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Abstract: Teratozoospermia, a complex male fertility disorder affecting sperm morphology, has
been linked to AURKC, SPATA16, and SUNb5 gene defects. However, the sheer volume of SNPs
in these genes necessitates prioritization for comprehensive analysis. This study focuses on the
often-overlooked untranslated region (UTR) variants in these genes, aiming to assess their association
with teratozoospermia and prioritize them. We employed a multi-step filtering process, including
functional significance assessment (RegulomeDB, 3DSNP v2.0, SNPinfo (FuncPred)), evaluation
of gene expression impacts in testis tissue using GTEx, and assessment of miRNA binding site
effects (PolymiRTS Database 3.0, miRNASNP v3). Additionally, we used SNPnexus to evaluate their
conservation and association with diseases. In AURKC, we identified six UTR SNPs (rs11084490,
rs58264281, rs35582299, rs533889458, rs2361127, rs55710619), two of which influenced gene expression
in testis, while others affected the binding sites of 29 miRNAs or were located in transcription-
factor binding sites. Three of these SNPs were also found to be associated with spermatogenic
failure according to previous studies indicating a potential regulatory role in teratozoospermia,
too. For SPATA16, two 3’ UTR variants, rs146640459 and rs148085657, were prioritized, with the
latter impacting miRNA binding sites. In SUNSJ, three 3’ UTR variants (rs1485087675, rs762026146,
rs1478197315) affected miRNA binding sites. It should be noted that none of the above variants was
identified in a conserved region. Our findings shed light on the potential regulatory roles of these
SNPs in teratozoospermia and lay the foundation for future research directions in this area.

Keywords: teratozoospermia; male infertility; variant; SNP; in silico; miRNA; untranslated region
(UTR)

1. Introduction

Infertility, defined by the World Health Organization (WHO) as “the failure to achieve
a pregnancy after 12 months or more of regular unprotected sexual intercourse” remains
a significant concern for couples of reproductive age. Male-related factors contribute to
approximately 50% of infertility cases [1,2], underscoring the essential need for a precise
evaluation of semen quality to gauge male fertilization potential [3]. While sperm count
and motility stand as primary parameters assessed in semen quality analysis, the structure
of spermatozoa plays an equally vital and intricate role in determining the fertilization
potential of male reproductive cells [4]. Specifically, teratozoospermia is characterized by
a lower percentage of normally shaped sperm compared to established reference limits.
The definition of “normal” has evolved significantly over time, transitioning from 50% in
1980 [5] to 4% in the WHO classification published in 2010 [6]. This condition encompasses
a spectrum of morphological deviations impacting diverse components of sperm structure,
including the head, neck, midpiece, and tail [7,8]. Beyond presenting a wide array of sperm
irregularities, teratozoospermia also exists across varying degrees of severity that directly
influence male fertilization capacity [8]. In general, the morphological features of sperm
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cells result from highly intricate cellular transformations that occur during spermatogene-
sis [9] and intriguingly, aberrant sperm morphology has been linked to increased indicators
of sperm damage, such as DNA fragmentation [2] and overproduction of reactive oxygen
species (ROS) [10,11].

Despite notable advancements in exploring teratozoospermia, a comprehensive un-
derstanding of the molecular mechanisms responsible for this male infertility condition
remains elusive. In broad terms, unraveling the molecular origins of male infertility
presents a substantial hurdle as more than 4000 genes are involved in the spermatogenesis
process [12]. However, recently, various genes have been associated with teratozoospermia.

The Aurora Kinase C gene (AURKC), located on chromosome 19q13.43, encodes a
member of a family of highly conserved serine/threonine kinases that are crucial for chro-
mosome segregation during both mitosis and meiosis [13]. The two other family members,
AURKA and AURKCB, are highly expressed in many cancer types and act as oncogenes [14].
Limited information is available regarding the involvement of AURKC in oncogenesis but
it is also found to be overexpressed in certain cancers [15]. Concerning male infertility,
AURKC is expressed in meiotic cells, and pathogenic mutations in this gene can disrupt the
protein’s function, leading to improper mitotic spindle formation and subsequently caus-
ing male infertility [16]. To this day, various mutations of AURKC have been discovered,
affecting protein function and resulting in a specific form of teratozoospermia known as
macrozoospermia or large-headed spermatozoa [16-21].

SPATA16 (spermatogenesis-associated protein 16), located on chromosome 3q26.31
and formerly recognized as NYD-SP12, exhibits high expression in the human testes,
particularly during puberty, where it plays a significant role in its development [22]. It
features a conserved tetratricopeptide repeat (TPR) domain, known for its role in facilitating
protein—protein interactions [23]. This protein localizes within the Golgi apparatus and
proacrosomal vesicles, which merge during spermiogenesis to form the acrosome [24].
Several studies have identified mutations within SPATA16 that lead to a distinct form
of teratozoospermia known as globozoospermia [25,26]. Globozoospermia is character-
ized by the presence of round-headed spermatozoa that lack an acrosome. Furthermore,
research conducted in mice underscores the significance of SPATA16 in the process of
sperm formation [27]. Mutations in SPATA16 have also been linked to other types of male
infertility [28].

SUNS5 is a gene located on chromosome 20q11.21, encoding for a transmembrane
protein consisting of an N-terminal nucleoplasmic section, a coiled-coil region, a trans-
membrane helical domain, and a SUN domain segment [29]. It is a testis-specific gene [30]
and its encoded protein localizes to the junction between the sperm head and tail [29,31].
SUNS belongs to the family of SUN domain proteins, which play a role in tethering the
centrosome to the nuclear membrane [32]. SUNS is a relatively recent addition to the SUN
family, and while limited information is available regarding its function [31], it is suggested
that it may be involved in nuclear envelope reconstitution and nuclear migration [29].
Notably, studies conducted in mice have shown that Sun5~/~ mice are infertile, and in the
absence of functional SUNS, the sperm head-to-tail coupling apparatus becomes detached
from the nucleus during spermatid elongation [31]. Additionally, several mutations in this
gene have been identified, which are associated with acephalic spermatozoa syndrome, a
severe form of teratozoospermia [29,33-35].

