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Myofibrillogenesis regulator 1 (MR-1) is a novel
biomarker and potential therapeutic target for
human ovarian cancer
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Abstract

Background: Myofibrillogenesis regulator 1 (MR-1) is overexpressed in human cancer cells and plays an essential
role in cancer cell growth. However, the significance of MR-1 in human ovarian cancer has not yet been explored.
The aim of this study was to examine whether MR-1 is a predictor of ovarian cancer and its value as a therapeutic
target in ovarian cancer patients.

Methods: Reverse-transcription polymerase chain reaction (PCR) and quantitative real-time PCR were used to
detect MR-1 mRNA levels in tissue samples from 26 ovarian cancer patients and 25 controls with benign ovarian
disease. Anti-MR-1 polyclonal antibodies were prepared, tested by ELISA and western blotting, and then used for
immunohistochemical analysis of the tissue samples. Adhesion and invasion of 292T cells was also examined after
transfection of a pMX-MR-1 plasmid. Knockdown of MR-1 expression was achieved after stable transfection of
SKOV3 cells with a short hairpin DNA pGPU6/GFP/Neo plasmid against the MR-1 gene. In addition, SKOV3 cells
were treated with paclitaxel and carboplatin, and a potential role for MR-1 as a therapeutic target was evaluated.

Results: MR-1 was overexpressed in ovarian cancer tissues and SKOV3 cells. 293T cells overexpressed MR-1, and
cellular spread and invasion were enhanced after transfection of the pMX-MR-1 plasmid, suggesting that MR-1 is
critical for ovarian cancer cell growth. Knockdown of MR-1 expression inhibited cell adhesion and invasion, and
treatment with anti-cancer drugs decreased its expression in cancer cells. Taken together, these results provide the
first evidence of the cellular and molecular mechanisms by which MR-1 might serve as a novel biological marker
and potential therapeutic target for ovarian cancer.

Conclusions: MR-1 may be a biomarker for diagnosis of ovarian cancer. It may also be useful for monitoring of the
effects of anti-cancer therapies. Further studies are needed to clarify whether MR-1 is an early diagnostic marker for
ovarian cancer and a possible therapeutic target.
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Background
Ovarian cancer is the leading cause of cancer-related
death in women worldwide. The American Cancer
Society revealed that 21,550 women in the US were
diagnosed with ovarian cancer and 14,600 women died
of the disease in 2009 [1]. In China, the number of
patients with ovarian cancer has increased in recent
years, and the 5-year survival rate is less than 30%.

Metastasis is the major cause of disease progression and
therapeutic failure [2].
Myosin light chain-2 (MLC2) plays an important role

in cell migration from solid tumors such as ovarian can-
cer, and its dephosphorylation can induce apoptosis
[3,4]. A recent report indicated that MLC2 may regulate
cell proliferation and migration by interacting with myo-
fibrillogenesis regulator 1 (MR-1) [5]. Overexpression of
MR-1 is associated with cancer cell proliferation and
migration in human hepatoma HepG2 cells [6]. MR-1,
mapped to 2q35 and first cloned from a human skeletal
muscle cDNA library using PCR and rapid amplification
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of cDNA ends (Genbank™ accession no. AF417001), is
a protein of 142 amino acids [7-10]. MR-1 may promote
cancer cell proliferation by binding to specific proteins,
such as eukaryon initiation factor 3, which is highly
associated with the regulation of tumor cell growth and
invasion [11]. Also, overexpression of MR-1 can activate
the nuclear factor �B signaling pathway, which is linked
to a wide variety of diseases including cancer, inflamma-
tion and autoimmune disease [12].
Taking all the evidence into account, we hypothesized

that MR-1 may play a role in the development and pro-
gression of ovarian cancer, probably by promoting cell
proliferation and invasion. The present study examined
MR-1 expression in ovarian cancer tissues and a cancer
cell line. Overexpression or knockdown of MR-1 in can-
cer cells was used to assess its role in cell proliferation,
adhesion, and invasion. Finally, the response of MR-1 to
treatment with anti-cancer drugs was assessed to iden-
tify whether it functions as a novel biological marker
and therapeutic target for ovarian cancer.

Methods
Human Tissue Samples and Cell Lines
All human samples were collected in compliance with
the guidelines of the Ethics Committee at the Fudan
University Cancer Hospital. Fresh-frozen surgical ovar-
ian tissue samples were collected from 26 patients with
ovarian cancer (aged 20-58 years) and 20 control
patients with benign ovarian disease (aged 23-55 years)
who were admitted to Fudan University Cancer Hospital
(Shanghai, China) between July 2008 and December
2009. All cases were confirmed by pathology. The sam-
ples were defatted, immediately cut into pieces of appro-
priate size on ice, and stored at -80°C for later use. The
ovarian carcinoma cell line, SKOV3, and the non-ovar-
ian cancer cell line, 293T, were generous gifts from Dr.
Meiqin Zhang, Laboratory of Gynecologic Oncology,
Fudan University Shanghai Cancer Center, Shanghai.

