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Abstract: Methionine synthase reductase (MTRR) is involved in the DNA synthesis and production of S-adeno-
sylmethionine (SAM) and plays an important role in the carcinogenesis. However, the role of MTRR in the resistance
of ovarian cancer (OC) to chemotherapy has yet to be elucidated. In order to investigate the clinical significance of
MTRR in OC, MTRR expression was reduced by using the RNA interference technique, and therefore, and the tumor
growth and cisplatin-resistance were evaluated in vitro and in vivo. Results showed MTRR expression increased
orderly from normal tissues, benign ovarian tumor to OC tissue. MTRR over-expression in OC tissue was correlated
with pathologic type (P=0.005), grade (P=0.037), FIGO stage (P=0.001), organ metastasis (P=0.009) and platinum
resistance (P=0.038). MTRR silencing inhibited cell proliferation, cisplatin resistance and autophagy, and induced
apoptosis of OC cells. In addition, MTRR silencing also affected the caspase expression as well as mTOR signaling
pathway. Further, the tumor volume in MTRR-suppressed SKOV3/DDP mice treated with cisplatin significantly de-
creased when compared with controls (P<0.05). In summary, MTRR expression, which is increased in human OC, is
related to the differentiation and cisplatin resistance of OC cells. MTRR silencing inhibits cell growth and cisplatin
resistance by regulating caspase expression and mTOR signaling pathway in OC cells. It is suggested that MTRR may
be a potential target for the therapy of OC.
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Introduction process mediating the silencing of gene tran-
scription and carcinogenesis. Hypermethylation
may silence the tumor suppressor genes at the
their promoter in carcinogenesis and cancer
progression [4]. In OC, the DNA methylation of
several genes including HSulf-1 [5], ABCG2 [6]
and EZH2 [7] has been found to be associated
with drug resistance. Apoptosis in cisplatin-
induced cell death is related to the expression
of death-inducing genes and downregulation of
‘survival’ genes [8]. Autophagy has both pro-
survival and pro-death activities. A variety of

Ovarian cancer (OC) is one of the most devas-
tating gynecological cancers. Advanced OC is
associated with a mortality of 60% in humans
and with a five-year survival below 30% [1].
Platinum-based chemotherapy is the standard
first-line treatment for stage IV OC. However,
the 5-year survival rate of OC women is still
20% to 40%, and most patients may develop
relapse within 18-28 months [2]. The drug
resistance is still challenging in the treatment
of OC [3]. Therefore, it is imperative to develop

new drugs or strategies for the therapy of OC.

Methylation is able to control gene expression,
stabilize chromatin structure and contribute to
genomic stability. DNA methylation, the most
widely studied epigenetic abnormality, is a key

signaling pathways including epigenetic control
phenomena have been implicated in the regula-
tion of autophagy [9]. Overall, epigenetic silenc-
ing of critical genes by DNA methylation has
been found to regulate the apoptosis and
autophagy during carcinogenesis.
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Methionine synthase reductase (MTRR) is an
enzyme controlling the activity of MTR in the
folate metabolism by transferring the methyl
group of methyltetrahydrofolate to homocyste-
ine via the methionine synthase. Methyl-
cobalamin is an intermediate methyl carrier
and essential for DNA methylation [10, 11]. The
missense mutation of MTRR gene, A66G
(rs1801394), is one of the most widely investi-
gated single-nucleotide polymorphisms (SNPs)
and may result in the substitution of isoleucine
with methionine at codon 22 [12]. MTRR gene
polymorphisms are related to the development
of breast cancer [13], head and neck cancer
[14] and acute lymphoblastic leukemia [15]. To
date, no studies have been conducted to evalu-
ate the role of MTRR expression in OC, particu-
larly with respect to its resistance to chemo-
therapy. In this study, we hypothesized that
MTRR expression in OC tissue was correlated
with some clinicopathological features and sur-
vival of OC patients, and MTRR silencing was
able to suppress cell growth, platinum resis-
tance and autophagy, and induce apoptosis of
OC cells via modulating the caspase family
members and mTOR signaling pathway.

Materials and methods
Clinical samples and follow-up

OC tissues and normal ovary tissues were col-
lected from patients who were treated in the
Department of Gynecologic Oncology of the
Affiliated Tumor Hospital of Guangxi Medical
University between 2004 and 2010. All the
patients were pathologically diagnosed with
OC. Pathological stage and histological subtype
were determined according to the International
Federation of Gynecology and Obstetrics (FIGO)
criteria, and the World Health Organization cri-
teria. Clinical and pathological data was col-
lected from the medical records including age,
surgical stage, metastasis, ascites, tumor
grade and subtype, and drug resistance.
Samples were collected from 80 cases of pri-
mary OC, 50 cases of benign ovarian tumors,
and 30 normal ovarian tissues. The median age
was 41.1 years (range: 13-76 years) in OC
group; 40.1 years (range: 10-74 years) in benign
ovarian tumor group; and 43.1 years (range:
29-60 years) in normal ovary group. The 80 OC
patients underwent surgical intervention for OC
of whom 61 patients with epithelial ovarian
cancer received chemotherapy with cisplatin
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plus paclitaxel and 19 patients with non-epi-
thelial ovarian cancer were treated with cispla-
tin, bleomycin and vincristine. The study was
approved by the Ethics Committee of Guangxi
Medical University. Written informed consent
was obtained from all the subjects before study.

