to methylate cytoplasmic proteins
involved in the regulation of apoptotic signaling. It is also
associated with cell cycle arrest during the GO/G1 phase. In
addition, PRMT1 has been shown to methylate ASK1 and
inhibit its activity (36). Studies have also shown that knockdown
of PRMT1 promotes a PI3K-Akt signaling pathway-dependent
suppression of oxidative stress-induced apoptosis, and that
inhibition of PRMT]1 attenuates activation of the NF-»B
pathway, making cells more susceptible to chemotherapeutic
agents (37,38).

In this study, OS was significantly longer in the low
PRMT]1 expression group, when compared with the high
PRMT1 expression group. siRNA-mediated suppression of
PRMT1 expression increased the sensitivity of OVSAHO
cells to cisplatin and carboplatin. Overexpression of PRMT1
may inhibit cell death by inhibiting the activation of ASKI1,
thereby reducing the effects of chemotherapy. Despite
studies showing an association between PRMT]1 expres-
sion and poor cancer prognosis, the mechanism by which
PRMT]1 induces resistance to chemotherapy remains unclear.
Although our study included only 51 cases, the clinical data
suggest that PRMT1 expression may be a prognostic factor
for poor outcome in serous ovarian cancer. More studies
which includes elucidating the mechanism of ASK1 are now
needed to confirm the role of PRMT1 as a prognostic marker
in serous ovarian cancer. To this end, ASK1 is known to be
methylated and inhibited the activity by PRMT1, therefore
we are planning the experiment to elucidate the enhanced
apoptosis induced by carboplatin or cisplatin when ASK1
is depleted by RNAI resulting in higher sensitivity to those
chemotherapeutic agents.

In conclusion, our data suggest that PRMT1 expression
may be a predictive marker of the efficacy of platinum-based
chemotherapy in patients with serous ovarian cancer. To our
knowledge, this is the first report of an association between
PRMT]1 expression and platinum sensitivity, and these find-
ings should facilitate future studies that aim to improve the
prognosis of patients with serous ovarian cancer.
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