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Abstract Infertility is a complex disorder with multiple ge-
netic and environmental causes. Although some specific mu-
tations have been identified, other factors responsible for
sperm defects remain largely unknown. Despite considerable
efforts to identify the pathophysiology of the disease, we can-
not explain the underlying mechanisms of approximately half
of infertility cases. This study reviews current data on epige-
netic regulation and idiopathic male infertility. Recent data
have shown an association between epigenetic modifications
and idiopathic infertility. In this regard, epigenetics has
emerged as one of the promising research areas in

Capsule Aberrant DNA methylation, including imprinted genes and
developmental genes, histone tail modifications, and short non-coding
RNAs are discussed with respect to their association with idiopathic male
infertility.
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understanding male infertility. Many studies have indicated
that epigenetic modifications, including DNA methylation in
imprinted and developmental genes, histone tail modifications
and short non-coding RNAs in spermatozoa may have a role
in idiopathic male infertility.
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Introduction

Infertility is described as the inability to conceive after at least
a year of unprotected intercourse [1] and influences about
15 % of couples worldwide [2]. Male infertility affects ap-
proximately 7 % of men [3]. Infertility is a heterogeneous
disorder that may be a result of genetic or environmental fac-
tors or both. Karyotypic abnormalities [4, 5], microdeletions
on Y chromosome, and cystic fibrosis transmembrane con-
ductance regulator (CFTR) gene mutations are well known
genetic causes of infertility in azoospermic or severely oligo-
zoospermic men. Recently, some copy number variations
(CNV) have been described to be associated with severe oli-
gozoospermia or Sertoli-cell-only (SCO) syndrome or both
[6]. In addition, some autosomal deletions, rare X-linked
CNV, DNA repair mechanism defects, Y-linked syndromes,
and some single nucleotide polymorphisms (SNPs) have been
found to be associated with male factor infertility [7—13].
Although some specific mutations have been identified, other
factors responsible for the sperm defects remain unknown.
Known genetic causes of male infertility make up approxi-
mately 30 % of infertility cases [4, 14, 15]. The causes of
approximately 50 % of male factor infertility cases are still
unexplained [4, 16]. These numbers highlight an urgent need
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for reliable diagnostic tools to identify the underlying mecha-
nisms of male infertility.

Epigenetics refers to heritable and reversible forms of gene
activity and expression without any modification of DNA
sequences. These epigenetic modifications can be inherited
through both mitotic and meiotic divisions. Recent studies
demonstrate that aberrant DNA methylation of imprinted
genes and reproduction-related genes in particular might be
helpful to explain unknown infertility cases [17-22].
Therefore, epigenetics appears to be a promising research area
for studying idiopathic male infertility.

Male infertility is a heterogeneous disorder that can result
from aberrations in and interactions of multiple genes. Many
studies have shown an association between idiopathic infertil-
ity and aberrant DNA methylation of whole genome or some
genes in spermatozoa. Moreover, several recent studies have
indicated a role for short non-coding RNAs and different his-
tone tail modifications in infertility. In this review, we aim to
summarize the current data on epigenetic mechanisms that are
involved in idiopathic male infertility.

DNA methylation and male infertility

DNA methylation is the addition of a methyl group from S-
adenosil-methionine to the fifth position of the cytosine ring
(5meC) in the CpG islands (CGIs). CGIs are short inter-
spersed C+G-rich DNA sequences and are localized in the
promoters or regulatory regions of almost all housekeeping
genes, developmental genes, and some tissue-specific genes
[23], [24]. Methylation of these cytosines is correlated with
inactivation or silencing of the associated promoter, whereas
hypomethylation usually leads to activation of gene expres-
sion [24, 25]. Silencing of gene expression is either due to
inhibition of transcription factor binding to methylated cyto-
sines or repression mediated by methyl-CpG-binding proteins
[24, 26].

DNA methylation is catalyzed by maintenance DNA meth-
yltransferases (DNMTs) (DNMT1) and de novo DNMTs
(DNMT3A, DNMT3B, DNMT3L) [27]. DNMT1 is respon-
sible for maintenance of DNA methylation during DNA rep-
lication and termed as maintenance methyltransferase.
DNMT3A, DNMT3B, and DNMT3L mediate de novo meth-
ylation of genomic DNA during early phase of embryonic
development specifically in germ cells, and their activities
are strictly essential for proper spermatogenesis. Indeed, con-
ditional Dnmt3a knockout mice studies revealed impaired
spermatogenesis and aberrant paternal imprinting in sper-
matogonia [28]. However, Dnmt3[ null male mice germ cells
showed hypomethylation at imprinted maternally expressed
transcript (H79) DMR and several CG poor regions and de-
layed entry into meiosis [29]. Hypomethylation of paternally
imprinted /79 DMR reported in this study may be explained
with deficiency of DNMT3L. Recently, Cheng and colleagues
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reported a significant association between DNMTI polymor-
phisms (rs16999593, 152228612, and rs2228611) and oligo-
zoospermia compared to fertile controls in a Chinese popula-
tion. The role of these polymorphisms in the pathogenesis of
oligozoospermia remains unknown but these polymorphisms
may lead to a decrease in DNMT1 expression levels and im-
paired spermatogenesis [30].

Methylation of imprinted genes

Sperm cells have unique DNA methylation patterns that
are formed during early stages of spermatogenesis and are
essential for proper sperm production and spermatogene-
sis [31]. Some genes are imprinted differentially by DNA
methylation depending on which parent they are inherited
from, which causes alterations in gene expression depend-
ing on the allele transmitted from the father or the mother.
All methylation marks of primordial germ cells (PGCs)
are erased during the development of embryo between 8
and 13.5 days post coitum (dpc) [31-33]. DNA demeth-
ylation can be achieved by two mechanisms: passive and
active demethylation. Passive demethylation is
replication-dependent and may occur during cell division
and mammalian development as a result of loss or erasure
of 5-methylcytosines (5SmC) caused by loss of mainte-
nance by defective DNMTs [34]. However, active de-
methylation involves conversion of 5mC to 5-
hydroxymethylcytosine (ShmC), 5-formylcytosine (5fC),
and 5-carboxylcytosine (5caC) in three consecutive oxida-
tion reactions catalyzed by a family of DNA hydroxylases
called ten-eleven-translocation (TET) proteins. Following
TET oxidation, multiple subsequent enzymatic and DNA
repair reactions complete the process of active DNA de-
methylation, resulting in generation of unmethylated cy-
tosines [35]. After this demethylation process, a specific
remethylation program starts at around 15.5 dpc in sper-
matogonia and type I spermatocytes; hence, spermatozoa
transmit the paternal imprint [36, 37]. Genomic regions
that exhibit differential methylation depending on parental
origin are called differentially methylated regions
(DMRs). In humans, ejaculated and mature spermatozoal
DNA should be methylated in the paternal DMRs, but
unmethylated in the maternal DMRs [38]. Igf2/H19,
Rasgrfl, DIkl-Gtl2, and Zdbf2 loci of spermatozoal ge-
nome are methylated only in male germ cells and not
expressed in male cells [39]. Many imprinted genes are
involved in the regulation of growth and development
[40]. On the other hand, several genes are methylated in
female germ cells and expressed only in males.
Mesodermal-specific transcript (MEST), also known as
paternally expressed gene 1 (PEGI), encodes a member
of the alpha/beta hydrolase family and maps to 7q32 and
is imprinted during fetal development with monoallelic
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paternal expression. The MEST gene functions in alpha/
beta hydroxylase folding and is important in the develop-
ment of fetal mesoderm [41]. ZAC protein I is another
paternally expressed gene and induces G1 cell-cycle arrest
and apoptosis [42]. Paternally expressed 3 (PEG3) is a
paternally expressed gene and may play role in the p53-
mediated apoptotic pathway [43]. Paternally expressed
small nuclear ribonucleoprotein polypeptide N (SNRPN)
plays role in pre-messenger RNA (mRNA) processing
likely through tissue-specific alternative splicing and is
located on chromosome 15q11-13 [44]. Methylated region
of long QT intronic transcript 1 (DMR-LIT1) is an im-
printing control region, and its demethylation is associat-
ed with Beckwith-Wiedemann Syndrome [45]. Several
studies have demonstrated a significant association be-
tween methylation statuses of both maternally and pater-
nally imprinted genes and sperm abnormalities and are
summarized in Table 1 [22, 38, 57, 58, 62—-65] (Table 1).

