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Abstract: Canine prostate cancer (PC) is an aggressive disease, and dogs can be considered com-
parative models for human PC. In recent years, canine PC has been shown to resemble human
castrate-resistant prostate cancer. The influx and efflux of testosterone in prostatic luminal cells
are regulated by P-glycoprotein (P-gp). Therefore, human PC generally lacks P-gp expression and
maintains the expression of androgen receptors (ARs). However, this co-expression has not previ-
ously been investigated in dogs. Therefore, this study aimed to evaluate AR and P-gp co-expression
to elucidate these protein patterns in canine prostate samples. We identified AR/P-gp double im-
munofluorescence co-expression of both proteins in normal luminal cells. However, in canine PC,
cells lack AR expression and exhibit increased P-gp expression. These results were confirmed by gene
expression analyses. Overall, our results strongly suggest that normal canine prostate testosterone
influx may be regulated by P-gp expression, and that during progression to PC, prostatic cells lack
AR expression and P-gp overexpress. P-gp expression in canine PC may be related to a phenotype of
multiple drug resistance.

Keywords: ABCB1; testosterone; prostatic disease; comparative oncology

1. Introduction

The prostate is a hormone-dependent gland with androgens that play a pivotal role
in its development and maintenance [1]. Prostate luminal cells express the androgen
receptor (AR) in the nucleus, and testosterone acts directly on its receptor, inducing cell
proliferation under physiological conditions [2]. The influx and efflux control of steroidal
hormones through the plasma membrane has been widely studied in human tissues, and
P-glycoprotein (P-gp) plays a central role in this process [3–6]. P-gp is a transport protein
encoded by the multidrug resistance gene MDR1 and belongs to the ATP-binding cassette
superfamily [7]. P-gp acts as a pump that induces efflux of xenobiotics and other substances
from the cytoplasm to the extracellular space, including the physiological regulation of
testosterone in normal luminal prostatic cells [8].

As testosterone levels and AR expression are important for normal prostatic epithelium
development and maintenance, it is unsurprising that human prostate cancer (PC) also
adopts this mechanism to induce tumor cell proliferation [8]. The central role of the AR
signaling pathway in PC has been studied for decades, revealing evidence that orchiectomy
can induce PC regression. Huggins and Hodges [9] provided a new perspective on this
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disease’s therapeutic approach. It is well-established that PC expresses AR in the early
stages of carcinogenesis, and androgen deprivation is the first-line treatment for human
PC [10]. During the early stages of carcinogenesis, PC cells suppress P-gp expression,
leading to testosterone accumulation in the cell cytoplasm. Thus, due to AR-positive
expression in the nuclei, cytoplasmic testosterone can induce cell proliferation [7]. Therefore,
the early stages of human PC express AR and induce P-gp downregulation to maintain high
intracellular testosterone levels. However, androgen-resistant tumor cells do not require
testosterone for cell proliferation. Thus, these cells increase P-gp expression, leading to a
multidrug-resistant phenotype to acquire a more aggressive phenotype [11].

Besides humans, dogs are the only mammals that develop PC with a high frequency,
and dogs have been considered a model for human PC study [12]. However, recent
studies have indicated that canine PC could be used as a model for castrate-resistant PC
(CRPC) [13,14]. The typical human PC expresses AR, NKX3.1, and PTEN, while CRPC gen-
erally lacks NKX3.1 and PTEN expression, conferring a more aggressive phenotype. Con-
versely, several studies have demonstrated that canine PC demonstrates NKX3.1 [14–16]
and PTEN [13–15,17–19] downregulation, similar to human CRPC.

Although P-gp is important for the regulation of intracellular testosterone and binding
to its receptor in prostatic luminal cells, no previous studies have demonstrated P-gp
expression in canine prostate samples or the association of P-gp/AR expression in prostatic
tissues. Owing to the importance of P-gp in the plasma membrane in PC development, this
study aimed to evaluate AR and P-gp co-expression to elucidate these protein patterns in
canine prostate samples. Moreover, we performed an in silico analysis of human PC data
regarding AR and P-gp expression, comparing the results with those of the dog’s PC.

2. Results

AR expression is pivotal for PC development and maintenance. Testosterone can
bind the ARs in the nucleus to stimulate proliferation. This mechanism is physiologically
controlled by P-gp, a transmembrane glycoprotein responsible for intracellular testos-
terone efflux. Therefore, since canine PC is an aggressive disease and generally lacks AR
expression, we hypothesize that canine PC will demonstrate low levels of AR and P-gp
overexpression. It is phenotypically different from a typical human PC. Thus, because
dogs can be considered models of human PC, this model could resemble only human PC
with aggressive behavior. In this context, we investigated P-gp and AR gene and protein
expression in canine tissue samples and performed in silico analysis to investigate P-gp
and AR gene and protein expression in human PC samples. Moreover, we attempted to
associate P-gp and AR expression with overall survival and disease-free interval in human
PC patients.

