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A B S T R A C T

Prostate cancer is a heterogeneous disease with high levels of clinical and gene heterogeneity, consequently
offering several targets for therapy. Dogs with naturally occurring prostate cancer are useful models for mole-
cular investigations and studying new treatment efficacy. Three genes and proteins associated with the WNT
pathway (β-catenin, APC and E-cadherin) and Caveolin-1 (CAV-1) were evaluated in canine pre-neoplastic
proliferative inflammatory atrophy (PIA), prostate cancer and metastatic disease. The APC gene methylation
status was also investigated. As in human prostate cancer, cytoplasmic and nuclear β-catenin, which are fun-
damental for activating the canonical WNT pathway, were found in canine prostate cancer and metastasis.
Membranous E-cadherin was also lost in these lesions, allowing cellular migration to the stroma and nuclear
localization of β-catenin. In contrast to human prostate tumours, no APC downregulation or hypermethylation
was found in canine prostate cancer. The CAV-1 gene and protein overexpression were found in canine prostate
cancer, and as in humans, the highest levels were found in Gleason scores ≥8. In conclusion, as with human
prostate cancer, β-catenin and E-cadherin in the WNT pathway, as well as Caveolin-1, are molecular drivers in
canine prostate cancer. These findings provide additional evidence that dogs are useful models for studying new
therapeutic targets in prostate cancer.

1. Introduction

Human prostate cancer is a common malignancy worldwide, and its
metastasis causes nearly all prostate cancer-related mortalities (Siegel
et al., 2017). High levels of clinical and molecular heterogeneity also
frequently occur (Ciccarese et al., 2017). The Cancer Genome Atlas
Research Network (2015) reported seven prostate cancer (PC) subtypes
including gene fusions (ERG, ETV1/4 and FLI1), recurrent SPOP, FOXA1
and IDH1 mutations, activated PI3K/Akt/mTOR and MAPK pathway
mutations (~25% of localized PC) and germ line or somatic DNA repair
genes mutations (including BRCA1/2, CDK12, ATM, FANCD2 and
RAD51C) (~20% of primary PC) (Cancer Genome Atlas Research
Network, 2015). These data revealed several therapeutic targets that
require detailed investigations. Although animal models have been
successfully used to evaluate the efficacy of new cancer treatments,
animals with spontaneous cancer who share the same environment as
humans are more reliable in cancer studies (Galuschka et al., 2017;

Ittmann et al., 2013).
Dogs spontaneously develop PC and share the same environment

with humans. In addition to their similarities to human PC and me-
tastasis development, dogs can develop pre-neoplastic lesions, a con-
dition known as prostatic inflammatory atrophy (PIA) (Toledo et al.,
2010). Furthermore, clinical and histopathological similarities to
human PC have been described, making dogs an interesting model for
molecular investigations (LeRoy and Northrup, 2009); however, few
molecular studies on canine PC have been reported (Fonseca Alves
et al., 2017; Kobayashi et al., 2017; Rivera-Calderón et al., 2016;
Fonseca-Alves et al., 2013).

The WNT/β-catenin canonical pathway has been well studied in
embryogenesis and pathogenesis, including in human PC (Poniah et al.,
2017; Seo et al., 2017; Zhang et al., 2017), but poorly explored in ca-
nine PC. WNT proteins are glycoproteins with important roles in em-
bryonic development and tissue homeostasis (Kypta and Waxman,
2012) and are generally inactivated in normal prostate cells
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(Valkenburg et al., 2014).
Canonical WNT pathway regulation involves the β-catenin de-

struction complex, and β-catenin is the primary nuclear mediator that
activates target genes (Li et al., 2012; Yu et al., 2009). When no WNT
signal is received, the destruction complex (APC and other proteins)
degrades cytoplasmic β-catenin, preventing it from localizing to the
nucleus (Stamos and Weis, 2013; Yu et al., 2009).

