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N o G ke W

Abstract: Background: Sperm samples are separated into bad and good quality samples
in function of their phenotype, but this does not indicate their genetic quality. Methods:
Here, we used GeneChip miRNA arrays to analyze microRNA expression in ten semen
samples selected based on high-magnification morphology (score 6 vs. score 0) to identify
miRNAs linked to sperm phenotype. Results: We found 86 upregulated and 21 downregu-
lated miRNAs in good-quality sperm (score 6) compared with bad-quality sperm samples
(score 0) (fold change > 2 and p-value < 0.05). MiR-34 (FC x 30, p = 8.43 x 10~8), miR-30
(FC x 12, p=3.75 x 107%), miR-122 (FC x 8, p = 0.0031), miR-20 (FC x 5.6, p = 0.0223),
miR-182 (FC x 4.83, p = 0.0008) and miR-191 (FC x 4, p = 1.61 x 10~°) were among these
upregulated miRNAs. In silico prediction algorithms predicted that miRNAs upregu-
lated in good-quality sperm targeted 910 genes involved in key biological functions of
spermatozoa, such as cell death and survival, cellular movement, molecular transport,
response to stimuli, metabolism, and the regulation of oxidative stress. Genes deregulated
in bad-quality sperm were involved in cell growth and proliferation. Conclusions: This
study reveals that miRNA profiling may provide potential biomarkers of sperm quality.

Keywords: microRNA; male infertility; spermatozoa; biomarkers; high magnification

1. Introduction

Infertility is a multifactorial pathology. Male infertility represents ~50% of all cases
and is often due to abnormal sperm quality [1]. Today, the study of male infertility is largely
limited to clinical examination, hormone assessment, karyotyping, and sperm functional
parameter analysis [2]. However, the molecular analysis of spermatozoa could provide
invaluable information on sperm quality to further understand male infertility. Compre-
hensive omics studies have recently been conducted in humans to better understand the
complex processes related to spermatogenesis and male fertility at the gene methylation [3],
transcript [4], and protein [5,6] levels. Post-transcriptional regulation of genes involved
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in spermatogenesis, particularly through miRNAs, is known to play a pivotal role in this
process [7,8]. Nevertheless, despite substantial progress, the precise effects of miRNA
dysregulation on sperm quality and male infertility remain to be elucidated.

We previously described a novel scoring system (ranging from 0 to 6) for living sper-
matozoa based on strict morphological criteria [9]. Spermatozoa with a score of 6 exhibit
a normal head shape, characterized by a symmetrical nuclear membrane without invagi-
nations or extrusions, the absence of vacuoles, and a normal base (the lower third of the
sperm head extending to the neck where the centrosome is located). In contrast, sperma-
tozoa with a score of 0 present head abnormalities, a defective base, and vacuoles. We
found correlations between score, methylation pattern, and gene expression levels [3,10,11].
We hypothesized that such a score could also be influenced by the post-transcriptional
regulations orchestrated by microRNAs (miRNAs). Indeed, sperm contain numerous small
non-coding RNAs [12], including miRNAs [13,14].

MiRNAs are short, single-stranded non-coding RNA (typically ~22-nucleotide long)
that post-transcriptionally repress the expression of their gene targets by binding to spe-
cific regions of target mRNAs, leading to decreased protein expression [15,16]. It is well
established that miRNAs and their associated machinery play a critical role in regulating
spermatozoa differentiation in the testes [17,18]. They are also involved in germ cell differ-
entiation, a key aspect of spermatogenesis, which is a continuous process during postnatal
life in males [19]. Therefore, it is important to investigate the effect of miRNA deregulation
on male fertility. Moreover, some of these miRNAs could be candidate biomarkers of
sperm quality.

Transcriptomic approaches, such as microarrays and next generation sequencing, have
been used to identify the miRNA expression patterns in human testes and spermatozoa [20].
For instance, Barad et al. identified five tissue-specific miRNAs that are overexpressed in
the testes [21]. Moreover, Yang et al., described the small RNA transcriptome of the testes in
three healthy men [22]. Other groups used RNA sequencing (RNA-seq) to characterize the
miRNA content in sperm samples [13,23]. Moreover, differential miRNA expression has
been observed in men with normal versus impaired spermatogenesis [24] and in abnormal
semen from infertile men versus the normal semen of healthy donors [25]. All these studies
suggest that miRNA deregulation may affect spermatogenesis and contribute to infertility.
The aim of this study was to investigate the miRNAome of spermatozoa classified based
on their morphology (score 6 versus score 0) using miRNA microarrays and bioinformatics.
The objective was to identify by in silico analysis, the putative gene targets and functional
pathways affected by the miRNAs that are differentially expressed in good versus bad
morphology spermatozoa.