Immunohistochemistry

Paraffin-embedded sections (5-um) of ovarian
tissues were obtained, deparaffinized and rehy-
drated through a graded ethanol series. Antigen
retrieval was done in 10 mM citrate buffer (pH
6.0) at 120°C for 2 min. The sections were
allowed to cool to 30°C and washed with phos-
phate-buffered saline (PBS, pH 7.3). After inac-
tivating the endogenous peroxidase with 3%
H,0, for 10 min and washing with PBS, sections
were incubated at 4°C overnight with MTRR
polyclonal antibody (1:100; sc-48889, Santa
Cruz Biotechnology) in PBS and then washed
with PBS. Sections were stained with an ultra-
sensitive streptavidin-peroxidase kit (MaiXin.
Bio, Kit 9719, Fuzhou, China) and visualization
was performed with 3, 3’-diaminobenzidine
(DAB). Nuclei were stained with Harris
Hematoxylin (Sairuida.Bio, Tianjin, China). In
negative control, the primary antibody was
replaced with PBS. A colon cancer sample was
used as a positive control. Positive cells had
brown granules in the cytoplasm. The MTRR
positive cancer cells were semi-quantitatively
determined based on the staining intensity and
percentage of positive cells. Sections were
scored based on the chromatic intensity: O, no
pigmentation; 1, light yellow; 2, buff; 3, brown.
Five fields were randomly selected from each
section, and the mean percentage of positive
cells was determined: O, <56%; 1, 5%-25%; 2,
26%-50%; 3, 51%-75%; 4, d>75%. The immuno-
histochemical scores were multiplied by the
intensity score and percentage of positive cells:
0-2, (-); 3-4, (+); 5-8, (++); 9-12, (+++). The sec-
tions were independently assessed by two
observers.

Cell lines and animals

SKOV3 cells and SKOV3/DDP OC cells were
maintained in our lab [16]. SKOV3 cells, SKOV3/
DDP cells and 293T cells were grown in DMEM
(Invitrogen-Gibco, Carlsbad, CA) containing 2
mM L-glutamine, 10% fetal bovine serum (FBS;
Invitrogen-Gibco, Carlsbad, CA) and penicillin/
streptomycin (Sunshine Biotechnology, Nanjing,
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China) in a humidified environment with 5% CO,
at 37°C. BALB/c female nude mice aged 3
weeks were purchased from the Central Animal
Center of Guangxi Medical University (Nanning,
China).

Plasmid generation

Using duplexes of 21-nucleotide RNAs, RNA
interference was performed in SKOV3/DDP
cells. The four MTRR shRNAs (GenBank acces-
sion No. NM_002454) and a negative control
shRNA with no homology to any known mam-
malian gene were provided by Shanghai Gene-
Pharma Co (Shanghai, China). Transfection was
conducted in the presence of Lipofectamine
2000 (Invitrogen, Carlsbad, CA, United States)
according to the manufacturer’s instructions.
SKOV3/DDP cells were transfected with four
shRNAs. After 48 h, the transfection efficiency
was tested by visualizing cells under a fluores-
cence microscope. If 80% of cells had green
fluorescence protein, Western blot assay was
performed. The pSicoR-GFP plasmid was kindly
provided by Guangxi University (Guangxi, China)
and used for DNA vector-based shRNA con-
struction [17]. shRNA-MTRRand shRNA-NC was
designed using the pSICOLIGOMAKER 1.5 pro-
gram (http://web.mit.edu/jacks-lab/protocols/
pSico.html). Oligonucleotides were spliced into
pSicoR retroviral vectors as described previ-
ously [18]. The PCR products were confirmed
by sequencing. Recombinant lentiviral vectors
and packaging vectors were then transfected
into 293T cells [18]. Lentiviral constructs in
pSicoR-MTRR and pSicoR-NC groups were
used to transfect SKOV3/DDP cells, which were
named shMTRR-SKOV3/DDP group and shNC-
SKOV3/DDP (negative control) group, respec-
tively. In addition, SKOV3/DDP cells without
transfection served as a blank control group.
After infection, flow cytometry was performed
to screen GFP-positive SKOV3/DDP cells for fol-
lowing experiments [19].