2.1. AR/P-gp Double Staining in Canine Prostatic Samples

The AR protein was located in the cell nucleus in normal, proliferative inflamma-
tory atrophy (PIA), and PC samples, with cytoplasmic expression in PC samples. P-gp
demonstrated membranous expression in normal samples and membranous/cytoplasmic
expression in PIA and PC samples. A higher number of AR-positive cells was identified
in the normal samples than in the PIA and PC samples (p < 0.0001) (Figure 1A). However,
P-gp expression was higher in PC samples than in normal and PIA samples (p < 0.0001)
(Figure 1B). When the number of double-stained cells was evaluated, a higher number
of double-stained cells was observed in normal samples compared to PIA and PC sam-
ples (p < 0.0001) (Figure 1C). In both the normal (Figure 1D) and PIA (Figure 1E) samples,
there was a positive correlation between AR and P-gp expression, indicating that sam-
ples with higher AR expression also presented higher P-gp expression. Conversely, no
correlation between AR and P-gp was detected (r = 0.1121, p = 0.6879) in the PC samples
(Figure 1F). Individual results regarding AR and P-gp expression in each sample are shown
in Supplementary Table S1.
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(AR/P-gp) in canine prostatic samples. (A): Analysis of variance (ANOVA) revealing high doubled 
stained cells (AR/P-gp) in normal samples and decreased expression on proliferative inflammatory 
atrophy (PIA) and prostate cancer (PC) samples. (B): High AR expression in normal samples com-
pared to PIA and PC. (C): ANOVA analysis revealing higher P-gp expression on PC samples, com-
pared to normal and PIA. (D): Positive correlation between the number of AR and P-gp positive 
stained cells in normal samples, indicating a dependency of both variables. Therefore, in normal 
prostate, increased AR expression also increases P-gp expression. (E): Correlation analysis revealing 
that samples with higher AR expression also demonstrate higher P-gp expression in PIA samples. 
Similar to normal samples, in PIA samples, AR and P-gp expression presents dependency, indicat-
ing control of P-gp to androgen hormones influx. (F): No correlation is found between AR and P-gp 
expression in PC samples. Thus, in canine PC, no dependency or relation is detected between AR 
and P-gp expression. 

Figure 1. Expression of androgen receptor (AR), P-glycoprotein (P-gp) and doubled stained cells
(AR/P-gp) in canine prostatic samples. (A): Analysis of variance (ANOVA) revealing high doubled
stained cells (AR/P-gp) in normal samples and decreased expression on proliferative inflamma-
tory atrophy (PIA) and prostate cancer (PC) samples. (B): High AR expression in normal samples
compared to PIA and PC. (C): ANOVA analysis revealing higher P-gp expression on PC samples,
compared to normal and PIA. (D): Positive correlation between the number of AR and P-gp positive
stained cells in normal samples, indicating a dependency of both variables. Therefore, in normal
prostate, increased AR expression also increases P-gp expression. (E): Correlation analysis revealing
that samples with higher AR expression also demonstrate higher P-gp expression in PIA samples.
Similar to normal samples, in PIA samples, AR and P-gp expression presents dependency, indicating
control of P-gp to androgen hormones influx. (F): No correlation is found between AR and P-gp
expression in PC samples. Thus, in canine PC, no dependency or relation is detected between AR
and P-gp expression.

Therefore, in the normal canine prostate, both AR/P-gp are expressed, while PC shows
increased P-gp expression (including cytoplasmic accumulation) and lacks AR (Figure 2).

2.2. AR and MDR1 Molecular Evaluation Indicates Independence of Hormone Regulation

MDR1 and AR gene expression was assessed in normal, PIA, and PC samples, and
revealed a higher MDR1 expression in PC than in normal and PIA samples (p = 0.0187)
(Figure 3). However, AR transcripts were higher in normal samples than that in PIA and
PC samples. We also investigated the correlation between MDR1 and AR transcripts in the
normal, PIA, and PC samples. In normal samples, linear regression analysis revealed a
positive linear regression between MDR1 and AR transcripts (r2 = 0.5245) (Figure 3). In PIA
samples, a linear positive regression association was also found between MDR1 and AR
transcripts (r2 = 0.4477). In canine PC, no correlation or linear regression association was
observed. These results indicate that canine PC lacks testosterone stimulus (lacking nuclear
AR) and overexpresses MDR-1 transcripts (leading to high P-gp expression), demonstrating
its independence in hormone regulation.
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Figure 2. Immunofluorescence analysis of androgen receptor (AR) (green color) and P-glycoprotein
(P-gp) (red color) in canine prostatic samples. (A–D): expression of P-gp (B) and AR (C) in normal
prostate samples and merged image (D) demonstrating the doubled stained cells with AR expression
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in nucleus and P-gp in cell membrane. (E–H): expression of P-gp (F), AR (G) and merged image
(AR/P-gp) in PIA samples with surrounding normal tissue. The normal prostatic cells are showing
positive P-gp expression in the membrane and nuclear AR expression (arrows). Conversely, PIA areas
are showing no membranous P-gp and lack of AR expression (nucleus stained with DAPI—blue
color) (arrowhead). (I–L): Canine PC with solid pattern showing cytoplasmic and membranous P-gp
expression (J) and AR cytoplasmic expression (K). In the merged image (AR/P-gp double-stained) (L),
it is observed lack of nuclear AR (cells stained with DAPI) and cell cytoplasm with yellowish stained
(indicating a colocalization of AR and P-gp in cytoplasm). (M–O) and ‘(P): PC samples showing
low P-gp expression and high AR cytoplasmic expression with no nuclear expression (P–T): PC
samples showing P-gp membranous expression with AR stained in nucleus and cytoplasm (T–X),
and (Z): PC samples revealing membranous P-gp expression with AR cytoplasmic expression (Z).
Immunofluorescence images, DAPI counterstaining.
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ative inflammatory atrophy (PIA) samples. (B): AR transcripts in canine prostatic samples. A higher 
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association between MDR1 and AR transcripts. 

