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Abstract

To disclose the molecular mechanism of bladder cancer, the
second most common genitourinary tumor, we had previously
done genome-wide expression profile analysis of 26 bladder
cancers by means of cDNA microarray representing 27,648
genes. Among genes that were significantly up-regulated in
the majority of bladder cancers, we here report identification
of M-phase phosphoprotein 1 (MPHOSPH1) as a candidate
molecule for drug development for bladder cancer. Northern
blot analyses using mRNAs of normal human organs and
cancer cell lines indicated this molecule to be a novel cancer-
testis antigen. Introduction of MPHOSPH1 into NIH3T3 cells
significantly enhanced cell growth at in vitro and in vivo
conditions. We subsequently found an interaction between
MPHOSPH1 and protein regulator of cytokinesis 1 (PRC1),
which was also up-regulated in bladder cancer cells. Immu-
nocytochemical analysis revealed colocalization of endoge-
nous MPHOSPH1 and PRC1 proteins in bladder cancer cells.
Interestingly, knockdown of either MPHOSPH1 or PRC1
expression with specific small interfering RNAs caused a
significant increase of multinuclear cells and subsequent cell
death of bladder cancer cells. Our results imply that the
MPHOSPH1/PRC1 complex is likely to play a crucial role
in bladder carcinogenesis and that inhibition of the
MPHOSPH1/PRC1 expression or their interaction should be
novel therapeutic targets for bladder cancers. [Cancer Res
2007;67(7):3276–85]

Introduction

Bladder cancer is the second most common genitourinary
tumor, having an incidence of f357,000 new cases each year
worldwide (1). Approximately one third of them are suspected to
be invasive or metastatic disease at the time of diagnosis (1–3).
Although radical cystectomy is considered as the gold standard for
treatment of patients with localized but muscle-invasive bladder
cancer, nearly half of such patients develop metastases within 2
years after cystectomy and subsequently die of the disease.
Neoadjuvant chemotherapy is usually applied to patients with

muscle-invasive bladder cancer for management of micrometa-
stasis and improvement of their prognosis (4, 5). The MVAC
regimen, a combination of methotrexate, vinblastine, doxorubicin,

and cisplatin, before radical cystectomy has been shown to
improve prognosis of patients, compared with cystectomy alone
(6). Downstaging by neoadjuvant chemotherapy was indicated to
have significant survival benefits (7, 8), and a small subset of
patients may have better quality of life due to preservation of
bladder function. However, because the overall prognosis still
remains very poor (9), development of a new molecular-target
drug(s) for bladder cancer is earnestly desired.
Gene expression profiles obtained by cDNA microarray analysis

have been proved to provide detailed characterization of individual
cancers, and such information should contribute to improve
clinical strategies for neoplastic diseases through development of
novel drugs as well as provide the basis of personalized treatment
(10). Through genome-wide expression analysis, we have isolated a
number of genes that functioned as oncogenes in the process of
development and/or progression of breast cancers (11), hepato-
cellular carcinomas (12), pancreatic cancer (13, 14), prostate
cancers (15, 16), synovial sarcomas (17, 18), and renal cell
carcinomas (19). Such molecules are considered to be good
candidate targets for development of new therapeutic modalities.
Toward identification of molecular targets for drug development,

we had analyzed the gene expression profiles of 26 bladder cancers
and 29 normal human tissues (20, 21). Among the up-regulated
genes in bladder cancers, we focused on M-phase phosphoprotein
1 (MPHOSPH1), which was highly overexpressed in the great
majority of bladder cancer cells examined but not expressed in
normal human organs except testis. Furthermore, we identified the
interaction of MPHOSPH1 with protein regulator of cytokinesis 1
(PRC1), the expression of which was also up-regulated in bladder
cancers. We also found that suppression of either of MPHOSPH1 or
PRC1 expression using their specific small interfering RNAs
(siRNA) leads to the formation of multinuclear cells and
subsequent cell death. These findings suggest that the
MPHOSPH1/PRC1 pathway is involved in bladder carcinogenesis.
Taken together, we here propose that MPHOSPH1 may be a
promising molecular target for bladder cancer therapy through
inhibition of the MPHOSPH1/PRC1 expression or their interaction
and/or cancer vaccine-mediated immunotherapy.

Materials and Methods

Bladder cancer cell lines and tissue samples. Human bladder cancer

cell lines, HT-1197, UM-UC-3, J82, HT-1376, SW780, and RT4, were

purchased from American Type Culture Collection (Rockville, MD). All of
bladder cancer cell lines, as well as COS-7 and NIH 3T3 cells, were grown in

monolayer in appropriate medium [i.e., EMEM (Sigma, St. Louis, MO) with

0.1 mmol/L essential amino acid (Roche, Basel, Switzerland), 1 mmol/L
sodium pyruvate (Roche), for HT-1197, UM-UC-3, J82, and HT-1376; L-15 for

SW780; McCoy’s 5A (Sigma) for RT4; and DMEM (Invitrogen, Carlsbad, CA)

for COS-7 and NIH3T3]. Each medium was supplemented with 10% fetal
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bovine serum (Cansera International, Ontario, Canada) and 1% antibiotic/
antimycotic solution (Sigma). SW780 was maintained at 37jC in

atmosphere without CO2 although the remaining cells were maintained at

37jC in atmosphere with 5% CO2. Tissue samples from surgically resected

invasive or superficial bladder cancers and their corresponding clinical
information were obtained from five hospitals (Kochi Medical School, Kyoto

Prefectural University of Medicine, Nagoya City University Graduate School

of Medical Sciences, Kanazawa University Graduate School of Medical

Sciences, and Iwate Medical University) with written informed consent.
Semiquantitative reverse transcription-PCR. Microdissection of

bladder cancer cells was done as previously described (20). We extracted

total RNA from each of microdissected bladder clinical samples and

cultured cells using RNeasy Micro Kit (Qiagen, Valencia, CA) and purchased
polyadenylated RNAs isolated from heart, lung, liver, kidney, brain,

pancreas, testis, and bladder from Takara Clontech (Kyoto, Japan).