Houshdaran and colleagues reported aberrant DNA meth-
ylation in semen samples with poor quality and suggested that
both imprinted genes and other epigenetic defects were asso-
ciated with sperm abnormalities [20]. Marques and colleagues
compared DMRs in paternally methylated H79 and paternally
unmethylated MEST in sperm samples from fertile and infer-
tile males. They found a loss of methylation of H/9 DMR in
patients with oligo-astheno-teratozoospermia (OAT). In addi-
tion, abnormal DNA methylation patterns were observed in
oligozoospermic patients [63]. Insulin-like growth factor 2
(IGF2)/H19 has function in growth regulation and mitogenic
activities during gestation. Therefore, aberrant methylation of
IGF2/H19 gene may cause abnormalities in mitotic cycles of
spermatogenesis and result in OAT or oligozoospermia. These
findings are in parallel with the results of Kobayashi and col-
leagues where abnormal methylation of the paternal DNA at
H19 and GTL2, and abnormalities of maternal DMRs LITI,
PEGI/MEST, PEG3, SNRPN, and ZAC, which encodes a zinc
finger protein regulating apoptosis and cell cycle arrest, were
reported in oligozoospermic patients along with unchanged
global DNA methylation [66]. Boissonnas and colleagues an-
alyzed 47 CGIs located at the DMRO and DMR?2 of the IGF2
gene and in the third and sixth CTCF-binding sites of the H79
DMR in normal semen samples and patients with teratozoos-
permia (T) and/or OAT. Their results showed high global
methylation level for all CGIs analyzed in all normal semen
samples. Loss of methylation at variable CGI positions either
in the /GF2 DMR?2 or in both the /GF2 DMR2 and the sixth
CTCF ofthe H19 DMR was observed in the teratozoospermic
patients (11/19). In the OAT group (16/22), a severe loss of
methylation of the sixth CTCF correlated with sperm concen-
tration was indicated. On the other hand, they reported no
correlation between methylation state of DMRO and the third
CTCEF and status of semen samples [67]. In idiopathic infertile
man, the paternally imprinted /GF2/HI19 hypomethylation

and maternally imprinted MEST hypermethylation were found
to be significantly associated with decreased sperm counts and
decreased sperm motility and abnormal morphology, respec-
tively. Loss of methylation of paternally imprinted genes may
be explained with the deficiency of DNA methyltransferases
but hypermethylation of maternally imprinted genes might be
result of erroneous de novo methylation or a failure to erase
maternal imprint in the male germ cell genomes [68].
Consequently, the etiology of these aberrant imprinting pat-
terns in paternally or maternally imprinted genes in idiopathic
infertility remains elusive.

Global/genome-wide and gene-specific DNA methylation

Although most studies have focused on aberrant epigenetic
marks of imprinted genes [47, 58, 63—67], several studies have
shown associations between aberrant DNA methylation of
non-imprinted genes and oligozoospermia, abnormal sperm
morphology, and motility. Recently, Urdinguio and colleagues
showed alterations in methylation pattern of 2752 CGls of
genomic sperm DNA in idiopathic infertile males compared
with fertile men. In addition, they found statistically signifi-
cant associations between DNA hypomethylation and corre-
sponding regions in somatic cells enriched in the repressive
histone mark H3K9me3 and between DNA hypermethylation
and corresponding regions enriched in H3K4mel and CTCF,
suggesting a locus-dependent aberrant DNA methylation of
sperm in infertile men. Furthermore, they also showed that
DNA methylation of spermatozoa was lower in several repet-
itive sequences (LINE-1, Alu Yb8, NBL2, D4Z4) compared to
that of somatic cells [17].

Methylenetetrahydrofolate reductase (MTHFR) is one of
the main regulatory enzymes involved in folate metabolism,
DNA synthesis, and methylation reactions. Inactivation of
MTHFR gene results in hyperhomocysteinemia and infertility
in male mice [69]. Khazamipour and colleagues were the
pioneering group who investigated the methylation profiles
of MTHFR gene in NOA infertile patients and reported a
significant association between methylation status MTHFR
gene and infertility in azoospermic males [54]. Recently,
DNA methylation aberrations of MTHFR gene promoter in
paternal spermatozoa were described in small cohorts of oli-
gozoospermic men and in patients with poor sperm morphol-
ogy and recurrent spontaneous aberrations [49, 55, 61]
(Table 1). However, in our study, we did not observe a signif-
icant association between methylation profiles of MTHFR
gene, neither in patients with NOA nor in patients with oligo-
zoospermia, in a Turkish population (Kulag et al., unpublished
data). Ramasamy and colleagues reported a significant asso-
ciation between discoidin domain receptor 1 (DDR1) promot-
er DNA methylation and DDR/ expression levels in NOA
patients when compared to fertile controls. As DDRI is a
receptor tyrosine kinase expressed in human postmeiotic germ
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Table 1 Summary of studies
investigating the relationship
between spermatozoal DNA
methylation and male infertility
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Gene Study group Summary of findings Reference
(sample size)
Genome-wide DNA methylation
Global Normospermic fertile men (17)  * Aberrant methylation regions [17]
and normospermic infertile are locus-specific
patients (29) * Genome of spermatozoa is
hypomethylated
Global Male (20) * No global methylation [46]
“High quality sperm” vs. “Poor ¢ No differential methylation in
quality sperm” CGls 772 significant regional
methylation alternations
H19 and DAZL Oligozoospermic men (20) * No association between [47]
LINEI Asthenozoospermic men (20) asthenozoospermia and
N . 20 normozospermia in H19-
ormozospermic men (20) DMR
* Severe hypomethylation
pattern at H/9-DMR CTCF-
binding site 6
DAZL promoter methylated
only in infertile patents
Global Infertile males (38) » Hypermethylation in [18]
spermatogenesis- related
genes
* Loss of methylation in
inflammation and immune
response-related genes
Global NOA (65) and * 78 hypomethylated sites [19]
oligoastenozoospermic (29) « 143 hypermethylated
sites in NOA compared
oligoastenozoospermia
Global Cell-free seminal DNA of * 367 testis and epididymis [11]
Normozospermic men (12) specific hypomethylated
and post vasectomy (11) genes
* 134 hypermethylated
Global OAT (69) * Broad epigenetic defects [20]
associated with abnormal
semen parameters
Global Infertile males (7) * 5/7 infertile men had non- [21]

