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The mainstay in the management of invasive bladder cancer continues to be radical cystectomy. With regard 
to improvement of quality of life, however, therapies that preserve the bladder are desirable. We investigated 
the use of intravesical PLK-1 small interfering RNA (siRNA) against bladder cancer. Patients with bladder 
cancers expressing high levels of PLK-1 have a poor prognosis compared with patients with low expression. 
Using siRNA/cationic liposomes, the expression of endogenous PLK-1 could be suppressed in bladder can-
cer cells in a time- and dose-dependent manner. As a consequence, PLK-1 functions were disrupted. Inhibi-
tion of bipolar spindle formation, accumulation of cyclin B1, reduced cell proliferation, and induction of 
apoptosis were observed. In order to determine the efficacy of the siRNA/liposomes in vivo, we established an 
orthotopic mouse model using a LUC-labeled bladder cancer cell line, UM-UC-3LUC. PLK-1 siRNA was success-
fully transfected into the cells, reduced PLK-1 expression, and prevented the growth of bladder cancer in this 
mouse model. This is the first demonstration, to our knowledge, of inhibition of cancer growth in the murine 
bladder by intravesical siRNA/cationic liposomes. We believe intravesical siRNA instillation against bladder 
cancer will be useful as a therapeutic tool.

Introduction
Approximately 70% of bladder cancers are at a superficial stage at 
initial diagnosis (1, 2). These lesions are usually managed with trans-
urethral resection, followed by intravesical administration of agents 
including mitomycin C, adriamycin, and bacille Calmette-Guérin 
(BCG). Although these intravesical agents can prolong the length 
of progression-free survival after the cancers have been resected, 
long-term follow up has demonstrated that they infrequently cured 
patients of bladder cancer (1, 2). Half of superficial lesions will recur, 
and as many as 10–30% will progress to a higher grade and/or stage 
and form local invasive cancers (1–3). The standard treatment for 
local invasive cancer is radical cystectomy, which may result in loss 
of urinary and sexual functions. Consequently, the current treat-
ment often adversely affects the quality of life of these patients. 
Therefore, a novel therapeutic approach against superficial cancer 
has been eagerly desired.

RNA interference is a newly discovered cellular pathway for 
silencing genes in a sequence-specific manner at the mRNA level 
by the introduction of the cognate double-stranded small inter-
fering RNA (siRNA) and has recently been experimentally intro-
duced into cancer therapy, primarily in vitro (4, 5). In vivo, how-
ever, the therapeutic application of siRNAs is largely dependent on 
the development of a drug delivery system (DDS) that efficiently 

delivers the siRNAs to target cells, and, therefore, siRNA has not 
yet entered clinical trials.

Polo-like kinase-1 (PLK-1) is one of the most important regula-
tors of mitotic progression in mammalian cells (6). Moreover, eleva-
tion of PLK-1 expression is positively correlated with a broad range 
of human tumors (7–10), and depletion of PLK-1 by siRNA dramat-
ically inhibited cell growth and induced apoptosis in vitro (11, 12). 
In this study, we investigated the use of intravesical PLK-1 siRNA as 
a possible therapeutic tool against bladder cancer. We used cationic 
liposomes as the in vivo carrier. Recently, a complex of polyinosin-
ic-polycytidylic acid and cationic liposomes successfully inhibited 
the growth of, and induced apoptosis in, a mouse liver metastasis 
(13). This simple vector scheme is attractive. We predicted that local 
administration, such as intravesical instillation of the complex of 
siRNA and liposomes, can provide a relatively high concentration 
of siRNA to cancer cells. PLK-1 siRNA was successfully transfected 
into the cells, reduced PLK-1 expression, and prevented the growth 
of bladder cancer in an orthotopic murine model. This is the first 
demonstration, to our knowledge, of inhibition of cancer growth in 
the murine bladder by intravesical siRNA/cationic liposomes.

Results
Relationship between the expression of PLK-1 and clinicopathological 
features in radical-cystectomy patients. We initially tested whether 
immunohistochemical levels of PLK-1 expression were related to 
various clinicopathological features and survival rates in patients 
with bladder cancer. The histologically high-grade, deeply invasive, 
lymphatic-invasive, and venous-invasive bladder cancers demon-
strated significantly higher PLK-1 expression than did the low-
grade, superficial, non–lymphatic-invasive, and non–venous-
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invasive cancers (Figure 1A and Table 1). Moreover, the patients 
with high PLK-1 expression had a significantly worse prognosis 
than patients with low PLK-1 expression (Figure 1B; P < 0.05).

