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Differential expression of the androgen receptor gene is correlated
with CAG polymorphic repeats in patients with prostate cancer
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Abstract. Prostate cancer (PCa) is one of the most common types of cancer in men. The aetiology of the disease is not well established,
but it has been related to one of the main pathways of regulation of prostate proliferation, mediated by androgens. The androgen receptor
(AR) gene encodes the androgen-receptor protein, which functions as a transactivation factor for steroid hormones. It has been proposed that
the AR gene transcription levels are mediated by short tandem repeats corresponding to the CAG sequence. However, there are conflicting
results in this relationship. We evaluated the expression levels of the AR gene and identified the number of CAG repeats (CAGn) in the
Mexican population, establishing the relationship between expression levels and increase in the number of CAG repeats. We evaluated the
expression levels of AR in tissue samples of PCa and benign prostate disease, such as benign prostatic hyperplasia, or prostatitis, to
determine the difference in their expression levels. Our results showed a statistically insignificant underexpression of 0.64-fold decrease in
AR levels of PCa patients compared to benign prostate disease patients (P = 0.623) and suggest that the number of CAGn was correlated
with the relative expression of the AR gene (P = 0.009) and this correlation was positive, moderate, and proportional (q = 0.467) and no
correlation was found between CAGn with other clinical features.
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Introduction

Prostate cancer (PCa) is a disease characterized by massive
cell proliferation events, the onset, and progression of PCa
have been associated with this cell proliferation and dereg-
ulation of the cell cycle, caused when one or more DNA

damage repair pathways become inefficient, modifying nor-
mal cellular pathways, which favours abnormal cell growth
(Ben-Salem and Balaji Venkadakrishnan 2021). Accordingly,
one of the most characterized pathways that regulate PCa
development and growth is that mediated by androgens,
which is a ligand-dependent nuclear transcription factor. The
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androgen receptor gene (AR) encodes the androgen-receptor
protein (ARP) that functions as a transcription factor acti-
vated by steroid hormones (Davey and Grossmann 2016).
This series of transcriptional factors can be activated through
ligand binding, with nuclear receptors being the main ligand-
dependent transcriptional factors, which modulate the tran-
scription of specific genes (Mitsis et al. 2020).

The ARP is controlled by testosterone and 5a-dihy-
drotestosterone (5a-DHT), which exert their biological effects
by binding to ARP. Upon binding to the hormone ligand, the
receptor dissociates from accessory proteins, moves to the
nucleus, dimerizes, and then binds to the androgenic response
element (ARE), to induce transcription of specific androgen-
responsive genes that recruit transcription co-activators and
co-suppressors (Crumbaker et al. 2017; Aurilio et al. 2020).
AR gene expression is maintained throughout the PCa pro-
gression and most cases of hormone-refractory or androgen-
independent PCa maintain constant AR expression (Heinlein
and Chang 2004). Mutations in the AR gene, especially those
that cause loss of specificity for the ARP ligand, contribute to
the progression of PCa (Cai et al. 2011).

The most characterized mutations in AR correspond to two
polymorphic trinucleotide repeat segments encoding polyg-
lutamine and polyglycine tracts in the N-terminal transacti-
vation domain of its protein (located on the first exon). The
polyglutamine tract is encoded by a trinucleotide CAG
repeat (Hsing et al. 2000; Gómez et al. 2016). This poly-
morphic site has been associated with receptor activity,
where fewer CAG repeats encode for a more active receptor
and higher androgenic activity, even with the same amount
of androgens (Beilin et al. 2000; Hsing et al. 2000;
Buchanan 2004; Gómez et al. 2016). Some studies have
established the number of repeats in patients with PCa that
range from 12 to 30 CAG repeats, with 22 repeats being the
wild-type allele (Nam et al. 2000; Paz-Y-Miño et al. 2016).
In this sense, previous studies have shown that a short CAG
repeat length considerably increases the risk of developing
PCa in contrast to longer CAG repeat lengths, which seem to
result in the reduction of transcriptional activity of the AR
gene (Hsing et al. 2000; Gu et al. 2012; Sun and Lee 2013;
Gómez et al. 2016). Due to the importance of androgenic
activity and the establishment of CAG polymorphic variants
concerning the development of PCa, and the lack of infor-
mation for Hispanic populations, it is suggested that the
relationship of this polymorphism could elucidate and
establish the association between the relative expression of
the AR gene to the number of CAG repetitions. Therefore,
the objective of this work was to establish this association.