Figure 3. MDR1 and AR gene expression analysis in canine prostatic samples. (A): MDR1 expression
revealing higher transcript levels on canine prostate cancer (PC), compared to normal and proliferative
inflammatory atrophy (PIA) samples. (B): AR transcripts in canine prostatic samples. A higher AR
expression on normal samples, compared to normal and PIA samples is observed. (C): Linear
regression analysis revealing a positive association between MDR1 and AR transcripts. (D): Canine
PC lacking association between MDR1 and AR transcripts. (E): Linear regression revealing positive
association between MDR1 and AR transcripts.

In human PC, MDR1 hypermethylation is a well-known mechanism for decreasing
P-gp expression, leading to testosterone influx. However, no previous studies have investi-
gated MDR1 hypermethylation in canine PC. Therefore, we performed pyrosequencing of
normal, PIA, and PC samples to investigate MDR1 methylation status. No methylation of
the MDR1 promoter region was observed in normal samples, indicating that methylation is
not a physiological regulatory mechanism. In PIA samples, the methylation percentage
was 3.8% and no methylation was detected in MDR1 in PC samples.

2.3. AR and P-gp Expression in Human PC

To provide a more reliable comparison between canine and human PC, we performed
in silico analysis of AR and P-gp in human PC to provide a more reliable comparison
between canine and human PC. First, we investigated AR and P-gp expression patterns in
normal prostate and PC samples using the Human Protein Atlas. In the normal human
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prostate, AR demonstrates strong nuclear expression, and this expression pattern remains
in PC, which shows moderate to strong AR expression (Figure 4). Conversely, P-gp showed
weak membranous/cytoplasmic expression in normal prostatic samples, while PC showed
negative to moderate expression (Figure 5).
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Figure 4. AR immunohistochemical expression human prostatic samples. (A): Normal prostate gland
demonstrating strong nuclear AR expression in luminal cells. (B): A high-grade prostate cancer (PC)
showing strong nuclear AR expression. (C): A low grade PC sample showing moderate AR nuclear
expression. (D): A high-grade PC showing moderate nuclear AR expression. Image credit of the
IHC images: Human Protein Atlas, www.proteinatlas.org. Image available at the following URL:
https://www.proteinatlas.org/ENSG00000169083-AR/pathology/prostate+cancer, accessed on 16
November 2021.

www.proteinatlas.org
https://www.proteinatlas.org/ENSG00000169083-AR/pathology/prostate+cancer
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MDR1 and AR gene expressions were also assessed in human normal prostate tissue 
(n = 152) and compared to PC (n = 492). MDR1 expression was lower in human PC samples 
than that in normal samples (Figure 6). However, AR transcripts were higher in the PC 
samples than in the normal samples (Figure 6). This indicates an MDR1-low/AR-high pro-
file in human PC. Correlation analysis was performed between MDR1 and AR transcripts 
in normal human prostate samples and PC. There was no correlation between MDR1 and 
AR transcripts in normal prostatic samples (r = 0.12, p = 0.25), but there was a positive 
correlation between MDR1 and AR transcripts in human PC samples (r = 0.099 and p = 
0.028) (Figure 6). 

Figure 5. P-glycoprotein (P-gp) immunohistochemical expression human prostatic samples. (A): Nor-
mal prostate gland showing weak membranous P-gp expression by luminal cells. (B): A high-grade
prostate cancer (PC) showing no P-gp expression. (C): A PC representing moderate cytoplasmic and
membranous P-gp expression. (D): A high-grade PC showing strong membranous and cytoplasmic
P-gp expression. Image credit of the IHC images: Human Protein Atlas, www.proteinatlas.org.
Image available at the following URL: https://www.proteinatlas.org/ENSG00000085563-ABCB1
/pathology/prostate+cancer#img, accessed on 16 November 2021.

MDR1 and AR gene expressions were also assessed in human normal prostate tissue
(n = 152) and compared to PC (n = 492). MDR1 expression was lower in human PC
samples than that in normal samples (Figure 6). However, AR transcripts were higher in
the PC samples than in the normal samples (Figure 6). This indicates an MDR1-low/AR-
high profile in human PC. Correlation analysis was performed between MDR1 and AR
transcripts in normal human prostate samples and PC. There was no correlation between
MDR1 and AR transcripts in normal prostatic samples (r = 0.12, p = 0.25), but there was a
positive correlation between MDR1 and AR transcripts in human PC samples (r = 0.099
and p = 0.028) (Figure 6).

www.proteinatlas.org
https://www.proteinatlas.org/ENSG00000085563-ABCB1/pathology/prostate+cancer#img
https://www.proteinatlas.org/ENSG00000085563-ABCB1/pathology/prostate+cancer#img
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Regarding survival analysis, no association was found between patients with low or 
high AR expression and MDR1 expression with overall survival and disease-free interval. 
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studies have proposed and evaluated the importance of the canine model from a single 
health perspective [20–25]. However, based on our previous results [13,14], we propose 
that dogs can be used in comparative studies considering the particularities of PC in both 
species. In human PC, tumors generally express ARs and respond to androgen depriva-
tion therapy [2]. Only one set of tumors became resistant to androgen deprivation and 

Figure 6. MDR1 and AR transcriptional evaluation on human prostate samples. (A): Higher MDR1
gene expression in normal prostatic samples compared to prostate cancer (PC) samples. The normal
samples demonstrate higher transcripts per million (TPM) (green dots) than PC (red dots). (B): AR
gene expression in normal prostate and PC cases. Higher AR expression on PC samples is observed.
The normal samples demonstrate lower TPM (green dots) than PC (red dots). (C): Correlation
analysis between MDR1 and AR gene expression in normal prostatic samples showing no association.
(D): Positive low correlation between MDR1 and AR transcripts on human PC samples. The gene
expression dotplot is generated using the GEPIA database (http://gepia.cancer-pku.cn/about.html,
accessed on 16 November 2021). PRAD: PC dataset.

