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Abstract
Background Male infertility is currently one of the most common problems faced by couples worldwide. We performed a
GWAS on Greek population and gathered statistically significant SNPs in order to investigate whether they lie within or near
lncRNA regions.
Objectives The aim of this study was to investigate whether polymorphisms on or near lncRNAs affect interactions with
miRNAs and can cause male infertility.
Materials andmethods In the present study, a GWASwas conducted, using samples from 159 individuals (83 normozoospermic
individuals and 76 patients of known fertility issues). Standard procedures for quality controls and association testing were
followed, based on case-control testing.
Results We detected six lncRNAs (LINC02231, LINC00347, LINC02134, NCRNA00157, LINC02493, Lnc-CASK-1) that are
associated with male infertility through their interaction with miRNAs. Furthermore, we identified the genes targeted by those
miRNAs and highlighted their functions in spermatogenesis and the fertilization process.
Discussion and conclusion lncRNAs are involved in spermatogenesis through their interaction with miRNAs. Thus, their study is
very important, and it may contribute to the understanding of the molecular mechanisms underlying male infertility.
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Introduction

Infertility is “a disease of the reproductive system defined by
the failure to achieve a clinical pregnancy after 12 months or
more of regular unprotected sexual intercourse” according to
theWorld Health Organization [1] and a worldwide problem.
Approximately one in six couples in the Western world are

affected by infertility [2], which results in social and psycho-
logical impacts [3]. It is estimated that male factor is solely
responsible for 30% of cases and co-contributes with female
factor to 20%, resulting in a presence up to 50% of the total
cases [4]. It is also estimated that 7% of the male population
deals with infertility [5]; however, the statistics of male infer-
tility do not reflect accurate rates in all countries due to cul-
tural or religious peculiarities in some regions [6]. Male infer-
tility is a complex disorder, and except for the genetic basis,
including single-gene mutations and chromosomal abnormal-
ities [5], environmental factors also contribute to the pheno-
type [7].Many cases are also characterized as idiopathic, as no
cause is identified [8]. Therefore, the identification of genetic
factors, gene mutations, or polymorphisms, which are associ-
ated with idiopathic infertility, is of great importance for clin-
ical application and for the discovery of new methods for
diagnosis and treatment.

Transcriptomics analyses have identified, except for pro-
tein-coding, many non-coding transcripts [9–11]. Non-coding
RNAs (ncRNAs) can be classified into two main categories
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according to their size: short non-coding RNAs (small
ncRNAs), with a length shorter than 200 nucleotides, and long
non-coding RNAs (lncRNAs), which are larger than 200 nu-
cleotides but it is also possible to have a size of several kilo-
bases [12]. MicroRNAs (miRNAs) are the most studied small
non-coding RNAs. Non-coding RNAs are abundant in germ
cells and play a critical role in the complex developmental
process of spermatogenesis, which affects male infertility
[13]. More specifically, stage-specific Dicer knock-out (KO)
in mice led to infertility/subfertility in three different studies
[14–16], indicating the important role of miRNA pathway in
male fertility. Several studies that followed confirmed the spe-
cific role of miRNAs in mammalian meiosis, e.g., miR-21,
miR-18a [17, 18]. PIWI-interacting RNAs (piRNAs) are an-
other category of ncRNAs that are associated with PIWI pro-
teins and they are expressed in germline cells, contributing to
genome integrity [13].

However, lncRNAs constitute the largest proportion of
ncRNAs [19]. Long intergenic non-coding RNAs (lincRNAs)
are long RNAs of more than 200 nucleotides that lie within
intergenic regions of the genome and do not overlap with any
protein coding genes. LincRNAs take part in chromatin remod-
eling, gene regulation, and alteration of expression [20].

Moreover, lncRNAs regulate gene expression in several bi-
ological processes. Therefore, their dysregulation contributes to
the development of several diseases [21]. The highest number
of lncRNAs is expressed at brain and testis and many of them
show testis-specific expression [22]. A recent study also sug-
gests a key role of lncRNAs in reproductive capacity as
lncRNAs and miRNAs escape meiotic sex chromosome inac-
tivation (MSCI), an epigenetic process required for the tran-
scriptional silencing of X- and Y-chromosomes during pachy-
tene stage. The same study revealed a dynamic expression pat-
tern of lncRNAs during spermatogenesis in mouse, too [23].
These studies have shed new light on the issue but the role of
lncRNAs in male gametogenesis is still largely unexplored.