The aforementioned studies confirm the pivotal role of the mentioned genes in the
pathogenesis of teratozoospermia and underscore the significance of specific mutations
in its etiology. Nevertheless, the number of mutations associated with male infertility
remains relatively limited. Single nucleotide polymorphisms (SNPs) are the most prevalent
type of genetic mutation, occurring in the genome approximately every 100 to 300 base
pairs [36]. While mutations in coding regions are typically linked to the development
of various diseases due to alterations in the amino acid sequence, research suggests that
SNPs located in non-coding regions are more likely to contribute to the pathogenesis of
most genetic disorders [37]. More specifically, variants found in non-coding regions can
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exert various regulatory functions within the genome, including disruption of interactions
with transcription factors (TFs), microRNAs (miRNAs), and the creation or disruption of
splice sites, etc. [38]. Consequently, variants in non-coding regions may impact protein
function by reducing protein solubility or destabilizing protein structure [39]. Notably,
SNPs in the 3’ untranslated regions (3’ UTR) are of particular significance, as they serve
as primary binding sites for miRNAs. miRNAs play a crucial role in gene expression
regulation and their interactions with the 3' UTR lead to gene silencing after transcription
and translation suppression [40]. Moreover, in the context of male infertility, several studies
have demonstrated differential expression of miRNAs between fertile and infertile males.
These miRNAs hold the potential to unveil the molecular mechanisms underlying infertility
and may serve as noninvasive biomarkers for diagnosing this condition [41]. Likewise,
SNPs within the 5 untranslated region (5 UTR) hold significant importance and can
contribute to the development of various diseases. Specifically, 5 UTRs play a pivotal
role in influencing both mRNA stability and translation efficiency [42,43]. Additionally,
functional elements such as the internal ribosome entry site (IRES), upstream open reading
frames (uORFs), and iron-responsive element (IRE) within the 5 UTR play a crucial role
in precisely modulating protein expression in alignment with the specific requirements of
the cell [42]. Consequently, SNPs have the potential to disrupt the smooth translation of
mRNA or compromise the stability of the mRNA molecule, making it more susceptible
to degradation. Disruption of the aforementioned functional elements can also lead to
alterations in gene expression. Ultimately, the irregular gene expression resulting from
mutations in the 5 UTR can significantly contribute to the progression and manifestation
of a spectrum of diseases.

Therefore, in the present day, while coding region SNPs have garnered significant
attention in candidate gene studies due to their critical regulatory roles, there has been
notably less emphasis on the functional analysis of non-coding SNPs [44]. The continuous
evolution of SNP discovery technologies and the dynamic annotation of the genome have
resulted in the accumulation of an overwhelming amount of information and a large num-
ber of SNPs that are challenging to study experimentally [45]. Consequently, computational
methods are becoming increasingly indispensable in genomic research for SNP selection
and the prediction of their functional consequences in disease development [46].

Today, bioinformatics tools play a crucial role in prioritizing SNPs with functional
significance from the vast pool of neutral non-risk variants [47]. These tools assess the
potential functional impacts of SNPs across five key levels: splicing, transcription, trans-
lation, post-translation, and protein stability. While most existing bioinformatics tools
focus on evaluating SNP effects with respect to a single biological function, others offer a
comprehensive analysis of SNP function by integrating various algorithms, data sources,
etc. [44-46].

The objective of the present study was to analyze UTR variants in the AURKC,
SPATA16, and SUNS genes using computational methods, given the significance of UTR
variants in numerous studies and their association with various diseases. These genes
are well known for their role in teratozoospermia. Therefore, the SNPs identified in their
UTR were prioritized based on several criteria, including their functional significance,
association with expression quantitative trait loci (eQTL) and diseases, presence within
evolutionarily conserved regions, and their impact on the creation or disruption of miRNA
binding sites. As a result, this study involves a rigorous process of filtering through a
list of SNPs to identify SNPs that are most likely to be associated with teratozoospermia.
To the best of our knowledge, this is the first comprehensive computational analysis of
UTR SNPs in the AURKC, SPATA16, and SUNSD genes. It provides a valuable foundation
for future research, listing candidate variants that may be linked to teratozoospermia,
thereby contributing to a deeper understanding of the molecular mechanisms underlying
male infertility. Furthermore, this research can facilitate the development of biomarkers to
enhance assisted reproductive technology (ART) and improve the diagnosis and prognosis
of male infertility, especially teratozoospermia.
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2. Materials and Methods
2.1. Retrieval of UTR SNPs in AURKC, SPATA16, and SUNS5

The Ensembl genome browser (GRCh38/hg38) [48] was employed to retrieve SNPs
located in the 3’ and 5’ UTRs of the AURKC, SPATA16, and SUN5 genes. Duplicate variants
and somatic mutations associated with cancer, according to the COSMIC database [49],
were excluded, resulting in a final list of SNPs. These SNPs then underwent a thorough
multi-step filtering process using various databases and in silico tools, as detailed in the
subsequent sections and summarized in Figure 1.

AURKC, SPATAT6, SUN5 genes

Retrieval of UTR SNPs
(Ensembl genome browser)

Remove duplicate SNPs and
COSMIC mutations

Functiona

o Impact on gene Conservation and Impact on
Significance:

expression: Association with miRNA binding
Diseases: sites:

(1) RegulomeDB
(RegulomeDB rank <
3)

(1) GTex
(eQTL in Testis SNPnexus (1) miRNASNP
Tissue) (1) NHGRI Catalogue of v3
Published Genome-Wide
Association Studies and (2)PolymiRTS
Clinvar Database 3.0

(2) 3DSNP v2.0
(3DSNP score > 10)

(8) SNPinfo (2) GERP score > 4

Figure 1. Workflow of the methods and tools involved in this study for UTR variant prioritization in
AURKC, SPATA16, and SUNb.

2.2. Evaluating the Functional Significance of UTR SNPs

To gauge the functional significance of the UTR SNPs identified in AURKC, SPATA16,
and SUN5, we combined data from three distinct databases.