Materials and methods

Study population

The study included a total of 71 patients, of which 41 were
diagnosed with PCa and 30 were diagnosed with some benign

prostate pathology (BPD). Tissue and peripheral blood samples
were obtained from the patients from the private clinic Álvarez
& Arrazola Radiólogos in Sinaloa, Mexico, collected between
August 2019 and October 2021. To participate in the study, the
patients filled out an evaluation questionnaire and signed a letter
of informed consent. The study design was evaluated by the
ethical committee of the corresponding medical institution.

Histopathological analysis

The tissue samples were obtained through ultrasound-guided
biopsies and analysed by a pathologist, where a complete
report of the morphological characteristics of the tumour
(cellular differentiation) was made. The results were reported
according to the Gleason score and were classified by the
International Society of Urological Pathology grade (ISUP).

DNA extraction

Peripheral blood samples were obtained by venipuncture and
stored in tubes with EDTA anticoagulant from both study
groups. From the collected samples, DNA extraction from
whole blood was performed following the Gustincich
method (Gustincich et al. 1991). DNA concentration and
integrity were evaluated in a spectrophotometer at a wave-
length of 260 nm and 280 nm. DNA from peripheral blood
was used to perform fragment analysis.

Fragment analysis

An injection mixture of 1 lL of PCR product, 0.25 lL of
standard size GS500 ROX, and 12 lL of Hi-Di formamide
(Applied Biosystems, Foster City, USA) was prepared.
Following denaturation with cycles of 93�C for 2 min and
ice for 2 min, the mixture was injected into an ABI PRISM
310 Genetic Analyzer (from Applied Biosystems) and run
under the following conditions: dye primer FAM4, capillary
30 cm, injection voltage at 15 kV, injection time 5 s, run time
25 min, filter set F and POP4 polymer. The size of the wild-
type CAG repeat (224 bp) was taken as a reference to dis-
criminate the number of repetitions of all samples.

RNA extraction and reverse transcription

Total RNA extraction from tissue samples was performed
using the miRNEasy kit (Qiagen, Hilden, Germany), fol-
lowing the supplier’s recommendations. Subsequently, RNA
quantification was performed to check the concentration and
purity index employing a UV-visible spectrophotometer
(Thermo Scientific). cDNA synthesis was performed from
the RNA samples using the TaqMan Advanced miRNA
cDNA Synthesis kit (Applied Biosystems). The RNA from
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the tissue was used to perform the relative quantification by
real-time PCR.

Real-time PCR relative expression

Relative expression of the AR gene was quantified by real-
time PCR (StepOneplus system of Applied Biosystems),
using FAM-labeled Taqman� probes (Applied Biosystems,
Foster City, USA) and using GAPDH as normalizer. Rel-
ative expression data were obtained using the method
proposed by Taylor et al. (2019), which uses the DDCt
method as a basis (Livak and Schmittgen 2001), and
quantitative analyses of relative expression were subse-
quently performed using the log2 transformed normalized
expression.

Statistical analysis

Statistical analysis was performed with The Statistical
Package for Social Sciences for Windows (v. 20.0; SPSS).
The normality of the data was checked using the Kol-
mogorov–Smirnov test. For the analysis of the mean dif-
ferences of various continuous variables between the PCa
and BPD groups, the statistical test Mann–Whitney U,
Kruskal Wallis, and ANOVA were applied, which were
applied when they correspond to the type of distribution
presented by the data. To determine the correlations between
the variables, the Pearson and Spearman correlation coeffi-
cients were used, corresponding to each case. To evaluate the
relative impact of the clinical characteristics, a predictive
model was carried out based on simple linear regression
analysis, using the relative expression of AR as the depen-
dent variable.

Results

Clinicopathological characteristics

In this study, all the patients in the PCa group were diag-
nosed with prostate adenocarcinoma. The average age of
PCa patients was 66.55 ± 12.13 years, and the average age
of BPD group was 62.45 ± 6.94 years (P = 0.008).
According to the evaluation of the body mass index (BMI),
it was determined that the average age of the patients in the
PCa group was 24.68 ± 9.16 compared to the BPD group
with an average of 25.58 ± 3.01 (P = 0.738). The analysis of
prostate-specific antigen (PSA) in patients of the PCa group
showed a mean of 65.92 ± 203.19 ng/mL in contrast to the
BPD group with a mean of 68.29 ± 178.94 ng/mL, a sta-
tistically insignificant difference was observed between the
groups (P = 0.945). While performing the histopathological
analysis in the PCa group, eight different Gleason scores
were identified: 6 (3 ? 3), 7 (3 ? 4), 7 (4 ? 3), 8 (4 ? 4), 8

(3 ? 5), 8 (5 ? 3), 9 (4 ? 5) and 9 (5 ? 4) with a frequency
of 4.88%, 31.71%, 31.71%, 2.44%, 4.88%, 2.44%, 7.32%
and 14.63%, respectively. According to the ISUP grade, the
following frequencies were observed: ISUP 1 as 4.88%,
ISUP 2 as 31.71%, ISUP 3 as 31.71%, ISUP 4 as 9.76%, and
ISUP 5 as 21.95%. A statistical difference was observed
between the ages of the ISUP grades (P = 0.042), likewise, it
was determined that there were differences between the
weights of the patients with PCa between the different ISUP
grades (P = 0.038).

