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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/PINKI (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-x; and TRAPI proteins and
upregulated BAX protein expression. Finally, downregulation
of PINKI 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

Correspondence to: Dr Nam-Ho Huh, Department of Cell Biology,
Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences, 2-5-1 Shikata-cho, Kita-ku, Okayama 700-8558, Japan
E-mail: namu@md.okayama-u.ac jp

Key words: REIC/Dkk-3, gene therapy, bladder cancer, BRPK/
PINK1, sensitization

(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 Bel-x; (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 ¢ and
other pro-apoptotic factors from the mitochondria, eventually
leading to apoptosis. In contrast, Bcl-2 and Bcel-x 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/PINKI1 (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 PINKI1 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 PINKI1 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 uM 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 PINKI
(Novus); antibodies against BiP, TRAPI, Bcl-x,, and BAX
(BD Pharmingen, San Jose, CA); antibodies against Grp75 and
Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA); antibody
against B-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 PINKI1 (reverse) 5'-AGC
AGAGGAGGGCTGCCT-3', human Bcl-x, (forward) 5'-CCA
CCTAGAGCCTTGGATCCA-3', human Bcl-x (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.
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Figure 1. Resistance of bladder cancer cell lines to Ad-REIC-induced apop-
tosis. (A) Morphology of human bladder cancer cell lines. Bars, 100 gm. (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.

Assay for reactive oxygen species (ROS) formation. To visu-
alize intracellular ROS, BES-H,0, staining was performed.
Cells were incubated with 1 uM BES-H,0, (Wako Chemicals,
Osaka, Japan) at 37°C for 1 h. After washout by rinsing thor-
oughly, BES-H,0, 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/
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Infection efficiency (%)

KK47

T24

5637 UM-UC-3 J82 TCCSUP

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, -galactosidase activity was visualized by staining with X-gal.
Bars, 100 ym. (B) Rate of infected cells in bladder cancer cell lines.

chaperone proteins and Bcl-2 family proteins (Fig. 3). No
significant change in the expression of BiP, Grp75 and TRAPI
was observed in the bladder cancer cell lines. On the other
hand, Bcl-x; 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
Bel-x, and Bcl-2 (124, 5637, UM-UC-3, J82 and TCCSUP).

Protein expression of Bcl-x; is reduced by downregulation of
PINK . 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 PINKI1 by siRNA reduced basal levels of
TRAPI and Bcl-x; and increased basal level of BAX in T24
cells (Fig. 4A). RT-PCR analysis revealed that mRNA expres-
sion level of Bcl-x; was not changed by downregulation of
PINKI1 (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 PINKI induced
apoptosis at significantly higher levels in all three cell lines
(Fig. 5).

Downregulation of PINKI augments MGI32-induced ROS
formation. Cellular level of hydrogen peroxide, a major ROS,
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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. 3-actin was
used as a loading control.
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Figure 4. Effect of downregulation of PINKI. (A) Western blot analysis (WB)
for heat shock/chaperone proteins and Bcl-2 family proteins was performed
72 h after transfection of siRNA for PINKI1. (B) The relative mRNA levels of
Bel-x; and Bcl-2 were measured by RT-PCR. GAPDH was used as a loading
control.

was determined by BES-H,O, staining. Hydrogen peroxide
produced by stimulation with MG-132 was significantly
increased in PINKI1-downregulated cells compared with that
in untreated cells (Fig. 6).

Discussion

In this study, we showed that downregulation of PINKI1
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
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Figure 5. Sensitization of bladder cancer cells to Ad-REIC by downregulation of PINK1. T24, 5637 and UM-UC-3 cells were transfected with indicated
siRNAs. Forty-eight hours later, cells were infected with an adenovirus vector (100 MOI) carrying REIC (R) or LacZ (Z), and apoptotic rate of cells was

determined after incubating for another 48 h by staining with Hoechst 33342.
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Figure 6. Downregulation of PINK1 augments MG132-induced ROS forma-
tion. T24, 5637 and UM-UC-3 cells were transfected with indicated siRNAs
60 h prior to treatment with MG-132 (1 M, 12 h). BES-H,0, staining (1 xM,
1 h) was performed to visualize hydrogen peroxide. Bars, 500 ym.

