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Abstract: In this study, we analyzed the regulatory properties of 26 (twenty-six) genes associated
with nonsyndromic male infertility. We applied an in silico analysis in order to determine the number
and distribution of promoters and identify relevant promoter consensus sequences and potential
transcription factors. Underlining the concept of alternative transcriptional initiation (ATI), we have
found that 65.4% of genes associated with nonsyndromic male infertility have 1 (one) to 6 (six)
promoters, located in the region 1 kb upstream of the TSS, and 41% of them are located at a position
below —500 bp. Although the TATA box consensus sequence TAWAAA, such as W is A or T, appears
at a common location in all genes, it is shifted for at least 10 bp in the EFCAB9 gene. The C2H2 zinc
finger is found to be the most significant common transcription factor, binding genes’ promoters
GLIS1, ZSCAN21, GLIS3, GLIS1, ZNF770, ZNF780A, ZNF81, and ZNF264. On the other hand, basic
leucine zipper factors (bZIPs) bind the JUNB gene promoter specifically, exhibiting unique regulatory
properties of all genes associated with nonsyndromic male infertility. Two genes, NANOS1 and
ZMYNDI15, are expected to be less susceptible to DNA methylation, due to the high density of CpG

content found in their promoter regions.

Keywords: nonsyndromic male infertility; genes; promoters; consensus sequence; TATA box;
transcription factors; CpG islands; in silico analysis

1. Introduction

Infertility, a term for the inability of organisms to naturally propagate, involves a com-
plex interaction of molecular, hormonal, and genetic pathways, particularly notable in the
context of human reproduction. Defined by the failure to conceive or sustain a viable preg-
nancy after a year of regular controlled ovulation and unprotected sexual intercourse [1],
infertility affects a substantial portion of the global population, with approximately 48.5 mil-
lion couples, constituting 15% of the couples worldwide [2]. A healthy young couple
typically faces a modest 20-25% chance of conception per menstrual cycle, highlighting the
multifactorial nature of conception [3]. Factors such as hormonal imbalances, age-related
declines, lifestyle influences (e.g., physical activity, obesity), infectious diseases, immuno-
logical factors, psychological stressors, surgical interventions, and anatomical obstructions
contribute to infertility, often with underlying genetic predispositions [3].

Notably, genetics plays a significant role in male infertility, accounting for 15-30% of
cases [4,5]. However, infertility is not associated with a single gene, but a lot of chromoso-
mal aberrations, single-gene mutations, and multifactorial inheritance patterns together
contribute to its etiology. Chromosomal abnormalities and single-gene mutations, for
instance, encompass about 10-15% of male infertility cases [6]. Male infertility, comprising
50% of all infertility cases, presents a complex clinical landscape, with causative factors
remaining unidentified in 30% of cases [7].

The complex nature of the process explains why the causes of infertility are identified
in only a portion of cases. Indeed, about 40% of cases remain undiagnosed and are classified
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as “idiopathic” [8]. It is believed that approximately 50% of these idiopathic cases could be
due to genetic defects [9].

Since the 1970s, it has been known that genetic anomalies can affect human fertility [10].
These anomalies fall into two categories: (i) karyotype anomalies, involving numerical or
structural changes, and (ii) genetic anomalies, affecting a single specific gene. When genetic
anomalies are present, syndromic conditions can be identified, where infertility is one of
several symptoms linked to a pathological syndrome This is known as syndromic infertility,
where infertility is usually not the primary issue. In contrast, nonsyndromic infertility
is caused by gene mutations that lead to absent or abnormal spermatogenesis, without
any other symptoms. Recent progress in molecular biology and medical genetics has
facilitated the discovery of the genetic causes of male infertility. Over the past decade, a new
research domain referred to as the “genetics of infertility” has emerged. Recent advances
in biocomputing [11-13] and whole genome sequencing techniques have allowed the
identification of an increasing number of gene mutations responsible for specific infertility
phenotypes. Early achievements in this area have attracted numerous new researchers. We
anticipate that the list of infertility-associated genes will significantly grow over the next
decade, leading to more available diagnostic tests. As a result, the number of idiopathic
infertility cases is expected to decline, as diagnostic testing will be available to more couples.
This research aims to explore the regulatory properties of genes associated with infertility
phenotypes [14].

Promoters, short DNA regions (100-1000 bp) located proximal to transcription start
sites (TSSs), regulate gene expression. Promoters control DNA transcription by direct
interaction with basal transcription machinery components, such as RNA Polymerase II
and transcription factors. They can be classified as core, proximal, or distal, depending
on the promoter location relative to the TSS [15]. Identifying promoters is the key to
defining transcription units, decoding gene structure, uncovering regulatory mechanisms,
and annotating gene function [16]. Within promoter regions, conserved DNA motifs are
crucial for gene regulation, and their systematic identification enhances our understanding
of regulatory networks [17].

Transcription factors (TFs) are regulatory proteins whose function is to activate (or
more rarely, to inhibit) the transcription of DNA by binding to specific DNA sequences [18].
TFs have defined DNA-binding domains, with an up to 106-fold higher affinity for their
target sequences than the rest of the DNA strand. These highly conserved sequences have
been used to categorize the known TFs into various “families” [19].

The TATA box is recognized in a sequence-specific manner by the TATA box-binding
protein (TBP), an essential factor involved in the initiation of transcription by all three
eukaryotic RNA polymerases. The TATA box sequence in eukaryotes is located about
25 bp upstream of many genes transcribed by RNA polymerase II (Pol II) and some genes
transcribed by RNA polymerase III (Pol III). The TATA box was originally identified as a
regulatory signal upstream of many protein-coding genes transcribed by RNA polymerase
II (Pol II) [19]. However, some tRNA and 55 RNA genes and most RNA polymerase III (Pol
III)-transcribed genes with external promoters also contain TATA boxes 25-30 bp upstream
of the transcription start site. When present in Pol III promoters, the TATA box can have a
significant effect on the efficiency and accuracy of the transcription of these genes by Pol
0T [20-23].

CpG islands (CGlIs) are genomic regions containing a high density of CpG dinucleotide
repeats. In mammalian genomes, CpG islands typically span 300-3000 base pairs and are
commonly found within or near approximately 40% of gene promoters. Importantly, CpG
dinucleotides within CpG islands are often unmethylated, especially in regions rich in GC
pairs like CpG clusters and CpG islands, which is a key feature of gene promoters and gene
expression control. The hypermethylation of CpG islands near promoters is associated
with the transcriptional silencing of the corresponding genes. DNA methylation induces
gene silencing through various mechanisms, including the inhibition of transcription
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factor binding and the alteration of chromatin structure, which can directly impact histone
acetylation and regulate the higher-order chromatin structure.

