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Abstract: (1) Background: The androgen receptor (AR) is critical for mediating the effects of
androgens. The polymorphic CAGn locus in exon 1 of the AR gene is associated with several
diseases, including spinal and bulbar muscular atrophy (SBMA), prostate cancer, and male
infertility. This study evaluated the CAGn locus in 9,000 infertile Russian men and 286 fertile men
(control group); (2) Methods: The CAGn locus was analyzed using the polymorphism of lengths of
amplified fragments method; (3) Results: In the infertile cohort, CAG repeats ranged from 6 to 46,
with a unimodal distribution. The number of CAG repeats in infertile and fertile men was 22.15 +
0.93 and 22.02 + 1.36, respectively. In infertile men, variants with 16 to 29 repeats were present in
97% of alleles. A complete mutation (=42 CAG repeats) was found in three patients, while three
others had 39-41 repeats. The incidence of SBMA was 1: 3,000 infertile men. Significant differences
(p<0.05) were observed between infertile and fertile men in alleles with 21, 24 and 25 repeats; (4)
Conclusions: This study revealed certain differences in the CAGn polymorphic locus of the AR gene
in Russian infertile and fertile men, and determined the frequency of SBMA in infertile patients.

Keywords: androgen receptor; male infertility; spermatogenesis; pathozoospermia; fertility;
trinucleotide repeats; spinal and bulbar muscular atrophy;, SBMA (Kennedy disease); X
chromosome

1. Introduction

Infertility is one of the most common medical and social problems of our time. Male infertility
and subfertility are usually associated with abnormal basic semen parameters (sperm concentration,
motility, vitality and morphology), which are detected in 50-60% of all men from infertile couples [1].
Various pathogenic factors affecting the reproductive system, including congenital anomalies and
genetic defects, hormonal, oncological and multifactorial disorders, infections, toxins and
environmental pollutants can disrupt spermatogenesis, semen parameters and male fertility [2].

Androgens are male sex hormones that play a pivotal role in regulating the development and
function of the male reproductive system in both mammals and humans, skeletal growth, metabolism
and homeostasis by acting on target genes through the activation of the androgen receptor (AR)
protein, which regulates the functions of all androgen-dependent processes [3]. AR is a ligand-
dependent transcription factor that binds to androgens and is required for the development of the
male reproductive organs, the control of mitotic and meiotic divisions of immature male germ cells,
spermiogenesis, the maturation of spermatozoa in the epididymis of the male accessory sex glands,
the hormonal regulation of fertility and other biological processes [4].

In humans, the androgen receptor gene (AR/HUMARA; OMIM: 313700), located on the X
chromosome (Xq12 locus), is 90 Kb in size and contains 8 exons [5]. The protein encoded by the AR
gene contains three main domains: the N-terminal transactivating domain (encoded by exon 1), the
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DNA-binding domain (encoded by exons 2 and 3) and the ligand-binding domain - LBD (encoded
by exons 4-8) [6]. Exon 1 contains two polymorphic trinucleotide repeat sites (CAG and CGG) that
encode the polyglutamine and polyglycine tracts, respectively, in the AR protein. Normally, the
length of the CAGn polymorphic locus of the AR gene varies from 7 to 37 repeats [7].

Pathogenic variants in the AR gene result in structural and functional defects of AR leading to
various genetic disorders, including complete or incomplete insensitivity to androgens (androgen
insensitivity syndrome, AIS) and male infertility associated with azoospermia or oligozoospermia
[8,9]. Somatic AR gene pathogenic variants have also been described in patients with prostate cancer
[10]. Expansion of the number of CAG repeats (more than 38-40) leads to the development of a
progressive X-linked recessive neuromuscular disease — spinal and bulbar muscular atrophy, SBMA,
also known as Kennedy disease [11]. Due to hemizygosity on the X chromosome, Kennedy disease is
more common in males than in females. SBMA is characterized by late onset, with clinical
manifestations of the disease usually seen in patients over the age of 30 years [12]. Mild defects in AR
function are one of the genetic causes of impaired gametogenesis, development and function of the
human reproductive system [13].