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 TRAPI 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 PINKI,
a familial Parkinson's disease-linked gene. Downregulation
of BRPK/PINKI 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 PINKI 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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REIC/Dkk-3, a member of the human Dickkopf (Dkk) family, plays a role as a suppressor of growth in sev-
eral human cancers. In this study, the tumour suppression function of canine REIC/Dkk-3 was investi-

gated. The full-length open reading frame of the canine REIC/Dkk-3 homologue was cloned and the
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Tumour suppressor gene

tissue distribution of REIC/Dkk-3 mRNA was determined, along with the subcellular localisation of the
REIC/Dkk-3 protein in canine cancer cell lines. Expression of REIC/Dkk-3 was lower in mammary gland
tumours and in canine mammary carcinoma cell lines than in normal mammary gland tissue. Overex-
pression of REIC/Dkk-3 induced apoptosis in canine mammary carcinoma cell lines. These results show
that expression of REIC/Dkk-3 is downregulated in canine mammary tumours and that one of the func-
tions of this gene is induction of apoptosis.

© 2013 Elsevier Ltd. All rights reserved.

Introduction

The gene encoding ‘Reduced expression in immortalised cells’
(REIC) is a tumour suppressor gene identical to the Dickkopf-3
(Dkk-3) gene (Tsuji et al., 2000). REIC/Dkk-3 is ubiquitously ex-
pressed in normal cells in mice and humans, whereas its expres-
sion is significantly downregulated in cancer cells (Zhang et al,,
2010). We and other investigators have previously shown that
overexpression of REIC/DKKk-3 selectively induces apoptosis in mul-
tiple cancer cell lines, but not in normal cells (Hsieh et al., 2004;
Abarzua et al,, 2005; Kashiwakura et al., 2008; Mizobuchi et al.,
2008; Sakaguchi et al., 2009).

Endoplasmic reticulum (ER) stress-induced signalling is acti-
vated during REIC/Dkk-3-induced apoptosis (Sakaguchi et al,
2009). ER stress plays a role in the induction of apoptosis and oc-
curs when specific glycosylated proteins are overexpressed and
protein folding and secretion are impaired (Herr and Debatin,
2001). The GRP78 protein (also called BiP), which is associated
with protein folding in the ER and is a key signalling molecule of
ER stress (Shen et al,, 2002), is upregulated during REIC/Dkk-3-in-

* Corresponding author. Tel.: +81 422 4151.
E-mail address: kochiai@nvlu.ac.jp (K. Ochiai).

1090-0233/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.tvjl.2013.04.024

duced apoptosis (Kashiwakura et al., 2008). In addition, induction
of caspase-dependent apoptosis by REIC/Dkk-3 is regulated by
JNK phosphorylation, along with ER stress (Abarzua et al., 2005;
Kashiwakura et al., 2008).

In a previous study, we demonstrated that REIC/Dkk-3 plays a
role in monocyte differentiation and tumour regression (Watanabe
et al., 2009). Intratumoral administration of REIC/Dkk-3 suppresses
tumour growth, resulting in an accumulation of dendritic cells
(CD11c") and cytotoxic T cells (CD8*), and enhanced the anti-can-
cer activity of splenocytes. Mouse and human studies have shown
that REIC/Dkk-3 induces tumour-specific apoptosis and enhances
anticancer immunity (Sakaguchi et al., 2009; Watanabe et al,,
2009), and its activity is currently being tested in clinical trials in
human cancer patients.’

