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Abstract While 7 % of the men are infertile, currently, a
genetic etiology is identified in less than 25 % of those men,
and 30 % of the infertile men lack a definitive diagnosis,
falling in the “idiopathic infertility” category. Advances in
genetics and epigenetics have led to several proposed mecha-
nisms for male infertility. These advances may result in new
diagnostic tools, treatment approaches, and better counseling
with regard to treatment options and prognosis. In this review,
we focus on clinical aspects of male infertility and the role of
genetics in elucidating etiologies and the potential of
treatments.

Keywords Male infertility - Genetics - Epigenetics -
Reproduction

Introduction

In the USA, about 15 % of the couples are infertile [1], and
male factor is present in 50 % of the infertile couples [2].
Known genetic disorders are responsible for 15-30 % of male
infertility cases, and genetic alterations yet to be discovered
could well account for the majority of “idiopathic infertility”
cases, which represent 30 % of all male infertility cases [3].
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Genetic male infertility disorders include chromosomal alter-
ations, Y chromosome microdeletions (YCMD), gene muta-
tions, and epigenetic disorders. The use of advanced reproduc-
tive techniques, such as microdissection testicular sperm ex-
traction (microTESE) combined with in vitro fertilization
techniques, preimplantation genetic diagnosis (PGD), and
screening (PGS), may overcome some of these problems,
but there is always a risk of transmission of the parental dis-
eases to the offspring. Interest in this field has significantly
increased as specialists try to gather data that could be useful
in the management and counseling of these couples. In this
article, we review the current literature regarding the genetic
alterations linked to male infertility.

Chromosomal Alterations

Infertile men have higher incidence of chromosomal alter-
ations, especially aneuploidy, with incidence ranging from 2
to 15 %, depending on the severity of spermatogenic impair-
ment [4]. Chromosomal recombination during meiosis is cru-
cial not only for evolution, but also for correct segregation of
chromosomes during spermatogenesis. Thus, recombination
failure is linked to sperm aneuploidies. Not surprisingly, in-
fertile men have a higher rate of recombination failure [5], and
sperm aneuploidy, even when classical semen analysis param-
eters, is normal [6°¢]. While autosomal chromosomes can un-
dergo recombination along their entire length, X-Y chromo-
somal pairing and recombination is restricted to the small
homologous pseudoautosomal regions [7]. This explains
why sex chromosomes aneuploidies are the most frequently
found genetic abnormalities in men. Other chromosomal al-
terations that can cause infertility include translocations and
inversions.
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Klinefelter Syndrome

Klinefelter syndrome (KS) is the most common genetic cause of
male infertility, found in 1/600 of all men, 0.6 % of severely
oligospermic men, and in 11 % of men with non-obstructive
azoospermia (NOA) [8+, 9]. Nondisjunction during meiosis |
is the origin of the extra X chromosome, which has been shown
to be paternal-derived in 60 % of the cases. Association with
increased paternal age is controversial, while maternal age is
considered a risk factor [10]. In mammals, a major part of the
extra X chromosome is inactivated, and only 15 % of the genetic
content escapes silencing. However, in patients with KS, this
process is disturbed, resulting in an excessive genetic output that
impairs androgen production and spermatogenesis [8e, 10].

Clinical features of KS include infertility, hypergonadotrophic
hypogonadism, and cognitive disorders. The phenotype spectrum
is ample, varying with the extent of genetic inactivation and the
presence of mosaicism [8, 11]. A consistent finding in men with
KS is progressive degeneration of germ cells (GCs) and Sertoli
cells (SCs), mainly after puberty [ 12]. The mechanisms leading to
testicular degeneration are still unknown, but overexpression of X
chromosome genes, some of them related to inflammatory path-
ways and blood testicular barrier (BTB) structure, malfunction of
follicle stimulating hormone (FSH) receptor, and increased aro-
matase activity may have arole [13—16].

Androgen receptor (AR) gene inactivation also contributes
to the pathophysiology of KS. Located in the Xq chromo-
some, the AR gene contains a critical region of CAG-
nucleotide repeats located in the exon 1, and the length of this
region is inversely related to the receptor activity.
Consequently, inactivation of the AR gene with a shorter or
longer stretch of CAG repeats may be related to the severity of
the syndrome [17]. Furthermore, a recent paper reported that
testosterone (T) production by Leydig cells (LCs) is normal or
even increased in men with KS [18]. This evidence suggests
decreased release of T into the bloodstream associated to the
lack of responsiveness of the AR.

Even with progressive testicular degeneration, sperm re-
trieval rates with microsurgical techniques (microTESE) are
high (70 %) in men with KS [19], and the use of the retrieved
sperm with in vitro fertilization techniques seems to be safe
[20]. The production of normal sperm by these men is proba-
bly due to niches of undisturbed spermatogenesis composed
by either a few GCs with normal karyotype, or by some
47,XXY GCs that are able to go through meiosis and produce
sperm with normal karyotype (23,XY or 23,XX) [21, 22].

Other Sex Chromosomal Aneuploidies
47 XYY karyotype is found in 1/1000 of live births and is the
second most frequent aneuploidy of sex chromosomes [23].

The extra Y chromosome originates from nondisjunction dur-
ing meiosis II. These men may be phenotypically normal, but
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high stature, clinodactyly, hypertelorism, cognitive impair-
ment, aggressive behavior, and infertility are some of the char-
acteristics that can be found. When compared with the general
population, XYY men have higher incidence of asthma, sei-
zures, tremor, and autistic spectrum disorder [23].
Testosterone levels are normal or elevated [24]. XYY men
with impaired spermatogenesis present with elevated FSH,
and sperm analyses shows azoospermia or severe
oligospermia [25]. Sertoli cell-only syndrome (SCO) and mat-
uration arrest (MA) are common testicular biopsy findings
[26]. There is an increased incidence of chromosomally ab-
normal spermatozoa in the semen of men with 47,XYY syn-
drome, especially sex chromosome disomies [27, 28].

46 XX male is a rare chromosomal abnormality, found in
0.9 % of the azoospermic male [29]. Delayed puberty, gyneco-
mastia, and infertility are the most common clinical findings,
whereas hypospadias, cryptorchidism, and genital ambiguity
are rarely reported. There are two variants of this condition.
The first one, responsible for 80-90 % of the cases, is caused
by the translocation of the sex-determining region Y (SRY)
gene (SRY XX males). All the men with this variant are
azoospermic, but usually with normal male phenotype [30].
The second variant is the SRY™ XX males, in which no copy of
SRY is found. In these cases, the male phenotype is due either
to mutations in autosomal or X-linked genes involved in the
sex-determining cascade, such as SOX9 and DAX1 genes,
which substitutes the SRY. These patients are more likely to
have incomplete masculinization [31, 32].

45X/46XY mosaic is another rare condition with a broad
spectrum of phenotypes. 45X/46XY men may present with
impaired gonadal development, intra-abdominal testes, infer-
tility, and hypospadias. Another characteristic is the higher
predisposition to gonadoblastomas and dysgerminomas.
Sperm analysis of 45X/46XY oligospermic men showed
higher frequency of aneuploid sperm, which suggests an in-
creased risk of producing offspring with chromosome abnor-
malities [33, 34].

Robertsonian Translocations

Robertsonian translocations (ROB) occur when two acrocen-
tric chromosomes (i.e., chromosomes 13, 14, 15, 21, and 22)
fuse their long arms, leading to the loss of the genetic material
on the short arms. ROB are the most common structural ab-
normalities, found in 1/1000 newborns and in 0.9 % of the
infertile men [29]. Despite normal phenotype, men with ROB
may have impaired spermatogenesis because of faulty segre-
gation of the fused chromosomes as well as interferences on
the pairing and segregation of other chromosomes. The affect-
ed men show higher incidence of sperm aneuploidy [35], and
there is a risk of passing on the translocation to offspring.
Therefore, their sperm chromosomal composition should be
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analyzed; the couples should have proper genetic counseling,
and preimplantation genetic diagnosis must be offered [36].

Autosomal Inversions

Autosomal inversions are structural chromosomal derange-
ments that do not lead to genetic material loss. Chromosome
9 inversions are the most relevant for male infertility, being
found in 3-5 % of the infertile men [37, 38]. Male carriers of
chromosome 9 inversions may show azoospermia,
oligospermia, asthenozoospermia, or normozoospermia.
They also have a higher incidence of sperm aneuploidy [39].