Regarding survival analysis, no association was found between patients with low or
high AR expression and MDR1 expression with overall survival and disease-free interval.

3. Discussion

For many years, canine PC has been considered a model for human PC, and several
studies have proposed and evaluated the importance of the canine model from a single
health perspective [20–25]. However, based on our previous results [13,14], we propose
that dogs can be used in comparative studies considering the particularities of PC in both
species. In human PC, tumors generally express ARs and respond to androgen deprivation
therapy [2]. Only one set of tumors became resistant to androgen deprivation and required
additional aggressive treatment [26]. Nevertheless, canine PC appears to originate under

http://gepia.cancer-pku.cn/about.html
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low testosterone stimulation and negative to low AR expression [13,19,27]. Therefore, dogs
could not be a model for the usual human type of PC (luminal phenotype with AR-positive
expression). Thus, we investigated the role of P-gp and AR receptors in canine prostatic
samples to comprehend the role of these markers in the canine prostate.

As AR plays a pivotal role in normal prostate cells and PC cells [2], several studies
have investigated the role of MDR1 and its protein (P-gp) in human PC. It was previ-
ously hypothesized and demonstrated that the MDR1 promoter region is hypermethylated
during PC development, leading to a higher influx of testosterone in prostatic neoplastic
cells [28–31]. Based on this information, we performed an in silico analysis of previous
literature to confirm our hypothesis. The phenotype of the human normal prostate shows
low P-gp protein expression and strong AR expression in the nucleus of luminal cells.
Moreover, canine normal prostate cells also demonstrated nuclear AR expression; however,
different from human normal prostate cells showed higher membranous P-gp expression.
Since P-gp can bind testosterone, its overexpression is important for prostate cell regu-
lation. Interestingly, in canine PIA, loss of AR expression and loss of membranous P-gp
(cytoplasmic accumulation in this lesion) were observed.

Canine PIA was previously associated with decreased gene and protein AR expression
and mutations, leading to AR downregulation [23]. Our doubling staining results reinforced
this previous finding and demonstrated that PIA progression could lead to PC development
from cancer cells independent of testosterone. Usual-type human PC appears to progress
from high-grade prostatic intraepithelial neoplasia (HGPIN), which is a controversial
lesion. Some authors believe that PIA can progress to PC or HGPIN, being a PC precursor
lesion [32,33]. However, some researchers have not demonstrated this association [34,35].
In canine prostatic pathology, HGPIN was previously reported to be frequently associated
with canine PC [36,37]. However, HGPIN appears to have a very low frequency in dogs [12].
Godoy et al. [23] investigated 469 prostate tissues from different dogs and found only
14 tissue samples with PIN. Regarding PIA, the authors found 171 dogs with these lesions
and 84 dogs with PC. Among the dogs with PC, 51 of 84 had concomitant PIA.

In addition to decreased AR protein expression, canine PC also showed decreased AR
transcript levels. However, we did not obtain serum samples from these dogs to investigate
testosterone levels. Since the tumors showed AR gene and protein downregulation, we
believe that these tumors are independent of androgen hormones. In human PC, even with
tumor androgen resistance, cancer cells generally express AR. This is a particular difference
between human and canine PCs. Even with different phenotypes, tumors do not respond
to androgen deprivation in both cases. Therefore, we strongly support the use of dogs as a
model for this specific set of human tumors.

Canine PC is considered an aggressive disease with a low response to systemic ther-
apies [12]. One reason for this phenomenon may be P-gp overexpression. MDR1 overex-
pression is widely known as a resistance phenotype in different tumor subtypes [38,39].
Thus, our results indicated the importance of P-gp in canine PC resistance. Thiemeyer
et al. [40] performed a molecular characterization of canine PC, revealing MDR1 overexpres-
sion (log2 fold change 3.6) and AR downregulation (log2 Fold Change −3.1), supporting
the idea that canine PC develops under low androgen hormone stimulation and P-gp
overexpression. Moreover, this phenotype may be related to multidrug-resistant tumors.
Interestingly, Azakami et al. [41] investigated the growth of a canine PC cell line (CHP-1)
under dihydrotestosterone stimulation, demonstrating low AR expression in this cell line
and reinforcing its growth independent of androgen hormone stimulation.

From the clinical perspective of dogs with PC, our results also provide new infor-
mation regarding tumor resistance. Although P-gp is responsible for androgen hormone
efflux in the prostate, it is also associated with multiple drug resistance. Canine PC is
a highly aggressive disease, with aggressive clinical behavior and a lack of response to
chemotherapy [42,43]. P-gp overexpression may explain the lack of response to stan-
dard chemotherapy. To the best of our knowledge, this is the first study to report P-gp
overexpression in canine PC. Therefore, future studies associating P-gp expression with
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standard chemotherapy responses could help to understand the mechanism involved in
this phenomenon.

