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ABSTRACT

Male infertility is a reproductive disorder, accounting for 40-50% of infertility. Currently, in
about 70% of infertile men, the cause remains unknown. With the introduction of novel
omics and advancement in high-throughput technology, potential biomarkers are emerging.
The main purpose of our work was to overview different aspects of omics approaches in
association with idiopathic male infertility and highlight potential genes, transcripts, non-
coding RNA, proteins, and metabolites worth further exploring. Using the Gene Ontology
(GO) analysis, we aimed to compare enriched GO terms from each omics approach and
determine their overlapping. A PubMed database screening for the literature published
between February 2014 and June 2022 was performed using the keywords: male infertility
in association with different omics approaches: genomics, epigenomics, transcriptomics,
ncRNAomics, proteomics, and metabolomics. A GO enrichment analysis was performed
using the Enrichr tool. We retrieved 281 global studies: 171 genomics (DNA level), 21 epige-
nomics (19 of methylation and two histone residue modifications), 15 transcriptomics, 31
non-coding RNA, 29 proteomics, two protein posttranslational modification, and 19 metabo-
lomics studies. Gene ontology comparison showed that different omics approaches lead to
the identification of different molecular factors and that the corresponding GO terms,
obtained from different omics approaches, do not overlap to a larger extent. With the inte-
gration of novel omics levels into the research of idiopathic causes of male infertility, using
multi-omic systems biology approaches, we will be closer to finding the potential bio-
markers and consequently becoming aware of the entire spectrum of male infertility, their
cause, prognosis, and potential treatment.

Abbreviations: NGS: next-generation sequencing; WES: whole exome sequencing; WGS:
whole genome sequencing; MMAF: multiple morphological abnormalities of the sperm flag-
ella; GO: Gene Ontology; MS: mass spectrometry; DIGE: differential gel electrophoresis; PGT-
M: preimplantation genetic testing for monogenic disorders
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Introduction

Infertility is a disease of the reproductive system defined
by the inability to conceive after at least one year of
regular, unprotected sexual intercourse (Zegers-
Hochschild et al. 2009). Infertility affects 15% of couples
in their reproductive age and a male factor is estimated
to contribute to 50% of cases (Dohle et al. 2005;
Agarwal et al. 2015). There is a wide range of causes
associated with male infertility. It can be due to congeni-
tal factors, which include genetic disorders and chromo-
some abnormalities, and acquired factors like endocrine

disorders, infections, tumors, injuries, toxins, and even
circadian rhythm disruptions like seasonal changes and
sleep/wake cycles can influence the quality of semen
(Leaver 2016; Peterlin et al. 2019).

Male infertility can also be due to genetic disorders
like Klinefelter syndrome (Fainberg et al. 2019),
microdeletions of the Y chromosome (Liu et al. 2016),
or it can be just an additional phenotype in syn-
dromes, like deafness-infertility syndrome, Kartagener
syndrome, and primary ciliary dyskinesia (Mikec et al.
2022). Other genetic causes include chromosome
abnormalities, like the formation of ring chromosomes
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or translocations (Sobotka et al. 2015; Barisi¢ et al.
2021; Berkay et al. 2023). However, in 60-75%, the
cause of male infertility remains unknown, also
termed idiopathic male infertility (Punab et al. 2017).
In recent years, a lot of effort has been made toward
the diagnosis of idiopathic male infertility. Despite
years of research, little is known about the identifica-
tion of recurrent genetic factors, biomarkers, and
potential clinical applications (Krausz et al. 2015).

Idiopathic male infertility is caused by the interaction
of genetic and environmental factors (Jungwirth et al.
2012). Therefore, a high proportion of cases with idio-
pathic male infertility have been left to search for vari-
originating omics, including
genomics, epigenomics, transcriptomics, proteomics,
metabolomics, and miRNAomics/ncRNAomics.

In recent years, the use of next-generation squencing
(NGS) methods, including whole exome and genome
sequencing (WES and WGS) has increased exponentially
in research and diagnostic settings. Although WGS
appears to detect copy number variations as well as
non-coding and intergenic regions, due to lesser cost
whole exome sequencing is the more favorable approach
in diagnostic and clinical settings (Pirih and Kunej
2017). In addition to genomics, new technologies, and
lower costs have also led to an expansion of research in
other omics disciplines (Dai and Shen 2022). Each of
the listed omics approaches individually or in combin-
ation with other omics approaches can help identify and
characterize new molecules involved in male infertility
(Hasin et al. 2017).

Some attempts have been made to provide an over-
view of the field of omics research on male infertility
(Llavanera et al. 2022; Omolaoye et al. 2022; Wagner
et al. 2023) but because of the extensive research on
male infertility in recent years and the increasing
amount of data, new, up-to-date reviews of this field
are needed. Nonetheless, omics research also presents
some challenges. The common challenge of all
approaches is that they generate large datasets, so
noise can overwhelm the signal, which can reduce the
sensitivity (Ning and Lo 2010). A comprehensive
approach is needed for evaluation to determine
whether the results of the different omics approaches
are comparable or rather to find commonly enriched
mechanisms.

Therefore, due to the high complexity of male
infertility and the lack of reviews on multi-omics
approaches in the field of male infertility, we provide
an omics-based systematic review of male infertility,
that includes recent data from 2014 to 2022. The aim
was to analyze different omics studies to provide an

ous causes in novel

overview of the field of male infertility and to gain
insight into emerging evidence. We performed a Gene
Ontology (GO) enrichment analysis for each sample
type separately and compared the omics approaches
to answer if different omics approaches access the
same molecular factors.

Review and data synthesis
Literature search

The literature screening resulted in 1505 studies.
Using the strategy outlined in section ‘Methods’, 1224
studies were excluded. In the analysis, we included
281 studies that investigated different types of omics
and idiopathic male infertility (Figure 1). Some studies
covered different omics approaches, so we included
these studies in more than one omics section. One
hundred and seventy-one genomics studies of rare
deleterious sequence variants, 21 studies on epigenom-
ics (19 on methylation and two on histone modifica-
tions), 15 studies on transcriptomics, 31 studies on
ncRNAomics, 29 studies on proteomics, two on epi-
proteomics — protein posttranslational modifications,

Records identified through
database searching - PubMed
(n=1505)

l

Records after duplicates removed
(n= 1505)

Records excluded
(n=557)

Articles not related to human as species:
107

Articles in non-english language: 45
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(n=1505)

> Female infertility: 92

Other diseases: 47

Reviews or book chapters: 238
Retracted paper: 1

Comments: 27

Full-text articles assessed
for eligibility
(n=948) "

Full-text articles excluded
(n=667)

Known cause of male infertility: 125

Non-global omics, hypothesis besed
studies: 390

Eavironmental cause of infertility: 38

Studies based on pregnancy outcome: 72

Studies included in SNP nad CNV studies: 42
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Figure 1. PRISMA flow diagram.



and 19 studies of metabolomics were obtained (Figure
2). Male infertility in the studies was characterized by
the terms oligozoospermia, asthenozoospermia, terato-
zoospermia, a combination of them - oligoasthenoter-
atozoospermia, nonobstructive azoospermia,
obstructive azoospermia, infertile normozoospermic,
idiopathic infertility or just undefined male infertility.
We extracted the highlighted molecular factors from
the global studies. All data extracted from the litera-
ture and the list of 281 references with PMID num-
bers are presented in Supplementary Tables S1-S24.