Y Chromosome Microdeletions

The euchromatin zone of the long arm of the Y chromosome
(Yql1) houses the AZF (azoospermia factor) region, which con-
tains genes critical for spermatogenesis. These genes are divided
in three groups based on their location: AZFa, AZFb, and AZFc
(Fig. 1) [40]. Microdeletions located in these zones may impair
fertility and are present in 10 % of men with NOA and in 5 % of
those with severe oligospermia, but the incidences and pheno-
types vary geographically and ethnically [41-43].

Accounting for 60 % of all YCMD, the AZFc group is lo-
cated in the distal aspect of Yql1 [44, 45]. Several genes are
located in the AZFc group, and the DAZ (deleted in azoosper-
mia), a family of four genes implicated in spermatogenesis, has
been the most studied [46]. The arrangement, similarity, and the
huge size of its amplicons, repetitive copies of nucleic acid
sequences, are responsible for the relative high incidence of de
novo deletions via homologous recombination (HR) in this
group [47]. The most frequent deletion affecting the AZFc
group involves the amplicons b2 and b4 (b2/b4), and removes
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eight genic families, including the DAZ family. Smaller partial
deletions also exist and may happen either via HR, such as “b1/
b3,” “b2/b3,” and “gr/gr”, or via non-homologous recombina-
tion, such as P3a, P3b, P3c, and P3b [45, 48].

The clinical and histological presentation spectrum is wide,
but, in general, AZFc deletions are compatible with pockets of
spermatogenesis. Men with AZFc deletions usually present
with azoospermia or, more often, severe oligozoospermia.
Histological patterns vary from SCO, to (MA) and
hypospermatogenesis (HS). When microTESE is used, viable
sperm can be harvested in approximately 50-60 % of the
azoospermic men [41]. Complete AZFc deletions could cause
Y-chromosome loss and lead to 45X/46XY karyotype with
Turner stigmata or sexual ambiguities. To avoid the transfer
of 45X0 embryos, PGD should be offered to these couples
[49]. In addition, since YCMD will be transmitted, and might
also increase in extent, male offspring is expected to show the
same or worse degree of spermatogenesis impairment as their
fathers. This fact should be taken into consideration during
genetic counseling.

The AZFb group is affected in 15 % of YCMD cases. It
contains two genes important to spermatogenesis, the
RBMY1 and PRY genes. The first is a testis-specific splicing
factor expressed in the nucleus of spermatogonia, spermato-
cytes, and round spermatids, and the second is involved in the
regulation of GCs apoptosis [45]. Complete deletions of this
zone (proximalP5/P1) are massive, perhaps the largest in hu-
man genome. Homologous and non-homologous recombina-
tions, as well as other unknown factors, are involved in these
events [50]. Combined AZFb + AZFc deletions may occur,
since AZFb overlaps AZFc by 1.5 Mb, and are, indeed, more
frequent than isolated AZFb deletion [41, 51].

Men with complete AZFb or AZFb + AZFc deletions pres-
ent with azoospermia, and testicular biopsy usually shows
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Fig.1 Y-chromosome microdeletions [41, 43, 51, 148]. Reprinted from Seminars in Cell and Developmental Biology 2016. Neto FTL, Bach PV, Najari
BB, Li PS, Goldstein. Spermatogenesis in Humans and Its affecting factors. Article in press .with permission from Elsevier
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SCO or diffuse early MA. Currently, these patients must use
donor sperm or adoption [41].

Situated near the centromere, the AZFa group has about
1100 kb and contains three main genes: DBY, USP9Y, and
UTY. The DBY gene acts as a spermatogenic regulator during
the earliest stages (i.e., spermatogonia), while the other two
are, apparently, not crucial for male fertility [52, 53]. AZFa
deletions have been shown to occur via intrachromosomal
recombination between flanking repeats [54].

Complete deletion of AZFa is rare (3 %) and carries
the poorest prognosis of all YCMD. Invariably, these
men have azoospermia and SCO, and no sperm is found
using microTESE. Therefore, these patients should not
be submitted to invasive sperm retrieval procedures, but
referred for donor sperm or adoption. In contrast, men
with partial AZFa deletions often have HS and present
with severe oligospermia or cryptozoospermia [41, 51].
We expect that advances in genetic engineering will
allow us to induce progression through meiosis in stem
cells, producing spermatozoa, and helping men with
complete AZFa, AZFb, and AZFb + ¢ deletions to father
offspring in the future.

Single Gene Mutations

More than 3000 genes have been associated with spermato-
genesis [55], but despite increased efforts by genetic labs
worldwide, less than 0.01 % of these genes have been evalu-
ated in infertile men [56]. However, with the decreasing costs
of next-generation sequencing, we expect that these genetics
tools will achieve widespread use for both, research and clin-
ical purposes, and accelerate the knowledge gathering process
in this area. This section will focus on single gene mutations
that have clinical importance for human male infertility.

Cystic Fibrosis Transmembrane Conductance Regulator
Gene Mutation

The cystic fibrosis transmembrane conductance regulator
(CFTR) gene is located on chromosome 7 and encodes an
anion channel critical for salt homeostasis of several epithelial
tissues such as the lung and pancreas [57]. More than 1950
CFTR mutations have been identified so far [58]. These mu-
tations differ regarding their molecular mechanisms and their
impact in the channel function [45]; therefore, the phenotype
spectrum of carriers is wide. Patients with severe mutations
develop cystic fibrosis (CF), the most common lethal genetic
disease in Caucasians, with an approximate incidence of 1 in
every 3500 newborns [59], while men carrying mild muta-
tions may present only with congenital bilateral absence of
the vas deferens (CBAVD).
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CBAVD is found in about 1 % of the infertile men, and in
up to 25 % of men with obstructive azoospermia [60]. Most
patients with CBAVD have only the caput and corpus of the
epididymis present, with non-palpable vasa and epididymal
cauda. A few patients may have palpable scrotal vasa, that,
in most of the cases, end blindingly in the retroperitoneum,
without communication with the ejaculatory ducts [61]. The
seminal vesicle and ejaculatory ducts may also be absent in
these men [62]. A recent meta-analysis [60] found that 78 %
of men with CBAVD have at least one CFTR mutation, and
46 % have two mutations. The most common mutant alleles
are the F508del, which is also the most common allele in
patients with CF, the 5 T, and the R117H. The most frequent
heterozygous genotypes are the F508del/S T and F508del/
R117H. F508del/F508del genotype is not frequently found
in men with isolated CBAVD, since it implicates in a severe
impairment of CFTR protein function, leading usually to CF.
Ethnicity influences the frequency of mutations, with non-
Caucasian showing lower incidence of two mutations, as well
as lower incidence of F508del allele. Other authors reported
that in men with CBAVD that were diagnosed with only one
CFTR mutation, a search for rare mutations with “regional
impact,” large genomic rearrangements, and point mutations
within the entire CFTR coding region revealed a second mu-
tation in 40 % of them [63].

Even though the genetic link between CFTR mutations and
CBAVD is irrefutable [60], the molecular mechanisms behind
it are still unclear. Theories about the cause-effect relationship
include obstruction of the genital ducts by mucus and secre-
tory protein accumulation during early development and sub-
sequent ductal atrophy [64], direct impact in the development
ofthe Wolffian duct [65], and decreased activity of the Wnt/[3-
catenin signaling system, which is critical for Wolffian duct
differentiation [66], but none of these theories have been test-
ed yet.

In addition, there is a debatable association between CFTR
mutations and poor sperm function [58, 67-70]. Several the-
ories of how these mutations could affect spermatogenesis and
sperm maturation have been proposed [66], but more studies
are needed first to better clarify this association, and them to
explain its mechanisms.

Men with CBAVD are good candidates for sperm
retrieval from the epididymis or testis coupled with
intracytoplasmic sperm injection (ICSI) [71, 72].
Genetic testing for CTFR mutation is mandatory, not
only for patients with CABVD, but also for their female
partners, since up to 1 out of 25 individuals are asymp-
tomatic carriers of a mutation [59]. Moreover, the mu-
tation panel of the test should take in consideration the
couple’s ethnic background. The offspring of a carrier
couple has a high risk of develop CF; thus, genetic
counseling and preimplantation genetic diagnosis are in-
dicated based on the mutations found. Furthermore, a
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search for rare mutations should also be considered if
the female partner is found to be a carrier [63].

