Submitted: 28 December, 2020  Accepted: 12 January, 2021  Published: 08 July, 2021 DOI:10.31083/jomh.2021.016

Journal of Men’s Health

Chromosomal aneuploidies and associated rare
genetic syndromes involved in male infertility

Eisa Tahmasbpour Marzouni!, Asghar Beigi Harchegani?, Issa Layali®*

ILaboratory of Regenerative Medicine & Biomedical Innovations, Pasteur Institute of Iran, Tehran, Iran
2Department of Medical Genetics, Faculty of Medicine, Shahid Beheshti University of Medical Sciences, Tehran, Iran
3Department of Biochemistry, Sari Branch, Islamic Azad University, Sari, Iran

*Correspondence: drissalayali@yahoo.com (Issa Layali)

Abstract

Background and objectives: Recent investigations have reported more than 70 genetic syndromes
involved in male infertility; however, the majority of these syndromes are extremely rare. We aimed to
report the most common chromosomal abnormalities and associated rare genetic syndromes in the
context of human male infertility.

Materials and Methods: We performed a review of published articles considering the most common
chromosomal aneuploidies and rare genetic syndromes associated with male infertility on PubMed,
Web of Science, and Scopus.

Results: Chromosomal abnormalities are frequently found in infertile men, with an incidence rate of
2-15%. The chromosomal aberrations include the sex and autosomal chromosome abnormalities, as
well as numerical and structural defects in chromosomes. There are various rare genetic syndromes
involved in male infertility that are caused by structural and numerical abnormalities in chromosomes.
Klinefelter syndrome is the most common type of sex chromosome aneuploidy in infertile males.
Besides, Y chromosome microdeletions, particularly in azoospermia factor regions, serve as the
second most common genetic cause of impaired spermatogenetic in infertile men. These molecular
genetic abnormalities not only can be inherited, but also they may transmit to the next generation
through assisted reproductive techniques and result in the birth of boys with higher risk of congenital
abnormalities and infertility. Despite the normal secondary male sexual characteristics, some patients
are azoospermic or severe oligozoospermic men. Therefore, identification of these molecular genetic
factors and rare genetic disorders is essential in men with unexplained infertility.

Discussion and conclusion: Since most of molecular genetic abnormalities can be transmitted to
the next generation, identification of these rare genetic disorders is crucial for men with unexplained
infertility. It is also essential for clinicians and physicians of reproductive medicine and andrologists to
initiate genetic evaluation, aneuploidy screening and counseling prior to any therapeutic procedures.
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1. Introduction range of disorders from structural abnormalities of gonads

to environmental factors are involved in male infertility [3].
Infertility, which is defined as the inability to conceive within Infertile men with normal semen analysis are recognized as
1 year of unprotected intercourse, is now considered as a2 ynexplained infertile patients. Many factors such as oxidative
major global health problem. It affects ~10-15% of couples stress, mutations and polymorphisms on specific genes, mi-

with equal distribution among male and female 1, 2]. A wide

This is an open access article under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/).
J Mens Health 2021 vol.17(3), 7-17 ©2021 The Authors. Published by IMR Press. https://www.jomh.org


https://www.jomh.org
http://doi.org/10.31083/jomh.2021.016

OMH

Journal of Men’s Health

TABLE 1. The incidence and phenotype of the most common genetic aneuploidies associated with male infertility.

Chromosome aneuploidies Phenotype

Incidence (%) Ref

Chromosome aberrations
Numerical disorders

Klinefelter’s syndrome

Other sex chromosomes
Structural disorders
Robertsonian translocations

Reciprocal translocations

Azoospermia to normospermia

Azoospermia to sever oligospermia

Azoospermia to normospermia

Azoospermia to sever oligospermia

Azoospermia to sever oligospermia

2-10% [52]

5-10% azoospermia

[52]
2-5% oligospermia
0.1-0.2% [10]
0.5-1% [10]
0.5-1% [30]

crodeletions on Y chromosome, mutations on mitochondrial
DNA, epigenetic modifications, and changes in expression
pattern of various non-coding RNAs can be considered as the
common causes of idiopathic or unexplained male infertility
[3-5].