Gene-specific DNA methylation

DDRI NOA (16) and fertile
normospermic men (5)
MTHFR, SNRPN OAT (27) and control (11)

programmatic histone

* No difference in localization
of H3 lysine 4 methylation
(H3K4me) or H3

lysine 27 methylation
(H3K27me) in the gametes of
infertile men compared with
fertile men

* No single locus displays a
complete change in
chromatin packaging or
DNA modification

* Reduction in the amount of
H3K4me or H3K27me
retained at developmental
transcription factors and
certain imprinted genes

» Aberrant DNA methylation [48]
and expression of DDR1
* Low motility [49]
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Table 1 (continued)
Gene Study group Summary of findings Reference
(sample size)
* Poor morphology
MTHFR Infertile males (20) » Methylation defects at the H19  [22]
HI19 locus associated with
hypermethylation at MTHFR
promoter
GTF241L NOA (86): * Aberrant TDMR methylation [50]
Normozospermia (26) at the GTF2A1L promoter
. associated with
Hypospermatogenesis (17) hypospermatogenesis
8CO (26) * Testicular sperm extraction
(TESE) technique may be
used to overcome male
infertility due to aberrant
TDMR methylation
MEST 212 consecutive infertile * 23 % of patient cohort [51]
patients: Normozoospermic displayed an aberrant MEST
(31) volunteers (single DNA methylation
samples) and « MEST DNA methylation
Normozoospermic volunteers associated with
(10) oligozoospermia, decreased
bi-testicular volume and
increased FSH levels
* DNA methylation in
normozoospermic volunteers
was stable over a time period
of up to 951 days in contrast
to classical semen parameters
RHOX homeobox genes  Infertile males (140) * Aberrantly regulated in infertile ~ [52]
patients
PEGI/MEST Normospermic (119) and * PEG1/MEST methylation in [53]
and HI9 azoospermic 175 20 % and H19-DMR in 3 %
of oligozoospermic men
MTHFR NOA (50) and fertile control * No difference in peripheral [54]
(50) peripheral blood: blood
NOA (32) obstructive » Hypermethylation of MTHFR
azoospermia (5) TESE in testis biopsies (53 %), 0 %
in obstructive azoospermia
MTHFR RSA couples (20) » Methylated MTHFR [55]
Non-RSA couples (147) epigenotype detected in
Fertile men (20) 75 % of RSA men, 54 % of
NRSA men and 15 % of
fertile men
MTHFR Idiopathic infertile (94): * Hypermethylation of MTHFR [11]
Idiopathic infertile men with in 45 % of idiopathic infertile
normozoospermia (30) males, 15 % of fertile males
Idiopathic infertile men with * Higher methylation pattern was
oligozoospermia (64) fopnd in the group with
Fertile controls (54) oligozoospermia
HI19-ICR, KvDMR, Infertile men (107): * Altered methylation patterns [38]

SNRPN-ICR, IG-DMR
and MEG3-DMR

Normozoospermic (15)
Oligozoospermic (1)
Astenozoospermic (8)
Teratozoospermic (30)
Oligoastenozoospermic (1)
Oligoteratozoospermic (5)
Astenoteratozoospermic (31)
OAT (16)

Fertile men (30)

associated with H19-ICR,
SNRPN-ICR and MEG3

* Methylation anomalies in at
least 20 % of the CGlIs

* Significant inverse relation
between the percent of
altered CGIs and the

number of affected individuals
decreased
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Table 1 (continued)
Gene

Study group
(sample size)

Summary of findings Reference

CREM

H19, IG-GTL2 and
MEST

HI19, GTL2

LIT1, MEST, NESPAS,
PEG3 and SNRPN

ALU and LINE1

OCT4, SOX2, NANOG,
HOXC11, miR-17 and
CREM

DAZL

DAZ

HI19, MEST

@ Springer

Abnormal protamine
1/protamine 2 (P1/P2) ratio
(60) Oligozoospermia (32)

Fertile controls (40)

Oligoastenozoospermic (10),
NOA (5), and unknown
pathology (3)

vasectomy reversal (17)

Couples with strictly male-factor
infertility (106)

Patients with a high P1/P2 ratio
(10) and patients with a low
P1/P2 ratio (10)

Normozoospermic controls with
normal P1/P2 ratio (10)

OAT men (5) and

Normozoospermic (5)

Idiopathic infertile patients
(174) and fertile controls (58)

Normozoospermic controls (27)
Oligozoospermic patients
(96)

« Significantly higher rate of [56]
methylation of CREM in

patients with abnormal

protamination and

oligozoospermia

* Sperm concentration, sperm
motility, and normal head
morphology negatively
correlated with the amount of
CGI methylation

* A significant decrease in DNA
methylation at the /9 DMR
in testicular sperm of
azoospermic (NOA and
oligoastenozoospermic) men
and vasectomy reversal
compared with fertile men,
suggesting that aberrant DNA
methylation may be associated
with obstruction

[57]

* No association between G-
GTL2 and MEST DMRs and
studied groups

* Significant association
between aberrant methylation
imprints and abnormal semen
parameters, but not with ART
outcome

[58]

* Significant repeat methylation
difference between sperm
samples from infertile and
presumably fertile males

* No significant quantitative
differences between groups of
patients with either an
abnormally high or low P1/
P2 ratio compared to normal
controls

* No extreme methylation
defects in severely infertile
men

» Two patients exhibited altered
methylation of the CREM
gene

* Increased methylation defects
in the DAZL promoter CGI in
OAT patients compared with
NZ controls

* No differences between DAZ
gene methylation patterns
among groups with different
spermatogenic status and
somatic cells, completely
methylated except for the
group with AZ

* No aberration in MEST DNA
methylation

» Aberrant DNA methylation in
H19 in oligozoospermic
patients

[60]

[61]

[62]
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Table 1 (continued)
Gene

Study group

Summary of findings Reference

(sample size)

H19, MEST and LINE1 Normozoospermic (5) and OAT < Hypomethylation of /19 [63]
(20) * Hypermethylation of MEST
* High level of global
methylation
H19 and MEST Anejaculation (5) » Hypomethylation of MEST in [64]
Secondary (5) all patients
Primary obstructive * Significantly reduced DNA
azoospermia (5) methylation of H19 in
. secretory azoospermia
Secretory azoospermia (9) patients
A s 0rmozoospermic an . unmethylation
HI19, GTL2, PEG1 N ic (79) and HI9 hylati 65
(MEST), LIT1 oligozoospermic patients (18)  , yspsT methylation

(KCNQIOTI), ZAC
(PLAGLI), PEG3and
SNRPN

NOA non-obstructive azoospermia, OAT oligoastenoteratozoospermic, TESE testicular sperm extraction

cells and involved in proliferation, apoptosis, cell morphogen-
esis, and differentiation, abnormal expression of DDRI in
NOA patients may prevent primordial germ cell migration
and development [48].