Subsequently, we did T7-based amplification and reverse transcription as
previously described (22). We prepared appropriate dilutions of each single-

stranded cDNA for subsequent PCR by monitoring an amount of

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as a quantitative con-
trol. The sequences of each set of primers were as follows:MPHOSPH1 , 5¶-CC-
GGGAAAGTAAACTGACTCAC-3¶ and 5¶-TTCTAGCTCCTCAACCAAATC-
CT-3¶; PRC1 , 5¶-GTGGTCCTAGGAGACTTGGTTTT-3¶ and 5¶-TACATGCATA-
CCCCCAACAA-3¶; andGAPDH , 5¶-CGACCACTTTGTCAAGCTCA-3¶ and 5¶-GG-
TTGAGCACAGGGTACTTTATT-3¶.

Northern blot analysis. Northern blot for bladder cancer cell lines was

prepared according to the procedures of our previous report (11). Human

multiple-tissue blots (Takara Clontech) and bladder cancer Northern blots
were hybridized with [a-32P]dCTP–labeled MPHOSPH1 PCR products (542

bp) of MPHOSPH1 cDNA (GenBank accession no. NM_016195) prepared by

reverse transcription-PCR (RT-PCR) using the following primer set:

5¶-TGCTGGTTCAGAACGAACTATG-3 ¶ and 5¶-TCCTCGTGGCTAAT-
GAAAGC-3¶. Prehybridization, hybridization, and washing were done

according to the supplier’s recommendations. The blots were autoradio-

graphed with intensifying screens at �80jC for 14 days.
Construction of the expression vectors. We obtained an open reading

frame sequence of MPHOSPH1 by RT-PCR using human testis mRNA as a

H
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Figure 1. Expression of MPHOSPH1 in bladder cancer and normal tissues. A, expression of MPHOSPH1 in tumor cells from 10 bladder cancer cases and normal
human tissues (Bladder; microdissected normal bladder transitional cells, heart, lung, liver, and kidney) examined by semiquantitative RT-PCR. Expression of GAPDH
served as a quantity control. B, Northern blot analysis of the MPHOSPH1 transcript in bladder cancer cell lines (HT-1197, UM-UC-3, J82, HT-1376, SW780, and
RT4) and normal human organs (heart, lung, liver, kidney, brain, pancreas, testis, and bladder). Arrowhead, MPHOSPH1 transcript. C, Northern blot analysis of
the MPHOSPH1 transcript in various normal human tissues. MPHOSPH1 was exclusively expressed in testis. P.B.L., peripheral blood leukocytes. Arrowhead,
MPHOSPH1 transcript. D, specificity of purified anti-MPHOSPH1 polyclonal antibody, indicated by expression of exogenous HA-tagged and endogenous MPHOSPH1
in COS-7 cells and bladder cancer cell line UM-UC-3, respectively. The exogenous HA-tagged MPHOSPH1 lane contains lysate of cells transfected with
pCAGGS-MPHOSPH1-HA (MPHOSPH1-HA ). Arrow, an f220-kDa MPHOSPH1 protein. E, expression of MPHOSPH1 protein in surgically resected bladder
cancer tissues (two superficial bladder cancer and two invasive bladder cancer cases) and normal bladder tissue sections by immunohistochemical staining with
affinity-purified anti-MPHOSPH1 polyclonal antibody. These immunohistochemical staining results were well correlated with those of RT-PCR (A). Original
magnifications, �100 (top ) and �200 (bottom ).
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template and KOD-Plus DNA polymerase (Toyobo, Osaka, Japan) with the
primer set as follows: forward, 5¶-ATAAGAATGCGGCCGCAATGGAATCT-
AATTTTAATCAAGAGG-3¶; reverse, 5¶-ATAAGAATGCGGCCGCTTTGGCTG-
TTTTTGTTCGA-3¶ (underlines indicate NotI restriction enzyme site). The

PCR product was cloned into the NotI site of pCAGGSnHC expression
vector in frame with hemagglutinin (HA) tag at the COOH terminus.

For construction of the PRC1 expression vector, the entire coding

sequence of PRC1 cDNA (GenBank accession no. NM_003981) was gene-

rated by RT-PCR using a human testis mRNA as template and the following
set of primers: forward, 5¶-CCGGAATTCTCCGCCATGAGGAGAAGTGA-3¶
(underline indicates EcoRI site); reverse, 5¶-TTGCCGCTCGAGGGACTGG-
ATGTTGGTTGAA-3¶ (underline indicates XhoI site). The PCR product was

cloned into the EcoRI and XhoI sites of pCAGGSn3FH vector in frame with
NH2-terminal FLAG tag. DNA sequences of all constructs were confirmed by

DNA sequencing (ABI3700, PE Applied Biosystems, Foster, CA).

Anti-MPHOSPH1 specific polyclonal antibodies. Plasmid designed to

express a part of MPHOSPH1 (1,612–1,780 amino acids) with His tag at its

COOH terminus was prepared using pET21 vector (Merck, Novagen,

Madison, WI). The recombinant peptide was expressed in Escherichia coli ,

BL21 codon-plus strain (Stratagene, La Jolla, CA), and purified using both

Ni-NTA resin agarose (Qiagen) and TALON (Takara Clontech) according to

the supplier’s protocols. Subsequently, the immune sera were purified on

antigen affinity columns using Affigel-15 gel (Bio-Rad, Hercules, CA)

according to the supplier’s instructions. We confirmed that this antibody

could specifically recognize endogenous MPHOSPH1 protein in UM-UC-3

bladder cancer cells by Western blot analysis. Affinity-purified anti-

MPHOSPH1 antibodies were used for Western blot, immunoprecipitation,

immunohistochemical analysis, and immunocytochemical analysis as

described below.
Immunohistochemical staining analysis. Conventional paraffin-em-

bedded tissue sections from bladder cancers were obtained from surgical

specimens. To investigate the expression of MPHOSPH1 protein in clinical
materials, tissue sections were processed for antigen retrieval by autoclave

(108jC, 15 min) in antigen retrieval solution, high pH (DakoCytomation,

Carpinteria, CA), and treated with peroxidase blocking regent (DakoCyto-

mation). Tissue sections were incubated with anti-MPHOSPH1 polyclonal
antibody at 1:80 dilution, followed by horseradish peroxidase–cojugated

secondary antibody (DakoCytomation). Antigen was visualized with

substrate-chromogen (DAKO liquid 3,3¶-diaminobenzidine chromogen,

DakoCytomation). Finally, tissue specimens were stained with hematoxylin
to discriminate nucleus from cytoplasm.