Numerous studies have shown an association between the AR CAG polymorphiclocus and male
subfertility or infertility in different populations and ethnic groups [14-17]; however, some
researchers have failed to establish this association [18]. Some CAG repeats can affect androgen
receptor (AR) function, with alleles containing small number of CAG repeats characterized by
increased androgen receptor sensitivity and those with more repeats characterized by decreased
androgen receptor sensitivity [19]. Some variations in the CAG repeats in exon 1 of the AR gene have
been observed various populations, as well as fertile and infertile men from various regions [14-17].
For example, African Americans generally have fewer repeats than non-Hispanic whites [20].
Previously, this polymorphic locus of the AR gene has been studied in fertile and infertile men from
the Russian Federation and Ukraine, and Russian men from general population [21-24], but these
studies involved much smaller sample sizes and did not calculate or compare the frequency of
individual CAG alleles between examined groups.

The aim of the study is to evaluate the CAGn polymorphic locus in exon 1 of the androgen
receptor gene and to determine the frequency of its different allelic variants in a large cohort of
infertile Russian men and to compare them with fertile Russian men.

2. Results

The number of CAG repeats in exon 1 of the androgen receptor (AR) gene in the infertile Russian
men studied ranged from 6 to 46 (Figure 1). In fertile men (controls), CAG repeats varied from 13 to
31 (Figure 2).

None of the individuals studied showed heterozygosity for this polymorphic locus. The
distribution of the different CAG alleles of the AR gene was unimodal in fertile and infertile
individuals, very similar to the symmetric distribution in infertile patients. In both infertile men and
controls, the most common allele (mode) contained 21 trinucleotide repeats. The average number of
CAG repeats in infertile and fertile men was 22.15 + 0.93 and 22.02 + 1.36, respectively. Common
variants with 16 to 29 repeats were found with allelic frequencies (AF) ranging from 0.0110 to 0.1698,
representing 97.04% of all alleles detected in infertile men. Allelic variants of the AR gene with an AF
greater than 0.01 (1% of all alleles) are shown in Table 1.
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Figure 1. Distribution of CAG-repeats in exon 1 of the AR gene in infertile Russian men (7=9,000).
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Figure 2. Distribution of CAG repeats in exon 1 of the AR gene in fertile Russian men (controls,
n=286).

Variants of the AR gene with a number of CAG trinucleotides of 6 to 15 and 30 to 46, respectively,
were much less frequent and accounted for approximately 3% of all detected alleles (Figures 1 and
2). In the studied sample of Russian infertile men and fertile individuals (control group), AR gene
variants with 20 to 24 CAG repeats were more frequent, the frequency of each of which exceeded 10%
in the studied sample (Table 1). Alleles with the number of repeats from 6 to 15 and from 30 to 46
were found much less frequently, their share of all detected allelic variants was 2.96%. Each of the
variants with the number of CAG repeats n>39 was detected once; in total they were found in 6
(0.07%) patients (Figure 1). In fertile men (control group), the largest number of repeats was 31,
detected in only 1 (0.35%) of 286 individuals.

A complete mutation (242 CAG repeats) in exon 1 of the AR gene, characteristic of spinal and
bulbar muscular atrophy (SBMA), was found in 3 patients (all of them had developed SBMA at
moment examination); and in 3 infertile men the number of repeats was n=39-41 (with no diagnosed
SBMA at moment examination) (Figure 1). Thus, the incidence of SBMA in the sample studied was
assessed as 1 per 3,000 infertile Russian men, if considering carriers of alleles with 39-41 CAG repeats,
then 1 per 1,500 infertile patients.

Comparative analysis of each of the common CAGn alleles in infertile men and controls revealed
statistically significant (p < 0.05) differences for three polymorphic variants of the AR gene containing
21, 24 and 25 trinucleotide repeats. The allelic frequency (AF) of the AR gene variants with 21 and 25
CAG repeats was lower in infertile men and higher in controls (AF 0.1698 vs. 0.2273; p = 0.012, and
0.0744 vs. 0.1189; p = 0.006, respectively). The allele with 24 CAG repeats was more frequent in
infertile men than in the control group (0.1142 vs. 0.0734; p = 0.032) (Table 1). Statistically significant
differences were found in the frequency of some common alleles (with 21, 24 and 25 CAG repeats)
between the group of patients with infertility and fertile Russian men.
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Table 1. Allele frequencies of polymorphic (CAG)n variants of the androgen receptor (AR) gene in
Russian infertile and fertile men.
Variants of the Number of patients, allele frequency (AF)
CAGn* polymorphic
locus of the Russian infertile Russian fertile P-value
androgen receptor men (1#=9000) men (1=286)
(AR) gene
16 99 (0.0110) - -
17 132 (0.0147) 3 (0.0105) 0.742
18 359 (0.0399) 10 (0.0350) 0.675
19 747 (0.0830) 26 (0.0909) 0.634
20 1088 (0.1209) 43 (0.1450) 0.134
21 1528 (0.1698) 65 (0.2273) 0.012
22 1051 (0.1168) 27 (0.0944) 0.245
23 1074 (0.1193) 31 (0.1084) 0.574
24 1028 (0.1142) 21 (0.0734) 0.032
25 670 (0.0744) 34 (0.1189) 0.006
26 442 (0.0491) 10 (0.0350) 0.274
27 221 (0.0246) 3 (0.0105) 0.184
28 158 (0.0176) 4 (0.0140) 0.823
29 137 (0.0152) 4 (0.0140) 0.939
* number of repeats. The p-values that revealed statistically significant differences between the groups are
highlighted in bold.