LncRNAs have been recognized to contribute to the devel-
opment of several diseases [21, 24] through a variety of mech-
anisms, but an emerging field is the investigation of lncRNAs-
miRNA interactions [25–27]. Recent reports suggest that
lncRNAs may interact with other RNA classes, including
miRNAs [28]. Male infertility might be also affected by
miRNAs-lncRNA interactions as Lü et al. [29] showed that
human spermatogenesis is regulated by a mechanism in which
a lncRNA, NLC1-C, modulates miRNA expression at the
transcriptional level.More specifically, there are several forms
of interplay among lncRNAs and miRNAs. Mainly, miRNAs
regulate the abundance of lncRNAs as they can decrease their
stability and promote degradation. A similar effect on the
levels of miRNAs is caused by the action of lncRNAs, as well
as they exert a ‘sponge effect’ on miRNAs, control their con-
centration on cytoplasm, and sequester them away from their
targets [25, 27].

LncRNAs can compete with miRNAs for binding to
mRNAs or they can produce small RNAs and miRNAs, too
[25]. However, our understanding of the impact of lncRNAs-
miRNA networks on disease development is limited [24]. The
mechanisms by which miRNAs and lncRNAs mediate com-
plex processes like spermatogenesis and affect the occurrence
and development of diseases like male infertility still need
further exploration in order to provide new breakthroughs
for clinical applications.

The aim of this study is to perform a genome-wide associ-
ation analysis to identify genetic variants (single-nucleotide
polymorphisms, SNPs) significantly related to male infertility,
within or near lncRNA regions, by comparing normozoosper-
mic (control group) and non-normozoospermic individuals
(case group). The purposes were (a) to study and list SNPs
associated with male infertility within or near lncRNAs and
(b) to investigate the biological mechanism through which
these SNPs act by understanding the role of these lncRNAs
in spermatogenesis process and thus, in reproductive capacity
and sperm quality, through their interactions with miRNAs
using bioinformatics analysis. Identifying genomic regions,
and preferably lncRNAs regions, responsible for genetic var-
iation in male infertility will enhance the understanding of
biological pathways involving this trait and contribute to a
better understanding of the patient’s profile. This may point
to opportunities for improving the prognosis and diagnosis of
male infertility and even treatment.

Materials and methods

Patient selection and biological material

All semen samples used in this study were derived from
individuals after they had given approved informed con-
sent. The samples were collected in cooperation with the
‘Embryolab Fertility Clinic’ (Thessaloniki, Greece), after
3 to 4 days of abstinence, via masturbation. Individuals
primarily from the Greek population were used in the
study to ensure genetic homogeneity. According to
Panoutsopoulou et al. [30], the Greek population is ge-
netically homogenous, except for some minorities that are
characterized as genetic isolates. None of the samples
were collected from individuals from these isolates, since
place of birth and relevant data are collected from indi-
viduals through the questionnaire which are required to
fill in along with the consent form. All the individuals
were also aged between 18 and 40 years, in order to en-
sure that increasing age does not contribute to reduced
semen quality. Semen analysis was performed for all in-
dividuals enlisted in the study. The subjects were divided
into two groups. The control group was defined as nor-
mozoospermic individuals (n = 92; volume > 1.5 mL,

2870 J Assist Reprod Genet (2020) 37:2869–2881



sperm concentration > 39 million/mL, total sperm num-
ber > 15 million, total motility > 40%, progressive motility
> 32%, and viability > 58%) according to inclusion
criteria of World Health Organization (2010). No samples
exhibited normal sperm concentration but low total motile
or low total count of spermatozoa. The case group
consisted of non-normozoospermic individuals (n = 100).
These were either oligozoospermic individuals (n = 18),
with a total sperm number of less than 15 million/mL,
or asthenozoospermic individuals with motility less than
40% (n = 17), teratozoospermic individuals with less than
4% normal morphology (n = 14), or combinations of the
three categories (n = 51). None of the patients exhibited
any fertility-related issues regarding varicocele or Y-
chromosome microdeletions, in order to investigate for
the exis tence of novel genet ic markers beyond
microdeletions, for the trait of male infertility.

DNA extraction

DNA was extracted from semen samples according to the
protocol developed by Weyrich A. [31]. Briefly, semen
has two basic components: spermatozoa and seminal flu-
id. Seminal fluid can affect the DNA quality due to its
high concentration of fructose and proteins. Thus, ethanol
was used to remove the seminal fluid and after that, cell
lysis followed. Somatic cells were removed after incuba-
tion of the cell pellet with somatic cell lysis buffer SCLB
(0.05% Triton and 0.05% SDS) for 30 min on ice. This
detergent-based buffer ensures the rupture of somatic
cells. The incubation was followed by centrifugation at
5000g for 8 min and subsequent removal of supernatant
was performed. PBS was used to wash the pellet for any
residual somatic cell contaminants. The pellet was then
dissolved in lysis buffer (10 Mm Tris-HCl pH 8.0,
100 Mm NaCl, 10 Mm EDTA, 0.5% SDS Triton-X100
0.5%) that also contained DDT (0.1 M) to break the di-
sulfide bonds of the lipidic membrane that protects sper-
matozoa, as well as proteinase K (100 mg/mL) and SDS
to ensure cell lysis and protein destruction. Cell debris
was removed after centrifugation and the supernatant
was carefully collected. In this point, phenol-chloroform
extraction was performed as an extra step, to fully sepa-
rate nucleic acid from proteins and lipids and to obtain
DNA of high quality and purity. The mixture of phenol-
chloroform is immiscible with water, and as a result, two
phases are created. The hydrophilic lipids are partitioned
into the lower organic phase, the proteins remain at the
interphase, and the nucleic acids are in the aqueous phase.
Thus, the aqueous phase was collected, and the DNA was
then precipitated with the use of ethanol, washed, and
resuspended in ddH2O. Agarose gel electrophoresis was
used to check the integrity of the extracted DNA and