Immunocytochemical staining analysis. UM-UC-3 cells were seeded at

1 � 105 per well (Lab-Tek II chamber slide, Nalgen Nunc, International,
Naperville, IL). After 24 h, cells were fixed with PBS(�) containing 4%

paraformaldehyde and then rendered permeable with PBS(�) containing
0.1% Triton X-100 for 2 min at room temperature. Subsequently, the cells

were covered with 3% bovine serum albumin in PBS(�) for 12 h at 4jC to
block nonspecific hybridization followed by incubation with affinity-

purified anti-MPHOSPH1 polyclonal antibody diluted 1:100 in blocking

solution. After washing with PBS(�), the cells were stained with an Alexa

488–conjugated antirabbit secondary antibody (Molecular Probes) at 1:1,000
dilution. Nuclei were counterstained with 4¶,6¶-diamidine-2¶-phenylindole
dihydrochloride (DAPI). Fluorescent images were obtained under a TCS SP2

AOBS microscope (Leica, Tokyo, Japan).

Gene silencing effect by siRNA.We had previously established a vector-
based RNA interference system that was designed to synthesize siRNAs in

mammalian cells (23). Plasmids designed to express siRNA were prepared

by cloning of double-stranded oligonucleotides into the BbsI site of psiU6BX
vectors. The target sequences of the synthetic oligonucleotides for RNA

interference were as follows: si-EGFP as a control, 5¶-GAAGCAGCAC-
GACTTCTTC-3¶; siRNA-MPHOSPH1, 5¶-GTGAAGAAGTGCGACCGAA-3¶;
siRNA-MPHOSPH1 mismatch, 5¶-TTGTAGAAGTGCGACCGAG-3¶ (under-
lines indicate mismatched sequences in siRNA-MPHOSPH1); and siRNA-

PRC1, 5¶-GCATATCCGTCTGTCAGAA-3¶; siRNA-PRC1 mismatch, 5¶-TCA-
TATCCCTCTGTAAGAT-3¶ (underlines indicate mismatched sequences in

siRNA-PRC1). DNA sequences of all constructs were confirmed by DNA
sequencing.

Eight micrograms each of siRNA expression vector were transfected into

J82 or UM-UC-3 cells (1 � 106 per 10-cm dish) using Lipofectamine 2000

(Invitrogen) or FuGENE6 transfection reagent (Roche) according to the

supplier’s recommendations. To evaluate the knockdown effect of siRNAs by

semiquantitative RT-PCR with specific primers (see below), total RNAs were

extracted from the transfected cells after 4-day incubation with neomycin

(Geneticin, Invitrogen). For further evaluation of the knockdown effect at

protein level by Western blot analysis with anti-MPHOSPH1 antibody, the

cells were also harvested after 6-day incubation with neomycin. The specific

primer sets for RT-PCR are as follows: MPHOSPH1 , 5¶-CCGGGAAAG-
TAAACTGACTCAC-3¶ and 5¶-TTCTAGCTCCTCAACCAAATCCT-3¶; PRC1 ,

5¶-GTGGTCCTAGGAGACTTGGTTTT-3¶ and 5¶-TACATGCATACCCCCAA-
CAA-3¶; and, as a quantitative control, GAPDH , 5¶-CGACCACTTTGT-
CAAGCTCA-3 ¶ and 5 ¶-GGTTGAGCACAGGGTACTTTATT-3 ¶. The

transfected J82 or UM-UC-3 cells were cultured for 28 or 21 days in the

presence of 0.6 or 1.0 mg/mL neomycin, and the numbers of colonies were

counted by Giemsa staining. Viability of the J82 or UM-UC-3 cells was evaluated

by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)

assay at 28 or 14 days after the treatment of neomycin with cell counting kit-

8 according to the manufacturer’s recommendation (Wako, Osaka, Japan).

Absorbance at 570-nm wavelength was measured with a microplate reader

(model 550, Bio-Rad). These experiments were done in triplicate.

Establishment of NIH 3T3 cells stably expressing MPHOSPH1. HA-
tagged MPHOSPH1 expression vector (pCAGGSnHC-MPHOSPH1) or mock

Figure 2. Subcellular localization of endogenous MPHOSPH1 protein in bladder
cancer cells during cell cycle. UM-UC-3 cells were immunocytochemically
stained with affinity-purified anti-MPHOSPH1 polyclonal antibody (green) and
DAPI (blue ) to discriminate nucleus (see Materials and Methods).
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vector (pCAGGSnHC) was transfected into NIH3T3 cells using FuGENE6
transfection reagent (Roche). Transfected cells were incubated in the

culture medium containing 0.9 mg/mL neomycin (Geneticin, Invitrogen).

Three weeks later, 20 individual colonies were selected by limiting dilution

and screened for clones stably expressing MPHOSPH1. The expression
level of HA-tagged MPHOSPH1 was detected in each clone by Western blot

and immunohistochemical staining analyses with anti-HA monoclonal

antibody (Sigma). We established three independent clones and designated

them as follows: NIH3T3-MPHOSPH1-1, -2, and -3, and NIH3T3-Mock-1, -2,
and -3.

Effect of MPHOSPH1 on cell growth in vitro and in vivo . To

investigate growth-promoting effect of MPHOSPH1 in vitro , we seeded each

of three independent NIH 3T3-MPHOSPH1 cells (MPHOSPH1-1, -2, and -3)
and three independent NIH 3T3-Mock cells (Mock-1, -2, and -3; 0.5 � 104)

and maintained them in media containing 10% FCS with 0.9 mg/mL

neomycin for 24, 48, 72, 96, or 120 h. At each time point, cell numbers were

evaluated by using cell counting kit-8 (Wako). These experiments were done
in triplicate.