Genomics - Rare sequence variants

We have collected published studies, which used the
WES or WGS technologies for the identification of
variants associated with male infertility in humans.
The most studied causes of male infertility were quan-
titative sperm abnormalities (non-obstructive/obstruct-
ive azoospermia and oligozoospermia), followed by
motility (asthenozoospermia) and morphological
abnormalities (teratozoospermia). All studies were div-
ided based on different types of sperm abnormalities
into three groups: quantitative, motility, and morpho-
logical abnormalities. The sample type used in genom-
ics studies was determined to be blood.

We obtained 77 studies associated with quantitative
sperm abnormalities (Supplementary Table S1), which
included 144 genes (Table 1). In most studies, the
main methodology, including combinations with other
methods, was WES (n = 76). Some studies included
different methods. WGS was performed in only one
study. There were 21 studies with sporadic cases and
40 studies with familiar cases. Four studies were case
studies and 12 were a combination of familiar and
sporadic cases. More than half of the studies included

Epiproteomics

2

Proteomics
29

31

Transcriptomics

15

Epigenomics
21
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men with non-obstructive azoospermia (n = 52). Of
the 144 genes, 37 of them were reported in more than
one study (Table 1). Two of them: ADGRG2 and
CFTR were involved with obstructive azoospermia.

We further obtained 61 studies related to male
infertility with motility sperm defects (Supplementary
Table S2) and retrieved 44 genes (Table 1). Here as
well WES, included in combinations, was the most
common methodology (n = 60), followed by WGS
(n = 1). There were 33 studies with sporadic cases
and 20 studies with familiar cases. We collected one
case study and seven studies, which were a combin-
ation of familiar and sporadic studies. Patients in 45
studies had, besides asthenozoospermia, multiple mor-
phological abnormalities of the sperm flagella
(MMAF). Of the 44 obtained genes, 14 of them were
reported with asthenozoospermia in more than one
study (Table 1).

Among idiopathic infertile men with morphological
sperm abnormality, 33 studies were obtained
(Supplementary Table S3). In this group of infertile
men, 34 genes were retrieved (Table 1). All studies
were performed using WES. We obtained 15 studies
with sporadic cases and 13 familiar studies. Five
studies had both sporadic and familiar cases. The phe-
notypes were listed as teratozoospermia, globozoosper-
mia, or acephalic spermatozoa syndrome in
combination with MMAF or other morphological
defects like absent acrosome. Nine studies had cases
with MMAF, and in four of them, the phenotype was
globozoospermia. Out of 34 genes, eight were reported
with sperm morphological abnormalities in more than
one study (Table 1).

There were 42 genes involved with MMAF, which
leads to both asthenozoospermia and teratozoosper-
mia. In Supplementary Tables S2 and S3, we classified

Metabolomics
19

Genomics
171

Figure 2. Percent of different omics approach studies included in the review.
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Table 1. Rare sequence variants in genes associated with Table 1. Continued.

male infertility. Quantitative sperm Motility sperm Morphological
Quantitative sperm Motility sperm Morphological abnormalities abnormalities sperm abnormalities
abnormalities abnormalities sperm abnormalities MEIOB
ADAD2 ARMC2 ACTL7A MLH1
ADGRG2 CCDC103 AURKC MLH3
AK7 ccDey BRDT MMRN1
AKAP9 CFAP251 (WDRG66) C2CD6 MNS1
AR CFAP43 CTorf61 MOSPD2
ARL2 CFAP44 cc2018 MovioL1
ART3 CFAP47 CCDC62 MSH4
ASZ1 CFAP58 CCIN MSH5
ATG4D CFAP65 CCNB3 NANOS1
ATM CFAP69 CEP112 NANOS2
BRD2 CFAP70 CEP135 NEURL4
BRDT CFAP91 (MAATS1) CFAP58 NLGN4Y
C110RF80 DNAH1 CHPT1 NPAS2
C140rf39 DNAH10 DNAH1 NROB1
Clorf185 DNAH12 DNAH10 NUP210L
CCDC146 DNAH17 DNAH12 ODF4
CCDC34 DNAH2 DNAH17 PDHA2
CCDC36 DNAH6 DNAH2 PGK2
CCT6B DNAHS DNAJB13 PIWIL2
cDI1D DNAH9 DPY19L2 PLK4
CD63 DNHD1 FBX043 PNLDCT
CEP131 DRC1 Fsip2 PPP1R36
CFAP44 DZIPT GGN PSMC3IP
CFTR EIF4G1 KIAA1210 RAD21L1
CHD5 FSIP2 PIWIL4 REC8
CLCA4 GFPT2 PMFBP1 RIOK2
CLDN2 IFT74 RNF220 ROST
CsTI MDCT SEPTIN2 RPL10L
CTCFL PACRG SPACAT SEMASA
DAZL QRICH2 SPATCIL SHOC1
DDX25 SLC26A8 SPEF2 SIRPG
DMC1 SLCICT SUN3 SLC22A16
DMRT1 SLO3 TSGA10 SLC26A8
DMRTA2 SPAG17 ZPBP SPAG17
DNAH1 SPAG6 SPATA22
DNAH6 SPEF2 SPATA3
DNAH7 SPPL2C sPo11
DNMT3A STK33 STAG2
DNMT38 TCTET STAG3
DZIP1 TPTE2 STRA8
ELMO1 TTC21A SYCE1
ESR2 TTC29 SYCETL
EXO1 USP26 SYCP1
FAM47C WDR19 sycp2
FKBPG TCEANC
FKBPI TDRD6
GCNA TDRD9Y
GTF2H3 TDRKH
HAUS7 TERB1
HENMT1 TERB2
HEM1 TEXT1
HIPK4 TEX14
HORMAD]T TEX15
IFT140 TOPAZ1
KASH5 (CCDC155) TTC21A
KATNAL2 TTLLY
KLHL10 UPF2
LRRCCT Usp26
MIAP USP9Y
MAGEB6 WNK3
MAGEE2 XRCC1
MAP7 ZFX
MBOAT] ZMYND15
MCMO ZNF85
MCMDC2 ZSWim7
MEIT Genes with rare deleterious variants, obtained from more than one study

(Continued) are marked bold.



them according to the phenotype mentioned in the
corresponding study. These involved genes were:
CCDC34, AK7, DNAHI1, SPAG17, CFAP43, CFAP44,
CFAP69, CFAP251, QRICH2, ARMC2, TTC2IA,
SPEF2, CFAP65, CFAP70, DNAH17, DNAH6, TTC29,
DZIP1, CFAPY91, WDR19, DNAHS8, CFAP58, CFAP47,
IFT74, DNAH2, DNAHI2, DRC1, MDCI, PACRG,
SPPL2C, TPTE2, STK33, DNAHI10, FSIP2, SPAGS,
CEP135, PIWIL4, CC2D1B, CCNB3, KIAAI210,
CHPTI and SEPTINI2.

