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Abstract. REIC/Dkk-3 is a tumor suppressor gene that was 
first identified as a gene downregulated in association with 
immortalization of normal human fibroblasts. We have 
demonstrated that an adenovirus carrying REIC/Dkk-3 
(Ad-REIC) showed a tumor-specific killing effect on a wide 
range of cancers. However, some human cancers, bladder 
cancers in particular, are resistant to Ad-REIC. In this study, 
we investigated the combination effect of downregulation 
of BRPK/PINK1 (PINK1) and Ad-REIC on bladder cancer 
cells. Five bladder cancer cell lines among six cell lines 
examined were resistant to Ad-REIC. Among the cell lines, 
the resistance of two cell lines was probably due to low infec-
tion efficiency of the adenovirus. PINK1-specific siRNA 
remarkably downregulated Bcl-xL and TRAP1 proteins and 
upregulated BAX protein expression. Finally, downregulation 
of PINK1 partially sensitized the other three cell lines that 
were resistant to Ad-REIC. This sensitization was associated 
with increasing production of reactive oxygen species (ROS). 
These results indicate that PINK1 is one of the key molecules 
for the mitochondrial protection system and that PINK1 can 
be a new target molecule to sensitize bladder cancer cells that 
are resistant to Ad-REIC.

Introduction

REIC/Dkk-3 is a tumor suppressor gene that was first identified 
as a gene downregulated in association with immortalization 
of normal human fibroblasts (1). Subsequently, we found that 
overexpression of REIC/Dkk-3 using an adenovirus vector 

(Ad-REIC) showed a tumor-specific killing effect on a wide 
range of cancers, including those derived from the prostate, 
testis, pleura, breast and stomach (2-6). However, some human 
cancers, bladder cancers in particular, are resistant to Ad-REIC 
partly because of high expression levels of mitochondrial anti-
apoptotic proteins such as Bcl-2 and Bcl-xL (7). Upon initiation 
of apoptotic signaling, the pro-apoptotic Bcl-2 protein BAX 
undergoes a conformation shift and is inserted into the outer 
mitochondrial membrane, which increases membrane perme-
ability (8,9). This results in the release of cytochrome c and 
other pro-apoptotic factors from the mitochondria, eventually 
leading to apoptosis. In contrast, Bcl-2 and Bcl-xL are anti-
apoptotic proteins and inhibit the release of pro-apoptotic 
factors from the mitochondria (10). Thus, the ratio between 
pro- and anti-apoptotic proteins of the Bcl-2 family is one of 
the critical determining factors for apoptosis, and such proteins 
function on the mitochondria.

The BRPK/PINK1 (PINK1) gene encodes a serine/
threonine kinase with a mitochondrial localization signal, and 
mutations of the gene are associated with autosomal reces-
sive inheritance of Parkinson's disease (11). Overexpression 
of wild-type PINK1 protected neuronal cells against various 
stresses (12), whereas downregulation of PINK1 sensitized 
neuroblastoma cells to various stresses (13). On the other hand, 
we showed that PINK1 was expressed at high levels in malig-
nant cancer cells exhibiting an increased metastatic activity 
(14) and that PINK1 protected cancer cells against various 
cytotoxic agents through Akt activation (15,16). Martin et al 
(17) reported that PINK1 is a potential therapeutic target for 
the treatment of DNA mismatch repair-deficient cancers. Thus, 
accumulating lines of evidence indicate that PINK1 protects 
cancer cells from stress-mediated mitochondrial dysfunc-
tion, various stresses and apoptosis. In the present study, we 
examined the possibility that downregulation of PINK1 may 
sensitize bladder cancer cells that are resistant to Ad-REIC 
through inducing mitochondrial dysfunction.

Materials and methods

Cell culture. Human bladder cancer cell lines T24, J82, 
5637, UM-UC-3 and TCCSUP were purchased from ATCC 
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(Rockville, MD). The human bladder cancer cell line KK47 
(18) was a gift from Dr Kumazawa (Department of Urology, 
Faculty of Medicine, Kyushu University). These cells were 
cultured in DMEM/F12 (Ham) (1:1) (Invitrogen, Carlsbad, 
CA) supplemented with 10% fetal bovine serum.