Fragment analysis STR-CAG

Regarding fragment analysis, 11 alleles were identified
corresponding to 13, 15, 16, 17, 17, 18, 19, 20, 21, 22, 23
and 25 CAG repeats. The 22 CAG repeat is the wild type
and has a size of 224 bp (figure 1). The distribution of CAG
repeats (CAGn) in the PCa and BPD groups is shown in
table 1. The CAG16, CAG 22, and CAG 23 are the most
common in the PCa group with 15.8% and CAG19 at 15.8%
in the BPD. According to the wild type (CAG22), the CAG
repetitions were classified into two groups B22 and [22
repetitions to proceed with the corresponding analyses. The
analysis of the distribution of age, weight, relative AR
expression, PSA, and BMI, demonstrated that there were no
differences between the distribution of these variables
between the groups B22 and[22 CAG repetition (table 2).
Likewise, no association was found between the CAGn in
the presence of PCa (P = 0.16) and the ISUP grade for
aggressiveness (P = 0.215).

Relative AR expression, variable correlation, and linear
regression analysis

It was observed that the AR gene is underexpressed in
patients of the PCa group, showing a change factor of 0.64
in contrast to the BPD group, and a statistically insignificant
difference was observed (P = 0.155). To establish the dif-
ferent relationships between the expression of the study
genes concerning the clinicopathological variables, correla-
tion analyses were performed as described above. The aim
was to identify the clinicopathological variables that, along
with gene expression levels, could be used as a basis for
establishing a predictive model. When performing the
analysis, we observed that the expression of the AR is cor-
related with the BMI, and PSA levels being statistically
significant. In contrast to other critical clinical characteristics
such as ISUP grade, age, and weight, no statistical signifi-
cance was observed. Furthermore, the number of CAGn

repetitions was correlated with the relative expression of the
AR gene (P = 0.009) and this correlation was positive,
moderate, and proportional (q = 0.467) and no correlation
was found between CAGn with other clinical features
(figure 2).
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According to simple linear regression, values such as the
R-square (r2), intercept, slope, and standard error of esti-
mation (Sy.x) were calculated from the equation of the
straight line for the independent variables: PSA, BMI, and
CAGn. The model built for the serum PSA levels and the
AR relative expression (r2= 0.003), it was determined that
for every 1 ng/mL of serum PSA, the relative expression of
the AR mRNA would have an increase of 0.003-fold
change, with an estimation error of ± 1.85. For the BMI,
for every 1 kg/m2 the AR expression decreases 0.50-fold
change, with an estimation error of ± 2.00. In the case of

CAGn, for each repetition, the expression of the AR
increases 0.081-fold change, with an estimation error of ±
1.93 (table 3).

Figure 1. Fragment analysis of (CAG)n. On the x-axis, the corresponding fragment size is observed, and on the y-axis, the height of each
peak is shown. The size of 224 bp corresponds to allele 22 (wild type).

Table 1. Allele distribution of CAGn in PCa and BPD groups.

CAGn distribution

CAGn PCa group (%) BPD group (%)

CAG13 0.0 11.1
CAG15 5.3 0.0
CAG16 15.8 0.0
CAG17 10.5 11.1
CAG18 10.5 0.0
CAG19 5.3 33.3
CAG20 0.0 22.2
CAG21 10.5 11.1
CAG22 15.8 11.1
CAG23 15.8 0.0
CAG25 10.5 0.0

Table 2. Distribution of means and standard deviation of clinico-
pathological variables, ISUP grade, and PCa diagnosis frequency in
CAG groups.