Seven genes (DNAH6, USP26, CFAP44, DZIPI,
TTC21A, SPAGI17, and SLC26A8) were observed in
both the quantitative and motility sperm abnormal-
ities, two (BRDT and FBX043) in both quantitative
and morphological sperm abnormalities and seven
in both (DNAH2, CFAP58, FSIP2, SPEF2, DNAH]10,
DNAH17, and DNAHI12) motility and morpho-
logical sperm abnormalities. Variants in DNAH]I
however observed in all three sperm
abnormalities.

Overall, 171 studies reporting 204 genes related to

were

genetic causes of unexplained male infertility were
obtained (Supplementary Tables S1-S3).

A GO analysis for genes involved with quantitative,
motility, and morphological sperm abnormalities was
performed. Categorizing the genes, based on the type
of sperm abnormality, we found that the most
enriched biological processes in the quantitative sperm
abnormality group were homologous chromosome pair-
ing at meiosis, female gamete generation, and synapto-
nemal complex assembly. The most enriched terms for
the GO category molecular function were MutSalpha
complex binding and DNA binding, and for cellular
component it was chromosome.

In the motility and morphological sperm abnormal-
ities, the most enriched biological processes were cil-
ium movement and axonemal dynein complex
assembly, and cilium organization. The most enriched
molecular functions were beta-tubulin binding and
CDP-alcohol phosphatidyltransferase activity and for
the cellular component; the 9 + 2 motile cilium and
sperm flagellum.

The GO analysis of all obtained genes is presented
in the Supplementary Figures S1-S4. The 10 most
enriched terms for the input gene set are shown based
on the -logl0(p value), with the actual p value next to
each term. The term at the top has the most signifi-
cant overlap with the input query gene set. An aster-
isk (*) next to a p value indicates a significantly
adjusted p value (<.05) for that term. Adjusted p val-
ues were calculated using the Benjamini-Hochberg
method as indicated by Enrichr.
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Epigenomics

From the epigenomics field, we obtained studies,
which included the association of aberrant methyla-
tion of several genes and alterations of posttransla-
tional modifications in histones among infertile men.
We retrieved more studies with an aberrant methyla-
tion of genes in association with male infertility, com-
pared to the alterations of posttranslational
modifications in histones.

Nineteen studies reporting the association between
aberrant methylation and male infertility were
obtained (Supplementary Tables S4-S6). Altogether
829 men were recruited as infertile, and 533 as healthy
controls. The most frequently observed sample used
was sperm (n = 13), followed by testicular tissue
(n = 4) and blood (n = 2). For the methods, the
most frequently used were methylation arrays
(n = 14) and bisulfite sequencing (n = 4, and an add-
itional 12 studies for validation). One study was done
using methylated DNA immunoprecipitation coupled
with NGS. Genes or gene-related amplicons from the
global studies are presented in Table 2.

The GO analysis of genes found differentially
methylated in infertile males, showed the most
enriched biological processes to be positive regulation
of morphogenesis of an epithelium (blood samples),
regulation of oxidative stress-induced cell death (sperm
samples), and 3-UTR-mediated mRNA stabilization
and piRNA processing (testicular tissue samples). The
GO analysis of obtained genes for each sample type,
including molecular function and cellular component
enrichment analysis is presented in Supplementary
Figures S5-S7.

We additionally retrieved two studies of histone
residue modifications. The studies were focused on
histones H3 and H4. A total of 81 men; 47 infertile
and 34 controls were recruited. Acetylation and
methylation alterations were observed on H3 and H4
and S-sulfhydration changes on H3. Both studies were
performed on sperm with LC-MS/MS methodology
(Supplementary Table S7).

Transcriptomics

We retrieved 15 global transcriptome studies
(Supplementary Tables S8-S10). Altogether, 474 infer-
tile and 160 controls were recruited in the studies.
The most used methodology in the studies were
microarrays (n = 8) and RNA-sequencing (n = 7
including one single-cell RNA-sequencing). The valid-
ation of global data was done with the use of qPCR.
The most used sample was testicular tissue (n = 7, of
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Table 2. Differentially methylated genes associated with
male infertility.

Blood Sperm Testicular tissue
AGPAT3 ACTG2 BBS5
BCAN ADHFE1 BOLL
BRSK2 ALDH3B2 C100rf120
CAMTA1 ANO2 C20rf92
CCR6 ANXA2 CFAP299
Cuxi1 APCS DAZL
DDB2 ATP6V0A4 DDX4
DNAH17 BCAN DHX16
ELMO1 CACNA1C HORMAD1
ENOT CACNATH MAEL
FHIT CACNA2D4 MCTPT
FNDC3B CARHSP1 PACRG
GAA CCDC60 PLAC8LT
GNRHR CCDC88B PPP1R36
GSTM1 CDK16 PPP3CC
GSTM5 CFAP46 SPAG16
HDAC4 CGp - CGB genes TCP10L2
HLA-C CHFR ZFAND4
HLA-DRB6 CLCN7
IRS2 DLGAP2
KDM4C DNAH2
LBX2 DNAJB13
LIF DPF3
MAGI2 DYNLT2 (TCTE3)
MTA2 EBF3
NFATC1 ENTREP2 (FAM189A1)
NMNAT3 FLACCT (ALS2CR12)
PARP12 GAA
PAX8 GAGE12D
PDHA2 GAGE2B
PIAS2 GATA3
PIWIL1 GATA4
PIWIL2 HDAC4
PTPRN2 HECTD2
RNF39 HOXB1
RPH3AL IFT122
RPTOR JMIDIC
SMAD3 KCNJ5
SoD3 LRTM2
SRPK2 MAGEB10
TALDO1 MAPK8IP3
TRIM27 MARCHF6 (MARCH6)
WDR36 MLPH
WWP2 NAXD (CARKD)

NDUFB4

NKAIN3

OVCH2

PFKP

PHACTR1

PRICKLE2

PRKN (PARK2)

PRLR

PRRC2A

PTGIR

SCN8A

SDHA

SLC2A1

SLC35F3

SMC1B

SMoC2

SMYD3

SNTG2

SORD

SOX6

SPAGT

SPATA18

SPATS2

SPSB1

SYNET1

TCERGIL

(Continued)

Table 2. Continued.
Blood Sperm

TMEM117
TMTC4
TOPIMT
TRIM64
TRIM64B
TRPM3
TUBA3D
TYRO3
UBE2G2
ZFYVE28
ZNF239

Genes obtained from more than one study are marked bold.