Genetic abnormalities caused by chromosomal aneuploi-
dies are responsible for ~15 to 30% of infertile patients [6].
It is assume that most patients with unexplained infertility
may have underlying genetic causes [7]. Recent evidence
has found more than 70 genetic syndromes contributed to
male infertility; however, the majority of these syndromes
are extremely rare. Genetic disorders cause male infertility
by interfering with several physiological processes such as sex
hormones homeostasis, spermatogenesis and sperm quality
[8]. Current studies have shown that genetic abnormalities
are frequently found in male cases with spermatogenesis defi-
ciency and those who are candidates for assisted reproductive
techniques (ART) [6, 9]. Therefore, genetic abnormalities
can be considered as a main factor for the etiology of male
infertility.

While recent advances in ART make possible and practical
condition for cases with severe infertility to have children,
they also raised concerns about passing on genetic abnor-
malities to the offspring of these men [8].
ization (IVF) and intracytoplasmic sperm injection (ICSI) are
valuable methods for treatment of male factor infertility, but
they may carry risk of transmitting both genetically deter-
mined diseases and genetically determined infertility [10].
This underlines the importance of genetic counseling because
mutations or karyotype anomalies associated with male in-
fertility can be transmitted to future generations. Therefore,
the frequency of chromosomal abnormalities may be directly
related to the severity of male infertility and identification
of the molecular genetic basis of reproductive dysfunction is
important for appropriate management of infertile couples.
Furthermore, genetic test analysis, including karyotyping,
Y chromosome microdeletions (YCMD) and whole-genome
sequencing (WGS), is worthful for patients with unexplained
or idiopathic infertility before ART because it may enable the
clinician to provide the best treatment option to achieve a
successful pregnancy. In this review, we will discuss about
the most common genetic abnormalities and associated rare
genetic syndromes leading to reproductive failure and male
infertility.

In vitro fertil-

2. Types of chromosomal abnormalities and
male infertility

The incidence of the most common genetic aneuploidies
responsible for male infertility is shown in Table 1. Although
chromosome aneuploidies are rare in fertile men (~0.5% in
normal population), their incidence in azoospermic individ-
uals varies from 2% to 15% [10, 11]. Sex or autosomal chro-
mosome defects, as well as numerical and structural defects
are the most common type of chromosomal anomalies that
can be seen in infertile subjects. Numerical disorders, either
as polyploid or aneuploid forms, are associated with changes
in the number of chromosomes in a cell. In polyploidy
condition, the whole number of nuclear chromosomes is
multiplied [12]. Sex chromosomes aneuploidy, especially Y
chromosome, is predominating; however, various structural
autosomal anomalies may be found [13]. Klinefelter’s syn-
drome (47,XXY) is the most common and well-established
type of numerical disorder in sex chromosome that causes
infertility in men [14]. Structural disorders include chromo-
somal rearrangements and translocations, as well as deletions
or duplications of chromosomes [6].
may affect autosomal and sex chromosomes and consequently
cause male infertility [12]. Therefore, chromosomal defects
play a key role in genetics of male infertility.

These abnormalities

3. Structural abnormalities of chromosome
and male infertility

Chromosomal translocations can be considered as an
additional source of chromosome aneuploidy [15]. Since
chromosome translocations cannot be repaired, these
structural abnormalities may be associated with the loss of
genetic materials and corruption of the genetic message
[16]. The relationship between chromosome translocations
and male infertility was suggested ~40 years ago [17].
Likewise, others suggested autosomal translocations may be
associated with spermatogenesis derangement. The most
common type of structural aberrations are robertsonian
and reciprocal translocations; however, autosomal and sex
chromosome abnormalities are frequently occur in infertile
men. The incidence of autosomal translocations in infertile
men is ~4-10 times higher than healthy males [18]. The
frequency of robertsonian and reciprocal translocations is
~1/1000 of all newborns, approximately 7-9 times higher

in infertile men [14]. Seminal analysis in most patients
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with robertsonian translocations is abnormal, but males
presenting with reciprocal translocations may have normal
to azoospermic spermiogram [19].

