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The purpose of this study was to investigate the linkage of the association of azoospermia phenotype with genetic alterations,
involved in genome instability. Male infertility is a multifactorial pathology, and genetic alterations might be the underlying factors in
majority of cases of severe male infertility. The recent emergence of next-generation sequencing offers an opportunity to analyze
many genes and their interactions at once, and whole-exome sequencing (WES) together with whole-genome sequencing (WGS) was
recently suggested for implementation of diagnosis workup in severe infertility cases. However, the reports on WES in conjunction
with burden tests and gene network analysis are scarce or lacking in cases of severe male infertility. WES was performed on 21
nonobstructive azoospermia patients. DNA samples were sequenced using the Twist Comprehensive Exome Panel. Genetic burden
test was performed with Testing Rare vAriants using Public Data. Protein interactions were investigated with ConsensusPathDB and
Cytoscape. For single nucleotide variants and copy number variations (CNV) analysis, samples were analyzed with the Illumina’s
BaseSpace Variant Interpreter. Genetic variant burden was found elevated in 1,473 genes out of 30,000 known testis expressed genes.
Three hundred and two genes with increased loss-of-function (LoF) variant set were present in more than one sample. Overrepre-
sentation analysis with pathway-based set of genes with high variant burden demonstrated 26 pathways. Overrepresentation analysis
with protein complex-based gene sets obtained 14 sets, showing the involvement in cell proliferation and DNA repair. Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) network analysis with Cytoscape identified two clusters: (1) genes, involved
in DNA binding/condensation and repair processes and (2) genes with the role in ribosome biosynthesis and gene expression
processes. Increased loss of function germline variant burden and sumoylation may have critical significance in spermatogenesis.
These parameters may be used for focused diagnosis in nonobstructive azoospermia patients. This may have both general signifi-
cance for the decreased organism functionality but in particular is critical in spermatogenesis.

1. Introduction

Male infertility is a multifactorial pathology with genetic causes
being the underlying factor in up to 20% cases of severe male
infertility [1]. Azoospermia (defined as the absence of sperm
cells in the ejaculate) accounts for around 1/10 of male infertil-
ity cases [2]. Azoospermia is classified as nonobstructive
azoospermia (NOA, spermatogenesis failure) and obstructive
azoospermia (OA, obstruction in the seminal tract). The
numerical and structural aberrations of autosomes and sex

chromosomes, and azoospermia factor (AZF) deletions, are
well-recognized genetic causes of azoospermia. Also, single
gene allelic variants could be the azoospermia-causing factor
[3]. Allelic variants in several genes have been described in
association with both OA (CFTR [4], ADGRGR2 [5]) and
NOA (TEX11 [6], MEIOB [7], MSHS5 [7]). The diagnostic yield
of genetic testing in azoospermia patients depends on etiologi-
cal category—the highest in congenital bilateral absence of vas
deferens (CBAVD) cases (90%) and the lowest in NOA caused
by primary testicular failure (20%—30%) [8]. Therefore, the
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pathogenesis for the large proportion of azoospermia patients
remains unexplained.

Genome instability might be a further/additional cause of
severe cases of male infertility, with impaired spermatogenesis
being just one symptom of a decreased general health and
increased morbidity. An elevated percentage of urogenital
disorders and several types of tumors, as well as overall
reduced health, have been reported in infertile men [9]. The
pathophysiological relationships between lowered life expec-
tancy and infertility support the theory of male infertility
being a systemic rather than an isolated health condition [10].

The advent of next-generation sequencing (NGS) techniques
such as whole-exome sequencing (WES) and whole-genome
sequencing (WGS) has enabled the comprehensive analysis of
numerous genes and their interactions, thereby facilitating the
identification of genetic variants that contribute to male infertil-
ity. Recent studies utilizing WES have revealed novel variants in
genes previously known to be involved in azoospermia, such as
TEX11, MEI1, PSMC3IP, SYCEI, and FANCM, as well as variants
in genes not previously associated with sperm maturation arrest,
including CTCFL, MOV10L1, C110RF80, and EXOI [11]. Simi-
larly, WGS studies have identified new disease-causing variants
in genes such as ZFPM2, as well as previously known infertility-
associated genes such as TKTLI, IGSFI, and VCX3A. Further-
more, other genes, including ALG13, BEND2, and FMRINB,
may also play a role in spermatogenesis, as suggested by recent
research [12]. However, one of the main challenges in the infer-
tility genetics research is the correct interpretation of these
reported genetic variations because most of them are being con-
sidered as variants of unknown significance (VUS) or benign
variants without any clinical significance. Therefore, the develop-
ment of appropriate tools alongside the expertise of experienced
specialists are crucial for the clinical practice [13]. The
failure to include monogenic disorders in the diagnostic
follow-up despite the growing opportunities of NGS can
possibly decrease a quality of the infertility treatment. In
addition, NGS has helped to develop various bioinformatic
approaches, including variant burden investigation, enrich-
ment analysis, and gene network research. However, these
approaches are still poorly investigated, and their potential
in azoospermia treatment remains undiscovered.