2. Materials and Methods
2.1. Sample Collection and Preparation

The study received approval from the Institutional Review Board (IRB) of the French
Language Andrology Society (IORG0010678) under the reference number 202304. The
research was conducted at the Assisted Reproductive Technology (ART) Unit of the Drouot
Laboratory in Paris, France. All participants provided written informed consent prior
to their inclusion in the study. They were informed that their semen samples would be
analyzed using high magnification and molecular biology techniques after the clinical tests.
This procedure did not influence their treatment. No financial compensation was offered,
and all data were anonymized. For this study, ten couples with infertility issues (female,
male, or both) were enrolled at our ART unit (approved date April 2023).

Motile spermatozoa were separated and purified using a bilayer density gradient
method. Conical tubes containing 90% and 45% Isolate Sperm Separation Medium
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(ref. 99264; Fujifilm Irvine Scientific, Santa Ana, CA, USA) were centrifuged at 300x g
for 15 min. The supernatant was then carefully removed, and the resulting sperm pellets
were rinsed with modified Human Tubal Fluid medium (ref. 90126; Fujifilm Irvine Scien-
tific, Santa Ana, CA, USA). The pellets were subsequently centrifuged at 600 x g for 10 min.
After centrifugation, the pellets were resuspended in 500 pL of Tubal Fluid medium, and
sperm cells were counted under a light microscope at high magnification. Only motile
spermatozoa were selected based on strict morphological criteria and a validated scoring
system, using a magnification of x6100 [26]. Briefly, spermatozoa assigned “score 6” dis-
play a symmetrical nucleus, absence of vacuoles, and a normal base. In contrast, those with
a score of 0 show head deformities, presence of vacuoles, and an abnormal base [9]. The
analysis focused on 10 fresh sperm samples from 10 men (aged 36.7 & 3.1 years), collected
following a period of 2 to 3 days of sexual abstinence, as recommended by standard guide-
lines and categorized based on their sperm morphology scores [9]: five with a score of 6
and five with a score of 0. The patients are of Caucasian descent and reside in the Paris
region (le-de-France). They are in good health, live in a non-toxic environment, and are
not exposed to endocrine disruptors. The characteristics of these samples are detailed in
Supplementary Figure S1. Each sample was frozen and stored at —80 °C for subsequent
miRNA isolation.

2.2. MiRNA Extraction

The RNA was extracted using a commercial kit (miRNeasy Kit, Qiagen, Hilden,
Germany), according to the manufacturer’s instructions. Briefly, samples were thawed on
ice, homogenized, and QIAzol® Lysis Reagent (Qiagen, Hilden, Germany) was added to the
sperm pellet and homogenized using a 20-G needle. The samples were then vortexed and
incubated at room temperature for 5 min to ensure membrane dissociation. After incubation,
200 pL of chloroform was added. After vigorous shaking for 15 s and incubation at room
temperature for 3 min, phases were separated by centrifugation at 12,000 g at 4 °C for
15 min. The upper aqueous phase (400 nL) was transferred to a gDNA eliminator column
(Qiagen) to prevent DNA contamination of the purified RNA. Following centrifugation at
8000x g, at 4 °C for 30 s, the DNA-free phase was mixed with 600 uL of 100% ethanol by
gentle pipetting. A total of 700 puL of the sample was transferred to an RNeasy MinElute
spin column (Qiagen, Hilden, Germany) in a 2 mL collection tube and centrifuged at
8000x g at room temperature for 15 s to allow RNA binding to the membrane. This step
was repeated with the remaining 300 pL of the sample using the same column. The column
was then sequentially washed with 700 uL of RWT buffer, 500 pL of RPE buffer, and
500 pL of 80% ethanol, each time centrifuging at 8000x g at room temperature for the
specified times and discarding the flow-through after each wash. The column was then
dried by centrifuging at 15,000x g at room temperature for 6 min. RNA was eluted by
adding 14 pL of nuclease-free water to the spin column membrane and centrifuging at
15,000 g, at room temperature, for 1 min. Total RNA (concentrations ranged from 26 to
127 ng/uL) was quantified using a NanoDrop® One spectrophotometer (Thermo Fisher
Scientific, Wilmington, DE, USA), and its integrity was assessed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). All samples were stored at —80 °C
for further analysis.

2.3. MiRNA Microarray Analysis

Microarray technology is a very powerful high-throughput tool for monitoring the
expression of thousands of miRNAs at once in samples processed in parallel in a single
experiment [27]. The profiling of miRNA expression was carried out using the GeneChip
miRNA 4.0 arrays from Affymetrix® (Thermo Fisher Scientific, Courtaboeuf, France). To
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produce biotin-labeled RNA, the Affymetrix® FlashTag™ Biotin HSR RNA Labeling Kit
(Thermo Fisher Scientific, Courtaboeuf, France) was employed. In summary, 200 ng of
extracted RNA was subjected to poly-A tailing at the 3’-end, followed by the attachment of
a biotin-labeled 3DNA molecule facilitated by a DNA ligase. The labeled RNA samples
were then hybridized onto the GeneChip miRNA 4.0 arrays in an Affymetrix® Oven 455
(Thermo Fisher Scientific, Courtaboeuf, France) under controlled conditions (48 °C, 60 rpm
rotation) for 18 h. Following hybridization, the arrays were washed and stained using the
GeneChip™ Hybridization, Wash, and Stain Kit (Thermo Fisher Scientific, Courtaboeuf,
France) on an Affymetrix® Fluidic Station 450. The arrays were finally scanned with the
Affymetrix® GeneChip Scanner 3000 7G. Each sample was independently analyzed on a
dedicated GeneChip miRNA array.