Adenovirus vectors and infection. Ad-REIC was produced and 
propagated as previously described (2). An adenovirus vector 
carrying the LacZ gene (Ad-LacZ) was used for monitoring 
infection efficiency. Twenty-four hours after subculture, cells 
were treated with Ad-LacZ or Ad-REIC at the indicated multi-
plicity of infection (MOI).

Apoptosis assay. Apoptotic cells were identified after staining 
with 0.2 µM Hoechst 33342 (Invitrogen) for 30 min. Under 
a fluorescence microscope, cells with fragmented or shrunk 
nuclei were counted as apoptotic cells.

Assay for adenovirus infection efficiency. To determine adeno-
virus infection efficiency, cells were infected with Ad-LacZ. 
Forty-eight hours after infection, the cells were washed with 
PBS, fixed at 4˚C for 10 min with 0.25% glutar aldehyde, rinsed 
4 times with PBS, and then stained with 2.5 mM 5-bromo-
4-chloro-3-indolyl-D-galactoside (X-Gal) at 37˚C for 18 h.

Western blot analysis. Western blot analysis was performed 
under conventional conditions after lysing cells with M-PER 
mammalian protein extraction reagent (Thermo Scientific) with 
PhosSTOP Phosphatase Inhibitor (Roche Applied Science). 
The antibodies used were as follows: antibody against PINK1 
(Novus); antibodies against BiP, TRAP1, Bcl-xL, and BAX 
(BD Pharmingen, San Jose, CA); antibodies against Grp75 and 
Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA); antibody 
against β-actin (Sigma); and HRP-labeled anti-mouse and 
anti-rabbit secondary antibodies (Cell Signaling Technology, 
Danvers, MA).

RT-PCR. Total RNA was extracted with the SV Total RNA 
Isolation system (Promega, Madison, WI). The Total RNA 
was used to synthesize cDNA with the Superscript III First-
Strand Synthesis system (Invitrogen). RT-PCR was performed 
under conventional conditions. The primers used were as 
follows: human PINK1 (forward) 5'-CACCTTGAAAGCC 
GCAGCTACCAAGA-3', human PINK1 (reverse) 5'-AGC 
AGAGGAGGGCTGCCT-3', human Bcl-xL (forward) 5'-CCA 
CCTAGAGCCTTGGATCCA-3', human Bcl-xL (reverse) 
5'-ACGCCGGCCACAGTCATG-3', human Bcl-2 (forward) 
5'-CCCTGGTGGACAACATCGC-3', human Bcl-2 (reverse) 
5'-CCAGGAGAAATCAAACAGAGGC-3', human glyceral-
dehyde-3-phosphate dehydrogenase (GAPDH: forward) 
5'-ATTCCATGGCACCGTCAAGGCT-3', human GAPDH 
(reverse) 5'-TCAGGTCCACCACTGACACGTT-3'.

RNA interference. siGENOME SMARTpool siRNA targeting 
PINK1 (NM_032409) (Thermo Scientific Dharmacon, 
Lafayette, CO) was transfected into cells using Lipofectamine 
RNAi MAX (Invitrogen). A control siRNA with no known 
mammalian homology (siGENOME non-targeting siRNA 
pool 1, Thermo Scientific Dharmacon) was used as a negative 
control.

Assay for reactive oxygen species (ROS) formation. To visu-
alize intracellular ROS, BES-H2O2 staining was performed. 
Cells were incubated with 1 µM BES-H2O2 (Wako Chemicals, 
Osaka, Japan) at 37˚C for 1 h. After washout by rinsing thor-
oughly, BES-H2O2 signal was detected by 488 nm excitation.