Reverse-Transcription Polymerase Chain Reaction (RT-
PCR) and Quantitative Real-Time PCR
Total RNA was extracted from the cells using the TRIzol
reagent (Invitrogen, NY, USA) according to the manufac-
turer’s protocol, and the RNA concentration was deter-
mined using a Nanodrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). RT-PCR was carried
out using a SuperScript™ one-step RT-PCR kit (Invitro-
gen) according to the manufacturer’s instructions. cDNA
was synthesized from 2 μg of total RNA at 42°C for 45
min, followed by inactivation of the reverse transcriptase
at 85°C for 5 min. The cDNA was then subjected to PCR
to amplify the MR-1 and GAPDH (control) genes in 50
μL reaction mixture containing the following primers:
MR-1 forward 5’-CCCAGAAAGAGGG GCAAGA-3’

(P1), MR-1 reverse 5’-TGAGGATGAAGAG GAGGA-
TACCA-3’ (P2), GAPDH forward 5’-GGGAGC-
CAAAAGGGTCATCATCTC-3’ (P1) GAPDH reverse 5’-
CCATGCCAGTGAGCTTC CCGTTC-3’ (P2). The
cycling conditions were: initial denaturation at 95°C for 3
min, followed by 36 cycles of denaturation at 94°C for 30
s, annealing at 55°C for 30 s, and extension at 72°C for 45
s. PCR products were resolved and analyzed on a 2%
TAE agarose gel containing ethidium bromide. Quantita-
tive real-time PCR for MR-1 (GAPDH as internal con-
trol) was performed in an MJ PCR system (Reno, NV,
USA) using a 20 μL reaction volume containing 10 μL of
SYBR® Premix Ex Taq™ reagent (Takara, Dalian, China),
0.5 pmol of each primer, 1 μg of cDNA, and the same
sets of primers and cDNAs. The conditions were: an
initial denaturation step at 94°C for 10 min, followed by
40 cycles of 15 s at 95°C (denaturation), 30 s at 55°C
(annealing), and 30 s at 72°C (extension). Delta Ct (CtMR-

1-CtGAPDH) was calculated for each set of samples and
compared.

Vector Construction and Production of MR-1
Recombinant Protein
Human MR-1 cDNA was synthesized by reverse tran-
scription from the mRNA (sequence originally published
by Li et al [7]). A 429-bp fragment was amplified from
the synthesized cDNA by PCR using Taq PCRx® DNA
polymerase (Invitrogen) to introduce BamHI and XhoI
restriction sites using the primers 5’-CGGGATC-
CATGGCGGCGGTGGTAGCTGC-3’ (P3, BamHI site
underlined) and 5’-CCGCTCGAGTCAGGTCTG-
CACCCCAGAC-3’ (P4, XhoI site underlined). The
cDNA fragment was then cloned into the PET21a (+)
expression vector (Invitrogen) to yield PET21a-MR1,
which was then transformed into Escherichia coli BL21
(DE3) cells for expression of the MR-1 recombinant pro-
tein [13]. The MR-1 recombinant protein contained a
T7-tag at the N-terminus and 6 × His-tag at the C-termi-
nus and was purified using Ni-resin affinity chromatogra-
phy. The purified protein was confirmed by western
blotting with a mouse anti-His PcAb (Invitrogen).

