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Periostin suppresses in vivo invasiveness via PDK1/Akt/mTOR
signaling pathway in a mouse orthotopic model of bladder cancer
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Abstract. Periostin is an extracellular matrix protein involved
in the regulation of intercellular adhesion. The present study
investigated the in vivo tumor suppressor function of periostin in
a mouse orthotopic model of bladder cancer. Retroviral vectors
were used to transfect human bladder cancer UMUC-3 cell line
with periostin. Bladders of nude mice that were transurethrally
instilled with periostin-expressing UMUC-3 cells were revealed
to weigh less compared with bladders instilled with vector control
cells. In total, five (83.3%) of six vector control UMUC-3 bladder
tumors exhibited histological evidence of muscle invasion.
However, none of the five periostin-expressing UMUC-3
bladder tumors revealed muscle invasion. Thick edematous
lesions were present in the submucosa of periostin-expressing
UMUC-3 bladder tumors. The expression of periostin also
suppressed in vitro cell invasiveness of UMUC-3 cells without
affecting cellular proliferation. The level of phosphorylation
of phosphoinositide-dependent kinase-1 (PDK1), protein
kinase B (Akt) and S6 ribosomal protein, a downstream protein
of mammalian target of rapamycin (mMTOR) was decreased in
periostin-expressing UMUC-3 cells compared with vector control
cells. Treatment with 100 ng/ml recombinant human periostin
protein also suppressed cell invasiveness and phosphorylation
of PDK1, Akt and S6 in UMUC-3 cells, consistent with results
using periostin-expressing UMUC-3 cells. Treatment with
PDK1, Akt and mTOR inhibitors significantly suppressed
UMUC-3 cell invasiveness. These results demonstrate that
periostin suppresses in vivo and in vitro invasiveness of bladder
cancer via the PDK1/Akt/mTOR signaling pathway. Periostin
may be useful as a potent chemotherapeutic agent by suppressing
bladder cancer invasiveness.
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Introduction

Periostin is an extracellular matrix (ECM) protein involved
in the regulation of intercellular adhesion via interactions
with other ECM proteins including fibronectin, tenascin-C,
collagen V and periostin itself (1,2). Periostin is highly
expressed in early osteoblastic cells in vitro and in the
periosteum and periodontal ligaments in vivo and has been
revealed to serve a role in bone and tooth formation and
the maintenance of structural integrity of these tissues (3).
In addition, it has been reported that the expression of
periostin correlates with the severity of heart failure (4) and
that mechanical stress induces the expression of periostin
in fibroblasts of the heart (5) and periodontal ligaments (6).
Periostin has been frequently reported to be overexpressed in
various types of human cancer cell lines and tissues, including
breast, colon, ovarian and gastric cancer, non-small cell lung
carcinoma and neuroblastoma (7). The overexpression of
periostin by cancer stroma and/or neoplastic epithelium is
generally associated with malignant phenotypes (7). However,
this association was not identified in bladder cancer (8).
Previously, we revealed that the downregulation of periostin
mRNA expression was associated with higher grade human
bladder cancer and that ectopic expression of periostin using a
retroviral vector suppressed the in vitro invasiveness of human
bladder cancer cells. We also demonstrated that periostin
suppresses cell invasiveness in human bladder cancer cell lines
via the downregulation of E-cadherin by suppressing protein
kinase B (Akt) phosphorylation and Twist (9).

The present study investigated the in vivo tumor suppressor
function of periostin in a mouse orthotopic model of bladder
cancer and revealed that periostin suppressed the in vivo inva-
siveness of bladder cancer via the phosphoinositide-dependent
kinase-1 (PDK1)/Akt/mammalian target of rapamycin (mTOR)
signaling pathway.