"Short" (n<18), "medium" (n=19-25) and "long" (n=26) allelic variants of the CAGn polymorphic
locus were detected in 722 (8.02%), 7186 (79.84%) and 1092 (12.13%) infertile patients, respectively. In
the group of fertile men, "short", "medium" and "long" alleles were found in 15 (5.24%), 247 (86.36%)
and 24 (8.39%) individuals, respectively. There was a statistically significant difference in the
frequency of "medium" CAG repeats and "short" and "long" repeats together (x2 = 7.375; p = 0.007),
but not in the groups of "short" (x2 = 2.927; p = 0.088) and "long" (x2 = 3.670; p = 0.056) repeats
separately.

3. Discussion

The CAGn polymorphic locus of the AR gene has been studied in infertile men from different
populations and countries, but the size of the samples studied has been significantly smaller [25-28].
Many authors have shown that "long" CAG repeats of the AR gene increase the risk of impaired
spermatogenesis and male infertility in different populations and regions. A meta-analysis of studies
performed on samples of sub-infertile and fertile men from various populations (European, Asian,
American, African, and mixed origin of populations) revealed an association of "long" (n > 26) repeats
with male infertility and decreased semen quality [7,15-17,20-22,24-28].

In one of the largest studied cohorts of men (n=1977) from general populations of several European
countries (Italy, Belgium, Poland, Sweden, United Kingdom, Spain, Hungary and Estonia), the number
of CAG repeats of the AR gene varied between 6 and 39, with the variant with 21 CAG repeats showing
the highest proportion (16.4%) of all detected alleles [29]. The distribution of CAG repeats in this cohort
and our sample and is very similar, especially for the common alleles (CAGn, n=16-29).

In Russians and Ukrainians, as well as in many individuals from other populations, variants with
20 or 21 CAG repeats in exon 1 are the most common AR gene alleles [21-23]. In our cohort of infertile
Russian men, these allelic variants accounted for about 29% of all detected androgen receptor gene
alleles in this group. In the cohort of Russian infertile men (#=332) studied by Mikhaylenko et al. (2019),
the number of CAG trinucleotides varied from 9 to 31, the frequency of the n=21 allele was 21.5%; 'long'
alleles (n>27 repeats) were identified in 7.5% of patients [21]. Patients with chromosomal abnormalities,
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in particular with Klinefelter syndrome, were not excluded from the sample of men with infertility,
fertile men were not examined as a control group. An information about the ethnicity of the examined
patients was not provided by the authors. In our sample, the proportion of such allelic variants was
very close and amounted to the 7.22%, the allele with 21 repeats was also the most frequent.

Previously we have evaluated the CAGn polymorphism of the AR gene in Russian patients with
various form of pathozoospermia (n=591), as well as fertile (n =286), and normozoospermic (n=131)
men. No significant differences in frequencies of “short” (n < 18), “medium” (n = 19-25) and “long”
(n=26) alleles between groups of patients with various spermatological diagnoses and fertility status.
Statistically significant (p < 0.01) differences were found between severe oligozoospermic patients
and the controls in frequencies of “long” (n = 26) and “short” (n < 18) alleles, and the CAGn = 25 allele
between azoospermic (18.1%) and severe oligozoospermic (2.6%) patients [24].