A tumour suppressor function of REIC has not been investigated
in dogs previously. There is only a predicted sequence of the REIC/
Dkk-3 homologue in dogs on the ERL database.? Although REIC/
Dkk-3 is a secreted protein (Tsuji et al., 2000), secreted peptides
are not identified within the predicted sequence of canine REIC/

1 See: http://clinicaltrials.gov/ct2/show/NCT01197209?term=REIC%2FDkk-
3&rank=1.
2 See: http://www.genome.gov/11008069.
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Dkk-3. The elucidation of the structure and tumour suppressor func-
tions of canine REIC/DkKk-3 may help to establish novel therapeutic
strategies for treating canine mammary gland tumours.

Mammary tumours are common in female dogs, as well as in
women, and there are some molecular and biological similarities
between canine and human mammary tumours (Moe, 2001;
Egenvall et al., 2005; Rivera and von Euler, 2010; DeSantis et al.,
2011). In this study, we investigated the structure and tumour sup-
pressor function of canine REIC Dkk-3. We postulated that, due to
its strong tumour suppressor function, REIC/Dkk-3 may be suitable
as a new therapeutic agent for canine mammary tumours. We
cloned the full-length open reading frame (ORF) of canine REIC/
Dkk-3 and investigated the tissue distribution of REIC/Dkk-3
mRNA and the subcellular localisation of the REIC/Dkk-3 protein
in canine cancer cell lines. In addition, we examined the expression
of REIC/Dkk-3 protein in canine mammary tumours and in normal
mammary glands. To confirm the tumour suppressor function of
REIC/Dkk-3, we investigated whether the expression of REIC/Dkk-
3 in canine mammary tumour cell lines induces apoptosis.

Materials and methods
¢DNA cloning and sequencing of canine REIC/Dkk-3

Canine REIC/Dkk-3 was amplified by PCR using the following oligonucleotide
primers: cREIC/Dkk-3F (5-ATGCGGCGGCTCGGGGGCACCCTGCTGTGC-3') and ¢RE-
IC/Dkk-3R primer (5-CTAAATCTCTCCTCCTTCCAGCA-3'). The primers were de-
signed from the sequences of the canine EST database® (GenBank DN376871.1)
and the predicted sequence of canine REIC/Dkk-3 homologue (GenBank
XM_534060.2).

RNA was obtained from canine total brain RNA (Biochain) and reverse tran-
scribed using SuperScript [Il (Life Technologies). PCR amplification was performed
using PrimeSTAR (Takara) and dATP was added to the PCR products using a 10x
A-attachment kit (Toyobo). PCR products were cloned into pGEM-T Easy {Promega).
The sequences were determined for at least five independent clones (ABI 3100; Ap-
plied Biosystems). Nucleotide and amino acid (aa) sequences were analysed and
compared with the canine predicted sequence and human and mouse sequence
with Genetyx software.

Tissue samples

With permission from the Ethics Committee, we obtained tissue samples from
the Department of Veterinary Pathology, School of Veterinary Science, Nippon Vet-
erinary and Life Science University (approval number 11-50, date of approval 27
May 2011). The study included three samples from mammary tubulopapillary car-
cinomas, two from mammary solid carcinomas and three from non-neoplastic
mammary gland tissues. The tissue samples for immunoblot analysis were stored
at —70 °C, whereas the tissue samples for histopathological examination were fixed
in formalin, dehydrated in alcohol, embedded in paraffin wax, sectioned and stained
with haematoxylin and eosin. All the samples were classified by veterinary pathol-
ogists according to the WHO classification (Misdorp et al., 1999).

Cell lines and culture

Madin-Darby canine kidney cells (MDCK) and 293T cells were purchased from
the American Type Culture Collection (ATCC). Six canine mammary carcinoma cell
lines (CIP-p, CIP-m, CHM-p, CHM-m, CNM-p and CNM-m) were kindly provided by
Dr N. Sasaki, Laboratory of Veterinary Surgery, University of Tokyo, Japan; these cell
lines were established from primary mammary tumours of three dogs that also had
metastatic lesions (Uyama et al., 2006). The cell lines were maintained in RPMI
1640 (Wako) supplemented with 10% fetal bovine serum, 100 U/mL penicillin
and 100 pg/mL streptomycin {Life technologies), and incubated at 37 °C in an atmo-
sphere containing 5% CO,.