Materials and methods

Orthotopic implantation of bladder cancer cells. All
procedures were performed in compliance with the Ethical
Guidelines for Animal Experimentation and Care and Use of
Laboratory Animals at Shiga University of Medical Science
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(Otsu, Japan). The protocol was approved by the Committee
on the Ethics of Research Center for Animal Life Science at
Shiga University of Medical Science. The animals were housed
in a specific pathogen-free room with controlled temperature
(20-22°C), humidity (50-60%) and a pre-set light/dark cycle
(12:12 h). Mice were allowed ad libitum access to food
(CE-2; CLEA Japan, Inc., Tokyo, Japan) and water. A mouse
orthotopic model of bladder cancer was used as described
previously (10,11). A total of 16, 8-week-old BALB/c-nu-nu
female nude mice (ca 20 g; CLEA Japan, Inc.) were used for the
present study. A 24-gauze catheter was transurethrally inserted
into the bladder of nude mice. In total, 100 ul 0.2% trypsin
in 0.02% EDTA was infused and retained in the bladder for
30 min. Subsequent to trypsinization, bladders were washed
with PBS (-). Subsequently, 100 ul suspensions of serum-free
medium containing 5x10° cancer cells were instilled into blad-
ders. The urethra was ligated with a 4-0 nylon suture to ensure
the retention of cancer cells. After 3 h, the suture was removed,
and bladder was evacuated by spontaneous voiding. A total
of four weeks subsequent to the instillation of bladder cancer
cells, mice were sacrificed under anesthesia and weighed.
Bladders were excised and weighed. Opened bladder walls
were then longitudinally cut, divided into four equal parts and
histopathologically evaluated. Resected tumors that developed
on the back of the mice were fixed with 10% formalin in PBS
for 4 h and embedded in paraffin. Serial 3-ym sections were
used for histological evaluation using hematoxylin-eosin
staining. Deparaffinization and rehydration of the sections was
performed using 4 incubation steps of xylene and a series of
100% ethanol, 95% ethanol and twice 70% ethanol. Each step
was performed for 5 min at room temperature. The sections
were deionized using water for 15 min at room temperature.
Subsequently, the sections were stained with hematoxylin
(Merck KGaA, Darmstadt, Germany) for 4 min and eosin
(Eosin Y; Merck KGaA) for 4 min at room temperature. To
visualize these sections, we used a microscope (Eclipse E400;
Nikon Corporation, Tokyo, Japan). Photos were captured using
a digital camera system (DS-2Mv-L2; Eclipse E400; Nikon
Corporation).

Mitotic counts in tumors developed in mouse urinary bladders.
Mitotic counts were performed using a standard laboratory
microscope (magnification, x400; Nikon ECLIPSE E400;
Nikon Corporation, Tokyo, Japan). The mitotic activity index,
mitotic figures/3 high-power fields (hpfs), of mouse orthotopic
bladder tumors was determined using the number of mitotic
figures in three randomly-selected hpfs.

Cell lines. The human bladder cancer UMUC-3 (American
Type Culture Collection, Manassas, VA, USA) cell line was
previously used in an experiment as the mouse orthotopic
model of bladder cancer (11). UMUC-3 and 293T (American
Type Culture Collection) were cultured in RPMI-1640
medium and Dulbecco's modified Eagle's medium (both
from Nacalai Tesque, Inc., Kyoto, Japan), respectively,
supplemented with 10% fetal calf serum (Sigma-Aldrich;
Merck KGaA), penicillin (100 U/ml) and streptomycin
(100 pug/ml) at 37°C in a humidified 5% CO, atmosphere. The
293T cell line was used for the preparation of recombinant
retroviruses.
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Preparation of recombinant retrovirus and virus infection.
The pCXbsr retrovirus vector carrying human peri-
ostin complementary DNA (cDNA) and pCXbsr control
vector (12) were transfected into 293T cells with the helper
plasmid, pCL-ampho (13), using Lipofectamine-Plus reagent
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA,
USA) according to the manufacturer's protocol. The ampho-
tropic retroviruses in the culture medium were collected 48 h
subsequent to transfection, filtered and stored at -80°C until
use. For viral infection, 2x10° cells were seeded onto 60-mm
dishes and cultured overnight at 37°C. Following polybrene
treatment (2 #g/ml) for 30 min, retroviruses were added to cell
cultures and incubated for 1 h at 37°C. Blasticidin-resistant
colonies were selected subsequent to a 7-day incubation in
media containing 5 ug/ml blasticidin (Invitrogen; Thermo
Fisher Scientific, Inc.) prior to pooling and being used in addi-
tional assays.