We then investigated PLK-1 expression in the tissues of bladder 
cancer and normal bladder epithelium by Western blotting (Figure 
1C). Cancerous tissues had a more abundant expression of PLK-1 
than normal epithelium. Moreover, abundant expression of PLK-1 
was demonstrated in all but 1 (RT4) of the bladder cancer cell lines 
examined (Figure 1D). These observations suggested that altered 
PLK-1 expression might be instrumental in cancer initiation or 
progression in bladder cancers. Thus, PLK-1 was indicated as an 
attractive therapeutic molecular target for bladder cancer. We next 
tested the effect of reducing expression of PLK-1 in bladder cancer 
cells using siRNAs in vitro.

Inhibition of PLK-1 expression by siRNAs. Four PLK-1 siRNAs were 
introduced into cells using cationic liposomes. We examined the 
ability of siRNAs to reduce the endogenous level of PLK-1 pro-
tein in HeLa, HT1376, and MBT2 cancer cell lines. Transfection of 
these cell lines with PLK-1 siRNAs alone demonstrated no effect 
(data not shown). Transfection with PLK-1 siRNAs and cationic 
liposomes at a concentration 50 nM did not reduce PLK-1 at 
6 hours after transfection but led to a marked loss of PLK-1 at 
24 hours after transfection (Figure 2A). Among the siRNAs we 
tested, PLK-1 siRNA 1412, which completely matched the mRNA 
sequence of human, mouse, and rat PLK-1, possessed the stron-
gest inhibitory effect against PLK-1 expression.

PLK-1 siRNA 1412 inhibited PLK-1 expression in a time- and 
dose-dependent manner (Figure 2, B and C). We used PLK-1 siRNA 
1412 with cationic liposomes in subsequent experiments. PLK-1 is 
known to play important roles in mitosis (6). Depletion of PLK-1 
induces M-phase arrest and results in accumulation of cyclin B1. In 
order to examine the inhibitory effect of siRNA 1412 against PLK-1 
functions, we investigated cyclin B1 expression in bladder cancer 

cells after siRNA treatment. The expres-
sion of cyclin B1 was dose-dependently 
increased by siRNA 1412 (Figure 2C).

We performed anti–β-tubulin and 
anti–γ-tubulin immunocytochemistry 
and DNA staining of siRNA-treated 
bladder cancer cells to observe spindle 
formation. One of the well-known fea-
tures of PLK-1 is that reduced PLK-1 
activity results in aberrant spindle-pole 
formation, which is reflected in the name 
for this kinase family (6). In control cells, 
normal M-phase bipolar spindles could 
be observed by β- and γ-tubulin stain-
ing, and chromosomal DNA was aligned 
at the center of the cells as visualized 
by Hoechst 33342 staining. In PLK-1 
siRNA–treated bladder cancer cells, the 
numbers of M-phase rounded cells were 
increased, and bipolar spindle forma-
tions were dramatically reduced. DNA 
staining showed an abnormal appear-
ance with chromosomes widely dispersed 
in cells (Figure 2D). Prevention of bipo-
lar spindle formation and accumulation 
of cyclin B1 were also seen with siRNA 
183 or siRNA 1418 (data not shown). 

These results indicated that PLK-1 siRNA specifically reduced 
PLK-1 expression and blocked PLK-1 function.

Growth inhibition and induction of apoptosis by siRNA 1412 in vitro. 
We examined the effect of reduced PLK-1 expression for 72 
hours following siRNA treatment. A modified 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
demonstrated a dose-dependent growth inhibition of bladder 
cancer cells. The IC50s for the bladder cancer cell lines RT112, 
253J, J82, SCaBER, TCCSUP, UM-UC-3, 5637, and RT4 were 
35.1 nM, 94.5 nM, 119.3 nM, 60.4 nM, 73.0 nM, 46.1 nM, 40.0 
nM, and 65.1 nM, respectively. These concentrations could rea-
sonably be attained in vivo, especially using local administra-
tion to the bladder.