Robertsonian translocations (RT) or centric fusions are
the most common type of structural abnormalities in hu-
man chromosomes that affect fertility in ~1/1000 men [20].
The incidence rate of robertsonian translocations in infertile
males is 0.9, approximately 9 times higher than the gen-
eral population [21]. It usually involves acrocentric chro-
mosomes from pairs 13, 14, 15, 21 and 22 [22].
ever, robertsonian translocations are frequently occur be-
tween chromosomes 13 and 14 (73%) or chromosomes 14
and 21 (10% of all robertsonian translocations) [14]. This
type of structural abnormality may change gene expression
pattern of spermatozoa in different stages and subsequently
influence male fertility and pregnancy [23]. It is frequently
found in infertile males with oligozoospermia (1.6%) and
azoospermia (0.09%) [24]. Although carriers of RT may have
anormal phenotype, they could be infertile due to possibility
of impaired spermatogenesis or lack of sperm production [8].
Breakpoint diversity may be a main mechanism for impaired
spermatogenesis [25]. In addition to the severe spermatoge-
netic failure, higher percentage of immaturity, apoptosis and
necrosis have also been reported in RT carriers [26]. Other
studies have shown a predominant proportion of higher rate
of DNA fragmentation (26.3%), apoptosis (24.5%) and im-
maturity of spermatozoa (28%) in oligoasthenozoospermic
patients carrying robertsonian translocation than in healthy
donors [27]. This data suggests higher risk of impaired sper-
matogenesis or spermiogenesis in these patients. However,
studies of the meiotic segregation process in robertsonian
carriers revealed a predominance of alternate segregation
resulting in the production of normal spermatozoa (mean
85.42%; range 60-96.60%), with a percentage of abnormal
spermatozoa varying from 3.4% to 40% (mean 14.57%) [28].
Therefore, chromosomal constitution analysis in spermato-
zoa of RT carriers is essential for identifying the risk of
unbalanced forms and adapting genetic counseling.

How-

Reciprocal translocations are the other forms of chromo-
some rearrangement in which the exchange of chromosome
segments are not belong to the same pair of chromosomes
[14]. Previous studies reported that the incidence rate of
reciprocal translocations in infertile patients is higher than
healthy men [29]. These chromosomal abnormalities can be
found in ~1% of infertile males [7]. The incidence rate of
autosomal reciprocal translocations in men presenting with
azoospermia (0.9%) is higher than those with severe oligo-
zoospermia (0.6%) [30]. Because of the production of sper-
matozoa with chromosomal imbalances, carriers of recipro-
cal translocation may have a risk of abnormal pregnancy out-
come even with normal sperm counts [31]. The mechanism
by which reciprocal translocations affect male fertility is not
well-understood. However, the involved chromosomes, the
size of the translocated segments, and the presence/absence
of recombination foci are likely correlated to the behaviour
of reciprocal translocations. Impaired spermatogenesis may
be another mechanism of these translocations [32]. The

presence of reciprocal translocations alters the spermatogenic
process [33].

Although all chromosomes can be contributed in recipro-
cal translocations, chromosomes 13 and 14, 13 and 21, and
21 and 22 are the typical targets for this translocation [34].
There are many cases of male infertility due to balanced re-
ciprocal translocation between chromosomes 10 and 15 (q26;
q12) [35],6and 12 (q23; q24) [36], 8 and 13 (q22; q11.2) [11],
18 and 21 (p11; q21) [37], 9 and 20 (q21.2; p13.3) [38]. In all
carriers, these translocations impact on spermatogenesis and
consequently cause poor quality of sperm, severe azoosper-
mia and infertility. The first case of an autosomal reciprocal
translocation t(7;16) with break-points at 7q21.2 and 16p13.3
was described by Mikelsaar et al, [39] in an infertile man.
The 16p13.3 breakpoint may affect PRMI, PRM2, or TNP2
genes which are responsible for histones replacement and
subsequently DNA packaging into the sperm head. This
haploinsufficiency may be associated with sperm head defects
and male infertility. This finding supports the idea that
alterations in expression of protamines may be a main reason
of male factor infertility [39].