Numerous studies have demonstrated that promoter hypermethylation can lead to
the downregulation of key genes involved in various signaling pathways, such as cell cycle
regulation, apoptosis, DNA repair, drug resistance, detoxification, angiogenesis, invasion,
and metastasis [24].

In silico applications have emerged as promising resources in biological research,
assisting the rapid extraction of meaningful insights from biological data and driving
advances in bioinformatics and computational biology [25-28]. According to previous
studies [29-32], a lot of genes are associated with nonsyndromic male infertility.

This study aims to analyze the regulatory properties of 26 (twenty-six) genes associ-
ated with nonsyndromic male infertility in Yahaya et al., 2020 [29]. With the aid of in silico
applications, we aim to analyze the promoters” structure, identify alternative transcrip-
tional initiation sites (ATIs), analyze common motifs, and identify potential transcription
factors. We aim to contribute a deeper understanding of the genetic underpinnings of male
unexplained infertility.

2. Materials and Methods
2.1. Determination of Promoter Regions for Genes Associated with Nonsyndromic Male Infertility

Twenty-six sequences encoding genes associated with nonsyndromic male infertility
in [29] were retrieved in FASTA format from the National Center for Biotechnology Informa-
tion (NCBI) Genome Browser “https://www.ncbi.nlm.nih.gov/gene (accessed on 1 March
2024)” and in silico analyzed. Genes associated with syndromic infertility were excluded
from the scope of our analysis. The promotor region of each gene was identified using the
online Neural Network Promoter Prediction (NNPP version 2.2) application (BDGP: Neural
Network Promoter Prediction) “https:/ /fruitfly.org/seq_tools/promoter.html (accessed on
1 March 2024)”. According to prior methodologies [33-36], a minimum of 1 kilobase (kb)
upstream of the gene’s known transcription start site (TSS) needs to be considered in order
to identify gene promoters. The retrieved records were analyzed with NNPP v.2.2, with
a cut off value of 0.8 for significant promoter predictions [37]. Although there is no strict
promoter predictivity score threshold-level limitation and it could be set up either higher
or lower, other studies, such as [38], employ the same threshold level. Following NNPP
(Neural Network Promoter Prediction) program cross-validation results on a dataset of
unrelated eukaryotic genes, the number of false positives is expected to range between
0.4 and 0.8%, given the threshold level of 0.8, which is a tolerated rate of error in addition
to our analysis. In a case with multiple promoters, the prediction of the promoter with
the highest predictive score was considered as statistically most significant [39]. Promoter
regions of interest were 1 kb regions upstream of the known TSS of each gene.

2.2. Determination of Common Motifs and Transcription Factors for Promoter Regions of Genes
Associated with Nonsyndromic Male Infertility

We used the web-based analysis program MEME (Multiple Em for Motif Elicitation;
version 5.5.5: “https://meme-suite.org/meme/tools/meme (accessed on 1 March 2024)”
to search for the common motifs within the identified promoters of the genes associated
with nonsyndromic male infertility [40]. The motifs’ lengths ranged between 6 and 50 bp,
searching up to 5 (five) motifs. The resulting MEME output, in HTML format, containing
significant consensus motifs, was then parsed to the TOMTOM (Motif Comparison Tool)
“https://meme-suite.org/meme/doc/tomtom-output-format.html (accessed on 1 March
2024)” [41] web server for the identification of likely transcription factors (TFs) binding
the identified motifs. TOMTOM operates by comparing one or more motifs against a
database of known motifs, ranking them accordingly, and generating alignments for each
significant match.
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2.3. Gene Ontology Analysis

We used the GOMo (Gene Ontology for Motif) application “https://meme-suite.org/
meme/doc/gomo.html?man_type=web (accessed on 1 March 2024)” [42] to scan known
promoters against nucleotide motifs identified by the MEME application. This analysis
aimed to determine if any motif exhibited a significant association with the genes linked to
one or more Genome Ontology (GO) terms, suggesting the biological roles of the motifs
if significant GO terms identified. GOMo operates by searching through a set of ranked
genes to identify enriched GO terms that are associated with high-ranking genes.

2.4. Search for CpG Islands

We used the database of CG-rich islands and analytical tool (DBCAT) “http://dbcat.
cgm.ntu.edu.tw/ (accessed on 1 March 2024)” to search for CpG islands. This program
applies string-processing methods to detect CpG islands, based on the criterion CG con-
tent > 55%, Observed CpG/Expected CpG ratio > 0.65, and length > 500 bp [43].

3. Results
3.1. Identification of Promoters

Promoters were predicted for each of the 26 (twenty-six) genes associated with nonsyn-
dromic male infertility predisposition (Table 1). The NNPP application did not identified
any known promoter for the genes SPATA, AURC, CATSPER, SYCP3, SYCP2, DAZL,
XRCC2, TEX11, and TAF4BF, located in the region 1 kb upstream of the TSS, excluding
them from further analysis.

Table 1. Predictive score and number of promoters for each gene associated with nonsyndromic
male infertility.

No. of Promoters

Gene Symbol (Gene ID) Correspondlng Identified in Predictive Score at  Distance from Start
Promoter Region . Cut Off Value Codon (ATG) to
Full Name * Name Promoter Region 0.8 ** Uvpstream
(1000 bp Upstream) P
SPATA16 (ID: 8?;893) . Prom_SPATA 0
spermatogenesis associated 16 gene
AURKC .(ID: 6795) Prom_AURC 0
aurora kinase C
CATSPERI (ID: 117144) ' Prom_CATSPER 0
cation channel sperm associated 1
MTHER (ID: 4524)
methylenetetrahydrofolate reductase Prom MTHFR 2 087,098 —3719, 3709
EFCAB9 (ID: 285588)
EF-hand calcium binding domain 9 Prom_EFCAB9 2 0-97.0.96 —738, =305
FKBP6(ID: 8468)
FKBP prolyl isomerase family member =~ Prom_ FKBP6 2 0.85, 0.82 —1181, —484
6 (inactive)
SYCP3(ID: 50511) ‘ Prom_SYCP3 0
synaptonemal complex protein 3
HSF2 (ID: 3298)
heat shock transcription factor 2 Prom_HSF2 3 0.95, 0.85, 0.99 —720, —622, —328
SYCP2 (ID: 10388) . Prom_SYCP2 0
synaptonemal complex protein 2
MYBL1 (ID: 4603) B B
MYB proto-oncogene like 1 Prom_MYBL1 2 0.86, 1.00 989, —966
KIT (ID: 3815)
KIT proto-oncogene, receptor tyrosine  Prom_KIT 2 0.92,0.82 —772, =203

kinase



https://meme-suite.org/meme/doc/gomo.html?man_type=web
https://meme-suite.org/meme/doc/gomo.html?man_type=web
http://dbcat.cgm.ntu.edu.tw/
http://dbcat.cgm.ntu.edu.tw/

Reprod. Med. 2024, 5

140

Table 1. Cont.