We examined the effect of the siRNA on the cell cycle of blad-
der cancer cells (UM-UC-3). The percentage of cells in G1/S phase 
decreased and the percentage of cells in G2/M phase increased 
after exposure to siRNA 1412 (100 nM) for 24 hours (Figure 3A). 
Moreover, increased numbers of sub-G1 cells, which were expect-
ed to undergo apoptosis, were found 48 hours after exposure. In 
order to confirm induction of apoptosis, we investigated annexin 
V staining on siRNA-treated UM-UC-3 cells. As compared with 
untreated cells or control siRNA–treated cells, an abundance of 
siRNA 1412–treated cells were shown to be annexin V–positive 
apoptotic cells (Figure 3B). These results indicated that reduced 
expression of PLK-1 gave rise to growth inhibition and apoptosis 
induction in bladder cancer cells in vitro.

Before beginning in vivo trials, we confirmed that a pulse siRNA 
treatment could inhibit growth. Relatively high concentrations of 
siRNA (100 nM) successfully prevented the proliferation of can-
cer cells even when applied for as little as 1 or 3 hours. Relative 
cell viabilities, compared with control cells, of UM-UC-3, 253J, 
and KU-7 cells treated with PLK-1 siRNAs were 0.187 ± 0.0191,  
0.705 ± 0.0342, and 0.466 ± 0.108, respectively, after 1 hour of treat-

Table 1
Relationship between PLK-1 expression level and clinicopathological features of human 
bladder cancers

  Total High Low P value
Age Mean (SD) 64.6 (10.0) 65.8 (9.27) 63.4 (10.6) 0.347
Sex Male 48 22 26 0.297
 Female 10 7 3 
Configuration Papillary 16 6 10 0.189
 Nonpapillary 42 23 19 
Number of tumors Solitary 30 18 12 0.44
 Multiple 28 11 17 
Grade Well/Mod 18 2 16 <0.001
 Poor 40 27 13 
Depth of invasion Superficial 21 3 18 <0.001
 Invasive 37 26 11 
Lymph node involvement Negative 51 24 27 0.420
 Positive 7 5 2 
Lymphatic invasion Negative 15 0 15 <0.001
 Positive 31 21 10 
 Unknown 12 8 4 
Venous invasion Negative 39 15 24 <0.05
 Positive 8 7 1 
 Unknown 11 7 4 
Follow-up (month) Mean 68.7 (48.0) 63.5 (53.8) 73.7 (41.8) 0.469

Mod, moderate.



research article

980 The Journal of Clinical Investigation   http://www.jci.org   Volume 115   Number 4   April 2005

ment, and 0.0891 ± 0.0290, 0.399 ± 0.0693, and 0.243 ± 0.0717,  
respectively, after 3 hours of treatment (Figure 3C).

In vivo growth inhibition of bladder cancer in orthotopic murine models 
by transurethral administration of PLK-1 siRNA 1412. We established 
orthotopic bladder cancer mouse models. Among the bladder can-
cer cell lines we tested (5637, 253J, TCCSUP, and UM-UC-3), UM-
UC-3 was the only cell line that was orthotopically transplanted 
successfully. Shortly after implantation of UM-UC-3LUC cells into 
the bladder, high bioluminescence was demonstrated in all of the 

mice. Bioluminescence was not detectable the following day but 
was detected 1 week later and then increased substantially up to 4 
weeks (Figure 4A). Before we examined the anticancerous effect of 
PLK-1 siRNA, we determined whether the cationic liposomes were 
able to deliver FITC-labeled siRNA to the orthotopically trans-
planted cancer cells. Abundant fluorescence was demonstrated 
in bladder cancer tissues when the siRNA/liposome complex was 
administered (Figure 4B). In contrast, no fluorescence could be 
seen when the siRNA alone was administered. Next, we examined 

Figure 1
PLK-1 expression correlates with the progression of bladder cancer. (A) PLK-1 staining in the tissue of bladder cancers. Strong immune reac-
tion in high-grade bladder cancers (top and middle rows) and weak immune reaction in low-grade bladder cancers (bottom row) were typically 
observed by immunohistochemistry. Nuclear staining was performed with Mayer’s hematoxylin. The arrow indicates lymphatic invasion of cancer 
cells in the high-grade bladder cancer. Numbers indicate original magnifications. (B) Comparison of the survival curves between bladder cancers 
with high and those with low PLK-1 expression. (C) Western blotting analysis of PLK-1 expression in the tissues of bladder tumor (T) and normal 
bladder epithelium (N) of the same patients. (D) Western blotting analysis of PLK-1 expression in human bladder cancer and normal cells. 