DNA concentration was assessed spectrophotometrically
with Qubit 2.0 and subsequently adjusted to approximately
200 ng/mL. Purified DNA was stored at − 20 °C before use.

Genotyping

All the DNA samples were genotyped at the Human
Genomics Facility (HuGe-F) of Erasmus MC (University
Medical Centre Rotterdam, Netherlands) using the Illumina
Infinium® Global Screening Array. This chip contains
642.824 single-nucleotide polymorphisms (SNPs) across the
human genome. Moreover, 256.673 of these SNPs are found
in intronic regions, thus providing a good representation of
polymorphisms that are useful in order to study lncRNAs.

Quality control

The genotype data that were obtained, in .ped and .map files,
were analyzed using PLINK [32], a software package with a
wide range of functions, that is widely used for the analysis of
GWAS data. All SNPs analyzed met the following quality
control criteria: SNPs with a MAF ≤ 0.05 were excluded, in-
dividuals with more than 10% missing genotypes were ex-
cluded, and only SNPs with 90% genotyping rate were includ-
ed in the study.

Association analysis

SNP association analysis was performed using Pearson’s Chi-
square test. Chi-square test compares allele frequencies be-
tween case controls to test the null hypothesis that there is
no association between each SNP and the phenotype of male
infertility. A common strategy for the evaluation of individual
SNPs involves the use of a genome-wide significance p value
threshold of 5 × 10−8 under the assumption of independence
among markers. In a GWAS, p -value provides statistical sig-
nificance and is used as a safeguard against false positives.
However, this threshold requires sample sizes of thousands
and a sizable proportion of risk alleles are still being missed
by this strategy. According to previous studies, it has been
proved that the analysis of SNPs with a much higher signifi-
cance threshold can provide important information if the
GWAS is well-powered [33]. For this reason, odds ratios
(ORs) were used in combination with p values to identify
SNPs with the strongest effect on disease risk. Odds ratio
measures the strength of association and is important in
GWAS studies as many times despite their statistical
significance, associations involving very low ORs that
explain little about the genetic contribution to the dis-
ease. Taking all these into account, for the selection of
SNPs, these thresholds were used: p value ≤ 0.05 and
odds ratio > 1. After the odds ratio evaluation, all the
SNPs that were selected had p -value ≤ 10−4.
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Bioinformatics analyses

This study aimed at the correlation of lncRNAs with male
infertility. Thus, all the SNPs were examined separately for
genomic location (e.g., exonic, intronic, within a promoter or
an enhancer, etc.) to identify SNPs that are located in regions
that are transcribed into long non-coding RNAs via annotation
using SNPnexus [34]. To assess the potential role of these
lncRNAs to male infertility, the LNCipedia version 5.2 [35]
was used. For each lncRNA, literature about the process of
spermatogenesis or the general term of infertility was gath-
ered. After that, we attempted to prove that some of these
lncRNAs may have an impact on male infertility through their
interactions with miRNAs. Thus, for a better understanding of
the biological mechanism through which these SNPs act and
for evaluating their functional impact, lncRNAs-miRNA in-
teractions were also investigated using DIANA tools-LncBase
Predicted v.2. [36], a database that provides information about
in silico predicted miRNA targets on lncRNAs based on an
algorithm. The threshold used for the search was 0.9, which is
stringent. Then, the predicted miRNA targets were further
studied to identify a potential role in male infertility or sper-
matogenesis process using miRBase [37]. miRNAs associated
with the phenotype of interest, based on miRBase search re-
sults, were then investigated for their interaction networks
with human mRNAs using miRTargetLinkHuman [38] to
identify strong interactions and potential regulatory function
of miRNAs with genes that have a role in the complex process
of spermatogenesis and its regulation (GeneCards®: The
Human Gene Database). Only experimentally validated net-
works were used.

Ethics statement

All the participants were informed about the study and they
gave their consent in order to participate by filling out a ques-
tionnaire along with the consent form. Both the study and the
consent procedure were approved by the ethics committee of
the Medical Faculty of the University of Thessaly.