Antibody Production
New Zealand white rabbits were immunized four times
with the MR-1 recombinant protein. Sera were har-
vested 3 days after the final immunization if the rabbits
showed a good anti-MR-1-His titer. The anti-MR-1 anti-
bodies R1 and R2 were then affinity-purified using a
protein A column (Pierce Biotechnology Inc., Rockford,
IL, USA). The antibody titers were measured using an
enzyme-linked immunosorbent assay (ELISA), and
immunoreactivity was confirmed by western blotting
with MR-1 recombinant protein and human ovarian
cancer cells (SKOV3).
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Immunocytochemistry
Immunohistochemical staining was performed on 6-μm
sections from formalin-fixed, paraffin-embedded human
tissues. The slides were deparaffinized and rehydrated in
graded ethanol solutions. Antigen retrieval was per-
formed by heating the samples in a microwave oven for
20 min in citrate buffer (pH 6.0). The slides were then
incubated with the affinity-purified MR-1 antibody
(1:200) followed by incubation with a horseradish perox-
idase-labeled polymer conjugated to a goat anti-rabbit
immunoglobulin antibody (1:4000; R&D Systems, Min-
neapolis, MN, USA). Color was developed using diami-
nobenzidine as a chromogen and the slides were
counterstained with hematoxylin. An anti-His antibody
and polyclonal non-immune rabbit IgG were used as
negative controls to check the specificity of the MR-1
affinity-purified antibody. Immunocytochemical staining
of SKOV3 cells was performed on cover slips by fixing
the cells for 20 minutes in acetone, blocking with 2%
bovine serum albumin, and then incubating with affi-
nity-purified anti-MR1 antibody followed by DAB stain-
ing and hematoxylin counterstaining. Dark brown
cytoplasmic staining was defined as positive and no (or
faint) staining was defined as negative. The proportion
of tumor cells positive for MR-1 varied considerably:
diffuse positive (> 50%), focal or heterogeneous (10%-
50%), and trace (< 10%).

Establishment of Stable Cell Line Overexpressing MR-1
The full-length coding sequence for the MR-1 cDNA
was subcloned into the pMX-puro(+) vector (Invitrogen)
to yield pMX-MR-1, which was then transfected into
293T cells using Fusion 6® (Roche, Mannheim, Ger-
many) according to the manufacturer’s instructions. A
pMX-mock vector (pMX-puro(+) containing a random
non-MR-1 DNA sequence) was used as the control. Pur-
omycin (0.5 μg/ml; Invitrogen) was added to the cells 48
h after transfection to select stably transfected clones.
Single clones were picked from both pMX-MR-1 and
pMX-mock transfected samples, and RNA and protein
were extracted to check the expression levels of MR-1
by real-time PCR and western blotting. Positive clones
were designated pMX-MR-1-293T, and control clones
as pMX-mock-293T. 293T cells were cultured in Dul-
becco modified Eagle medium (DMEM) supplemented
with high glucose, 10% fetal bovine serum (FBS, Gibco
BRL, Grand Island, NY, USA), and 1% penicillin/strepto-
mycin at 37°C in 5% CO2.

Cell Proliferation and Invasion Assays
For the cell proliferation assay, pMX-MR-1-293T and
pMX-mock-293T cells were grown at a density of 1000
cells/ml in 24-well plates with regular medium changes.
The cell number was counted every 24 hours for 6 days

as follows: cells were detached by brief exposure to
0.025% trypsin containing 2 mM EDTA in PBS, washed
in culture medium without FBS, and then resuspended
in the same medium for manual cell counting. For the
invasion assays, Matrigel was thawed at 4°C overnight,
diluted in cold serum-free culture medium, plated onto
24-well plates preloaded with Transwell™ culture
inserts (12 mm diameter, 8 μm pore size; Costar, Cam-
bridge, MA, USA) and incubated for 5 hours at 37°C for
gelling. The cells were then plated onto the Transwell™
inserts (50,000 cells/well) and cultured at 37°C in 5%
CO2. After 16 hours, the cells on the upper side of the
well were removed and fixed prior to staining with
hematoxylin and eosin. Cells migrating to the underside
were counted under a microscope. All experiments were
repeated at least three times.

MR-1 Knockdown Using RNAi
SKOV3 cells were cultured in Gibco® RPMI 1640 (Invi-
trogen) supplemented with 10% heat-inactivated FBS
and 1% penicillin/streptomycin at 37°C in a humidified
atmosphere containing 5% CO2. When the cells reached
70-80% confluence, they were transfected with pGPU6-
MR-1 short hairpin DNA (shDNA) targeting MR-1. The
sequences of the shDNAs were as follows: shDNA 232:
5’-CACCGCTAACAAGGCTTCTCATAACTTCAAGA-
GAGT TATGAGAAGCCTTGTTAGCTTTTTG-3’;
shDNA 442: 5’-CACCGACCGTGTGA AGCAGAT-
GAAGTTCAAGAGACTTCATCTGCTTCACACGG
TCTTTTTTG-3’; shDNA 584: 5’-CACCGACCCTCCTA
GGCTATTGACTTTCAAGAGAAGTCAATA GCCTA
GGAGGGTCTTTTTTG-3’; mock sequence: 5’-CA
CCGTTCTCCGAACGT GTCACGTCAAGAGATTA
CGTGAGACGTTCGGAGAATTTTTTG-3’. The pGP
U6-shDNA plasmids were constructed by cloning the
respective shDNAs into the pGPU6/GFP/Neo vector
(Invitrogen). The cells were exposed to 1500 μg/ml
G418 (Invitrogen) for 2 days after transfection to select
for stably transfected clones. Cells were then plated at a
lower density in 96-well plates containing RPMI 1640
and G418 (750 μg/ml) until single colonies were formed.
Colonies from the SKOV3-MR-1-shDNA and SKOV3-
mock-shDNA-transfecetd cells were then picked and
expanded. Real-time PCR and western blotting were
used to test the expression levels of MR-1. GAPDH was
used as the internal control.