β-catenin exists in the cell membrane, nucleus and cytoplasm and is
involved in cellular adhesion and signal transduction. β-catenin protein
levels and locations can be controlled by E-cadherin (Chen et al., 2004).
E-cadherin is a transmembrane cellular adhesion molecule that is es-
sential for maintaining normal tissue morphology and epithelial dif-
ferentiation (Jaggi et al., 2005). WNT signaling can induce the Snail
family (E-cadherin suppressors), consequently downregulating E-cad-
herin expression (Cervantes-Arias et al., 2013). Loss of E-cadherin is
associated with the epithelial-mesenchymal transition, a reversible
change in cell phenotype, allowing cell migration and invasiveness
(Kypta and Waxman, 2012; Jaggi et al., 2005). The membrane E-cad-
herin/β-catenin complex is essential for epithelial cell adhesion and is
also important for prostate gland formation and function (Kypta and
Waxman, 2012). If no E-cadherin is expressed in the cell membrane, β-
catenin dissociates and translocates to the cytoplasm/nucleus. These
events are associated with tumour invasion and metastasis in both dogs
and humans (Lean et al., 2014; Schmalhofer et al., 2009).

The adenomatous polyposis coli (APC) gene encodes a tumour
suppressor that is mutated in some human colorectal cancers and hy-
permethylated in some high Gleason score prostate cancers (Bjerke
et al., 2014; Richiardi et al., 2013). Absence of the APC protein induces
β-catenin to accumulate in the cytoplasm and translocate to the nuclei,
activating cell proliferation (Fonseca-Alves et al., 2015; Lean et al.,
2014). APC can shuttle between the nucleus and cytoplasm and export
β-catenin from the nucleus (Henderson, 2000).

Caveolin-1 (CAV-1) plays important roles in carcinogenesis by reg-
ulating cell proliferation, and its roles differ among distinct histological
tumour types (Fu et al., 2017). In human PC, increased CAV-1 expres-
sion is associated with poor prognosis and high biochemical recurrence
risk (Mathieu et al., 2016). Upregulating CAV-1 promotes hormone
resistance via lipid synthesis in castration-resistant prostate cancer
(Karantanos et al., 2016).

Based on the Wnt/β-catenin pathway's relevance and the im-
portance of CAV-1 in human PC development and malignant progres-
sion, canines with normal prostates, PIA, PC or prostate metastasis were
selected to investigate these molecules' involvement in canine prostatic
lesions.

2. Materials and methods

2.1. Patients

Forty-eight prostatic tissues (11 normal prostate, 11 PIA and 26 PC)
and four PC metastases were obtained from the Veterinary Pathology
Service, School of Veterinary Medicine and Animal Science, São Paulo
State University (UNESP), Botucatu, SP, Brazil. The prostate samples
were collected from animals at necropsy, 1 hour post-mortem (n=41)
or by incisional biopsies (n=7). Normal tissues were obtained from
necropsies of animals with no prostatic disease history. Normal pros-
tates were macroscopically evaluated after making parallel serial cuts.
Ten fragments were collected, and no histopathological alterations
were found in the 5 tissue sections. This study was approved by the
Institutional Ethics Committee for the Use of Animals in Research
(CEUA) (Protocol# 107/2015).

Tissue samples used for protein (10 NT, 10 PIA, 10 PC and 4 me-
tastases) and gene expression (11 NT, 11 PIA, 12 PC and 3 metastases)
were obtained from formalin-fixed paraffin-embedded (FFPE) tissues
(Supplemental Table 1). Histological sections (3 μm) of tumour and
normal tissues were stained with haematoxylin and eosin (HE).

Histopathology was analysed as per De Marzo et al. (1999) for PIA, and
canine PC was classified based on the human WHO classification of
Tumors of the Urinary System and Male Genital Organs (Eble et al.,
2004), which was recently adapted to canine PC (Palmieri et al., 2014).
The Gleason grade score was determined based on Palmieri and Grieco
(2015).

APC promoter methylation was analysed using fresh samples (6 NT,
6 PIA and 12 PC) collected at necropsy, immediately frozen by liquid
nitrogen immersion, and stored at −80 °C. Metastasized samples could
not be analysed because the samples were archived after being for-
malin-fixed and paraffin-embedded. Frozen histopathological sections
were additionally diagnosed by staining with haematoxylin and eosin
(HE) to confirm the initial diagnoses from the methylation analysis.