2.4. Data Analysis and Bioinformatics Processing

The raw .CEL files were produced using the Affymetrix® GeneChip Command Con-
sole Software (version 4.0, Thermo Fisher Scientific) and subsequently processed in the
Affymetrix® Transcriptome Analysis Console (TAC) software (version 4.0, Thermo Fisher
Scientific). Intensity normalization was performed using the robust multi-array average
(RMA) method. Comparative analysis was conducted between S6 and SO samples, with
p-values adjusted according to the Benjamini-Hochberg FDR correction. miRNAs showing
an FDR < 0.05 and a fold change (FC) of >2.0 or <—2.0 were considered significantly
upregulated or downregulated. Principal component analysis (PCA) and hierarchical
clustering were applied to evaluate sample grouping based on the differentially expressed
miRNAs, using the Transcriptome Analysis Console software v4.0. Previously published
DNA sequencing data [3] were utilized to investigate the methylome of S6 and SO samples,
focusing on identifying differential methylation at miRNA target genes. The raw sequenc-
ing data were aligned to the human reference genome (Homo sapiens, GRCh37/hg19) using
BSMAP software (v2.89). Uniquely mapped reads without PCR duplicates were processed
for bigwig file generation using the deeptools bamCoverage tool (v3.3.5) [28] with the fol-
lowing parameters: --binSize 1 --normalizeUsing RPGC --effectiveGenomeSize 2701495761
--scaleFactor 1.0 --minMappingQuality ‘1" --ignoreForNormalization chrX chrM.

2.5. Integrative Analysis of miRNA and mRNA Expression

IPA (Ingenuity Pathway Analysis, www.ingenuity.com (accessed on 2 June 2024)) was
used to identify interactions between miRNAs and their mRNA targets. miRNAs (and
their expression values) and target genes were uploaded into the software where each
gene symbol was mapped to its corresponding gene object in the Ingenuity Pathways
Knowledge Base. The sources for validated miRNA data included TarBase, miRecords,
and TargetScan, along with miRNA-mRNA interactions from peer-reviewed biomedical
literature. Only interactions between miRNAs and mRNAs validated by experimental
observations were selected. Gene networks were algorithmically constructed based on
connectivity and given a score to rank networks according to their relevance to the genes
in the input dataset; however, this score does not necessarily indicate network quality or
significance. The score reflects the number of focus genes in the network and network
size, estimating the relevance to the initial list of focus genes. The S6-miRNA target genes
were imported into IPA, where each gene identifier was mapped to a global molecular
network derived from data in the Ingenuity Pathways Knowledge Base. Networks of these
genes were generated based on connectivity, and a network score was calculated using a
hyper-geometric distribution with a right-tailed Fisher’s exact test, considering a p-value
of <0.05 as significant. Functional enrichment and pathway analyses were carried out
using ShinyGO [29] and GSEA (http:/ /www.broadinstitute.org/gsea/ (accessed on 7 June
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2024)). Gene Ontology (GO) terms were classified into three main categories: biological
processes, molecular functions, and cellular components. Fisher’s exact test was applied to
evaluate the enrichment of genes in specific terms, with a significance threshold set at an
adjusted p-value of <0.05. Additionally, pathway analysis of target mRNAs was performed
to highlight key pathways, utilizing the IPA software (version 24.0) and the KEGG database.
Using GTEx RNA-seq data integrated within IPA, we examined gene expression across
thirty tissues and identified genes that are significantly downregulated in the testis.

2.6. Statistical Analysis

Only genes (miRNAs) with an adjusted p-value < 0.05 and a fold change >2 were
selected as differentially expressed and included in the analysis. Fisher’s exact test and
unadjusted p values were used for the IPA.