No. of Promoters

Corresponding Predictive Score at  Distance from Start

Gene Symbol (Gene ID) Promoter Region Identified in . Cut Off Value Codon (ATG) to
Full Name * Name Promoter Region 0.8 ** Upstream
(1000 bp Upstream) P
KLHL10 (ID: 317719) _
kelch like family member 10 Prom_KLHL10 ! 096 2604
NANOS1 (ID: 340719) 0.96,0.85,0.80,0.85, —611, —588, —234,
nanos C2HC-type zinc finger 1 FProm NANOSI 6 1.00, 0.87 —95, —86, —65
PRMLI (ID: 5619) Prom_PRM1 4 084,098,093,1.00 o0 3% ~10L
protamine 1 -92
PRM2 (.I D: 5620) Prom_PRM2 3 0.80, 0.93, 1.00 —-319, —113, —105
protamine 2
SEPTIN12 (ID: 124404) Prom_SEPT12 3 1.00, 0.97, 0.92 —1226, —1083,
septin 12 -579
TNPl. QD: 7141). Prom_TNP1 3 0.93,0.96, 0.93 —973, —192, —33
transition protein 1
NP2 (ID: 7142) Prom_TNP2 1 0.99 —61
transition protein 2
DAZl(ID: 1617) . Prom_DAZ1 0
deleted in azoospermia 1
XRCC2 (ID: 7516) . Prom_ XRCC2 0
X-ray repair cross complementing 2
ZMYND15 (ID: 84225)
zinc finger MYND-type containing 15 Prom_ZMYND15 ! 090 736
TE)$11 (ID: 56159) Prom_TEX11 0
testis expressed 11
ADGRG2 (ID: 10149) —54850, —54799,
adhesion G protein-coupled receptor Prom_ ADGRG2 5 0.80, 0.84,0.99,0.99, —54573, —54547,
0.99
G2 —54319
CCDC62 (ID: 84660) Prom_ CCDC62 1 0.87 —270
coiled-coil domain containing 62
TAF4B (ID: 6875)
TATA-box binding protein associated =~ Prom_TAF4B 0
factor 4b
GALNTLS5 (ID: 168391)
polypeptide Prom_GALNTL5 3 0.99,0.97, 0.92 — 11388, —11254,

N-acetylgalactosaminyltransferase

like 5

—11021

* provided by HGNC “https://www.genenames.org/ (accessed on 1 March 2024)” ** Cut off value is set to 0.8 for
reliable predictions.

We have identified a single promoter sequence in the region of interest for the genes
KLHL10, TNP2, ZMYND15, and CCDC62 (Table 1), while all others displayed multiple
promoters (ranging from 2 (two) to 6 (six)), Table 1. The predicted promoters for all genes
had a predictive score ranging from 0.80 to 1.00. The majority of the predicted promoters
(41%) were located below —500 bp upstream from the start codon (ATG)—1 (one) promoter:
EFCAB9, FKBP6, HSF2, KIT, TNP2, CCDC 62, 2 (two) promoters: TNP1, 3 (three) promoters:
PRM1 and PRM2, and 4 (four) promoters: NANOS1 (Table 1). The rest were distributed
between —500 and —3000 bp (36%) (1 (one) promoter: EFCAB9, FKBP6, KIT, KLHL10,
PRM1, TNP1, ZMYNDI15, 2 (two) promoters: HSF2, MYBL1, NANOS]I, 3 (three) promoters:
SEPTIN) and beyond —3000 bp (23%) (2 (two) promoters: MTHEFR, 3 (three) promoters:
GALANTLS5, 5 (five) promoters: ADGRG), Table 1.

3.2. Common Candidate Motifs and Transcription Factors of Genes Associated with Nonsyndromic
Male Infertility

We used the motif-based sequence analysis tool MEME “https:/ /meme-suite.org/
meme/ (accessed on 1 March 2024)” [40] to search for common motifs within the identified
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promoters. Five candidate motifs were discovered by the MEME algorithm (Table 2). The
MEME application generated common candidate motifs for 14 (fourteen) nonsyndromic
male infertility-associated genes’ promoters. The identified motifs are distributed on both
positive (34 (thirty-four)) and negative (2 (two)) strands. The majority of candidate common
motifs in the promoter regions are densely located between —500 and —1000 bp of the
TSSs (Figure 1). Motifs that were shared by the majority of the promoter regions of the
genes associated with nonsyndromic male infertility were chosen for the determination of a
functionally important candidate motif. The number of binding sites within the identified
common motifs ranged between 6 (six) and 9 (nine), Table 2. The common motifs” length
was 41 or 50 bp, Table 2. Two motifs, Motifl and Motif5, were found in 64.2% of promoters,
while 3 (three) of the common motifs, Motif [2—4], were shared among 42.8% of promoters.
The motif with the highest e-value, being also common for 64.2% of the input sequences,
was Motifl, Table 2, Figures 1 and 2.

Table 2. Promoters’ common motifs (1 kb upstream of the TSS).