Table 1 gives a summary of the studies to date that analyze
potential association of spermatozoal DNA methylation with
male infertility. Further studies are needed to elucidate the
mechanisms leading to the alterations of DNA methylation
profiles and their significance and functional consequences
for male infertility.

Role of histone modifications in male infertility

Histones are basic proteins rich in lysine and arginine
located in nucleus and are subject to post-translational
modifications on their N- and C-terminal tails via acety-
lation, methylation, phosphorylation, and ubiquitination
[70]. These chemical modifications change binding capac-
ity of regulatory factors to DNA and thus lead to alter-
ations in gene activity and expression. Generally, acetyla-
tion of lysine (K) residues of histone 3 (H3) and histone 4
(H4) leads to active transcription through inducing open
chromatin configuration and facilitating transcription fac-
tor binding in spermatogonial stem cells [71, 72]. On the
contrary, deacetylation causes inactivation of transcription
and generally correlates with methylation of histones [73].
Trichostatin A (TSA) is a histone deacetylase (HDAC)
inhibitor and is able to induce cell cycle arrest in immortal
somatic cells. Interestingly, TSA-treated mice showed no
significant effects on either proliferation or apoptosis in
mitotically active spermatogonia compared to controls.
Furthermore, withdrawal of TSA led to complete regener-
ation of the seminiferous epithelium in fertility assays

[74]. On the contrary, apoptosis of both spermatocytes
and spermatids significantly increased with increasing
TSA doses, suggesting for an inhibitory role of TSA
mainly on meiosis but not mitosis [75, 76]. During sper-
matogenesis, methylation of H3K and H4K histone tails is
regulated by histone methyltransferases (HTM) and his-
tone demethylases (HDM) [77, 78]. Acetylation of H2A,
H2B, H3, and H4 was shown to be high in mouse sper-
matogonia, and these histones were deacetylated through-
out meiosis in round spermatids and reacetylated in elon-
gating spermatids [72] (Fig. 1). Hyperacetylation of H4K
has been shown to be responsible for histone to protamine
change in elongating spermatids [72].

Recently, a few studies have investigated the role of
histone tail modification in spermatogenesis. La Spina
and colleagues evaluated the methylation of H3K4Me,
H3K4Me3, H3K9Me2, H3K79Me2, H3K36Me3, and
acetylation of H3K4Ac and H4K5Ac in normal and ab-
normal human sperm. They reported the presence of het-
erogeneous histone modifications, and the presence of
H3K4Mel, H3K9Me2, H3K4Me3, H3K79Me2, and
H3K36Me3 marks in poorly functional human sperm
[79]. Yuen and colleagues made a knockout mouse model
for the histone variant H3.3, H3/3b, which is involved in
various biological processes including development, tran-
scriptional memory, and transcriptional reprogramming.
They showed that loss of H3f3b gene induced abnormal-
ities in sperm and testes morphology leading to infertility.
Additionally, their results indicated H3/3b-null testes ex-
hibited abnormal chromatin organization in germ cells
with reduced protamine incorporation and increased apo-
ptosis [80]. Further studies are required to evaluate the
impact of histone tail modifications in human infertility.
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Fig. 1 A diagram showing comparative timing of meiotic phases, DNA
methylation patterns, histone tail modifications, and protamination during
spermatogenesis. Meiosis starts with puberty. Methylation marks of
primordial germ cells (PGCs) are erased during the embryogenesis.
After this demethylation process, a specific remethylation program
starts in spermatogonia and type I spermatocytes. Acetylation of H2A,
H2B, H3, and H4 is high in spermatogonia, and these histones are

Role of protamination in male infertility

Sperm chromatin packaging is a critical process that serves to
accommodate enormous amounts of DNA into a small sperm
cell. Fertilization requires many physiological events includ-
ing movement of sperm cells all along the female reproductive
system, attachment to zona pellucida, and penetration into the
oocyte. For accomplishment of all these phases, a regulatory
mechanism controlling the replacement of 85-95 % of his-
tones by protamines becomes effective [81]. Protamines are
small proteins rich in arginine. They are located in sperm nu-
cleus and synthesized during later stages of spermatogenesis.
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deacetylated throughout meiosis, and round spermatids are reacetylated
in elongating spermatids. Hyperacetylation of histone tails causes
loosening of chromatin structure and stimulates DNA strand breaks by
topoisomerase enzyme, which in turn facilitates separation of histones
and replacement by transition proteins that are later replaced by
protamines

Protamination of sperm chromatin facilitates compaction of
nucleus required for sperm motility and also protects sperm
genome from oxidation and harmful molecules within the
female reproductive system [81].

Replacement of histones by protamines involves transloca-
tion of histones by selected histone variants which are
expressed during spermatogenesis. Hyperacetylation of his-
tone tails causes loosening of chromatin structure and stimu-
lates DNA strand breaks by topoisomerase enzyme that in turn
facilitates separation of histones and replacement by transition
proteins (TPs) [82, 83]. TP1 and 2 bind to DNA and are
completely replaced by protamines. Transition proteins play
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a critical role in separation of histones and facilitate the con-
densation of sperm DNA by protamines at later stages [83]
(Fig. 1).

The two protamines, P1 and P2, are equally expressed in
human beings, and P1/P2 protamine ratio is equal to one in
fertile men [56]. Erroneous processing of protamine tran-
scripts leads to increase in the production of immature P2
precursors associated with subfertility [84, 85]. Despite con-
troversial publications, deviations in protamine ratio might be
associated with various phenotypic features including de-
creased sperm counts and function and poor embryonic qual-
ity [86, 87].