Results

GWAS: identification of SNPs within or near lncRNAs
associated with male infertility

The role of lncRNAs in spermatogenesis process and male
infertility is still largely unexplored. Thus, the purposes of this
study were to identify and list SNPs significantly associated
with male infertility within or near lncRNAs regions. For this
reason, as described above, a total of 192 individuals were
selected for genotyping using the Illumina Infinium® Global
Screening Array, including 92 normozoospermic individuals

(control group) and 100 non-normozoospermic individuals
(case group). Genotyping revealed variance among 642,824
single-nucleotide polymorphisms (SNPs) across the human
genome. Meanwhile, it was observed that some SNPs failed
to be scored on at least 99% of all the individuals and had a
MAF ≤ 0.05 in the whole dataset. Some individuals had also
more than 1%missing genotypes. By excluding the SNPs and
individuals described above, the remaining 308,495 SNPs and
159 individuals (control group, n = 76; case group, n = 83)
were used for the GWAS analysis. The case group consisted
of oligozoospermic, asthenozoospermic, teratozoospermic,
and their combination individuals. A complete list of each
individual’s phenotype is listed on Supplementary Table S3.

After association analysis was performed, 860 SNPs
(Supplementary Table S1) were selected as significantly asso-
ciated with male infertility because they satisfied our criteria
for genome-wide significance (p value ≤ 0.05 and odds ratio
> 1, “Materials and methods”). We should also note that after
odds ratio evaluation, all the SNPs that were selected for fur-
ther analysis had p value ≤ 10−4. The aim was to study SNPs
associated with male infertility within or near lncRNAs; for
this reason, the 860 SNPs associated with male infertility were
examined via annotation for their genomic location using
SNPnexus [34]. It was found that 92 SNPs were located in
regions that lie in close proximity to lincRNA regions, as
shown in Table 1.

Bioinformatics analysis: investigation of the potential
role of lncRNAs

Identification of lncRNAs that are involved in spermatogene-
sis could provide useful information in order to better under-
stand the molecular mechanisms underlying male infertility.
We identified SNPs that are located in close proximity to
regions coding for lincRNAs, and in order to investigate the
potential role of these lncRNAs, a literature search was per-
formed using LNCipedia version 5.2. However, for each of
the 92 lincRNAs that were previously detected, no result as-
sociated with male infertility or spermatogenesis process was
found.

Bioinformatics analysis: interaction between lncRNAs-
miRNAs

It is becoming increasingly evident that lncRNAs regulate
gene expression through their interactions with miRNAs.
For example, a general phenomenon is their competitive ac-
tion for miRNA binding. Therefore, we hypothesized that
lncRNAs may affect fertilization capacity through their inter-
actions with miRNAs. To understand the role of lncRNAs in
spermatogenesis process, a lncRNAs-miRNA interaction
analysis was carried out using DIANA tools-LncBase
Predicted v.2. This database performs in silico prediction of
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Table 1 SNPs associated with male infertility and located nearby lincRNA regions

SNP Chromosome Position Type of nearest
upstream gene

rs7529824 chr1 168500458 lincRNA

rs1890734 chr1 181108784 lincRNA

rs76237371 chr1 188773803 lincRNA

rs12732389 chr1 220563560 lincRNA

rs10779404 chr1 220568157 lincRNA

rs6663920 chr1 63554295 lincRNA

rs72672087 chr1 76531943 lincRNA

rs17105542 chr1 81336283 lincRNA

rs6047591 chr20 2223481 lincRNA

rs6027995 chr20 59623745 lincRNA

rs2824534 chr21 19259311 lincRNA

rs16825349 chr2 146425531 lincRNA

rs816884 chr2 151319753 lincRNA

rs13405989 chr2 15962207 lincRNA

rs10495699 chr2 19997343 lincRNA

rs17574702 chr2 220547930 lincRNA

rs4674431 chr2 220632013 lincRNA

rs1424341 chr2 222683948 lincRNA

rs11892518 chr2 5901174 lincRNA

rs1517240 chr3 152382636 lincRNA

rs2729324 chr3 2071931 lincRNA

rs7648418 chr3 30591844 lincRNA

rs369145 chr3 41174299 lincRNA

rs115913570 chr4 11139391 lincRNA

rs13152779 chr4 11142798 lincRNA

rs116669694 chr4 131208181 lincRNA

rs11099266 chr4 134964519 lincRNA

rs295240 chr4 161179694 lincRNA

rs73871504 chr4 165754338 lincRNA

rs12507442 chr4 17276304 lincRNA

rs7690576 chr4 31930676 lincRNA

rs6825814 chr4 37067592 lincRNA

rs13127970 chr4 80502390 lincRNA

rs3109166 chr4 80552199 lincRNA

rs59714449 chr5 10036524 lincRNA

rs62390587 chr5 174686982 lincRNA

rs77726272 chr5 21174806 lincRNA

rs10057544 chr5 98554365 lincRNA

rs58485094 chr6 132538110 lincRNA

rs17165277 chr6 157775271 lincRNA

rs6931622 chr6 169381577 lincRNA

rs1247000 chr6 5061594 lincRNA

rs17460313 chr7 114925322 lincRNA

rs41502546 chr7 114928699 lincRNA

rs4566937 chr7 15230201 lincRNA

rs11765437 chr7 41295987 lincRNA

rs77064312 chr8 122149175 lincRNA

rs1354365 chr8 134969520 lincRNA
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lncRNA-miRNA interactions using an appropriately adjusted
DIANA-microT algorithm [36]. This microT-CDS algorithm