Discovell\'f[:gtﬁzndidate Numbs;‘c(l‘l/o())lllo:;(:;eer;/ICo(:ﬁtsaining E-Value Motif Width Numbe; ﬁi sBinding
Motifl 9 (64.2%) 1.20e-43 41 9
Motif2 6 (42.8%) 2.00e-44 50 6
Motif3 6 (42.8%) 2.00e-38 50 6
Motifd 6 (42.8%) 1.40e-33 50 6
Motif5 9 (64.2%) 1.30e-18 41 9

Name p-value  Motif Locations

Prom_EFCAB9 264e95 *— [ 1 .
Prom_FKBP6:73327161-73328161 1.00e-58 + I [T

Prom_HSF2:122398551-122399551 3.63e-6 * —
Prom_KLHL10:41834685-41835685 8.52e-27 + 1 /|
Prom_PRM1:c11282330-11281330 3.00e-87 * I . N |
Prom_PRM2:c11277480-11276480 1.62e-78 * 0

Prom_Septin12:c4792828-4791828 3.69e-104 * .
Prom_TNP1:c216861064-216860064 4.96e-13 * [ |
Prom_TNP2:c11270325-11269325 6.26e-6 * |

Prom_ 6.73e-13 f-

Prom_GALNTLS5:151955446-152019929  4.95¢-99 * 1 e e

Figure 1. Block diagrams showing the distribution and location of the candidate common motifs in
different genes associated with nonsyndromic male infertility, upstream of the TSSs, represented with
their symbols.

Motifl’s sequence is “CRGTGGCTCABGCCTGTAATCCCAGCACTTTGGGAGGC-
CRA” (Figure 2), such as, except for the four DNA nucleotides, R stands for Guanine (G)
and Adenine (A) found at an equal frequency, and B stands for an equal distribution of Gua-
nine (G), Cytosine (C), and Thymine (T) in the motif’s frequency matrix [41]. Nucleotides
with a constant presence in all 9 (nine) genes containing Motifl in their promoters are
Guanine on positions 6 and 34, Cytosine on positions 14 and 28, and Adenine on positions
18, 19, and 27.
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Figure 2. MEME Suite output showing sequence logos for the identified common promoter motif
(Motif1) of genes predisposing nonsyndromic male infertility.

In 6 (six) genes (GALNTLS5, SEPTIN12, PRM1, PRM2, EFCABY, and TNP2), Motifl is
located between positions: —800 and —400 from the TSS. In 2 (two) genes, the motif is even
further located: FKBP6 (—956) and CCDC62 (—998). CCDC62 is the only gene where the
Motifl site was found in the reverse complement of the supplied sequence. In the TNP1
gene, only 5 (five) nucleotides separate Motifl’s end and the TSS of that gene, Figure 3.

Log Likelihood Ratio: 339 |7 Information Content: 54.8 |7 Relative Entropy: 54.4 7 Bayes Threshold: 10.9591 |7
Name |7 Strand |7 Start!” p-value!” Sites |7
14. Prom_GALNTL5:151955446-152019929 + 401 1.11e-24 TAGCCGGGCG CCCTCGCTCACGCCTGCTAATCCCAGCACTTT CCGA GTC

- 0 N O S

~

. Prom_Septin12:c4792828-4791828
. Prom_PRM1:c11282330-11281330
. Prom_PRM2:¢11277480-11276480
. Prom_EFCAB9

. Prom_FKBP6:73327161-73328161 T
15. Prom_CCDC62:122773572-122827528 - 2 9.20e-17 T
10. Prom_TNP1:c216861064-216860064

A
+ 349 1.78e-24 A 5 CGGTGGCTCATCCCTGTAATCCCAGCACTTT AGGCCCA G
+ 344 5.65e-22 T« A CCGTGCGCTCATCCCTCTAATTCCAGCACTTT AGGCTCA G
+ 218 1.17e-21 Al 5 TGCGTGCCTCACACCTGTAATCCCAGCACTCT AGGCCGA C
+ 252 8.14e-21 AGG I CAATGGCTTCAGACCTGTAATCCCAGCACTTT AGGCCAA (
+ 44 2.59e-19 TG 5 CTGTACCTTACGCCTATAATCCCAGCACTTT AGGCCAA G

i o CGCACTGCCCTCTAACCCCAGCACTTT AGGCCAA' T

955 3.06e-13 T I'CA CAATGGCCAAGGCCTTAAATACCCAGACTCCTGGCCCCC GCCTTG

+

11, Prom_TNP2:¢11270325-11269325 - 550 2.03e-12 CCTGGTACCC AAGTTGCCCA CGTTAACAAAAACACCTCATCGATCGCT TCAGTGATGT

Figure 3. Motifl sequence site with the 10 (ten) flanking letters on either side and the position in the
sequence where the motif site starts.

Although Motif5, “GGCAGGAGRAKGGCBTGARCCCDGGRGGCRGMGSYTGCWGT”
(Figure 4), is the motif with lowest predictive score [37], it is interesting to observe. Letters
R, K, B,D, M, S, Y, W stand for an equal distribution on A/G, T/G, G/C/T, G/A/T,
A/C,C/G,T/G,and A/T content, respectively. Nucleotides with a constant presence in
all 9 (nine) genes that contain the motif are A on position 7, T on position 16, and G on
position 31. Motifl and Motif5 are the most frequent promoter common sequences, with
a top hit rate of 64,2% in 17 (seventeen) examined genes associated with nonsyndromic
male infertility. Motif5 was mainly distributed between positions —700 and —400 bp from
the TSS (EFCAB9, SEPTIN12, GALANTS5, PRM1, FKBP6, PRM2), and it was found almost
proximal to the TSS of 3 (three) genes: HSF2(—155), TNP1(—194), and KLHL10(—78). Our
findings clearly indicate that Motif5 comes in close proximity to the TSS only in 3 (three)
genes, HSF2, TNP1, and KLHL10, while being distributed away from position —400 in the
remaining genes, Figure 5.

The most reliable prediction for a common motif was Motifl, which serves as the
most-likely binding site for transcription factors involved in gene regulation and expression.

We have performed further analysis in order to gain deeper insights into Motifl’s
pattern. This pattern was then compared against motifs cataloged in publicly accessible
databases, to determine potential similarities with known regulatory motifs for transcrip-
tion factors (TFs), using the TOMTOM web application [41]. Accordingly, Motifl matched
with 9 (nine) known motifs documented in databases, Table 3.
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Log Likelihood Ratio: 276 |7

Information Content: 44.9 |7

Figure 4. MEME Suite output showing sequence logos for the identified common motif (Motif5) of
genes predisposing nonsyndromic male infertility.