Variables

CAG groups

P-valueB22 [22

PSA 40.51 ± 58.17 43.23 ± 63.41 0.426
Age 68.25 ± 9.27 69.38 ± 11.44 0.599
Weight 74.00 ± 3.92 76.13 ± 12.30 0.448
BMI 25.45 ± 1.10 26.70 ± 2.58 0.776
AR log2 - 1.17 ± 2.32 - 0.72 ± 1.88 0.623

ISUP grade

CAG distribution

P-value¥B22 [22

1 0% 4% 0.165
2 14% 7%
3 4% 21%
4 0% 0%
5 11% 7%
Study group
PCa 29% 39% 0.215
BPD 4% 29%

*Variable units, PSA (ng/mL); age (years); weight (kg); BMI (kg/
m2); AR log2 (fold-change).
P-value, Kruskal Wallis test.
P-value, ¥Pearson’s chi-squared test.
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Discussion

The aetiological processes that lead to the development of
PCa are not well established. It is a multifactorial disease but
with a high molecular component, important for its devel-
opment. We focussed our efforts on two molecular compo-
nents: gene expression, which is an essential complex
process for cells, playing a fundamental role in converting
the specific sequences of a gene into functional products
(Mitsis et al. 2020), and trinucleotide repeats which have
been highly associated with the development of different
human pathologies due to microsatellite instability (Albà and
Guigó 2004; Ellegren 2004; Paz-Y-Miño et al. 2016).
Therefore, the analysis of gene expression and associated
mutations is considered pertinent to better understand the

aetiology of this pathology. AR gene expression and CAGn

polymorphic repeats are proposed to be involved in the
prostate growth regulation pathway, such as the androgen-
mediated signalling pathway. The variants reported in the
CAGn are highly polymorphic and associated with ethnic
factors (Hsing et al. 2000), thus, it may be important to
determine their association with PCa in different popula-
tions. Our results show that in the Mexican population, the
distribution of CAGn genotypes ranged from 13 to 25
repeats, which is consistent with previous studies where the
number of repeats was characterized in Mexican, African,
Caucasic, and Asian populations (Edwards et al. 1999;
Hsing et al. 2000; Patiño-Garcı́a et al. 2007; Paz-Y-Miño
et al. 2016). In our study, the relationship between CAGn

and the risk of developing PCa was determined, however, no

Figure 2. (a) Correlation analysis between the relative expression of the AR gene and clinicopathological characteristics. (b) Comparative
analysis of the relative expression of the AR gene between the study groups.
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association was found. This agrees with a study carried out
in a French-German population (Correa-Cerro et al. 1999), a
study carried out by Patiño-Garcia, where their results
showed that in Mexican men there was no significant dif-
ference in the AR polymorphism in patients with PCa
compared to controls (Patiño-Garcı́a et al. 2007), and other
studies supported these results (Edwards et al. 1999; Lind-
ström et al. 2010; Price et al. 2010). However, there is
contradictory evidence, most of the studies showed a posi-
tive association between CAGn and PCa (Hsing et al. 2000;
Paz-Y-Miño et al. 2016). Nevertheless, the large population
frequency of short CAGn suggests that, if causal, variants in
CAG lengths could have substantial public health implica-
tions (Nelson and Witte 2002).

Two groups of CAGn repetitions were established, based
on studies that define the risk alleles (Edwards et al. 1999;
Hsing et al. 2000; Patiño-Garcı́a et al. 2007; Lindström et al.
2010; Nenonen et al. 2010; Price et al. 2010; Paz-Y-Miño
et al. 2016), being the group[22 the one that is reported as
a risk allele. Therefore, the following groups were estab-
lished;[ 22 and B 22. An analysis of clinicopathological
variables such as age, PSA levels, and weight was performed
to establish differences in distribution means between the[
22 and B 22 groups. Our evidence reveals that the distri-
bution of age, PSA levels, and weight was the same among
the established categories. The results agree with Xu et al.
(2002), showing no differences in serum PSA levels between
[22 and B 22. On the other hand, our reports are similar to
other studies, such as the one carried out by Gsur et al.
(2002), where they found that there was no difference
between the distribution of PSA levels in three categories of
CAGn (6–20, 21–22, 23–32). In contrast, Xue et al. (2001),
showed that higher PSA levels in healthy men were
accompanied by shorter CAGn repeats. Nevertheless, these
differences in study designs and analyses make these studies
difficult to compare. We found no evidence in the literature
that assesses age and weight among the established
categories.

Regarding ISUP grade and BMI, no association was
found with CAGn. Several studies have found a lack of
association between tumour aggressiveness (Gleason score)
and CAGn (Correa-Cerro et al. 1999; Edwards et al. 1999;
Gsur et al. 2002; Lindström et al. 2010). This contradicts
other studies, where the results suggest that shorter CAG
repeat length may be involved not only with the develop-
ment of prostate cancer but also in the potential

aggressiveness of the disease (Edwards et al. 1999; Nelson
and Witte 2002; Paz-Y-Miño et al. 2016). Something
important to mention is that the association of the repetitions
with the aggressiveness of the tumour was not found in the
literature using the ISUP grade classification, which allows
our comparisons to be blinded by this factor.