2.2. Transcript expression by real-time quantitative PCR (RT-qPCR)

The areas of interest were marked on the HE slides, and the FFPE
tissue blocks were biopsied with a needle (needle 16 G). The prostate
tissue samples were then deparaffinized and protease digested, and the
total mRNA was extracted using the RecoverAll™ Total Nucleic Acid kit
(Ambion, Life Technologies, MA, USA) per the manufacturer's re-
commendations.

The RNA concentration (NanoDrop™, ND-8000, Thermo Scientific,
MA, USA) and integrity (Bioanalyzer 2100 and Agilent RNA 6000 Nano
kit, Agilent Technologies, CA, USA) were assessed in all cases. cDNA
was synthesised using 1 μg of total RNA treated with DNAse I (Life
Technologies, Rockville, MD, USA), 200 U of SuperScript III Reverse
Transcriptase enzyme (Life Technologies), 4 μL of SuperScript First-
Strand Buffer 5×, 1 μL of 10mM dNTP each (Life Technologies), 1 μL of
Oligo-(dT)18 (500 ng/μL) (Life Technologies), 1 μL of random hexamers
(100 ng/μL) (Life Technologies), and 1 μL of 0.1M DTT (Life
Technologies) in a final volume of 20 μL. Reverse transcription was
performed at 50 °C for 60min, then inactivated at 70 °C for 15min.
cDNA samples were stored at −80 °C.

RT-qPCR amplification of CTNBB1, APC, CDH1 and CAV-1 and the
reference genes, GAPH, HPRT, and RPL8 (Supplemental Table 2), was
performed using QuantStudio 12 k Flex Thermal Cycler equipment
(Applied Biosystems; Foster City, CA, USA). The reactions were per-
formed in triplicate in 384-well plates, using Power SYBR Green PCR
Master Mix (Applied Biosystems; Foster City, CA, USA). The most stable
reference gene was HTRP, determined by geNorm software
(Vandesompele et al., 2002). Relative genes were quantified by the
2−ΔΔCT method (Livak and Schmittgen, 2001).

2.3. Protein expression by immunohistochemistry (IHC)

Prostate paraffin sections were placed on charged slides (Starfrost® -
Knitell, Bielefeld, Germany) and deparaffinized. Sections were stained
with primary antibodies against β-catenin (rabbit polyclonal), APC
(rabbit polyclonal), E-cadherin (mouse polyclonal) and Caveolin-1
(rabbit polyclonal). Dilutions, antigen retrieval, and incubation times
are detailed in Supplemental Table 3. Endogenous peroxidase activity
and non-specific binding were blocked using 8% hydrogen peroxide in
methanol for 20min and 8% skim milk for 60min, respectively, both at
27 °C. A polymer detection system (Envision®, Dako, Carpinteria,
United States) was applied as the secondary antibody, and reactions
were developed using 3,3′-diaminobenzidine (DAB). Sections were
counterstained with Harris haematoxylin (Dinamica, Diadema, Brazil).
Positive (normal canine prostate) and negative control samples (Tris
buffer instead of the primary antibody) were included for all protein
analyses.

ImageJ 1.49v software (National Institutes of Health, USA, http://
imagej.nih.gov/ij/) was used to analyse images for each protein eval-
uated, which were captured from five different fields (40× magnifi-
cation). Staining was assessed by establishing a “threshold”, using
ImageJ software as per Da Silva et al. (2017). Then, we established a
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protein expression value by the mean value of the five captured images.
For statistical purposes, we compared the prostatic lesions (PIA, PC and
metastasis) with the normal prostate sample. Overexpression was con-
sidered when the mean expression value of prostatic lesions was higher
than the mean of normal samples. Underexpression was considered
when the mean expression value of prostatic lesions was lower than the
mean of normal samples.

Protein expression was evaluated in epithelial cells from the lesion
studied. The stromal signal was excluded manually using “threshold”
tool according to Da Silva et al. (2017)

2.4. DNA extraction and pyrosequencing methylation analysis

Total DNA was extracted from the frozen prostate tissues using the
Qiagen DNeasy® Blood & Tissue Kit per the manufacturer's protocol.
Genomic DNA bisulphite conversion was performed using the EZ DNA
Methylation-Gold Kit (Zymo Research Corporation, Irvine, CA, USA).