Another important aspect associated with canine PC’s clinical behavior is the cyto-
plasmic expression of AR. Non-nuclear AR expression was recently reported in canine
PC [19,44]. However, in human cancers, including PC, non-nuclear AR signaling has been
associated with aggressive characteristics, including epithelial-mesenchymal transition and
metastasis [45,46]. AR nuclear expression is associated with hormone-dependent signaling
pathways; however, AR splice variants can be found with different cellular localization,
with a clinical impact on human patients [47]. Thus, as occurs in some human cancers, in-
cluding PC, AR cytoplasmic expression can be associated with different signaling pathways,
leading to aggressive tumor behavior.

Therefore, our results strongly suggest that canine PC is generally independent of
androgen hormone stimulation and that dogs may be an interesting model for this set of
tumors in humans.

4. Material and Methods
4.1. Ethical Approval

This study was performed in accordance with national and international recommen-
dations for the care and use of animals [48]. All procedures were performed after receiving
approval from the Institutional Ethics Committee on Animal Use (CEUA, # 107/2015), and
all owners signed a written consent form, allowing the sample to be used in the research.

4.2. Tumor Samples

This study included 35 prostate samples from the veterinary pathology archive. Only
samples from intact dogs with paraffin-embedded tissue for immunohistochemistry and
paired frozen samples for molecular analysis were included in this study. Ten normal
prostate, 10 proliferative inflammatory atrophies, and 15 prostatic carcinoma samples
were selected. For each diagnosis, hematoxylin and eosin staining was performed, and
carcinomas were classified according to Palmieri et al. [12]. The PIA classification was
based on Godoy et al. [23].

4.3. Double Immunofluorescence

Double immunofluorescence was performed based on a previously reported technique
for double immunohistochemistry [49] and immunofluorescence [50] with modifications.
Briefly, a two-color immunofluorescence stain was performed using P-glycoprotein (green
color) and AR (red color) antibodies. Tissue samples were deparaffinized, and antigen
retrieval was performed using citrate buffer solution (pH 6.) in a commercial pressure
chamber (Dako, Carpinteria, CA, USA) for 30 s at 125 ◦C, followed by 25 min at 94 ◦C, and
cooling for 15 min. Then, unpacific binding proteins were blocked using a commercial
solution for 30 min (Dako, Carpinteria, CA, USA). Anti-rabbit polyclonal AR (1:50) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Alexa Fluor 484 (In-
vitrogen, Carlsbad, CA, USA) at a 2 µg/mL dilution in phosphate-buffered saline (PBS)
for 1 h and the slides were washed using PBS solution. The second primary antibody
was applied (1:700 monoclonal mouse anti-P-gp clone C494, BioLegend, San Diego, CA,
USA) overnight. Then, the secondary goat anti-mouse antibody was conjugated with Alexa
Fluor® 594 (BioLegend, San Diego, CA, USA), for one hour. Slides were counterstained
with 4-6-diamidino-2-phenylindole (DAPI; Sigma, Portland, OR, USA) and evaluated using
a laser scanning confocal microscope (Leica Biosystems, Wetzlar, Germany).

4.4. Gene Expression

Tissue macrodissection, mRNA extraction, cDNA synthesis, and qPCR were per-
formed as in previous literature [19]. Briefly, mRNA was extracted using the RecoverAll™
Total Nucleic Acid Kit (Ambion, Life Technologies, MA, USA), and mRNA quantity was
evaluated using a spectrophotometer (NanoDrop ND-1000, Thermo Fisher, Waltham, MA,
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USA). The primer sequences for MDR1 were as follows: 5′CGCAACCTCCACCGAGAA3
(forward) and 5′CGCAACCTCCACCGAGAA 3′ (reverse). The sequences of endogenous
HPRT and AR genes have been previously published [19]. qPCR for MDR1, AR and HPRT
(endogenous) genes was conducted in a total volume of 10 µL containing Power SYBR
Green PCR Master Mix (Applied Biosystems; Foster City, CA, USA), 1 µL of cDNA (1:10),
and 0.3 µM of each primer. The reactions were performed in triplicate in 384-well plates
using QuantStudio 12 K Flex Thermal Cycler equipment (Applied Biosystems, Foster City,
CA, USA). The amplification reaction conditions for all primers were 40 cycles of 15 s at
94 ◦C and 1 min at 60 ◦C. PCR product specificity was determined using the dissociation
curve for all experiments. The relative gene expression was quantified using the 2−∆∆CT

method.

4.5. Quantitative Bisulfite Pyrosequencing

Pyrosequencing analysis was performed to evaluate the frequency of MDR1 promoter
methylation according to a previous study [51]. Each diagnosis was confirmed, and py-
rosequencing was performed as previously described [43]. Briefly, bisulfite conversion
of genomic DNA was performed using an EZ DNA Methylation-Gold Kit (Zymo Re-
search Corporation, Irvine, CA, USA). The forward (5′ GGTTTGGGTTTTTTGGAGT 3′)
and reverse (5′ CCTCCTAAAACTCCAACCT 3′) primers of MDR1 CpG island (Gene ID:
403879) were amplified by PCR (HotStarTaq Master Mix kit, Qiagen) and pyrosequencing
was performed using a sequencing primer (5′ TATATTTTGGTGTTTTTG 3′) following the
manufacturer’s instructions (PyroMark ID Q96, Qiagen and Biotage, Uppsala, Sweden).