Reverse transcription-polymerase chain reac-
tion (RT-PCR)

Total RNA was independently extracted from
shMTRR-SKOV3/DDP cells, shNC-SKOV3/DDP
cells, and SKOV3/DDP cells using TRIzol
Reagent (Invitrogen) and then subjected to
semi-quantitative reverse-transcriptase poly-
merase chain reaction (RT-PCR). cDNAs were
reverse-transcribed from 2 pg of total RNA.
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The MTRR primers were 5-AGAGGTTCTGCGG-
AAGGGAG-3’ (forward) and 5-ATGATGGGGAT-
TGAGGGGTC-3’ (reverse). The PCR products
were then subjected to agarose gel electropho-
resis, and the mRNA expressions of MTRR was
quantified and normalized to that of GAPDH.

Western blot assay

Cells were harvested and lysed with a standard
buffer containing 0.1 M NaCl, 0.01 M Tris-Cl
(pH 7.6), 0.001 M EDTA (pH 8.0), 1 pg/ml apro-
tinin, 100 pg/ml PMSF, and 1% (v/v) NP40.
After measuring protein concentration by BCA
protein assay, proteins were subjected to SDS-
PAGE and then transferred onto PVDF mem-
branes. After blocking, the membranes was
treated with using 5% (w/v) BSA in PBST (PBS,
pH 7.5, containing 0.1% Tween-20) and then
incubated with primary antibodies overnight at
4°C. Anti-MTRR (1:1000) was from Santa Cruz
Biotechnology, and other antibodies from Cell
Signaling Technology (anti-Bax: 1:800; anti-
Bcl-2: 1:800; anti-caspase-3: 1:1000; anti-cas-
pase-9: 1:1000; anti-cleavage caspase-3:
1:1000; anti-cleavage caspase-9: 1:1000;
anti-LC3B: 1:800; anti-p62: 1:800; anti-
ERK1/2: 1:1000; anti-AMPK: 1:800; anti-PTEN:
1:1500; anti-AKT: 1:1000; anti-p-AKT: 1:1000;
anti-mTOR: 1:1200; and anti-p-mTOR: 1:1200).
These membranes were subsequently treated
with PBST and incubated with peroxidase-con-
jugated secondary antibody (1:1000) (Santa
Cruz Biotechnology) for 1 h. Visualization was
detected by using a chemiluminescence sys-
tem (Pierce, USA) according to the manufactur-
er's instructions. The band intensities were
quantified using the Image-QuanT software
(Molecular Dynamics, Sunnyvale, CA, USA).
Then, the membranes were stripped and re-
incubated with anti-GAPDH (1:1000) for
normalization.

Drug cytotoxicity assay

MTT assay was employed to determine the che-
moresistance to cisplatin. Assay was per-
formed in triplicate with cells at a density of
6x1082 cells per well (96-well plate). On the sec-
ond day, cells were treated with cisplatin
(Sigma-Aldrich) (1.56 to 100 pg/L). After 48 h,
20 ul of 5 mg/ml MTT was added to each well.
After 4 h, dimethyl sulfoxide (DMSQ) (200 pl)
was added, followed by incubation for 10 min.
The absorbance at 490 nm (A490) was mea-
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sured on an Opsys MR™ microplate reader. The
50% inhibitory concentration (IC50) was calcu-
lated according to the survival curve of cells
delineated on the basis of percentage of sur-
vived cells at each dose of cisplatin. mean
A490 (drug-treated cells)/mean A490 (untreat-
ed cells) [20].

Cell proliferation assay

Cell viability and proliferation were measured
by MTT and colony formation assays. MTT
assay was conducted at 6x103% cells/well in
triplicate on 96-well plates. Cell viability was
measured once every 24 h for seven consecu-
tive days. Growth curves were delineated by
determining the optical density at 490 nm with
an Opsys MR™ microplate reader (ThermolLab
Systems, Chantilly, VA, USA). Cell proliferation
was quantified by colony formation assay. Cells
were re-suspended in DMEM containing 10%
FBS and immediately re-plated in 6-well plates
at a density of 100 cells/cm?. When sufficient
large colonies were present, they were fixed
with cold methanol and stained with Giemsa.
The plates were photographed for counting the
colony number.

Apoptosis detection by flow cytometry

Cells (1x10°) were washed with ice-cold PBS
twice, and then treated with trypsin and cold
70% ethanol at 4°C for 30 min. The cell pellets
were incubated with 5 yl/mL Annexin V-PE and
5 pl/mL 7-amino-actinomycin D (7-AAD). Flow
cytometry was performed by using an EPICS
XL-MCL FACScan (Becton-Dickinson, Mountain
View, CA, United States) and data were ana-
lyzed using MultiCycle Software for Windows
(Phoenix Flow Systems, San Diego, CA, USA).

Immunofluorescent confocal microscopy

For immunofluorescence staining, cells were
fixed in cold methanol for 30 min and then
blocked in blocking buffer (1% BSA in PBS) for 1
h, followed by incubation overnight at 4°C or for
5 h at room temperature with rabbit polyclonal
anti-LC3B antibody (1:400). After washing
thrice (3 min for each) with washing buffer (in
PBS), cells were labeled with Alexa Fluor 594
goat-anti-rabbit 1gG (1:400). After incubation
for 1 h at room temperature, cells were washed
thrice and subjected to DAPI staining. After 10
min, cells were mounted and visualized under a
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laser scan confocal microscope (Nikon A1,
Japan).