3. Results
3.1. MiRNAs Expression Patterns in Score 6 and Score 0 Spermatozoa

The GeneChip™ miRNA 4.0 Array (Thermo Fisher Scientific, Courtaboeuf, France)
was used to examine the miRNA expression profiles in ten sperm samples (five with score 6,
56, and five with score 0, S0). The collected data were then analyzed by PCA and hierarchi-
cal clustering to visually summarize the normalized miRNA expression profiles and detect
similarities and differences among samples (Figure 1A,B). These results showed a distinct
directionality of S6 and S0 samples, suggesting that their miRNA profiles were significantly
different. Indeed, a comparison of their miRNA profiles with the Transcriptome Analy-
sis Console (TAC) software (version 4.0, Thermo Fisher Scientific) (with a 2-fold change
threshold and a false discovery rate, FDR, <5%) identified 107 differentially expressed
miRNAs between S6 and SO samples. Specifically, 21 miRNAs were downregulated, and 86
miRNAs were upregulated in the S6 samples. The list of differentially expressed miRNAs
(up/downregulated) between S6 and SO samples are in Supplementary Tables S1 and S2.
The heatmap based on these differentially expressed miRNAs separated perfectly the
“S6-miRNA signature” and “S0-miRNA signature” (Figure 1C). In the “S6-miRNA signa-
ture”, miRNAs with high fold change (FC) included miR-132-3p (FC x 41.5), miR-1973
(FC x 32.4), miR-34b-3p (FC x 30.2), miR-25-3p (FC x 27.3), miR-342-3p (FC x 24.8), miR-
15b-5p (FC x 14), miR-125a-5p (FC x 13.8), miR-30c-5p (FC x 12.1), miR-625-5p (FC x 9.7),
miR-100-5p (FC x 8.3), miR-122-5p (FC x 8), and hsa-miR-10b-5p (FC x 8). Conversely,
the “S0-miRNA signature” included few miRNAs with high FC, particularly miR-6877-3p
(FC x 17.4), miR-1299 (FC x 10.2), miR-127-3p (FC x 7.8), miR-6875-3p (FC x 7.7), miR-6753-
3p (FC x 5.7), miR-3944-3p (FC x 5.7), and mir-4525 (FC x 4.7). The expression levels of the
miRNAs that best represented the “S6-miRNA signature” are shown in Figure 1D.

3.2. Regulatory Roles of the miRNASs in the S6-miRNA Signature

Then, the Ingenuity Pathway Analysis (IPA) identified 910 mRNAs targeted by the
86 miRNAs upregulated in S6 samples and 15 mRNAs targeted by the 21 miRNAs down-
regulated in 56 samples (Supplementary Tables S3 and S4). Given the low number of targets
by miRNAs of the SO-miRNA signature, the next analyses focused only on the upregulated
56 miRNAs. Analysis of the Gene Ontology (GO) terms associated with the “S6-miRNA
signature” revealed that the miRNA targets were particularly implicated in specific bio-
logical processes, e.g., regulation of cell proliferation (GO:0042127), cellular response to
chemical stimulus (GO:0070887) and regulation of programmed cell death (GO:0043067),
molecular functions, e.g., protein kinase activity (GO:0004672), phosphotransferase ac-
tivity (GO:0016773), growth factor binding (GO:0019838)], and cellular components (e.g.,
membrane, nucleus) (Figure 2A). Next, Gene Set Enrichment Analysis (GSEA) and IPA
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A PCA2 18.7%

PCA3 11,6%

were used to identify upstream transcriptional regulators, significant canonical pathways,
and relevant gene networks. GSEA showed the enrichment of gene sets associated with
regulation of programmed cell death, regulation of phosphorylation, positive regulation
of cell proliferation, and regulation of metabolic process (Figure 2B). IPA indicated that
the top canonical pathways were linked to cellular growth, proliferation and development,
cellular stress, and organismal growth (Figure 2C).

T |
( ..‘O.C.... 6
® S6 Score 6 | Score 0

q
v - - - - -
! \ 10907 miR-132-3p 19997 mir.1973 1007 mir-34b-3p  °7  mir-25-3p 10007 miR.342-3p

L 3
. : 100+ 100 100+ 100
'
'
/! 10 10 10 10 10
. 01

S0 ' s6 S0 ' s6 " s0 " s6 S0 ' S6 S0 ' S6

"7 miRr-15-5p %7 mir-25asp " mir3oc-sp " mir-625-5p '™ miR-100-5p

miRNA expression

1004 100+

. PCA1 38.4%
10 10 10 10 f 10
14 1 1 ? 1 1
. . 0. T 04

Figure 1. Differences in the global miRNA expression profiles of S6 and S0 sperm samples. (A). Unsu-
pervised 3D PCA representing the miRNA expression patterns of S6 spermatozoa (1 =5 samples) and
S0 spermatozoa (1 = 5 samples). Each sample was analyzed using the GeneChip® miRNA 4.0 Array.
Red dots, S6 samples; blue dots, SO samples. (B). Hierarchical clustering of the samples using the
differentially expressed miRNAs with the highest variation. S6 and SO samples (n = 5/each group)
are clustered in two distinct groups. (C). Heat map of the S6 and SO miRNA signatures based on the
107 miRNAs that are differentially expressed between S6 and SO samples. Each column corresponds
to a specific miRNA, and each row represents a sperm sample. The color scale reflects the relative
miRNA expression levels, with red indicating higher expression and blue indicating lower expression.
(D). Violin plots showing the expression of the top 10 upregulated miRNAs in S6 samples based on
the TAC analysis of the microarray data. S6: good quality samples, SO: bad quality samples.