Tissue distribution of REIC/Dkk-3 mRNA

Reverse transcriptase (RT)-PCR reactions were performed using total RNA from
~24 tissues obtained from the Dog Tissue Total RNA Panel (Zyagen). PCR amplifica-
tion of canine REIC/Dkk-3 was performed using the following primers: 5-ATGA-
GACCAACACGGAAACC-3' and. 5/-CTAAATCTCTCCTCCTTCCAGC-3'. Hypoxanthine
phosphoribosyltransferase (HPRT) and B-glucuronidase (GUSB) were used as RT-
PCR controls (Brinkhof et al., 2006).

3 See: http:/fwww.nchi.nim.nih.gov/dbEST/index.html.

Transfections and immunostaining

To generate haemagglutinin (HA)-tag fusion proteins, the Sall/EcoRI fragment of
REIC/Dkk-3 cDNA was cloned into the pMACS Kk.HA (C) vector (Miltenyl Biotech)
(Fig. 1a). Immunocytochemical staining for REIC/Dkk-3 in CHM-p cells overexpress-
ing REIC/Dkk-3 was performed by co-staining for the ER using the ER-ID Red Assay
Kit (Enzo Life Sciences). Cells were plated and cultured to 30-40% confluency in
LabTek chambers (Nalgene) and were transfected with the pMACS Kk.HA (C) vector
containing HA-Tagged canine REIC/Dkk-3 by FuGENE HD (Promega). Forty-eight
hours after transfection, the cells were fixed with 4% paraformaldehyde in
100 mM phosphate buffer and blocked with 5% normal goat serum in phosphate
buffered saline (PBS). The cells were incubated with polyclonal anti-HA antibodies
(1:100 dilution) (561, MBL) overnight at 4 °C and then with fluorescein isothiocya-
nate-conjugated anti-rabbit secondary antibody (Molecular Probes) for 1 h. To stain
the nuclei, the cells were incubated with Hoechst 33342 (Dojindo) for 15 min at
room temperature. The fluorescent staining was visualised under a fluorescence
microscope system (BZ-9000; Keyence).

Immunoblot analysis

293T cell monolayers were cultured to 80% confluence on 6-well plates and the
cells were transfected as described above. The cells were lysed in ice-cold radioim-
munoprecipitation (RIPA) buffer (Nacarai Tesque) and incubated for 15 min at 4 °C.
Canine tissue was homogenised in ice-cold RIPA buffer. Insoluble fragments were
removed by centrifugation at 16,000 g for 10 min at 4 °C and supernatants were
stored at —80 °C. Protein concentrations were determined using a Protein Assay
Bicinchoninate kit (Nacarai). Extracted protein (~10 pg) was mixed with 6x loading
buffer, consisting of 450 mM Tris pH 6.8, 45% sucrose, 5% B-mercaptoethanol, 15%
sodium dodecyl sulphate (SDS) and bromophenol blue, and separated by electro-
phoresis on 12% SDS-polyacrylamide gel electrophoresis gels (Bio-Rad). Proteins
were electro-transferred onto polyvinylidene fluoride membranes in 25 mM Tris,
192 mM glycine and 20% methanol. Following transfer, membranes were blocked
with 10% non-fat dry milk and 6% glycine in Tris-buffered saline containing 0.1%
Tween-20 and were developed with rabbit polyclonal anti-human REIC/Dkk-3 anti-
body (10365-1-AP, Proteintech) and antibodies specific for caspase-3 (9962, Cell
Signaling Technology), cleaved-caspase-3 (9961, Cell Signaling Technology) and
f-actin (sc-69879, Santa Cruz). Horseradish peroxidase-conjugated secondary anti-
bodies and the electrochemiluminescence (ECL) Pro substrate kit (Perkin Elmer)
were used for the detection of antibody-bound proteins. Densitometric analysis
was performed and the REIC/Dkk-3-to-B-actin ratio was calculated using Image J
software (version 1.44).%