Testicular tissue

which two were done on Sertoli cells), followed by
sperm (n = 6) and seminal plasma (n = 2). Genes
and their transcripts from the global studies are pre-
sented in Table 3.

GO analysis of the obtained transcripts, differen-
tially expressed in infertile men, showed that the most
enriched biological processes were cytoplasmic transla-
tion (sperm samples), metanephros development, and
positive regulation of development process (testicular
tissue samples) and synaptonemal complex assembly
(seminal plasma samples). The GO analysis of
obtained genes/transcripts for each sample type,
including the results of the molecular function and
cellular component enrichment analysis is presented
in Supplementary Figures S8-S10.

Non-coding RNA omics (ncRNAomics)

Thirty-one global ncRNAomics studies in association
with male infertility were obtained (Supplementary
Tables S11-S15). Eighteen studies were related to
miRNA, five studies with IncRNA, four studies with
piRNA, two studies with circRNA, one study with
both miRNA and piRNA, and one with both IncRNA
and miRNA.

Altogether 1355 infertile men and 671 controls
were recruited in the studies. For two studies, the
number of participants was not provided in the article
(Tables S11-S15). The most common sample analyzed
was testicular tissue (n = 12, of which one was on
Sertoli cells), followed by seminal plasma (n = 10),
sperm (n = 7), blood (n = 1), and both seminal
plasma and testicular tissue (n = 1). The leading
methodologies were RNA sequencing and microarrays.
Most of the studies validated their results with qPCR.
Fourteen studies were done using RNA sequencing,
11 with microarrays, four with qPCR arrays, and one
each with TagMan Low-Density Array and PCR pan-
els of 742 miRNA.
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Table 3. Differentially expressed genes associated with
male infertility.

Sperm Testicular tissue Seminal plasma

AKR1C1 BMP4 BOLL
ARF1 BOLL C9orf72
ASPH CDC20 FRG2B
ATP6V1ET DAZ1 HAPLN1
BUD31 DDX4 HORMAD1
CABP7 DET1 KCTD4
CAPNST EGR3 PIGC
CARF FBXW5 PPP1R42
CFLT FGF5 PRDM5
CHRM4 FGF8 SYcpP2
CHST9 FOSB TATDN1
CNGAT GDNF

CNPPD1 (C20rf24) HDACT

CNTNAP2 HOPX

CSMD1 HORMAD1

CTNNA3 MAEL

DCAF10 PLCXD3

DLG2 PRKAR2B

DMD TSC22D1

DTD2 (c140rf126)

EFCAB10

EIF4G2

EMET

EYS

FAM153C

FILIPTL

FSHR

GDI2

GJD3

H2ACT (HISTT1H2AA)

H2AC20 (HIST2H2AC)

H2BC14 (HIST1H2BM)

H3C13 (HIST2H3D)

HBA1

HINT1

HMGN2P46

HNRNPA3

HNRNPC

HNRNPK

HNRNPM

HOXA10

HS3ST5

HSP90AB1

HTN3

IGHV3-73

IGLC2

IGLC7

IGLJ3

ILF2

KIFAP3

KRTAP1-4

LMCD1

LRP1B

LRRTM3

MED31

MFSD4

MSMP

MTATP8

MT-CO3

MT-ND3

MT-ND4L

NANOST

NONO

OR2G6

PARK7

PCDH15

PFN3

PRPF8

PRRG1

PSMC3IP

(Continued)
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Table 3. Continued.
Sperm

PTPRD
PYDC2
RBFOX1
RHOA
RNF13
ROBO2
RPL11
RPLT9
RPL24
RPL27
RPL28
RPL30
RPL34
RPL4
RPRML
RPST1
RPS13
RPS16
RPS24
RPS25
RPS27A
RPS5
RPS8
SCAND1
SEMG1
SIGLEC14
SLC25A3
SLX1B
SMARCAD1
SMNDC1
SNF8
SRSF9
TGIF2LX
TRAPPC4
TRBV6-6
Usp22
WIPF1
ZNF350
ZNF90

Testicular tissue Seminal plasma

The ncRNAs that were investigated and were found
to be differentially expressed in infertile men com-
pared to fertile are presented in Table 4.

Proteomics
We obtained 29 global proteomics studies
(Supplementary  Tables S16-S19). The studies

recruited 572 men as cases of male infertility and 415
men as controls. The most commonly used methods
in global studies were various combinations of mass
spectrometry (MS) (n = 28). In addition, two-dimen-
sional differential gel electrophoresis (2D-DIGE) and
4D quantitative proteomic analysis-trapped ion mobil-
ity spectrometry were used as proteomic methods
(Supplementary Tables S16-S19). The most frequently
used sample was sperm (n = 14), followed by seminal
plasma (n = 10), testicular tissue (n = 4), and both
seminal plasma and sperm (n = 1). The proteins from
the global studies are listed in Table 5.
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Table 4. Differentially expressed ncRNAs associated with male infertility.