Translocations may occur in autosome, Y or X chromo-
somes, either in a balanced or unbalanced form; however, the
incidence is rare (~1 in 2000). It can be translocated onto
an autosome [40]. While non-acrocentric chromosomes
involvement is often associated with male infertility, involve-
ment of acrocentric chromosomes is usually familial disorder
with mild effect on fertility. A novel de novo translocation
(Yp/13p) characterized by loss of the 13p and Yp telomeres
had been reported previously [40]. Although most sperm had
a normal chromosomal arrangement (85%), meiotic studies
using FISH demonstrated meiosis I chromosome un-pairing,
abnormal segregation abnormality and abnormality of the
most of secondary spermatocytes (56.8%) due to the translo-
cated chromosome justifies the severe oligozoospermia in
these patients [40]. Pinho et al., [41] characterized a de novo
t(Y;1)(q12; q12) balanced reciprocal translocation with loss of
the heterochromatic region of chromosome 1. This translo-
cation was associated with un-pairing of sex chromosomes,
meiosis | arrest, apoptotic degeneration of germ cells and
azoospermia. Furthermore, reciprocal translation between Y
chromosome and 6 (Yp6p; Yq6q) and 1 (Yq11.2; 1p34.3) had
been reported [42]. Carriers were found in a phenotypically
normal, but spermatogenesis arrest along with significant
desquamation of the germinal epithelium was observed at
the first metaphase stage of the meijosis. Besides, sex vesicle
abnormalities at the pachytene stage and chain tetravalent
formation at the diakinesis-metaphase I stage were found
[42].

The incidence rate of translocations between autosomes
and X chromosome is rare in genetic disorders that cause
male infertility [33]. A novel reciprocal translocation was
reported in an infertile male with t(X;14)(p11.4; p12) [33].
Although the patient showed normal phenotype without
any familial history of congenital abnormalities, cytogenetic
analysis and testis biopsies indicated an X-autosomal
translocation and arrest of spermatogenesis. Another new
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FIG. 1. The underlying mechanisms for occuring KS karyotype during spermatogenesisaa. The 47,XXY karyotype arises spontaneously when paired

X chromosome fail to disjunction in the first (A) or second (B) stage of meiosis, either during oogenesis (40%) or spermatogenesis (50%). A similar failure

occurring in the fertilized egg during mitosis (10%) results in a mosaic karyotype (C). The most common form of mosaicism is 46,XY/47XXY, but many other

forms have been reported. The severity of this syndrome depends on the proportion of normal and abnormal cells.

study has reported an azoospermic male with t(X;1)(p22.3;
q25) translocation [43]. Therefore, carriers of X-autosome
translocations are perpetually infertile, regardless of the
break-point position in the X chromosome.

4, Numerical chromosome abnormalities and
male infertility

4.1Klinefelter’s syndrome (KS)

Klinefelter syndrome (47,XXY) is the most common type
of sex chromosome aneuploidy in infertile men, occurring
in ~0.1-0.2% of all newborn males [14]. This syndrome
is described by several findings such as testicular dysgene-
sis, eunuchoidism, small testicles, endocrine complications,
tubular sclerosis, azoospermia, hypogonadism, and gyneco-
mastia [44]. Enhanced levels of follicle-stimulating hor-
mone (FSH), luteinizing hormone (LH) and decreased level
of testosterone have been reported in these cases [45]. The
incidence of gynecomastia in KS varies from 56% to 88%
[46]. Common phenotypic features include increased height,
reduced facial and body hair, lower extremities varicosities,
decreased intelligence, problems in speech and language abil-
ities, autoimmune diseases, diabetes mellitus, obesity, de-
creased bone density, higher incidence of leukemia, germ cell
tumors, infertility and breast cancer risk in patients who have
gynecomastia [10].

The incidence of KS in infertile men with severe
oligozoospermia and azoospermia 5% and 10%, respectively
[14]. This karyotype occurs randomly when paired X

chromosomes fail to disjoin in the first or second phase
of meiosis during oogenesis or spermatogenesis (Fig. 1).
Approximately, 90% of men carry an extra X chromosome
(47,XXY) and 10-15% are mosaic (46,XY/47,XXY) [47, 48].
However other sex chromosomal aneuploidies are much
less frequent with 47,XXXY/46,XY mosaicism, 48,XXYY,
48,XXXY (1 per 17,000 to 50,000) and 49, XXXXY (1 per
85,000 to 100,000) being present in male births. Cases of
46 XX males have also been reported [49]. Rare case of a
mosaic 47,XXY/46,XX is also reported in KS patients which
is associated with impaired spermatogenesis, testicular
atrophy, absence of germ cells and male infertility [50].