4.6. P-Glycoprotein and AR Expression in Human PC

As dogs are considered an interesting model for human PC, we performed an in
silico analysis of P-gp and AR gene and protein expression in human PC. First, we eval-
uated P-gp and AR expression protein patterns using the Human Protein Atlas (THPA)
database (https://www.proteinatlas.org/, accessed on 10 November 2021) [52]. In this
analysis, protein localization was evaluated, and the protein pattern was divided into the
following categories: negative, low, moderate, or high. In this step, 43 images of P-gp
immunoexpression from PC-affected patients and five normal prostate samples were eval-
uated. For AR immunoexpression, 30 PC tissue and three normal prostate images were
available for analysis. We then analyzed the MDR1 and AR gene expression PC samples
using The Cancer Genome Atlas (n = 492) samples compared to normal prostate samples
from the Genotype-Tissue Expression project (https://gtexportal.org/home/, accessed
on 10 November 2021) matched (n = 152), using the Gene Expression Profiling Interactive
Analysis (GEPIA) (http://gepia.cancer-pku.cn/, accessed on 10 November 2021) [53]. The
criteria used for this analysis were a p-value cutoff of 0.01, Log2FC cutoff of 1, and jitter size
of 0.4 with data presented on the log scale. Survival analysis was performed using a dataset
containing 492 PC (PRAD) samples available from both the GEPIA and THPA portals.
Using GEPIA, survival analysis was performed using MDR1 and AR median expression as
cut-offs to classify patients as high or low expression. Pearson’s correlation between MDR1
and AR transcripts was also determined using GEPIA. The confidence interval was set to
95%, and axis units were provided in months. The disease-free interval was calculated
using the same parameters.

4.7. Statistical Analysis

Immunofluorescence slides were analyzed by counting the total number of cells (based
on DAPI counterstaining) and evaluating the number of P-gp-positive cells, AR-positive
cells, and P-gp/AR double-stained cells separately. The Mann–Whitney test or analysis of
variance (ANOVA) was applied to identify statistical differences. For gene expression, the
Mann–Whitney test and ANOVA were used to investigate statistical differences. Linear
regression analysis and Spearman’s correlation tests were used for comparisons between
two variables. Statistical analyses were performed using GraphPad Prism 5 v.5.0 (GraphPad

https://www.proteinatlas.org/
https://gtexportal.org/home/
http://gepia.cancer-pku.cn/
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Software Inc., La Jolla, CA, USA). The Kruskal–Wallis or Mann–Whitney U test was used
to compare MDR1 and AR transcript levels between the normal and PC samples. Statistical
significance was set at p < 0.05. The correlation coefficients (r) were interpreted according
to Pett, Lackey and Sullivan [54], dividing the classifications into weak (0 < r > 0.29),
low (0.30 < r > 0.49), moderate (0.49 < r > 0.60), strong (0.61 < r > 0.89) or very strong
(0.90 < r > 1); whether they were positive or negative.

5. Conclusions

Overall, our results strongly suggest that normal canine prostate testosterone influx
may be regulated by P-gp expression, and during progression to PC, prostatic cells lack
AR expression and overexpress P-gp. P-gp expression in canine PC may be related to the
phenotype of multiple drug resistance.
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29. Nowacka-Zawisza, M.; Wiśnik, E. DNA methylation and histone modifications as epigenetic regulation in prostate cancer
(Review). Oncol. Rep. 2017, 38, 2587–2596. [CrossRef]

30. Enokida, H.; Shiina, H.; Urakami, S.; Igawa, M.; Ogishima, T.; Li, L.C.; Kawahara, M.; Nakagawa, M.; Kane, C.J.; Carroll, P.R.; et al.
Multigene methylation analysis for detection and staging of prostate cancer. Clin. Cancer Res. 2005, 11, 6582–6588. [CrossRef]

31. Ellinger, J.; Bastian, P.J.; Jurgan, T.; Biermann, K.; Kah, P.; Heukamp, L.C.; Wernert, N.; Müller, S.C.; von Ruecker, A. CpG island
hypermethylation at multiple gene sites in diagnosis and prognosis of prostate cancer. Urology 2008, 71, 161–167. [CrossRef]
[PubMed]

http://doi.org/10.3390/jcm7110444
http://www.ncbi.nlm.nih.gov/pubmed/30453546
http://doi.org/10.1016/j.jcpa.2019.07.005
http://doi.org/10.3390/ijms20071555
http://www.ncbi.nlm.nih.gov/pubmed/30925701
http://doi.org/10.1371/journal.pone.0199173
http://www.ncbi.nlm.nih.gov/pubmed/29894516
http://doi.org/10.1016/j.rvsc.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29665565
http://doi.org/10.1002/jemt.22292
http://doi.org/10.1590/1678-5150-pvb-5699
http://doi.org/10.1016/j.jcpa.2016.05.016
http://doi.org/10.1016/j.rvsc.2016.03.008
http://doi.org/10.1038/s41598-021-96734-5
http://doi.org/10.1016/j.diii.2021.07.003
http://www.ncbi.nlm.nih.gov/pubmed/34391716
http://doi.org/10.1002/pros.24199
http://www.ncbi.nlm.nih.gov/pubmed/34320239
http://doi.org/10.3390/cancers13081887
http://doi.org/10.1177/0300985818794161
http://www.ncbi.nlm.nih.gov/pubmed/30131013
http://doi.org/10.3390/jpm11030232
http://www.ncbi.nlm.nih.gov/pubmed/33806857
http://doi.org/10.1038/s41467-021-26612-1
http://www.ncbi.nlm.nih.gov/pubmed/34737261
http://doi.org/10.1111/vco.12113
http://doi.org/10.1158/0008-5472.CAN-04-0081
http://doi.org/10.3892/or.2017.5972
http://doi.org/10.1158/1078-0432.CCR-05-0658
http://doi.org/10.1016/j.urology.2007.09.056
http://www.ncbi.nlm.nih.gov/pubmed/18242387