IPA was also used to examine the interactions within the 910 mRNAs targeted by
S6-miRNAs. This analysis identified six networks associated with (i) cellular growth and
proliferation, (ii) cell cycle, DNA replication and repair, (iii) system development and
function, tissue morphology, (iv) reproductive system disease, (v) cell morphology, cellular
assembly and organization, cellular function and maintenance, and (vi) cell death and
survival and developmental disorder (Figure 3).
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Figure 2. Analysis of GO terms associated with S6-miRNA targets and their functions. (A). Analysis
of significantly represented GO terms. Pathway enrichment analyses were carried out using the
human gene names of S6-miRNA targets. The size of the blue dots reflects the degree of enrichment,
with larger dots representing more significant p-values. (B). GSEA was conducted using the S6-
miRNA targets. The heat map illustrates the clustering of genes within the leading-edge subsets,
emphasizing the dynamic expression of genes associated with programmed cell death regulation,
phosphorylation, positive regulation of cell proliferation, and metabolic processes. Genes are shown
on the vertical bars colored from deep blue (top rank) to blank (lowest rank). (C). Bubble plot of
the overlapping canonical pathways associated with S6-miRNA targets. The circle size reflects the
number of genes involved in the pathway. The canonical pathways were categorized into various
types based on the IPA database.

Then, the IPA miRNA Target Filter was used alongside genes predicted to be targets of
S56-miRNAs to identify potential miRNA-mRNA interactions. This analysis predicted that
56-miRNAs interacted with protein-coding genes involved in intercellular communication
in sperm motility, mammalian target of rapamycin (mTOR) signaling, oxidative stress,
intrinsic pathway for apoptosis, and senescence (Figure 4). For instance, miR-100, miR-30c,
miR-182, miR-23a, and miR-16 interacted with genes that participate in the regulation of
sperm motility, such as FGFR1, FGFR3, MET, IGF1R, and SLC12A2. Moreover, miR-30c,
miR-16, miR-10a, miR-122a, miR-184, and miR-31 functionally interacted with mTOR, AKT?2,
ERK1/2, PP2, PPP2R5C, PPP2R2A, and PTPA. Two miRNAs (miR-125b and miR-532) formed
a tightly connected network with E2F3 and E2F1 and were central in the regulation of
oxidative stress. In addition, miR23a, miR-10a, miR-30c, miR-125b, miR92a, Let-7a, miR-31,
miR-99a, miR-197, miR191, miR-183, miR-342, miR-532, miR-150, and miR-100 interacted with
genes implicated in the regulation of programmed cell death such as BCL2L11, BCL2L1,
CASP3, CDKN2A, ERK1/2, BMPR2, SMAD1/5/9, Cyclin E, and AKT2. Altogether, these
results are in line with the major processes that occur during spermatogenesis and that
influence sperm quality.
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Figure 3. Top-ranked functional networks of the S6-miRNA target genes. Top networks identified
by IPA of S6-miRNA target genes related cell growth and proliferation, cell cycle regulation, DNA
replication and repair, system development and function, tissue morphology, reproductive system
disorders, cell morphology, cellular assembly and organization, cellular function and maintenance,
cell death and survival, and developmental disorders. Green nodes represent genes regulated by
S6-miRNAs. Dashed lines represent indirect relationships, while solid lines indicate direct molecular
interactions. Within each network, the edge types are defined as follows: a line without an arrowhead
signifies binding only, a line ending with a vertical bar represents inhibition, and a line with an
arrowhead indicates an “acts on” relationship. *: indicate that several gene identifiers in the dataset
file correspond to a single gene in the Global Molecular Network.
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Sperm motility

3.3. Methylation of Key Genes Targeted by S6-miRNAs in Not Different in S6 and SO
Sperm Samples

To explore the biological connections between the predicted S6-miRNA target genes
and their corresponding DNA methylation profiles, S6 and SO semen samples were analyzed
by whole-genome bisulfite sequencing. This technique allows precisely mapping the
methylation patterns genome wide. The present analysis focused particularly on CpG
islands (i.e., cytosine-guanine rich regions often associated with gene promoters and
playing a crucial role in gene regulation) located within the promoters of the predicted S6-
miRNA target genes. Many of these genes are implicated in key pathways, such as sperm
motility (FGFR3, FGFR1), mTOR signaling (AKT2, PTPA, PPP2R5C), oxidative stress (E2F1,
E2F3), intrinsic pathway for apoptosis (BCL2L11, BCL2L1, CASP3, BMF). and senescence
(CCNE1, AKT1, BMPR?2). The promoters of these genes were consistently hypomethylated
in both 56 and S0 samples (Figure 5).
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Figure 5. The promoters of the predicted S6-miRNA target genes are not differentially methylated.
Integrative Genome Viewer snapshots illustrating the methylation levels at individual CpG sites
(0-100%) across the examined genes. Each promoter region (red arrow) overlaps with a CpG island
(green box).