Effects of Anti-Tumor Drugs on MR-1 Expression
SKOV3 cells (50,000 cells/well) were cultured in six-well
plates in RPMI 1640 under the conditions described
above. After 24 hours, 10 μL of serially diluted paclitaxel
(equivalent to 0, 12.5, 25, 50, 100 nmol/L; Bristol-Myers
Squibb Inc., USA) or carboplatin (equivalent to 0, 40,
80, 160, 320 mg/L) (Qilu Pharmacy Inc., China) were
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added to the medium and the cells were cultured for an
additional 48 hours. One set of cells was treated with
TUNEL reagent (Roche) and counterstained with DAPI,
and the number of apoptotic cells (stained by Annexin
V-FITC/PI) was determined by flow cytometry (Becton
Dickinson, USA). The other set of cells was harvested
for RNA and protein extraction, and the expression
levels of MR-1 were determined by real-time RT-PCR
and western blotting.

Statistical analysis
Statistical analysis was performed using Analysis of Var-
iance (ANOVA) and the post-hoc Student-Newman-
Keuls test, with SPSS software version 13.0 (SPSS Inc.,
Chicago, IL, USA). The results were expressed as the
mean ± SD. A P value < 0.05 was considered significant.

Results
MR-1 Is Differentially Expressed in Human Malignant and
Benign Ovarian Tumors
Tissue MR-1 mRNA levels were analyzed by RT-PCR and
quantitative real-time PCR to investigate the expression of
MR-1 in malignant and benign ovarian tumors. RT-PCR
showed that the mRNA expression level was higher in
ovarian cancer patients than in controls (Figure 1A). Quan-
titative real-time PCR also showed that MR-1 expression
was significantly higher in tumor tissues from ovarian can-
cer patients (n = 26) than in control patients (n = 25) (P <
0.05; Figure 1B). Western blotting showed a higher level of
MR-1 protein expression in ovarian cancer tissues.

Production of MR-1 PcAbs
Immunization of rabbits with MR-1 recombinant proteins
(Figure 2A) successfully yielded anti-MR-1 antibodies,

which were then affinity-purified (Figure 2B). The PcAbs,
named R1 and R2, were further assessed by ELISA and
western blotting. The results showed that both antibodies,
particularly R2, reacted with the MR-1 protein, and had a
titer of around 1:5 × 105 (Figure 2C and 2D).

Overexpression of MR-1 in Ovarian Cancer
Immunohistochemical staining of 26 ovarian cancer tis-
sue samples and 20 ovarian cyst samples showed that the
MR-1 protein was located in both the cytoplasm and
nuclei of ovarian carcinoma cells, whereas the epithelial
cells of the cysts were negative (Figure 3A and 3B). Dif-
fuse staining for MR-1 was observed in ovarian cancer
cells, particularly serous papillary ovarian cancer cells,
compared with the benign control group. Approximately
73% (19/26) of ovarian carcinoma samples showed dif-
fuse positive staining, 19% (5/26) showed focal or hetero-
geneous staining, and 8% (2/26) showed trace staining.
The control anti-His antibody and the purified non-
immune rabbit IgG showed negative staining (data not
shown). High MR-1 expression and a similar staining
pattern were detected in SKOV3 cells (Figure 3C).

MR-1 Overexpression Promotes Cell Adhesion and
Invasion
This is the first report describing the generation of
pMX-mock- and pMX-MR-1-stably-transfected 293T
cells. Tests were conducted to ensure that overexpres-
sion of MR-1 did not affect proliferation of the 293T
cells; however, the density of 293T-pMX-MR-1 cells was
higher (Figure 4A). RT-PCR and real-time PCR revealed
that pMX-MR-1-stably-transfected 293T cells had much
higher levels of MR-1 mRNA expression than control
pMX-mock-stably-transfected 293T cells (Figure 4B and