Apoptosis assay

To examine the in vitro induction of apoptosis after treatment, CIP-p cells were
seeded in flat-bottomed 6-well plates and incubated for 24 h. Cells were then trea-
ted with the control adenovirus (Ad), Ad-LacZ or Ad-human (h) REIC/DKKk-3 at the
indicated multiplicity of infection (MOI) in serum-free medium (500 pL) for 2 h,
then the medium was exchanged with fresh complete medium (2 mL). After further
incubation for 72 h, Hoechst 33342 stock solution was added to the medium to a
final concentration of 2 ug/mL and the cells were incubated in the dark for
10 min (Kawasaki et al., 2009). Apoptotic cells were identified on the basis of the
presence of highly condensed or fragmented nuclei using fluorescence microscopy.
Apoptotic cells were counted in five different fields under a microscope; 100 cells
were evaluated in each field.

Statistical analysis

Student’s t test was used to compare the difference between the mean values. P
values <0.05 were considered to be statistically significant.

Results
Cloning and structural analysis of canine REIC/Dkk-3

The ORF of canine REIC/Dkk-3 cDNA determined in this study
(GenBank AB733648) had 1047 base pairs (bp) and was predicted
to code for 348 aas. The full length ORF of canine REIC/Dkk-3 was
213 bp and 71 aas longer than the predicted sequence of canine
REIC/Dkk-3 (GenBank XM_534060.2, ORF: 834 bp, 277 aas). This
discrepancy is due to a missense mutation accompanied by a stop
codon in XM_534060.2 (positions 200-202), which is located be-
tween the first and second ATGs of AB733648 (Fig. 1a). Therefore,

4 See: http://rsb.info.nih.gov/ij.
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Canine 120 NQTGRTVFSETVITSVGDEEGKKSHECIIDEDCGPTRYCQFASFEYTCOSCRDOOTLCTR
Human 121 NQTGOMVFSETVITSVGDEEGRRSHECIIDEDCGPSMYCQFASFQYTCOPCRGORMLCTR
Mouse 121 NQSGQVVFSETVITSVGDEEGKRSHECIIDEDCGPTRYCQFSSFKYTCQPCRDQOMLCTR
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Canine 180 DGECCGDQLCVWGHCAKTATRGGNGTICDNQRDCOPGLCCAPQRGLLFPVCTPLPVEGEL
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Mouse 181 DSECCGDQLCAWGHCTQKATKGGNGTICDNQRDCQPGLCCAFQRGLLEPVCTPLPVEGEL
*U**k****k '%**%: H hx oy k ‘k*****%********k***kk********%****k*%
Canine 240 CHDPASRLLDLITWELEPDGALDRCPCASGLLCOPHSHSLVYVCKPAFMGSRGEDGESPV
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Mouse 241 CHDPTSQLLDLITWELEPEGALDRCPCASGLLCOPHSHSLVYMCKPAFVGSHDHSEESQL
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Fig. 1. Cloning strategy and sequence alignments of canine REIC/Dkk-3. (a) Alignment of nucleic acid sequence identified in this study (AB73348) with the expressed
sequence tag (EST) sequence (DN376871.1) and the predicted canine REIC/Dkk-3 sequence (GenBank XM_534060.2). The identical sequences are indicated in black boxes. The
putative start codons (1st and 2nd) and the stop codon are indicated with dotted line. The sequence that was different from the sequence identified in this study and in the
EST database, including the stop codon, is indicated with a grey box. The primers that were used for cloning and sequencing (cREIC/Dkk-3F and R) and subcloning into the
PMACS Kk.HA (C) vector (the primers were attached to Sall or EcoRI site) to generate the haemagglutinin (HA)-tagged fusion protein and for RT-PCR examination are indicated
by arrows. (b) Comparison of the amino acid (aa) sequence of canine REIC/Dkk-3 identified in this study (AB733648) with human REIC/Dkk-3 (NP_056965) and mouse REIC/
Dkk-3 (NP_056629). The predicted aa sequence was aligned using ClustalW. ** —' Single fully conserved aa. ‘: —' Conservation of the strong amino group. ‘. — Conservation of
the weak amino group. The signal peptide sequence that was predicted using the SignalP software is underlined. The N-terminal containing 78 aas that induced apoptosis in

human prostate cancer cell lines is in a box. The potential binding site of human dynein light chain, Tctex-1 is indicated in boldface.