Kallmann Syndrome

Kallmann syndrome (KLS) has an incidence of 0.2 % [73] and
an estimated 5 M:1 F sex ratio [74]. KLS is mainly characterized
by hypogonadotropic hypogonadism, delayed puberty, infertili-
ty, and defective sense of smell (anosmia or hyposmia) [75]. The
syndrome has genetic and phenotypic heterogeneity, and several
genes have been associated with this condition [76]. Kallmann
syndrome 1 (KAL1) and the fibroblast growth factor receptor 1
(FGFR1) are the two most studied KLS genes.

KALTI (now denoted ANOSI) was the first gene associated
with KLS. KALI is an X-linked gene that encodes a cell
adhesion protein of the extra cellular matrix (anosmin-1).
Anosmin-1 acts as a chemoattractant and plays an important
role in the migration of gonadotropin-releasing hormone
(GnRH) neurons from the olfactory placode to the preoptic
area of the hypothalamus during embryologic development;
thus, mutations affecting the KAL1 gene cause migration ar-
rest of GnRH-1 neurons [77]. In this variant, female are usu-
ally carriers, and other phenotypic features include renal
anomalies, mirror movements, and neurogenic deafness [78,
79]. The prevalence of KAL1 mutations varies from 14—
100 % in the familial cases, and from 11-33 % of the sporadic
cases [80, 81].

FGFR1 gene is located on the chromosome 8, and its
encoded receptor is part of a signaling pathway implicated in
the olfactory system and GnRH neuron ontogeny [82]. Loss-
of-function mutations of this gene are responsible for the au-
tosomal dominant variant, which is found in 10 % of KLS
cases [74], and linked to extremities malformations [83] and
midline defects, such as cleft palate and dental agenesis [78].

Since men with KLS lack GnRH releasing neurons, endo-
crine evaluation typically reveals undetectable levels of luteo-
tropic hormone (LH) and FSH, and very low T. These men
with failure to complete puberty, except in rare cases of spon-
taneously reversible KLS [84], have incomplete spermatogen-
esis due to the low levels of intratesticular testosterone and
absent FSH.

Genetic testing can be used for diagnosis and should be
guided by the inheritance pattern and by the presence of ad-
ditional phenotypic features [85, 86]. Genetic diagnosis is also
useful for prognosis and for couple counseling regarding the
risks for their offspring and the use of PGD.

After the diagnosis is made, hormonal treatment should be
planned to achieve two main objectives: inducing virilization
and normal development and improving the fertility status.
There are several gonodotropin-based regimens that can be
used in patients willing to maintaining fertility, and success
to promote normal puberty and full spermatogenesis with fer-
tility is very high [85].

Testis-Expressed 11 Gene Mutations

The testis-expressed 11 (TEX11) is a newly identified germ
cell-specific gene located in the X chromosome [87]. TEX11
encodes a protein that regulates homologous chromosome
synapses, recombination, and double-strand DNA break re-
pair [88, 89]. In animal models, TEX11 mutations have been
associated to MA at primary spermatocyte stage and azoosper-
mia [88, 89]. These mutations were also found in 2—7 % of the
azoospermic men and were associated with spermatocyte ap-
optosis, MA, and azoospermia [90, 91]. However, it is still
unclear whether men with these mutations may have niches of
undisturbed spermatogenesis in their testes, and thus be ame-
nable to microsurgical sperm retrieval (microTESE) [90].

Dpy1912 Gene Mutations

Acrosome development is a key stage during spermatogene-
sis, and disturbances during this process could lead to
globozoospermia, a rare infertility condition characterized by
round-headed spermatozoa that are unable to penetrate and
activate oocytes [92]. DPY19L2 gene is located in chromo-
some 12 and encodes a protein of the inner nuclear membrane
that participates in the acrosome development [93]. DPY 1912
gene mutations are the most common cause of
globozoospermia, while SPATA16 and PICK 1 mutations are
also associated with this phenotype [94]. The outcomes of
conventional intracytoplasmic sperm injection (ICSI) are poor
in these men, since their sperm cannot active the oocyte.
Fortunately, the use of ICSI coupled with assisted oocyte ac-
tivation has resulted in live births [95]. Men with complete or
almost complete globozoospermia should be tested for
DPY 1912 mutations, and if mutation is found and the parents
are related, the woman should be tested, and the couple should
have genetic counseling [96].

Epigenetic Factors

Epigenetics is the study of several processes that alter gene
expression without changing the DNA sequence. These pro-
cesses include DNA methylation, post-translational histone
modifications, chromatin remodeling, and microRNAs regu-
lation. They can vary among different types of cells, tissues,
organs, sex, species, and developmental stages. Epigenetic
factors may be carried through generations or may be revers-
ible [97]. Alterations of epigenetic factors are implicated in the
pathophysiology of several male infertility conditions and are
probably responsible for some cases of “idiopathic” male in-
fertility. New diagnostic and therapeutic tools will likely ac-
crue from research in this field.

Another key aspect of epigenetics regarding reproductive
medicine is the association between the use of assisted
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reproductive technologies (ART) and pathologies related to
genomic imprinting, such as Prader-Willi, Beckwith-
Wiedemann, and Angelman syndromes. This association
may be explained by the use of defective sperm with incom-
plete reprogramming, or epigenetically imperfect oocytes aris-
ing from superovulation. Other cause may be ART procedures
performed at the time of epigenetic reprogramming [97-100].

In addition, epigenetic process may be the mechanism by
which several diseases and conditions, such as obesity and
environmental exposure, affect spermatogenesis and influence
the offspring [101-103]. However, further studies are needed
to clarify these associations.

DNA Methylation

DNA methylation is the addition of a methyl radical to
cytosine-guanine dinucleotides (CpG) by DNA methyltrans-
ferases. CpG islands, areas of DNA with high content of CpG,
have been found near promoters, and hypermethylation of
CpG islands is linked to gene suppression, while hypomethy-
lation is associated with gene expression [99, 104]. Epigenetic
reprogramming of GCs by widespread erasure of DNA meth-
ylation followed by de novo methylation is a relevant event
for spermatogenesis. There are two stages of epigenetic GCs
reprogramming, one during the gonadal development, and
another one during adult life, establishing a male germ line
pattern of DNA hypomethylation. Not surprisingly, aberrant
global DNA methylation, as well as aberrant DNA methyla-
tion at specific sites, has been associated with poor quality
human sperm and decreased fecundity. However, the cause-
effect relationship between DNA methylation and fertility re-
mains unclear [105-111].

Post-Translational Histone Modifications

Histone methylation, acetylation, phosphorylation,
ubiquitylation, and sumotylation also modulate gene expres-
sion. Post-translational modifications take place in amino acid
residues in the N-termini of histone tails, and several enzymes
are involved in the process. The combination among different
sites and radicals will determine the final effect, gene activa-
tion, or suppression [97, 112—114]. Animal studies have
shown that several subtypes of histones, such as H1, H2,
H3, and H4, undergo post-translational modifications [115],
and the few human studies about this topic have described an
association between altered H3 methylation and poor sperm
quality [116, 117].

Chromatin Remodeling
The manner by which DNA segments are packed around his-

tones determines whether or not genes are available for tran-
scription. DNA segments found in heterochromatin are tightly
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packed, and, thus, silent, while the loose DNA segments of
euchromatin are usually transcriptable. Therefore, chromatin
remodeling may activate or inhibit gene expression. The exact
remodeling mechanisms are still unknown, but ATP-
dependent chromatin remodeling complexes appear to partic-
ipate in the process [118, 119].

In order to fit into the sperm head, the DNA content of the
male GCs should be neatly packed in a very small volume.
During spermatid stages, the replacement of 80 % of the his-
tone content by protamines type 1 (P1) and type 2 (P2) via
hyperacetylation of histone H4 is necessary to form
supercoiled structures named toroids, increasing DNA pack-
ing and protection [120]. The degree of histone-protamine
replacement has been correlated with the fertilizing capacity
of the sperm, and decreased levels of H4 hyperacetylation
were demonstrated in men with MA [121-123]. In addition,
residual histone-bound DNA content is crucial for sperm func-
tion and early embryo development. The P1/P2 ratio also af-
fects fertility. Fertile men usually have an equal proportion of
P1 and P2 [124], and altered P1/P2 ratio has been linked to
increased DNA fragmentation, decreased sperm function, re-
duced pregnancy rates, and found in some male infertility
conditions [125-128].