Figure 1 MR-1 mRNA levels detected by RT-PCR and real-time quantitative PCR. (A) RT-PCR products from cells and tissue samples from
patients with ovarian cancer were visualized on 2% agarose gels. Upper panel: MR-1 RT-PCR products from SKOV3 cells (Lane 1), two samples
from patients with benign ovarian disease (Lanes 2, 3), and three samples from patients with ovarian cancer (Lanes 4, 5, 6). Lower panel: GAPDH
RT-PCR controls for the above samples in the same order (Lanes 7-12). (B) Real-time quantitative PCR of ovarian cancer patients (n = 26) showed
increased MR-1 mRNA levels compared with controls. **P < 0.05.
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4C). This was mirrored by protein expression levels as
assessed by western blotting (Figure 4D). pMX-MR-1-
stably-transfected 293T cells appeared to aggregate to a
greater extent than pMX-mock-stably-transfected 293T
cells, indicating enhanced cell adhesion, which is a key
step in the cell invasion process. As cells adhere and
spread, they generate traction and thereby migrate
through the substrate. The results of the Transwell
assays showed that transfection with pMX-MR-1 signifi-
cantly promoted the invasion of 293T cells (Figure 4E).

Effects of MR-1 Knockdown on Cell Proliferation,
Adhesion and Spreading
SKOV3 cells constitutively overexpress MR-1. To
further investigate the function of MR-1, we constructed
MR-1-shDNA recombinant plasmids and stably

transfected them into SKOV3 cells to knockdown the
expression of MR-1. RT-PCR, real-time PCR and wes-
tern blotting showed that MR-1 expression was dramati-
cally down-regulated at both the mRNA and protein
levels in SKOV3-MR-1-shDNA-442 and -232 cells (par-
ticularly SKOV3-MR-1-shDNA-442) compared with
SKOV3-shDNA-mock cells (Figure 5A-C). Both the rate
of MR-1-shDNA-transfected SKOV3 cell proliferation
and the degree of adhesion decreased, and the vigor of
the cells was weakened (Figure 5D). Non-transfected
SKOV3 cells and SKOV3-shDNA-mock cells began to
spread 60 min after plating and became flattened by 120
min; however, the spreading of MR-1-shDNA-442 and
parental cells was significantly delayed. These results
indicate that MR-1 plays an important role in ovarian
cancer cell adhesion, spreading and invasion.

Figure 2 Preparation of MR-1 recombinant protein and anti-MR-1 polyclonal antibodies (PcAbs). (A) Construction of the of MR-1
expression plasmid. (B) The induced and purified MR-1 recombinant protein was visualized by 15% sodium dodecylsulfonate-polyacrylate gel
electrophoresis (SDS-PAGE). Lanes 1-3: expressed products of MR-1 recombinant protein at 0 h, 2 h and 4 h; Lane 1’: unpurified MR-1 protein;
Lane 2’: purified MR-1 protein; M: protein molecular weight ladder (170, 130, 100, 70, 55, 40, 35, 25, 15, 10 kDa). (C) The titer of anti-MR-1 PcAbs
was tested by ELISA (R1: > 1:40,000; R2: > 1:80,000). (D) Western blotting of the MR-1 protein. Upper panel: MR-1 recombinant protein at 0 μg (a,
d), 0.1 μg (b, e), 1 μg (c, f) was detected by anti-MR-1 PcAbs R1 and R2 at a dilution of 1:2000. Lower panel: Total protein from SKOV3 cell lysates
at 0 μg (a’), 1 μg (b’) and 10 μg (c’) was detected by anti-MR-1 PcAb R2 at a dilution of 1:2000.
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Role of MR-1 in Anti-Cancer Drug Therapy
To identify whether MR-1 is a potential therapeutic tar-
get, SKOV3 cells were treated with different concentra-
tions of the anti-cancer drugs, paclitaxel and
carboplatin. Untreated SKOV3 cells grew as usual, with
a spear-like shape. After treatment with paclitaxel or
carboplatin for 48 hours, the number of cells decreased
slightly and showed morphological changes. As the drug
concentrations increased, the cells gradually shrank and
their nuclei developed apoptosis-like changes, such as
the appearance of green TUNEL-positive cores and the
aberrant accumulation of granules within the nuclei
(Figure 6A). MR-1 expression decreased in a dose-
dependent manner at both the mRNA and protein levels
following treatment with paclitaxel or carboplatin. Flow
cytometry showed that the level of apoptosis also
increased with increasing paclitaxel or carboplatin

concentrations; although the degree of apoptosis
decreased in cells treated with carboplatin at 160 mg/L,
both mRNA and protein levels of MR-1 increased (Fig-
ure 6C).