the position of the start codon of XM_534060.2 corresponds to the
second ATG of AB733648 (Fig. 1a). A putative secretion signal se-
quence was present in the sequence we identified, suggesting that
canine REIC/Dkk-3 is a secreted protein (Fig. 1b). The canine REIC/
Dkk-3 Protein shows 85% and 82% homology with the human and
murine REIC/Dkk-3 proteins, respectively. Canine REIC/Dkk-3 in-
cludes a putative secretion signal sequence and an aa sequence
motif [E-X-G-R/K-R/K-X-H], previously identified as the Tctex-1-
binding domain of dynein intermediate chain (Fig. 1b) (Ochiai
et al,, 2011). Canine REIC/Dkk-3 has a well-conserved stretch of

78 aas at the N-terminus, which is sufficient to induce apoptosis
in human prostate cancer cell lines (Abarzua et al., 2008). There-
fore, we hypothesised that canine REIC/Dkk-3 can induce apoptosis
in cancer cells.

Tissue distribution and cell localisation of canine REIC/Dkk-3

The tissue distribution of canine REIC/Dkk-3 mRNA was investi-
gated by RT-PCR in 24 normal canine tissues. As previously re-
ported in humans (Tsuji et al., 2000), REIC/Dkk-3 mRNA was

._52....
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Fig. 2. Subcellular localisation of canine REIC/Dkk-3. Co-localisation of REIC/Dkk-3 and endoplasmic reticulum (ER) was examined by double immunofluorescence staining
and imaged using fluorescence microscopy. Images in green, red and blue show the subcellular localisation of the haemagglutinin (HA) tag alone, or HA-tagged REIC/DKk-3,
ER and nuclei, respectively. The areas of overlap between the REIC/Dkk-3 and ER are shown in yellow in the overlay image. The image merging was performed using BZ-

Analyzer software (Keyence). Bar = 50 pm.
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Fig. 3. Expression of REIC/Dkk-3 protein in canine cell lines and mammary gland tumours. (a) To test the cross-reactivity of anti REIC/Dkk-3 antibodies for the canine protein,
immunoblotting was performed in 293T cells that were transfected with an empty haemagglutinin (HA)-tagged vector alone (emp) or HA-tagged canine REIC/Dkk-3. B-Actin
was used as a reference protein for normalisation for protein loading. (b) Expression levels of canine REIC/Dkk-3 protein were determined by immunoblot analysis of normal
canine mammary glands and canine mammary gland cancer-derived cell lines. B-actin was used as a loading control. (c) Protein levels of REIC/Dkk-3 were analysed in three
normal mammary glands (controls), three tubulopapillary mammary carcinomas and two solid mammary carcinomas by Western blot analysis. The results shown are
representative of three independent experiments. All immunoblots were performed on independent membranes, although reprobing was not performed.
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Fig. 4. Induction of apoptosis in canine mammary gland tumour cell lines due to overexpression of REIC/Dkk-3. (a) Induction of apoptosis in CIP-p cells after Ad-hREIC/Dkk-3
treatment was examined using Hoechst 33342 staining. Cells were infected with 50 multiplicities of infection (MOIs) of Ad-LacZ, Ad-REIC/Dkk-3 or control vector alone and
incubated for 72 h. (b) Percentages of apoptotic CIP-p cells at 48 and 72 h after treatment with Ad-hREIC/DKkk-3 at different MOIs. A total of five different fields were examined
under a microscope to determine the apoptotic rate. A statistically significant difference was observed between Ad-hREIC/Dkk-3 and the control Ad-LacZ treatment (*
P <0.05). (c) Western blot analysis for the indicated proteins in CIP-p cells treated with Ad-REIC/Dkk-3. The extracellularly secreted REIC/Dkk-3 was detected in the culture

supernatant 48 h after transfection. Bar = 50 pm.