MicroRNAs

MicroRNAs (miRNAs) are a class of short (20-23 nucleo-
tides) single-stranded non-coding nucleotides, and constitute
one of the most abundant ribonucleoprotein complexes in the
cell. miRNAs modulate the expression of several protein-
coding genes. Their mechanisms of action are still under de-
bate, but may include direct destruction of targets mRNAs,
translation repression, and other indirect pathways to inhibit
protein synthesis [129-131]. Due to the fact that the expres-
sion of miRNAs varies among different developmental stages,
tissues, and diseases, specific expression patterns could be
linked to specific pathologies and, therefore, be used as diag-
nostic and therapeutic tools [132].

Regarding spermatogenesis, several animal studies
showed that GCs miRNAs, many of them stored in
the cromatoid body, are implicated in the regulation of
apoptosis, proliferation, and differentiation. This post-
transcriptional regulation is essential because GCs are
transcriptionally silent during certain stages of spermato-
genesis. Alterations of miRNAs expression patterns
could impair spermatogenesis and might explain a num-
ber of “idiopathic” male infertility cases [133—135].

Recently, efforts have been directed to associate spe-
cific miRNAs expression patterns in the seminal plasma
with human testicular histopathologic patterns and clin-
ical findings, with the idea of creating new diagnostic
tools to assess human male fertility [136]. So far, 1881
human miRNAs have been described (www.mirbase.org)
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Table 1 Lists of the most studied

miRNAs in infertile men [132, Name Function Expression  Findings associated
149-152]

miR-34 family ~ p53 tumor suppressor network Down NOA and oligospermia
miR-122 Suppresses the transcription of transition protein 2~ Down NOA
miR-19b Inhibition of apoptosis Up NOA
Let-7a Cell proliferation Up NOA
miR-181a Regulation of T cell sensitivity Down NOA

Up Oligospemia
miR-146b Regulation of apoptosis Down NOA

Up Oligospermia
miR-513a-5p Regulation of apoptosis Down NOA

Up Oligospermia
miR-509-5p Regulation of apoptosis Down NOA

Up Oligospermia
miR-374b Oncogene Down NOA

Up Oligospermia
miR-141 Regulation of cell cycle Up NOA and Oligospermia
miR-429 Unclear Up NOA and Oligospermia
miR-202-5p Unclear Down NOA
miR-7-1-3p Regulation of cell cycle Up NOA

[137], and several have recognized impact on male
fertility. Table 1 lists some miRNAs that are increased
or decreased in infertile men. For a good review of this
topic refer to [110ee].

DNA Damage

DNA damage is caused by single-strand and double-
strand breaks that are left unrepaired. Strand breaks
are naturally formed during meiosis 1, to allow recom-
bination, and during spermiogenesis, to allow unwinding
of the nucleosomal structure and again to avoid
supercoiling [138]. They might also be formed by the
release of reactive oxygen species (ROS) due to a vari-
ety of causes, such as incomplete apoptosis [139],
prolonged epididymal transit [140], environmental
chemical exposures, varicocele, diabetes mellitus, and
others [141]. Even though DNA strand breaks may be
repaired during spermatogenesis and early embryogene-
sis [138], the repair mechanisms may be insufficient in
the setting of massive DNA damage.

During spermatogenesis, GCs with high content of
irreparable DNA fragmentation may be directed to apo-
ptosis [142], but some may escape it and become de-
fective sperm [138]. Both mechanisms lead to male in-
fertility, and increased DNA fragmentation has been as-
sociated with decreased pregnancy rates, both natural
and with ART [143, 144, 145+, 146]. Since convention-
al semen parameters do not correlate well with the

DNA fragmentation status of the sperm [147], specific
methods to assess sperm DNA damage should be used
to correctly diagnose these men, and help them to
choose the best treatment option.

Conclusion

Advances in genetics and epigenetics are steadily find-
ing etiologies in “idiopathic male infertility”. Genes lo-
cated on the X chromosome and autosomal chromo-
somes are increasingly implicated as causes of male
infertility conditions. In the same way, newly discovered
epigenetic factors have been shown to influence male
gamete differentiation and function. Despite all the
new knowledge, the exact molecular mechanisms of
how genetic and epigenetic alterations affect human
spermatogenesis are still unclear. Future research in this
area will continue to provide clinically useful tools for
diagnosis, treatment, and counseling of affected couples.

Compliance with Ethical Standards

Conflict of Interest Filipe Tenorio Lira Neto, Bobby Baback Najari,
Philip Shihua Li, and Marc Goldstein declare no potential conflicts of
interest.

Phil Vu Bach reports grants from The Frederick J. and Theresa Dow
Wallace Fund of the New York Community Trust.

Human and Animal Rights and Informed Consent This article does
not contain any studies with human or animal subjects performed by any
of the authors.

@ Springer



70 Page 8 of 12

Curr Urol Rep (2016) 17: 70

References

Papers of particular interest, published recently, are
highlighted as:

* Of importance

¢ Of major importance

10.

11.

12.

13.

14.

15.

Thoma ME, McLain AC, Louis JF, King RB, Trumble AC,
Sundaram R, et al. Prevalence of infertility in the united states as
estimated by the current duration approach and a traditional con-
structed approach. Fertil Steril. 2013;99:1324-31. e1321.
Sabanegh Jr E, Agarwal A. In: Wein AJ, Kavoussi LR, Partin AW,
Peters CA, editors. Campbell-walsh urology, vol. 1. Philadelphia:
Elsevier Saunders; 2016.

Walsh TJ, Pera RR, Turek PJ. The genetics of male infertility.
Semin Reprod Med. 2009;27:124-36.

Ferlin A, Raicu F, Gatta V, Zuccarello D, Palka G, Foresta C. Male
infertility: role of genetic background. Reprod Biomed Online.
2007;14:734-45.

Gonsalves J, Sun F, Schlegel PN, Turek PJ, Hopps CV, Greene C,
et al. Defective recombination in infertile men. Hum Mol Genet.
2004;13:2875-83.

Ramasamy R, Scovell JM, Kovac JR, Cook PJ, Lamb DJ,
Lipshultz LI. Fluorescence in situ hybridization detects increased
sperm aneuploidy in men with recurrent pregnancy loss. Fertil
Steril. 2015;103:906-9. ¢901. Original article demonstrating
genetic sperm alteration in men with recurrent preganacy loss
and normal semen analiysis paramenters.

Hinch AG, Altemose N, Noor N, Donnelly P, Myers SR.
Recombination in the human pseudoautosomal region parl.
PLoS Genet. 2014;10:e1004503.

Groth KA, Skakkebaek A, Host C, Gravholt CH, Bojesen A.
Clinical review: Klinefelter syndrome—a clinical update. J Clin
Endocrinol Metab. 2013;98:20-30. Excelent review about other
clinical aspects of Klinefelter syndrome that are usually
overlooked.

Stahl PJ, Schlegel PN. Genetic evaluation of the azoospermic or
severely oligozoospermic male. Curr Opin Obstet Gynecol.
2012;24:221-8.

litsuka Y, Bock A, Nguyen DD, Samango-Sprouse CA, Simpson
JL, Bischoff FZ. Evidence of skewed x-chromosome inactivation
in 47, XXY and 48, XXY'Y Klinefelter patients. Am J Med Genet.
2001;98:25-31.

Samplaski MK, Lo KC, Grober ED, Millar A, Dimitromanolakis
A, Jarvi KA. Phenotypic differences in mosaic Klinefelter patients
as compared with non-mosaic Klinefelter patients. Fertil Steril.
2014;101:950-5.

Wosnitzer MS, Paduch DA. Endocrinological issues and hormon-
al manipulation in children and men with Klinefelter syndrome.
Am J Med Genet C: Semin Med Genet. 2013;163C:16-26.
D’Aurora M, Ferlin A, Di Nicola M, Garolla A, De Toni L,
Franchi S, et al. Deregulation of sertoli and leydig cells function
in patients with Klinefelter syndrome as evidenced by testis tran-
scriptome analysis. BMC Genomics. 2015;16:156.

Aksglaede L, Wikstrom AM, Rajpert-De Meyts E, Dunkel L,
Skakkebaek NE, Juul A. Natural history of seminiferous tubule
degeneration in Klinefelter syndrome. Hum Reprod Update.
2006;12:39-48.