Initially, we conducted functional annotation and scoring of UTR variants using
RegulomeDB (https:/ /www.regulomedb.org/regulome-search/, accessed on 13 September
2023) [50]. RegulomeDB categorizes SNPs based on the presence or absence of functional
elements, such as protein binding, motifs, chromatin structure, histone modifications, and
more [50]. The function of RegulomeDB is to assign scores and ranks to SNPs so that the
functional SNPs can be differentiated from a broad pool. Specifically, each SNP is assigned
a rank ranging from 1 to 7, with lower values indicating a higher likelihood of having a
regulatory function.

We also employed 3DSNP v2.0 [51] and SNPinfo (FuncPred) [52] to assess SNP func-
tionality. The 3DSNP v2.0 database (https://omic.tech/3dsnpv2/, accessed on 13 Septem-
ber 2023) is a comprehensive resource that provides information on 3D-interacting genes,
enhancer and promoter states, transcription-factor binding sites, modified sequence motifs,
and conservation data. It calculates a functional score for each SNP using these factors,
with higher scores indicating a greater likelihood of SNP functionality [51].

SNPinfo (FuncPred) (https:/ /snpinfo.niehs.nih.gov/snpinfo/snpfunc.html, accessed
on 13 September 2023) is a web server designed to aid in the selection of SNPs for genetic
association studies. It serves as a comprehensive tool for predicting SNP functionality,
assessing whether SNP variants can influence transcriptional regulation by affecting the
activity of transcription-factor binding sites (TFBS), or by altering splicing patterns or
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efficiency through the disruption of splice sites, exonic splicing enhancers (ESE), or silencers
(ESS) [52].

We prioritized SNPs with a RegulomeDB rank ranging from 1a to 3b, SNPs with a
3DSNP score greater than 10, and SNPs identified as functionally significant according to
FuncPred. To obtain this information, we inputted the rs IDs of individual SNPs into the
aforementioned databases.

It should be noted that the 3DSNP score is computed as the sum of scores derived
from six distinct functional categories, including 3D interacting genes, enhancer state,
promoter state, transcription-factor binding sites, sequence motifs altered, and conservation
score. In contrast to RegulomeDB, 3DSNP employs a quantitative scoring system. The
thresholds adopted in this study were based on prior related studies that combined data
from RegulomeDB and 3DSNP to identify SNPs with an increased likelihood of regulatory
functionality [53-56].

2.3. Impact of UTR SNPs on Gene Expression

To prioritize UTR variants that influence gene expression of AURKC, SPATA16, and
SUN5, we leveraged the Genotype-Tissue Expression (GTEx) database [57] (https://
gtexportal.org/home/index.html, accessed on 13 September 2023). The GTEx Program
is a comprehensive resource that provides insights into the relationship between genetic
variants and gene expression across multiple human tissues, allowing the identification of
expression quantitative trait loci (eQTLs) and more [57]. For each UTR SNP on our list, we
assessed its effect on gene expression by submitting the individual variants’ rs IDs to the
GTEXx database. For filtering, we considered significant only those variants that affected
gene expression in testis tissue. This focus on testicular tissue aligns with our primary
objective of investigating the role of these variants in male infertility.

2.4. Association of SNPs with Diseases and Identification of SNPs in Evolutionarily
Conserved Regions

To prioritize variants previously linked to male infertility or other diseases and SNPs
situated within evolutionarily conserved regions, we utilized SNPnexus [58]. SNPnexus
(https:/ /www.snp-nexus.org/v4/, accessed on 13 September 2023) is a web-based variant
annotation tool designed to simplify the selection and prioritization of genetic variants. It
integrates data from various sources, providing information about population genetics,
regulatory elements, consequences on protein, conservation, etc. [58].

To gather information regarding the association of SNPs with diseases, SNPnexus [58]
integrates data from the NHGRI Catalogue of Published Genome-Wide Association Studies
(https:/ /www.ebi.ac.uk/gwas/, accessed on 13 September 2023) [59] and ClinVar (https://
www.ncbinlm.nih.gov/clinvar/, accessed on 13 September 2023) [60]. The former provides
a curated collection of all published genome-wide association studies [59], while the latter
is a publicly accessible archive containing reports on the relationships between human
variations and phenotypes associated with human health [60]. Regarding conservation,
SNPnexus also incorporates data from the Genomic Evolutionary Rate Profiling package
(GERP++) [61]. The GERP score measures the reduction in the number of substitutions in
the multi-species sequence alignment compared to the neutral expectation and practically,
it is used to identify sites where mutations may have a significant impact on fitness [61,62].
Conservation scores have been widely employed in medical and population genetic studies,
with variants typically considered deleterious if they possess a GERP score >4 [62].

By submitting the rs ID of each variant to SNPnexus [58], we generated a comprehen-
sive list of UTR variants associated with diseases. Likewise, we compiled a list of UTR
SNPs for each gene (AURKC, SPATA16, SUN5) with a GERP score exceeding 4.

2.5. Assessment of the Impact of UTR SNPs on miRNA Binding Sites

To evaluate the impact of UTR SNPs on miRNA binding sites, we employed two
distinct tools: PolymiRTS Database 3.0 [63], and miRNASNP v3 [64].
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PolymiRTS Database 3.0 (https://compbio.uthsc.edu/miRSNP/, accessed on 13
September 2023) is a comprehensive database that systematically identifies DNA polymor-
phisms within both miRNAs and miRNA target sites. This resource integrates various
data sources, including hybrid sequences, crosslink experiments, and miRNA interaction
ligation, to accurately pinpoint the location of non-coding SNPs [63]. Similarly, miRNASNP
v3 (http:/ /bioinfo.life.hust.edu.cn/miRNASNP/, accessed on 13 September 2023) is a
database designed to predict the functional impact of SNPs located within mature miRNA,
miRNA target sequences, pre-miRNA, and adjacent regions [64].

We used these tools to prioritize the UTR SNPs and identify those that either create or
disrupt miRNA binding sites, thereby affecting miRNA binding affinity with target genes
(AURKC, SPATA16, SUND). Such changes indicate an additional regulatory role of SNPs,
as miRNAs regulate gene expression by binding to messenger RNAs (mRNAs) and either
preventing them from being translated into proteins or marking them for degradation.
This binding significantly influences gene regulation, impacting various cellular processes.
Consequently, identifying the affected miRNAs could provide valuable insights into the
pathogenesis of teratozoospermia.