Relative Entropy: 44.2 |7/  Bayes Threshold: 11.673 |7

Name |7 Strand |7/ Start!?” p-value!” Sites |7
1. Prom_EFCAB9 + 434 8.75e-25 A CAGGACGAATGGCGTCGAACCC AGGCGGAGCTTGCAGT G
9. Prom_Septin12:c4792828-4791828 + 524 4.35e-23 G \ GGCAGGAGAATGGCATGAACCCGGGAGGCGGAGCTTGCAGT G
14. Prom_GALNTLS5:151955446-152019929 + 576 5.92e-23 C TGA GACAGGAGAATGGCGTCARCCCGGGAGGCGCAGCTTGCAGT G
7. Prom_PRM1:c11282330-11281330 + 521 4.02e-16 G > GGCCAGAGGTTTGCTTGAACCCAGCGAGGCAGAGGTTGCAGT G
2. Prom_FKBP6:73327161-73328161 - 230 1.28e-15 G CAAGAGGATCTCTTCAGCCCA! AGTGGCGGCTGCAGT G.
3. Prom_HSF2:122398551-122399551 - 845 2.98e-12 T AGCAGAA TGGCAGCACAR CGCTGCCTCC T
5. Prom_KLHL10:41834685-41835685 + 922 3.29e-12 C AGGATAAGGCCCTAGGTACTGGTCT! CGCCTTCTGT CCA 3AG
8. Prom_PRM2:¢11277480-11276480 + 398 6.47e-12 G TCGCAGCGATCATCTCAGCTGGAS TAGAGGCTGCTAT GATCCATGAT
10. Prom_TNP1:¢216861064-216860064 + 806 2.5%e-11 AGC JACTT AACATAAAAACGGACCTCAAAACTCA CAGCCCTTGAGCT GCACGAAAAG

Figure 5. Motif5 sequence site with the 10 (ten) flanking letters on either side and the position in the

sequence where the motif site starts.

Table 3. List of matching transcription factors (TFs) which could bind Motifl.

Gene ID Gene Name Species TF Family Candidate TF .Sta’fls.tlcal
Significance
GLIS1 GLISI.HI2CORE.O.PB  Homo sapiens More than 3 adjacent  C2H2 zinc finger 5.43¢-04
zinc finger factors factors
ZSCAN21 ZSC21.H12CORE.O.PC  Homo sapiens More than 3 adjacent  C2H2 zinc finger 6.58e-04
zinc finger factors factors
GLIS3 GLIS3.H12CORE.O.PC  Homo sapiens More than 3 adjacent  C2H2 zinc finger 9.23¢-04
zinc finger factors factors
GLIS1 GLISI.HI2CORE.I.PB  Homo sapiens More than 3 adjacent  C2H2 zinc finger 2.67¢-03
zinc finger factors factors
ZNF770 ZN770.H12CORE.O.PB  Homo sapiens Multiple dispersed C2H2 zinc finger 2.92e-03
zinc fingers factors
ZNF780A Z780A.H12CORE.O.PC  Homo sapiens More than 3 adjacent  C2H2 zinc finger 3.52¢-03
zinc finger factors factors
ZNFs1 ZNF81.HI12CORE.OPC  Hormo sapiens More than 3 adjacent  C2H2 zinc finger 451e-03
zinc finger factors factors
ZNF264 ZN264 H12CORE.O.PB  Homo sapiens More than 3 adjacent  C2H2 zinc finger 4.986-03
zinc finger factors factors
JUNB JUNB.H12CORE.O.PM.A  Homo sapiens Jun-related Basic leucine zipper 5 0 3

factors (bZIPs)

We have found that Motifl bears a significant resemblance to the binding motif
recognized by zinc finger (ZNF) transcription factors in 8 (eight) genes, GLIS1, ZSCANZ21,
GLIS3, GLIS1, ZNF770, ZNF780A, ZNF81, and ZNF264, suggesting the common regulation
mechanism of these genes. On the other hand, in 1 (one) gene, JUNB, Motifl serves as a
binding site for basic leucine zipper factors (bZIPs), indicating a unique regulation property
among the genes associated with nonsyndromic male infertility. Hence, it is plausible
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that Motifl could function as a binding site for ZNF and bZIP TFs in humans, thereby
regulating the expression of these genes.

We also applied an alternative approach to identify a promoter consensus sequence
shared among the target genes. The predicted promoters with the highest NNPP score
were collected for each of the 17 (seventeen) genes. These sequences were then analyzed
using the MEME program. Applying MEME version 5.5.5, the application successfully
identified 1 (one) statistically significant consensus sequence, TAWAAA (E-value: 4.7e-004),
Figure 6, which was present in all 17 (seventeen) gene promoters of interest. Promoter
consensus sequence: TAWAAA, such as T stands for Thymine, A for Adenine, and W for
equal A/T appearance, has a width of 6 (six) nucleotides and appeared at 17 (seventeen)
distinct sites. It was observed on the positive strand in 15 (fifteen) sequences and on the
negative strand in 2 (two) sequences. Across the majority of sequences, TAWAAA or the
TATA box is positioned between positions 11 and 17 within the 50 bp promoter regions
of the highest scores, except for gene EFCAB9, where it starts at position 1, Figure 7. This
finding implicates a potentially different regulation mechanism of the gene EFCAB9.

DISCOVERED MOTIFS

Logo 7]

- B kol

E-value ?l Sites? width?] More[?] Submit/Download [”]

4.7e-004 17 6 1

Stopped because requested number of motifs (1) found.

Figure 6. MEME Suite output—consensus sequence “TAWAAA” (TATA box) found among the
highest scoring promoter regions.