Fesai et al (2009) analyzed the CAGn polymorphic locus of the AR gene in Ukrainian infertile
(n=228) and fertile (n=124) men [22]. The frequency of alleles with CAG repeats n < 18 was
significantly higher (p <0.01) in azoospermic (17.7%) and oligozoospermic (12.5%) patients compared
to fertile individuals (control group) (2.4%). The frequency of alleles with CAG repeats n>28 was
significantly (p < 0.01) higher in oligozoospermic patients (12.5%) compared to the control group
(2.4%). Evidently, "short" and "long" alleles is a factor that associated to impaired spermatogenesis
and risk of oligozoospermia for men from Russian and Ukrainian populations [24].

Recently, the CAGn polymorphic locus of the AR was evaluated in a cohort of 1324 young
(median age 23.0 years) Russian men of different ethnicities (Slavs, n=697; Buryats, n=208; Yakuts,
n=134) from the general population [23]. It should be noted that in the study all Russians, including
individuals of Slavic group, lived in the Siberian region, and there was also no information about
their fertility. In the Slavic, Buryat and Yakut subgroups, the most frequent CAGn alleles were n=21
(16.3%), n=22 (12.9%) and n=25 (21.6%), respectively. The most frequent in Slavic subgroup also as in
Russians from our sample was CAGn allele, n=21 with very similar frequency. The number of
trinucleotide repeats differed significantly between all ethnic groups (p < 0.001), the shortest being
found in the Slavic subgroup (mean 23.0 + 3.1, median — 23, range 19-29) and the longest in the Yakut
subgroup (mean 25.0 £ 2.7, median — 25, range 21-31), the Buryat subgroup being in the middle (mean
24.0 + 3.5, median - 24, range 19-30) (Table 1). A statistically significant difference (p < 0.05) was found
in the frequency and mean CAG repeats between groups with the normal (23.2 + 3.3) and impaired
semen quality (23.9 £ 3.2). The long CAG alleles were associated with impaired semen quality in the
Slavic and Buryat groups, but not in the Yakut group [23].

The number of the CAGn repeats in exon 1 of AR gene has an effect on the function of the
androgen receptor. A critical range of 16-29 triplets is required for maximum interaction between the
transactivating and the hormone-binding domains [15]. In vitro and in vivo studies have shown that
increasing the length of the polyglutamine tract of the AR protein leads to a linear decrease in the
transcriptional capacity of the androgen receptor in mammalian cell lines [19,30,31]. However, this
effect has been shown to be specific to certain cell (or tissue) types [32]. This appears to be due to the
different pattern of AR regulatory proteins [33]. For example, while androgen receptor-mediated
mRNA levels in prostate cells appear to be inversely proportional to the length of the polyglutamine
tract [34], the opposite is observed in myoblasts [35].

Spinal and bulbar muscular atrophy (SBMA) or Kennedy’s disease is a rare progressive, adult-
onset, X-linked recessive disease related to repeat extension disorders, REDs [1,2]. The pathogenic
mechanism of the disease is largely unknown, but it appears that the expansion of CAG repeats results
in both loss of AR function and toxic gain of function [37]. In male patients, SBMA progresses slowly
over decades with bulbar and lower motor neuron loss, disabling muscle denervation and direct
skeletal muscle involvement, leading to progressive muscle loss with weakness, fasciculations and
spasticity [37]. Bulbar muscle weakness follows, leading to dysarthria and dysphagia. The effects on the
male reproductive organs and endocrine system include an increase in the level of luteinizing hormone
(LH) and, as a result, testosterone, in the presence of signs of hypogonadism, testicular hypoplasia,
decreased libido, erectile dysfunction, gynecomastia, infertility associated with azoospermia or
oligozoospermia. The average age of onset of the disease in male carriers (CAG) of n=35-46 alleles varies
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from 44 to 68 years, while in some of them SBMA developed between the ages of 70 and 80 years. In
most patients with CAG>47 alleles, the age of manifestation ranged from 25 to 43 years [38].