Thus, in this stage of the analysis, we submitted the rs ID of each variant to both
databases, resulting in a list of all 3 UTR SNPs in the AURKC, SPATA16, and SUN5 genes
that either created or disrupted miRNA binding sites. Additionally, we generated a list of
all the affected miRNAs as output.

At this point, we want to emphasize that our selection of the above databases and
tools was based on a comprehensive literature review. In particular, we curated data
from various publications that employed variant prioritization methodologies. The work-
flow used in this study was developed following a careful selection process, focusing on
databases recognized for their high quality and reliability, as indicated in previous similar
publications [37,44,47,53,65]. Moreover, to ensure the reliability of our results, we sourced
data from multiple databases for several parameters used in variant prioritization, such as
the potential functionality of variants (FuncPred, RegulomeDB, etc.).

3. Results
3.1. Evaluation of UTR Variants in AURKC

Initially, we collected 1627 UTR variants in AURKC from the Ensembl genome browser [48].
Subsequently, we conducted the removal of duplicate variants and excluded somatic
mutations associated with cancer according to COSMIC [49]. This process left us with
592 variants for detailed analysis. Out of this selection, 201 variants were located in the 5’
UTR, while 391 were identified in the 3’ UTR (as illustrated in Figure 2a and detailed in
Table S1).

= Number of variants
Rank 1
Rank 2
Rank 3
Rank 4

Rank 5

Rank 6

Rank 7

(=]

50 100 150 200 250

(a) (b)

Figure 2. (a) Total count of 3’ and 5’ UTR retrieved from the Ensembl genome browser [48] for
AURKC. (b) Annotation and ranks of UTR SNPs according to RegulomeDB [50].
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For the comprehensive evaluation of SNP functional significance, we employed three
distinct databases: RegulomeDB [50], 3DSNP v2.0 [51], and SNPinfo (FuncPred) [52].
Among the entirety of the analyzed SNPs, a total of 564 were detected in RegulomeDB [50],
and their distribution is visually represented in Figure 2b and outlined in Table S2. Of them,
139 were assigned RegulomeDB ranks ranging from 1a to 3b, elucidating their potential
functional implications in gene regulation. Detailed results are provided in Table S2. For
the 3DSNP v2.0 [51], only one of the UTR variants in AURKC obtained a 3DSNP score
surpassing 10, as depicted in Table 1. Comprehensive results for all SNPs can be found in
Table S3.

Table 1. List of SNPs predicted to have a functional effect according to 3DSNP v2.0 [51] for AURKC.

Variant ID Chromosome Location Score

rs533889458 19:57231016 10.02

Moreover, our analysis utilizing SNPinfo (FuncPred) [52] identified 12 SNPs with
putative functional effects, affecting transcription-factor binding sites, splicing sites, and
miRNA binding sites, as shown in Table 2.

Table 2. List of SNPs predicted to have a functional effect according to SNPinfo (FuncPred) [52] for
AURKGC; TEBS: transcription-factor binding site; ESE: exonic splicing enhancer; ESS: exonic splicing
silencer; v SNP that affects this site; -: SNP that does not affect this site.

Splicing Splicing miRNA miRNA
(Site) (ESE or ESS) (miRanda) (Sanger)

rs11084490  19:57231104 v - - - -
rs2361127  19:57231699 v - - - -

Variant ID Position TFBS

rs35582299  19:57235455 - - - v v
rs45503793  19:57232679 - - v - -
rs45527835  19:57235250 - - v - -
rs45555141  19:57232559 - - v - -
rs55658999  19:57235043 - - v - -
rsb5710619  19:57232641 - - v - -
rs55898757  19:57235249 - - v - -
rs58264281  19:57231121 v v v - -
rs61736320  19:57232163 - - v - -

rs758098 19:57231671 v - - - -

We additionally conducted an analysis of all UTR SNPs in AURKC using the GTEx
database [57] to ascertain their presence in expression quantitative trait loci (eQTLs).
Among the 592 variants, we identified only 16 SNPs in the GTEx database [57]. No-
tably, we observed a significant association between AURKC expression in testis and two
specific SNPs, rs11084490 and rs58264281, with p-values of 2.18e-56 and 8.3e-49, respectively
(Figure 3).
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Figure 3. Violin plots of (a) rs11084490 and (b) rs58264281 for single tissue eQTLs analysis through

GTEx [57].

Furthermore, upon prioritizing the UTR SNPs in AURKC using SNPnexus [58], we
discovered that none of these SNPs had previously been associated with other diseases
according to the NHGRI Catalogue of Published Genome-Wide Association Studies [59].
Nevertheless, ClinVar [60] revealed that seven SNPs have previously been reported in
association with fertility-related phenotypes, as detailed in Table 3. Additionally, none of
the SNPs exhibited a GERP score exceeding four, as indicated in Table S4.

Table 3. SNPs in AURKC associated with pathogenic phenotypes according to ClinVar [60].

Variant ID Chromosome Location Phenotype

rs11084490 19:57231104 Spermatogenic Failure

Infertility associated with multi-tailed

rs121908654 19:57234985 spermatozoa and excessive DNA
rs148940837 19:57234920 Spermatogenic Failure
rs55710619 19:57232641 Spermatogenic Failure
rs58264281 19:57231121 Spermatogenic Failure
rs886054645 19:57232112 Spermatogenic Failure
rs886054646 19:57232596 Spermatogenic Failure

In our final analysis to gauge the impact of UTR SNPs retrieved from Ensembl on
miRNAs, we utilized PolymiRTS Database 3.0 [63] and miRNASNP v3 [64]. According
to PolymiRTS Database 3.0 [63], one variant in AURKC disrupted miRNA binding sites
potentially having an impact on gene regulation and pathogenesis of teratozoospermia.
PolymiRTS categorizes SNPs into four classes: “D” for disruption of a conserved miRNA
site, “N” for non-conserved miRNA disruption, “C” for the formation of a new miRNA
site, and “O” for instances where ancestral alleles could not be determined. As detailed in
Table 4, rs35582299 influenced the binding of 14 miRNAs. The G allele disrupted conserved
miRNA binding sites (Function D), while the A allele created new miRNA binding sites.
Furthermore, as per the findings from miRNASNP v3 [64], we identified 21 SNPs that
played a role in the gain or loss of miRNA binding sites. Among these, 2 SNPs caused gain,
while the remaining 19 SNPs contributed to alterations in miRNA function through both
gain and loss of target sites, as detailed in Table S5.
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Table 4. SNPs in AURKC disrupting miRNA binding sites, the affected miRNAs, and the function
class of SNPs according to PolymiRTS Database 3.0 [63].