Transmission electron microscopy

After washing with PBS thrice, cells were col-
lected into a 1.5-ml microcentrifuge tube fol-
lowing digestion with 0.5% pancreatin. The
cells were treated with ice-cold 2.5% glutaral-
dehyde in PBS, post-fixed in 1% osmium tetrox-
ide, dehydrated through a graded series of
ethanol (30-90%) and embedded in 812 Epoxy
Resin. Ultrathin sections (80 nm) were stained
with 2% uranyl acetate and lead citrate, and
observed under a H7650 TEM electron micro-
scope (Hitachi, Japan).

Detection of tumor growth in vivo

All the animal studies were approved by the
Animal Care and Use Committee of Guangxi
Medical University. Cells in three groups were
collected following trypsinization. Each BALB/c
3-week-old female nude mouse (Guangxi
Animal Center, Nanning, China) was injected
with 1x107 cells to establish a tumor xenograft
model, and 10 mice were used in each group.
After seven days, when the tumor measured 3
to 5 mm in diameter, animals were intraperito-
neally injected with cisplatin at 2.5 mg/kg on
day O [21] once every two days. The tumors
were monitored daily and the tumor diameter
was measured every other day with a caliper.
The tumor volume (TV) was calculated as fol-
lows: TV=W2xL/2, where L represents the
length and W the width of the tumor. The rela-
tive tumor volume (RTV) was calculated as fol-
lows: RTV=Vt/VO, where VO represents the TV
on day 0, and Vt the TV measured at later days.
The animals were Killed at 42 days after chemo-
therapy and the tumors were collected for anal-
ysis. Tumors from three groups were analyzed
by H&E staining and immunohistochemistry.
Absence of Ki67 and MTRR expression was
indicated by lack of staining, weak expression
by less than 25% of positive cells, moderate
expression by 25-75% of positive cells, and
strong expression by >75% of positive cells
[22]. Moderate and strong staining indicated a
high expression, while negative and weak stain-
ing suggested a low expression.

Statistical analysis

+2 test or Fisher’s exact test was used to evalu-
ate the relationship between MTRR expression
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Figure 1. MTRR protein expression in different ovarian tissues. A. Immunohistochemistry for MTRR protein in differ-
ent ovarian tissues (400x%). a. MTRR expression was higher in OC than in benign ovarian tumors and normal ovar-
ian tissues. Normal ovarian tissue; b. benign ovarian tumor; c. platinum-sensitive OC; d. platinum-resistant OC. B.
Western blot assay of MTRR expression in different ovarian tissues. Lane 1: normal ovarian tissues; Lane 2: benign
ovarian tumor; Lane 3-5: platinum-resistant OC and Lane 6-7: platinum-sensitive OC. Increased Beclin 1 protein
expression in OC compared with normal ovarian tissues; C. Quantitative analysis of MTRR expression in normal
ovarian tissues and OC. MTRR expression in Western blot assay is expressed as the ratio of OD of MTRR to that of
GAPDH. Data are expressed as means * standard error (SEM).

and clinicopathological variables. Unpaired Stu-
dent’s t-test was used for comparisons of data
between groups. One-way analysis of variance
(ANOVA) was used for multiple comparisons
(SPSS version 16.0). A value of P<0.05 was
considered statistically significant.

Results
MTRR expression

Immunohistochemistry showed MTRR positive
cells had brown granules in the cytoplasm
(Figure 1A). The proportion of MTRR positive
cells was 45.0%, 22.0%, and 33.0% in OC tis-
sues, benign tumors, and normal ovaries,
respectively (Table 1).

Western blot assay was performed to detect
MTRR expression in OC tissues of 40 patients,
including 10 patients with platinum-resistance,
10 patients with benign tumors, and 10 sub-
jects with normal ovary. MTRR expression was
significantly higher in OC tissues than in normal
ovary (Figure 1B, 1C). MTRR expression in plat-
inum-resistant OC was significantly higher than
in other ovarian tissues.
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MTRR expression and clinicopathological par-
ameters

According to the MTRR expression, these
80 patients with OC were divided into MTRR
low-expression (-/+) group and MTRR high-
expression (++/+++) group. Table 2 shows the
relationship between MTRR expression and
clinicopathologic parameters. Higher MTRR
expression was identified in OC with advanced
FIGO stage (P=0.001), low grade (P=0.037),
metastasis (P=0.009) and platinum resistance
(P=0.038). Lower MTR expression was
observed in  mucinous ovarian cancers
(P=0.005). MTRR expression was not correlat-
ed to lymph node metastasis (P=0.500), omen-
tum metastasis (P=0.258), serum CA-125
(P=0.698), ascites (P=0.486) or outcome
(P=0.138).