Variant burden investigation is just one of many oppor-
tunities, provided by NGS. Enrichment (or overrepresenta-
tion) analysis is a bioinformatics test that searches if genes
from predefined lists are presented more than expected in
the experimental data [14]. In addition to the gene enrich-
ment, Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) analysis can be used to identify signifi-
cant protein interactions and gene networks. STRING can
demonstrate novel insights and future research areas of male
infertility [15]. STRING has been successfully applied in the
investigation of monogenic azoospermia, elucidating its pos-
sible value not only in male infertility research, but also in
diagnostics [16].

In summary, there are various studies of monogenic male
infertility cases, each describing one or a few rare allelic var-
iants causing spermatogenesis defects. However, there is still a
lack of reports on WES implementation in azoospermia

Andrologia

patients using advanced bioinformatics approaches. Allelic
variant burden testing and protein/gene network analysis
can provide important explanations about underlying causes
of male infertility.

2. Materials and Methods

2.1. The Subject Group. For this study, 21 male infertility
patients were recruited at the Infertility Treatment and Repro-
ductive Genetics Clinic IVF Riga, Latvia. Clinical follow-up
data are available in Supplementary la—Ic and Riga Stradins
University Dataverse platform [17]. Azoospermia was confirmed
by two semen analyses, and a diagnosis of NOA was confirmed
after a clinical investigation, including physical examination,
evaluation of hormonal levels, and scrotal and transrectal ultra-
sound. Patients with AZF deletions, CFTR allelic variants, chro-
mosomal aberrations, advanced age (>45 years), or medical
history that may affect sperm production (injuries, surgical opera-
tions, infections, radiation, or chemotherapy) were excluded.

2.2. Library Preparation and Sequencing. Genomic DNA was
extracted from the peripheral blood lymphocytes, according
to a standard phenol-chloroform extraction protocol [18].
Samples were sequenced using the Twist Comprehensive
Exome Panel [19].

2.3. Variant Calling and Annotation. The resulting sequences
were mapped against the human genome GRCh38 reference
sequence using Burrows-Wheeler Aligner Maximal Exact
Match [20]. Alignment preprocessing and duplicate removal
were done by Sambamba [21]. The genetic variations (single
nucleotide variants—(SNV) and short insertions—deletions)
were called with DeepVariant [22] and Strelka2 [23], respec-
tively. Variant effect predictor (VEP) was used for SNV/indel
variant annotation [24].

2.4. Gene Set Compilation. To avoid secondary findings (i.e.,
genetic variations not related to male infertility), a compre-
hensive literature review was performed and a gene set of
candidate genes was compiled, which includes previously
described and novel candidate genes demonstrating strong
and moderate evidence for their impact on male infertility
pathogenesis [2, 25, 26] (Supplementary 2). To avoid errors
by missing genes involved in more than one phenotype or
genes with unclear/additional/oligogenic impact on sperm
phenotype, a complex gene list was made.

Research set for open exome analysis was constructed by
searching at various databases or literature reviews: (i) genes,
previously described as infertility causing in model organisms
(Mouse Genome Database [27], Flybase [28], and high
expression in testis [29, 30]) (Supplementary 3) and (ii) genes,
involved in genome instability and DNA reparation errors
[31-41] (Supplementary 4). Finally, an additional gene set
with a prognostic value for pretesticular sperm extraction
(TESE) prediction was investigated. Genes were obtained
from previously published report [42].