In vivo experiments were done in our animal facility in accordance with

institutional guidelines. To further examine tumor growth effect of

MPHOSPH1 in nude mice, cells transfected with MPHOSPH1-1 or Mock-1
(5 � 106) were injected s.c. into the posterior mid-dorsum of 16 BALB/cA

Jcl-nu mice ( female, 7 weeks old). Tumor volumes were measured every

3 days for 3 weeks, and volumes were estimated by the following formula:

V = 0.5 � (larger diameter) � (smaller diameter)2, as previously described
(18). Mean tumor volume F SD was plotted. Subsequently, the mice were

euthanized at 21 days, and the tumors were dissected. To confirm the

expression of MPHOSPH1 protein in tumor, Western blot analysis with anti-

MPHOSPH1 antibody was done.
Statistical analysis. Statistical significance was determined by Student’s

t test using Statview 5.0 software (SAS Institute, Cary, NC). P < 0.05 was

considered to be statistically significant.

Figure 3. Growth inhibitory effects on bladder cancer cell lines J82 and UM-UC-3 by MPHOSPH1 siRNA. A, knockdown effect of MPHOSPH1 expression by siRNAs
was confirmed by semiquantitative RT-PCR (top ) and Western blot (bottom ) analyses. Expression of GAPDH and ACTB served as a quantity control at transcriptional
and protein levels, respectively. B, colony formation assay of J82 and UM-UC-3 cells transfected with plasmids expressing MPHOSPH1 siRNA (si-MPHOSPH1 ),
a control siRNA (si-EGFP ), or si-MPHOSPH1 mismatch. C, viability of J82 and UM-UC-3 cells evaluated by MTT assay in response to si-MPHOSPH1 in comparison
with that to si-EGFP as a control. J82, P < 0.001; UM-UC-3, P < 0.001 (unpaired t test).
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Coimmunoprecipitation and immunoblotting analyses. COS-7 cells

were transiently transfected with HA-tagged MPHOSPH1 (pCAGGSnHC-

MPHOSPH1), FLAG-tagged PRC1 (pCAGGSn3FC-PRC1), or both together.
The cells were harvested 48 h after the transfection and then were lysed

in lysis buffer [50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L NaCl, 0.5%

NP40, and Protease Inhibitor Cocktail Set III (Calbiochem, San Diego,

CA)]. Equal amounts of total proteins were incubated at 4jC for 2 h with
2 Ag of rat anti-HA (Roche) or mouse anti-FLAG (Sigma) antibodies.

Immunocomplexes were incubated with protein G-Sepharose (Zymed

Laboratories, South San Francisco, CA) for 2 h at 4jC. After washing with
lysis buffer, coprecipitated proteins were separated by SDS-PAGE and

immunoblotted with either mouse anti-FLAG (Sigma) or rat anti-HA

(Roche) antibodies.

Immunocytochemical staining analysis of MPHOSPH1 and PRC1.
UM-UC-3 cells, which endogenously express high level of MPHOSPH1 pro-

tein, were transiently transfected with FLAG-tagged PRC1 (pCAGGSn3FC-

PRC1). Cultured cells were synchronized in their cell cycle by treatment

with aphidicolin (2 Ag/mL; Sigma-Aldrich) for 16 h and then washed five
times with PBS(�); fresh culture medium was then added to release the

cells from the cell cycle arrest. After the synchronized cells were fixed at

different cell cycle points as described in a previous section (Immuno-

cytochemical staining analysis), they were incubated with rabbit anti-

MPHOSPH1 and mouse anti-FLAG M2 (Sigma) antibodies, washed with

PBS(�), and stained with Alexa 594–conjugated antirabbit and Alexa 488–
conjugated antirabbit secondary antibodies (Molecular Probes). Fluorescent

images were obtained with a TCS SP2 AOBS microscope (Leica).

The knockdown effects of MPHOSPH1 and PRC1 on cell morphology.
After transfection of UM-UC-3 cells with si-EGFP (negative control),
si-MPHOSPH1, or si-PRC1 constructs as described above, their cellular

morphologies were examined. The cells were stained immunocytochemically

with Alexa 594 phalloidin (Molecular probes) and DAPI at 4 days after the
transfection. Fluorescent images were obtained under a TCS SP2 AOBS

microscope (Leica).

Results

Identification of MPHOSPH1 as an up-regulated gene in
bladder cancers. To screen molecules that could be applicable as
targets for development of novel therapeutic drugs, we previously
carried out genome-wide expression profile analysis of 26 invasive
bladder cancers by means of cDNA microarray representing 27,648