Variant ID Chromqsome Allele Affected miRNAs Function Class
Location
hsa-miR-125a-5p D
hsa-miR-125b-5p D
hsa-miR-345-3p D
hsa-miR-4319 D
G hsa-miR-4732-3p D
hsa-miR-670-5p D
1535582299 19:57235455 hsa-miR-7106-3p b
hsa-miR-7113-3p D
hsa-miR-1200 C
hsa-miR-3140-5p C
A hsa-miR-378a-5p C
hsa-miR-516a-3p C
hsa-miR-516b-3p C
hsa-miR-7162-5p C
Therefore, numerous variants in AURKC have been identified, based on the filters
outlined above, that hold potential for use in future studies. However, some of these
variants can be prioritized as they are more likely to play a role in the pathogenicity
of teratozoospermia because they were consistently identified in multiple analyses, as
depicted in Table 5.
Table 5. List of prioritized variants in AURKC according to the tools used; v': SNP with significant
effect; - SNP with no effect; SF: spermatogenic failure.
Variant Ancestral ~ Alternative RegulomeDB  3DSNP SNPinfo GT Ats}f(]))ciation ( mﬁlﬁligls\m PolymiRTS .

ID Allele Allele Rank Score (FuncPred) ex WI(CH nl‘s]zi)s es mi v3) 3.0 ype
rs11084490 C ACT 1f - v v SF N - 5" UTR
rs58264281 C AGT 1f - v v SF - - 5" UTR
1535582299 G AC 1f - v - - v v 3’ UTR
1s533889458 C A 2a 10.02 - - - — - 5" UTR

5" UTR,
12361127 C GT 2b - v - - - - 3’ UTR
155710619 G A - - v - SF - - 3 UTR

3.2. Evaluation of UTR Variants in SPATA16

According to the Ensembl genome browser [46], we initially identified a total of
365 variants in SPATA16. Following the removal of variants as previously outlined, we
were left with 185 variants for more in-depth analysis. Among these, 49 were located in
the 5’ UTR, while 136 were found in the 3’ UTR of SPATA16 (as shown in Figure 4a and
detailed in Table S6).
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Figure 4. (a) Total count of 3’ and 5’ UTR retrieved from the Ensembl genome browser [46] for
SPATA16. (b) Annotation and ranks of UTR SNPs according to RegulomeDB [48].

Initially, we employed RegulomeDB [50] for the functional assessment of SNPs.
Among the 185 variants, 175 were identified in RegulomeDB [50], and their rankings
exhibited variation, as depicted in Figure 4b (also refer to Table S7). A total of 11 SNPs were
prioritized, with 4 situated in the 3’ UTR and 7 in the 5 UTR of SPATA16. The detailed

results are presented in Table 6.

Table 6. List of SNPs predicted to have a functional effect according to RegulomeDB [50] for SPATA16.

Variant ID Chromosome Location Rank Type
rs1315242177 3:173141125 2b 5 UTR
rs1179618758 3:173141126 2b 5 UTR
rs1380118082 3:173141127 2b 5" UTR
rs1560137604 3:173141153 2b 5 UTR
rs1366850067 3:173141154 2b 5 UTR
rs1190973286 3:173141155 2b 5" UTR
15945530730 3:173141157 2b 5 UTR
rs200008684 3:172913696 3a 3’ UTR
rs146640459 3:172916328 2b 3’ UTR
rs1375438765 3:172916329 2b 3’ UTR
rs1489045246 3:172916335 2b 3’ UTR

In terms of functional significance, we employed two additional tools. Among the
184 SNPs found in 3DSNP v2.0 [51] (Table S8), we identified 7 SNPs with a 3DSNP score
greater exceeding 10, as detailed in Table 7. Furthermore, three variants (Table 8) were also

determined to have putative functional effects according to SNPinfo (FuncPred) [52].
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Table 7. List of SNPs predicted to have a functional effect according to 3DSNP v2.0 [51] for SPATAI6.

Variant ID Chromosome Location Score
rs767677869 3:172916354 10.64
151341354857 3:172916355 10.64
rs1280211853 3:172916360 10.64
rs991346128 3:172916363 10.64
151330632536 3:172916364 10.64
rs1216343266 3:172916373 10.64
rs146640459 3:172916328 10.63

Table 8. List of SNPs predicted to have a functional effect according to SNPinfo (FuncPred) [52] for
SPATA16; TFBS: transcription-factor binding site; ESE: exonic splicing enhancer; ESS: exonic splicing
silencer; v' SNP that affects this site; -: SNP that does not affect this site.

Variant ID Chromosome Location TFBS Splicing (ESE or ESS)
152673500 3:173141143 v v
rs2673501 3:173141142 v v
1562622782 3:172913671 - v

Additionally, we assessed whether the UTR SNPs were present in expression quantita-
tive trait loci (eQTLs) using the GTEx database [57]. Out of the 185 variants, only seven
SNPs were identified in the GTEx database [57]. Nonetheless, our investigation did not
reveal any significant correlation between these SNPs and the expression of SPATA16 in the
examined tissue. Similarly, when we used SNPnexus [58] to prioritize the SNPs, we discov-
ered that none of them had been previously linked to diseases according to the NHGRI
Catalogue of Published Genome-Wide Association Studies [59]. However, ClinVar [60]
indicated that five SNPs are associated with spermatogenic failure (Table 9). Furthermore,
none of the SNPs had a GERP score exceeding four, as detailed in Table S9.