2.5. CNV Calling. Copy number variations (CNV) were
annotated using AnnotSV [43]. CNVs were filtered using
gene lists described previously. CNV investigation was
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Total count:
100,000 variants

FiGure 1: A flowchart demonstrating the variant filtering procedure. After quality filtering, gene set of interest (list with ~140 known

azoospermia causing genes) was applied.

conducted using the UCSC Browser [36] and American Col-
lege of Medical Genetics and Genomics (ACMG) guidelines
[44] as follows: (1) variation presence or absence in controls
and cases, (2) variation size, (3) frameshift disruption, (4)
artifact possibility (chr19 duplications), (5) aberration phe-
notypic specificity, and (6) evidence for dosage haploinsuffi-
ciency or triplosensitivity.

2.6. Variant Filtering. We investigated only the variants
within the genes of our gene set of interest (Figure 1). Sam-
ples were analyzed and filtered with the Illumina’s BaseSpace
Variant Interpreter [45]. For the investigation, splice site,
loss-of-function (LoF), missense, and synonymous variants
were extracted. Frequency filter was applied according to
general guidelines of rare human disease studies to ensure
effective variant filtering [46].

The following public database variant frequencies were
applied: (1) autosomal dominant variants and X-linked
variants: GnomAD/GnomADExome/TOPMed Frequency
<0.01 and (2) autosomal recessive variants: GnomAD/Gno-
mADExome <0.02 and TOPMed Frequency <0.05 [47, 48].

2.7. Variant Interpretation. Variants were interpreteted by two
independent genetic researchers, according to the ACMG
guidelines [49]. The following classification was adopted:
“pathogenic” (P), “likely pathogenic” (LP), “likely benign”
(LB), “benign” (B), or vairant of “uncertain significance”
(VUS). The online knowledge database Varsome [50] was
used to estimate the level of pathogenicity of novel point and
indel variants. To exclude false-positive results, the output from
Varsome was compared to several other online available
genetic variation collections, including ProteinPaint and Meta-
dome [51, 52], which were chosen to estimate the possible
impact of missense variants on the coded protein. Splice region

changes were evaluated with the SpliceAl plugin of VEP [24].
Pathogenic variant outputs from Varsome were compared with
BGI AutoPVS tool [53]. The integrative genomics viewer
(IGV) visualization software was applied for the examination
of copy number variants [54]. IGV was also used for the quality
assessment and visualization of the detected genetic variants.

2.8. Variant Confirmation. Variants considered as pathogenic
and likely pathogenic were confirmed by Sanger sequencing.
The respective primers are available upon request.

2.9. Burden Testing. Burden test was performed using Testing
Rare vAriants using Public Data software package [55]. The
given test compares exome variant burden against publicly
available control databases. Rare, protein-altering variants
(“qualifying variants”) from research gene set were filtered
out as they are more likely to cause azoospermia phenotype.
Obtained variants were compared against GnomAD popula-
tion database (GnomAd v3 Caucasian males). According to
software instructions in GitHub, testing pipeline was per-
formed as follows with home-made shell and Python scripts:
(1) variant normalization with BCFtools [56], (2) variant anno-
tation with VEP [24], and (3) variant filtering by following
parameters: (i) protein consequence—coding variants, (ii) mini-
mum read depth (DP) >10, (iii) Phred quality (GQ) >15, and
(iv) minor allele (MAF) <0.01. Burden test was performed under
dominant and recessive modes. Two separate approaches to
assessing genetic variations are referred to as the dominant
and recessive modes. Only those who contain two copies of
the risk allele are regarded impacted in recessive mode, whereas
carriers of at least one copy of the risk allele are considered
affected in dominant mode. These modes were used to deter-
mine how uncommon genetic variations contribute to the emer-
gence infertility. Results with p<0.05 were included in further
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TasLE 1: Overrepresentation analysis with protein complex-based sets.

Complex name Set size Candidates contained p-Value q-Value Complex source
ICEN 42 (16) 10 (62.5%) 2.86E — 05 0.012 PINdb
CEN complex 39 (14) 9 (64.3%) 5.38E — 05 0.012 CORUM
I:Sﬁfﬁ?;“ﬁé?;%ﬁiiﬁggz 18 (7) 5 (71.4%) 0.00152 0.136 Reactome
Spliceosome 143 (49) 16 (32.7%) 0.00244 0.136 CORUM
Nup62 complex:Nup93 complex:

NUP188:NDC1:POM121:AHCTF1: 21 (8) 5 (62.5%) 0.00353 0.136 Reactome
Chromatin

CUL4A-DDBI-EED complex 3 (3) 3 (100.0%) 0.00389 0.136 CORUM
5S-DNA-TFIIIA-TFIIIC2 subcomplex 6 (3) 3 (100.0%) 0.00389 0.136 CORUM
TFIIC:TFIIIA:Type I Promoter Complex 7 (3) 3 (100.0%) 0.00389 0.136 Reactome
MMS22L-TONSL 7 (3) 3 (100.0%) 0.00389 0.136 PINdb
Ef&ﬁ?giiﬁ?mp PP2CA-PPMEL- 5(3) 3 (100.0%) 0.00389 0.136 CORUM
CENP-A nucleosomal complex 28 (3) 3 (100.0%) 0.00389 0.136 CORUM
Condensin II:MCPHI:SET 7 (6) 4 (66.7%) 0.00701 0.136 Reactome

CEN, centromere.

investigation. Python and Bash scripts, used in this study, are
available under request.

2.10. Gene Ontology Variant Filtering. For Gene Ontology
(GO) overrepresentation, a following custom variant filter
was used: 1,000 Genomes, ExAC, and gnomAD MAF < 1%
(max af); DP > 10 reads; VAF > 25%; Phred scaled combined
annotation dependent depletion score > 10; Sorting intolerant
from tolerant (SIFT) < 0.05; and Polyphen > 0.446 (0.5).

2.11. STRING Analysis. Online tool STRING [15] was used to
inspect the structure of the functional network of genes with
accumulated rare protein coding variants. Multiple protein
analysis included protein—protein interactions, coexpression,
and genetic fusion.

3. Results

3.1. Burden Tests. In dominant model, 200 genes with
increased variant burden were found. A full table of domi-
nant mode genes is available in Supplementary 5. Genetic variant
burden was elevated in 1,473 genes. Three hundred and two
genes with increased LoF variant set were present in more
than one sample. Rare, protein altering variant burden of genes
such as TKFC, DPMI, UBE2J2, MTCH2, GCLC, NPIPBII,
OR2T33, and POTEG was elevated in >50% of samples.

In recessive mode, the number of individuals in subject
group who had at least two or more appropriate variants in
each gene was tabulated. As several genes involved in azoo-
spermia inherit in a recessive mode and the background level
of biallelic variants is low, a recessive model might be a pow-
erful way to detect azoospermia genes. A full table of recessive
mode genes (n=1,322) is available in Supplementary 6.

3.2. Enrichment Analysis

3.2.1. Gene Ontology-Based Sets. To investigate, if genes with
elevated number of LoF variants are overrepresented in
important networks, enrichment analysis was performed

on the gene list (n=1,473, obtained previously in burden
test (Supplementary 7)). To avoid bias, gene list from Tru-
Sight One (17 =4,810) was used as a background set. Over-
representation analysis with pathway-based set of genes with
high variant burden demonstrated 26 pathways; half of the
pathways (n=13) being involved in sperm development,
especially sumoylation (n=4), a posttranslational modifica-
tion where a small ubiquitin-like modifier (SUMO) protein is
covalently attached to lysine residues on a target protein,
leading to changes in protein functionality [57]. Nine hun-
dred seventy-four genes (68.0%) from the input list are pres-
ent in at least one pathway. The total number of genes from
the background list present in at least one pathway is 6,086
(Supplementary 8).

3.2.2. Protein Complex-Based Sets. Overrepresentation anal-
ysis with protein complex-based sets obtained 14 protein
sets, all involved in DNA repair and genomic integrity
(Table 1). Seven hundred fifty-two genes (52.5%) from the
input list are present in at least one protein complex. The
total number of genes from the background list present in at
least one protein complex is 4,776.

3.3. Analysis via Gene Ontology Tools. In order to find
whether the genome of infertile men is being exposed to greater
molecular stress, manifested by genomic instability and/or dys-
regulation of cellular processes, the azoospermia patient sam-
ples underwent a specified overrepresentation analysis.

After using the GO filter for 21 azoospermia samples and
searching for LoF variants (using Excel program for filtering
the frameshift, splice acceptor, splice donor, start loss, stop
gain variants), altogether 402 genes were selected. Further,
the list of 402 genes was studied using several network anal-
ysis tools such as GO tool (“Panther”) and STRING online
tool in order to see the connection between these genes and
their role in male reproductive system. Received STRING
network was further analyzed by Cytoscape online tool Cyto-
Hubba that allowed to find two main clusters and the most
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FIGURE 2: Network received after using Cytoscape online tool that shows two main clusters (from the genes with LoF variants).

important hub genes that hold the given network (Figure 2).
The genes that form the first cluster are all involved in the cell
cycle maintenance and regulation, more precisely in DNA
damage checkpoint and repair processes, and DNA bind-
ing/condensation. The genes of the second cluster have role
in ribosome biosynthesis and gene expression processes
(Figure 3).