ubiquitously expressed in all canine tissues that were examined
(see Appendix A: Supplementary Fig. 1). The REIC/Dkk-3 protein
exhibited a punctate localisation pattern in the cytoplasm when
examined by immunostaining (Sakaguchi et al., 2009); our previ-
ous studies showed that the REIC/Dkk-3 protein is predominantly
localised to the ER in human and murine cells (Zhang et al.,
2010; Ochiai et al., 2011). We therefore performed co-staining
experiments for ER and REIC/Dkk-3 in a canine cell line which
was transiently transfected with HA-tagged canine REIC/Dkk-3.
REIC/Dkk-3 was mainly localised around the ER in canine cells

(Fig. 2).

Expression of REIC/Dkk-3 protein in canine mammary gland tumour
cell lines and tissues

Since antibodies recognising canine REIC/Dkk-3 are not avail-
able, we first performed immunoblotting in 293T cells transfected
with canine REIC Dkk-3 using antibodies that detect the HA-tagged
canine REIC/Dkk-3 protein (Fig. 3a). Bands of the same size were
detected with anti-HA antibody and anti-human REIC-Dkk-3 anti-
bodies, confirming that the antibodies against human-REIC/Dkk-3
can detect canine REIC/Dkk-3. Next, we examined REIC/Dkk-3
expression in normal canine mammary glands and in various cell
lines derived from canine mammary gland tumours. In the normal
canine mammary gland, the REIC/Dkk-3 protein was detected as a
single band ~60 kDa by immunoblot analysis. In contrast, REIC/
DKkk-3 protein was barely detectable in six canine mammary grand
cancer cell lines, nor in MDCK cells (Fig. 3b). Consistent with this
observation, the levels of canine REIC/Dkk-3 protein were lower

in canine mammary tubulopapillary carcinomas than in normal
mammary gland tissue (P < 0.05) (Fig. 3¢). A solid mammary carci-
noma also showed reduced expression of REIC/Dkk-3.

Apoptosis of canine mammary gland tumour cell lines induced by
overexpression of REIC/Dkk-3

To examine a possible use of REIC/Dkk-3 as a tool for targeted
gene-based therapy for canine mammary gland tumours, we over-
expressed REIC/DKkk-3 in cancer cells by using a replication-defi-
cient adenovirus vector. Within a few days after infection, most
of the tumour cells had detached from the bottom of the culture
vessels (Fig. 4a). Hoechst 33342 staining confirmed that apoptotic
cells were frequently observed in Ad-hREIC/Dkk-3-treated CIP-p
cells. The extent of apoptosis 72 h after treatment at MOIs of 10
and 50 was 42.0% and 98.6%, respectively. Significant induction
of apoptosis was observed in Ad-hREIC/Dkk-3-treated cells, unlike
that observed in control cells treated with Ad-LacZ (P < 0.05)
(Fig. 4b). These results confirmed that human REIC/Dkk-3 overex-
pression induced apoptosis in canine mammary gland cancer cells,
suggesting that Ad-hREIC/Dkk3 may be useful as a new therapeutic
agent for canine tumours.