Results

Resistance of human bladder cancer cell lines to Ad-REIC-
induced apoptosis. At first, we examined the sensitivity to 
Ad-REIC using 6 bladder cancer cell lines, KK47, T24, 5637, 
UM-UC-3, J82 and TCCSUP (Fig. 1A). Among those cell 
lines, only KK47 was sensitive to the induction of apoptosis 
by Ad-REIC, and the other 5 cell lines underwent apoptosis at 
marginal rates even at 100 MOI (Fig. 1B).

To reveal underlying mechanisms of the difference in the 
sensitivities of the two groups, we first examined the infec-
tion efficiency of an adenovirus. The infection efficiency of 
Ad-LacZ of KK47, T24, 5637 and UM-UC-3 was high, but J82 
and TCCSUP showed lower infection efficiency (Fig. 2). Since 
our previous studies showed that BiP/Grp78 and the Bcl-2 
family proteins are responsible for resistance to Ad-REIC 
(7,20), we examined the expression levels of heat shock/

Figure 1. Resistance of bladder cancer cell lines to Ad-REIC-induced apop-
tosis. (A) Morphology of human bladder cancer cell lines. Bars, 100 µm. (B) 
Rates of apoptosis induction by Ad-REIC in bladder cancer cell lines. Cells 
were infected with an adenovirus vector carrying REIC (R) or LacZ (Z). 
Fourty-eight hours after the infection, apoptotic cells were determined by 
staining with Hoechst 33342.
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chaperone proteins and Bcl-2 family proteins (Fig. 3). No 
significant change in the expression of BiP, Grp75 and TRAP1 
was observed in the bladder cancer cell lines. On the other 
hand, Bcl-xL and Bcl-2 were upregulated in Ad-REIC-resistant 
cancer cell lines. These results suggest that the resistance 
of bladder cancer cells to Ad-REIC was partly due to low 
infection efficiency of Ad-REIC (J82 and TCCSUP) and high 
expression of mitochondrial anti-apoptotic proteins such as 
Bcl-xL and Bcl-2 (T24, 5637, UM-UC-3, J82 and TCCSUP).

Protein expression of Bcl-xL is reduced by downregulation of 
PINK1. Since our previous studies showed that PINK1, a mito-
chondrial protein, could protect cancer cells, we explored the 
use of PINK1 as a target to overcome the resistance of bladder 
cancer cells to Ad-REIC-induced apoptosis. Downregulation 
of endogenous PINK1 by siRNA reduced basal levels of 
TRAP1 and Bcl-xL and increased basal level of BAX in T24 
cells (Fig. 4A). RT-PCR analysis revealed that mRNA expres-
sion level of Bcl-xL was not changed by downregulation of 
PINK1 (Fig. 4B).

Downregulation of PINK1 sensitizes bladder cancer cells that 
are resistant to Ad-REIC-induced apoptosis. We examined the 
combination effect of downregulation of PINK1 and Ad-REIC 
for apoptosis induction. We used T24, 5637 and UM-UC-3 
cells because these cell lines are resistant to Ad-REIC by 
high expression of mitochondrial anti-apoptotic proteins but 
not by low infection efficiency of adenovirus. Overexpression 
of REIC/Dkk-3 following downregulation of PINK1 induced 
apoptosis at significantly higher levels in all three cell lines 
(Fig. 5).

Downregulation of PINK1 augments MG132-induced ROS 
formation. Cellular level of hydrogen peroxide, a major ROS, 

was determined by BES-H2O2 staining. Hydrogen peroxide 
produced by stimulation with MG-132 was significantly 
increased in PINK1-downregulated cells compared with that 
in untreated cells (Fig. 6).

Discussion

In this study, we showed that downregulation of PINK1 
partially sensitized bladder cancer cells to Ad-REIC in vitro. 
As shown in Fig. 1, five bladder cancer cell lines (T24, 5637, 
UM-UC-3, J82 and TCCSUP) were resistant and only one cell 
line (KK47) was sensitive to Ad-REIC treatment. Infection effi-
ciency of the adenovirus of two cell lines (J82 and TCCSUP) 
was limited and this may explain, at least partly, the lower 
sensitivity to Ad-REIC. A possibility to overcome this obstacle 
is to create a new version of the adenovirus vector that has 
higher infection efficiency and potent gene expression capacity. 
This project has almost been completed in our laboratory.