Also, missense variants were analyzed using described
above methodology (GO filter with following Excel filtering
using algorithm check if SIFT OR polyphen is pathogenic; mis-
sense with damaging in silico (SIFT or polyphen)). It led to the
selection of 1,023 genes, which showed evaluated involvement
in cell adhesion and microtubule cytoskeleton organization
processes when STRING analysis was applied. CytoHubba
tool allowed to identify the genes that hold the networks.
All together, there are three networks that are important to

mention. The first network includes proteins involved in cell
adhesion, a second network—proteins that interact with DNA
or are involved in cellular processes related to DNA (e.g., repli-
cation, repair), and third network—proteins that interact with
RNA, and processes where RNA is involved (Figure 4).

3.4. SNV Investigation. After applying the ACMG interpre-
tation guidelines, two unknown significance SNV were iden-
tified in two out of 21 patients analyzed. Furthermore, six
autosomal recessive variants were identified.

In one patient, the genetic variant NM_001174067.2
(FGFR1):c.214G>A was found in heterozygous state and
represented a missense variant (p.Glu72Lys) with an autoso-
mal dominant (AD) inheritance pattern and unknown clini-
cal significance. The clinical picture of the patient did not
match the expected clinical phenotype of the Kallmann
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FiGure 3: Most important genes (where LoF was found) that hold networks via CytoHubba tool.

syndrome (hypogonadotropic hypogonadism with/without
anosmia.). All measurements and reference values are avail-
able in Supplementary la—Ic.

Another patient had a heterozygous missense variant
NM_004959.5(NR5A1):c.763C>T. The patient’s semen anal-
ysis showed concentration of 5X 10° spermatozoa/ml. The
pathogenicity of this variant remains questionable.

Finally, we also assessed the suggested pre-TESE prog-
nostic gene list [42]. So-called pre-TESE test recommended
by Krausz et al. [42] and Capalbo et al. [26] includes follow-
ing genes: TEX11, TEX14, STAG3, MEI1, MEIOB, DMRT]I,
HSF2, SYCP3, TEX15, and XRCC2. We did not find any
pathogenic allelic variants in these genes (only benign var-
iants were found).

3.5. Copy Number Variations. CNV were analyzed with
AnnotSV software. No pathogenic variants were identified
in this study. One AD gene TUBBGI deletion, involving loss
of exons 6-11 (seq[GRCh38] 17q21.2(42613632-42659961)x1)
correlating with meiotic arrest [58] was found. Another AR
CNV in HH gene PLXNA1I was identified (Supplementary 9).
Due to unclear impact on phenotype, further validation was not
performed.

4. Discussion

NOA is a severe form of male infertility that requires a com-
prehensive physical history, clinical history, and genetic
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FIGURE 4: Most important genes (where missense variants were found) that hold networks via CytoHubba tool.

evaluation. WES followed by a range of computational anal-
yses can reveal several genetic causes affecting male fertility.

A gene-based burden testing was applied to identify genes
with increased count of rare protein-altering variants in cases.
A total of 1,473 genes with p<0.05 were discovered, and variant
burden of genes such as TKFC, DPMI, UBE2j2, MTCH2,
GCLC, NPIPB11, OR2T33, and POTEG was elevated in >50%
of samples. Three genes with elevated protein-altering variant
burden—UBE2J2, MTCH2, and POTEG—have been previ-
ously described in literature as important spermatogenesis
factors [59—61]. UBE2J2 is highly expressed in testis and parti-
cipates in ubiquitination and degradation of target proteins.
Ubiquitination is one of the main posttranslational modifica-
tions in eukaryotes, targeting proteins for degradation.