Post-transcriptional epigenetics: short non-coding RNAs
and male infertility

Short non-coding RNAs are a class of functional RNA mole-
cules that regulate gene expression at the post-transcriptional
level via epigenetic mechanisms. As the name implies, these
RNA molecules are shorter than 30 nucleotides, and they do
not code for a particular protein. Short non-coding RNAs can
be classified into three main groups called microRNAs
(miRNAs), small-interfering RNAs (siRNAs), and piwi-
interacting RNAs (piRNAs).

miRNAs are 21-25 nucleotide long, endogenous non-
coding RNAs that downregulate gene expression by binding
to their target mRNAs, causing either mRNA cleavage/

Fig. 2 miRNA biogenesis
pathway and its functional
consequences for the mammalian
cell. In the nucleus, miRNA genes
are transcribed by RNA
polymerase II to generate large
precursor pri-miRNAs that are
then processed by type 11l RNase
Drosha to pre-miRNAs. Pre-
miRNAs are then exported into
the cytoplasm where they are
further processed by the enzyme
Dicer to form a mature, 21-25
nucleotide long, duplex miRNA.
Of its two strands, the so-called
guide strand is incorporated into
the RISC complex where it base-
pairs with its target mRNA
sequence. Perfect base pairing
results in mRNA cleavage and
degradation, while imperfect
pairing, mostly at 3’UTRs, causes
translational repression
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degradation or translational repression (Fig. 2). In mammals,
miRNAs are estimated to control about 50 % of all protein-
coding genes and are involved in nearly all cellular, develop-
mental, and pathological processes [88, 89]. miRNA biogen-
esis is a multistep process starting with RNA polymerase II-
driven transcription of large precursor RNA molecules called
pri-miRNAs (Fig. 2). The pri-miRNAs are then processed in
the nucleus by Drosha, a type III RNase, to become pre-
miRNAs. Pre-miRNAs are exported into the cytoplasm where
they are further processed by another type III RNase called
Dicer. Dicer cleavage results in formation of approximately 22
nucleotide-long double-stranded miRNA molecules. Of the
two strands, only one is incorporated into a multiprotein com-
plex termed as RNA-induced silencing complex (RISC).
RISC uses the so-called “guide strand” to downregulate its
target mMRNA by complementary base pairing. The degree of
miRNA-mRNA complementarity is considered to be a key
factor in the choice of post-transcriptional mechanism
employed by miRNA [90]. Perfect base-pairing results in
mRNA cleavage and its subsequent degradation, whereas im-
perfect pairing mostly at the 3’ untranslated regions (3’UTRs)
leads to translational repression. siRNAs function in a similar
manner as miRNAs and use the same Dicer and RISC com-
plexes to mediate their post-transcriptional gene-silencing ef-
fect that in contrast to miRNAs operates only by mRNA
cleavage and degradation. piRNAs are a more specialized
group of short non-coding RNAs, and they exert their
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silencing effect by interacting with P-element-induced wimpy
testis (PIWI) family of proteins. In comparison to miRNAs
and siRNAs, piRNAs are longer (approximately 26-3 1 nucle-
otides in length), and their biogenesis, although not well un-
derstood, is independent of Dicer [91]. piRNAs and PIWI
proteins are known to be essential for germ cell development
and silencing of repetitive elements such as transposons [92].

Short non-coding RNAs are required for normal
spermatogenesis: animal studies and studies from fertile
men

Investigating the role of short non-coding RNAs in male in-
fertility has increasingly been an attractive research area.
Recent studies have indicated that miRNAs, endogenous
siRNAs (endo-siRNAs), and piRNAs are all expressed in
the male germ cells and are required for spermatogenesis in
animals [93, 94]. miRNAs and endo-siRNAs are abundantly
expressed in male germ cells throughout spermatogenesis,
whereas piRNAs are only present in spermatocytes at the
pachytene stage and in round spermatids [92, 94]. The abso-
lute requirement for miRNAs and endo-siRNAs for spermato-
genesis has been shown by two initial studies where Dicerl
gene was knocked out in two different mouse models [95, 96].
Germ-cell specific deletion of Dicerl in these models has led
to complete male infertility due to alterations in meiotic pro-
gression, increased spermatocyte apoptosis, and failure of
haploid male germ cell differentiation. Remarkably, Romero
and colleagues also showed that Dicerl is not required for
spermatogonial stem cell renewal and mitotic proliferation,
but is indispensible for meiotic and haploid stages of sper-
matogenesis [96]. To distinguish between the specific effects
of miRNAs and endo-siRNAs, a following study has used
Drosha and Dicer conditional knockout mouse models and
reported that both knockout males were infertile due to im-
paired spermatogenesis characterized by depletion of sper-
matocytes and spermatids leading to oligoteratozoospermia
or azoospermia [97]. Interestingly, when compared to ones
from Dicer knockouts, the testes from Drosha knockouts were
more severely disrupted in terms of spermatogenesis, which
further highlights the significance of miRNAs for normal
spermatogenesis and male fertility [97].

There have been numerous studies investigating the role of
miRNAs in human male fertility, and results have so far sup-
ported the above-mentioned observations obtained from ani-
mal models. In a recent study where the expression levels of
736 miRNAs were tested in spermatozoa from 10 normozoos-
permic fertile men, 221 miRNAs were found to be consistent-
ly present in all individuals [98] (Table 2). Potential targets of
these miRNAs were found to be enriched in processes in-
volved in development, morphogenesis, spermatogenesis,
and embryogenesis. In the same study, three most stably
expressed miRNAs, namely, miR-532-5p (meaning from the
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5’ arm), miR-374b-5p, and miR-564, have also been proposed
by the authors to be used as fertility biomarkers [98]. Next
generation sequencing analysis of short RNA transcriptome
from testes of three normal men identified 775 miRNAs and
20121 piRNAs, indicating the abundance and complexity of
short non-coding RNAs in the human testis [112]. The most
abundant miRNAs detected in this study were let-7 family
members, miR-34c¢-5p, miR-103a-3p (meaning a part from
the 3 arm), miR-202-5p, miR-508-3p, and miR-509-3-5p,
which target gene transcripts involved in regulation of meio-
sis, spermatogenesis, germ cell apoptosis, testicular develop-
ment, pS3-related pathways, and homologous recombination
pathways [112].

Testicular miRNAs and male infertility

One of the earliest studies linking miRNAs with any patho-
logical condition leading to male infertility has been conduct-
ed with NOA patients by using microarray technology [99].
Analysis of the testicular tissues obtained from three NOA
patients has revealed 154 differentially downregulated and
17 upregulated miRNAs compared to controls (Table 2). Of
the downregulated group, miR-17-92 and miR-371/2/3 clus-
ters are noteworthy to mention as they might act as potential
oncogenes by inhibiting apoptosis through E2F1, oncogenic
RAS, and p53 pathway in models of testicular cancer [113,
114]. Therefore, low expression of these miRNA clusters may
explain increased apoptosis observed in the testes of NOA
patients [99]. A more recent and comprehensive miRNA mi-
croarray analysis of testicular tissue samples from 40
azoospermic men of different histopathologic subgroups has
revealed a total of 311 differentially expressed miRNAs when
compared to samples with normal spermatogenesis [107].
The numbers of differentially expressed miRNAs were
197, 68, and 46 for SCO, mixed atrophy (MA), and germ
cell arrest (GA) groups, respectively, in comparison with
normal spermatogenesis (Table 2). Among all tested groups,
the highest fold changes were observed with only seven
miRNAs, all of them downregulated including miR-449
family members (miR-449a, miR-449b*), miR-34 family
members (miR-34b*, miR-34b, miR-34c-5p), miR-517b,
and miR-129-3p. Notably, potential targets of these
miRNAs are involved in spermatogenesis process, apoptosis,
cell proliferation, differentiation, and testicular development
[107]. Of special interest are miR-34b and miR-34c, which
were previously shown to target deleted in azoospermia-like
(DAZL) transcript that is essential for gametogenesis in mice
[115, 116]. Among the potential targets, insulin-like growth
factor-binding protein 5 (IGFBPS5) gene transcript, which
was reported to be highly expressed in NOA patients,
stands out as predicted to be targeted by both miR-449a
and miR-34c¢c-5p [117].
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Table 2 Summary of studies investigating the relationship between expression levels of testicular, spermatozoal, and seminal fluidal miRNAs and

idiopathic male infertility in humans

Study group Brief results and miRNAs displaying the greatest fold changes Reference