Blood Sperm Testicular tissue Seminal plasma
miRNA miRNA miRNA miRNA
miR-542-5p miR-1208 miR-10b-3p let-7b-5p
let-7i-3p miR-1260a miR-122-5p miR-101-3p
miR-139-5p miR-133b miR-1275
PiRNA miR-152-3p miR-181c miR-135a-5p
piR-26399 miR-296-5p miR-34b miR-146b-5p
miR-328-3p mir-34b* miR-15a
miR-335-5p miR-34b-5p miR-196b-5p
miR-34b-3p miR-34c¢-3p miR-31-5p
miR-629-3p mir-34c-5p miR-34b-5p
miR-885-5p mir-449a miR-34¢-5p
miR-888-3p miR-449b miR-4289
miR-93-3p mir-449b* miR-449a
miR-942-5p miR-517c miR-5000-3p
miR-605 miR-509-3p
IncRNA miR-539-5p
Inc09522 IncRNA miR-6514-3p
Inc32058 PICSAR (NLC1-C) miR-6739-5p
Inc98487 miR-6882-5p
Inc-AP3S1-15 circRNA miR-765
Inc-CDK12-2 circRNA_0023313 miR-941
Inc-CSNK1A1-7 circRNA_030050 sp-miR-151a-5p
Inc-EEF1B2-3 circRNA_072697
Inc-FOXN1-1 circRNA_100812 IncRNA
Inc-GNS-3 circRNA_402130 CFAP100-DT (CCDC37-DT)
Inc-IL31RA-1 circRNA_406168 GABRG3-AS1
Inc-KB-1980E6.3.1-6 LINC00301
Inc-LAT2-2 PiRNA LINC00343
Inc-LRRC38-2 piR-11482 LOC100505685
Inc-NLRP2-2 piR-11873 LOC101929088 (XR_001745218.1)
Inc-PHLDB1-1 piR-14195 LOC101929088 (XR_927561.2)
Inc-RAPH1-6 piR-17098 LOC440934
Inc-SERHL2-7 piR-17102 SPATA42
Inc-SLA2-1 piR-17260
Inc-SLC46A2-1 piR-17765 PiRNA
Inc-TICAM1-1 piR-19121 piR-30198
XLOC_1093926 piR-20511 piR-31068
XLOC_2394941 piR-20830 pir-31704
XLOC_515910 piR-2510 pir-31843
pir-31704 piR-31925
pir-31843 pir-36659
pir-36659 piR-43771
piR-419 piR-43773
piR-4484 pir-45048
pir-45048 pir-46102
pir-46102 pir-55522
piR-4731 pir-60351
piR-4745 pir-61927
piR-5026
pir-55522
piR-5802
pir-60351
pir-61927
piR-6254
piR-7152
piR-7548

ncRNAs obtained from more than one study are marked bold.

GO analysis of the obtained proteins, differentially
expressed in infertile men, showed that the most
enriched biological processes were glycolytic/carbohy-
drate catabolic process (sperm samples), CRD-mediated
mRNA  stabilization, and negative regulation of
nuclear-transcripted mRNA catabolic process, deadeny-
lation-depended decay (testicular tissue samples) and
retina homeostasis and negative regulation of peptidase
activity (seminal plasma samples). The GO analysis of

the obtained proteins for each sample type, including
the results of the molecular function and cellular com-
ponent enrichment analysis is presented in
Supplementary Figures S11-S13.

Two studies of posttranslational modifications of
proteins, belonging to the category of epi-proteomics,
were also obtained (Supplementary Table S20). One
study involved lysine glutarylation and the other
lysine 2-hydroxyisobutyrylation. In both studies, the
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Table 5. Differentially expressed proteins associated with
male infertility.

Sperm Testicular tissue Seminal plasma
ACO2 ccrz ANPEP
AK1 CEP55 ANXA2
AKAP4 F9 APP
ANXA2 FBL CDC42
ASRGL1 HNRNPU CRISP1
ATP6VOA2 HSPG2 ECM1
BAG6 LAMA4 GAPDH
CATSPERZ (TEX40) LAMAS H2BC1 (HISTTH2BA)
CLu LDHC IGHG2
COX6B1 MATN2 KLK3
DCXR MATR3 LCN1
DYNLL1 MMP28 LGALS3BP
ECM1 NID2 LTF
FSCN3 OGN NPC2
GAPDHS PRELP PIP

GPI TINAGL1 SCPEP1
GPX4 WNT6 SEMG2
GSTM3 YBX1 SERPINA1
H2BC1 (HIST1H2BA) SLC5A12
HSPA2 SPINT3
HSPA9 TRPV6
IZUMO1

KRT1

LRRC37B

NIN

ODF1

ODF2

PGK2

PHF3

PIP

PLCZ1

PLXNB2

POTEKP

PROCA1

RPSA

SEMG1

SERPINAS

SPA17

SPACA1

SPANXB1

TUBB2B

VDAC2

YBX1

ZPBP1

Proteins obtained from more than one study are marked bold.

infertile men had asthenozoospermia. A total of 124
men with asthenozoospermia and 119 controls partici-
pated in the studies. Both studies were performed on
sperm using immunoblotting and immunofluores-
cence assays.

Metabolomics

Nineteen global metabolomic studies associated with
male infertility were obtained (Supplementary Tables
S21-S24). A total of 1646 men with male infertility
and 1188 healthy controls were recruited for the stud-
ies. Four different sample types were used in the stud-
ies: seminal plasma (n = 12), followed by blood
(n = 3), urine (n = 3), and sperm (n = 1). The most
common method was MS (n = 14), followed by 1H
NMR spectroscopy (n = 4) and Raman spectroscopy
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(n = 1). The metabolites differentially abundant in
infertile men compared with fertile men are listed in
Table 6.

Comparison of omics approaches

A Venn diagram showing the overlapping compo-
nents of the various omics approaches by sample type
revealed no significant overlap (Figure 3). However,
most overlap was between genomics and epigenomics
in blood samples (DNAHI17, ELMOI, PDHA2,
PIWIL2), and epigenomics and transcriptomics
(BOLL, DDX4, HORMADI1, MAEL) in testicular tissue
samples. No overlap was observed in seminal plasma
samples.

Discussion

The present study reviews recent non-hypothesis-
based studies of male infertility in relation to different
global omics approaches. We described the main
approaches used in omics research and some typical
studies in the field. The most frequently studied omics
approach was genomics (rare sequence variants), fol-
lowed by ncRNAomics, proteomics, epigenomics-
methylation, metabolomics, and transcriptomics. In
addition, two studies on histone residue modifications
and protein posttranslational modifications were
obtained (detailed in Supplementary Tables S1-S24).

Genomics

It is estimated that more than 1000 genes are testis-
enriched, but only a few have been associated with
male infertility (Djureinovic et al. 2014). The genes in
our review, that were obtained in more than one
study, may be of interest for future research and have
diagnostic potential due to their reproducibility in
infertile men. Despite the large number of genes in
the quantitative sperm abnormalities group, some of
them have been additionally associated with motility
and morphological abnormalities in the literature:
CCDC146, CEP131, CFAP44, DNAHI, DNAHS6,
DNAH7, ODF4, PGK2, SLC26A8, SPAGI17, TTC21A
and TTLL9 (Danshina et al. 2010; Hall et al. 2013;
Konno et al. 2016; Coutton et al. 2018; Xu et al. 2018;
Liu, He, et al. 2019; Tu et al. 2019; Gao et al. 2021;
Wei et al. 2021; Martinez et al. 2022; Ito et al. 2023;
Wang et al. 2023). The presence of rare deleterious
variants in these genes in patients with quantitative
sperm abnormalities suggests that the genes involved
in male infertility remain understudied and that more
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Table 6. Differentially abundant metabolites associated with male infertility.