Primers flanking the promoter region of the APC gene were de-
signed (Forward: 5′ GGGATTAGGTTAGGTAGG 3′; Reverse: 5′ [BIOTIN]
AATATAACCCACCTACCA 3′; and the sequencing primer 5′ GGGATTA
GGTTAGGTAGG 3′), and the amplicon containing the CpG sites was
amplified using PCR (HotStarTaq Master Mix kit, Qiagen). The PCR
product was evaluated by pyrosequencing per the manufacturer's in-
structions (PyroMark ID Q96, Qiagen and Biotage, Uppsala, Sweden).
Bisulphite conversion controls in the dispensation order sequence were
included in each assay. To ensure efficiency, 100% and 0% methylated
DNA were also included in each reaction (Zymo Research Corporation).

2.5. Statistical analysis

The groups were compared by the CTNBB1, APC, CDH1 and CAV-1
gene expression levels using Kruskal-Wallis or Mann-Whitney U tests.
One-way ANOVA was used to compare protein expression in the dif-
ferent lesions, and t-tests were used to make comparisons between two
groups of lesions and to evaluate the differential methylation among
normal tissue, PIA and PC samples. Statistical analyses and graphs were
obtained using GraphPad Prism 5.0 (GraphPad Software Inc., La Jolla,
CA). P-values < .05 were considered statistically significant.

3. Results

3.1. Clinical data

Clinical data were obtained from nine dogs with PC (Table 1). The
dogs' mean age (n=9) with PC was 11.3 years (8–16 years). All nine
animals were intact males. The most frequent clinical manifestation was
haematuria (3/9). One patient (case 24) presented with lameness due to
lumbar vertebrae and pelvic metastasis and thus was euthanised.

3.2. Histopathological analysis

Detailed histological classification and Gleason scores of the sam-
ples are summarized in Table 2. Twelve of 26 PC samples showed mixed
histological patterns, and among these, eight had a cribriform pattern.
In the single histological pattern, nine PC samples (9/26) had a tubulo-
papillary, and three presented a small acinar/ductal pattern (3/26).
These two tumour subtypes, tubulo-papillary and small acinar/ductal
(12 cases), had the lowest Gleason scores. The PC lymph node (case 49)
and metastasis in the pelvic area (case 50) presented a cribriform pat-
tern with comedonecrosis (case 24). Case 33 had pulmonary metastasis
(case 51) showing a tubulo-papillary pattern. Case 52 (intestinal me-
tastasis) had cribriform with comedonecrosis, including small acinar/
ductal patterned foci. The Gleason grading system revealed four sam-
ples with Gleason scores of 10, followed by scores of 9 (n=4/26), 8
(n=5/26), 7 (n=1/26) and 6 (n=12/26).

3.3. Transcript expression analysis (RT-qPCR)

No significant differences were observed in the CTNBB1, APC or
CDH1 gene expressions among the samples evaluated (Table 3, Fig. 1A,
B and C). CAV-1 transcription levels were statistically higher in PC
samples compared with NT (p= .017) (Table 3, Fig. 1D).

Table 1
Clinical information on the dogs with PC that were used for gene and protein expression analyses (n=9).

Case ID Race Age (years) Clinical symptoms Surgical treatment Survival rate

23 Dachshund 10 NA NA NA
24 Mixed breed 10 Lameness, urinary incontinence None Euthanasia
25 Pit Bull 8 Haematuria, diarrhoea, vomit Prostatectomy 3months
26 Mixed breed 10 Anorexia, tenesmus Prostatectomy 2 years
27 German Shepherd 13 Dyschezia, haematuria NA NA
28 Scottish Terrier 13 Haematuria None NA
29 Mixed breed 16 Anorexia, vomiting None Euthanasia
30 Cocker Spaniel 10 Cachexia None Euthanasia
31 Boxer 12 NA NA NA

All cases, except case 31, were neutered.

Table 2
Histological classification data and Gleason scores of samples used in this study.