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis. For RT-PCR, total RNA was isolated from cultured
cellsusing TRIzol reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). Isolated RNA was used for first-strand cDNA synthesis
using Superscript™ II Reverse Transcriptase (Invitrogen;
Thermo Fisher Scientific, Inc.) and an Oligo (dT),,.,5 primer
(Invitrogen; Thermo Fisher Scientific, Inc.) for 50 min at 42°C.
cDNA was amplified by Taqg DNA polymerase (Takara, Otsu,
Japan) with primers specific for periostin: HP16S forward,
5'-GTGGTAGCACCTTCAAAGAAATCC-3' and HP22A
reverse, 5-GCAACTTCCTCACGGGTGTGTC-3' (12). PCR
was performed with 30 cycles consisting of denaturation at
94°C for 30 sec, annealing at 55°C for 30 sec and extension
at 72°C for 30 sec, followed by a final extension for 7 min.
GAPDH primers were GAPDH-5F, 5-ACCACAGTCCAT
GCCATCAC-3' and GAPDH-3R, 5-TCCACCACCCTGTTG
CTTGTA-3". For GAPDH, 30 cycles of PCR were performed
with an annealing temperature of 60°C. PCR products were
separated by electrophoresis on 1.5% agarose gels containing
ethidium bromide prior to imaging using an ultraviolet transil-
luminator and printgraph (AE6915; Atto, Co., Tokyo, Japan).

Pharmacological treatments. 1L-6-hydroxymethyl-chiro-
inositol 2(R)-2-O-methyl-3-O-octadecylcarbonate (Akt
inhibitor; Calbiochem; EMD Millipore, Billerica, MA,
USA), 7-hydroxystaurosporine (UNC-01, PDK1 inhibitor,
Sigma-Aldrich; Merck KGaA) and rapamycin (mTOR
inhibitor, LC Laboratories, Woburn, MA, USA) were prepared
in dimethyl sulfoxide (DMSO) and stored at -20°C. Cells were
seeded at 1x10° cells per 60-mm dish and incubated at 37°C
for 16 h. Inhibitors (0.1% of culture medium) were then added
to culture media (PDK, 0.1 and 1 gM; Akt, 10 and 25 uM;
mTOR, 5 and 20 nM), and cells were incubated at 37°C for 6 h.
In all experiments using inhibitors, the same volume of DMSO
was added to control samples. Recombinant human periostin
protein (r-periostin, SinoBiological, Inc., Beijing, China) was
prepared in PBS(-) and stored at -20°C. In experiments using
r-periostin, the same volume of PBS(-) was added to control
samples.

In vitro invasion assay. The in vitro invasive potential of cells
was determined using Matrigel™ basement membrane matrix
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invasion chambers (chamber size, 6.4 mm; membrane surface
area, 0.3 cm?; pore size, 8 ym; BD Biosciences, Bedford, MA,
USA) following the manufacturer's protocol. In total, 500 ul
cell suspension (3x10* cells/ml) was added to each chamber.
Chambers containing cells were incubated at 37°C for 2 days
in a humidified 5% CO, atmosphere. Noninvasive cells
were removed from membrane upper surfaces using cotton
swabs. Invasive cells on membrane undersides were stained
with Diff-Quik™ stain (Kokusai-Shiyaku, Kobe, Japan) and
counted under a light microscope (TMS; Nikon Corporation).
Each sample was assayed in triplicate in three independent
experiments.

Tumorigenicity in nude mice with subcutaneous injec-
tion. The tumorigenicity of cancer cells was determined by
injecting 3x10° cells (in 0.2 ml) subcutaneously into 6-week-old
BALB/c-nu/nu female mice. Tumorigenic potential was evaluated
3 weeks subsequent to inoculation. Mice were sacrificed under
anesthesia, and tumors were excised and weighed.