Next, we determined whether REIC/Dkk-3-induced apoptosis in
CIP-p cells was caspase-dependent. The intra- and extracellular
levels of REIC/Dkk-3 protein increased in transfected CIP-p cells,
but not in cells infected with the Ad-LacZ vector alone (Fig. 4c).
Infection of CIP-p cells with Ad-REIC/Dkk-3 did not alter the levels
of caspase-3, but increased the expression of cleaved caspase-3
(Fig. 4c).
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Discussion

In this study, we cloned and sequenced the full-length ORF of
canine REIC/Dkk-3. Although a putative sequence was predicted
by automated computational analysis from a genomic sequence,
no information was available concerning its gene. Since human
and murine REIC/DKk-3 are recognised as strong tumour suppres-
sor genes, we cloned the entire sequence of canine REIC/Dkk-3 to
investigate the function of this protein in dogs. The full-length ca-
nine REIC/Dkk-3 ORF was amplified by RT-PCR; the expressed pro-
tein was 71 aas longer than the predicted sequence and our
sequence had a putative signal peptide in the 5’ region.

In our previous study, we showed that REIC/Dkk-3 interacts
with human dynein light chain, Tctex-1, at aa sequence motif [E-
X-G-R/K-R/K-X-H} (Ochiai et al,, 2011). Since canine REIC/Dkk-3
has a well-conserved Tctex-1-binding motif, the interaction of
REIC/Dkk-3 and Tctex-1 is likely to be conserved across all mam-
malian species. Canine REIC/Dkk-3 has a well-conserved segment
of 78 aa at the N-terminus, which induces apoptosis in human
prostate cancer cell lines (Abarzua et al,, 2008), suggesting that ca-
nine REIC/Dkk-3 also has a tumour suppressor activity.

RT-PCR analysis demonstrated that REIC/Dkk-3 is expressed in a
variety of canine organs. Although previous reports have shown
that REIC/Dkk-3 mRNA and protein are expressed at very low lev-
els in the spleen and in peripheral blood leucocytes (Tsuji et al.,
2000; Zhang et al.,, 2010), we observed REIC/Dkk-3 expression in
all 24 canine organs examined. We showed that expression of
REIC/Dkk-3 protein is downregulated in canine mammary gland
cancer cell lines and in mammary gland tumours. It has been re-
ported that human REIC/Dkk-3 gene expression is reduced by pro-
moter-hypermethylation (Kobayashi et al., 2002); whether REIC/
Dkk-3 is epigenetically silenced in canine tumours remains to be
determined.

Increased expression of REIC/Dkk-3 in CIP-p cells led to an in-
crease in the number of apoptotic cells. Consistent with this obser-
vation, caspase-3 was activated by REIC/Dkk-3. Therefore, the anti-
proliferative property of REIC/Dkk-3 may be due to induction of
caspase-dependent apoptosis. Our findings indicate that REIC/
DKkk-3 regulates caspase-dependent apoptosis in canine mammary
gland tumour cell lines. Mouse and human studies have shown
that forced expression of hREIC/Dkk-3 enhances anticancer immu-
nity (Sakaguchi et al., 2009; Watanabe et al.,, 2009). The role of
REIC/Dkk3 in anticancer immunity in canine mammary gland tu-
mours requires further investigation.

In this study, we used human REIC/Dkk-3 in an adenoviral vec-
tor. This construct is used in ongoing clinical trials in human pros-
tate cancer patients and its safety and toxicity in dogs was tested
following Good Laboratory Practice (GLP) toxicology study guide-
lines before human clinical trials commenced.” There is potential
for clinical trials using REIC/Dkk-3 as a cancer therapeutic agent
for canine mammary gland tumours.

Conclusions

Expression of RECI/Dkk3 is reduced in mammary gland tumours
compared to normal mammary glands in dogs. Expression of RECI/
Dkk3 induces apoptosis in canine mammary gland tumour cell
lines. REIC/Dkk-3 may play a role in regulating cell survival in ca-
nine mammary gland tumours by promoting caspase-dependent
apoptosis. Inhibition of REIC/Dkk-3 appears to be a critical event
in tumour development and progression. This suggests that REIC/

5 See: http://clinicaltrials.gov/ct2/{show/NCT01197209?term=REIC%2FDkk-
3&rank=1.

Dkk-3 is a promising candidate for targeted molecular therapy in
dogs with mammary gland tumours.
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