Blood

Sperm

Seminal plasma

Urine

p-Glutamic acid trans(cis)-aconitate
1,5-Anhydro-sorbitol
2-Aminobutyric acid
Alanine

Arabitol

Cholesterol
Cholesterol sulfate
Citrate

p-(+)-Glucose
Dehydroascorbic acid
Fructose

Gaidic acid

Galactose

Glucose

Glutamate

Glycerol

Glycerol monostearate
Glyceryl palmitate
Glycine

Hypoxanthine

Isocitric acid

lactate

Methoxyacetic acid
Myo-inositol
N-methyl-p-aspartic acid/N-acetylserine
O-acetyl-L-serine
Oenanthic ether

Oleic acid

Ornithine

Oxalic acid

Palmitic acid
Pelargonic acid
Phosphoric acid
Pyroglutamic acid
Pyruvic acid

Ribitol

Tagatose

Taurine

Threonic acid

Urea

Xylitol
o-D-Galactopyranose
o-Hydroxyisobutyric acid
o-Hydroxyisovaleric acid

2-Amino-1-phenylethanol
2-Aminoethanethiol
2-Deoxyerythritol
5-Aminovaleric acid
6-Methylmercaptopurine
8-Aminocaprylic acid
Benzoic acid
cis-Gondoic acid
Cysteine

Cytidine

p-Glyceric acid
Dithioerythritol
pL-Dihydrosphingosine
Ethanolamine

Glutamic acid
Guanidinosuccinic acid
Guanosine

Lactic acid

Leucine

Methyl heptadecanoate
Monoolein
N-(3-aminopropyl)-morpholine
Norvaline

Orotic acid
Phenylethylamine
Phytosphingosine
Picolinic acid

Pipecolinic acid
trans-4-Hydroxy-L-proline
Tryptophan

Zymosterol
a-Tocopherol

2-Phosphoglyceric acid
5a-Cholesterol
7-Ketocholesterol
Alanine

Antioxidants

Arginine

Aspartate

Carnitine — acylcarnitines
Citrate

Citric acid

Creatine riboside
Creatinine

Fructose

Glutamate

Glutamine

Isopentenyl pyrophosphate

Lactate

Lactic acid
L-Carnitine
L-Palmitoylcarnitine
Lysine

Malic acid
Methionine

N6-methyladenosine (m6 A)

N-acetylputrescine
Nicotinamide

Oleic acid

Oxidative stress markers
Palmitic acid
Phosphatidylcholines

Polyunsaturated fatty acids

Proline
Putrescine
Pyruvic acid
Serotonin
Spermidine
Spermine
Succinic acid
Taurine
Tryptophan
Tyrosine

Uric acid
Uridine

Valine
o-Aminoadipate
a-Ketoglutaric acid

3-Hydroxypalmitoylcarnitine
Acylcarnitines

Adenine

Aspartate

Aspartic acid

Leucylproline

Leukotriene E4
Methoxytryptophan
Methylxanthine

Xanthosine

y-Glutamyl-Se-methyl-selenocysteine

Metabolites obtained from more than one study are marked bold.

research is needed to identify the mechanisms leading
to male infertility.

Previous studies have found ‘de novo’ mutations in
genes involved in male infertility and demonstrated
their causality (Hodzi¢ et al. 2021; Oud et al. 2022).
We would therefore expect such an event to occur ‘de
novo’ if we assume that infertile men cannot father
children. Interestingly, about half of the studies that
identified genes in our review were found in familial
cases. In reviewing the data obtained, many patients
were found to carry rare variants in homozygous or
compound heterozygous form. Autosomal recessive
inheritance of these variants was more common in
consanguineous families (Sha et al. 2018; Shen et al.
2019; Jaillard et al. 2020; Li et al. 2022). In addition,

transmission in these cases of male infertility could
also occur using the help of artificial reproductive
techniques (Silber and Repping 2002). Knowledge of
genetic mutation could be used in artificial reproduc-
tion techniques using preimplantation genetic testing
for monogenic disorders (PGT-M). This could be
used to select embryos that do not carry the same
mutation (Lee et al. 2017).

It is noteworthy that the study of genomics in the
context of infertility has been the subject of extensive
research. A recent review noted an increasing number
of high-probability genes for male infertility genes and
identified 104 high-probability genes associated with
the aforementioned condition (Houston et al. 2021).
Although more new genes related to male infertility
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B Sperm

Epigenomics

Genomics

Epigenomic Transcriptomics

Proteomics

Epigenomic: Transcriptomics

Proteomics

Proteomi Transcriptomics

C Testicular tissue

D Seminal plasma

Figure 3. Venn diagram representing gene loci and proteins, obtained from published omics literature.

are being discovered with the help of NGS technology,
these genes remain primarily of diagnostic interest
(Krzastek, Smith, et al. 2020).

Transcriptomics

Of all the omics approaches, transcriptomics was the
least represented. The inclusion of studies based on
the GEO database would likely result in a higher
number. Transcriptomic assays provide a better
understanding as they analyze the expression profile
of different genes (Garrido and Hervas 2020). New
technologies such as RNA-sequencing provide better
resolution and higher coverage of the transcriptome
compared to microarrays and can identify novel tran-
scripts or alternative splice variants (Marioni et al.
2008; Kukurba and Montgomery 2015). However, not-
withstanding the great potential of studying mRNA,
the majority of transcripts are represented by non-
coding RNAs (Seal et al. 2020).

Epigenomics and ncRNAomics

DNA methylation as a marker of infertility is an
attractive target for studying epigenomics changes
because it is the most robust epigenetic mark com-
pared to histone modifications and RNA expression

studies, which require a more careful storage approach
(Mikeska and Craig 2014). Environmental compo-
nents, such as plastic have also been linked to methy-
lation changes (Manikkam et al. 2013). For this
reason, research on environmental factors affecting
sperm quality and male infertility has increased
(Krzastek, Farhi, et al. 2020). Although epigenetics
includes changes in DNA methylation, histone modifi-
cations, nucleosome positioning, and ncRNA, which
we analyzed separately, we concluded that the most
studied area, except ncRNA, is still DNA methylation.
In addition, we found numerous studies on ncRNAs
and male infertility, including most in the area of
miRNAs. We obtained numerous ncRNAs, such as
miRNA, IncRNA, piRNA, and circRNA down-regu-
lated or up-regulated in men with infertility, of which
some miRNAs were in the literature purposed as
potential therapeutic targets (Rastgar Rezaei, et al
2021), for example for potential contraceptives
(Khazaie and Nasr Esfahani 2014).

Proteomics

Proteins are better indicators of the current state of
the cell compared to genes because an expressed gene
is not necessarily translated into a protein. For this
reason, there are many studies targeting proteins as
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biomarkers. The disadvantage of proteomics is that
proteins vary between different cells and can be
affected by environmental factors, making them diffi-
cult to use in diagnostics. In addition, proteins in
semen are a mixture of epididymis, prostate, seminal
vesicles, and other glands (Krzastek, Smith, et al.
2020). Numerous obtained global proteomics studies
indicate great interest and growth in this approach.