(sample size)

and Type of analyzed samples

Patients with NOA (3) 154 downregulated miRNAs such as miR-17-92 and miR-371/2/3 clusters, miR-1, [99]

Testicular tissues miR-181a, miR-221, miR-9*, miR-145, miR-383, let-7f, let-7f-2*, let-7i*, miR-19a,

miR-20b, miR-29¢, miR-30a*, miR-30d*, miR-34b*, miR-449a, miR-652, miR-92a

17 up-regulated miRNAs: miR-129-5p, miR-193a-3p, miR-193a-5p, miR-554,
miR-423-3p, miR-491-3p, miR-557, miR-210, miR-23a, miR-302a, miR-371-5p,
miR-374a, miR-654-5p, miR-663, miR-638, miR-572, miR-744

Patients with azoospermia and A SNP in the 3’UTR of HIWI2 gene (rs508485T > C) exhibited a significantly increased  [100]
oligozoospermia (490) oligozoospermia risk, whereas HIWI3 variant 1s11703684C > T displayed a significantly

Genomic DNA reduced oligozoospermia risk.

Patients with azoospermia (266) A SNP (rs6631A>T) in CGA encoding glycoprotein hormone a-subunit resulted in [101]
or severe oligozoospermia (228) decreased binding affinity of miR-1302 and overexpression of CGA in vitro, and is

Genomic DNA associated with increased risk for idiopathic male infertility.

Patients with NOA (118), 7 miRNAs (miR-34¢-5p, miR-122, miR- 146b-5p, miR-181a, miR-374b, miR-509-5p [102]
asthenozoospermia (137) and and miR-513a-5p) were found to be markedly decreased in azoospermia but increased in
oligoospermia (34) asthenozoospermia.

Seminal plasma

Patients with NOA (48) and Expression levels of miR-19b and let-7a in both seminal plasmas and testicular tissues [103]
oligozoospermia (48) (n=5) were significantly increased in idiopathic infertile males with NOA. No significant

Seminal plasma differences were found between the fertile controls and infertile males with

oligozoospermia.

Infertile normospermic, oligozospermic SNPs in the 3’°UTR (rs10719T > C and rs642321C > T) and promoter (rs12323635T>C) [104]
and asthenospermic men (667) regions of Dicerl were found to be significantly associated with oligozoospermia, and

Genomic DNA were proposed to result in global changes in miRNA processing through affecting Dicer1

expression levels.

Patients with NOA (100) miR-141, miR-429 and miR-7-1-3p were significantly upregulated in NOA compared to  [129]

Seminal plasma fertile controls.

Patients with asthenozoospermia (9) 50 miRNAs upregulated (such as miR-30a, miR-363, miR-26a, miR-200a, miR-141, [105]
and oligoasthenozoospermia (9) miR-429, miR-193b, miR-29a, miR-1274a, miR-24, miR-4286, miR-99a) and

Spermatozoa 27 miRNAs downregulated (such as miR-34b, miR-122, miR-1973) in asthenozoospermic

males

42 miRNAs upregulated (such as miR-141, miR-193b, miR-26a, miR-200c, miR-29a,
miR-429, miR-200a, miR-99a, miR-363) and

44 miRNAs downregulated (such as miR-34b*, miR-34b, miR-34¢-5p, miR-15b,
miR-122, miR-449a, miR-1973, miR-16, miR-19a) in oligoasthenozoospermic males.

Normozoospermic fertile men (10) 221 miRNAs were found to be consistently present in all individuals. 48 miRNA pairs [98]

Spermatozoa displayed a stable expression. miR-532-5p, miR-374b-5p and miR-564 were the best

normalizing miRNA candidates, and were proposed to be used as fertility biomarkers.

Oligospermic infertile patients (43) mir-100 and let-7b levels were significantly higher, and ER«x (estrogen receptor ) [106]

Spermatozoa expression was significantly decreased in oligospermic groups.

Oligospermic infertile men (43) mir-21 and mir-22 levels were significantly higher, and ER3 (estrogen receptor [3) [13]

Spermatozoa expression was significantly decreased in oligospermic males.

Azoospermic men (40): 197, 68, and 46 miRNAs were found to be differentially expressed in SCO, MA and GA  [107]

SCO (12), MA (12) and GCA groups, respectively.

(16) subgroups
Testicular tissues
SCO down

SCO up

MA down

MA up
GCA down
GCA up

miR-34b*, miR-34c¢-5p, miR-449a, miR-574-5p, miR-15b, miR-125b, miR-125a-5p,
miR-16, miR-204, miR-1260, miR-23a, miR-145, miR-1260b, miR-30b, miR-25,
miR-1274a, miR-22, miR-34b, miR-19a, miR-574-3p, miR-92a

miR-3925, miR-135a*, miR-1471, miR-642b, miR-617, miR-3180-3p, miR-718,
miR-3200-5p, miR-99b*, miR-3945, miR-3648, miR-575, miR-936, miR-3137,
miR-548q, miR-4322, miR-1181, miR-125a-3p, miR-371-5p, miR-373*, miR-3197,
miR-3656, miR-3194

miR-34c¢-5p, miR-34b*, miR-449a, miR-509—5p, miR-514, miR-34b, miR-517a,
miR-506, miR-514b-5p, miR-129-3p

miR-127-3p, miR-410, miR-199a-5p, miR-379

miR-449a, miR-34b*, miR-34c-5p, miR-34b, miR-449b*

miR-135a* miR-3137, miR-99b*, miR-3692*
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Table 2 (continued)

Study group Brief results and miRNAs displaying the greatest fold changes Reference

(sample size)

and Type of analyzed samples

Patients with oligoospermia / miR-429 was significantly increased, whereas miR-34b*, miR-34b, miR-34¢-5p [108]
oligoasthenozoospermia (80) and miR-122 were decreased in both tested groups compared to normal control subjects.

and NOA (40)

Spermatozoa and testicular tissues

Infertile men of various subgroups (30) Two allele-specific methylation-sensitive SNPs in PIWIL1 and PIWIL2, 1510773767 [109]