Int. J. Mol. Sci. 2022, 23, 1163 14 of 14

32. De Marzo, A.M.; Marchi, V.L.; Epstein, J.I.; Nelson, W.G. Proliferative inflammatory atrophy of the prostate: Implications for
prostatic carcinogenesis. Am. J. Pathol. 1999, 155, 1985–1992. [CrossRef]

33. Nakayama, M.; Bennett, C.J.; Hicks, J.L.; Epstein, J.I.; Platz, E.A.; Nelson, W.G.; De Marzo, A.M. Hypermethylation of the human
glutathione S-transferase-pi gene (GSTP1) CpG island is present in a subset of proliferative inflammatory atrophy lesions but not
in normal or hyperplastic epithelium of the prostate: A detailed study using laser-capture microdissection. Am. J. Pathol. 2003,
163, 923–933. [PubMed]

34. Servian, P.; Celma, A.; Planas, J.; Placer, J.; de Torres, I.M.; Morote, J. Clinical Significance of Proliferative Inflammatory Atrophy
in Negative Prostatic Biopsies. Prostate 2016, 76, 1501–1506. [CrossRef] [PubMed]

35. Russo, G.I.; Cimino, S.; Giranio, G.; Regis, F.; Favilla, V.; Privitera, S.; Motta, F.; Caltabiano, R.; Stenzl, A.; Todenhöfer, T.; et al.
Metabolic syndrome is not associated with greater evidences of proliferative inflammatory atrophy and inflammation in patients
with suspected prostate cancer. Urol. Oncol. 2018, 36, 240. [CrossRef]

36. Bostwick, D.G.; Ramnani, D.; Qian, J. Prostatic intraepithelial neoplasia: Animal models 2000. Prostate 2000, 43, 286–294.
[CrossRef]

37. Waters, D.J. High-grade prostatic intraepithelial neoplasia in dogs. Eur. Urol. 1999, 35, 456–458. [CrossRef]
38. Lainetti, P.F.; Leis-Filho, A.F.; Laufer-Amorim, R.; Battazza, A.; Fonseca-Alves, C.E. Mechanisms of Resistance to Chemotherapy

in Breast Cancer and Possible Targets in Drug Delivery Systems. Pharmaceutics 2020, 12, 1193. [CrossRef] [PubMed]
39. Elia, S.G.; Al-Karmalawy, A.A.; Nasr, M.Y.; Elshal, M.F. Loperamide potentiates doxorubicin sensitivity in triple-negative breast

cancer cells by targeting MDR1 and JNK and suppressing mTOR and Bcl-2: In vitro and molecular docking study. J. Biochem. Mol.
Toxicol. 2021, 31, e22938. [CrossRef]

40. Thiemeyer, H.; Taher, L.; Schille, J.T.; Packeiser, E.M.; Harder, L.K.; Hewicker-Trautwein, M.; Brenig, B.; Schütz, E.; Beck, J.; Nolte,
I.; et al. An RNA-Seq-Based Framework for Characterizing Canine Prostate Cancer and Prioritizing Clinically Relevant Biomarker
Candidate Genes. Int. J. Mol. Sci. 2021, 25, 11481. [CrossRef]

41. Azakami, D.; Nakahira, R.; Kato, Y.; Michishita, M.; Kobayashi, M.; Onozawa, E.; Bonkobara, M.; Kobayashi, M.; Takahashi, K.;
Watanabe, M.; et al. The canine prostate cancer cell line CHP-1 shows over-expression of the co-chaperone small glutamine-rich
tetratricopeptide repeat-containing protein α. Vet. Comp. Oncol. 2017, 15, 557–562. [CrossRef]

42. L’Eplattenier, H.F.; Lai, C.L.; van den Ham, R.; Mol, J.; van Sluijs, F.; Teske, E. Regulation of COX-2 expression in canine prostate
carcinoma: Increased COX-2 expression is not related to inflammation. J. Vet. Intern. Med. 2007, 21, 776–782. [CrossRef]

43. Sorenmo, K.U.; Goldschmidt, M.H.; Shofer, F.S.; Goldkamp, C.; Ferracone, J. Evaluation of cyclooxygenase-1 and cyclooxygenase-2
expression and the effect of cyclooxygenase inhibitors in canine prostatic carcinoma. Vet. Comp. Oncol. 2004, 2, 13–23. [CrossRef]
[PubMed]

44. Akter, S.H.; Lean, F.Z.; Lu, J.; Grieco, V.; Palmieri, C. Different Growth Patterns of Canine Prostatic Carcinoma Suggests Different
Models of Tumor-Initiating Cells. Vet. Pathol. 2015, 52, 1027–1033. [CrossRef]