Ubiquitination and deubiquitination takes part in every sper-
matogenesis stage [62]. Enzymes, involved in these cell pro-
cesses, participate in the removal of histones and regulate
meiosis of germ cells [63]. It is found that male knockout
mice of related UBE2J2 gene, UBE2]1, do not produce sperm,
as late spermatogenesis is impaired [59]. MTCH?2 is a widely
expressed protein, with high expression in testis and is found to
be linked with testicular apoptosis, especially during meiotic
prophase [60]. GCLC is involved in glutathione (GSH) biosyn-
thesis and following reactive oxygen species (ROS) damage
protection in animal sperm [64]. POTEG belongs to the
POTE gene family, which consists of closely linked proteins
that are highly expressed in testis and many cancers. Bera
et al. [61] have demonstrated elevated expression of POTE in



round spermatids at apoptosis stage, suggesting POTE family
could play a role in testicular apoptosis.

Overrepresentation analysis with pathway-based set of
genes with high variant burden demonstrated 26 pathways,
half of the pathways (n = 13) being involved in sperm develop-
ment, especially sumoylation (n=4). One pathway, nuclear
pore complex (NPC) disassembly, plays a role in protecting
cells against DNA damage.

Another pathway enriched in genes with high variant
burden is involved in regulation of RhoA activity. RhoA, as
epididymis secretory sperm-binding protein, is involved in
oligospermia and azoospermia pathogenesis. It is found that
the alteration of RhoA geranylgeranylation disrupts the
integrity of the blood—testis barrier and causes hyposperma-
togenesis [65]. Next, three of identified pathways are related
with chromatin organization and mitotic prophase. Impor-
tant gene group present in these pathways is histone lysine
demethylases (KDM). Expression products of the KDM3A
gene are significantly decreased in meiotic arrest testicular
biopsies at the round spermatid level or with Sertoli cell-only
syndrome [66]. KDM3A-coded protein regulates the expres-
sion of genes participating in the condensation and packag-
ing of chromatin, for example, PRM1 and TNPI [67].

Finally, four obtained pathways were linked with SUMO
proteins. Increased number of LoF variants are overrepresented
in the GO pathway of the posttranslational small ubiquitin-like
modifier 1 (SUMO1), whose elevated levels were well established
as associated with poor sperm quality, due to two main processes
—DNA damage recognition and recombination repair and low
sperm motility [68-70]. DNA in mature sperm cells is highly
condensed and wrapped, explaining why it is transcriptionally
and translationally silent. Accordingly, posttranslational modifi-
cations are essential for sperm cell development, where protein
SUMOylation is just one of such alterations [70]. Protein modi-
fication with SUMO participates in the production of haploid
gametes. Because of the complex architecture of testis, difficulties
of simulating spermatogenesis in laboratory environment, and
complicated identification of endogenous SUMO targets, it is
challenging to characterize SUMO targets. So far, only a few
SUMO targets in meiosis have been found [71], including those
in seminoma development [69]. Protein sumoylation at the var-
ious spermatogenesis steps was shown in humans [69, 72] and
rodents [73, 74], where SUMO1 was localized close to chromatin
and other cellular structures, both in germ cells and somatic cells,
including spermatocytes, spermatids, Sertoli, Leydig, and peri-
tubular myoepithelial cells. SUMOL1 is one of four SUMO para-
logs identified, and the remained are SUMO2, SUMO3, and
SUMO4. SUMOL1 is about 95% identical to SUMO2 and
SUMO3, sharing ~50% homology with each protein separately
[75]. Sperm sumoylation could be associated with the motility
regulation, with SUMOL as the main SUMO protein present in
live sperm cells [76]. While SUMOL is the group leader of
expression quantity, it is also demonstrated that SUMO2 could
be involved in ROS answer to save sperm cell function [77].
Together with SUMO1, SUMO2/3 expression is highly elevated,
especially in human sperm cell neck area, being associated with
the redundant nuclear wrapping; SUMO2/3 is also present in
some sperm head areas and flagella [69]. No data currently
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are available about the role of SUMO4 in sperm; however,
it is also a participant of reproductive processes, as SUMO4
hyper-SUMOylation is observed in oxidative stress models and
in preeclamptic placentas [78]. While the importance of SUMO
group in sperm development is still unclear, it is known to be
involved in DNA repair mechanisms, gene expression regula-
tion, chromatin compaction, and heterochromatin stability
(68, 73, 74, 79].