Patients with mosaic KS may have milder signs or symp-
toms, which depends on the number of cells with an addi-
tional X chromosome. Additional copies of genes on the X
chromosome adversely affect the development of male sexual
organs, prevent normal function of the testes and reduce the
levels of testosterone which is associated with impaired sper-
matogenesis in these cases [2]. Although this abnormality is
not inherited, it may occur as a random event during gonads
(eggs and sperm) formation. More recently, Franik et al.,
[51] have found different abnormalities in spermatogenesis
process such as maturation arrest or hypospermatogenesis in
~54% of KS patients. This result suggests that the presence of
spermatogenesis in KS patients is not always associated with
production of mature spermatozoa. Only a small number of
KS patients, especially mosaic cases, have normal fertilization
ability without assisted reproductive technology [52]. Focal
areas of spermatogenesis can be found within the testis of



Journal of Men’s Health

azoospermic men with KS, and sperm can be retrieved in
in about 30%-50% of KS patients through the use of micro
dissection testicular sperm extraction (TESE) technique [51].
Therefore, ICSI can be performed in these cases with an a
success rate of 30% to 50% [2]. Thus, TESE and ICSI can be
used in men with KS and azoospermia.

4.2 47,XYY syndrome

47, XYY syndrome is the most common type of sex chro-
mosomal aneuploidy after Klinefelter syndrome, occurring
in one of 1,000 live male births in the general population
[53]. The additional Y chromosome can be generated because
of a random event from paternal post-zygotic mitotic non-
disjunction or meiosis II non-disjunction [54]. Although
the majority of cases have normal phenotypic features, they
may have decreased fertility potential. A growing number
of studies have demonstrated a relationship between 47, XYY
syndrome and male infertility [55]. Some studies found low
to normal testosterone level and high to normal contents
of LH and FSH in patients with 47, XYY syndrome [56].
The sperm count in these patients varying from normal to
oligospermia or azoospermia [57]. The exact mechanism
of abnormal semen analysis in these patients is not well-
understood; however, Y chromosome microdeletions and
CFTR gene mutations may be a main reason for poor sperm
quality in these cases [3]. Milazzo etal., [58] indicated that the
presence of the extra Y chromosome can result in spermato-
genesis impairment during meiosis, which is consequently
associated with increased number of immature sperm and
decreased sperm counts. Since sperm cells with an additional
copy of the Y chromosome can be transmitted to the next
generations through ART, genetic consulting is necessary for
these patients.

4.3 46,XX male syndrome

XX male syndrome is a rare chromosome aneuploidy with an
incidence rate of 1 in 20,000 live births [59]. It causes a wide
range of clinical manifestations from ambiguous genitalia in
the newborn to normal male phenotype [60]. All men with
46,XX syndrome are azoospermic because of the absence
of Y chromosome long arm containing azoospermia factor
(AZF) gene, which is crucial for normal spermatogenesis
[3]. Increased gonadotropin levels, impaired steroidogenesis
and hypogonadism are typical laboratory findings in these
patients [61].

Previous studies illustrated that Y chromosome transloca-
tion containing the testes determining factor (SRY gene) on X
chromosome, mutation or overexpression of X-linked genes
which are responsible for differentiation of testis, and muta-
tion or overexpression of autosomal genes in SRY negative
XX males are the major proposed mechanisms for the etiol-
ogy of 46,XX syndrome [59]. These patients can be divided
into two groups of positive (90% of the cases) and negative
(10% of the cases) SRY gene [62]. Given the critical role
of SRY gene in male reproductive organ differentiation and
development, the external genitalia and masculinization are
phenotypically normal in 46,XX SRY-positive males [61].

1

Moreover, small testis size can be seen in these patients.
For this reason, these cases are usually diagnosed in late
adolescence during chromosome analyses performed for in-
fertility or small testis [62, 63]. The majority of 46,XX SRY-
negative men have incomplete virilization of the external
genital organs. Nevertheless, normal appearance of genitals
and complete masculinization can be seen in these cases [64].