Name p-value Motif Locations
HS_prom_EFCAB9 369-2 *
prom_FKBP6:73327161-73328161 8.33e-2 *
HS_prom_HSF2:122398551-122399551 231e2 *
HS_prom_KIT:54656957-54657957 1.56e-1 *
HS_prom_KLHL10:41834685-41835685 8.33e2 *
HS_prom_NANOS1:119028714-119029714 1.32e-1 *
HS_prom_PRM1:¢11282330-11281330 156e-1
HS_prom_PRM2:¢11277480-11276480 231e2 *
HS_prom_Septin12:c4792828-4791828 1.16e-2 *
HS_prom_TNP1:c216861064-216860064 1.16e2 *
HS_prom_TNP2:c11270325-11269325 9.40e-2 *
HS_prom_ZMYND15:4738833-4739833 2.03e-1 *
HS_prom_MYBL1:c66614218-66562175 1.16e-2 *
HS_prom_MTHFR:c11806964-11785723 1.16e-2 *
HS_prom_ADGRG2:¢c19123956-18989307 231e2 *
HS_prom_CCDC62:122773572-122827528 3692 *
HS_prom_GALNTL5:151955446-152019929  1.16e-2 *
Motif Symbol Motif Consensus
1. B TAWAAA

Figure 7. Highest scoring promoter regions and TATA box distribution within.
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INVESTIGATED MoTiFs

Overview

3.3. Gene Ontology for MOTIF1

We tried to identify Gene Ontology (GO) terms for the Motifl common promoter
sequence. This was accomplished using the GOMo (Gene Ontology for Motifs) application,
version 5.5.5 [42]. We have found in total 28 (twenty-eight) GO predictions with different
functions, Figure 8. The most specific GO terms associated with Motifl are biological
processes, such as nuclear mRNA splicing via spliceosome (48% specificity) and trans-
lational elongation (75%); cellular components, including the cytosolic ribosome (88%),
spliceosomal complex (41%), lysosome (42%), and mitochondrial membrane (34%); and
molecular function, including the structural constituent of the ribosome, Figure 8. For
the GO term with 100% specificity in prediction, GO:0003735 has a molecular function
and is found as a structural constituent of the ribosome; prediction score = 1.174e-02,
p-value = 1.068e-05 and g-value = 6.962e-03. It is defined as the action of a molecule that
contributes to the structural integrity of the ribosome and is related to all genes and gene
products annotated to structural constituent of ribosome and all direct and indirect annota-
tions to structural constituent of ribosome. It has a total 33983 annotations in papers in the
Eukaryota taxonomic group, where In Homo Sapiens has 6069 annotations: 5269 as rRNA
(165 mitochondrial, 55, 5.8S, 125, 16S, 185 and 28S ribosomal rRNA), 415 as protein (large
and small ribosomal subunit protein, NADH dehydrogenase (ubiquinone) 1 alpha subcom-
plex, putative ribosomal protein), 377 as gene product (coding and non-protein coding), 5
as ncRNA (large and small ribosomal subunit), 2 as tRNA (HSALNT0258931 and spliced
polyadenylated non-coding RNA), and 1 as snoRNA (partial 55SN1 small nucleolar RNA).
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Figure 8. List of Gene Ontology (GO) terms specific to Motif 1.

3.4. CpG Islands in Promoters and Gene Body Regions of Genes Associated with Nonsyndromic
Male Infertility

CpG islands (CGIs) typically occur towards the 5’ end of genes and contain dinu-
cleotides rich in GC content. There is a noted association between a lower frequency of
methylation and higher CpG density, and contrariwise [44]. DNA methylation involves
substituting the hydrogen attached to a cytosine base with a methyl group, leading to an
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increased chromatin compaction that impacts the binding of transcription factors [45]. If
“gene body” is defined as the entire gene from the transcription start site (TSS) to the end
of the transcript [46], the sequence 1 kb upstream from the transcription start site (TSS) we
define as the “promoter region”. Genome-wide methylation studies have shown that DNA
methylation is widespread not only in promoters but also in gene bodies [47]. We searched
for CpG islands in both the “promoter region” and “gene body” using the database of
CpG islands and the analytical tool (DBCAT) “http://dbcat.cgm.ntu.edu.tw (accessed on
1 March 2024)”, with search criteria of GC content > 55%, Observed CpG/Expected CpG
ratio > 0.65, and length > 500 bp. Accordingly, for the analysis of the “promoter region”
and “gene body” segments of all 17 genes, the program did not find any CpG island in
5 genes: EFCAB9, PRM1, PRM2, TNP1, and TNP2. The majority of the 12 genes have
one (1) CpG island located in the gene body (43.7%) and the rest have from 2 to 10 CpG
islands, such as in the SEPTIN12 and KLHL10 genes, Table 4. The length of the CpG
islands in the gene body is from 521 to 1616 bp, which is about 50-68% of the CG content,
Table 4. The CpG islands are usually located at the beginning of the gene body, close to the
TSS, except in the GALNTLS5 gene, where the first CpG Island starts at the 38 166 position
downstream of the TSS. When searching for CpG islands in the regions 1 kb upstream
from the TSS of the genes, the algorithm did not find any in 5 (five) genes, HSF2, KLHL10,
CCDC62, ADGRG2, and GALNTLS5, while all the rest have one CpG island located in the
promoter regions, Table 4. The majority of the CpG islands are located at the endings of the
promoter regions, close to the TSS, except in SEPTIN12, where the CpG island is located at
the beginning of the promoter region. All 7 (seven) promoter regions are rich in GC content
(56-69%) and in some cases with a length of 1 kb (Table 4).

Table 4. Number of CpG islands identified and fragment sizes for genes predisposing nonsyndromic
male infertility.

No. CpG Islands Discovered Fragment Sizes

Region Sequence Name (Start Location) (>500 bp) % GC Content

Prom_FKBP6 1(331) 720 62%
Prom_KIT 1(731) 1009 61%
Prom_NANOSI 1(119) 947 69%

1kb upstream from  p_ "7\ rvND15 1(86) 997 67%

the TSS Prom_MYBL1 1(77) 1007 59%
Prom_SEPT12 1(99) 590 56%
Prom_MTHFR 1(399) 685 64%
FKBP6 2 (82, 26751) 855, 640 58%, 51%
HSF2 1(82) 1006 59%
KIT 1(821) 1666 62%
KLHL10 1(961) 1162 65%
NANOS1 1(77) 1584 65%

Gene body SEPT12 3 (5151, 7593, 12776) 759, 869, 521 53%, 63%, 50%
ZMYND15 2 (75, 5119) 655, 1172 60%, 65%
MYBL1 1(90) 1105 59%
CCDC62 4 (80, 8559, 40725, 50782) 911,521,527,994  56%, 50%, 51%, 50%
ADGRG2 2 (81, 71660) 1616, 565 68%, 53%
MTHFR 1(78) 1011 61%
GALNTL5 1(38166) 865 51%

3.5. Validation

To verify the reliability of our findings, we have selected 10 (ten) human housekeeping
genes, GAPDH, PGK1, PPIA, RPL13A, RPLPO, B2M, SDHA, GUSB, HMBS, and TBP,
which are not associated with infertility, as a negative control group. These sequences
were retrieved in FASTA format from the National Center for Biotechnology Information
(NCBI) Genome Browser “https://www.ncbi.nlm.nih.gov/gene (accessed on 1 March
2024)” and analyzed, applying the same methodology and applications as we did for our
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target genes. We used the NNPP application to search for genes’ promoters within the
region of 1 kb upstream of the genes” known transcription start site (TSS) (Table 5), at a
promoter predictivity cut off value of 0.8. The number of identified promoters ranged
between 1 and 4, Table 5. We used the MEME application to search for common promoter
motifs and the top 5 (five) hits were reported, further referred to as hkg_cpml, hkg cpm?2,
hkg_cpm3, hkg_cpm4, and hkg_cpmb5 (Figure 9).