Figure 2
Prevention of PLK-1 expression and function by siRNA/cationic liposome complexes. (A) Comparison of the reduction of PLK-1 expression by 
4 siRNAs. (B) Time-dependent inhibition of PLK-1 expression by PLK-1 siRNA 1412. (C) Dose-dependent inhibition of PLK-1 expression and 
accumulation of cyclin B1 by PLK-1 siRNA 1412. (D) Prevention of bipolar spindle formation by PLK-1 siRNA (100 nM, 24 hours). β-Tubulin 
staining, γ-tubulin staining, and Hoechst 33342 DNA staining of bladder cancer cells (UM-UC-3) are shown.
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whether the siRNA/cationic liposome complex reduced PLK-1 
expression of the orthotopically transplanted cancer cells. Abun-
dant expression of PLK-1 was demonstrated in bladder cancer tis-
sues of control mice (Figure 4C); in contrast, only weak expres-
sion was observed in PLK-1 siRNA/liposome–treated mice. These 
results suggested that the intravesical siRNA/liposome complex 
could successfully insert into bladder tissues and would be able to 
work as an anticancer agent.

We investigated the growth-inhibitory effect of the complex of 
PLK-1 siRNA and liposomes in vivo. Figure 4D shows the growth 
curves of the respective murine transplanted cancers. Although 
equivalent numbers of cancer cells were injected, cancer growth 
rates differed among the treatment groups. Photon emissions 
of mice treated with both concentrations (600 nM and 6 μM) of 
PLK-1 siRNA were significantly lower than those of mice from the 
untreated or the control siRNA group (P < 0.05).

We surveyed 20 sections (taken at 40-μm intervals) from each 
murine bladder in order to examine whether bladder cancers 
existed in the mice. Bladder cancers were apparent in all of the 
mice in which we observed high bioluminescence with an in vivo 
imaging system (IVIS; Xenogen Corp.) (Figure 4E, top left and 

middle). However, we could not detect any cancer cells in 2 of 
the animals treated with 6 μM PLK-1 siRNA and 1 of the animals 
treated with 600 nM PLK-1 siRNA; we were also unable to detect 
bioluminescence by IVIS in these animals (Figure 4E, top right). 
The mucosal surfaces of these PLK-1 siRNA–treated murine blad-
ders did not show apparent injury (Figure 4E, bottom), and there 
were no differences microscopically in the noncancerous bladder 
mucosa among the PLK-1 siRNA–treated, control siRNA–treated, 
and untreated mice. We found no differences in the body weight 
and laboratory examination of peripheral blood among these 
murine groups. These results indicated that PLK-1 siRNA 1412 
inhibited the growth of bladder cancers not only in vitro, but 
also in vivo, and some of the mice showed a complete eradication 
of the cancer cells without any severe adverse effects. These data 
suggest that PLK-1 siRNA 1412 will be an attractive therapeutic 
tool for bladder instillation therapy.

Recently, siRNA has been reported to activate IFN signaling, 
inducing an immune response (14). In order to examine the role 
of immune responses in the in vivo growth-inhibitory effect, we 
investigated the transcription levels of IFN-α, -β, and -γ genes in 
murine bladder tissues. However, neither PLK-1 siRNA nor control 
siRNA induced the expression of these genes (data not shown). 
Since we may have been unable to detect the changes in IFN lev-
els in vivo, we investigated IFN induction by these siRNAs in the 
murine monocyte cell line RAW264.7 in vitro. The siRNAs did not 
induce transcription of IFN-β gene in RAW264.7 cells (Figure 4F). 
These results indicated that the in vivo growth-inhibitory effect 
demonstrated by the complex of PLK-1 siRNA and liposome was 
caused primarily by RNA interference, not by innate immunity.