N Gleason scoreb

Histological classification
Normal prostate 11
PIAa 11
PCc 26

Single histological pattern
Cribriform without comedonecrosis 2 4+ 4=8
Small acinar/ductal 3 3+ 3=6
Tubulo-papillary 9 3+ 3=6

Mixed histological patterns
Cribriform with comedonecrosis, solid 2 5+ 5=10
Solid, signet ring, small acinar/ductal 1 5+ 5=10
Cribriform with comedonecrosis, solid e signet ring 1 5+ 5=10
Cribriform without comedonecrosis, solid 2 4+ 5=9
Cribriform without comedonecrosis, cribriform with
comedonecrosis

2 4+ 5=9

Cribriform with comedonecrosis and cribriform without
cribriform

1 5+4=9

Tubulo-papillary, solid 2 3+ 5=8
Small acinar/ductal, cribriform 1 3+4=7

Metastasis
Cribriform with comedonecrosis 2
Tubulo-papillary 1
Cribriform with comedonecrosis, small acinar/ductal 1

a De Marzo et al. (1999).
b Palmieri and Grieco (2015).
c Palmieri et al. (2014).
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Table 3
Median, 25th percentile and 75th percentile for β-catenin, APC, E-cadherin and Caveolin-1 gene expression in normal, PIA, PC and metastases.

β-catenin APC E-cadherin Caveolin-1

N 25% Median 75% 25% Median 75% 25% Median 75% 25% Median 75%
NT 11 0.15 0.42 1.87 0.3 0.57 2.92 0.40 0.73 0.97 0.33 0.54 0.79
PIA 11 0.33 0.63 8.55 0.51 0.55 0.83 0.43 0.66 0.96 0.27 0.51 1.33
PC 12 0.19 0.48 1.97 0.18 0.8 2.43 0.54 0.82 0.97 0.68 1.42 4.77
Metastasis 3 0.18 0.22 0.43 0.55 0.92 1.43 0.57 6.49 7.38 0.35 0.39 1.32
P-value 0.3445 0.4643 0.4345 0.0941

Fig. 1. Comparison groups of relative quantification between different lesions for CTNBB1 (A), APC (B), CDH1(C) and Caveolin-1 (D); and comparison groups of positive percent area of
immunohistochemistry between different lesions for β-catenin (E), APC (F), E-cadherin (G) and Caveolin-1 (H).

P.E. Kobayashi et al. Research in Veterinary Science 118 (2018) 254–261

257



3.4. Protein expression analysis (IHC)

Protein localization based on immunohistochemistry is described in
Supplemental Table 4.

β-catenin (Fig. 1E), APC (Fig. 1F), E-cadherin (Fig. 1G) and CAV-1
(Fig. 1H) protein expressions differed significantly (p < .05) among
the lesions (PIA, PC and metastases) compared with normal prostatic
tissue.

β-catenin membranous staining was observed in all normal prostate
epithelial cells (Fig. 2A). Significant loss of membranous β-catenin
protein expression was found in PIA compared with NT (p < .05).
Membranous multifocal loss of β-catenin was observed in PC tissues
(Fig. 2B). Two PC samples and two metastases presented nuclear β-
catenin expression (Fig. 2B). In addition, β-catenin was overexpressed
in PC samples compared with NT (p < .05) due to cytoplasmic im-
munolocalization in all PC samples (Supplemental Table 4).

APC in normal prostate, PIA and PC samples showed cytoplasmic
staining (Fig. 2C) and PC samples showed heterogeneous areas with loss
of expression (Fig. 2D). APC expression was significantly decreased in
PIA compared with NT (p= .0007). Although NT and PC samples did
not significantly differ, nuclear staining was observed in five of 10 PC
samples (5/10) and one of four metastases.

E-cadherin membranous staining was observed in all normal epi-
thelial prostatic cells (Fig. 2E), PIA and PC samples. E-cadherin ex-
pression differed significantly (p < .007) among the groups. E-cad-
herin expression was decreased in PIA compared with the NT samples
(p= .001). All PC samples (n=10) and two of four metastases showed
that E-cadherin translocated from the membrane to the cytoplasm
(Fig. 2F), and PC samples showed increased E-cadherin protein ex-
pression compared with PIA (p= .008). NT and PC samples did not
significantly differ.

Normal epithelial cells from prostate tissues showed CAV-1 granular
cytoplasmic staining (Fig. 2G). CAV-1 expression levels in PC (Fig. 2H)
and metastases were significantly increased compared with normal and
PIA samples (p < .05). CAV-1 protein expression was also increased in
metastatic samples compared with NT and PIA (p < .05).