Figure 4. Growth-promoting effect of exogenous MPHOSPH1 in NIH3T3 cells. A, Western blot analysis of cells expressing exogenous MPHOSPH1 at high level or
those transfected with mock vector. Exogenous introduction of MPHOSPH1 expression was validated with anti–HA tag monoclonal antibody. ACTB served as a loading
control. B, in vitro growth of NIH3T3-MPHOSPH1 cells. The growth measurement by MTT assay shows that three NIH3T3-MPHOSPH1 clones (MPHOSPH1-1 ,
-2 , and -3) grew faster than three of NIH3T3-Mock clones (Mock-1, -2, and -3 ). C, overexpression of MPHOSPH1 caused loss of contact inhibition. NIH3T3-
MPHOSPH1 formed multilayer (top ) whereas NIH3T3-Mock did not (bottom ). D, in vivo tumor growth assay of NIH3T3-MPHOSPH1 cells. Tumor growth curves
in nude mice after inoculation of NIH3T3 derivative cells transfected with MPHOSPH1-1 (NIH3T3-MPHOSPH1-1) or Mock-1 (NIH3T3-Mock-1). Points, mean of the
tumor volumes in each stable clone–transplanted mouse (n = 16); bars, SD. E, confirmation of expression of MPHOSPH1 protein in NIH3T3-MPHOSPH1-1 tumor.
The tumors were dissected from NIH3T3-MPHOSPH1-1 mice and Western blot analysis with anti-MPHOSPH1 antibody was done. Expression of ACTB served
as a quantity control of protein.
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genes or expressed sequence tags (20). Among up-regulated genes,
we in this study focused onMPHOSPH1 gene whose expression was
significantly increased in the majority of bladder cancers.
Semiquantitative RT-PCR experiments confirmed elevated expres-
sion of MPHOSPH1 in 9 of 10 clinical bladder cancers (Fig. 1A).
Subsequent Northern blot analysis confirmed that an f7 kb of
MPHOSPH1 transcript was up-regulated in all of six bladder cancer
cell lines (Fig. 1B), although its expression was hardly detectable in
any normal organs except testis (Fig. 1C). We then developed a
polyclonal antibody against MPHOSPH1 to investigate expression
of this protein in bladder cancer tissues (see Materials and
Methods). We first confirmed that the purified MPHOSPH1-specific
polyclonal antibody could recognize endogenous MPHOSPH1
(f220 kDa) protein in bladder cancer cell line UM-UC-3 without
producing any nonspecific bands (Fig. 1D). Immunohistochemical
analysis with affinity-purified anti-MPHOSPH1 polyclonal antibody
revealed positive staining in bladder cancer cells of invasive
bladder cancer tissue sections, whereas no staining was observed
in normal bladder (Fig. 1E). We also found up-regulated expression
of MPHOSPH1 in bladder cancers at an earlier stage (Fig. 1E ,
superficial bladder cancer). Finally, we observed strong staining in
17 of 20 invasive types and 21 of 25 superficial types of bladder
cancer (data not shown), consistent with the results obtained by
RT-PCR. However, no difference in the intensity or other relevant
findings between superficial and invasive bladder cancer tissues
was observed by the immunohistochemical staining.
Subcellular localization of MPHOSPH1 in bladder cancer

cells. To further characterize the biological role of MPHOSPH1, we
examined the subcellular localization of endogenous MPHOSPH1 in
UM-UC-3 cells by immunocytochemical analysis with an anti-
MPHOSPH1 antibody. The endogenous MPHOSPH1 was mainly
localized in the nucleus of interphase cells but was observed
diffusely within M-phase cells (data not shown). Because the
immunocytochemical analysis suggested the cell cycle–dependent
localization of MPHOSPH1 protein, we synchronized UM-UC-3 cells
using aphidicolin and then examined localization of MPHOSPH1 at
different cell cycle points. As shown in Fig. 2, endogenous
MPHOSPH1 protein was localized in the nucleus at the interphase.
After disappearance of nuclear membrane, it was present diffusely in
cells at prophase, metaphase, and early anaphase. Subsequently, it
accumulated at the midzone of cells in late anaphase and was finally
concentrated at the contractile ring when cells were at telophase.
These findings suggest an important role of MPHOSPH1 in
cytokinesis in bladder cancer cells.
Oncogenic activity of MPHOSPH1. We knocked down the

expression of endogenous MPHOSPH1 in bladder cancer cell lines
J82 and UM-UC-3, which showed high level of MPHOSPH1 expres-
sion, by means of the mammalian vector–based RNA interference
technique. We examined the expression levels of MPHOSPH1 by
semiquantitative RT-PCR and Western blot analyses and found
that a MPHOSPH1-specific siRNA (si-MPHOSPH1) significantly
suppressed expression of MPHOSPH1 at both mRNA and protein
levels as compared with a control siRNA construct (si-EGFP;
Fig. 3A). As concordant to the knockdown effect, colony formation
and MTT assays revealed that introduction of si-MPHOSPH1
significantly suppressed growth of both J82 and UM-UC-3 control
cells [MTTassay: J82, P < 0.001; UM-UC-3, P < 0.001 (unpaired t test);
Fig. 3B and C]. To exclude a possibility of off-target effect by si-
MPHOSPH1, we generated siRNA that contained a 3-bp replacement
in si-MPHOSPH1 (si-MPHOSPH1 mismatch; see Materials and
Methods) and found that this had no suppressive effect on the

expression of MPHOSPH1 or the growth of bladder cancer cells
(Fig. 3).
To further confirm the growth-promoting effect of MPHOSPH1 ,

we established NIH3T3 derivative cells that stably expressed exoge-
nous MPHOSPH1 (MPHOSPH1-1, -2, and -3). As shown by Western
blot analysis with anti-HA-antibody, exogenous MPHOSPH1 protein
was observed at high level in these three derivative clones (Fig. 4A).
Subsequent MTT assays showed that the three MPHOSPH1-stable
derivative cells (MPHOSPH1-1, -2, and -3) grew much faster than
those transfected with mock plasmid (Mock-1, -2, and -3; Fig. 4B),
suggesting a growth-enhancing effect of MPHOSPH1. In addition to
the rapid growth, we observed multilayer growth of these three
NIH3T3-MPHOSPH1 cells after they reached the confluence phase,
indicating loss of the contact inhibition mechanism by MPHOSPH1
introduction into NIH3T3 cells (Fig. 4C).
To further investigate the oncogenic role of MPHOSPH1 in vivo ,

we s.c. transplanted either NIH3T3-MPHOSPH1-1 cells or NIH3T3-
Mock-1 cells into BALB/cA Jcl-nu mice ( female, 7 weeks old). As
shown in Fig. 4D , none of 16 transplantations of NIH3T3-Mock-1
cells formed tumors by 21 days. In contrast, all of 16 transplantations
of NIH3T3-MPHOSPH1-1 formed tumors in which we confirmed
overexpression of MPHOSPH1 protein by Western blot analysis
(Fig. 4E). These findings imply an oncogenic role of MPHOSPH1 for
development of bladder cancer in vivo and in vitro .
Interaction of MPHOSPH1 with PRC1. MPHOSPH1 was

previously reported to interact with mitotic peptidyl-prolyl
isomerase (Pin1) protein in Homo sapiens (24). However, because