Discussion
Intravesical BCG, which is currently the most effective agent for 
bladder cancer treatment, causes irritative voiding symptoms 
in 90% of cases because of the inflammation that may be neces-
sary for the effective action of this agent. Moreover, BCG sepsis, 
although rare (occurring in 0–4% of patients who underwent 
intravesical BCG therapy), is a life-threatening condition. There-
fore, options of intravesical therapy are needed. RNA interference 
mediated by siRNA is used as a sequence-specific gene-silencing 
mechanism and currently has become an indispensable tool in the 
study of the regulation of gene expression and function in vitro 
(4, 5). siRNA is a potential therapeutic agent based on rational 
gene-based drug design. In vivo, however, reports that have dem-
onstrated successful treatment using siRNAs are scarce (15–17). 

Figure 3
Growth inhibition and induction of apoptosis in bladder cancer cells 
by PLK-1 depletion using PLK-1 siRNA 1412 with cationic liposomes. 
(A) Cell cycle alteration of bladder cancer cells by PLK-1 siRNA 1412 
(100 nM, 24 and 48 hours) was demonstrated by FACS analysis using 
propidium iodide staining. (B) Apoptosis induction by PLK-1 siRNA 
(100 nM, 36 hours) was identified by FITC–annexin V staining. Original 
magnification, ×100. Histogram shows the results from 3 independent 
experiments (500 cells each). Error bars indicate SD. (C) Comparison 
of growth inhibition by PLK-1 siRNA with different treatment times. PLK, 
cells treated by PLK-1 siRNA (100 nM); Cont, cells treated by control 
siRNA (100 nM). Relative cell growth was measured 72 hours after the 
beginning of treatments. Error bars indicate SD. Black bars, no treat-
ment; blue bars, treated for 1 hour; gray bars, treated for 3 hours; red 
bars, treated for 6 hours; white bars, treated for 72 hours.
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Establishment of a functional DDS is still crucial for develop-
ment of therapeutically viable nucleic acid–related medicines. We 
focused on bladder cancer since it grows in a closed cavity, the 
bladder. In this environment, local administration of the complex 
of siRNA and cationic liposomes could provide a high concentra-
tion of the agent to attach to the target cancer cells during a lim-
ited time. The cationic liposome LIC101, whose safety has already 
been verified by systemic i.v. injection into animals (13), was used 
as a carrier in this study. LIC101 has a low cytotoxicity and high 
efficacy of transfection. Intravesical siRNA is a novel strategy 
whose efficacy, to our knowledge, has never been demonstrated 
before our study. In this study, we demonstrated that PLK-1  
siRNA 1412 in cationic liposome was transfected into bladder 
cancer cells in the murine orthotopic bladder cancer model. These 
cells were monitored frequently, quantitatively, and noninvasively 

in real time by IVIS (Figure 4A), and we demonstrated that intra-
vesical PLK-1 siRNA successfully inserted into cells (Figure 4B), 
reduced PLK-1 expression (Figure 4C), and prevented growth of 
the bladder cancers (Figure 4D).

With regard to siRNA therapy, there are some beneficial points in 
intravesical administration. In view of the cost performance, local 
administration of siRNA is superior to i.v. injection. In vivo gene 
silencing by general administration of siRNA/liposome complexes 
has been reported (18, 19). However, intravesical local administra-
tion seemed to achieve similar effects with a 50- to 100-fold lower 
dose of the complex, although the targeted genes were different. 
The procedure of transurethral administration is quite simple and 
repeatable in clinic, although administration into murine blad-
der is relatively difficult. The estimated side effect of intravesical 
administration would be less than that of general administration. 

Figure 4
Growth inhibition of bladder cancer by PLK-1 siRNA in orthotopic bladder cancer mouse models. (A) Images were obtained by IVIS at 10 
minutes, 1 day, 1 week, 3 weeks, and 4 weeks after transplantation. The photon counts of each mouse are indicated by the pseudo-color 
scales. (B) FITC-labeled control siRNA with cationic liposomes was successfully transfected into bladder cancer cells as shown by immune 
staining using an anti-FITC antibody (top left panel). H&E counterstaining was performed to identify cancer cells (top right panel). The same 
experiments were performed without cationic liposomes (bottom panels). Original magnification, ×400. (C) Immunohistochemical staining 
revealed that intravesical PLK-1 siRNA/liposome complexes successfully reduced PLK-1 expression (top left panel). H&E counterstaining was 
performed to identify cancer cells (top right panel). The same experiments were performed with the complex of control siRNA and liposomes 
(bottom panels). Original magnification, ×400. (D) The growth curves of orthotopically transplanted UM-UC-3LUC cells were measured by IVIS. 
The anticancerous effect of intravesical PLK-1 siRNA was demonstrated in vivo. Open squares, no treatment; filled squares, treatment with 
control siRNA (6 μM); open circles, treatment with PLK-1 siRNA (6 μM); filled circles, treatment with PLK-1 siRNA (600 nM). The data shown 
are representative of duplicate experiments. (E) Pathological analysis was performed in UM-UC-3LUC–transplanted murine bladder tissues after 
PLK-1 siRNA treatment. Residual cancer (top left and middle panels) and noncancerous bladder (top right and lower panels) were observed 
microscopically. Numbers indicate original magnification. (F) No apparent induction of IFN-β gene expression by either PLK-1 or control siRNAs 
was observed in RAW264.7 cells.
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We hope intravesical siRNA therapy will obtain an excellent anti-
cancerous effect without adverse effects.