3.5. Pyrosequencing methylation analysis

Pyrosequencing analysis revealed that the APC gene promoter re-
gion was unmethylated in normal, PIA and PC samples.

4. Discussion

Here, we report that β-catenin and CAV-1 proteins are involved in
prostatic carcinogenesis and metastasis in dogs, similar to that de-
scribed in humans (Kim et al., 2012; Wang et al., 2015; Yang et al.,
2012). CTNBB1, APC and CDH1 gene expression analysis showed no
significant differences between lesions and no correlation in protein
expression, but some factors can explain this difference. For example,
only 40% of protein concentration variation can be explained by mRNA
levels, and protein can be more stable and abundant than mRNA
(Schwanhäusser et al., 2011; Vogel and Marcotte, 2012). In addition,
fixation, paraffin embedding and storage reduces mRNA recovery and
quality (Doleshal et al., 2008). mRNA fragmentation in formalin-fixed
and paraffin-embedded samples increases with storage time and for-
malin can chemically modify mRNA (Cronin et al., 2004; Masuda et al.,
1999).

Protein expression differed statistically among normal prostatic
tissue, PIA, PC and metastases for β-catenin and E-cadherin.

Membranous β-catenin protein expression decreased in PIA samples
compared with NT, and a diffuse cytoplasmic β-catenin pattern was ob-
served in five PIAs, similar to that observed by Debelec-Butuner et al.
(2014) in human pre-neoplastic lesions (PIA and PIN), with increased
cytoplasmic protein demonstrating an important role in tumour pro-
gression. The β-catenin/cadherin complex at the cell membrane is
stabilized by phosphorylation events that can dissociate this complex
and transfer β-catenin to the cytoplasm (López-Knowles et al., 2010). β-
catenin can be downregulated by proteasomal degradation in the cy-
toplasm, or stabilized, accumulated and facilitated in its nuclear
translocation, activating transcription of genes involved in cell cycle
control, apoptosis, migration and carcinogenesis (Kypta and Waxman,
2012; Pećina-Slaus, 2010; Roos et al., 2016).

Fig. 2. A: β-catenin with membranous staining in normal prostate. B: β-catenin with loss of membranous staining in prostatic carcinoma and nuclear expression in some areas (arrow). C:
Strong cytoplasmic immunostaining for APC in normal prostate. D: APC immunostaining in the cytoplasmic carcinoma cells with heterogeneous staining. E: E-cadherin membranous
expression can be observed in normal epithelial cells. F: E-cadherin loss of membranous expression and some cytoplasmic staining can be observed in prostate cancer. G: Caveolin-1
immunostaining in normal prostate. H: Increased Caveolin-1 expression in canine prostate carcinoma.
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Cytoplasmic β-catenin was also observed in all PC and metastasis
samples, and similar to reports in human counterparts (Verras and Sun,
2006), few samples (2 PC and one metastasis) showed β-catenin
translocation to the nucleus. APC also contains nuclear export signals
(NES) used to shuttle nuclear β-catenin and translocate it to the cyto-
plasm (Wang et al., 2015). Interestingly, five samples (4 PC and 1
metastasis) with nuclear APC expression had no nuclear β-catenin ex-
pression, suggesting APC's role in nucleo-cytoplasmic shuttling of β-
catenin. Cytoplasmic APC binds to cytoplasmic β-catenin and can be
degraded by the AXIN complex, preventing its translocation to the
nucleus (Stamos and Weis, 2013). However, PC samples showed het-
erogeneous loss of cytoplasmic APC protein, which can alter cyto-
plasmic β-catenin degradation via proteasomes.

Loss of membranous E-cadherin expression in PC samples suggests a
connected loss of membranous E-cadherin/β-catenin in prostate cancer
and metastasis, ensuring that β-catenin is available for nuclear trans-
location. Previous studies by our group found no cytoplasmic E-cad-
herin in PC samples, but we found areas of membranous staining loss in
PC samples, which differed from normal prostate tissue (Rodrigues
et al., 2013). In the present study, the canine PC group had more ag-
gressive PC samples (mainly Gleason scores of 8–10), which may ex-
plain the difference in the results.