Our previous study revealed that the Bcl-2 family of mito-
chondrial proteins was responsible for resistance of bladder 

Figure 2. Infection efficiency of adenovirus in bladder cancer cell lines. (A) 
Cells were infected with an adenovirus vector carrying LacZ (100 MOI). 
After 48 h, β-galactosidase activity was visualized by staining with X-gal. 
Bars, 100 µm. (B) Rate of infected cells in bladder cancer cell lines.

Figure 3. Expression of heat shock/chaperone proteins and Bcl-2 family pro-
teins in bladder cancer cell lines. Western blot analysis (WB) for heat shock/
chaperone proteins and Bcl-2 family proteins was performed. β-actin was 
used as a loading control.

Figure 4. Effect of downregulation of PINK1. (A) Western blot analysis (WB) 
for heat shock/chaperone proteins and Bcl-2 family proteins was performed 
72 h after transfection of siRNA for PINK1. (B) The relative mRNA levels of 
Bcl-xL and Bcl-2 were measured by RT-PCR. GAPDH was used as a loading 
control.
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cancer cells to Ad-REIC (7). In accordance with this, Bcl-2 
family proteins were upregulated in all resistant cell lines 
(Fig. 3). One possibility to sensitize these cell lines to Ad-REIC 
is to apply Bcl-2 inhibitors, but our previous study showed that 
typical Bcl-2 inhibitors were non-selective and showed strong 
toxicity to normal cells as well as cancer cells (19).

We also reported that resistant clones isolated from 
sesitive PC3 prostate cancer cells expressed BiP/Grp78, an 
ER-resisting chaperone protein, at enhanced levels (20). 
Downregulation of BiP/Grp78 with specific siRNA sensitized 
the resistant clones to Ad-REIC. Scirrhous gastric cancer cells 
were shown to be resistant to Ad-REIC and to express BiP/
Grp78 at a higher level (data not shown). On the other hand, 
levels of BiP/Grp78, Grp75 and TRAP1 in the resistant bladder 
cancer cell lines were not as high as those in scirrhous gastric 
cancer cells, and no remarkable difference in the expression 
levels of BiP/Grp78, Grp75 and TRAP1 was noted between the 
sensitive and resistant bladder cancer cell lines (Fig. 3). These 
results indicate that the strategy using BiP/Grp78 inhibition is 
not promising for sensitizing Ad-REIC-resistant cancer cells.

Mitochondria are dynamic organelles that generate energy 
for cell functions and regulate apoptosis. Recent studies have 
revealed that interaction of mitochondria and ER contributes 
to induction of apoptosis (21). For example, apoptosis signaling 
from the ER is passed to mitochondria. Recently, Iwasawa 
et al revealed that mitochondria transmitted signals to the ER 

to regulate apoptosis (22). Our previous research demonstrated 
that Ad-REIC induced apoptosis through ER stress (23). Thus, 
mitochondria are key organelles through which modulation of 
cellular sensitivity to Ad-REIC could be developed.

To regulate mitochondria function, we focused on PINK1, 
a familial Parkinson's disease-linked gene. Downregulation 
of BRPK/PINK1 has been previously reported to sensitize 
neuroblastoma cells to various stresses (13). Our hypothetic 
strategy for sensitizing resistant bladder cancer cells to 
Ad-REIC was mitochondria dysfunction induced by down-
regulation of PINK1. Indeed, downregulation of PINK1 could 
sensitize resistant bladder cancer cells to Ad-REIC (Fig. 5). 
Furthermore, our preliminary experiments demonstrate that 
downregulation of PINK1 in resistant bladder cancer cells 
under similar conditions resulted in sensitization of the cells 
to oxidative stress induced by MG-132 and enhanced produc-
tion of ROS (Fig. 6). The results of the present and previous 
studies (15) indicate that PINK1 can be a new target molecule 
to sensitize resistant bladder cancer cells to Ad-REIC.
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