Overrepresentation analysis with protein complex-based
sets revealed 14 protein sets, all possibly involved in cell rep-
lication processes. genomic integrity, and, therefore, sperm
development. Centromere (CEN), CEN complex, and
CENP-A nucleosomal complex all take part in centromere
organization processes. CENP-A is a histone protein, which
is located in centromeric chromatin and replaces histone H3
in mature spermatozoa [80]. In contrast, CENP-C level on
spermatids decreases after the second meiotic division in Dro-
sophila [81]. What is more, Tomascik-Cheeseman et al. [82]
demonstrated the minor role of another CEN complex pro-
tein, CENP-B, by showing that the frequencies of diploid and
disomic sperm do not significantly differ in CENP-B heterozy-
gous and homozygous knockout mice. Another CEN compo-
nent, CENP-H, is localized together with CENP-A and CENP-C
and is placed in the inner kinetochore plate, implying its role in
the orchestration of human centromere-kinetochore complex
[83]. Another revealed protein complex was linked with spliceo-
somes. Spliceosome component SNRPA1/U2A is important for
male fertility, and its loss results in storage of mitotic spermato-
gonia that fail to develop into mature sperm cells [84]. In addi-
tion, the next protein set included the CUL4A-DDBI-EED
complex. CUL4A ubiquitin ligase complex, especially DDBI, is
involved in nucleotide excision repair (NER) and the regulation
of DNA replication, through preventing DNA lesions from accu-
mulation in dividing human cells. DDB1-CUL4A ubiquitin
ligase complex aberrations might be involved in tumorigenesis
and, therefore, genome integrity [85]. Finally, Houlard et al. [86]
showed that the protein set Condensin I:MCPHI:SET, also
discovered in our study, is linked with structural maintenance
of chromosomes by inhibiting condensin II during interphase.

It is well known that any deflection in the spermatogenesis
process can lead to azoospermia [87]. The hypothesis that
changes in genes regulating processes important for normal
spermatogenesis can be seen in data received from GO
enrichment analysis. The most obvious illustration for the
above hypotheses could be seen in networks that assemble
genes where LoF variants were found. One of the networks
gathers genes involved in cell cycle regulation processes by
interaction with DNA—in DNA damage recognition, DNA
repair, and DNA recombination. It is interesting that the so-
called hub genes in this network all are highly testes expressed
genes, showing high expression in all stages of gamete forma-
tion, for example, BRCAI gene expressed more in spermato-
gonia and spermatocytes, less in spermatids, and CHEKI gene
also mainly in spermatogonia and spermatocytes; however,
the third hub gene CENPJ shows the highest expression in
spermatids in comparison with spermatogonia and sperma-
tocytes. In a similar way, also the second network gathers hub
genes involved in transcription of rRNA (DDX54, TWISTNB,
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DDX51, KRI1) are highly expressed in testes [88]. These illus-
trations approve over again that the changes in genes that are
important in spermatogenesis may lead to misregulation of
cell cycle resulting in infertility phenotype.

SNV analysis detected two AD VUS in two samples. In CNV
investigation, third VUS, a partial deletion of two AD genes,
TUBGI and TUBG2, was found in one sample. No previously
described known pathogenic genetic variants were found. Azoo-
spermia cases, caused by monogenic disorders, mostly are de
novo variants of singleton and sporadic nature [89]. Pathogenic
and likely pathogenic NGS findings are novel in majority of
cases and usually require extensive functional validation [2,
90]. Experiments with animal knockouts or tissue expression
can be technically challenging, time-consuming, and costly,
therefore not suitable for routine genetic investigation. Accord-
ing to this, majority of potentially genetic causes of azoospermia
might remain unrevealed.

5. Conclusions

We were able to reveal the link between molecular instability
of the genome seen as increased LoF variant burden in
spermatogenesis-related genes, and posttranslational altera-
tions seen as elevated sumoylation, which both are involved
in such very important pathways as DNA damage signaling,
its repair by recombination, DNA binding, and chromatin
packaging. This may have both general significance for the
decreased organism functionality but in particular is critical
in spermatogenesis.

These complementary-biased pathways, thus, represent the
most general basis of the genome instability, morbidity, sper-
matogenesis impairment, and a risk of testicular cancer. These
parameters (increased LoF variant burden in spermatogenesis-
related genes) and the level of sumoylation (SUMO1) may be
used for focused diagnosis and health counseling in the men
with NOA. On the other hand, the usefulness of screening for
the monogenic variants by the WES analysis might be limited
to the specific phenotypes according to the results of our study,
although this conclusion needs to be validated by the larger
numbers of patients.
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