Among the many regulators that contribute to mitosis, PLK-1 is 
thought to be critical and to mediate multiple mitotic processes, 
including activation of the CDC25C-Cdkl amplification loop, 
regulation of entry into mitosis, establishment of the bipolar spin-
dle, regulation of the anaphase-promoting complex, segregation 
of chromosomes, and cytokinesis (6). PLK-1 is altered in various 
cancers, including breast cancer, non–small cell lung cancer, head 
and neck squamous cell cancer, and melanoma (6–10). We demon-
strated here that the histological grade, deep tissue invasiveness, 
and lymphatic and venous invasiveness are positively correlated 
with PLK-1 expression, and bladder cancer tissues as well as cell 
lines demonstrated abundant expression of PLK-1 (Figure 1, A, 
C, and D, and Table 1). Moreover, high expression of PLK-1 is 
suggested to be a predictor of poor prognosis (Figure 1B). PLK-1 
depletion dramatically inhibited formation of the bipolar spindles 
(Figure 2D), induced cell cycle arrest (Figure 3A), prevented cell 
proliferation (Figure 3C), and resulted in induction of apoptosis 
(Figure 3B), in bladder cancer cells. These data are consistent with 
the results from many different cancer cell types (12). Moreover, 
in our experiments PLK-1 siRNA 1412, which we first designed 
and which is identical to the mRNA sequence of murine plk-1, was 
more effective than the siRNAs used previously (11, 12).

In order to successfully deliver siRNAs in vivo, several intelligent 
methods have been reported, including use of cationic liposomes, 
viral vectors, and hydrodynamic delivery (17, 18, 20–22). The large-
volume hydrodynamic tail vein administration was shown to effec-
tively deliver siRNA to liver and some other organs (20). However, for 
the present this method is not feasible for therapeutic approaches in 
humans, although progress in medical engineering may support it 
in the future. Viral vectors are the most efficient means to transfer 
therapeutic genes into many targets in vivo. The vector-based side 
effects, however, limit their value in clinical applications. Iatrogen-
ic-induced leukemia as a consequence of insertional mutagenesis 
events warrants a thorough reassessment of the potential risk of 
virus vector–mediated gene therapy (22–24). Although vector-medi-
ated mutagenesis was only reported in retrovirus vectors, other viral 
vectors might pose similar risks. Very recently, a sophisticated meth-
od of systemic application of a pBS/U6 plasmid vector containing a 
short hairpin RNA that targeted PLK-1 together with the nuclease 
inhibitor aurintricarboxylic acid was demonstrated to inhibit tumor 
growth in a murine subcutaneous tumor model (17).

In this study we used a cationic liposome as a carrier of siRNA. 
The transient effects of siRNA/cationic liposome complexes have 
the advantage of being easily controllable; the starting and end 
points of the therapy are easily modified. If an unexpected adverse 
side effect were seen, suspension of treatment and consequent 
diminishing of the siRNA effect would be prompt. Currently, Vit-
ravene is the only antisense drug approved by the US FDA (25). 
This phosphorothioate oligonucleotide is intravitreally injected 
to treat CMV-induced retinitis in patients with AIDS. The local 
administration into the vitreal cavity can deliver a high concen-
tration of the agent to the target virus. The discovery that short 
double-stranded RNA molecules can silence gene expression in 
mammalian cells has been a significant breakthrough in nucleic 
acid biology, and this method is significantly more efficient than 
traditional antisense approaches (4, 5), although siRNA still has 
the barrier in DDS. Our data indicate that intravesical siRNA is a 
viable alternative to overcome DDS problems.