Hypomethylation of promoter regions is typically associated with active gene expres-
sion because it allows the binding of transcription factors and the initiation of transcription.
The consistent hypomethylation observed in all samples suggests that the mRNA substrate
is available in both S6 and S0 samples, but that these pathways are post-transcriptionally
inhibited by miRNAs upregulated in 56 samples. This insight enhances our understanding
of the complex regulatory networks at play in spermatogenesis, highlighting the potential
role of miRNAs as key regulators of gene expression, leading to the impaired phenotype
observed in S0 samples.

3.4. Targets of miRNAs Upregulated in S6 Samples Are Downregulated in Testes

To establish a connection between the identified S6-miRNAs and their associated path-
ways, a comprehensive bioinformatics analysis was conducted using Kyoto Encyclopedia of
Genes and Genomes (KEGG) and IPA. This analysis showed that the genes targeted by miR-
NAs upregulated in S6 samples were significantly enriched in the PDGF, EGF, and MAPK
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signaling pathways (Figure 6A). Then, RNA-seq data from the Genotype-Tissue Expression
(GTEx) repository [30,31] were used to analyze the expression levels of genes associated
with these signaling pathways in thirty normal tissues, including testis. This analysis
revealed that several key genes, namely PDGFA, PDGFRA, GRB2, MECP2, MAP2K1, and
ARHGDIA, were significantly downregulated in testis tissue compared with other tissues
(Figure 6B). This suggests that these genes may play a crucial role in the miRNA-mediated
regulation of signaling pathways. Specifically, these pathways include the mTOR, p53, and
MAPK signaling pathways, all of which may be regulated in a context-specific manner in
the testis and are targeted by S6-miRNAs.
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Figure 6. Enrichment of S6-miRNA targets in critical signaling pathways and their expression in testes.
(A). Pathway analysis (KEGG pathway) using the Pathview server (https://pathview.uncc.edu/
(accessed on 17 June 2024)). Highlighted genes are pathway components identified as targets of 56
miRNAs. (B). Expression profile of candidate genes in various human tissues. Expression levels (in
Log2 RPKM) of PDGFA, PDGFRA, GRB2, MECP2, MAP2K1, ARHGDIA, and MET in 30 tissues from
GTEXx. For each gene, the colored circle corresponding to each tissue represents the RPKM value
averaged across all samples within that tissue. RPKM stands for reads per kilobase of transcript per
million mapped reads.

4. Discussion

The microarray technology allowed us to precisely quantify and characterize the
relative abundance of a wide range of miRNAs in spermatozoa classified in function of
their morphology, which is crucial for intracytoplasmic sperm injection (ICSI) [9,10]. The
microarray platform provides greater robustness and stability as it is normalized to the
total transcriptome expression measured in the array. This study offers a comprehensive
analysis of the miRNA content in 56 and S0 sperm samples and uncovered the relationship
between miRNA expression and sperm morphology. Analysis of the microarray data
indicated differential miRNA expression levels in the two sample types. Notably, the
number of upregulated miRNAs was higher in 56 than S0 samples. The “S6- miRNA
signature” included miR-132, miR-191, miR-34b, miR-34c, miR-449, miR-122, miR-146b,
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miR-93, let-7a, miR-15b, miR-16, miR-182, miR23a, miR-10b, miR-25, miR-26a, miR-30c, miR-
197, miR-342, miR-125a, miR-92a, and miR-100. As we discuss below, these miRNAs are
involved in various aspects of sperm quality, including motility, morphology, energy
metabolism, apoptosis, spermatogenesis steps, and fertility potential. Abnormal expression
of these miRNAs can lead to suboptimal sperm function, resulting in male infertility or
reduced reproductive success. Understanding their specific roles and mechanisms could
provide valuable insights into male fertility for the development of potential therapeutic
interventions for infertility. For instance, miR-132 is regulated by hormones in testis
steroidogenic cells and plays a role in controlling steroidogenesis in Y1 adrenal cells by
targeting StAR [32]. Wang et al. [33] suggested that tissue-specific regulation of miR-132 is
involved in metabolic disorders and sperm function in male mice. Hua et al. [34] identified
miR-132-3p and miR-191-5p as potential markers of sperm quality in in vitro fertilization
(IVF). Another study reported that fertilization, effective embryo, and high-quality embryo
rates are higher when using sperm with high miR-191-5p expression, suggesting that this
miRNA could serve as a biomarker for identifying high-quality sperm for IVF [35].