Kotula-Balak M, Bablok L, Fracki S, Jankowska A,
Bilinska B. Immunoexpression of androgen receptors and
aromatase in testes of patient with Klinefelter’s syndrome.
Folia Histochem Cytobiol. 2004;42:215-20.

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Yu YH, Siao FP, Hsu LC, Yen PH. Tex11 modulates germ cell
proliferation by competing with estrogen receptor beta for the
binding to HPIP. Mol Endocrinol (Baltimore, Md). 2012;26:
630-42.

Zitzmann M, Depenbusch M, Gromoll J, Nieschlag E. X-
chromosome inactivation patterns and androgen receptor func-
tionality influence phenotype and social characteristics as well
as pharmacogenetics of testosterone therapy in Klinefelter pa-
tients. J Clin Endocrinol Metab. 2004;89:6208—-17.

Tuttelmann F, Damm OS, Luetjens CM, Baldi M, Zitzmann M,
Kliesch S, et al. Intratesticular testosterone is increased in men
with Klinefelter syndrome and may not be released into the blood-
stream owing to altered testicular vascularization—a preliminary
report. Andrology. 2014;2:275-81.

Mehta A, Bolyakov A, Roosma J, Schlegel PN, Paduch DA.
Successful testicular sperm retrieval in adolescents with
Klinefelter syndrome treated with at least 1 year of topical testos-
terone and aromatase inhibitor. Fertil Steril. 2013;100:970-4.
Madureira C, Cunha M, Sousa M, Neto AP, Pinho MJ, Viana P,
et al. Treatment by testicular sperm extraction and
intracytoplasmic sperm injection of 65 azoospermic patients with
non-mosaic Klinefelter syndrome with birth of 17 healthy chil-
dren. Andrology. 2014;2:623-31.

Lenz P, Luetjens CM, Kamischke A, Kuhnert B, Kennerknecht I,
Nieschlag E. Mosaic status in lymphocytes of infertile men with or
without Klinefelter syndrome. Human Reprod (Oxford, England).
2005;20:1248-55.

Foresta C, Galeazzi C, Bettella A, Marin P, Rossato M, Garolla A,
et al. Analysis of meiosis in intratesticular germ cells from subjects
affected by classic Klinefelter’s syndrome. J Clin Endocrinol
Metab. 1999;84:3807-10.

Abramsky L, Chapple J. 47, xxy (klinefelter syndrome) and
47, xyy: estimated rates of and indication for postnatal
diagnosis with implications for prenatal counselling.
Prenat Diagn. 1997;17:363-8.

Bardsley MZ, Kowal K, Levy C, Gosek A, Ayari N, Tartaglia N,
et al. 47, xyy syndrome: clinical phenotype and timing of ascer-
tainment. J Pediatr. 2013;163:1085-94.

Abdel-Razic MM, Abdel-Hamid IA, EISobky ES. Nonmosaic 47,
xyy syndrome presenting with male infertility: case series.
Andrologia. 2012;44:200-4.

Skakkeback NE, Hulten M, Jacobsen P, Mikkelsen M.
Quantification of human seminiferous epithelium. Ii.
Histological studies in eight 47, xyy men. J Reprod Fertil.
1973;32:391-401.

Gonzalez-Merino E, Hans C, Abramowicz M, Englert Y, Emiliani
S. Aneuploidy study in sperm and preimplantation embryos from
nonmosaic 47, xyy men. Fertil Steril. 2007;88:600-6.

Wu C, Wang L, Igbal F, Jiang X, Bukhari I, Guo T, et al.
Preferential y-y pairing and synapsis and abnormal meiotic re-
combination in a 47, xyy man with non obstructive azoospermia.
Mol Cytogenet. 2016;9:9.

Mau-Holzmann UA. Somatic chromosomal abnormalities in in-
fertile men and women. Cytogenet Genome Res. 2005;111:317—
36.

Anik A, Catli G, Abaci A, Bober E. 46, xx male disorder of sexual
development: a case report. J Clin Res Pediatr Endocrinol. 2013;5:
258-60.

Li TF, Wu QY, Zhang C, Li WW, Zhou Q, Jiang WJ, et al. 46, xx
testicular disorder of sexual development with sry-negative caused
by some unidentified mechanisms: a case report and review of the
literature. BMC Urol. 2014;14:104.

Hyon C, Chantot-Bastaraud S, Harbuz R, Bhouri R, Perrot N,
Peycelon M, et al. Refining the regulatory region upstream of
sox9 associated with 46, xx testicular disorders of sex develop-
ment (dsd). Am J Med Genet A. 2015;167A:1851-8.



Curr Urol Rep (2016) 17: 70

Page 9 of 12 70

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Papadimas J, Goulis DG, Giannouli C, Papanicolaou A, Tarlatzis
B, Bontis JN. Ambiguous genitalia, 45, x/46, xy mosaic karyo-
type, and y chromosome microdeletions in a 17-year-old man.
Fertil Steril. 2001;76:1261-3.

Rosa RF, D’Ecclesiis WF, Dibbi RP, Rosa RC, Trevisan P,
Graziadio C, et al. 45, x/46, Xy mosaicism: report on 14 patients
from a Brazilian hospital. A retrospective study. Sao Paulo med-
ical journal. Rev Paul Med. 2014;132:332-8.

Keymolen K, Van Berkel K, Vorsselmans A, Staessen C, Liebaers
I. Pregnancy outcome in carriers of Robertsonian translocations.
Am J Med Genet A. 2011;155A:2381-5.

Godo A, Blanco J, Vidal F, Sandalinas M, Garcia-Guixe E, Anton
E. Altered segregation pattern and numerical chromosome abnor-
malities interrelate in spermatozoa from Robertsonian transloca-
tion carriers. Reprod Biomed Online. 2015;31:79-88.

Dana M, Stoian V. Association of pericentric inversion of chro-
mosome 9 and infertility in Romanian population. Maedica.
2012;7:25-9.

Mozdarani H, Meybodi AM, Karimi H. Impact of pericentric in-
version of chromosome 9 [inv (9) (p11q12)] on infertility. Indian J
Hum Genet. 2007;13:26-9.

Collodel G, Moretti E, Capitani S, Piomboni P, Anichini C,
Estenoz M, et al. Tem, fish and molecular studies in infertile
men with pericentric inversion of chromosome 9. Andrologia.
2006;38:122-7.

Vogt PH, Edelmann A, Kirsch S, Henegariu O, Hirschmann P,
Kiesewetter F, et al. Human y chromosome azoospermia factors
(AZF) mapped to different subregions in yql1l. Hum Mol Genet.
1996;5:933-43.

Stahl PJ, Masson P, Mielnik A, Marean MB, Schlegel PN, Paduch
DA. A decade of experience emphasizes that testing for y
microdeletions is essential in American men with azoospermia
and severe oligozoospermia. Fertil Steril. 2010;94:1753-6.
Navarro-Costa P. Sex, rebellion and decadence: the scandalous
evolutionary history of the human y chromosome. Biochim
Biophys Acta. 1822;2012:1851-63.

Sen S, Pasi AR, Dada R, Shamsi MB, Modi D. Y chromosome
microdeletions in infertile men: prevalence, phenotypes and
screening markers for the Indian population. J Assist Reprod
Genet. 2013;30:413-22.

Hopps CV, Mielnik A, Goldstein M, Palermo GD, Rosenwaks Z,
Schlegel PN. Detection of sperm in men with y chromosome
microdeletions of the AZFA, AZFB and AZFC regions. Hum
Reprod. 2003;18:1660-5.

Asero P, Calogero AE, Condorelli RA, Mongioi L, Vicari E,
Lanzafame F, et al. Relevance of genetic investigation in male
infertility. J Endocrinol Investig. 2014;37:415-27.

Saxena R, de Vries JW, Repping S, Alagappan RK, Skaletsky H,
Brown LG, et al. Four daz genes in two clusters found in the
AZFC region of the human y chromosome. Genomics. 2000;67:
256-67.

Kuroda-Kawaguchi T, Skaletsky H, Brown LG, Minx PJ, Cordum
HS, Waterston RH, et al. The AZFC region of the y chromosome
features massive palindromes and uniform recurrent deletions in
infertile men. Nat Genet. 2001;29:279-86.