45. Kuasne, H.; Barros-Filho, M.C.; Marchi, F.A.; Drigo, S.A.; Scapulatempo-Neto, C.; Faria, E.F.; Rogatto, S.R. Nuclear loss and
cytoplasmic expression of androgen receptor in penile carcinomas: Role as a driver event and as a prognosis factor. Virchows Arch.
2018, 473, 607–614. [CrossRef] [PubMed]

46. Zamagni, A.; Cortesi, M.; Zanoni, M.; Tesei, A. Non-nuclear AR Signaling in Prostate Cancer. Front. Chem. 2019, 26, 651.
[CrossRef]

47. König, P.; Eckstein, M.; Jung, R.; Abdulrahman, A.; Guzman, J.; Weigelt, K.; Serrero, G.; Hayashi, J.; Geppert, C.; Stöhr, R.; et al.
Expression of AR-V7 (Androgen Receptor Variant 7) Protein in Granular Cytoplasmic Structures Is an Independent Prognostic
Factor in Prostate Cancer Patients. Cancers 2020, 12, 2639. [CrossRef]

48. National Research Council. Guide for the Care and Use of Laboratory Animals, 8th ed.; National Academies Press: Washington, DC,
USA, 2011.

49. Fonseca-Alves, C.E.; Bento, D.D.; Torres-Neto, R.; Werner, J.; Kitchell, B.; Laufer-Amorim, R. Ki67/KIT double immunohistochem-
ical staining in cutaneous mast cell tumors from Boxer dogs. Res. Vet. Sci. 2015, 102, 122–126. [CrossRef] [PubMed]

50. Costa, C.D.; Justo, A.A.; Kobayashi, P.E.; Story, M.M.; Palmieri, C.; Laufer-Amorim, R.; Fonseca-Alves, C.E. Characterization of
OCT3/4, Nestin, NANOG, CD44 and CD24 as stem cell markers in canine prostate cancer. Int. J. Biochem. Cell Biol. 2019, 108,
21–28. [CrossRef]

51. Fonseca-Alves, C.E.; Kobayashi, P.E.; Leis-Filho, A.F.; Lainetti, P.F.; Grieco, V.; Kuasne, H.; Rogatto, S.R.; Laufer-Amorim, R.
E-Cadherin Downregulation is Mediated by Promoter Methylation in Canine Prostate Cancer. Front. Genet. 2019, 10, 1242.
[CrossRef]

52. Uhlén, M.; Fagerberg, L.; Hallström, B.M.; Lindskog, C.; Oksvold, P.; Mardinoglu, A.; Sivertsson, Å.; Kampf, C.; Sjöstedt, E.;
Asplund, A.; et al. Tissue-based map of the human proteome. Science 2015, 347, 1260419. [CrossRef] [PubMed]

53. Tang, Z.; Li, C.; Kang, B.; Gao, G.; Li, C.; Zhang, Z. GEPIA: A web server for cancer and normal gene expression profiling and
interactive analyses. Nucleic Acids Res. 2017, 45, W98–W102. [CrossRef] [PubMed]

54. Pett, M.A.; Lackey, N.R.; Sullivan, J.J. Making Sense of Factor Analysis: The Use of Factor Analysis for Instrument Development in Health
Care Research; Sage: Thousand Oaks, CA, USA, 2003.

http://doi.org/10.1016/S0002-9440(10)65517-4
http://www.ncbi.nlm.nih.gov/pubmed/12937133
http://doi.org/10.1002/pros.23234
http://www.ncbi.nlm.nih.gov/pubmed/27404228
http://doi.org/10.1016/j.urolonc.2018.01.012
http://doi.org/10.1002/1097-0045(20000601)43:4&lt;286::AID-PROS8&gt;3.0.CO;2-0
http://doi.org/10.1159/000019878
http://doi.org/10.3390/pharmaceutics12121193
http://www.ncbi.nlm.nih.gov/pubmed/33316872
http://doi.org/10.1002/jbt.22938
http://doi.org/10.3390/ijms222111481
http://doi.org/10.1111/vco.12199
http://doi.org/10.1111/j.1939-1676.2007.tb03021.x
http://doi.org/10.1111/j.1476-5810.2004.00035.x
http://www.ncbi.nlm.nih.gov/pubmed/19379307
http://doi.org/10.1177/0300985815574008
http://doi.org/10.1007/s00428-018-2404-3
http://www.ncbi.nlm.nih.gov/pubmed/30099587
http://doi.org/10.3389/fchem.2019.00651
http://doi.org/10.3390/cancers12092639
http://doi.org/10.1016/j.rvsc.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26412531
http://doi.org/10.1016/j.biocel.2019.01.002
http://doi.org/10.3389/fgene.2019.01242
http://doi.org/10.1126/science.1260419
http://www.ncbi.nlm.nih.gov/pubmed/25613900
http://doi.org/10.1093/nar/gkx247
http://www.ncbi.nlm.nih.gov/pubmed/28407145

	Introduction 
	Results 
	AR/P-gp Double Staining in Canine Prostatic Samples 
	AR and MDR1 Molecular Evaluation Indicates Independence of Hormone Regulation 
	AR and P-gp Expression in Human PC 

	Discussion 
	Material and Methods 
	Ethical Approval 
	Tumor Samples 
	Double Immunofluorescence 
	Gene Expression 
	Quantitative Bisulfite Pyrosequencing 
	P-Glycoprotein and AR Expression in Human PC 
	Statistical Analysis 

	Conclusions 
	References