Antibodies. Anti-a-tubulin (clone, DM1A; #T9026) and
anti-Flag (clone, M2; #F3165) monoclonal antibodies were
purchased from Sigma-Aldrich; Merck KGaA. Anti-phospho
Akt (T308 and S473, #13038; D25E6 and D9E, #4060) rabbit
monoclonal, anti-Akt (#9272) rabbit polyclonal, anti-phospho
phosphatidylinositol 3 kinase [PI3K; p85 (Y458)/p55 (Y199)]
rabbit polyclonal, anti-PI3K (p85; clone, 19HS; #4257) rabbit
monoclonal, anti-phospho phosphoinositide-dependent protein
kinase 1 (PDK1; S241; #3061) rabbit monoclonal, anti-PDK1
(#3062) rabbit polyclonal, anti-phospho S6 ribosomal protein
(S240/244, clone, D68F8; #5364) rabbit monoclonal, anti-S6
ribosomal protein (clone, 5G10; #2217) rabbit monoclonal and
anti-Snail (clone, C15D3; #3879) rabbit monoclonal antibodies
were purchased from Cell Signaling Technology, Inc. (Danvers,
MA, USA). The anti-E-cadherin (#13116) mouse monoclonal
antibody was purchased from BD Biosciences. The anti-Twist
(clone H81; #sc-15393) rabbit polyclonal antibody was
purchased from Santa Cruz Biotechnology, Inc., (Dallas, TX,
USA). All antibodies were uses at a dilution of 1:1,000.

Immunoblotting. Cells were lysed in Laemmli-SDS buffer
containing 62.5 mM Tris-HCI (pH 6.8), 10% glycerol,
5%?2-mercaptoethanol, 2% SDS, 0.01% bromophenol blue and
5 mM EDTA. SDS-PAGE was performed on cell lysate samples
and separated proteins were electrotransferred to membrane
filters (Immobilon-P; EMD Millipore). Subsequent to blocking
with TBS-T (10 mM Tris-HCI, pH 7.6, 150 mM sodium chlo-
ride 0.1% Tween-20) containing 5% bovine serum albumin
(BSA), filters were incubated with primary antibodies in TBS-T
containing 2% BSA overnight. Filters were washed with TBS-T
and incubated for 1 h in horseradish peroxidase-conjugated
anti-mouse or anti-rabbit IgG (NA931 and NA934, respectively;
GE Healthcare Life Sciences, Chalfont, UK) diluted 1:10,000
in TBS-T containing 2% BSA. Subsequent to several washes
with TBS-T, immunoreactivity was detected using an enhanced
chemiluminescence system (GE Healthcare Life Sciences)
according to the manufacturer's protocol.

Statistical analysis. All quantitative data are presented as
means + standard deviation estimated from =3 replicates
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per experiment. Student's t-test and Fisher's exact probability
test were used for statistical analyses. All statistical analyses
were performed using the R statistical software package,
version 2.6.2 (R foundation for Statistical Computing, Vienna,
Austria). P<0.05 was considered to indicate a statistically
significant result.

Results

Periostin suppresses the in vitro invasiveness of the human
bladder cancer UMUC-3 cell line. To investigate the ability
of periostin to suppress the in vivo malignant phenotypes
of bladder cancer cells in a mouse orthotopic model, the
human bladder cancer UMUC-3 cell line was used. An
amphotropic retrovirus containing the blasticidin-resistant
gene and the periostin gene tagged with Flag at its C-terminus
(pCXbsr/Per) and the control vector virus (pCXbsr) were
introduced into UMUC-3 cells. RT-PCR and immunoblot
analyses demonstrated that UMUC-3 cells infected with
pCXbst/Per expressed exogenous periostin mRNA and protein
(Fig. 1A and B). The growth rate of UMUC-3 cells expressing
exogenous periostin was similar to that of control cells infected
with the vector virus (Fig. 1C). The tumorigenicity of the two
cell lines was assayed by subcutaneous injection into nude
mice. As shown in Fig. 1D, three weeks following inoculation,
the mean tumor weight from three mice inoculated with
periostin-expressing UMUC-3 cells (0.56+0.31 g) were almost
similar to that from three mice inoculated with vector control
UMUC-3 cells (0.46+0.26 g; P=0.691). However, the in vitro
cell invasiveness of UMUC-3 cells expressing exogenous
periostin was markedly lower compared with control cells
infected with the vector virus (Fig. 1E). These results indicate
that periostin is able to suppress the in vitro cell invasiveness
of UMUC-3 bladder cancer cells without affecting cellular
proliferation and subcutaneous tumor growth in nude mice.