APC promoter methylation was not observed in our canine PC
samples. This differs from human prostate cancer, which is reported to
be frequently methylated (Kypta and Waxman, 2012). In addition, APC
showed cytoplasmic expression in both PC and metastatic samples.
Nuclear expression was observed in four PC samples, and all had cri-
briform as a single or mixed histological pattern. These findings cor-
roborate APC's involvement in prostate carcinogenesis in dogs, but
differ from human prostate carcinoma because the APC gene is hy-
permethylated in over 50% of PC cases, and consequently, low protein
expression is related to human neoplastic cell development (Richiardi
et al., 2009).

Both PC samples with nuclear β-catenin expression received high
Gleason scores, and only samples with Gleason scores of 10 had
membranous β-catenin loss and gained cytoplasmic and/or nuclear
staining, similar to human data where membranous loss was found in
high-grade Gleason tumours (Chen et al., 2004). In humans, only 20%
of advanced prostate tumours are associated with nuclear β-catenin,
similar to our findings (Valkenburg et al., 2014).

Membranous E-cadherin and β-catenin expression play important
roles in cell-cell adhesion. Loss of expression is a prerequisite for neo-
plastic cell invasion and metastasis and has a central role in epithelial-
mesenchymal transitioning in canine prostate cancer (Fonseca-Alves
et al., 2015; Schmalhofer et al., 2009). Lower membranous E-cadherin
expression in PC samples was higher in solid pattern areas than in ad-
jacent patterns such as cribriform and small acinar/ductal. Our findings
are consistent with the hypothesis that loss of E-cadherin expression is a
dynamic alteration during cell dedifferentiation, permitting tumour
cells to migrate through stroma, vessels and other tissues (Fonseca-
Alves et al., 2015; Younis et al., 2007).

In dogs, E-cadherin is dynamically expressed during prostate cancer
development, even in pre-neoplastic lesions, with loss of membranous
expression compared with normal prostate and benign prostatic hy-
perplasia (Fonseca-Alves et al., 2013; Rodrigues et al., 2013). E-cad-
herin expression significantly differed among the groups, with in-
creased protein expression in PC samples compared to PIA, similar to
the findings of Fonseca-Alves et al. (2015), with a discrete increase in
protein expression in prostate cancer.

In human prostate cancer, a cytoplasmic E-cadherin pattern due to
uncoordinated protein production has been reported, likely because it is
an inactivated protein (Liu et al., 2014). PIA samples showed loss of E-
cadherin protein expression. This may occur because CDH-1 (E-

cadherin) is regulated by TGF-β, which decreases E-cadherin expression
(Liu et al., 2014). TGF-β is secreted by several immune cells in the
tumour's microenvironment (Fuxe and Karlsson, 2012). PIA is an ex-
cellent example of inflammation contributing to the cancer process. In a
previous study, we described TGF-β upregulation in PIA, and based on
that, we infer that TGF-β overexpression may interfere with decreased
E-cadherin expression (Rodrigues et al., 2010).

CAV-1 is a membrane protein generally considered as a tumour
progression marker and a target for cancer therapy (Klein et al., 2015).
CAV-1 gene and protein expression increased progressively in PC
compared with normal prostate and PIA samples. This increased ex-
pression was not observed in metastases, possibly due to the small
sample size. Immunohistochemistry revealed granular CAV-1 and PC
cytoplasmic staining with lower Gleason scores (grade 6) and showed
lower protein expression than in higher Gleason score PC. In humans,
CAV-1 expression is positively correlated with high-grade Gleason
scores, early recurrence time and therapeutic resistance (Karam et al.,
2007; Kuo et al., 2012; Quest et al., 2013).

The major limitations of the present study were the small case
number and the unpaired samples used in the immunohistochemistry,
RT-qPCR and pyrosequencing. Further studies are needed to clarify
whether these proteins are involved in canine prostate lesions. To our
knowledge, this is the first report describing the involvement of β-ca-
tenin, APC, CAV-1 and E-cadherin in canine PC. As in human data, CAV-
1 expression levels in canine prostate cancer were associated with
higher Gleason scores.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.rvsc.2018.03.004.
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