Figure 5. Interaction between MPHOSPH1 and PRC1. A, expression of
MPHOSPH1 and PRC1 in bladder cancer cases by semiquantitative RT-PCR.
Expression of GAPDH served as a quantity control. B, coimmunoprecipitation
of MPHOSPH1 and PRC1 proteins. Cell lysates from COS-7 cells transfected
with HA-tagged MPHOSPH1 (MPHOSPH1-HA ) and FLAG-tagged PRC1
(PRC1-FLAG ) were immunoprecipitated with anti-HA or anti-FLAG antibodies.
Immunoprecipitates were immunoblotted with monoclonal anti-HA or anti-FLAG
antibodies.
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the Pin1 expression was undetectable in bladder cancer cells in our
microarray data and semiquantitative RT-PCR analysis (data not
shown), we attempted to identify protein(s) interacting with
MPHOSPH1 in bladder cancer cells. We focused on protein-
regulating cytokinesis 1 (PRC1) protein as a possible candidate to
interact with MPHOSPH1 because PRC1 is known to be involved to
cytokinesis through the interaction with kinesin family proteins
(25, 26) and its expression pattern was similar to MPHOSPH1 in our
expression profile analysis of bladder cancers (20).
We first investigated the expression levels of PRC1 in bladder

cancers by semiquantitative RT-PCR analysis and found co-
upregulation of PRC1 and MPHOSPH1 in bladder cancer cases
(Fig. 5A). Subsequently, to confirm the interaction between
MPHOSPH1 and PRC1, we did coimmunoprecipitation experi-
ments (see Materials and Methods). HA-tagged MPHOSPH1
(MPHOSPH1-HA) and FLAG-tagged PRC1 (PRC1-FLAG) constructs
were cotransfected into COS-7 cells and the cell lysates were
immunoprecipitated with anti-Flag or anti-HA antibodies. Immu-
noblotting of the precipitates with rabbit anti-FLAG and mouse
anti-HA antibodies revealed that MPHOSPH1-HA had coprecipi-
tated with PRC1-FLAG protein (Fig. 5B).
Furthermore, we did immunocytochemical analysis of MPHOSPH1

and PRC1 in UM-UC-3 bladder cancer cells. The PRC1-FLAG
construct was transfected into UM-UC-3 cells according to the

procedure described in Materials and Methods. The results showed
that exogenous PRC1 colocalized with endogenous MPHOSPH1 in
the cells at interphase, prophase, and late anaphase (Fig. 6A).
However, interestingly, in the cells at telophase, MPHOSPH1 was
likely to overlap with PRC1 but be located adjacently outside of PRC1
in the center of midbody (Fig. 6B).
Growth-inhibitory effects of PRC1-specific siRNAs in blad-

der cancer. To further validate the biological significance of PRC1
in bladder carcinogenesis, we constructed PRC1-specific siRNA
expression vectors and examined the knockdown effect of each
construct in J82 and UM-UC-3 bladder cancer cell lines, which
overexpressed PRC1 and MPHOSPH1 (data not shown). Semi-
quantitative RT-PCR showed that si-PRC1 had drastic knockdown
effect on PRC1 expression, whereas a si-PRC1 mismatch construct
that contained a 4-bp replacement to si-PRC1 or a negative control
si-EGFP revealed no knockdown effect (Fig. 7A). Introduction of
si-PRC1 into J82 and UM-UC-3 cells resulted in a significant
decrease of the number of colonies and of cell viability, whereas
control siRNA and a si-PRC1 mismatch had no or little effect on
colony number or cell viability (Fig. 7B and C). These findings
suggest that PRC1 is also likely to have crucial roles in the growth
of bladder cancer cells.
Morphologic changes by treatmentwithMPHOSPH1 or PRC1

siRNA. Furthermore, we examined morphologic changes of the

Figure 6. Colocalization of endogenous MPHOSPH1 and exogenous PRC1 in UM-UC-3 cells. A, endogenous MPHOSPH1 protein (green ) colocalized exogenous
PRC1 protein (red) during interphase to late anaphase, but MPHOSPH1 was likely to be outside of PRC1, which localized in the center of midbody in telophase cells.
Bar, 5 Am. B, enlarged image of the rectangular region of telophase in (A ). Bar, 5 Am.
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UM-UC-3 cells transfected with either MPHOSPH1- or PRC1-specific
siRNA that revealed the significant knockdown effect (see Materials
and methods). We observed a significant increase of multinuclear
cells by introduction of each siRNA (si-MPHOSPH1 and si-PRC1) at
4 days after the transfection (Fig. 7D, top). Immunocytochemical
analysis using Alexa 594 phalloidin confirmed the presence of
multiple nuclei in the cells transfected with si-MPHOSPH1 or
si-PRC1 (Fig. 7D, bottom). These findings indicate that the absence

of MPHOSPH1 or PRC1 caused the failure of cytokinesis, resulted in
formation of multinucleated cells, and then induced cell death.

Discussion

Significant advances in development of molecular targeting drugs
for cancer therapy have been achieved in the last two decades.
However, the proportion of patients showing good response to

Figure 7. Effect of MPHOSPH1 and PRC1 on proliferation of bladder cancer cells. Knockdown effect of PRC1 expression by siRNA on J82 (right ) and UM-UC-3
(left) cells analyzed by semiquantitative RT-PCR (A), MTT assay (B) [J82, P < 0.005; UM-UC-3, P < 0.005 (unpaired t test)], and colony formation assay (C ).
D, morphologic changes of UM-UC-3 cells transfected with si-MPHOSPH1 or si-PRC1. si-EGFP was used as a control siRNA. Top and bottom, observations under a
microscope or by immunocytochemical staining, respectively. UM-UC-3 cells treated with siRNAs were stained with DAPI and phalloidin to distinguish nucleus from
cytoplasm. Arrows , multinuclear cells.
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presently available treatments is still very limited and a subset of the
patients suffer from severe adverse reactions without any benefit
(3). Hence, it is urgent to develop new anticancer agents that are
highly specific to malignant cells, with a minimum risk of adverse
reactions. Through the detailed expression profile analysis of
clinical invasive bladder cancers, we identified MPHOSPH1 to be
significantly overexpressed in majority of invasive bladder cancer
cases. We here reported the biological significance of MPHOSPH1
and its interacting partner, PRC1, in bladder carcinogenesis.
Northern blot analysis revealed the hardly detectable level of
MPHOSPH1 expression in any of normal human tissues examined
except the testis. Moreover, immunohistochemical experiments
with anti-MPHOSPH1 polyclonal antibody clearly indicated
MPHOSPH1 expression in both invasive and superficial bladder
cancer cells, indicating MPHOSPH1 to be a cancer-testis antigen.
These results implied that MPHOSPH1 could serve as a valuable
target for development of anticancer agents or cancer peptide
vaccines for bladder cancer.
MPHOSPH1 was previously reported as one of proteins that were