Periostin suppresses in vivo invasiveness of UMUC-3 cells
in a mouse orthotopic model of bladder cancer. To assess
the ability of periostin to suppress the in vivo invasiveness
and tumorigenicity of UMUC-3 cells, vector control and
periostin-expressing UMUC-3 cells were instilled into the
bladders of seven (group A) and nine (group B) nude mice,
respectively. As shown in Table I, no differences in body weight
were observed between the two groups (P=0.335) 4 weeks
subsequent to the instillation of bladder cancer cells. The
mean weight of bladders instilled with periostin-expressing
UMUC-3 cells (group B, 39.4+11.0 mg) was significantly lower
than bladders instilled with vector control cells (group A,
61.7£20.0 mg, P=0.013). Tumor formation was detected in six
of seven (85.7%) and five of nine (55.6%) bladders in vector
control UMUC-3 cells (group A) and periostin-expressing
UMUCS-3 cells (group B), respectively. A total of five (83.3%)
of 6 UMUC-3 bladder tumors containing the vector virus
exhibited histopathological evidence of muscle invasion
(Fig. 2A), while none of the five periostin-expressing UMUC-3
bladder tumors revealed muscle invasion (P=0.031, Fig. 2B).
Thick edematous lesions were observed in the submucosa of
all periostin-expressing UMUC-3 bladder tumors (Fig. 2B-D).
Tumors were separated from muscular layers by these edematous
lesions in periostin-expressing UMUC-3 bladder tumors.
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Table I. Results of the mouse orthotopic model of bladder cancer using UMUC-3 cells.

Characteristics Control Periostin P-value
n 7 9

Body weight, g* 23.8+1.6 244+1.0 0.335
Bladder weight, mg* 61.7+20.0 39.4+11.0 0.013
Tumor formation® 6/7 (85.7%) 5/9 (55.6%) 0.455
Bladder weight of tumor formed mouse, mg* 66.7£16.3 46.6£9.7 0.039
Muscle invasion of bladder tumor® 5/6 (83.3%) 0/5 (0%) 0.031
Mitotic activity index* 12.0+£3.0 11.943.5 0974
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Figure 1. Effect of ectopic expression of periostin on cell invasiveness, cellular proliferation and subcutaneous tumor growth in UMUC-3 cells. (A) RT-PCR
analysis of periostin in UMUC-3 cells infected with pCX or pCX/Per. GAPDH expression was used as an internal control. (B) Immunoblot analysis of
exogenous periostin in UMUC-3 cells infected with pCX or pCX/Per. Exogenous expression of periostin was detected by anti-Flag antibody. a-tubulin was
used as an internal control. (C) Growth curves of UMUC-3 cells infected with vector virus or periostin-expressing virus. Experiments were performed in
triplicate. SDs were too small to show using error bars. (D) Subcutaneous tumor growth of UMUC-3 cells infected with vector virus or periostin-expressing
virus. Bar + SD of three mice for each cell line. P=0.691. (E) Suppression of cell invasiveness of UMUC-3 cells by periostin expression. Number of cells
invading through the Matrigel is shown. Each sample was assayed in triplicate. Bar = SD of triplicate chambers for each experiment. “P=0.006 vs. pCX. pCX,
control virus; pCX/Per, periostin-expressing virus; white circle, vector virus; black circle, periostin-expressing virus; SD, standard deviation; white bar, vector
virus; black bar, periostin-expressing virus.
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Figure 2. Histopathological examinations of (A) vector control and (B) periostin-expressing UMUC-3 bladder tumors in a mouse orthotopic model of bladder
cancer. Hematoxylin and eosin (HE) stain, magnification x40. Scale bars represent 500 ym. (C and D) are higher magnification of (A and B), respectively.
White squares in (A and B) indicate the area of (C and D), respectively. (C) Invasive growth of vector control UMUC-3 bladder tumor. (D) Edematous
lesions of periostin-expressing UMUC-3 bladder tumor (magnification, x100). Scale bars represent 200 ym. (E) Mitotic figures in vector control and (F)
periostin-expressing UMUC-3 bladder tumors (magnification, x400). Scale bars represent 100 m. The white arrows indicate mitotic cells. Mitotic counts were
performed using a standard laboratory microscope (magnification, x40). Mitotic activity index (mitotic figures/3 hpfs) of mouse orthotopic bladder tumors
was determined using the number of mitotic figures in three randomly-selected hpfs. T, tumor; M, muscular layer; E, edematous lesion; Inv, Invasive growth;

hpfs, high power fields.