Noordam MJ, van Daalen SK, Hovingh SE, Korver CM, van der
Veen F, Repping S. A novel partial deletion of the y chromosome
azoospermia factor ¢ region is caused by non-homologous recom-
bination between palindromes and may be associated with in-
creased sperm counts. Hum Reprod. 2011;26:713-23.

Patsalis PC, Sismani C, Quintana-Murci L, Taleb-
Bekkouche F, Krausz C, McElreavey K. Effects of trans-
mission of y chromosome azfc deletions. Lancet (London,
England). 2002;360:1222—4.

Repping S, Skaletsky H, Lange J, Silber S, Van Der Veen F, Oates
RD, et al. Recombination between palindromes p5 and p1 on the

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

human y chromosome causes massive deletions and spermatogen-
ic failure. Am J Hum Genet. 2002;71:906-22.

Ferlin A, Arredi B, Speltra E, Cazzadore C, Selice R, Garolla A,
et al. Molecular and clinical characterization of y chromosome
microdeletions in infertile men: a 10-year experience in Italy. J
Clin Endocrinol Metab. 2007;92:762—70.

Ramathal C, Angulo B, Sukhwani M, Cui J, Durruthy-Durruthy J,
Fang F, et al. DDX3Y gene rescue of a y chromosome AZFa
deletion restores germ cell formation and transcriptional programs.
Sci Rep. 2015;5:15041.

Foresta C, Moro E, Rossi A, Rossato M, Garolla A, Ferlin A. Role
of the AZFa candidate genes in male infertility. J Endocrinol
Investig. 2000;23:646-51.

Blanco P, Shlumukova M, Sargent CA, Jobling MA, Affara N,
Hurles ME. Divergent outcomes of intrachromosomal recombina-
tion on the human y chromosome: male infertility and recurrent
polymorphism. J Med Genet. 2000;37:752-8.

Schultz N, Hamra FK, Garbers DL. A multitude of genes
expressed solely in meiotic or postmeiotic spermatogenic cells
offers a myriad of contraceptive targets. Proc Natl Acad Sci U S
A.2003;100:12201-6.

Aston KI. Genetic susceptibility to male infertility: news from
genome-wide association studies. Andrology. 2014;2:315-21.
Pankow S, Bamberger C, Calzolari D, Martinez-Bartolome S,
Lavallee-Adam M, Balch WE, et al. F508 CFTR interactome re-
modelling promotes rescue of cystic fibrosis. Nature. 2015;528:
510-6.

Sharma H, Mavuduru RS, Singh SK, Prasad R. Increased frequen-
cy of CFTR gene mutations identified in Indian infertile men with
non-CBAVD obstructive azoospermia and spermatogenic failure.
Gene. 2014;548:43-7.

Castellani C, Picci L, Tamanini A, Girardi P, Rizzotti P, Assael
BM. Association between carrier screening and incidence of cystic
fibrosis. JAMA. 2009;302:2573-9.

Yu J, Chen Z, Ni Y, Li Z. Cftr mutations in men with congenital
bilateral absence of the vas deferens (cbavd): a systemic review
and meta-analysis. Hum Reprod (Oxford, England). 2012;27:25—
35.

Schlegel PN, Shin D, Goldstein M. Urogenital anomalies in men
with congenital absence of the vas deferens. J Urol. 1996;155:
1644-8.

Goldstein M, Schlossberg S. Men with congenital absence of the
vas deferens often have seminal vesicles. J Urol. 1988;140:85-6.
Giuliani R, Antonucci I, Torrente I, Grammatico P, Palka G,
Stuppia L. Identification of the second CFTR mutation in patients
with congenital bilateral absence of vas deferens undergoing ART
protocols. Asian J Androl. 2010;12:819-26.

Patrizio P, Zielenski J. Congenital absence of the vas deferens: a
mild form of cystic fibrosis. Mol Med Today. 1996;2:24-31.

SM B, LM T. The reproductive sustem. In: LM T, editor. Cystic
fibrosis. New York: Thieme-Stratton, Inc; 1987.

Chen H, Ruan YC, Xu WM, Chen J, Chan HC. Regulation of
male fertility by CFTR and implications in male infertility. Hum
Reprod Update. 2012;18:703—13.

Mocanu E, Shattock R, Barton D, Rogers M, Conroy R, Sheils O,
et al. All azoospermic males should be screened for cystic fibrosis
mutations before intracytoplasmic sperm injection. Fertil Steril.
2010;94:2448-50.

Ravnik-Glavac M, Svetina N, Zorn B, Peterlin B, Glavac D.
Involvement of CFTR gene alterations in obstructive and
nonobstructive infertility in men. Genet Test. 2001;5:243-7.
Schlegel PN, Cohen J, Goldstein M, Alikani M, Adler A, Gilbert
BR, et al. Cystic fibrosis gene mutations do not affect sperm func-
tion during in vitro fertilization with micromanipulation for men
with bilateral congenital absence of vas deferens. Fertil Steril.
1995;64:421-6.

@ Springer



70 Page 10 of 12

Curr Urol Rep (2016) 17: 70

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

Yu J, Chen Z, Zhang T, Li Z, Ni Y, Li Z. Association of genetic
variants in CFTR gene, ivs8 ¢.1210-12t[5 9] and c.1210-
35 1210-12gt[8 12], with spermatogenetic failure: case-control
study and meta-analysis. Mol Hum Reprod. 2011;17:594-603.
Elhanbly S, El-Saied MA, Fawzy M, El-Refacey A, Mostafa T.
Relationship of paternal age with outcome of percutaneous epi-
didymal sperm aspiration-intracytoplasmic sperm injection, in
cases of congenital bilateral absence of the vas deferens. Fertil
Steril. 2015;104:602—6.

Llabador MA, Pagin A, Lefebvre-Maunoury C, Marcelli F, Leroy-
Martin B, Rigot JM, et al. Congenital bilateral absence of the vas
deferens: the impact of spermatogenesis quality on
intracytoplasmic sperm injection outcomes in 108 men.
Andrology. 2015;3:473-80.

Entrala-Bernal C, Montes-Castillo C, Alvarez-Cubero MJ,
Gutierrez-Alcantara C, Fernandez-Rosado F, Martinez-Espiotan
E, et al. Genetic diagnosis of idiopathic hypogonadotrophic
hypogonadism: a new point mutation in the kal2 gene.
Hormones (Athens, Greece). 2014;13:280-5.

Dode C, Levilliers J, Dupont JM, De Paepe A, Le Du N, Soussi-
Yanicostas N, et al. Loss-of-function mutations in fgfrl cause
autosomal dominant Kallmann syndrome. Nat Genet. 2003;33:
463-5.

Della Valle E, Vezzani S, Rochira V, Granata ARM, Madeo B,
Genovese E, et al. Prevalence of olfactory and other developmen-
tal anomalies in patients with central hypogonadotropic
hypogonadism. Front Endocrinol. 2013;4:70.

Mitchell AL, Dwyer A, Pitteloud N, Quinton R. Genetic basis and
variable phenotypic expression of Kallmann syndrome: towards a
unifying theory. Trends Endocrinol Metab. 2011;22:249-58.

de Castro F, Esteban PF, Bribian A, Murcia-Belmonte V, Garcia-
Gonzalez D, Clemente D. The adhesion molecule anosmin-1 in
neurology: Kallmann syndrome and beyond. Adv Neurobiol.
2014;8:273-92.

Sarfati J, Bouvattier C, Bry-Gauillard H, Cartes A, Bouligand J,
Young J. Kallmann syndrome with fgfrl and kall mutations de-
tected during fetal life. Orphanet J Rare Dis. 2015;10:71.
Quinton R, Duke VM, Robertson A, Kirk JIMW, Matfin G, De
Zoysa PA, Azcona C, MacColl GS, Jacobs HS, Conway GS,
Besser M, Stanhope RG, Bouloux P-MG: Idiopathic gonadotro-
phin deficiency: genetic questions addressed through phenotypic
characterization.

Sato N, Katsumata N, Kagami M, Hasegawa T, Hori N, Kawakita
S, Minowada S, Shimotsuka A, Shishiba Y, Yokozawa M, Yasuda
T, Nagasaki K, Hasegawa D, Hasegawa Y, Tachibana K, Naiki Y,
Horikawa R, Tanaka T, Ogata T.

Oliveira LMB, Seminara SB, Beranova M, Hayes FJ,
Valkenburgh SB, Schipani E, Costa EMF, Latronico AC,
Crowley WF, Vallejo M.