Silencing of MTRR by lentivirus mediated
transfection

MTRR expression was detected in SKOV3 cells
and SKOV3-DDP cells (Figure 2A). To investi-
gate the inhibitory effect of shRNAs in SKOV3/
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Table 1. MTRR expression in ovarian tissues

MTRR silencing induces cell apoptosis

MTRR

Groups n Positive To test our hypothesis that MTRR silenc-

S ing could induce the apoptosis of
oc 80 20 24 13 23 36(45.0%) 0.044* SKOV3/DDP cells, cells were stained
Benigntumor 50 19 20 6 5 11(22.0%) with AnnexinV-PE and 7-AAD, and sub-
Normalovary 30 14 6 6 4 10(33.3%) jected to flow cytometry (Figure 3G).

Notes: *P<0.05 vs benign tumor or normal ovary group.

DDP cells, which had a high MTRR expression,
Western blot assay was performed at 48 h
after shRNA transfection. Results showed that
MTRR-homo-1106 (5’-GGTACAAAGCCTACTCCA-
AAG-3’) significantly inhibited MTRR expression
(Figure 2B), and was therefore selected as an
optimal shRNA for following experiments.
SKOV3/DDP cells were stably transfected with
MTRR shRNA or NC-shRNA (Figure 2C-F).
RT-PCR and Western blot assay were used to
detect mRNA and protein expressions of MTRR
in transfected cells, respectively. When com-
pared with blank control (no siRNA) group and
NC-shRNA group, the mRNA and protein expres-
sions of MTRR were significantly inhibited in
cells transfected with MTRR shRNA (P<0.05;
Figure 2G-J).

MTRR silencing restores cisplatin sensitivity

The effects of MTRR silencing on the cisplatin
sensitivity, cell viability and cell growth were
assessed by MTT assay. Cisplatin significantly
inhibited the cell survival in sShMTRR cells when
compared with control cells (Figure 3A). MTRR
silencing in SKOV3/DDP cells decreased the
IC50 of cisplatin (P<0.05; Figure 3B), indicating
that MTRR silencing restored the sensitivity of
drug-resistant OC cells to cisplatin-induced
cytotoxicity when compared with control cells
(P>0.05). Cell growth curve revealed that MTRR
silencing significantly lowered the cell viability
at b5, 6 and 7 days when compared with control
groups (P<0.05; Figure 3C). Colony formation
assay is usually used to evaluate cell prolifera-
tion and tumorigenicity in vitro. In the present
study, colony formation assay was employed to
monitor the inhibition of OC following MTRR
silencing. Results showed that the number of
colonies produced by shMTRR-SKOV3/DDP
cells remarkably reduced when compared with
control cells (Figure 3D-F), indicating that
MTRR silencing abrogated the transformed
phenotype of OC cells in vitro.
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Treatment with cisplatin at different

doss for 48 h was found to significantly

increase the apoptosis of sh-MTRR-
SKOV3/DDP cells as compared to shNC-
SKOV3/DDP cells and SKOV3/DDP cells (Figure
3H), demonstrating that MTRR silencing is able
to induce the apoptosis of SKOV3/DDP cells.

MTRR silencing attenuates autophagy in resis-
tant OC cells

As MTRR silencing restored the drug sensitivity
of SKOV3/DDP cells, we examined possible dif-
ferences in autophagy. Fluorescence staining
showed a spot-like LC3B-Il fluorescence which
increased in shMTRR-SKOV3/DDP cells and
control cells after cisplatin treatment (0-1-2-4
pug/ml) for 48 h. shNC-SKOV3/DDP cells and
SKOV3/DDP cells exhibited a higher level of
autophagy (Figure 4A) suggesting that MTRR
silencing reduces autophagosome formation in
SKOV3/DDP cell lines. The expressions of LC3-I
and its cleavage product LC3-Il were measured
in the autophagosome membrane after cispla-
tin treatment for 48 h (18). The ratio of LC3Il to
LC3I was lower in shMTRR-SKOV3/DDP cells
than in shNC-SKOV3/DDP cells and SKOV3/
DDP cells, indicating decreased autophagy in
shMTRR-SKOV3/DDP cells. MTRR silencing
also decreased both LC3I and LC3Il when com-
pared with shNC-SKOV3/DDP cells and SKOV3/
DDP cells (Figure 4B). Furthermore, cisplatin-
induced autophagy was accompanied by reduc-
tion in SQSTM1/p62 (Figure 4B). Electron
microscopy also found that cisplatin treatment
enhanced autophagosomes in three cell lines.
However, a higher number of autophagosomes
was observed in control cells when compared
with shMTRR-SKOV3/DDP cells (Figure 4C).
These results indicate that MTRR silencing
decreases the conversion of LC3-Ito LC3-Il and
the synthesis of LC3, and imply that cisplatin-
induced autophagy in SKOV3/DDP cell lines is
SQSTM1/p62-dependent.