Metabolomics

Genomics and proteomics can detect altered compo-
nents of the metabolic pathway, but non-invasive
metabolomics has many advantages when applied in
the clinical setting (Zhang et al. 2014). Because metab-
olites are the end product of genes, they are better at
representing the cellular state than other omics
approaches  (Krzastek, Smith, et al. 2020).
Unfortunately, there are also some drawbacks, such as
poor reproducibility of some studies (Blaurock et al.
2022). Improving metabolomics methods could lead
to the identification of novel biomarkers, as some
metabolites are already known to correlate with sperm
parameters (Blaurock et al. 2022). The literature
review revealed that the most commonly studied sam-
ples in all omics approaches were sperm and testicular
tissue, with the exception of the metabolomics where
the leading sample was seminal plasma.

In addition to the aforementioned omics
approaches, microbiomics, and its subfields are also
gaining interest. Comparing idiopathic infertile and
fertile men, some differences in several key bacterial
and metabolic pathways were identified, representing
the potential for diagnosis and treatment in the future
(Lundy et al. 2021). This also highlights the complex-
ity of idiopathic infertility and points to a new direc-
tion for research on male infertility.

Gene Ontology

Comparison of GO analysis revealed differences
between genes involved in quantitative sperm abnor-
malities and genes involved in morphological and
motility sperm abnormalities. As expected, in the
quantitative sperm abnormalities, the most enriched
process was meiosis, and in the other two, cilium
movement and spermatid development. The similarity
between the processes in asthenozoospermia and tera-
tozoospermia may be due to a large number of genes
involved in MMAF, that can lead to both conditions.
In terms of molecular function, the most enriched
term in quantitative sperm abnormalities was MutSo

complex binding. MutSo is mainly involved in mis-
match repair (Edelbrock et al. 2013). STRING analysis
(Szklarczyk et al. 2019) revealed that MLHI, MCMS,
and MCM9 are annotated to the MutSx pathway. In
addition to their role in replication initiation, MCM8
and MCM09 are also involved in homologous repair in
somatic cells and during gametogenesis, as men with
a variant in MCMS8 were infertile and showed
impaired repair of chromosome breaks (Lutzmann
et al. 2012; Tenenbaum-Rakover et al. 2015). In add-
ition, MLHI plays a role in mismatch repair but is
also involved in meiosis (Hunter and Borts 1997). In
asthenozoospermia, the term beta-tubulin binding is
also consistent with its involvement in motility, as
IFT74 variants have been associated with skeletal cili-
opathy and motile cilia abnormalities (Bakey et al.
2023). CHPTI1 has been associated with the enriched
molecular function term CDP-alcohol phosphatidyl-
transferase activity in teratozoospermia. The role of
CHPTI was associated with sperm head development,
as abnormalities led to globozoospermia (Li et al
2021). This indicates that male infertility is complex
and that genes associated with specific processes and
functions have additional roles in other processes that
remain to be discovered.

Differences were found when comparing the GO
profile of genomics, epigenomics, transcriptomics, and
proteomics data. Due to the inclusion of studies per-
forming the analysis on different sample types, the
GO analysis and omics comparison was performed for
each sample type separately. Comparison regardless of
sample type would introduce additional noise, which
would hinder the accurate analysis and therefore the
reliability of obtained results (Misra et al. 2018).

Differences in GO terms between different sample
types were observed in all non-genomics approaches.
Regardless of the sample type, protein or regulation-
involved processes were observed. Except for genom-
ics, GO analysis of epigenomics, transcriptomics, and
proteomics has resulted in mainly non-reproduction-
specific processes, functions, and components. This
may be due to the inclusion of only genes, transcripts,
and proteins highlighted in the global studies, as glo-
bal omics studies may lead to the identification of
>1000 components. Compared to the genomics level,
participants in other omics levels were also not
grouped by male infertility phenotype. Another
explanation is that the field of genomics is still the
most researched so the functional involvement in
male infertility is better known.

From the blood samples in the epigenomics
approach, the most enriched terms: positive regulation



of morphogenesis of an epithelium and regulation of
epithelial cell differentiation involved with kidney devel-
opment initially did not seem to be associated with
infertility; however, a literature search of genes
involved with the terms resulted in the opposite. One
of those genes was PAXS8. Even though PAXS8 is
involved with the proper development and differenti-
ation of thyroid follicular cells (Di Palma et al. 2013),
animal studies have observed its involvement with
infertility, as Pax8-deficient mice were infertile, due to
the absence of efferent ducts and epididymides or
reduced efferent duct lumen, leading to the absence of
spermatozoa in epididymis (Wistuba et al. 2007).

Non-specific and non-reproduction-related proc-
esses and molecular functions have also been observed
in transcriptomics, with the highest enrichment in
cytoplasmic  translation for sperm samples. For
example, RPL30 (60S ribosomal protein L30) was
shown to be differentially expressed in asthenozoo-
spermic men. The ribosomal abnormalities could
affect ribosomes in the mitochondria in sperm, which
in turn could affect motility (Bansal et al. 2015). The
same non-specificity was observed in proteomics data
from sperm samples with the most enriched term
being glycolytic process. One of these genes involved in
glycolysis are GAPDHS and PGK2, which are specific-
ally expressed in most meiotic germ cells and are
located in the tail of spermatozoa (Liu, Li, et al. 2019).
The non-reproduction-specific processes and func-
tions, observed in our results suggest a broad spec-
trum of molecular pathways involved in the infertility
phenotype.

Analysis of the Venn diagram revealed no signifi-
cant overlap between the obtained molecular factors
of the aforementioned omics approaches, which could
be due to focusing only on the highlighted molecular
factors. Despite the aim of our study to analyze only
the highlighted molecular factors, the study still pro-
vides the basis for future larger bioinformatics studies.

Nevertheless, a small overlap was found in blood
samples  between genomics and epigenomics
(DNAH17, ELMOI1, PDHA2, PIWIL2), testicular tissue
samples between epigenomics and transcriptomics
(BOLL, DDX4, HORMADI, MAEL), sperm samples
between epigenomics and proteomics (ANXA2) and
transcriptomics and proteomics (SEMGI). No overlap
was observed in seminal plasma samples. This could
be due to a small number of obtained molecular fac-
tors in seminal plasma studies. On this basis, our
results show that different omics approaches lead to
different results or reveal different mechanisms and
that further research is needed.
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As mentioned above, male infertility is very hetero-
geneous and manifests in different phenotypes, rang-
ing from normozoospermic infertility to testicular
insufficiency without spermatozoa. Because spermato-
genesis itself is a complex process, many genes and
their products are involved. New data are emerging
rapidly, as genetic variants and animal studies in
novel genes beyond our search limit have already
been associated with male infertility, for example,
DNALI1 with asthenoteratozoospermia (Sha et al
2022; Wu et al. 2023; Yap et al. 2023), MEIGI with
sperm motility in idiopathic infertility (Zhang et al.
2009; Li et al. 2015; Gupta et al. 2022) and KCTDI19
with non-obstructive azoospermia (Liu et al. 2023).
Further research is needed to classify the role of some
factors in male infertility.