Table 5. Predictive score and number of promoters for 10 (ten) human housekeeping genes.

No. of Promoters

Corresponding Identified in Predictive Score at
l?uellﬁ\lsel};:;ll(ﬂ (Gene ID) Promoter Region Promoter Region Cut Off Value
Name (1000 bp 0.8 **
Upstream)
GAPDH (Gene ID: 2597)
glyceraldehyde-3-phosphate dehydrogenase Prom_GAPDH 4 084,10,087,1.0
PGKI (ID: 5230) . Prom_PGK1 3 0.98,0.97,1.0
phosphoglycerate kinase 1
PPIA (ID: 5478)
Peptidylprolyl isomerase A Prom_PPIA 2 091,10
RPLI3A (ID: 23521) Prom_RPL13A 3 0.98,1.0,1.0
ribosomal protein L13a
RPLPO (ID:285588)
Ribosomal protein, large, PO Prom_RPLFO 3 085,1.0,0.88
B2M (ID: 567)
Beta-2-microglobulin Prom_B2M ! L0
SDHA (ID: 6389)
Succinate dehydrogenase complex, subunit A, flavoprotein (Fp) Prom_SDHA 3 095,099, 0.99
GUSB (ID: 2990) Prom_GUSB 3 0.86, 0.89, 0.82
glucuronidase beta
HMBS (ID: 3145)
Hydroxymethylbilane synthase Prom_HMBS 2 096,082
TBP (ID: 6908) Prom_TBP 1 0.95

TATA box binding protein

* provided by HGNC “https://www.genenames.org/ (accessed on 1 March 2024)”; ** Cut off value is set to 0.8 for
reliable predictions.
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Figure 9. Human housekeeping genes’ common promoter motifs: hkg_cpm [1-5], identified by
MEME application.

We used EMBOSS Needle aligner [48] to compare the common promoter
Motifl="CRGTGGCTCABGCCTGTAATCCCAGCACTTTGGGAGGCCRA”, which is spe-
cific to genes associated with nonsyndromic male infertility, to all 5 (five) human housekeep-
ing genes’ common promoter motifs shown on Figure 9. Table 6 reports on the percentage of
similarity between Motif 1 and hkg_cpm [1-5], employing a gap opening penalty of 10 and
gap extension penalty of 0.5. The highest similarity percentage of 41.3% was obtained for
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hkg_cpm1="CCTGTARTCCCAGCTACTCGGGAGGCTGAGGCAGGAGRATBGCTTGAR-
CC”, while the lowest was for hkg_cpmb5, Table 6.

Table 6. Similarity percentage (%) between Motif 1 and hkg_cpm [1-5].

Common Promoter Motif Motif 1
hkg_cpm1 41.3%
hkg_cpm?2 12.5%
hkg_cpm3 29.9%
hkg_cpm4 28.8%
hkg_cpmb5 6.8%

The obtained results clearly show that Motif 1 and hkg_cpm [1-5] are highly dissimilar,
unrelated sequences, validating Motif 1 as a common promoter motif which is specific to
nonsyndromic male infertility-associated genes exclusively.

We have also identified a consensus motif for the 10 (ten) randomly taken human
housekeeping genes (GAPDH, PGK1, PPIA, RPL13A, RPLPO, B2M, SDHA, GUSB, HMBS,
TBP), unrelated to infertility. The consensus motif, TTTAWAAAARKBGMGGSC (Figure 10),
with a length of 18 (eighteen) base pairs and being present in all 10 (ten) negative control
genes, was identified. Our findings prove that the common form of the TATA box, which is
TAWAAA, such as W is A or T, can be exclusively attributed to the group of nonsyndromic
male infertility-associated genes.

Logo |7 E-value ” sites!? width!?]
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Figure 10. Human housekeeping genes’ consensus motif.

4. Discussion

Other studies also analyze the genes of interest in this article. For instance, Guerri
et al. [30] analyzed new candidate genes that might be responsible for male infertility
resulting from single-gene mutations, such that they developed an NGS panel to detect
nucleotide variations in the coding exons and flanking regions of all the genes associated
with infertility. Given that male infertility is suspected, Guerri and colleagues [30] analyze
the same set of genes as we do. However, there is a conceptual distinction between [30]
and our study. Guerri et al. [30] analyze mutagenesis contributing to nonsyndromic male
infertility, while we analyze the properties of the expression mechanisms of genes linked
to nonsyndromic male infertility. Guerri and colleagues [30] reported on pathogenic
missense, nonsense, and splicing mutations that cause azoospermia, macrozoospermia,
globozoospermia, and other conditions of sperm defects and nonsyndromic male infertility.
Another study [49] reviews the most common autosomal recessive and autosomal dominant
single-gene disorders involved in human infertility. The genes covered inside are SPATA16,
AURKC, CATSPER1, MTHEFR, and SYCP3. Okutman et al. [31] emphasize the challenges
of studying patient cohorts due to the multiple possible causes of male infertility, both
genetic and non-genetic, and the limited discernment of diagnostic tests. Phenotypic
homogeneity is a major paradigm in sporadic cases. Azoospermia has various causes,
making it very difficult, if not impossible, to classify them. According to Okutman et al. [31],
there are 17 (seventeen) human genes that, when mutated, lead to severe nonsyndromic
oligozoospermia and/or azoospermia without overlapping with female infertility. The
genes of interest in this study were also considered by Zorrilla and Yatsenko [50].

All these papers, and many more, study the impact of particular mutations upon
the function of genes, given that nonsyndromic male infertility has been confirmed on
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an individual basis. On the other hand, our study aims to identify common and unique
transcriptional properties of genes associated with nonsyndromic male infertility.