Autophagy increases following MTRR silencing

Reduced autophagy and increased sensitivity
to cisplatin were found in shMTRR-SKOV3/DDP
cells. shMTRR-SKOV3/DDP cells were pretreat-
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Table 2. Correlation between clinicopathological variables and

MTRR expression

and shNC-SKOV3/DDP xeno-
graft mice at 5 and 6 weeks.

However, no differences were

Variables MTRR expression P ) ’
Positi . noticed in TV between SKOV3/
ositive Negative
(n=36)  (n=44) DDP group and shNC-SKOV3/
- DDP group from week 1 to week
Histopathol S 19 16 0.005
stopathology erous 6 (Figure 5B). At the end of cis-
Mucinous 4 20 .
o platin treatment (day 42), tumors
Endometrioid 1 1 were collected, imaged (Figure
Germ cell 7 4 5A), measured (Figure 5C) and
Sex cord stromal 3 0 weighed (Figure 5D). The tumors
Metastatic 2 3 in control group were larger in
FIGO Stage I-11 9 28 0.001 size than in shMTRR-SKOV3/
-1V 27 16 DDP group (Figure 5C). Con-
Grade G1 9 21 0.037 sistently, the tumors in control
G2-G3 27 23 group had a significantly higher
Lymph node metastasis Yes 11 12 0.500 weight than |.n ShMTRR_SKOV_?’/
DDP group (Figure 5D). HE stain-
No 32 25 . . . .
) ing (Figure 5E) and immunohis-
Omentum metastasis  Yes 15 13 0.258 tochemistry of tumor xenografts
No 21 31 revealed the down-regulated
Organ metastasis* Yes 14 6  0.009 MTRR expression and decreased
No 22 38 Ki-67 expression in shMTRR-
Serum CA-125 (U/mL) <35 14 19 0.698 SKOV3/DDP group when com-
>35 22 25 pared with shNC-SKOV3/DDP
Ascites <500 ml 15 15  0.486 group and SKOV3/DDP group
>500 m 21 29 (Figure SF).
Platinum resistance Resis.tént 17 11 0.038 MTRR silencing induces apop-
Sensitive 19 33 tosis by regulating Caspase and
Outcome CR 9 18 0.138 Bcl-2
PR 10 15
sSD 6 6 The molecular mechanism un-
PD 36 44 derlying the MTRR silencing-

Note: *Metastasis to the liver, lung, brain, bone or spleen.

ed with 50 nM rapamycin (Sigma-Aldrich), a
selective mTOR inhibitor, for 2 h, followed by
cisplatin (4 pg/ml) for 48 h. Western blot assay
was used to determine the LC3 | and Il protein
expressions (Figure 4D). Rapamycin enhanced
LC3 1l protein expression following cisplatin
treatment and decreased cisplatin induced
apoptosis in shMTRR-SKOV3/DDP cells (Figure
4E; MTT). Flow cytometry demonstrated that
rapamycin significantly lowered the apoptosis
of shMTRR-SKOV3/DDP cells (Figure 4F, 4G).

MTRR silencing restores sensitivity of human
OC in vivo

Cisplatin treatment on day O significantly low-

ered the RTV of drug-treated shMTRR xenograft
mice when compared with treated SKOV3/DDP
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induced apoptosis of SKOV3/
DDP cells was further investigat-
ed in this study. The expressions
of apoptosis-related proteins were measured
by Western blot assay after cisplatin treatment
for 48 h. MTRR silencing increased the expres-
sions of Bax, proteolytic cleavage of caspase-9,
caspase-3 and PARP. However, Bcl-2 expres-
sion decreased. In addition, the Bcl-2/Bax ratio
significantly reduced in shMTRR-SKOV3/DDP
group when compared with control group
(Figure 6A, 6B).

MTRR silencing attenuates autophagy via acti-
vating mTOR signaling

MAPK/ERK1/2/AKT/mTOR signaling plays a
prominent role in the regulation of autophagy.
Therefore, the expressions of MAPK, ERK1/2,
AKT and mTOR were measured by Western blot
assay in cells after MTRR silencing. Cisplatin
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Figure 2. MTRR silencing down-regulates MTRR expression in SKOV3/DDP cells. A. Western blot assay of MTRR
expression in four OC cell lines. Low MTRR expression was observed in SKOV3 cells and high expression in SKOV3/
DDP cells. B. Western blot assay confirmed that MTRR expression was down-regulated in SKOV3/DDP cells at 48 h
after transfection with MTRR shRNA. C-F. Transfection efficiency after screening by flow cytometry and evaluation by
fluorescence microscopy. C, E. Under a light microscope (x100); D, F. Under a fluorescence microscope (x100). G,
H. Semi-quantitative reverse-transcriptase polymerase chain reaction of MTRR mRNA expression. I, J. Quantitative
analysis of MTRR expression in Western blot assay. The optical density of MTRR was normalized to that of GAPDH.
Data are expressed as means + SEM, *P<0.05, shMTRR-SKOV3/DDP cells vs shNC-SKOV3/DDP cells and SKOV3/

DDP cells.

treatment for 46 h significantly up-regulated
the expression of ERK1/2, p-AKT and p-mTOR
in shMTRR-SKOV3/DDP group when compared
with SKOV3/DDP group and shNC-SKOV3/DDP
group (Figure 6C, 6D).