Genomic DNA
Azoospermic men with SCO (5)
Testicular tissues
normal fertile men.
Infertile men with high sperm DNA damage
(94) control group.
Seminal plasma

and rs6982089 respectively, were found to be associated with idiopathic male infertility.
miR-34¢-5p, miR-126, miR-191, miR-10b, miR-202-5p, miR-103, miR-514, miR-204
expressions were markedly reduced in testicular tissues from SCO men compared to

[110]

miR-424 was found to be significantly downregulated in the study group compared to the [111]

SCO Sertoli cell only, NOA non-obstructive azoospermia, MA mixed atrophy, GCA germ cell arrest

In a more recent study conducted with testicular tissue
samples from five azoospermic men with SCO syndrome,
miRNAs with the highest fold reductions in comparison to
controls were found to be miR-34¢-5p, miR-126, miR-191,
miR-10b, and miR-202-5p [110]. Further experimentation
with immunohistochemistry showed a specific localization
of miR-202-5p to Sertoli cells of normal fertile men, but not
in those of infertile men with SCO. Germ cell-dependent ex-
pression observed for this miRNA has been proposed to indi-
cate a functional role in Sertoli cell maturation and/or regula-
tion of spermatogenesis [110].

Spermatozoal miRNAs and male infertility

Apart from testicular tissue samples, spermatozoa from infer-
tile men have also been analyzed in terms of their miRNA
profiles. A comprehensive miRNA microarray analysis of
spermatozoa from nine asthenozoospermic and nine
oligoasthenozoospermic men has revealed 50 upregulated,
27 downregulated miRNAs, and 42 upregulated, 44 downreg-
ulated miRNAs, respectively, when compared to normozoos-
permic men [105] (Table 2). The miRNAs that exhibited the
highest fold changes were the ones that are downregulated,
with most of them more than 10 times decreased in their ex-
pression levels. To name a few, miR-34b, miR-122, and miR-
1973 were found to be downregulated in asthenozoospermic
men, whereas miR-34b, miR-34b*, miR-34c-5p, miR-15b,
miR-122, miR-449a, miR-1973, and miR-16 were downreg-
ulated in oligoasthenozoospermic men [105] (Table 2).
Although bioinformatics analyses have predicted putative tar-
get genes of these miRNAs, detailed in vitro and in vivo stud-
ies linking most of them to their specific target genes within
the context of male infertility are largely missing. Two recent
reports have demonstrated increased expression levels of sev-
eral miRNAs (i.e., miR-100, let-7b, and miR-21, miR-22)
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along with a concurrent decrease in their respective predicted
targets, namely, estrogen receptor- and -3, in spermatozoa
from 43 oligospermic infertile men [13, 106]. Given the cru-
cial roles of estrogen receptor- and -3 in maintenance of
male reproductive tract function, sperm metabolism and
Sertoli cell proliferation, it would not be surprising if there
exists a miRNA-based mechanism for downregulation of
these two receptors in infertile men [118, 119]. Using qRT-
PCR, a validation study has tested the potential of a set of five
differentially expressed miRNAs selected from the two afore-
mentioned miRNA microarray analyses [105, 107], to be used
as biomarkers for the assessment of male infertility [108].
Spermatozoa from 80 subfertile (mostly oligospermic and
oligoasthenospermic) men and testicular tissues from 40
men with non-obstructive azoospermia were analyzed along
with their appropriate controls, and with the exception of miR-
429, the expressions of all other four miRNAs (miR-34b*,
miR-34b, miR-34¢-5p, miR-122) were found to be decreased
in both tested groups [108]. The miR-34 family members are
known to be direct transcriptional targets of p53, and they
appear to play a vital role as mediators of tumor suppression
by p53 via induction of apoptosis, cell cycle arrest, or senes-
cence [120]. Although how the inactivation of this family in a
cancer setting reconciles with its downregulation in infertile
males is yet not clear, miR-34c seems to relate through a novel
pathway by promoting germinal lineage differentiation [121].
Interestingly, miR-34c has also been shown to promote mu-
rine male germ cell apoptosis by targeting the transcription
factor ATF1 in a p53-independent manner [122]. In mouse
models, miR-34c and miR-34b were found to be highly
expressed in post-mitotic male germ cells from primary sper-
matocytes up to round spermatids [121, 123], and deletion of
this locus along with miR-449 led to OAT and infertility [124].
Remarkably, miR-34c seems to extend its reproductive role
into the zygote, as sperm-borne miR-34¢ has been shown to
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have a post-fertilization function in mice by promoting the
first cleavage division via modulation of anti-apoptotic and
anti-proliferative Bcl-2 expression [125]. As being the most
abundant miRNA in human spermatozoa, miR-34c may also
play a similar role in humans and may shape early embryonic
development at the post-transcriptional and/or transcriptional
level [126].

Unlike miR34b/c, miR-122a is predominantly expressed in
late-stage, post-meiotic germ cells and has been reported to
downregulate translation of murine TNP2, a testis-specific
protein acting in histone-to-protamine transition during sper-
miogenesis [127]. It is thus tempting to speculate that the
above-mentioned decrease in this miRNA reported for
subfertile and infertile men [108] may suggest a role for failure
of miR-122-driven spatiotemporal control of chromatin re-
modeling in male infertility. Interestingly, miR-122 has been
shown to promote differentiation of human-induced pluripo-
tent stem cells into spermatozoa-like cells in vitro by suppress-
ing TNP2 expression [128].

Seminal fluidal miRNAs and male infertility

Besides spermatozoa, seminal plasma has also been proposed
to have a potential to provide researchers with another nonin-
vasive source for the assessment of male infertility. A
genome-wide low density miRNA array has analyzed seminal
plasmas from 20 patients with NOA and found three miRNAs,
miR-141, miR-429, and miR-7-1-3p, to be significantly up-
regulated compared to fertile controls [129]. Notably, in-
creased expression patterns for these miRNAs were also ob-
served in testicular tissues of patients with NOA, implicating
the potential use of seminal miRNAs as noninvasive bio-
markers for the diagnosis of male infertility. However, care
must be taken to utilize these findings to make a differential
diagnosis, as a previous study has also found similar fold
inductions in miR-141 and miR-429 expression in spermato-
zoa from asthenozoospermic and oligoasthenozoospermic pa-
tients [105]. Moreover, miR-429 appears to be highly upreg-
ulated in spermatozoa from oligospermic males as well and to
a lesser extent in testicular tissues of patients with NOA [108],
consistent with the above finding [129]. In silico analysis of
these miRNAs and subsequent immortalized spermatocyte
cell culture experiments have identified candidate target genes
such as PIK3R3, RBI, CBL, and TGF[32, which have been
suggested to have critical roles in the cell cycling and apopto-
tic process of germ cells [129].