In conclusion, we have demonstrated that intravesical admin-
istration of PLK-1–targeted siRNA/cationic liposomes inhibited 
cancer growth in murine orthotopic bladder cancer models. The 
in vivo growth-inhibitory effect demonstrated by the complex of 
PLK-1 siRNA and liposome was caused primarily by RNA inter-
ference, not by innate immunity. This is the first demonstration, 
to our knowledge, of inhibition of cancer growth in the murine 
bladder by intravesical siRNA/cationic liposomes. We believe that 
transurethral siRNA therapy can overcome the DDS problem of 
siRNA delivery and cause a breakthrough in clinical applications 
of nucleic acid therapeutics. The efficacy and safety of intravesical 
siRNA should be verified by early-phase clinical trials.

Methods
Patients and human samples. All 58 patients underwent radical cystectomy 
and simultaneous bilateral pelvic lymph node dissection at the Depart-
ment of Urology, Shiga University of Medical Science, between 1979 
and 1995. Samples of fresh tumor and normal epithelium were stored at 
–80°C, and parallel samples were fixed in formalin, embedded in paraf-
fin, and sectioned for use in microscopic analysis. Informed consent was 
provided according to the World Medical Association Declaration of Hel-
sinki. Clinical and pathological data were obtained by retrospective chart 
review, as previously described (26).

Animals, cell lines, and reagents. Approval for these studies was obtained 
from the Committee on Animal Research of the Kyoto University Fac-
ulty of Medicine. Specific pathogen–free 6- to 8-week-old BALB/c nu/nu 
mice were used (Japan SLC Inc.). The human bladder cancer cell lines 
253J, 5637, HT1197, HT1376, J82, RT4, RT112, SCaBER, TCCSUP, 
KU-7, and UM-UC-3; the mouse bladder cancer cell line MBT2; human 
primary hepatocytes; the normal human fibroblast cell lines HF and 
NHDF; and the murine monocyte cell line RAW264.7 were obtained 
from the American Type Culture Collection. Four PLK-1 (GenBank 
accession number NM_005030) siRNAs and a nonsense siRNA used 
as a control were chemically synthesized (Nippon Shinyaku Co.). The 
sequences of the sense strands were: siRNA 183, 5′-GGGCGGCUUUGC-
CAAGUGCdTdT-3′; siRNA 1345, 5′-GACAGCCUGCAGUACAUAGdTdT-
3′; siRNA 1412, 5′-CCUUGAUGAAGAAGAUCACdTdT-3′; siRNA 1418, 
5′-TGAAGAAGAUCACCCUCCUdTdT-3′; and control, 5′-UUCUCCGAAC-
GUGUCACGUdTdT-3′. The RNA sequences of siRNA 183 and siRNA 
1418 are equivalent to those of the siRNAs used in previous studies (11, 
12). Positively charged liposomes containing a cationic lipid analogue were 
synthesized at Nippon Shinyaku Co., as described previously (13).

Growth-inhibitory effects of PLK-1 siRNA in vitro. Cell proliferation was 
determined by the modified MTT assay with SF reagent (Nacalai Tesque 
Inc.), as described previously (15). The mean of 5 samples was calcu-
lated. IC50 values were obtained using the nonlinear regression program 
CalcuSyn (Biosoft).

Cell cycle analysis. Cell cycle analysis using propidium iodide and fluo-
rescence-activated cell sorting (FACS; BD Biosciences) was performed as 
described previously (27).

Western blotting analysis. Western blotting analyses were performed as 
described previously (28). Rabbit polyclonal anti–PLK-1 antibody (Upstate 
Biotechnology Inc.), rabbit polyclonal anti–cyclin B1 antibody (Santa Cruz 
Biotechnology Inc.), and rabbit polyclonal anti-actin antibody (Sigma-
Aldrich) were used as primary antibodies.