specifically phosphorylated at the G2-M transition and as a plus-
end–directed kinesin-related protein with a crucial role in
cytokinesis (24, 27). The MPHOSPH1 cDNA encodes a 1,780-
amino-acid protein that was composed of three domains: an NH2-
terminal kinesin motor domain, a central coiled-coil stalk domain,
and a C-globular tail domain. Our immunocytochemical experi-
ments indicated the localization of MPHOSPH1 to be in the nucleus
in the bladder cancer cells at the interphase, in the midzone in late
anaphase, and at the contractile ring in telophase. Furthermore, we
showed that knockdown of endogenous MPHOSPH1 by siRNAs
induced failure of cytokinesis in bladder cancer cells and resulted in
accumulation of multinuclear cells and subsequent cell death. In
addition, introduction ofMPHOSPH1 into NIH3T3 cells significantly
enhanced cell growth in vitro and in vivo . Hence, we further
examined the biological roles of MPHOSPH1 in bladder cancer cells
by identification of its interacting protein(s).
Due to the coexpression in bladder cancers and the similarity in

subcellular protein localization, we focused on PRC1 as a candidate
to interact with MPHOSPH1. We showed the in vivo interaction and
colocalization of MPHOSPH1 and PRC1 during interphase to late
anaphase in bladder cancer cells. Interestingly, as shown in Fig. 6B ,
MPHOSPH1 was observed in the lateral position of PRC1 in the
midbody of telophase cells. PRC1 was reported to interact with

kinesin family proteins, KIF4 or KIF14, which are also associated with
mitotic events, especially with cytokinesis (28–30). It is considered to
be a central spindle matrix protein that is essential to control many
motor proteins associated with this structure (31). Particularly, KIF4
is known to be the motor protein that translocates PRC1 along the
mitotic spindle during mitosis, especially telophase to cytokinesis
(28). Moreover, Zhu and Jiang (29) reported that KIF4 interacts with
PRC1 in vivo through the KIF4 COOH-terminal stalk plus tail domain,
and PRC1 is a downstream cargo of KIF4 on the spindle during
mitosis. However, because the expression of those kinesin family
proteins in the bladder cancer cells was not detected in our
microarray data (20) and MPHOSPH1 bound to PRC1 through its
COOH-terminal stalk plus tail domain (data not shown), MPHOSPH1
might function as a motor protein that translocates PRC1 along the
mitotic spindles during mitosis of bladder cancer cells.
To assess whether MPHOSPH1 or PRC1 plays a critical role in the

growth or survival of bladder cancer cells, we knocked down the
expression of endogenous MPHOSPH1 or PRC1 in bladder cancer
cell lines, J82 or UM-UC-3, which revealed high expression levels of
MPHOSPH1 and PRC1 using specific siRNAs. Each of the specific
siRNAs significantly suppressed their expression and resulted in
the significant growth suppression of these cells, indicating that
both MPHOSPH1 and PRC1 are essential for the growth of bladder
cancer cells. Moreover, knockdown of MPHOSPH1 or PRC1 expres-
sion in UM-UC-3 bladder cancer cells caused a significant increase
of multinuclear cells (Fig. 7D). Because inhibition of their
interaction may lead to cell death following the failure of cytokinesis
in bladder cancer cells, the inhibitor for their interaction would be a
possible valuable target to develop agents against bladder cancer.
Although further analysis of the function of MPHOSPH1 will be
necessary, the data provided should contribute to a more profound
understanding of bladder cancer carcinogenesis and to develop-
ment of novel therapies for bladder cancers.

Acknowledgments

Received 10/12/2006; revised 11/24/2006; accepted 1/19/2007.
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance
with 18 U.S.C. Section 1734 solely to indicate this fact.

We thank Kie Naito, Yoshiko Fujisawa, and Kyoko Kijima for technical support;
Drs. Shingo Ashida and Wataru Obara for preparation of bladder cancer tissues
sections; and Drs. Akira Togashi and Chikako Fukukawa and Yosuke Harada for helpful
discussions.

References
1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer
statistics, 2002. CA Cancer J Clin 2005;55:74–108.

2. Sternberg CN. The treatment of advanced bladder
cancer. Ann Oncol 1995;6:113–26.

3. Ardavanis A, Tryfonopoulos D, Alexopoulos A, et al.
Gemcitabine and docetaxel as first-line treatment for
advanced urothelial carcinoma: a phase II study. Br J
Cancer 2005;92:645–50.

4. Fagg SL, Dawson-Edwards P, Hughes MA, Latief TN,
Rolfe EB, Fielding JW. cis -Diamminedichloroplatinum
(DDP) as initial treatment of invasive bladder cancer.
Br J Urol 1984;56:296–300.

5. Raghavan D, Pearson B, Coorey G, et al. Intrave-
nous cis -platinum for invasive bladder cancer.
Safety and feasibility of a new approach. Med J
Aust 1984;140:276–8.

6. Pectasides D, Pectasides M, Nikolaou M. Adjuvant
and neoadjuvant chemotherapy in muscle invasive

bladder cancer: literature review. Eur Urol 2005;48:
60–8.

7. Grossman HB, Natale RB, Tangen CM, et al. Neo-
adjuvant chemotherapy plus cystectomy compared
with cystectomy alone for locally advanced bladder
cancer. N Engl J Med 2003;349:859–66.

8. Splinter TA, Scher HI, Denis L, et al.; European
Organization for Research on Treatment of Cancer-
Genitourinary Group. The prognostic value of the
pathological response to combination chemotherapy
before cystectomy in patients with invasive bladder
cancer. J Urol 1992;147:606–8.