In our study, prominent expansion of CAG repeats (39-46) was found in 6 patients, including 3
with a complete mutation (242 repeats), which is characteristic for spinobulbar muscular atrophy
(SBMA). Thus, the frequency of SBMA in the studied cohort of Russian infertile men was estimated
to be 1 per 3,000 infertile Russian men. However, if we take into account the carriage of alleles with
39-41 repeats, the frequency of carrying alleles that can lead to the development of the disease is twice
as high and is estimated at 1 per 1,500 patients. The prevalence of the disease has been calculated to
be 2.6:100,000 (1:38,462) men in the general population [3]. A relatively high frequency of expanded
SBMA-associated alleles was found in the general population with (CAG)n, n 235 present in
107/100,000 individuals and CAGn, n=38 present in 27/100,000 individuals [3]. Recently, the
frequency of repeat expansion CAG alleles was found to be 1 : 3182, which is 10 times higher than
the reported disease prevalence. Based on these data, the authors concluded that the prevalence of
SBMA in the general population is underestimated and estimated at 1 : 6887 men [4]. In our sample
of infertile men, the frequency of CAGn alleles, n>38 was 4.6 times higher. This is probably due to the
fact that infertile men have a higher frequency of "long" CAG repeats, particularly alleles associated
with SBMA, than the general population. As SBMA is usually characterised by late manifestation,
this leads to an underestimation of its prevalence in young patients. It should also be noted that the
samples of infertile men previously studied are much smaller in size, and since the frequency of risk
alleles is low, these samples may not have been included.

Our study has a number of limitations. The number of individuals in the control group was
relatively small. Obviously, this did not allow us to fully assess the frequency of rare CAGn alleles and
could have some effect on the allelic frequency in fertile men. As we did not have precise information
on the ethnicity of all the participants, nor on the semen parameters, it was not possible to distinguish
a group of Russians and russians from individuals of other nationalities, nor to define their
spermogram. As male fertility is not the same as normozoospermia and vice versa, men from infertile
couples partially overlap with fertile men in terms of semen parameters. Neurological examination and
follow-up of patients in the dynamic were not performed. This is relevant for individuals with long
CAGn alleles (1>35), as they have a high risk of developing SMBA [3]. Therefore, the exact frequency of
spinal bulbar muscular atrophy has not been determined. Further studies are needed to more precisely
define the frequency of CAG alleles in different Russian populations.

4. Materials and Methods

The cohort studied consisted of 9,000 infertile Russian men. The patients were examined during
2003-2023 as part of a large-scale genetic study of male infertility at the Research Centre for Medical
Genetics, RCMG (Moscow, Russian Federation).

Inclusion criteria were marital and reproductive age infertility and abnormal semen parameters.
A most of infertile patients had azoospermia and oligozoospermia. Patients with Klinefelter's
syndrome, X chromosome polysomy, 46,XX testicular disorder of sexual development (DSD) and
patients with 46,XX/46,XY karyotype were not included in the study. As a control group, data were
obtained on the frequency of different allelic variants of the AR gene in a group of 286 unrelated
Russian men with proven fertility (DNA genotyping) who had been previously studied [5]. All
subjects were men of reproductive age, and the majority of subjects in both groups were Russians,
ethnic Slavs living in Moscow and the Moscow region.

The study was approved by the Ethics Committee at Research Centre for Medical Genetics,
RCMG (Moscow, Russian Federation). Written voluntary informed consent was obtained from each
individual enrolled in the study.

Standard semen examination was performed by analyzing semen volume (ml), sperm
concentration (x10%/ml), sperm motility and normal morphology (percentage) according to the WHO
laboratory manual for the examination and processing of human semen [6].

Genomic DNA was isolated from peripheral venous blood lymphocytes using the Wizard®
Genomic DNA Purification Kit (Promega, USA) according to the manufacturer's protocol. CAGn repeats
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were analysed by PCR using the PLAF (polymorphism of lengths of amplified fragments) method
according to the approved and tested medical technology of the Research Centre for Medical Genetics
(RCMG), Moscow. This method makes it possible to determine the relative length of PCR products in
relation to the length standard and is based on the separation of DNA into fractions according to
molecular weight. The method of studying the polymorphic locus was described in detail earlier [5].

Statistical data analysis was performed using various statistical methods (Pearson's chi-square
test, and chi-square test with the Yates correction) with the STATISTICA software version 10.0
(StatSoft Inc., Tulsa, USA). The presence of significant differences between groups and subgroups
was determined at a value of p < 0.05.

5. Conclusions

In this study, the allelic frequency of different variants of the CAGn polymorphic locus of the
AR gene in Russian men was determined in a large cohort of infertile men. A statistically significant
difference in the frequency of some common alleles was found between infertile and fertile men. An
important point is the assessment of the frequency of CAG repeat expansion, which makes it possible
to determine the prevalence of SBMA or its risk in Russian infertile men. The relatively high frequency
of CAG repeats expansion in the AR gene in patients with male infertility indicates the possibility of a
presymptomatic diagnosis of the risk of developing the neuromuscular lesions and the need for careful
examination and dynamic monitoring in individuals with high-risk alleles for SBMA.
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