Table 9. SNPs in SPATA16 associated with pathogenic phenotypes according to ClinVar [60].

Variation ID Chromosome Location Phenotypes

rs115095786 3:172913722 Spermatogenic Failure
rs758141708 3:172913735 Spermatogenic Failure
rs189972919 3:173141205 Spermatogenic Failure
rs886058188 3:173141225 Spermatogenic Failure
15566046620 3:173141226 Spermatogenic Failure

To assess the influence of UTR SNPs retrieved from Ensembl on miRNAs, we em-
ployed PolymiRTS Database 3.0 [63] and miRNASNP v3 [64]. PolymiRTS Database 3.0 [63]
identified an association of one variant in SPATA16 with miRNAs. More specifically, the
function of an SNP at the PolymiRTS has been categorized into four types: “D” for dis-
ruption of a conserved miRNA site, “N” for non-conserved miRNA disruption, “C” for
the formation of a new miRNA site, and “O” for instances where ancestral alleles could
not be determined. As depicted in Table 10, rs148085657 affected the binding of three
miRNAs, disrupting two conserved sites (Function D) and creating a new one (function C).
Furthermore, according to miRNASNP v3 [64], 44 SNPs were implicated in the targeting or
loss of miRNA target genes. Specifically, 3 SNPs caused gain, 3 caused loss, and 38 SNPs
altered miRNA function by both gain and loss of target sites (Table S10).
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Table 10. SNPs in SPATA16 disrupting miRNA binding sites, the affected miRNAs, and the function
class of SNPs according to PolymiRTS Database 3.0 [63].
Variant ID Chromosome Location Affected miRNAs Function Class
hsa-miR-4267 D
rs148085657 3:172889484 hsa-miR-5586-5p D
hsa-miR-5092 C
Hence, numerous variants have been prioritized based on the filters outlined above,
and they hold potential for use in future studies. However, it is possible that some of these
variants are more likely to play a role in the pathogenicity of teratozoospermia, as they
were consistently identified in multiple analyses, as depicted in Table 11.
Table 11. List of prioritized variants in SPATA16 according to the tools used; v SNP that affects
miRNA binding site; -: SNP with no effect.
. miRNAs miRNAs
Variant ID Ancestral Alternative = RegulomeDB 3DSNP (miRNASNP (PolymiRTS Type
Allele Allele Rank Score
v3) Database 3.0)
15146640459 C AGT 2b 10.63 - - 3/ UTR
rs148085657 G C - - v v 3’ UTR

3.3. Evaluation of UTR Variants in SUN5

We initially retrieved 175 UTR variants from the Ensembl genome browser [46]. Follow-
ing the elimination of duplicate variants and the exclusion of somatic mutations associated
with cancer, a total of 74 variants remained for further analysis. Among these, 31 variants
were located in the 5 UTR and 43 were in the 3’ UTR (see Figure 5a and Table S11).

= Number of variants

Rank 1 I

Rank 2 .

Rank 3

3'UTR Rank 5
58.1%

5'UTR
41.9%

Rank 6

Rank 7

0 25 50 75

(a) (b)

Figure 5. (a) Total count of 3’ and 5’ UTR retrieved from the Ensembl genome browser [48] for SUN5.
(b) Annotation and ranks of UTR SNPs according to RegulomeDB [50].

For the functional evaluation of SNPs, we utilized RegulomeDB [50], 3DSNP v2.0 [51],
and SNPinfo (FuncPred) [52]. Among all the SNPs, 73 of them were found in Regu-
lomeDB [50], and their distribution is depicted in Figure 5b and Table S12. A total of
10 SNIPs were annotated, with 9 of them located in the 3' UTR and 1 in the 5’ UTR of SUNB5.
These SNPs received RegulomeDB ranks ranging from 1a to 3b. The detailed results are
presented in Table 12. Regarding 3DSNP v2.0 [51], none of the variants had a 3DSNP score
greater than 10, as shown in Table S13. Additionally, no SNPs were identified as having
putative functional effects according to SNPinfo (FuncPred) [52].
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Table 12. List of SNPs predicted to have a functional effect according to RegulomeDB [50].

SNP IDs Chromosome Location Rank Type

rs414191 20:32999946 1f 3’ UTR
rs1485087675 20:32983776 2b 3’ UTR
rs762026146 20:32983777 2b 3’ UTR
rs1478197315 20:32983779 2b 3’ UTR
rs1249428218 20:32983780 2b 3’ UTR
rs1294157041 20:32983780 2b 3’ UTR
15567349892 20:32983781 2b 3’ UTR
rs1393231708 20:32983793 2b 3’ UTR
rs758511928 20:32999977 2b 3’ UTR
15776302278 20:33004432 2b 5 UTR

We also conducted an analysis of all UTR SNPs in SUN5 using the GTEx database [57]
to determine if they were present in expression quantitative trait loci (eQTLs). Out of the
74 variants, only two SNPs were identified in the GTEx database [57]. However, upon
further investigation, no significant association was observed between these two SNPs
and SUNSD expression in testis tissue. Likewise, when we prioritized these SNPs using
SNPnexus [58], we found that none of them had been previously associated with other
diseases according to ClinVar [60] and the NHGRI Catalogue of Published Genome-Wide
Association Studies [59]. Furthermore, none of the SNPs exhibited a GERP score greater
than four, as indicated in Table S14.

Regarding the impact of variants on miRNA binding sites, only 10 out of the 74 SNPs
were detected in the miRNASNP v3 [64]. Among them, three were predicted to impact
miRNA binding sites, leading to the gain or loss of miRNA binding sites, as illustrated in
Table 13. Additionally, it is worth noting that none of the 74 variants were identified in
PolymiRTS Database 3.0 [63].

Table 13. SNPs in SUN5 disrupting miRNA binding sites and the affected miRNAs according to the
miRNASNP v3 [64].

SNP IDs Chromosome Location Affected miRNAs Gain/Loss
151485087675 chr20:32983776 hsa-miR-7155-5p Loss
hsa-miR-7162-3p Gain
rs762026146 chr20:32983777 hsa-miR-7155-5p Loss
rs1478197315 chr20:32983779 hsa-miR-7155-5p Loss

Therefore, the prioritized variants in SUN5 that can be used for further study as they
are more likely to contribute to the pathogenicity of teratozoospermia are presented in
Table 14.