In the present work, we observed that the AR gene was
underexpressed in PCa patients when compared with BPD
patients, and statistical insignificance was found. Moreover,
100% of the patients in the PCa group were diagnosed with
prostate adenocarcinoma, which occurs in glandular cells,
components of the prostatic epithelium. The constitution is
made up of various cell types, including stromal and
epithelial cells. Stromal cells have been shown to express
AR and to be involved in prostate development and prostate
carcinogenesis. Further, before and during the development
of the prostate, the expression of AR in the prostatic
epithelium is undetectable and at the same time, stromal
cells express high levels of AR, and AR signalling in
stromal cells targets different genes compared to epithelial
cells (Aurilio et al. 2020). According to the literature, the
AR signalling pathway is required for both development of
the normal prostate gland and PCa. The overexpression of
the AR gene has been highly associated with castration-
resistant PCa (CRPC), overexpressed in *80–90% of all
CRPCs and are hypothesized to be hypersensitive to
androgens, rather than androgen-independent. Thus, over-
expression of AR enhances receptor binding to chromatin in
the presence of low androgen concentrations (Urbanucci
et al. 2013).

Although there were no differences between the expres-
sion levels of the AR gene between the groups, we observed
that there was a correlation between the expression levels
concerning the PSA and the BMI. Determining a moderate
positive and negative correlation, respectively. This associ-
ation with PSA levels can be explained because AR stimu-
lates the transcription of genes by binding androgen-
response elements in promoters of target genes. One of these
androgen-regulated target genes is the PSA gene. The
expression of PSA is mainly induced by androgens and
regulated by the AR at the transcriptional level (Gsur et al.
2002; Kim and Coetzee 2004). Regarding BMI, this corre-
lation can be explained because obesity is accompanied by
changes in the plasma levels of certain hormones and
changes in their secretion and/or clearance patterns. In men,
obesity and overweight are characterized by a progressive

Table 3. Simple linear regression analysis between clinicopathological characteristics and relative expression of the AR gene.

Estimation

Regression statistics Regression parameter

Correlation coefficient r R-square (r2) Sy.x Intercept Slope

PSA-ARlog2 0.57 0.33 1.85 -1.50 0.003
BMI-ARlog2 -0.64 0.41 2.00 11.07 -0.500
CAGn-ARlog2 0.47 0.22 1.93 0.70 -0.080
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decrease in testosterone levels with increasing body weight
(Pasquali 2006; Álvarez-Castro et al. 2011).

Moreover, a correlation was found between the expres-
sion levels of the AR with the CAGn (treated for this
analysis as a quantitative variable), this association is being
reported first time using a relative expression, which to our
knowledge is the first study in Mexico. We observed a
moderate positive correlation between the relative expres-
sion levels of the gene and the CAGn. As mentioned above,
there are contradictory results about the relationship
between the number of repetitions for the development of
the disease, in most studies a negative linear association
between AR protein function and the CAG repeat numbers
is generally assumed (Hsing et al. 2000; Nenonen et al.
2010; Paz-Y-Miño et al. 2016), from the prognostic value
of AR expression levels determined by immunohistochem-
istry (IHC), suggesting that short repetitions CAGn may
impose higher transactivation on the receptor and have an
increased binding affinity for androgens, due to the inverse
relationship between the number of glutamine residues in
the polyglutamine tract and transcriptional activity. This
may make the prostate more vulnerable to chronic andro-
gen over-stimulation and increased proliferative activity,
which, in turn, could increase the rate of somatic mutations
among tumour suppressor genes (Nelson and Witte 2002;
Nenonen et al. 2010). This difference between the estab-
lished relationships could be explained due to the different
types of analysis performed, where in all previously
reported studies, the expression analysis is performed at the
protein level, compared to our study, where the mRNA
levels of the gene were analysed.

Finally, the estimators in the simple linear regression
models have a low influence on the expression levels of the
AR, so it is suggested that other factors could be related.
Regression line models may be used to give predicted val-
ues; however, care must be taken not to make predictions
outside the ranges (minimum and maximum) that were
established within the model. On the other hand, correlation
and regression analyses do not infer causality, and more
rigorous analyses are required if a causal inference is to be
made.

Conclusion

The present study in a Mexican population is the first to
analyse the expression of the AR gene in combination with
CAGn repeats in patients with PCa. The association of the
expression levels of the AR gene with the number of CAGn

repetitions was revealed, this being directly proportional. In
addition, the expression of AR was associated with high-
value clinical characteristics such as PSA and BMI. We built
a simple predictive model, based on simple line regression,
however, it is suggested that this model has to be performed
in a larger study.
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