Immunocytochemistry. Immunocytochemistry using β-tubulin–specific 
and γ-tubulin–specific antibodies (Sigma-Aldrich) and Hoechst 33342 DNA 
staining (Invitrogen Corp.) was performed according to the manufacturers’ 
protocol. To detect apoptotic cells, we performed annexin V staining using 
the MEBCYTO Apoptosis Kit (Medical and Biological Laboratories Co.).
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Immunohistochemical staining. Immunohistochemical staining was per-
formed by the conventional avidin-biotin-peroxidase complex method 
(VECTASTAIN Elite ABC kit; Vector Laboratories Inc.), as described 
previously (26). Anti–human PLK-1 mAb (Transduction Laboratories) 
with a 1:100 dilution was used as the primary antibody. Sections were 
counterstained with hematoxylin and mounted. Normal mouse IgG was 
used instead of primary antibody as a negative control.

Immunohistochemical evaluation. Two independent investigators (T. 
Yuasa and Y. Toda) calculated the number of PLK-1–positive tumor 
cells in a minimum of 15 fields. Staining results were assessed in a 
semiquantitative fashion by the 2 investigators independently. Prognos-
tic evaluation was based on the mean PLK-1 index (percent PLK-1–posi-
tive cells). This categorization is fundamentally similar to that of previous 
immunohistochemical studies (5, 29).

Real-time quantitative RT-PCR. Mice were treated, by intravesical admin-
istration, with 100 μl of the complex of liposome and either PLK-1 siRNA 
(6 μM or 600 nM) or control siRNA (6 μM), and LPS (100 μg/ml). Six 
hours after the treatment, the bladder tissues were removed. In vitro, 
RAW264.7 mouse monocyte-derived cells were cultured with or without 
the same siRNA complexes for 6 hours. Total RNA (1 μg) was converted 
to 50 μl cDNA, and the transcriptional levels of murine IFNs ifnα, ifnβ, 
and ifnγ were analyzed using the LightCycler System (Roche Diagnostics 
Corp.) with FastStart DNA Master SYBR Green I (Roche Diagnostics 
Corp.), as described previously (30).

Generation of stable LUC-expressing cancer cell lines. Tumor cell lines were 
stably transfected with the pGL3-control vector (Promega Corp.) and with 
pSV2Neo (American Type Culture Collection) using Lipofectamine 2000 
(Invitrogen Corp.), as described previously (31).

Mouse models. In order to establish the orthotopic bladder cancer mod-
els, LUC-labeled bladder cancer cells (2 × 106) were implanted into the 
murine bladder cavity via 24-gauge angiocatheters (Surflo; Terumo Corp.),  
as described previously (32).

In vivo effects of PLK-1 siRNA. Mice were administered the LUC-expressing 
tumor cells on day 0. On day 4, each mouse was observed by IVIS (Xenogen 
Corp.), and bioluminescence from implanted cancer cells was measured. 
These mice were divided into 4 treatment groups with equivalent levels of 
bioluminescence among the groups. Transurethral treatment with siRNAs 
was performed 5 times, once on each of days 5–9. Mice were anesthetized 
with an i.p. injection of Nembutal (75 μg/kg). The bladders were cathe-
terized and washed with PBS, and siRNA/liposomes were administered, 
followed by a purse-string suture placed around the urethra to occlude 

it. After 4 hours, the sutures were removed and the mice restarted their 
spontaneous voiding. Mice were divided into 4 groups: (a) untreated mice; 
(b) mice treated with 6 μM control siRNA; (c) mice treated with 600 nM 
PLK-1 siRNA 1412; and (d) mice treated with 6 μM PLK-1 siRNA 1412. 
Each group contained 7 mice, and these treatment regimes were per-
formed twice. The in vivo growth of cancer cells was monitored by IVIS, as 
described previously (31). On day 21, all mice were killed humanely, and 
their blood was collected and analyzed for cell counts of red blood cells, 
white blood cells, and platelets, and serum concentrations of aspartate 
aminotransferase, alanine aminotransferase, lactate dehydrogenase, total 
protein, creatinine, and blood urea nitrogen.

Statistical analysis. The relationship between the staining levels (PLK-1 
index) and various clinicopathological factors was analyzed using the χ2 
or the Kruskal-Wallis test. Kaplan-Meier analysis was used to estimate 
the cumulative cause-specific survival rate, and the log-rank test was 
used to correlate differences in patient survival with staining intensity 
of PLK-1. The influence of siRNA on the growth of bladder cancers was 
analyzed by the Student’s t test. We used StatMate III (ATMS Co.) sta-
tistical software. In all statistical analyses, P values of 0.05 or less were 
judged to be statistically significant.
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