Discussion
Cancer progression and metastasis is a highly complex
multi-stage process involving alterations in gene expres-
sion, increased cell adhesion, and changes in cell moti-
lity. Cancer cells move within tissues during invasion
and metastasis, and cell invasion involves multiple pro-
cesses that are regulated by various molecules [14].
Ovarian cancer has a high mortality, in large part owing
to fact that the cells migrate and metastasize. This is a
synergistic action associated with multiple factors,
including overexpression of related genes, inhibition of
tumor suppressor genes, and a failure to regulate cell

Figure 3 Expression of MR-1 protein in human ovarian tissues and ovarian cancer cell lines (Left to right: magnification = × 40, ×200,
and × 400). (A) Ovarian epithelial cells from cysts were negative for MR-1. (B) Serous papillary ovarian carcinoma cells stained positive for MR-1
in the cytoplasm and nuclei (bold arrow). (C) SKOV-3 cells showed strong cytoplasmic and nuclear staining for MR-1 (dashed arrow).
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Figure 4 MR-1 expression in 293T-pMXs-MR-1 and 293T-pMX cells. (A) Cell proliferation was assessed by cell counting, and cell growth was
observed under an optical microscope. (B, C) 293T-pMX-MR-1 cells showed increased MR-1 levels as detected by RT-PCR and real-time
quantitative PCR. (D) Western blotting showed increased levels of MR-1 protein expression in 293T-pMX-MR-1 cells. (E) Representative images of
migrated cells (left: × 400, arrow). Invasiveness of 293T was enhanced by transfection of the MR-1 gene (right). All experiments were repeated at
least three times. **P < 0.05; ***P < 0.01 compared with pMX-mock control.
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proliferation. Ovarian cancer is a major health care issue
worldwide; therefore, a sensitive biomarker that can
detect ovarian cancer at the curative stage is urgently
needed. Based on the finding that MR-1 plays a role in
promoting the proliferation and invasion in some types
of human cancers [6,12], and following our successful
identification of the association between human epididy-
mis protein 4 and ovarian cancer [15], we designed this

study to comprehensively investigate the association
between MR-1 and ovarian cancer and the roles it may
play in pathogenesis or disease progression.
There are no reports examining the role of MR-1 in

ovarian cancer. This is the first study showing that expres-
sion of MR-1 is increased in ovarian cancer tissues at both
the mRNA and protein levels compared with benign con-
trol tissues. The immunohistochemistry results show that

Figure 5 Inhibition of cell proliferation by down-regulating MR-1. (A) RT-PCR showed that expression of the MR-1 gene decreased in SKOV3
cells transduced with MR-1 ShDNA-442, ShDNA-232, ShDNA-584 (left to right: ShDNA-mock, ShDNA-442, -232, and -584). (B) Expression of the
MR-1 gene was markedly reduced in SKOV3 cells transfected with ShDNA-442, -232, and -584, (particularly with ShDNA-442) as analyzed by two-
way ANOVA. (C) MR-1 protein levels were also decreased in SKOV3 cells transfected with ShDNA-442, and -232 (but not ShDNA-584). ***P < 0.01,
**P < 0.05 compared with shDNA-mock controls. (D) SKOV3 cells transfected with ShDNA-442, and -232 showed inhibited proliferation and
delayed spreading (left). Reduced expression of MR-1 protein fused to GFP in SKOV3 transfected with ShDNA-442 (right).
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MR-1 is abundantly expressed in tumor tissues from ovar-
ian cancer patients, particularly those with serous papillary
ovarian cancer (Figure 3B), and that MR-1 is expressed in
the cytoplasm of ovarian cancer cells (though it is nor-
mally localized to the nuclear membrane). To further
examine the expression of MR-1 in ovarian cancer cells,
RT-PCR and western blotting were used to analyze the

ovarian cancer cell line, SKOV3. SKOV3 is derived from a
human ovarian serous cystadenocarcinoma, which
accounts for over 70% of ovarian cancers. The results
showed that this cell line constitutively expresses high
levels of MR-1 (Figure 1A and 2D).
MR-1-stably-transfected 239T cells were established to