Even in the bladder tumor-formed mice, the mean weight of
bladders instilled with periostin-expressing UMUC-3 cells
(46.6£9.7 mg) was significantly lower compared with bladders
instilled with vector control cells (66.7+16.3 mg, P=0.039). As
no difference in body weights was observed between the two
groups, the differences in bladder weight were likely a result of
bladder tumor size. No differences in the mitotic activity index,
an indicator of proliferation, were observed between control
vector and periostin-expressing UMUC-3 bladder tumor tissues
(Table I, Fig. 2E and F). These results indicate that periostin is
able to suppress the in vivo invasiveness and tumor growth of
UMUC-3 bladder tumors without affecting proliferative activity
in a mouse orthotopic model of bladder cancer.

Effect of periostin on Akt and mTOR signaling in UMUC-3
cells. To investigate the underlying mechanism of periostin to
suppress invasion, the expression of E-cadherin was examined.
As shown in Fig. 3A, E-cadherin expression was not detected
in periostin-expressing and vector control UMUC-3 cells.
No differences in the expression of Snail or Twist, known to
negatively regulate E-cadherin transcription, were observed

between vector control and periostin-expressing UMUC-3
cells. The association between the expression of periostin
and signaling of Akt-mTOR in bladder cancer was also
determined. As shown in Fig. 3B, exogenous expression
of periostin decreased Akt phosphorylation in UMUC-3
cells. Measurement of phosphorylation of S6 ribosomal
protein, a downstream protein of mTOR kinase, was used
to determine mTOR activity. S6 phosphorylation was also
found to be decreased in periostin-expressing UMUC-3
cells compared with control cells (Fig. 3B). Phosphorylation
of PDK1, an upstream kinase of Akt, was also suppressed
in periostin-expressing UMUC-3 cells (Fig. 3B). However,
phosphorylation of PI3 K, another upstream kinase of Akt,
was not detected in periostin-expressing and control UMUC-3
cells, although PI3 K protein was faintly expressed in the two
types of cell (Fig. 3B). Together, these results indicate that
periostin is able to suppress the activity of the PDK1/Akt/mTOR
pathway in UMUC-3 cells.

Treatment with r-periostin suppresses cell invasiveness and
PDK1/Akt/mTOR signaling in UMUC-3 cells. The present
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Figure 3. Effects of the expression of periostin on PDK1/Akt/mTOR signaling and expression of proteins regulating epithelial-mesenchymal transition in
UMUC-3 cells. (A) Immunoblot analyses of the EMT-associated proteins E-cadherin, Snail and Twist in vector control and periostin-expressing UMUC-3
cells. a-tubulin expression was used as an internal control. The arrowhead indicates the E-cadherin band. (B) Immunoblot analyses of total and phosphorylated
forms of PDK1, Akt and S6, a downstream protein of mTOR, in vector control and periostin-expressing UMUC-3 cells. a-tubulin expression was used as
an internal control. The arrowhead indicates the p-PI3K band. (C) Growth curves of UMUC-3 cells treated with 100 ng/ml periostin and vector control
cells. Experiments were performed in triplicate. SD was too small to show as error bars. White and black circles indicate the control and periostin treatment
(100 ng/ml), respectively. (D) Suppression of cell invasiveness of UMUC-3 cells following treatment with 100 ng/ml periostin for 6 h. Number of cells
invading through the Matrigel is shown. Bar, + SD of triplicate chambers for each experiment. "P=0.046 vs. control cells. (E) Immunoblot analyses of total and
phosphorylated forms of PDK1, Akt and S6 in control UMUC-3 cells and cells treated with 100 ng/ml periostin for 1 and 3 h. a-tubulin expression was used
as an internal control. The arrowhead indicated the p-PI3K band. PDK1, phosphoinositide-dependent kinase-1; Akt, protein kinase B; mTOR, mammalian
target of rapamycin; SD, standard deviation.