A recent study compared 106 semen samples (40 with normozoospermia, 47 with
asthenozoospermia, and 19 with oligozoospermia) [36] and found that miR-34b-5p, miR-
34c-3p, and miR-34b-3p were significantly less expressed in semen samples of patients with
oligozoospermia than in those with normozoospermia [36]. Similarly, dysregulation of
miR-449 has been associated with male infertility due to impaired sperm motility [37].
Moreover, miR-122-5p is abundantly and consistently expressed in the testes and sperm of
fertile males, indicating its potential as a biomarker [20]. Abnormalities in the regulation
of this miRNA in the testes and sperm have been linked to germ cell arrest and defects
in sperm formation, highlighting its important role in spermatogenesis [20]. Molecular
studies have shown that miR-122-5p plays a crucial role in spermatogenesis by regulating
the expression of TNP2 (transition protein 2), which is essential for proper chromatin
compaction during spermiogenesis [38]. Aberrant chromatin condensation in spermatozoa
with vacuoles, linked to improper histone-to-protamine replacement involving TNP2,
reflects structural anomalies associated with less compacted chromatin [39]. These defects
correlate with sperm quality scores, where a score of 0 indicates severe abnormalities and
6 reflects optimal chromatin compaction. Abu-Halima et al. [40] demonstrated that miR-
34b and miR-122 are differentially expressed between subfertile individuals and controls,
highlighting their potential as biomarkers. Combining these miRNAs with conventional
tests has been shown to enhance diagnostic accuracy, particularly in distinguishing cases of
non-obstructive azoospermia. Furthermore, sperm-borne miR-34c-5p is thought to initiate
the first cleavage divisions in mice [41] and has been positively linked to ICSI outcomes,
including the generation of high-quality embryos, successful implantation, pregnancy, and
live birth in humans [42].

In humans, miR-34c-5p expression is an indicator of sperm viability and quality [40].
Based on these findings, miR-34c-5p can be considered a candidate non-invasive biomarker
of sperm and embryos quality, although extensive validation in a large cohort is necessary.
Wang et al. [43] reported that miR-34c-5p, miR-122, and miR-146b-5p are markedly decreased
in the seminal plasma of men with asthenozoospermia compared with men with normo-
zoospermia. Salas-Huetos et al. [44] demonstrated that the downregulation of miR-93-3p
and miR-34b-3p is strongly linked to unexplained male infertility. In a follow-up study, they
analyzed normozoospermic sperm from infertile and fertile men, identifying 57 miRNAs
with differential expression between the two groups [45] among which miR-93-3p, let-7a-5p,
miR-15b-5p, and miR-191-5p were also detected in S6 samples. Gholami et al. [46] identified
miR-182-5p as a component of a regulatory network associated cysteine-rich secretory
protein 3 (CRISP3) isoforms in the sperm of men with teratozoospermia. They suggested
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that miR-182-5p upregulation could serve as a potential biomarker of teratozoospermia.
These studies and the present work propose a correlation between sperm phenotype and
miRNA expression profile. Among the miRNAs not included in the S6 signature, let-7a-5p
stands out as particularly worthy of investigation for its role in spermatogenesis, given its
correlation with post-fertilization development and embryo quality [47]. Jung et al. [48]
found that let-7a expression levels are consistently elevated in germ cells, suggesting a
potential role in inhibiting cell proliferation.

Another study in 192 patients with idiopathic male infertility indicated that let-7a
expression in the seminal plasma is reproducible and stable. Aberrant let-7a upregulation
may be an indicator of spermatogenesis failure [49]. However, the specific function of let-7a
in sperm remains unclear [50]. Let-7a and miR-23a are predicted to target caspase-3 and
B-cell chronic lymphocytic leukemia/lymphoma-2 (BCL-2), both of which are involved
in apoptosis. BCL-2 plays a vital role in the development of male germ cells by regulat-
ing spermatogonial apoptosis. An imbalance of this gene in transgenic animals disrupts
spermatogenesis, leading to male subfertility and infertility [51,52]. MiR-15 and MiR-16 are
pro-apoptotic miRNAs that target BCL-2, thereby promoting apoptosis in chronic lympho-
cytic leukemia [53]. However, their roles and underlying mechanisms in spermatogenesis
are unknown. Studies on sperm apoptosis reveal that apoptotic markers in sperm closely
resemble those in somatic cells, including caspase activation and DNA damage [54].