Discussion

Resistance to chemotherapy in OC, as in many
other cancers, is a major clinical challenge.
Tumor drug resistance is mainly attributed to
the genetic mutations and/or epigenetic mech-
anisms. Folate is a key factor regulating the
SAM available for DNA methylation. MTRR reac-
tivates MTR via reductive methylation using
SAM as a methyl donor [23]. MTR ensures ade-
quate intracellular folate pools, and catalyzes
methionine synthesis, which is required for
the production of SAM. MTRR lle22Met
(rs1801394) suggests that the A66G polymor-
phism leads to an amino acid alteration from
isoleucine to methionine, resulting in a protein
variant with a four-fold diminished activity than
the wild-type protein in vivo [24]. Some poly-
morphic variants have been found to be associ-
ated with several disorders, including birth
defects [25], cardiovascular diseases [26] and
cancers [27], including head and neck cancer,
lung cancer in smokers, esophageal squamous
cell carcinoma, meningioma, colorectal carci-
noma and pancreatic cancer in alcoholics [28-
33]. Epidemiological and case-control studies
have revealed that the MTRR A66G GG geno-
type is associated with a decreased risk for leu-
kemia in Caucasian population, according to
the results of seven pooled studies [34, 35].
Only a few observational studies have previ-
ously investigated the association of folate
intake or polymorphisms of folate-metabolizing
genes with the survival of OC patients [36-38].
Currently, the role of MTRR lle22Met polymor-
phisms in OC is unclear [10].

In vitro experiments have demonstrated that
MTRR A66G genotype is related to the plasma
homocysteine level and DNA hypomethylation
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in humans [24]. In epithelial OC, absence of
DNA methylation was frequently found in tumor
suppressor genes. Hypomethylating agents
have demonstrated a therapeutic role in hema-
tologic malignancies, especially the myelodys-
plastic syndromes [39, 40]. Several preclinical
studies suggest that hypomethylation is able to
reverse platinum resistance in vitro and in vivo
[41, 42]. Decitabine-induced hypomethylation,
in combination with carboplatin therapy, repre-
sents a promising strategy to restore the sensi-
tivity to chemotherapy in patients with recur-
rent, drug-resistant OC [43]. To our knowledge,
this study was for the first to evaluate the cor-
relation between MTRR activity and cisplatin
resistance in OC cells.

In our study, immunohistochemistry and
Western blot assay were employed to deter-
mine the expressions of MTRR in 80 OC tis-
sues, 50 benign ovarian tumors and 30 normal
ovarian tissues. Results revealed a higher
MTRR expression in OC and was related to
advanced FIGO stage (P=0.001), low grade
(P=0.037), organ metastasis (P=0.009) and
platinum resistance (P=0.038), but had no rela-
tionship with lymph node metastasis (P=0.500),
omentum metastasis (P=0.258), serum CA-125
(P=0.698), ascites (P=0.486) or outcome
(P=0.138).

Thus, we hypothesized that MTRR was associ-
ated with cisplatin resistance. RNA interfer-
ence was employed to silence MTRR expres-
sion in OC cells in vitro and inhibition of cell
proliferation, improvement of cisplatin resis-
tance, and increases in autophagy and apopto-
sis were observed in vitro and in vivo, suggest-
ing that MTRR may serve as a novel therapeutic
target for the treatment of OC. The multiple
changes mediated by MTRR in OC cells may be
attributed to its role in one-carbon metabolism
and DNA methylation.