The transcription start site (TSS) refers to the first nucleotide being transcribed, while
the nearby genomic region of the TSS is often referred to as the core promoter [51]. Upon
receiving the right external signals, the core promoter takes part in the formation of a
transcription preinitiation complex alongside various accessory proteins, such as RNA
polymerase and transcription factors, helping the initiation of transcription [51-55]. The reg-
ulation of transcriptional initiation is a critical step in the control of gene expression [56,57].
The transcription of a gene may start from one of several TSSs, a phenomenon known
as alternative transcriptional initiation (ATI), and the different core promoters used are
alternative promoters [55,56]. It has been reported that ATI occurs to most eukaryotic
protein-coding genes [56-62]. For example, over 50% of all human genes have alternative
promoters [61], and on average, a human gene has 4 (four) TSSs [57]. ATI enables the
generation of transcripts from the same gene that vary in their 5 untranslated region (5’
UTR) or even the protein-coding region [63].

The identification of the transcription start site was a crucial point in addition to
this study, as we aimed to advance the identification and characterization of promoter
regions where significant regulatory elements are expected to bind, playing a pivotal
role in gene regulation [64]. This analysis found that 65,4% of the genes associated with
nonsyndromic male infertility have 1 (one) to 6 (six) promoters 1 kb upstream of the TSS.
Dai and colleagues [65] suggested that genes attributed with multiple promoters increase
the likelihood of transcription initiation and contribute to gene expression in response to
changes in environmental conditions. This finding agrees with our findings. The location
of the majority of identified promoters was at <—500 bp from the start codon.

Transcriptional factors modulate gene expression through binding to a specific DNA
sequence, usually found upstream of the gene, or the genomic region that they control [12].
There are several known transcription factors involved in the expression of nonsyndromic
male infertility-associated genes, such as DMRT (Doublesex and Mab-3 Related Transcrip-
tion factor), SOX9, HOXA10, FOX]J1, and Zinc Finger Proteins [29,32,66]. On the other
hand, WT1 (Wilms tumor 1 protein), Steroidogenic factor-1 (SF-1), and FOXL2 (Fork-
head box protein L2) were proved to be involved in the expression of syndromic male
infertility-associated genes [67-71]. Our study reports C2H2 zinc finger protein as a com-
mon transcription factor of nonsyndromic male infertility-associated genes. However, there
is an exception when it comes to the JUNB gene, which is transcribed by basic leucine
zipper factors (bZIPs) specifically.

Motifl, “CRGTGGCTCABGCCTGTAATCCCAGCACTTTGGGAGGCCRA”, was iden-
tified as the most reliable common promoter motif for genes associated with nonsyndromic
male infertility, which serves as a binding site for C2H2 zinc finger (ZNF) transcription
factors, to regulate the expression of these genes. Although C2H2 zinc finger TF was found
as a common and most significant transcription factor, binding promoters in several genes
such as GLIS1, ZSCAN21, GLIS3, GLIS1, ZNF770, ZNF780A, ZNF81, and ZNF264, we
have found that Motif1 also serves as a biding site for basic leucine zipper factors (bZIPs)
in JUNB gene. Our finding suggests that the JUNB gene might have different regulation
properties compared to the other genes, which remains to be experimentally verified in
the future.

The most significant common motif, Motif1, was found to be associated with 28 (twenty-
eight) Gene Ontology terms, including biological processes, such as nuclear mRNA splicing
(via spliceosome) and translational elongation. Our study has also found that the highest-
ranking promoter predictions share a common TATA box consensus sequence, TAWAAA,
such as W is A or T. We have also found that the TATA box in the EFCAB9 gene is located
at least 10 bp away from its common position in the rest of the genes associated with
nonsyndromic male infertility.

The CpG analysis showed that in total 12 (twelve) genes associated with nonsyndromic
infertility have at least 1 (one) CpG island in the “gene body” and 7 (seven) of them
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have a CpG island in the promoter region. The top 2 (two) genes, with the highest CpG
density in their promoter regions and a fragment size of approximately 1 kb, are NANOS1
(fragment size = 947 bp, %CG content = 69%) and ZMYND15 (fragment size = 997 bp,
%CG content = 67%), which are expected to be less susceptible to DNA methylation,
compared to the other genes associated with nonsyndromic male infertility, reducing the
malfunctioning risk.

There are also certain limitations, in addition, to our in silico analysis. Gene mutations,
such as SNPs or indels, which usually interfere with TF binding activity, are not considered
in this study, as we primarily aim to analyze the control mechanisms of the regulation of
genes associated with nonsyndromic male infertility. There are also limitations in addition
to the used in silico applications. The NNPP program (Neural Network Promoter Predic-
tion) implements a time delay neural network, and the accuracy of the prediction depends
on the amount of gene data used to train the model. Accordingly, less reliable predictions
are expected for unknown inputs or inputs accumulating high rates of mutations. Accord-
ing to Bucher et al. [72], the accuracy of prediction and the predictivity score threshold
levels are inversely proportional, or there is an increase in the number of the false positives
as soon as the predictivity score threshold level starts to drop out [38]. Given that MEME
primarily scans for un-gapped motifs, motifs containing indels (insertions/deletions) might
be neglected. The number of input sequences, which is currently limited up to 50, is
another limitation, in addition, to the MEME application. On the other hand, the TOMTOM
program performs input motif query searching against a database of known motifs. Given
the un-gapped alignment nature of the algorithm, motifs accumulating indels may not be
recognized. In such cases, the method of Sandelin and Wasserman [73] would be more
appropriate, as it preforms gapped motif-to-motif alignments.

5. Conclusions

This study highlights the importance of gaining a deeper understanding of the com-
plex network of elements regulating the expression of male infertility-associated genes. By
clarifying the presence of multiple promoters, identifying candidate transcription factor
binding motifs, and revealing functional developments, we have shed light on the com-
plex regulatory networks leading to male infertility. These findings not only deepen our
understanding of the molecular mechanisms underlying male infertility, but also hold
promise for advancing diagnostic approaches in this field. Future experimental validation
of these computational predictions will be helpful in translating these insights into clinical
applications, potentially helping the development of targeted therapies and personalized
treatments for male infertility. We believe that our study will be a roadmap for further
research in order to establish a rapid, individual, and detailed diagnosis of idiopathic
infertility in couples as a cause of nonsyndromic male infertility.
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