9. Vaughn DJ. Review and outlook for the role of
paclitaxel in urothelial carcinoma. Semin Oncol 1999;
26:117–22.

10. Petricoin EF III, Hackett JL, Lesko LJ, et al. Med-
ical applications of microarray technologies: a regula-
tory science perspective. Nat Genet 2002;32 Suppl:
474–9.

11. Park JH, Lin ML, Nishidate T, Nakamura Y, Katagiri

T. PD2-binding kinase/T-LAK cell-originated protein
kinase, a putative cancer/testis antigen having an
oncogenic activity in breast cancer. Cancer Res 2006;66:
9186–95.

12. Hamamoto R, Furukawa Y, Morita M, et al. SMYD3
encodes a histone methyltransferase involved in the
proliferation of cancer cells. Nat Cell Biol 2004;6:731–40.

13. Taniuchi K, Nakagawa H, Hosokawa M, et al.
Overexpressed P-cadherin/CDH3 promotes motility of
pancreatic cancer cells by interacting with p120ctn and
activating rho-family GTPases K. Cancer Res 2005;65:
3092–9.

14. Taniuchi K, Nakagawa H, Nakamura T, et al. Down-
regulation of RAB6KIFL/KIF20A, a kinesin involved
with membrane trafficking of discs large homologue 5,
can attenuate growth of pancreatic cancer cell. Cancer
Res 2005;65:105–12.

15. Anazawa Y, Nakagawa H, Furihata M, et al. Analysis
of gene-expression profiles after g irradiation of
normal human fibroblasts. PCOTH, a novel gene

Cancer Research

Cancer Res 2007; 67: (7). April 1, 2007 3284 www.aacrjournals.org

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/7/3276/2579735/3276.pdf by guest on 19 M

ay 2023



overexpressed in prostate cancers, promotes prostate
cancer cell growth through phosphorylation of onco-
protein TAF-Ih/SET. Cancer Res 2005;65:4578–86.

16. Ashida S, Furihata M, Katagiri T, et al. Expression of
novel molecules, MICAL2-PV (MICAL2 prostate cancer
variants), increases with high Gleason score and
prostate cancer progression. Clin Cancer Res 2006;12:
2767–73.

17. Nagayama S, Iiizumi M, Katagiri T, Toguchida J,
Nakamura Y. Identification of PDZK4, a novel human
gene with PDZ domains, that is up-regulated in
synovial sarcomas. Oncogene 2004;23:5551–7.

18. Nagayama S, Fukukawa C, Katagiri T, et al. Thera-
peutic potential of antibodies against FZD10, a cell-
surface protein, for synovial sarcomas. Oncogene 2005;
24:6201–12.

19. Togashi A, Katagiri T, Ashida S, et al. Hypoxia-
inducible protein 2 (HIG2), a novel diagnostic marker
for renal cell carcinoma and potential target for
molecular therapy. Cancer Res 2005;65:4817–26.

20. Takata R, Katagiri T, Kanehira M, et al. Predicting
response to methotrexate, vinblastine, doxorubicin,
and cisplatin neoadjuvant chemotherapy for bladder

cancers through genome-wide gene expression profil-
ing. Clin Cancer Res 2005;11:2625–36.

21. Saito-Hisaminato A, Katagiri T, Kakiuchi S, et al.
Genome-wide profiling of gene expression in 29
normal human tissues with a cDNA microarray. DNA
Res 2002;9:35–45.

22. Kitahara O, Furukawa Y, Tanaka T, et al. Alterations
of gene expression during colorectal carcinogenesis
revealed by cDNA microarrays after laser-capture
microdissection of tumor tissues and normal epithelia.
Cancer Res 2001;61:3544–9.

23. Shimokawa T, Furukawa Y, Sakai M, et al. Involve-
ment of the FGF18 gene in colorectal carcinogenesis,
as a novel downstream target of the h-catenin/T-cell
factor complex. Cancer Res 2003;63:6116–20.

24. Kamimoto T, Zama T, Aoki R, Muro Y, Hagiwara M.
Identification of a novel kinesin-related protein,
KRMP1, as a target for mitotic peptidyl-prolyl isomer-
ase Pin1. J Biol Chem 2001;276:37520–8.

25. Mollinari C, Kleman JP, Jiang W, et al. PRC1 is a
microtubule binding and bundling protein essential to
maintain the mitotic spindle midzone. J Cell Biol 2002;
157:1175–86.

26. Jiang W, Jimenez G, Wells JN, et al. PRC1: a human
mitotic spindle-associated CDK substrate protein
required for cytokinesis. Mol Cell 1998;2:877–85.

27. Abaza A, Soleilhac JM, Westendorf J, et al. M phase
phosphoprotein 1 is a human plus-end-directed
kinesin-related protein required for cytokinesis. J Biol
Chem 2003;278:27844–52.

28. Kurasawa Y, Earnshaw WC, Mochizuki Y, Dohmae
N, Todokoro K. Essential roles of KIF4 and its binding
partner PRC1 in organized central spindle midzone
formation. EMBO J 2004;23:3237–48.

29. Zhu C, Jiang W. Cell cycle-dependent translocation
of PRC1 on the spindle by Kif4 is essential for midzone
formation and cytokinesis. Proc Natl Acad Sci U S A
2005;10:343–8.

30. Gruneberg U, Neef R, Li X, et al. KIF14 and citron
kinase act together to promote efficient cytokinesis.
J Cell Biol 2006;172:363–72.

31. Mollinari C, Kleman JP, Saoudi Y, et al. Ablation of
PRC1 by small interfering RNA demonstrates that
cytokinetic abscission requires a central spindle
bundle in mammalian cells, whereas completion of
furrowing does not. Mol Biol Cell 2005;16:1043–55.

MPHOSPH1, a Novel Therapeutic Target in Bladder Cancer

www.aacrjournals.org 3285 Cancer Res 2007; 67: (7). April 1, 2007

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/67/7/3276/2579735/3276.pdf by guest on 19 M

ay 2023