Mitochondria, key players in the intrinsic apoptotic pathway, are crucial in triggering
apoptosis in sperm. Apoptosis induction in human sperm increases caspase 3 activity
and reduces sperm motility, which is linked to lower sperm quality, higher DNA frag-
mentation, and decreased fertilization potential [55,56]. These findings support the role
of the mitochondrial intrinsic pathway in regulating sperm apoptosis. Senescence also
may increase apoptosis. Our findings suggest that some genes involved in senescence
might be regulated by S6-miRNAs. The impact of senescence is often overlooked in
studies on male infertility. Reduced levels of miR-10b were also found in men with as-
thenozoospermia, and miR-34c and miR-122 were significantly downregulated in men with
oligo-asthenozoospermia [57,58]. MiR-15b is predicted to target the mRNA of isocitrate de-
hydrogenase 3 (NAD+) alpha (IDH3A). Reduced expression of IDH3A impairs sperm motil-
ity by affecting sperm energy metabolism [59]. MiR-26a targets EH domain-containing 1,
a protein crucial for pre- and post-natal development and spermatogenesis [60]. MiR-30c
and miR-197 are predicted to target the mRNA of activin receptor type-1 (ACVR1I), a pro-
tein that regulates various aspects of cell development essential for reproductive fitness.
Notably, Acvrl is significantly upregulated during mouse testis proliferation [61]. These
findings suggest that S6-miRNAs play a significant role in testis development, spermato-
genesis and/or post-fertilization development. Li et al. [62] demonstrated that miR-125b
knockout in the testis disrupts PAP gene expression, reduces mitochondrial copy numbers,
and impairs sperm quality, highlighting its essential role in maintaining sperm health
through mitochondrial regulation. Similarly, Liu et al. [63] showed that miR-100 regulates
Sertoli cell proliferation, DNA synthesis, and apoptosis by binding to SGK3, emphasiz-
ing its importance in spermatogenesis. Furthermore, Gupta et al. [64] showed that the
FSH-induced decrease in miR-92a expression in Sertoli cells is essential for germ cell dif-
ferentiation and fertility, highlighting the critical role of miR-92a in regulating germ cell
development. These studies suggest that miRNAs interact in complex networks to regulate
spermatogenesis, with individual miRNAs potentially acting independently or compen-
sating for one another. The abundance of these miRNAs in sperm, especially concerning
sperm morphology, suggests their potential as biomarkers for sperm quality. However,
conflicting findings exist regarding their roles, with some studies indicating they are fin-
gerprints of spermatogenesis, while others suggest they are mainly transferred during
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epididymal maturation. Further research is needed to clarify these mechanisms and better
understand miRNA regulation in male fertility.

The analysis of DNA methylation profiles in 56 and SO sperm samples provides im-
portant insights into the regulation of genes critical for spermatogenesis. Promoter regions
of genes involved in key pathways, such as sperm motility, mTOR signaling, oxidative
stress, apoptosis, and senescence, were consistently hypomethylated in both sample groups.
This hypomethylation, typically associated with active transcription, suggests that the
mRNA substrates for these genes are present in both S6 and S0 samples. However, the
observed upregulation of specific miRNAs in 56 samples likely inhibits these pathways
post-transcriptionally, highlighting the role of miRNAs as key regulators of gene expres-
sion. These findings underscore the intricate interplay between DNA methylation and
miRNA-mediated regulation in sperm development. While hypomethylation enables tran-
scriptional activity, miRNAs add a critical layer of post-transcriptional control, fine-tuning
gene expression. This dual mechanism may explain the impaired phenotype observed in SO
samples and emphasizes the importance of miRNAs in maintaining proper sperm function
and fertility.

Our findings also underscore the importance of miRNAs as biomarkers of sperm qual-
ity. In addition, the underlying mechanisms should be thoroughly investigated. Pathway
analysis of S6-miRNA targets revealed their biological significance in the MAPK signaling
pathway, mTOR signaling pathway, and cell adhesion molecules. Many studies suggest
that the MAPK pathway plays a role in germ cell apoptosis [65]. In mature spermatozoa,
this pathway has been linked to capacitation and acrosome reaction [65,66]. The MAPK
pathway also contributes to the phosphorylation of heat shock proteins (HSP). Elevated
HSP levels in spermatozoa have been correlated with poor blastocyst development [67] and
increased sperm DNA fragmentation [68]. Therefore, mTOR signaling and oxidative stress
regulation in S6 samples may protect sperm from damage. Previous studies showed that
mTOR inhibition triggers autophagy in rat testes, enhancing sperm motility and preventing
mitochondrial damage, thus reducing reactive oxygen species production [69-71]. The
present study is the first to link MAPK and mTOR signaling regulation to S6 sperm. Lastly,
56-miRNAs could be molecular targets for the diagnosis of male infertility and reproductive
system disorders, but a deeper understanding of how they regulate reproductive functions
is still required.

While miRNA profiling is costlier and more complex than morphology assessment, it
provides unique insights into molecular dysfunctions, particularly in subclinical infertility
cases with normal morphology. Its ability to uncover regulatory disruptions justifies its
use in unexplained cases. However, more research in larger cohorts and with standardized
methodologies is required to clarify the associations found in this study. Additionally,
animal models are necessary to establish causal relationships for therapeutic development.
Ongoing technological advancements, particularly in omics technologies, may facilitate
these efforts. Ultimately, the identified miRNAs could serve as biomarkers to enhance IVF
success rates and monitor environmental exposures, potentially linking miRNA expression
to epigenetic modifications [72].

5. Conclusions

This study revealed distinct miRNA expression profiles between S6 and SO sperm
samples from patients undergoing ICSI for male infertility. While further research is
required to explore the potential of miRNAs as translational biomarkers for evaluating
sperm quality in humans, our findings offer valuable insights into the role of miRNAs in
sperm quality.
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