study assessed the effect of treatment with r-periostin on cell
invasiveness and PDK1/Akt/mTOR signaling. The UMUC-3
cells were treated with 100 ng/ml of r-periostin. As revealed
in Fig. 3C and D, r-periostin treatments suppressed in vitro
cell invasiveness without affecting cellular proliferation. As
shown in Fig. 3E, phosphorylation of PDK1, Akt and S6 was
also suppressed following treatment with r-periostin for 1 and
3 h. These results are consistent with the results of experiments
using periostin-expressing UMUC-3 cells (Figs. 1, 3A and B).

Effects of PDKI1, Akt, and mTOR inhibition on in vitro cell
invasiveness of UMUC-3 cells. To assess the contribution of

PDK1/Akt/mTOR signaling to the suppression of cell inva-
siveness by periostin, the present study evaluated the effects
of inhibitors of PDK1 (0.1 and 1 uM), Akt (10 and 25 yuM) and
mTOR (5 and 20 nM) on the invasiveness of UMUC-3 cells.
Immunoblot analysis demonstrated that respective inhibitors
effectively suppressed the phosphorylation of PDK1, Akt
and S6 without affecting PDK1, Akt and S6 protein levels
(Fig. 4A-C). Akt inhibitors also suppressed the phosphoryla-
tion of S6. Following incubation with inhibitors for 6 h, cells
were inoculated into Matrigel chambers without the inhibitors.
As shown in Fig. 4D-F, treatment with each of the inhibi-
tors significantly suppressed the in vitro cell invasiveness of
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Figure 4. Effects of PDK1, Akt and mTOR inhibitors on the in vitro cell invasiveness of UMUC-3 cells. (A) Immunoblot analysis of UMUC-3 cells treated
with (A) the PDK1 inhibitor, UNC-01 (0.1 and 1 xM), (B) Akt inhibitor (10 and 25 M) and (C) the mTOR inhibitor, rapamycin (5 and 20 nM). Expression
of a-tubulin was used as an internal control. Effect of (D) PDKI1 inhibitor, (E) Akt inhibitor and (F) mTOR inhibitor on the cell invasiveness of UMUC-3
cells. Number of cells invading through the Matrigel is shown. Each sample was assayed in triplicate. Bars, + SD of triplicate chambers for each experi-
ment. "P<0.05, “P=0.003, “"P<0.001 vs. untreated control cells. (G) Cell proliferation of untreated control UMUC-3 cells and UMUC-3 cells treated with
PDK1, Akt and mTOR inhibitors. Cells grown in triplicate plates were trypsinized and counted. Bars, + SD of triplicate culture dishes for each experiment.
(H) Schematic illustration of the signaling pathway responsible for the suppressive effect of periostin on the invasiveness of UMUC-3 bladder cancer cells.
PDK1, phosphoinositide-dependent kinase-1; Akt, protein kinase B; mTOR, mammalian target of rapamycin; SD, standard deviation.

UMUCS-3 cells. No effect on cellular proliferation of UMUC-3
cells was observed with any of the inhibitors (Fig. 4G). These
results indicate that PDK1/Akt/mTOR signaling is required for
the suppression of cell invasiveness by periostin in UMUC-3
cells (Fig. 4H).

Discussion
The present study demonstrated that periostin is able to

suppress the in vivo invasiveness of bladder cancer cells in a
mouse orthotopic model system. Although the difference in

in vitro and in vivo proliferation was not observed between
the control vector and periostin-expressing UMUC-3 cells,
periostin-expressing UMUC-3 bladder tumors were smaller
compared with the control UMUC-3 bladder tumors. The
suppression of tumorigenicity by periostin may be due to
decreased numbers of cancer cells implanting into the bladder
surface, as periostin-expressing UMUC-3 bladder tumors
exhibited reduced invasive ability. Notably, thick edematous
lesions were observed in the submucosa of periostin-expressing
UMUC-3 bladder tumors. The development of thick edema-
tous lesions in response to periostin may contribute to the
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suppression of tumor growth and invasion. However, the
mechanism underlying the formation of edematous lesions
in the submucosa of periostin-expressing UMUC-3 bladder
tumors has yet to be elucidated. Edematous lesions were
not detected in periostin-expressing UMUC-3 subcutaneous
tumors in nude mice, and no difference in tumorigenicity was
observed between the control vector and periostin-expressing
UMUC-3 subcutaneous tumors in nude mice. Opposing effects
of periostin on differing cancer types suggest tissue-specific
functions of periostin (9). Organ-specific fibroblasts may
contribute to the suppressive effects of periostin on in vivo
tumor invasiveness.