Hu Y, Bouloux PM. Novel insights in fgfr]l regulation: lessons
from Kallmann syndrome. Trends Endocrinol Metab. 2010;21:
385-93.

Villanueva C, Jacobson-Dickman E, Xu C, Manouvrier S, Dwyer
AA, Sykiotis GP, et al. Congenital hypogonadotropic
hypogonadism with split hand/foot malformation: a clinical entity
with a high frequency of fgfrl mutations. Genet Med. 2015;17:
651-9.

Zhang S, Wang T, Yang J, Liu Z, Wang S, Liu J. A fertile male
patient with Kallmann syndrome and two missense mutations in
the kall gene. Fertil Steril. 1789;2011(95):e1783-6.

Boehm U, Bouloux PM, Dattani MT, de Roux N, Dode C,
Dunkel L, et al. Expert consensus document: European
consensus statement on congenital hypogonadotropic
hypogonadism—pathogenesis, diagnosis and treatment. Nat
Rev Endocrinol. 2015;11:547—-64.

@ Springer

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Layman LC. Clinical genetic testing for Kallmann syndrome. J
Clin Endocrinol Metab. 2013;98:1860-2.

Wang PJ, McCarrey JR, Yang F, Page DC. An abundance of x-
linked genes expressed in spermatogonia. Nat Genet. 2001;27:
422-6.

Yang F, Gell K, van der Heijden GW, Eckardt S, Leu NA, Page
DC, et al. Meiotic failure in male mice lacking an x-linked factor.
Genes Dev. 2008;22:682-91.

Adelman CA, Petrini JH. Zip4h (tex11) deficiency in the mouse
impairs meiotic double strand break repair and the regulation of
crossing over. PLoS Genet. 2008;4:¢1000042.

Yang F, Silber S, Leu NA, Oates RD, Marszalek JD, Skaletsky H,
et al. Tex11 is mutated in infertile men with azoospermia and
regulates genome-wide recombination rates in mouse. EMBO
Mol Med. 2015;7:1198-210.

Yatsenko AN, Georgiadis AP, Ropke A, Berman AlJ, Jaffe T,
Olszewska M, et al. X-linked tex11 mutations, meiotic arrest,
and azoospermia in infertile men. N Engl J Med. 2015;372:
2097-107.

Alvarez Sedo C, Rawe VY, Chemes HE. Acrosomal biogenesis in
human globozoospermia: immunocytochemical, ultrastructural
and proteomic studies. Hum Reprod (Oxford, England).
2012;27:1912-21.

Pierre V, Martinez G, Coutton C, Delaroche J, Yassine S, Novella
C, et al. Absence of dpy1912, a new inner nuclear membrane
protein, causes globozoospermia in mice by preventing the an-
choring of the acrosome to the nucleus. Dev (Cambridge,
England). 2012;139:2955-65.

Koscinski I, Elinati E, Fossard C, Redin C, Muller J, Velez de la
Calle J, et al. Dpy1912 deletion as a major cause of
globozoospermia. Am J Hum Genet. 2011;88:344-50.

Kuentz P, Vanden Meerschaut F, Elinati E, Nasr-Esfahani MH,
Gurgan T, Igbal N, et al. Assisted oocyte activation overcomes
fertilization failure in globozoospermic patients regardless of the
dpy 1912 status. Hum Reprod. 2013;28:1054—61.

Ghedir H, Ibala-Romdhane S, Okutman O, Viot G, Saad A, Viville
S. Identification of a new dpy1912 mutation and a better definition
of dpy 1912 deletion breakpoints leading to globozoospermia. Mol
Hum Reprod. 2016;22:35-45.

Dada R, Kumar M, Jesudasan R, Fernandez JL, Gosalvez J,
Agarwal A. Epigenetics and its role in male infertility. J Assist
Reprod Genet. 2012;29:213-23.

Carrell DT. Epigenetics of the male gamete. Fertil Steril. 2012;97:
267-74.

Biermann K, Steger K. Epigenetics in male germ cells. J Androl.
2007;28:466-80.

Odom LN, Segars J. Imprinting disorders and assisted reproduc-
tive technology. Curr Opin Endocrinol, Diabetes Obes. 2010;17:
517-22.

Anway MD, Cupp AS, Uzumcu M, Skinner MK. Epigenetic
transgenerational actions of endocrine disruptors and male fertili-
ty. Science. 2005;308:1466-9.

Donkin IVS, Ingerslev LR, Qian K, Mechta M, Nordkap L,
Mortensen B, et al. Obesity and bariatric surgery drive epigenetic
variation of spermatozoa in humans. Cell Metab. 2016;23:1-10.
Stuppia L, Franzago M, Ballerini P, Gatta V, Antonucci I.
Epigenetics and male reproduction: the consequences of paternal
lifestyle on fertility, embryo development, and children lifetime
health. Clin Epigenetics. 2015;7:120.

Takai D, Jones PA. Comprehensive analysis of cpg islands in
human chromosomes 21 and 22. Proc Natl Acad Sci U S A.
2002;99:3740-5.

Li E. Chromatin modification and epigenetic reprogramming in
mammalian development. Nat Rev Genet. 2002;3:662—73.
Houshdaran S, Cortessis VK, Siegmund K, Yang A, Laird PW,
Sokol RZ. Widespread epigenetic abnormalities suggest a broad



Curr Urol Rep (2016) 17: 70

Page 11 of 12 70

107.

108.

109.

110.e¢

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

DNA methylation erasure defect in abnormal human sperm. PLoS
One. 2007;2:¢1289.

Benchaib M, Braun V, Ressnikof D, Lornage J, Durand P,
Niveleau A, et al. Influence of global sperm DNA methylation
on ivf results. Hum Reprod. 2005;20:768-73.

Montjean D, Zini A, Ravel C, Belloc S, Dalleac A, Copin H, et al.
Sperm global DNA methylation level: association with semen
parameters and genome integrity. Andrology. 2015;3:235-40.
Jenkins TG, Carrell DT. The sperm epigenome and potential im-
plications for the developing embryo. Reproduction (Cambridge,
England). 2012;143:727-34.

Gunes S, Arslan MA, Hekim GN, Asci R: The role of epigenetics
in idiopathic male infertility. Journal of assisted reproduction and
genetics 2016. Review article with detailed explanation about
epigenetic aspects of male infertility.

Jenkins TG, Aston KI, Meyer TD, Hotaling JM, Shamsi MB,
Johnstone EB, et al. Decreased fecundity and sperm DNA meth-
ylation patterns. Fertil Steril. 2016;105:51-7. e53.

Fischle W, Wang Y, Jacobs SA, Kim Y, Allis CD, Khorasanizadeh
S. Molecular basis for the discrimination of repressive methyl-
lysine marks in histone h3 by polycomb and hp1 chromodomains.
Genes Dev. 2003;17:1870-81.

Strahl BD, Allis CD. The language of covalent histone modifica-
tions. Nature. 2000;403:41-5.

Vigodner M, Ishikawa T, Schlegel PN, Morris PL. Sumo-1, hu-
man male germ cell development, and the androgen receptor in the
testis of men with normal and abnormal spermatogenesis. Am J
Physiol Endocrinol Metab. 2006;290:E1022-33.

Yuen BT, Bush KM, Barrilleaux BL, Cotterman R, Knoepfler PS.
Histone h3.3 regulates dynamic chromatin states during spermato-
genesis. Dev (Cambridge, England. 2014;141:3483-94.

La Spina FA, Romanato M, Brugo-Olmedo S, De Vincentiis S,
Julianelli V, Rivera RM, et al. Heterogeneous distribution of his-
tone methylation in mature human sperm. J Assist Reprod Genet.
2014;31:45-9.

Hammoud SS, Nix DA, Hammoud AO, Gibson M, Cairns BR,
Carrell DT. Genome-wide analysis identifies changes in histone
retention and epigenetic modifications at developmental and
imprinted gene loci in the sperm of infertile men. Hum Reprod
(Oxford, England). 2011;26:2558-69.

Havas K, Flaus A, Phelan M, Kingston R, Wade PA, Lilley DM,
et al. Generation of superhelical torsion by ATP-dependent chro-
matin remodeling activities. Cell. 2000;103:1133—42.