Bcl-2 expression is able to mediate the chemo-
resistance of OC. Bcl-2 family members, includ-
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Figure 3. Effects of MTRR silencing on cisplatin resistance, viability, proliferation and apoptosis of SKOV3/DDP cells. A. Cells were treated with cisplatin for 48 h.
MTT assay was used to determine chemoresistance. Cisplatin significantly inhibited the survival of shMTRR-SKOV3/DDP cells compared with control cells. B. IC50
of cisplatin. The IC50 of cisplatin significantly decreased in shMTRR-SKOV3/DDP cells compared with control cells. Data are expressed as mean + SEM. *P<0.05,
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ished cell growth at 5, 6 and 7 days, compared with control cells. *P<0.05 vs control cells. D-F. Colony formation assay of the shMTRR-SKOV3/DDP cells and control
cells. Data are expressed as mean + SEM. *P<0.05 vs control cells. F. A representative photograph (x40) showing colonies. G. Flow cytometry. sShAMTRR-SKOV3/DDP
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Figure 4. Cisplatin-induced autophagy in SKOV3/DDP cells and cisplatin-induced viability and apoptosis in shMTRR-
SKOV3/DDP cells. A. Indirect immunofluorescence assay of LC3 was performed in three cell lines. Red: LC3 (mag-
nification, 60x%). B. Cells were treated with cisplatin (0-1-2-4 ug/ml) for 48 h. Cell lysates were subjected to Western
blot assay using antibodies against LC3 and p62. C. Electron microscopy of three cell lines treated with 4 pg/mi
cisplatin for 48 h (magnification, 30,000x). Scale bar: 1 um. N, nucleus. Arrowhead, autophagosomes. D. Cells were
treated with or without cisplatin (4 pg/ml) and rapamycin (50 nM) for 48 h. Cell lysates were collected for Western
blot assay using antibodies against LC3 | and Il. E. Detection of cell viability by MTT assay following rapamycin treat-
ment (+/-). Data are expressed as mean + SEM from three experiments. *P<0.05. F. Apoptosis of cells treated with
or without cisplatin and rapamycin. Cells were stained with Annexin V-PE/7AAD and subjected to flow cytometry. G.
Cells treated with or without cisplatin (4 pg/ml) and rapamycin (50 nM) for 48 h. Data are expressed as mean + SEM
from three experiments. *P<0.05.

ing pro-apoptotic (such as Bax) and antiapop- demonstrated Bcl-2 expression reduced follow-
totic (such as Bcl-2) proteins, may induce cyto- ing MTRR silencing. The elevated Bax: Bcl-2
chrome c release [44]. Cytochrome c released ratio increased the expressions of caspase-9
into the cytosol may activate caspase-9, which and caspase-3, and induced the cleavage of
in turn activates caspase-3 [45]. Our study caspase-3 substrate PARP, implying that the
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Figure 5. Effect of MTRR silencing on cisplatin sensitivity in vivo. (A, B) shMTRR significantly reduced tumor volume.
Mice were sacrificed on day 42 (n=10). Representative images of tumors (A) and tumor growth curve (B). (C, D)
The tumors were collected, measured (C), and weighed (D). *P<0.05 vs control cells. (E, F) Tumor cell proliferation
was assessed by H&E staining (E) and immunohistochemistry (F). Immunohistochemistry for MTRR and Ki67 in
shMTRR-SKOV3/DDP group, shNC-SKOV3/DDP group and SKOV3/DDP group (x200). Expressions of MTRR and
Ki67 increased in control xenografts, but reduced in shMTRR xenografts.
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Figure 6. Cisplatin-induced apoptosis is mediated by caspase and Bcl-2, and cisplatin-induced autophagy is medi-
ated by PI3K-AKT1 signaling in OC cells. A. Cisplatin (4 ug/ml) treatment for 48 h. Western blot assay of Bcl-2, Bax,
caspase-9, cleaved caspase-9, caspase-3, cleaved caspase-3, PARP and cleaved PARP, using GAPDH as an internal
reference. B. Ratios of Bcl-2 to Bax and Bcl-2, Bax, caspase-9, cleaved caspase-9, caspase-3, cleaved caspase-3,
PARP, cleaved PARP protein levels (mean + SEM). Data are from three independent experiments. *P<0.05 vs control
cells. C. Cells were treated with cisplatin (4 ug/ml) for 48 h. Western blot assay of AKT1, p-AKT1, m-TOR, p-mTOR
and PTEN using GAPDH as an internal reference. D. Protein expressions of AKT1, p-AKT1, m-TOR, p-mTOR and PTEN
(mean + SEM). Data are from three independent experiments. *P<0.05 vs control cells.
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intrinsic apoptosis pathway was involved in
MTRR-mediated, cisplatin-induced apoptosis.

PI3K-AKT1 signaling pathway is regulated by
mTOR (PI3BK-AKT-mTOR), which may inhibit
autophagy [46]. Autophagy can induce the cell
survival or death during the tumor development
[47]. Recent studies indicate that acute cispla-
tin treatment triggers an autophagic response
that serves as a survival factor to counteract
cisplatin-induced death [48]. In lung cancer
cells, autophagy promotes cisplatin resistance
[49]. Inhibiting autophagy in osteosarcomas
increases the sensitivity to chemotherapy, and
concurrent radiation and autophagy inhibition
increase cell death in A549 lung cancer model
[50]. However, evidence supporting the role of
autophagy in cisplatin resistance is still limited.
In the present study, our findings indicated that
MTRR silencing up-regulated the expressions
of ERK1/2, p-AKT and p-mTOR in OC cells, sug-
gesting that MTRR may mediate the autophagy
of OC cells possibly via regulating the ERK1/2
and AKT signaling pathway-mediated mTOR
expression.

Taken together, our study demonstrates
increased MTRR expression in human OC is
associated with tumor differentiation and plati-
num resistance. MTRR silencing reduces cell
growth, platinum resistance and autophagy of
OC cells via regulating caspase expression and
mTOR signaling pathway in OC cells. MTRR may
be a promising target in the therapy of OC.
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