4.4 45,X male syndrome

Men with 45,X karyotype normally display a female pheno-
type. They are infertile and display azoospermia [65]. The
underlying mechanism for this abnormality is related to the
absence of the genes on the long arm of the Y chromosome
which are responsible for spermatogenesis. Since the distal
part of the euchromatic long Y arm (Yql1) is lost, these
patients have an unbalanced karyotype [52]. Multiple studies
showed normal secondary sexual characteristics and normal
reproductive hormone levels, but small testes, azoospermia,
and germinal aplasia in patients with a 45x Karyotype [65].

The mosaic karyotype 45X/46XY is another chromoso-
mal aneuploidy which is associated with infertility in men.
The incidence rate of this syndrome in infertile men is 4%.
The 45X/46XY karyotype is associated with a wide range of
phenotypes, including male with mixed gonadal dysgenesis,
female with Turner syndrome, pseudohermaphroditism, and
male with normal apparent (~33%) [66]. Increased levels of
serum FSH and normal values of serum testosterone were
reported in these cases [67].

5. Syndromes caused by mutations or
deletions

While some of genetic syndromes associated with male
infertility are caused by chromosomal aneuploidies, the
others are resulted by mutations or deletions on multiple
genes involved in spermatogenesis and steroidogenesis.
Kallmann syndrome, Sertoli cell-only syndrome, deafness-
infertility syndrome, Noonan syndrome, immotile-cilia
syndrome and Myotonic dystrophy 1 are examples of these
abnormalities.

5.1 Kallmann syndrome

Kallmann syndrome (KS) is a rare genetic disorder
which is characterized by anosmia and hypogonadotropic
hypogonadism due to abnormal migration of gonadotropin-
releasing hormone (GnRH)-producing neurons [68]. This
is because of mutations in several genes such as KALI,
FGFR1, and PROKR2 genes which are mainly inherited in
an autosomal dominant manner [3]. The prevalence of
KS is 1 in 8000 to 1 in 10,000 in men [69]. X-linked (X
p 22.3) recessive disorder is the most common type of KS
occurring in 1 in every 30,000 males at birth [70]. However,
its inheritance may be autosomal. Small penis, erectile
dysfunction, delayed puberty, prepubertal external genitalia
and absent secondary sexual characters can be seen in these
cases [71]. Treatments with testosterone and gonadotropins
are usually used to induce virilization and spermatogenesis
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in these cases [72].

5.2 Sertoli cell-only syndrome

Sertoli cell-only (SCO) syndrome is a rare cause of male
infertility which is associated with seminiferous tubules dam-
age and complete absence of germ cells. SCOS incidence
in azoospermic cases varies from 26.3% to 57.8% [73]. The
exact mechanism of SCO is still unclear. Y chromosome
microdeletions, especially on the AZF region (AZF-a-c), hy-
pogonadotropic hypogonadism, and cryptorchidism are con-
sidered as significant causes of SCOS syndrome [3, 6, 74].
Klinefelter syndrome is the most frequent cause of nonob-
structive azoospermia with SCO. Although many of patients
with SCO have normal secondary male sexual characteristics
and karyotype, they are azoospermic or severe oligozoosper-
mic men [75]. Reduced testicular size and high FSH levels
can be also found in these patients. ICSI and Micro-TESE are
useful in retrieving spermatozoa from these patients [76].

5.3 Deafness-infertility syndrome

Deafness-infertility syndrome (DIS) is a very rare syndrome
(~1 in 1,000,000 births) which is caused by a large contigu-
ous deletion of STRC and CATSPER2 and genes at chromo-
some 15q15.3 [77]. This is an autosomal recessive syndrome
which is characterized by moderate to severe hearing loss and
male infertility. Although men with DIS syndrome produce
sperm, increased number of sperm with abnormal morphol-
ogy and sperm dysmotility negatively affect their fertility
potency [77]. Azoospermia and abnormal spermatogenesis
are also reported in these cases [78].

5.4 Noonan syndrome

Noonan syndrome (NS) is another rare genetic disorder (~1
: 1000 to ~1 : 2500 in newborns) which can be associated
with male infertility [79]. Mutations in several genes such as
PTPN11, SOS1, KRAS and RAF1 genes may be involved in the
etiology of this syndrome. NS is inherited in an autosomal
dominant pattern. Undescended testes may be seen in boys
with Noonan syndrome [80]. Delayed puberty, azoospermia
or oligozoospermia may occasionally found in these cases
[81].