Kingston RE, Narlikar GJ. Atp-dependent remodeling and acety-
lation as regulators of chromatin fluidity. Genes Dev. 1999;13:
2339-52.

Conwell CC, Vilfan ID, Hud NV. Controlling the size of nanoscale
toroidal DNA condensates with static curvature and ionic strength.
Proc Natl Acad Sci U S A. 2003;100:9296-301.

Zhang X, San Gabriel M, Zini A. Sperm nuclear histone to prot-
amine ratio in fertile and infertile men: evidence of heterogeneous
subpopulations of spermatozoa in the ejaculate. J Androl.
2006;27:414-20.

Sonnack V, Failing K, Bergmann M, Steger K. Expression of
hyperacetylated histone h4 during normal and impaired human
spermatogenesis. Andrologia. 2002;34:384-90.

Steger K, Failing K, Klonisch T, Behre HM, Manning M, Weidner
W, et al. Round spermatids from infertile men exhibit decreased
protamine-1 and -2 mRNA. Hum Reprod. 2001;16:709-16.
Jodar M, Oliva R. Protamine alterations in human spermatozoa.
Adv Exp Med Biol. 2014;791:83-102.

Nanassy L, Carrell DT. Abnormal methylation of the promoter of
crem is broadly associated with male factor infertility and poor
sperm quality but is improved in sperm selected by density gradi-
ent centrifugation. Fertil Steril. 2011;95:2310-4.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145..

Rogenhofer N, Dansranjavin T, Schorsch M, Spiess A, Wang H,
von Schonfeldt V, et al. The sperm protamine mRNA ratio as a
clinical parameter to estimate the fertilizing potential of men tak-
ing part in an ART programme. Hum Reprod (Oxford, England).
2013;28:969-78.

Hamad MF, Shelko N, Kartarius S, Montenarh M, Hammadeh
ME. Impact of cigarette smoking on histone (h2b) to protamine
ratio in human spermatozoa and its relation to sperm parameters.
Andrology. 2014;2:666—77.
Ni K, Steger K, Yang H, Wang H, Hu K, Chen B. Sperm prot-
amine mRNA ratio and DNA fragmentation index represent reli-
able clinical biomarkers for men with varicocele after microsurgi-
cal varicocele ligation. J Urol. 2014;192:170-6.

Ambros V. The functions of animal microRNAs. Nature.
2004;431:350-5.
Lee RC, Feinbaum RL, Ambros V. The c. Elegans heterochronic
gene lin-4 encodes small RNAs with antisense complementarity to
lin-14. Cell. 1993;75:843-54.
Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and
function. Cell. 2004;116:281-97.
Wu W, Hu Z, Qin Y, Dong J, Dai J, Lu C, et al. Seminal plasma
microRNAs: potential biomarkers for spermatogenesis status. Mol
Hum Reprod. 2012;18:489-97.
Lian J, Zhang X, Tian H, Liang N, Wang Y, Liang C, et al. Altered
microRNA expression in patients with non-obstructive azoosper-
mia. Reprod Biol Endocrinol. 2009;7:13.
Papaioannou MD, Nef S. MicroRNAs in the testis: building up
male fertility. J Androl. 2010;31:26-33.
de Mateo S, Sassone-Corsi P. Regulation of spermatogenesis by
small non-coding RNAs: role of the germ granule. Semin Cell Dev
Biol. 2014;29:84-92.

Salas-Huetos A, Blanco J, Vidal F, Mercader JM, Garrido N,
Anton E. New insights into the expression profile and function
of micro-ribonucleic acid in human spermatozoa. Fertil Steril.
2014;102:213-22. e214.
Kozomara A, Griffiths-Jones S. Mirbase: annotating high confi-
dence microRNAs using deep sequencing data. Nucleic Acids
Res. 2014;42:D68-73.
Gonzalez-Marin C, Gosalvez J, Roy R. Types, causes, detection
and repair of DNA fragmentation in animal and human sperm
cells. Int J Mol Sci. 2012;13:14026-52.
Aitken RJ, De Iuliis GN. On the possible origins of DNA damage
in human spermatozoa. Mol Hum Reprod. 2010;16:3—-13.

Greco E, Scarselli F, Tacobelli M, Rienzi L, Ubaldi F, Ferrero S,
et al. Efficient treatment of infertility due to sperm DNA damage
by icsi with testicular spermatozoa. Hum Reprod (Oxford,
England). 2005;20:226-30.

Neto FT, Bach PV, Najari BB, Li PS, Goldstein M:
Spermatogenesis in humans and its affecting factors. Semin
Cell Dev Biol 2016.
Aitken RJ, Koppers Al. Apoptosis and DNA damage in human
spermatozoa. Asian J Androl. 2011;13:36-42.

Spano M, Bonde JP, Hjollund HI, Kolstad HA, Cordelli E, Leter
G. Sperm chromatin damage impairs human fertility. The Danish
first pregnancy planner study team. Fertil Steril. 2000;73:43-50.
Zidi-Jrah 1, Hajlaoui A, Mougou-Zerelli S, Kammoun M,
Meniaoui I, Sallem A, et al. Relationship between sperm aneu-
ploidy, sperm DNA integrity, chromatin packaging, traditional
semen parameters, and recurrent pregnancy loss. Fertil Steril.
2016;105:58-64.
Osman A, Alsomait H, Seshadri S, El-Toukhy T, Khalaf Y. The
effect of sperm DNA fragmentation on live birth rate after ivf or
icsi: a systematic review and meta-analysis. Reprod Biomed
Online. 2015;30:120-7. Meta-analysis showing the impact of
sperm DNA fragmentation in IVF and ICSI outcomes. IVF

@ Springer



70 Page 12 of 12

Curr Urol Rep (2016) 17: 70

146.

147.

148.

149.

outcomes seem to be more affected than ICSI outcomes by
high levels of sperm DNA fragmentation.

Esteves SC, Sanchez-Martin F, Sanchez-Martin P, Schneider DT,
Gosalvez J. Comparison of reproductive outcome in oligozoosper-
mic men with high sperm DNA fragmentation undergoing
intracytoplasmic sperm injection with ejaculated and testicular
sperm. Fertil Steril. 2015;104:1398-405.

Evgeni E, Charalabopoulos K, Asimakopoulos B. Human sperm
DNA fragmentation and its correlation with conventional semen
parameters. J Reprod Infertility. 2014;15:2—14.

O’Flynn O’Brien KL, Varghese AC, Agarwal A. The genetic
causes of male factor infertility: a review. Fertil Steril. 2010;93:
1-12.

Abu-Halima M, Hammadeh M, Backes C, Fischer U, Leidinger P,
Lubbad AM, et al. Panel of five microRNAs as potential

@ Springer

150.

151.

152.

biomarkers for the diagnosis and assessment of male infertility.
Fertil Steril. 2014;102:989-97. ¢981.

Wang C, Yang C, Chen X, Yao B, Yang C, Zhu C, et al. Altered
profile of seminal plasma microRNAs in the molecular diagnosis
of male infertility. Clin Chem. 2011;57:1722-31.

Wu W, Qin Y, Li Z, Dong J, Dai J, Lu C, et al. Genome-
wide microRNA expression profiling in idiopathic non-
obstructive azoospermia: significant up-regulation of mir-
141, mir-429 and mir-7-1-3p. Hum Reprod. 2013;28:
1827-36.

Dabaja AA, Mielnik A, Robinson BD, Wosnitzer MS, Schlegel
PN, Paduch DA. Possible germ cell-sertoli cell interactions are
critical for establishing appropriate expression levels for the sertoli
cell-specific microRNA, mir-202-5p, in human testis. Basic Clin
Androl. 2015;25:2.



	Genetics of Male Infertility
	Abstract
	Introduction
	Chromosomal Alterations
	Klinefelter Syndrome
	Other Sex Chromosomal Aneuploidies
	Robertsonian Translocations
	Autosomal Inversions

	Y Chromosome Microdeletions
	Single Gene Mutations
	Cystic Fibrosis Transmembrane Conductance Regulator Gene Mutation
	Kallmann Syndrome
	Testis-Expressed 11 Gene Mutations
	Dpy19l2 Gene Mutations

	Epigenetic Factors
	DNA Methylation
	Post-Translational Histone Modifications
	Chromatin Remodeling
	MicroRNAs

	DNA Damage
	Conclusion
	References
	Papers of particular interest, published recently, are highlighted as: • Of importance •• Of major importance