investigate the potential role of MR-1 in cell invasion

Figure 6 Relationship between MR-1 expression levels and cell apoptosis. (A) The degree of apoptosis in SKOV3 cells treated by the anti-
tumor drugs, paclitaxel and carboplatin, is shown (apoptotic cells appear as bright green spots, some of which are highlighted with arrows).
Upper panel: a-d show SKOV3 cells treated for 48 h with 0, 12.5, 25, and 50 nmol/L paclitaxel. Lower panel: e-h show SKOV3 cells treated for 48 h
with 0, 40, 80 and 160 mg/L carboplatin. (B, C) The rate of apoptosis was associated with MR-1 gene and protein expression levels.
Representative example from three independent experiments is shown. **P < 0.05; ***P < 0.01 compared with the untreated group (one-way
ANOVA).
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and tumor progression (Figure 4B and 4C). These cells
were used in Matrigel assays to examine cell adhesion
and invasion. MR-1-stably-transfected cells showed
increased aggregation and secreted proteinases that
degrade constituents of the extracellular matrix. They
also migrated faster than mock control cells. This sug-
gests that MR-1 may play a role in cancer progression
by regulating cell adhesion and motility. To confirm
this, MR-1 expression by SKOV3 cells was knocked
down by stable transfection of specific shDNAs. As
expected, SKOV3 cells overexpressing MR-1 shDNA
(known to significantly knock down the expression of
MR-1) showed decreased adhesion, reduced vigor, and
delayed spreading compared with cells transfected with
mock-shDNA (Figure 5D). This further suggests that
MR-1 plays an important role in ovarian cancer cell
adhesion, spreading and invasion.
To assess whether MR-1 is a potential therapeutic target,

SKOV3 cells were treated with the anti-cancer drugs pacli-
taxel and carboplatin, both of which induce apoptosis and
are commonly used to treat ovarian cancer [16]. The num-
ber of apoptotic cells increased and MR-1 mRNA and pro-
tein levels decreased with increasing doses of either
paclitaxel or carboplatin, strongly indicating that these anti-
cancer drugs exert their therapeutic effects by antagonizing
the effects of MR-1. Thus, MR-1 is potentially a novel ther-
apeutic target for the treatment of ovarian cancer.

Conclusion
This study shows that MR-1 is overexpressed in ovarian
cancer tissue and cell lines. Knockdown of MR-1 expres-
sion inhibits cell adhesion and invasion, and anti-cancer
drugs decrease the expression levels of MR-1 in cancer
cells. Thus, MR-1 may be a novel biological marker and
potential therapeutic target for the treatment of ovarian
cancer. It could also be used to monitor the effect of
anti-cancer therapies. Further studies are needed to clar-
ify whether MR-1 is an early diagnostic marker for ovar-
ian cancer and to develop its full therapeutic potential.

List of abbreviations
MR-1: myofibrillogenesis regulator 1; PcAb: polyclonal antibody; RT-PCR: reverse-
transcription polymerase chain reaction; ELISA: enzyme-linked immunosorbent
assay; shDNA: short hairpin DNA; MLC2: myosin light chain-2.

Author details
1Department of Clinical Laboratory, Shanghai Cancer Center, Fudan
University, Shanghai, China. 2Department of Oncology, Shanghai Medical
College, Fudan University, Shanghai, China. 3Department of Gynecological
Oncology, Shanghai Cancer Center, Fudan University, Shanghai, China.

Authors’ contributions
RQL designed the study, detected MR-1 expression levels in the transduced
cells, measured cell adhesion and invasion, and drafted the manuscript. MS
collected all the tissue samples and analyzed the expression levels of MR-1.
JJF produced the MR-1 recombinant protein and anti-MR-1 antibodies and
performed immunohistochemical staining. XG identified and characterized

apoptosis induced by the anti-cancer drugs and edited the final manuscript.
LG conceived of and supervised the project and reviewed the manuscript.
All authors have read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 28 January 2011 Accepted: 25 June 2011
Published: 25 June 2011

References
1. American Cancer Society: Cancer Facts & Figures 2009. Atlanta: American

Cancer Society; 2009, 4.
2. Liu B, Nash J, Runowicz C, Swede H, Stevens R, Li Z: Ovarian cancer

immunotherapy: opportunities, progresses and challenges. J Hematol
Oncol 2010, 3:7.

3. Fazal F, Gu LZ, Ihnatovych I, Han YJ, Hu WY, Antic N, Carreira F,
Blomquist JF, Hope TJ, Ucker DS, Lanerolle PD: Inhibiting myosin light
chain kinase induces apoptosis in vitro and in vivo. Mol Cell Biol 2005,
25:6259-6266.

4. Roovers K, Assoian RK: Effects of Rho kinase and actin stress fibers on
sustained extracellular signal-regulated kinase activity and activation of
G (1) phase cyclin-dependent kinases. Mol Cell Biol 2003, 23:4283-4294.

5. Gutjahr MC, Rossy J, sNiggli V: Role of Rho, Rac, and Rho-kinase in
phosphorylation of myosin light chain, development of polarity, and
spontaneous migration of Walker 256 carcinosarcoma cells. Exp Cell Res
2005, 308:422-438.

6. Ren KH, Jin HX, Bian CJ, He HW, Liu X, Zhang SH, Wang YG, Shao RG: MR-1
modulates proliferation and migration of human hepatoma HEPG2 cells
through MLC2/FAK/AKT signaling pathway. J Bio Chem 2008,
283:35598-35605.