Using qRT-PCR, another study performed with seminal
plasmas from 96 patients with NOA and oligozoospermia
has detected two miRNAs, namely, miR-19b and let-7a, to
be upregulated only in males with NOA compared to fertile
controls [103]. Testicular tissues of these patients also showed
higher levels of the two miRNAs, whereas no significant
changes were observed in men with oligozoospermia,

introducing these miRNAs as potentially good biomarkers
for NOA in particular [103]. Remarkably, these two
miRNAs are predicted to target a fibronectin-like adhesion
protein FNDC3A that functions in mediating spermatid and
Sertoli cell adhesion during spermatogenesis [130]. Recently,
altered expression levels of some miRNAs have also been
correlated with the extent of sperm DNA damage observed
in male infertility. In an infertile knock-out mouse model,
increase in unrepaired DNA breaks has been linked with re-
duced expression of miR-16 and miR-19b in testes [131].
Moreover, analysis of seminal plasmas from 94 infertile men
with high sperm DNA fragmentation index has revealed sig-
nificant downregulation of miR-424 in this group, implicating
a role for miR-424 in repair of double-strand breaks during
spermatogenesis [111].

Another miRNA profiling study conducted with seminal
plasma samples has identified seven miRNAs to be oppositely
regulated in patients with NOA and asthenozoospermia, pre-
senting a noninvasive approach for the differential diagnosis
of these two pathological conditions [102]. Seven miRNAs
that were significantly decreased in NOA patients but mark-
edly increased in asthenozoospermia patients were found to be
miR-34c-5p, miR-122, miR-146b-5p, miR-181a, miR-374b,
miR-509-5p, and miR-513a-5p (Table 2). Although testicular
tissues of the patients were not analyzed in this study, miR-
34c¢-5p, miR-122, miR-181a, and miR-509-5p have also been
shown to be decreased in testicular tissues of NOA patients in
several different studies, confirming the utility of these
miRNAs as noninvasive diagnostic tools for NOA [99, 107,
108, 110]. Interestingly, in patients with asthenozoospermia,
miR-122 has later been reported to be downregulated in sper-
matozoa samples [105], by contrast with its abovementioned
upregulation observed in seminal plasmas [102]. Although
such a discrepancy may result from a passive leakage or an
active secretion of some miRNAs from apoptotic spermatozoa
into the seminal plasma, comparative studies are needed to
simultaneously analyze spermatozoa, seminal plasma, and tes-
ticular tissues from diverse subgroups of subfertile and infer-
tile men. Such studies will enable researchers to assess wheth-
er miRNA expression profiles from different sources, partic-
ularly testicular tissues versus spermatozoa and seminal
plasmas, should reflect each other and elucidate the usefulness
of select miRNAs as noninvasive biomarkers for the diagnosis
of male infertility.

SNPs in genes involved in miRNA and piRNA pathways
and male infertility

Apart from expression studies, there have been several other
miRNA studies focusing on the role of SNPs in male infertil-
ity. SNPs in DICER and DROSHA, the key enzymes of
miRNA biogenesis, have been reported to be associated with
semen quality in infertile men of Han-Chinese descent [104].
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Out of seven potentially functional SNPs analyzed by real-
time PCR, rs10719T>C, rs12323635T>C, and
rs642321C>T were found to be significantly associated with
oligozoospermia (Table 2). As these SNPs are located in the 3’
UTR (rs10719 and rs642321) and promoter (rs12323635) re-
gions of DICERI, it has been suggested that these genetics
variants may alter the binding sites of regulatory miRNAs and
essential transcription factors, resulting in global changes in
miRNA processing through affecting Dicer1 expression levels
[104]. A more comprehensive study has analyzed all SNPs in
the 3’UTR of 140 spermatogenesis-related genes from a total
of 494 infertile men and found a single nucleotide polymor-
phism (rs6631) in the miRNA-binding site of glycoprotein
hormone « subunit-encoding gene CGA is associated with
an increased risk of idiopathic male infertility [101]. Further
in vitro cell culture experiments have revealed that A
substituted by T in rs6631 causes reduced binding of miR-
1302 to its target site in CGA mRNA, leading to CGA over-
expression. Therefore, the variant allele of rs6631 has been
suggested to increase the risk of idiopathic male infertility
through upregulation of CGA expression and subsequent de-
regulation in the assembly of essential glycoprotein hormones
like TSH, FSH and LH [101]. A possible association between
SNPs in piRNA pathway genes and male infertility has also
been investigated. A study conducted with 490 patients with
idiopathic azoospermia or oligozoospermia has reported that
an SNP in the 3° UTR of human PIWI gene HIWI2/PIWIL4,
rs508485T > C, exhibited a significantly increased oligozoos-
permia risk in Han-Chinese population [100]. Given the posi-
tion of this variant and the importance of piRNAs in germline
development, it is tempting to speculate there might be a
miRNA-driven control over the expression of this particular
PIWI protein, and loss of such a potential crosstalk between
miRNAs and piRNAs might lead to impairment of spermato-
genesis. A recent array-based study performed with peripheral
blood samples from 30 infertile men of various subgroups has
identified two allele-specific methylation-sensitive SNPs in
PIWILI and PIWIL2, rs10773767 and 1s6982089 respective-
ly, indicating DNA methylation differences in these key genes
of piRNA pathway are associated with impaired spermatogen-
esis [109]. These studies indicate that non-coding RNAs may
play a crucial role in the etiology of male infertility.

Conclusion

The conventional andrological diagnostic process involves
clinical and endocrinological examination of patient and se-
men analysis and provides little information about fertilizing
capacity [132]. Severe spermatogenic impairment is most
likely a genetic abnormality but usually the genetic cause can-
not be identified in many infertile males. In about half of the
infertility cases, the underlying cause remains unknown and
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the risk of transmitting genetic disorders to the offspring in-
creases when artificial reproductive technology (ART) is used
to treat the infertile couple. Moreover, infertility is a complex
disorder with multiple genetic and other factors, including
aging and exposure to environmental factors such as
chemicals, diet, and personal lifestyle. As described in this
review, recent studies have revealed epigenetics as one of
the promising research areas in understanding male infertility.

Spermatozoa from infertile men have shown to be associ-
ated with aberrant methylation, including imprinted genes and
developmental genes, histone tail modifications, and non-
coding RNAs. Epimutations in spermatozoa can be associated
with oligozoospermia, abnormal sperm morphology, and de-
creased progressive motility. The epigenetic status of sperma-
tozoa may also affect the health of offspring since epigenetic
aberrations are heritable. However, the recent discovery of
endogeneous TET-mediated conversion of 5-methylcytosine
(5mC) back to the unmethylated state through ShmC, 5fC, and
5caC intermediates has raised some concerns over the inter-
pretation of the past methylation data produced by bisulfite
modification technique, since this technique is unable to dis-
tinguish between SmC and ShmC, leaving them both as cyto-
sines [133]. Although some new techniques such as oxidative
bisulfite sequencing have been developed to make this distinc-
tion possible, the number of studies using such methods yet
remains limited [134, 135]. Taken together, although the exact
cause and effect relationship between epigenetics and male
infertility has not been elucidated, further investigation of this
area holds a significant potential and great promise for under-
standing the molecular mechanisms of infertility.
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