Table 14. List of prioritized variants in SUNb according to the tools used; v' SNP that affects miRNA-
binding site.

Ancestral Alternative =~ RegulomeDB miRNAs
SNP IDs Allele Allele Rank (miRNASNPv3) P
rs1485087675 G T 2b v 3’ UTR
1s762026146 G A 2b v 3’ UTR

rs1478197315 G A 2b v 3’ UTR
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4. Discussion

AURKC, SPATA16, and SUNS are pivotal genes known to play critical roles in the
intricate processes of spermatogenesis and meiosis [7,8,31,66]. Numerous studies have
provided evidence of the association between specific SNPs within these genes and ter-
atozoospermia [16-21,26,28,29,33-35]. However, the sheer volume of SNPs within these
genes poses a formidable challenge for comprehensive analysis. Herein, the indispensable
role of bioinformatics tools comes into play, enabling the judicious selection of a limited
number of prioritized variants. These selected variants hold the potential to significantly
contribute to our understanding of teratozoospermia’s pathogenesis and pave the way for
future genetic screening endeavors. By pinpointing these key genetic factors, researchers
can unravel the intricate molecular mechanisms underlying teratozoospermia, offering
invaluable insights into both diagnosis and potential therapeutic strategies for this complex
reproductive disorder.

Building upon this foundation, it is important to note that SNPs residing within
the untranslated regions (UTRs) of genes are frequently overlooked but hold significant
potential implications in the context of various pathologies [67]. In this study, we harnessed
a diverse array of bioinformatics tools to thoroughly assess the impact of UTR variants
within AURKC, SPATA16, and SUNS5. The primary objective was to discern and prioritize
these variants, thereby assembling a comprehensive catalog of SNPs that possess the
promise of being instrumental in forthcoming investigations.

For AURKC, six SNPs emerged as prime candidates for potential pathogenicity, as
corroborated by multiple analytical tools. Among these, three were situated within the
5’ UTR, while two resided in the 3’ UTR. Intriguingly, one SNP was characterized as im-
pacting both the 3’ and 5’ UTRs for different transcripts of the AURKC gene. Notably, two
of these prioritized SNPs, rs11084490 and rs58264281, were found to significantly affect
AURKC expression in testis tissue. This observation aligns with SNPinfo (FuncPred) [52]
predictions, which indicated that these variants perturbed transcription-factor binding
sites. Existing evidence underscores the robust associations between nucleotide sequences
within transcription-factor binding sites (TFBSs) and gene expression levels [68]. TFBS
polymorphisms have garnered substantial attention, constituting 31% of trait-associated
polymorphisms identified by genome-wide association studies (GWAS), underscoring their
pivotal role in disease development [69]. According to ClinVar [60], these two SNPs are also
linked to spermatogenic failure, particularly infertility associated with multi-tailed sperma-
tozoa and excessive DNA, albeit being classified as benign. Nonetheless, our study findings
advocate for their further exploration, given their potential regulatory role in teratozoosper-
mia. Thus, subsequent investigations in a large sample of infertile males are suggested.
Additionally, rs533889458 and rs2361127 earned prioritization based on their functional
significance, with rs2361127 notably identified as a TFBS polymorphism, prompting the
need for future studies elucidating its impact on AURKC expression levels. rs55710619 is
another prioritized variant in AURKC that is associated with multi-tailed spermatozoa and
excessive DNA and is characterized as likely benign according to ClinVar [60]. SNPinfo
(FuncPred) [52] also ascribes functional significance to this variant. Special attention should
be accorded to rs35582299, which exerts an impact on miRNA binding sites, as affirmed by
several tools, including miRNASNP v3 [64], PolymiRTS Database 3.0 [63], and SNPinfo
(FuncPred) [52]. More specifically, the above tools demonstrate that rs35582299 causes the
loss or gain of sites affecting 29 miRNAs. miRNAs, small RNA molecules, are pivotal in
gene expression regulation, and studies have revealed their differential expression between
fertile and infertile males [41]. miRNAs fine-tune genes involved in sperm production
and maturation, and dysregulation can disrupt this balance, culminating in abnormalities
in sperm morphology and reduced fertility [70-72]. Thus, future investigations should
delve into the list of miRNAs identified in this study as affected by SNPs, as they hold
the potential to modulate AURKC expression. Intriguingly, none of the miRNAs that
are affected by these SNPs have been previously implicated in male infertility. Similarly,
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the above prioritized variants are reported for the first time as potentially involved in
teratozoospermia and further exploration of their role is required.

For SPATA16, a gene with a crucial role in sperm production and testicular develop-
ment [73], we identified two 3’ UTR variants through analysis with various tools. Among
these prioritized SNPs, rs146640459 is indicated as a variant with functional significance ac-
cording to 3DSNP v2.0 [51] and RegulomeDB [50]. Meanwhile, rs148085657 affects miRNA
binding sites according to miRNASNP v3 [64] and PolymiRTS Database 3.0 [63]. More
specifically, rs148085657 causes gain and loss of target sites, affecting six miRNAs (hsa-miR-
5092, hsa-miR-205-5p, hsa-miR-5586-5p, hsa-miR-4267, hsa-miR-6512-3p, hsa-miR-6720-5p).
Some of these miRNAs have been associated with different types of cancer [74-76], but
none of them have shown any association with spermatogenesis or other aspects of male
fertility. Similarly to AURKC, these two variants have not been previously associated with
male infertility either.

For SUNB5, three 3’ UTR variants were identified, all of which were characterized as
having functional significance according to the RegulomeDB [50]. Simultaneously, these
variants were found to impact miRNA binding sites according to miRNASNP v3 [64].
Specifically, two SNPs (rs1485087675 and rs1478197315) resulted in the loss of binding sites
for the same miRNA, hsa-miR-7155-5p. The third SNP (rs762026146) not only disrupted
the binding site of hsa-miR-7155-5p (resulting in target loss) but also created a binding site
for hsa-miR-7162-3p. It is worth noting that there is limited research on these miRNAs,
with only one publication suggesting that hsa-miR-7162-3p may play a role in the repair
of endometrial stromal cell injury [77]. Furthermore, there are no available studies for the
three variants prioritized and no association with male reproduction.