can identify miRNA targets in 3′UTR, as well as in CDS
regions [39]. More specifically, miRNA recognition elements

Table 1 (continued)

SNP Chromosome Position Type of nearest
upstream gene

rs2565116 chr8 40267939 lincRNA

rs10982910 chr9 118534500 lincRNA

rs10756497 chr9 13763734 lincRNA

rs1888109 chr9 24539632 lincRNA

rs11793053 chr9 37413413 lincRNA

rs11016279 chr10 130297630 lincRNA

rs6481863 chr10 33911780 lincRNA

rs7914587 chr10 3597405 lincRNA

rs11812097 chr10 3620969 lincRNA

rs4765481 chr12 127396035 lincRNA

rs12425149 chr12 65384706 lincRNA

rs10878327 chr12 66143939 lincRNA

rs12309527 chr12 84452099 lincRNA

rs7960972 chr12 84474458 lincRNA

rs331984 chr13 110340104 lincRNA

rs9315332 chr13 20686602 lincRNA

rs1458276 chr13 54470914 lincRNA

rs9572694 chr13 71803040 lincRNA

rs960621 chr13 75225241 lincRNA

rs75561824 chr13 75242252 lincRNA

rs7334899 chr13 75264572 lincRNA

rs538034 chr13 75842148 lincRNA

rs9544122 chr13 76591775 lincRNA

rs17529436 chr14 27704132 lincRNA

rs10141127 chr14 87773053 lincRNA

rs11848918 chr14 90950492 lincRNA

rs74078723 chr14 95456421 lincRNA

rs234604 chr14 97072324 lincRNA

rs74377316 chr15 27988150 lincRNA

rs17705275 chr15 36829838 lincRNA

rs34387846 chr15 79717219 lincRNA

rs4307931 chr15 98865620 lincRNA

rs80112443 chr16 48031408 lincRNA

rs9925381 chr16 51959612 lincRNA

rs883794 chr16 86027818 lincRNA

rs3924409 chr16 86028237 lincRNA

rs237291 chr17 12403835 lincRNA

rs9890751 chr17 35020814 lincRNA

rs11081188 chr18 5371579 lincRNA

rs1012680 chr18 63642446 lincRNA

rs423826 chrX 139299448 lincRNA

rs4933145 chrX 1986252 lincRNA

rs12843591 chrX 41942431 lincRNA

rs7876156 chrX 47181569 lincRNA
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(MREs) on lncRNAs are scored separately and each pair of
lncRNA-miRNA interaction is characterized by a score that
signifies the interaction strength [36]. The threshold that it was
used for this score was quite stringent (0.9) in order to identify
only interactions of high strength. The highly reliable
miRNA-lncRNA interaction pairs are provided in
Supplementary Material, Table S2. Approximately 1000
miRNAs were predicted to interact with the 92 lncRNAs;
however, some of the lncRNAs were found to have no inter-
action with miRNAs or they were not found on the database at
all.

Bioinformatics analysis: investigation of the role of
miRNAs on male infertility

The predicted target miRNAs mentioned above (~ 1000) were
input in miRBase in order to identify a potential role in mei-
osis or an effect on sperm quality. As shown in Table 2, ap-
proximately 90 of them were studied in seven different re-
search papers and they were associated with the fertility pro-
cess in males.

To better understand the potential mechanism of action of
lncRNAs through their interaction with miRNAs on reproduc-
tive capacity of spermatozoa, these 90 miRNAs found to be
associated with the phenotype of interest according to previ-
ous research were further studied. miRNAs regulate gene ex-
pression usually by base-pairing to the mRNA 3′-untranslated
regions (UTRs) to repress protein synthesis. Other mecha-
nisms of action include mRNA degradation and transcription-
al inhibition. Therefore, miRNA-mRNA interactions are ex-
tremely important for regulation of various processes [47, 48].
Thus, miRNAs were then investigated for their interaction
networks with human mRNAs using miRTargetLinkHuman
[38]. Of the 90 miRNAs studied, 21 exhibited experimentally
validated interaction networks, as shown in Fig. S1. Only
networks with strong interactions were selected. To investi-
gate the potential regulatory function of miRNAs over genes
that have a role in the complex process of spermatogenesis,
the target mRNAswere searched in GeneCards®: The Human
Gene Database. It was observed that 18 genes were associated
with male infertility or gametogenesis (Table 3). Information
about the association of these genes with male infertility is
provided on Supplementary Material, Table S4.