7. Li TB, Liu XH, Feng S, Hu Y, Yang WX, Han Y, Wang YG, Gong LM:
Characterization of MR-1, a novel myofibrillogenesis regulator in human
muscle. Acta Biochimica et Biophysica Sinica 2004, 36:405-411.

8. Rainier S, Thomas D, Tokarz D, Ming L, Bui M, Plein E, Zhao X, Lemons R,
Albin R, Delaney C, Alvarado D, Fink JK: Myofibrillogenesis regulator 1
gene mutations cause paroxysmal dystonia choreoathetosis. Arch Neurol
2004, 61:1025-1029.

9. Ghezzi D, Viscomi C, Ferlini A, Gualandi F, Mereghetti P, DeGrandis D,
Zeviani M: Paroxysmal non-kinesigenic dyskinesia is caused by mutations
of the MR-1 mitochondrial targeting sequence. Human Molecular Genetics
2009, 18:1058-1064.

10. Chen DH, Matsushita M, Rainier S, Meaney B, Tisch L, Feleke A, Wolff J,
Lipe H, Fink J, Bird TD, Raskind WH: Presence of alanine-to-valine
substitutions in myofibrillogenesis regulator 1 in paroxysmal
nonkinesigenic dyskinesia. Arch Neurol 2005, 62:597-600.

11. Li HL, She ZG, Li TB, Wang AB, Yang QL, Wei YS, Wang YG, Liu DP:
Overexpression of Myofibrillogenesis Regulator-1 Aggravates Cardiac
Hypertrophy Induced by Angiotensin II in Mice. Hypertension 2007,
49:1399-1408.

12. Clemens MJ, Bushel LM, Jeffrey IW, Pain VM, Morley SJ: Translation
initiation factor modifications and the regulation of protein synthesis in
apoptotic cells. Cell Death Differ 2000, 7:603-615.

13. Sambrook J, Russell DW: Molecular Cloning: A Laboratory Manual. New
York: Cold Spring Harbor Laboratory Press;, 3 2001.

14. Yamazaki D, Kurisu S, Takenawa T: Regulation of cancer cell motility
through actin reorganization. Cancer Sci 2005, 96:379-386.

15. Lu RQ, Guo L, Hu J: Studies on the value of human epididymis protein 4
in patients with ovarian cancer. Ch J Clin Lab 2009, 32:1379-1383.

16. McFadyen MC, Cruickshank ME, Miller ID, McLeod HL, Melvin WT, Haites NE,
Parkin D, Murray GI: Cytochrome P450 over-expression in primary and
metastatic ovarian cancer. Br J Cancer 2001, 85:242-246.

Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2407/11/270/prepub

doi:10.1186/1471-2407-11-270
Cite this article as: Lu et al.: Myofibrillogenesis regulator 1 (MR-1) is a
novel biomarker and potential therapeutic target for human ovarian
cancer. BMC Cancer 2011 11:270.

Lu et al. BMC Cancer 2011, 11:270
http://www.biomedcentral.com/1471-2407/11/270

Page 10 of 10

http://www.ncbi.nlm.nih.gov/pubmed/20146807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20146807?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15988034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15988034?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12773570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12773570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12773570?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15950966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15950966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15950966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15188055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15188055?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262732?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124534?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15824259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15824259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15824259?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17420335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17420335?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10889505?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16053508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16053508?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11461084?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11461084?dopt=Abstract
http://www.biomedcentral.com/1471-2407/11/270/prepub

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Human Tissue Samples and Cell Lines
	Reverse-Transcription Polymerase Chain Reaction (RT-PCR) and Quantitative Real-Time PCR
	Vector Construction and Production of MR-1 Recombinant Protein
	Antibody Production
	Immunocytochemistry
	Establishment of Stable Cell Line Overexpressing MR-1
	Cell Proliferation and Invasion Assays
	MR-1 Knockdown Using RNAi
	Effects of Anti-Tumor Drugs on MR-1 Expression
	Statistical analysis

	Results
	MR-1 Is Differentially Expressed in Human Malignant and Benign Ovarian Tumors
	Production of MR-1 PcAbs
	Overexpression of MR-1 in Ovarian Cancer
	MR-1 Overexpression Promotes Cell Adhesion and Invasion
	Effects of MR-1 Knockdown on Cell Proliferation, Adhesion and Spreading
	Role of MR-1 in Anti-Cancer Drug Therapy

	Discussion
	Conclusion
	Author details
	Authors' contributions
	Competing interests
	References
	Pre-publication history


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