5.5 Immotile-cilia syndrome

Immotile-cilia syndrome, also known as primary ciliary dysk-
inesia (PCD), is an inherited autosomal recessive disease.
The incidence rate of this syndrome is approximately one in
10,000 to 30,000 individuals [82]. This syndrome is resulted
by the defects in several genes such as DNAH5, DNAI2, and
DNAHY, which are responsible in formation of several kinds
of proteins composed of a ciliary microstructure [83]. It
is also associated with aplasia, ciliary dysplasia, and sperm
motility disorder. Sometimes, these cases are diagnosed with
Kartagener’s syndrome. Since immotile sperm are unable
to participate in fertilization process naturally or via con-
ventional IVF, the ICSI technique is useful for these cases.
Micro-TESE-ICSI is effective for patients with azoospermia

o
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[83].

5.6 Myotonic dystrophy 1

Myotonic dystrophy 1 (DM1) is another inherited and au-
tosomal dominant disorder which can be associated with re-
productive abnormalities and male infertility. The expansion
of CTG repeats in the myotonic dystrophy protein kinase
(DMPK) gene on chromosome 19q13.3 is the underlying
mechanism for this genetic defect [84]. Progressive testic-
ular atrophy, increased FSH levels, fibrosis of seminiferous
tubules, and decreased number of spermatozoa can be found
in these patients [85]. Oligospermia and azoospermia can be
observed in ~73% of DM1 patients [86].

5.7 Prader-Willi syndrome

Prader-Willi syndrome (PWS) is a rare genetic disorder with
an incidence rate of ~1/15,000 to ~1/30,000 births [87].
PWS is paternally inherited and caused by the lack of expres-
sion of one or more genes on chromosome 15q11-q13 [88].
Men with PWS are usually infertile. It is characterized by
different signs and symptoms such as small testicular size, tes-
ticular failure, delayed pubertal, hypothalamic dysfunction,
hypogonadism and cryptorchidism (found in ~93% of cases)
[89]. Azoospermia can be seen in most cases [89]. Some
studies showed high FSH levels and defect in the Sertoli cells
[88].

5.8 Bardet-Biedl syndrome

Bardet-Biedl syndrome (BBS) is another rare genetic
syndrome that causes various abnormalities. The incidence
rate of the disease ranges from ~1/125,000 to ~1/175,000
births [90].
testicular

Several case reports have demonstrated
atrophy, hypogonadotrophic hypogonadism,
spermatogenic arrest, low plasma levels of LH and
testosterone, hypothalamic—pituitary dysfunction, and
degeneration of seminiferous tubules in these cases [91].

5.9 Autosomal and X linked genes mutations

Numerous autosomal or X linked genes are essential for
male reproductive development and function, spermatoge-
nesis and fertility in men. Therefore, mutations, translo-
cations, deletions or inversions in these genetic materials
can result in severe male infertility and azoospermia. The
human X chromosome includes many testis-specific genes
which are essential for normal spermatogenesis and success-
ful fertility. The frequency of mutations in autosomal genes
such as INSL3-RXFP2, CFTR, KAL-1, c-kit receptor (c-kitR),
and X-linked androgen receptor (AR) genes is high and can
cause infertility due to defects in germ cell proliferation or
urogenital system.

6. Male infertility caused by Y chromosome
microdeletions

Human Y chromosome, one of the smallest in the genome,
contains ~60 million DNA base sequences [92]. It is a degen-
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FIG. 2. A schematic of Y chromosome including AZF regions (AZFa-c) and associated microdeletions. Deletion in AZFa is associated with

azoospermia and SCOS, AZFb deletion is associated with impaired spermatogenesis and azoospermia, deletions in AZFb + ¢ cause spermatogenesis arrest

and azoospermia, deletion in AZFc is associated with oligozoospermia and azoospermia, gr/gr deletion is associated with oligozoospermia and azoospermia.

erated X chromosome which has lost several housekeeping
genes becoming specialized in male sex determination. Ap-
proximately 95% of its sequence, known as the male specific
region (MSY) of the Y or non-recombining region (NRY), is
present only in men and does not undergo sexual recombina-
tion [93]. It is divided into euchromatic (Yq11; 24 Mb), cen-
tromeric and heterochromatic (Yq12; 30 Mb) regions [94].
There are two pseudoautosomal regions (PAR1 and PAR2)
on the long (Yq) and short (Yp) arms of Y chromosome that
recombine with their homologues on the X chromosome
(Fig. 2).