Furthermore, the present study revealed that the
PDK1/Akt/mTOR signaling pathway is required for the
suppressive effects of periostin on the invasiveness of
UMUC-3 cells. We previously identified the suppression of
in vitro cell invasiveness by periostin in the human bladder
cancer cell lines, SBT31A and T24. In these cells, periostin
upregulated the expression of E-cadherin via the suppression
of Akt phosphorylation and Twist (9). However, ectopic expres-
sion of periostin in UMUC-3 bladder cancer cells did not
induce E-cadherin expression. Suppression of PI3K activity
via a negative feedback mechanism may be responsible for
the differing responses between T24 and UMUC-3 cells as a
result of the homozygous null deletion of PTEN in UMUC-3
cells (14). Alterations of PTEN, encompassing homozygous
gene deletion, loss of heterozygosity, and gene mutation, have
been identified in ~30% of patients with bladder cancer (15).
However, the effect of PTEN inactivation on downstream
signal cascades, such as mTOR, in bladder cancer has not yet
been fully evaluated. UMUC-3 cells exhibit utility in eluci-
dating the molecular mechanisms underlying carcinogenesis in
bladder cancer cells deficient in PTEN. The PI3K/Akt/mTOR
signaling pathway has recently been identified as a candidate
pathway in bladder cancer progression by clinicopathological
studies (14,16). mTOR-containing multiprotein complex 1
(mTORC1) regulates cell growth, proliferation and survival,
whereas mTORC?2 controls cytoskeletal remodeling and
cancer cell adhesion and migration (17,18). Previous studies
have demonstrated that rapamycin-sensitive mTORCI1 serves
a critical role in the regulation of cell motility and inva-
sion (19-21). In the present study, rapamycin clearly suppressed
the invasiveness of UMUC-3 cells, indicating that mTORC1
is required for the suppressive effects of periostin on the
cell invasiveness of bladder cancer. The PDK1/Akt/mTOR
signaling pathway may constitute a targetable signaling
pathway for therapies against bladder cancer invasion.

In clinical cases, non-muscle invasive bladder cancer is
predominantly treated by transurethral resection of bladder
tumor (TUR-Bt). However, the intravesical recurrence rate
of bladder cancer following TUR-Bt has been revealed to be
50-70% (22,23). The majority of the recurrence of bladder
cancer is recognized as the result of intraluminal seeding.
Surgical injury of TUR-Bt disseminates a large number of
cancer cells, and forms the mucosal defect, resulting in the
implantation of cancer cells in the bladder surface (24,25).
Therefore, the prevention of early seeding following
TUR-Bt is crucial. Indeed, a single intravesical instillation
of a chemotherapeutic agent immediately following TUR-Bt
significantly decreased the risk of recurrence in patients with
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bladder cancer (26,27). In the present study, cancer cells
were instilled into bladders following trypsin treatment of
the bladder surface in a mouse orthotopic model of bladder
cancer. This system resembles the implantation of cancer
cells subsequent to TUR-Bt. The invasiveness of cancer cells
is closely associated with tumor cell seeding. In the present
study, periostin was revealed to suppress the invasiveness and
tumorigenicity of cancer cells in a mouse orthotopic model of
bladder cancer. This suppression may result from the decreased
number of the implanted cancer cells on bladder surface by the
function of periostin. Treatment with r-periostin (100 ng/ml)
was able to suppress the in vitro invasiveness of bladder
cancer cells via modulation of PDK1/Akt/mTOR signaling.
Periostin may exhibit utility as a potent chemotherapeutic
agent for use in intravesical treatment following TUR-Bt by
suppressing bladder cancer invasiveness.
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