The present study has yielded a wealth of data and identified numerous SNPs in
AURKC, SPATA16, and SUNJ genes that hold promise for future investigations into the
molecular mechanisms of teratozoospermia. To guide future research efforts, functional
experiments can be designed to validate the roles of these SNPs in teratozoospermia. These
experiments may focus on assessing their functional impact on mRNA-miRNA interactions
and exploring how these SNPs influence the expression of AURKC, SPATA16, and SUN5
genes, particularly in tissues relevant to male fertility and reproductive organs, such as
the testes. Additionally, conducting large-scale GWAS studies in cohorts of individuals
with and without male infertility can provide valuable insights by determining whether
these SNPs are more prevalent in the affected group, thus establishing a link between these
genetic variants and male infertility risk.

As the variants identified in this study may significantly contribute to teratozoosper-
mia, it is imperative to discuss the role of UTR variants in gene regulation and their
potential impact on disease pathogenesis, particularly in the context of male infertility.
Variants situated within the 3’ UTRs of genes can exert profound effects on gene expres-
sion and subsequent cellular functions [78-80]. More specifically, these alterations can
affect mRNA stability, thus influencing the half-life of the messenger RNA and ultimately
modulating protein expression levels [81]. Additionally, disruptions in the 3’ UTR can
intricately perturb post-transcriptional regulatory mechanisms, encompassing RNA pro-
cessing, transport, localization, and degradation, consequently leading to dysregulation
of essential cellular processes and pathways. Furthermore, they might influence mRNA
localization within the cell, thereby impacting local protein synthesis and altering various
cellular activities [78-81]. Similarly, variations in the 5 UTRs can disrupt the efficiency
of translation initiation, thereby affecting ribosomal binding and subsequent translation
processes, ultimately resulting in variations in protein synthesis levels. Moreover, they
can interfere with the binding sites for specific transcription factors or regulatory proteins,
potentially influencing gene transcription and leading to dysregulation of downstream
cellular processes [42,78].

As the UTR variants identified in this study are within AURKC, SPATA16, and SUNS5,
they may disrupt the regulatory mechanisms of these genes, potentially contributing to
male infertility due to the crucial roles of the above genes in spermatogenesis. Specifically,
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AURKC regulates chromosomal segregation during meiosis, ensuring the production of
genetically balanced gametes [13], while SPATA16 is essential for sperm function and
fertilization, participating in various processes critical for normal sperm development
and function, including sperm-egg interaction and fusion [23,24]. Similarly, SUN5, be-
longing to the SUN domain family, is indispensable for sperm head shaping and nuclear
membrane remodeling during spermatogenesis [31,34]. Thus, any UTR variants in these
genes can potentially disrupt gene expression through the mechanisms described earlier,
consequently impacting the intricate process of spermatogenesis. It is also worth noting
that given the significant role of these genes in fertilization, UTR variants may extensively
disturb the processes involved in sperm production, affecting other crucial sperm param-
eters such as motility or count. Therefore, further investigations, including functional
experiments, are imperative to elucidate the precise mechanisms of action of the reported
variants and their specific impacts on additional sperm parameters beyond morphology
and teratozoospermia.

Furthermore, given the pivotal role of miRNAs in various cellular processes, it is
highly promising to delve deeper into the broader miRNA interaction network involving
the SNPs reported in this study. This exploration can help identify other miRNAs that may
be affected by these SNPs, unveiling potential overlapping or synergistic effects on gene
regulation. Notably, miRNAs altered by these SNPs may exhibit differential expression
between fertile and infertile males, offering the potential for their use as biomarkers for
assessing male infertility risk or as therapeutic targets. These avenues of research align
with the primary goal of our study, which was to provide a prioritized list of SNPs and
miRNAs to catalyze future investigations in the field of teratozoospermia.

Finally, it is important to acknowledge that while our study was an in-depth analysis
employing an extensive array of bioinformatics tools and stringent criteria, it is an in silico
study with inherent limitations. As such, further research is imperative to validate and
expand upon the findings presented here.

5. Conclusions

This study has unveiled the potential functional significance of six UTR SNPs in
AURKC, two UTR SNPs in SPATA16, and three UTR SNPs in SUN5), offering valuable
insights into the genotype—phenotype relationship in teratozoospermia. Additionally, we
have compiled a comprehensive list of miRNAs that normally target these genes, but their
binding is affected due to the identified UTR SNPs. Notably, the 11 SNPs identified in this
study have remained relatively unexplored to date and have not previously been associated
with male infertility. Similarly, limited information is available concerning the miRNAs
affected by these SNPs. Consequently, our study findings serve as a guiding map for
fellow researchers, facilitating the exploration of the molecular mechanisms underpinning
teratozoospermia. This research direction holds promise for advancing ART and enhancing
the diagnosis and prognosis of this condition.
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Table S2: RegulomeDB scores and ranks for all UTR variants in AURKC (all) and UTR variants in
AURKC with RegulomeDB rank <3 (significant); Table S3: 3DSNP scores for all UTR variants in
AURKC; Table S4: GERP scores for all UTR variants in AURKC; Table S5: UTR variants in AURKC
affecting miRNA binding sites according to miRNASNP v3 [64]; Table Sé: List of all UTR variants in
SPATA16; Table S7: RegulomeDB scores and ranks for all UTR variants in SPATA16; Table S8: 3DSNP
scores for all UTR variants in SPATA16; Table S9: GERP scores for UTR variants in SPATA16; Table
510: Impact of UTR variants in SPATA16 in miRNA binding sites according to miRNASNP v3 [64];
Table S11: List of total UTR variants in SUN5; Table S12: RegulomeDB scores and ranks for all UTR
variants in SUN5; Table S13: 3DSNP scores for all UTR variants in SUN5; Table S14: GERP scores for
UTR variants in SUN5.
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