Recent evidences have indicated that Y chromosome mi-
crodeletions are associated with severe male infertility be-
cause it carries various regions and genes that are essential
for normal spermatogenesis and male gonads development.
Human Y chromosome microdeletions (Yq11.2) serve as the
main genetic cause of infertility in men with idiopathic severe
oligozoospermia and azoospermia [52]. Furthermore, it is
considered as the second most common genetic cause of
impaired spermatogenesis in infertile men after Klinefelter’s
syndrome [9].
infertile men ranged from ~1% to ~55% [95]. They are ex-
tremely rare in cases with normal spermatozoa (0.7%), but the
highest frequency is found in azoospermic (8-12%) and oligo-
zoospermic men (3-7%) [96]. In addition to Y chromosome

The incidence rate of Y microdeletions in

microdeletions, other abnormalities such as variations in re-
peat sequences in multi copy gene families, or polymorphisms
or mutations in Y chromosome genes, and duplications or
rearrangements can also involve in male infertility [97].

Molecular genetics analysis of the Y chromosome has iden-
tified three main regions known as AZF in proximal, mid-
dle, and distal Yql1, designed as AZFa, AZFb and AZFc,
respectively (Fig. 2). Additionally, a fourth AZF region has

been also suggested to exist in the area where AZFb and
AZFc overlap, and is termed as AZFd [98]. These regions
carry several genes and transcriptional units, which are par-
ticularly expressed in male gonads. Many studies reported
azoospermia or severe oligozoospermia caused by gene dele-
tions in these regions [99]. Therefore, the loss of this genetic
information can lead to poor sperm production and male
infertility.

AZFa, P5/proximal-P1 (previously termed AZFb), AZFc
(b2/b4), P5/distal-P1 (AZFb + c), b1/b3, b2/b3 and gr/gr
deletions are the most described recurrent deletions in Yq
[100] (Fig. 2). The b1/b3, b2/b3 and gr/gr deletions are
considered as partial deletions of AZFc. The AZFb deletions
are extend from palindrome P5 to proximal arm of palin-
drome P1, 1.5 Mb within AZFc. The deletions involving
AZFb + c extend from P5 to distal arm of P1 sparing distal
AZFc, and encompass 7.7Mb removing 42 genes and tran-
scripts. It has been uniformly associated with azoospermia
[3]. Compared to the AZFb region (~15%) and the AZFa
region (~5%), multiple gene deletions in the AZFc region
(~60-70%) are the most common aberrations that occur in the
AZF region [96]. These deletions can produce a wide range
of infertile phenotypes. Although ART such as IVF, ICSI
and TESE permit cases with Y chromosome microdeletions
to achieve pregnancy, it increases concerns about the fact
that some pregnancies may generate male offspring with
similar microdeletions and subsequently infertility problems
[3]. Therefore, it is essential to consider these critical genes,
regions and deletions when considering ART because mi-
crodeletions are always transmitted to the male offspring.
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7. Conclusions

Chromosomal  aneuploidies and  associated  rare
genetic syndromes are the main reasons for impaired
spermatogenesis and male infertility. These aneuploidies
can be either numerical or structural. Developmental failure
in reproductive organs, delayed puberty, testicular atrophy
and dysfunction, hypothalamic-pituitary dysfunction,
hypogonadism, declined levels of sex hormones, impaired
spermatogenesis, and poor sperm quality are the major
findings in men with rare genetic syndromes associated
with infertility. Although the incidence of these genetic
syndromes is rare, they may diminish the likelihood of a
successful outcome from ART. Since most of rare syndromes
are paternally inherited, these genetic abnormalities can
be transmitted to the offspring via ICSI, TESE, IVF and
consequently cause male offspring with similar abnormalities
and infertility. Therefore, it is essential to perform routine
karyotyping prior to ART in infertile males with idiopathic
or unexplained spermatogenic failure. Furthermore, it
is necessary to consider detailed medical history, critical
genes, regions and deletions when considering ART because
microdeletions are always transmitted to the male offspring.
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