Given the large amount of data obtained from
global studies, an integration of all different omics
approaches will be required in the future. Systems
biology approaches that incorporate other omics lev-
els, such as microbiomics, and capture and integrate
global datasets of different types, will help discover
underlying mechanisms and putative biomarkers.
New development of computational tools will accel-
erate the process (Aderem 2005; Zupanic et al.
2020).

Limitations of the study

Although the literature synthesis of the present study
has contributed to the development of the field, there
are also some limitations. Since this is a systematic
review, we limited our search to the publication date
in the last few years, which might lead us to miss
some molecular factors. Another limitation is that the
GO analysis was not performed for all identified
molecular factors from global studies, because the
number of most reached >100 or even 1000. Due to
the large heterogeneity of infertility phenotypes or
studies including multiple infertility phenotypes in the
same publication, the analysis of epigenomics, tran-
scriptomics, and proteomics data was not grouped
based on the phenotype. Because of the large hetero-
geneity of ncRNAomics results and the inability of the
Enrichr tool to provide a GO analysis for ncRNAs,
their elimination could lead us to miss certain bio-
logical processes, molecular functions, and cellular
components. Moreover, because the recovered
ncRNAs target many genes, the analysis would be
very extensive and should be the subject of future
research.
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Future directions

Due to the small number of studies obtained for some
omics approaches and the numerous phenotypes, GO
analysis on larger datasets is recommended, as well as
the categorizing for infertility phenotype, which would
lower the level of noise. Similarly, miRNAs should be
included in pathway enrichment analysis. Another
suggestion is to adopt a system that categorizes abnor-
malities according to the level of evidence for involve-
ment in male infertility.

Conclusions
Several promising molecular factors have been
obtained from retrieved global omics studies.

Nevertheless, the path to discovering the ideal bio-
markers for idiopathic male infertility is far more
complex and opens the doors for personalized medi-
cine, as idiopathic male infertility is associated with
heterogeneous complex phenotypes. Our results show
that each omics approach is associated with a different
molecular profile, which complicates the identification
of reliable biomarkers. In our work, we summarized
the current knowledge on the molecular aspect of
male infertility and showed which omics approaches
are still under-researched, and where further research
is needed. Further omics studies of idiopathic male
infertility and their integration are needed for better
diagnosis, prognosis, and potential therapy of male
infertility. Current studies should focus on investigat-
ing predictive biomarkers for idiopathic male infertil-
ity based on the integration of multiple omics and
systems biology approaches as male infertility is a
complex biological system that should not be oversim-
plified. With new research incorporating new litera-
ture and new genes, we will move closer to
understanding the mechanisms of male infertility.

Methods
PubMed literature screening

A PubMed database was screened, using the keywords
‘male infertility’ AND ‘WES” OR ‘WGS’ OR ‘exome
sequencing’ OR ‘transcriptomics’ OR ‘metabolomics’
OR ‘epigenomics’ OR ‘methylation’ OR ‘histone modi-
fication” OR ‘proteomics’ OR ‘transcriptomics’ OR
‘mRNA’ OR ‘miRNA’ OR ‘piRNA’ OR ‘IncRNA’. All
articles were related to humans as species and were
manually extracted for relevant information. For each
study, we obtained PMID IDs, cohort and cohort size,
methodology, and the result of a study; potential

molecular factors of idiopathic male infertility were
reported such as genes, transcripts, epigenetic
markers, proteins, ncRNAs, and metabolites.
According to a potential molecular factor, relevant
information was gathered: sequence variant, up/down-
regulation of genes, gene methylation status, gene/pro-
tein expression, metabolites, and ncRNA expression.
For cohort reporting, we included sporadic or familial
cases. The term case was used when no family mem-
ber sequencing was available. In some studies, combi-
nations of sporadic and familial studies were found.
The collected data were complemented with additional
information: marker symbols and names were unified
using  HUGO Gene Nomenclature Committee
(HGNC) for genes (Seal et al. 2023). If the symbol of
the gene or gene product in the study had not been
the same as observed on the HGNC, we included the
latest approved gene symbol. We included the new
approved gene symbol and the previous or alias sym-
bols in the bracket.

Inclusion and exclusion criteria of studies for the
qualitative synthesis

The inclusion criteria for this review were all studies
related to idiopathic male infertility with the restric-
tion to the publication date within the last years from
February 2014 to June 2022. We included studies with
only male infertility as well as studies, whose aim was
to compare groups of male infertility and healthy con-
trols. We focused only on the studies, which were
done with omics technologies. Many genomic studies
have identified variants by combining different meth-
ods. We, therefore, included all observed variants
from studies, to avoid missing data, but only if the
primary method was WES or other omics technology.

The exclusion criteria of studies were non-English
language and known causes of male infertility
(chromosomal abnormalities, genetic diseases, con-
genital and acquired abnormalities). Studies exploring
men’s infertility connected to pregnancy outcome and
DNA integrity were also excluded, because of the
many variables, which can influence the phenotype.
Studies in which they used only targeted exome
sequencing, Sanger sequencing, or other non-NGS
sequencing methods and ones in which the experi-
mental data did not confirm the causality of the gene
or were contrary, were excluded from this review. We
also excluded infertile men who had additional health
issues, like primary ciliary dyskinesia or diagnoses,
which are known to potentially affect infertility (vari-
cocele). Studies in which the transcriptome analysis



was done with data downloaded from the gene
expression omnibus (GEO) database were excluded in
this example review, as for studies that explored indi-
vidual genes/transcripts/non-coding RNA and proteins
and were hypothesis-based. For the genomic studies
(rare sequence variants), we only extracted variants
present in affected infertile men. The present review
was conducted according to the preferred reporting
items for systematic review and meta-analyses
(PRISMA) guidelines (Moher et al. 2009).

Gene Ontology enrichment analysis

To overview the characteristics of genes, transcripts,
and proteins obtained in the present study, we per-
formed a GO analysis. We highlighted the most
enriched biological processes, molecular functions,
and cellular components from genomic (rare sequence
variants), epigenomic, transcriptomic, and proteomic
data for each sample type separately. The analysis was
performed using the Enrichr tool (Xie et al. 2021). A
Venn diagram of the data was made, using a web tool
(Bioinformatics 2023). STRING was additionally used
for retrieving protein interaction and functional infor-
mation of the studied components (Szklarczyk et al.
2019).
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