Finally, after genome-wide association study, we managed
to identify genetic variants (SNPs) significantly associated
with male infertility in close proximity to lncRNAs regions
in the Greek population (Table 1). To better understand the
molecular mechanisms underlying male infertility, a pipeline
of analysis was constructed and it comprised identification of
statistically significant SNPs, annotation of each SNP to its
target (lncRNAs), analysis of lncRNAs-miRNAs interactions,
and highlighting of interactions that can affect male fertility

and its physiology (Fig. 1). This analysis has brought up six
lncRNAs that are analyzed on Table 4.

Discussion

Previous studies have shown that spermatogenesis is a com-
plex process that requires a dynamic gene expression pattern
of coding and non-coding elements like piRNAs, miRNAs,
and lncRNAs [49]; thus, their dysregulation could affect male
fertility. In this study, semen from normozoospermic and non-
normozoospermic men of the Greek population was used for
DNA genotyping and bioinformatics analysis in order to iden-
tify SNPs significantly associated with male infertility in close
proximity to lncRNA regions. Based on our analysis, we have
now demonstrated that six of these lncRNAs exert a potential
role in male infertility through their interactions with
miRNAs.

Semen samples were collected from control and case
groups and DNA genotyping followed in order to identify
SNPs associated with male infertility. GWAS has changed
how research is conducted as it allows the identification of
the genetic basis of complex traits and diseases like male
infertility which are caused by a combination of environmen-
tal factors and gene variants with subtle effects [50]. In this
particular study, we identified variants in close proximity to
lncRNA regions. lncRNAs have been shown to have a regu-
latory function in spermatogenesis process but they are the
least characterized ncRNAs [13].

Investigation of the potential role of lncRNAs in male in-
fertility led to very few results as it is an emerging field of
research and it must be analyzed further with the addition of
studies with more samples as well as studies incorporating
functional analysis. This was expected as there are a large
number of data sets available, particularly of lncRNAs, due
to RNA-seq and advances on transcriptomics but the mecha-
nistic characterization of lncRNAs is rather poor. It is known
that they regulate various cellular and molecular processes but
the exact mechanism of function of many of them is still
largely unexplored [51]. Even though they can be found in a
broad range of species, lncRNAs are relatively poorly con-
served in terms of nucleotide sequence. Thus, it is difficult
to investigate their functions using the right animal models
[19, 52]. However, some studies prove the association of
lncRNAs with male infertility [23, 53]. More specifically,
lncRNA Gm2044 plays an important role in the regulation
of spermatogenic cell development and its expression is in-
creased in non-obstructive azoospermia [53].

Several studies demonstrate that miRNAs are essential for
gametogenesis [13]. As the molecular function of lncRNAs is
mediated through interactions with other RNA species and
proteins, it was important to also investigate lncRNA-
miRNA interactions. A large number of miRNAs were found
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Table 2 miRNAs associated with male infertility according to research papers

miRNAs Authors publication Research paper

hsa-miR-5699-5p,
hsa-miR-653-3p,
hsa-miR-410-3p,
hsa-miR-6720-5p,
hsa-miR-3192-3p,
hsa-miR-7154-5p,
hsa-miR-579-3p,
hsa-miR-190a-5p,
hsa-miR-579-3p,
hsa-miR-7161-3p,
hsa-miR-520g-5p,
hsa-miR-7156-5p,
hsa-miR-208a-5p,
hsa-miR-656-3p,
hsa-miR-670-3p,
hsa-miR-7160-3p,
hsa-miR-1296-5p,
hsa-miR-181d-5p,
hsa-miR-1288-3p,
hsa-miR-670-3p,
hsa-miR-7161-5p,
hsa-miR-653-3p,
hsa-miR-653-3p,
hsa-miR-1180-5p,
hsa-miR-7156-3p,
hsa-miR-1288-3p,
hsa-miR-370-3p,
hsa-miR-891a-3p,
hsa-miR-7152-5p,
hsa-miR-7152-5p,
hsa-miR-1288-3p,
hsa-miR-942-5p,
hsa-miR-597-3p,
hsa-miR-7160-5p,
hsa-miR-1301-3p,
hsa-miR-1301-3p,
hsa-miR-651-3p,
hsa-miR-651-3p,
hsa-miR-520f-5p,
hsa-miR-7160-5p,
hsa-miR-597-5p,
hsa-miR-889-3p,
hsa-miR-548f-3p,
hsa-miR-7153-5p,
hsa-miR-670-3p,
hsa-miR-7156-5p,
hsa-miR-1288-3p,
hsa-miR-7160-5p,
hsa-miR-1298-5p,
hsa-miR-7160-3p,
hsa-miR-597-3p,
hsa-miR-889-3p,
hsa-miR-7152-5p,
hsa-miR-7152-5p,
hsa-miR-7159-5p,
hsa-miR-7156-5p,
hsa-miR-3192-5p,
hsa-miR-5699-3p,
hsa-miR-942-5p,
hsa-miR-580-5p,
hsa-miR-1252-3p,
hsa-miR-370-3p,

Birth and expression evolution of mammalian
microRNA genes [40]

Meunier et al. (2013)
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to interact with the lncRNAs that we studied (Supplementary
Material, Table S2). Many of them belong to X-linked
miRNA families and their evolution study revealed peculiar
patterns. They are predominantly expressed in testis and these
families were expanded through tandem gene duplication. The
evolutionary force driving the duplication of X-linked
miRNAs was MSCI as many miRNA gene copies allowed
them to escape MSCI and to express in spermatocytes and
spermatids. Moreover, amplified X-linked miRNA families
show rapid sequence evolution, potentially driven by positive
selection. Thus, X-linked miRNAs evolved higher expression
levels and diverse functions during gametogenesis through
selectively driven duplication divergence processes [40].
Consistent with these results, some other miRNAs that inter-
act with the lncRNAs studied were also investigated from an
evolutionary perspective. Conserved miRNAs are considered
essential for spermatogenesis due to their regulatory roles.
However, non-conserved miRNAs exhibit also an interesting
evolutionary role as they contribute to functional novelties.
Such an X-linked miRNA cluster evolved through changes
in copy number and sequence substitutions leading to changes
in male sexual maturation and spermatogenesis process [41].

Other miRNAs were found to be highly expressed on the
epididymis. Epididymis plays an important role in sperm mat-
uration and motility; thus, these miRNAs may be involved in

physiological pathways affecting male infertility [42]. Some
of the miRNAs interacting with lncRNAs, e.g., miR-429,
miR-181a-5p, were also the most studied in infertile men but
their function remains unknown [43]. Finally, another ex-
tremely important observation is the fact that many of these
miRNAs could be potentially used as biomarkers for diagno-
sis of male infertility. miRNAs are expressed in various tis-
sues and their dysregulation affects many cellular and molec-
ular mechanisms and gene networks. That means that their
detection can provide useful information for several diseases
or pathophysiological processes. It has been already proposed
that miRNAs could serve as biomarkers for cancer, nervous
system disorders and diabetes [54]. Many of the miRNAs
identified could be used as noninvasive biomarkers for non-
obstructive azoospermia (NOA), one of the different types of
spermatogenic impairments [44, 46]. Other miRNAs found to
interact with the lncRNAs also exhibit a different expression
profile in seminal plasma of infertile men and they could be
used as a noninvasive approach for diagnosing male infertility
[45].

miRNAs exert their function through interactions with
mRNAs, which they can degrade. For many of the miRNAs
mentioned above, their role on male infertility was confirmed
by the fact that their target mRNAs were associated with the
meiosis process on mammals (Supplementary Material,

Table 2 (continued)

miRNAs Authors publication Research paper

hsa-miR-7161-5p
hsa-miR-513c-5p,
hsa-miR-513b-5p,
hsa-miR-513c-3p,
hsa-miR-513b-5p,
hsa-miR-513c-5p,
hsa-miR-513c-3p,
hsa-miR-513c-5p,
hsa-miR-513c-5p,
hsa-miR-513c-3p

Rapid evolution of an X-linked microRNA cluster in primates [41] Zhang et al. (2007)

hsa-miR-6720-5p,
hsa-miR-6509-3p,
hsa-miR-6719-3p,
hsa-miR-6718-5p,
hsa-miR-6515-3p,
hsa-miR-6515-5p,
hsa-miR-6715a-3p,
hsa-miR-6716-5p,
hsa-miR-6515-5p

Deep sequencing analysis of small non-coding RNAs reveals the diversity
of miRNAs and piRNAs in the human epididymis [42]

Li et al. (2012)

hsa-miR-429,
hsa-miR-181a-5p

Spermatogenesis in humans and its affecting factors [43] Neto et al. (2016)

hsa-miR-429,
hsa-miR-34b-3p

Genome-wide microRNA expression profiling in idiopathic
non-obstructive azoospermia: significant up-regulation
of miR-141, miR-429 and miR-7-1-3p [44]

Wu et al., 2013

hsa-miR-181a-5p,
hsa-miR-513a-5p

Altered profile of Seminal Plasma MicroRNAs in the Molecular
Diagnosis of Male Infertility [45]

Wang et al. (2011)

hsa-miR-429,
hsa-miR-34b-3p

Panel of five microRNAs as potential biomarkers for the diagnosis
and assessment of male infertility [46]

Abu-Halima et al. (2014)
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Table S4). Among the most important targets, BCL2 may
regulate apoptosis of sperm cells during gametogenesis and
it has been demonstrated to be associatedwith non-obstructive
azoospermia (NOA) [55]. A promising field is also the inves-
tigation of epigenetics on male infertility, as DNMT1 plays a
key role in DNA methylation and it could be associated with
oligozoospermia [56]. Another gene usually studied is PGR
(progesterone receptor) as hormones regulate different aspects
of spermatogenesis process [57, 58]. Moreover, CFTR has
been associated with male infertility as it affects sperm capac-
itation [59, 60], and STAT3 has been observed to affect human
spermatozoa through regulation of mitochondrial activity
[61].

It should also be noted that one strength of this study is the
in-depth bioinformatics analysis of the lincRNAs that may
play an important role in spermatogenesis, as SNPs signifi-
cantly associated with male infertility were found in regions in
close proximity with them. Several different databases were
used (LNCipedia version 5.2., DIANA tools-LncBase
Predicted v.2., miRBase) to ensure that we obtain all the in-
formation that is available about these lincRNAs and the
miRNAs interacting with them. Moreover, rigorous quality
control and the exclusion SNPs and samples that could affect
the quality of our results and lead to false-positive or false-
negative results were performed. However, we should keep in
mind that this study is limited in terms of the number of sam-
ples. We began this study with 192 samples, but after quality
control, the final number of samples that were analyzed was
reduced to 159. It should also be noted that the generalizability
of the study is also limited by the genetic homogeneity of the
Greek population. Another limitation is that the interactions
between lncRNAs and miRNAs were predicted using a data-
base. As the interactions were not experimentally verified,
maybe some of the miRNAs that we studied do not truly
interact with the lncRNAs, though we used quite stringent
criteria (threshold of 0.9) in order to obtain more reliable in-
teractions and results.

In conclusion, the present study is significant as, for the
first time, it explores the existence of genetic variants within
or near lncRNAs and the subsequent association with male
infertility in the Greek population. Moreover, we analyzed
all these data collected from Greek individuals to investigate
the potential role of lncRNAs in male infertility, which are the
least characterized ncRNAs. The findings indicate a regulato-
ry role of lncRNAs in mammalian meiosis through their

Table 3 List of genes whose mRNAs are targeted by miRNAs and they are associated with male infertility

Genes

ATM serine/threonine
kinase (ATM)

Sirtuin 1 (SIRT1) Cystic fibrosis transmembrane
conductance regulator (CFTR)

MDM2 oncogene, E3 ubiquitin protein
ligase (MDM2)

Proline-rich acidic protein 1 (PRAP1) Vascular endothelial growth factor
A (VEGF)

B cell CLL/lymphoma 2 (BCL2) Progesterone receptor (PGR) Nanog homeobox (NANOG)

Septin 7 (SEPT7) Telomerase reverse transcriptase (TERT) cAMP responsive element binding
protein 1 (CREB1)

DNA methyltransferase 1 (DNMT1) Interferon gamma (IFNG) Signal transducer and activator of
transcription 3 (STAT3)

TIMP metallopeptidase inhibitor
2 (TIMP2)

Αryl hydrocarbon receptor (AHR) Insulin-like growth factor 1 (IGF1)

Table 4 List of lncRNAs with a potential role on male infertility
through interaction with miRNAs

lncRNAS miRNAs Gene targets

ENSG00000248995 hsa-miR-410-3p MDM2

ENSG00000236678 hsa-miR-429 BCL2

SEPT7

DNMT1

TIMP2

hsa-miR-190a-5p IGF1

ENSG00000260450 hsa-miR-181d-5p BCL2

hsa-miR-181a-5p BCL2

ATM

SIRT1

PRAP1

PGR

TERT

IFNG

AHR

STAT3

ENSG00000231755 hsa-miR-509-3p CFTR

ENSG00000250819 hsa-miR-34b-3p BCL2

VEGFA

NANOG

CREB1

ENSG00000233103 hsa-miR-509-3p CFTR
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interactions with miRNAs. Although little is currently known
about the functions of lncRNAs in spermatogenesis process,
identification of such lncRNAs provides a shortlist of key
candidates for functional studies. The impact of the SNPs
identified as significant with male infertility on the way
lncRNAs function and regulate gene expression should be
also investigated in future studies, for a larger number of in-
dividuals in order to surpass the limited generalizability of
such studies. For the interpretation of our data, it is important
also to bear in mind that we used a limited number of samples;
thus, our data support the need for further studies of lncRNAs

that we and others have identified on large scale in order to
fully understand the molecular mechanisms underlying male
infertility. Given the growing cases of male infertility world-
wide, the study of spermatogenesis is extremely important as
there is a growing need to obtain useful applications in clinical
practice like diagnostic accuracy and successful treatment.
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