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KEY MESSAGE

Differentially expressed RNAs related to sperm DNA damage and repair are identified by RNA-seq technology,
which provides new insights into our understanding of sperm DNA damage and repair, and will help to discover
new biomarkers related to sperm DNA damage.
ABSTRACT

Research question: What are the molecular mechanisms leading to human sperm DNA damage?
Design: Semen samples were collected and the sperm DNA fragmentation index (DFI) was assessed. Differentially
expressed RNA in spermatozoa with a high (DFI ≥30%, experimental group) or normal (DFI <30%, control group)
DFI were identified by RNA-sequencing (RNA-seq) technology, and Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes (KEGG) analysis was performed. Three differentially expressed RNA related to sperm DNA damage
and repair, namely PMS1, TP53BP1 and TLK2, were validated using real-time quantitative (RT-qPCR).
Results: A total of 19,970 expressed RNA were detected in the two groups. Compared with the control group, the
expression levels of 189 RNA in the experimental group were significantly increased and those of 163 genes decreased.
Gene Ontology enrichment analysis showed that these RNA were mainly concentrated in the ATPase-dependent
transmembrane transport complex, extracellular exosome, somatic cell DNA recombination, protein binding, cytoplasm
and regulation of localization. KEGG pathway analysis showed that these RNA were mainly related to the PI3K-Akt
signalling pathway, endocytosis, p53 signalling pathway and cGMP-PKG signalling pathway. The RT-qPCR results showed
that the expression levels of PMS1, TP53BP1 and TLK2 in the experimental group were significantly lower than in the
control group (P = 0.01, 0.015 and 0.004, respectively), which was identical to the results of RNA sequencing.
Conclusions: Differentially expressed RNA related to sperm DNA damage and repair may be identified by RNA-seq
technology, which provides new insights into the understanding of sperm DNA damage and repair, and will help to
discover new biomarkers related to sperm DNA damage.
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INTRODUCTION

I

nfertility affects 15% of couples of
reproductive age, and 50% of the
total number of cases are attributed
to male factors (Agarwal et al., 2015).
Abnormal expression of any functional
gene in the process of spermatogenesis
and maturation may affect sperm
morphology, structure or function,
and then induce male infertility (Jodar
et al., 2015). Revealing the regulatory
mechanisms of spermatogenesis and
mining important functional genes
of spermatozoa based on omics has
become the focus of research in male
reproductive disorders (Zarezadeh
et al., 2021). Transcriptomes are the link
between genomes and proteomes; these
can reveal the spatiotemporal dynamics
of gene expression, and are used to
compare differences in the expression of
RNA, including mRNA, long non-coding
RNA (lncRNA), microRNA (miRNA)
etc., in specific organs, tissues or cells
of a specific species under different
environmental conditions (Dal Molin
et al., 2017).
It was previously thought that active
transcription was not evident in
mammalian mature spermatozoa. Mature
spermatozoa contain a small amount of
complex and highly fragmented RNA,
which has been assumed to be functional
debris reflecting events occurring
during the process of spermatogenesis
(Gòdia et al., 2018). In addition, recent
research has shown that sperm RNA
may play an important role in regulating
spermatogenesis (Sharma et al., 2016),
sperm function (Rajesh et al., 2017),
fertilization (Fang et al., 2014; Sendler
et al., 2013), early embryo development
(Boerke et al., 2007) and even the
offspring's phenotype (Chen et al., 2016).
However, the analysis of sperm RNA is
challenging because spermatozoa contain
very small amounts of highly fragmented
RNA and ejaculated semen contains
some non-sperm cells such as leukocytes
and spermatogenic cells, which include
large amounts of non-fragmented RNA.
The methods of density gradient
centrifugation (DGC) and swim-up
removing non-sperm cells can be
used to study sperm RNA (Shafeeque
et al., 2014). Lian and colleagues (Lian
et al., 2021) investigated the effect of
the purification operation of DGC on
porcine sperm RNA, and found that
a clustering and principal component

analysis showed a high degree of
similarity between purified and unpurified
semen, demonstrating that the removal
of large amounts of somatic cells in
the study of sperm transcriptome was
feasible. Li and colleagues (Li et al.,
2021) analysed bovine sperm RNA in
the deformation stage of spermatids by
RNA-sequencing (RNA-seq) technology,
and found that up-regulated RNA in
the process of sperm deformation
gradually decreased, while downregulated RNA gradually increased,
indicating that although chromatin
pyknosis and transcription were gradually
reduced, they were not completely
terminated. Gòdia and co-workers
(Gòdia et al., 2020a, 2020b) found that
pig spermatozoa biological traits were
significantly correlated with the mRNA
abundances of 6128 genes by studying
pig models, and that the bacterial flora
of boar semen were related to sperm
quality traits, suggesting that these
potential pathogens and their putative
antibiotic resistance genes might affect
boar reproductive performance. Gòdia
and collaborators (Gòdia et al., 2019)
also studied the effects of seasonal
changes (summer and winter) on the
boar sperm transcriptome.
Swanson and co-workers (Swanson
et al., 2020) found that human sperm
RNA sequencing could be used to
identify the presence of contaminated
or potentially pathogenic bacteria by
comparing sequencing data that did
not map to the human genome with
bacterial, viral and archaeal genomes.
Based on a whole-transcriptome study of
stallion spermatozoa, Das and colleagues
(Das et al., 2013) reported that a total of
19,257 sequence tags were mapped to
equine chromosomal and mitochondrial
genomes, and that some mRNA and
microRNA might be crucial for early
embryonic development; this suggested
that the abundant coding and non-coding
RNA in stallion spermatozoa are not
random remnants of spermatogenesis
in testis but a selectively retained and
functionally coherent collection of RNA.
Spermatozoa contain a wide repertoire
of coding and non-coding RNA,
including long and short non-coding
RNA (Krawetz et al., 2011), which may
have an important role in sperm fitness.
Using RNA-seq technology to study
the sperm transcriptome can obtain
data on sperm quality and fertility, and
sperm RNA may be used as a potential

biomarker of sperm quality (Ablondi
et al., 2021; Bissonnette et al., 2009) and
fertility (Capra et al., 2017). At present,
the biological function of sperm RNA
in the development of sperm DNA
fragmentation is still unknown, and the
molecular basis of selecting spermatozoa
with a higher quality to improve fertility in
human and animal breeding needs to be
further explored.
Sperm DNA integrity is crucial for
fertilization and the development of
healthy offspring, and more and more
studies have confirmed that sperm DNA
damage is related to male infertility
(Agarwal et al., 2020). The sperm DNA
fragmentation index (DFI) can reflect
the integrity of sperm DNA and is used
as an important indicator to evaluate
semen quality (Malic Voncina et al.,
2021; Yan et al., 2022). The current
study performed a bioinformatics
analysis on the transcriptome data of
human spermatozoa with high or normal
DNA fragmentation, and screened out
differentially expressed RNA. Using
cluster analysis, Gene Ontology analysis
and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment
analysis, the core regulatory network
of sperm DNA fragmentation at the
transcriptome level was obtained. The
goal of this study was to obtain detailed
information on RNA in spermatozoa
with high DNA fragmentation, and
then improve the understanding of the
biological significance of sperm RNA and
find potential biomarkers for evaluating
sperm DNA fragmentation.

MATERIALS AND METHODS
Collection of semen samples
A total of 24 semen samples were
collected from clinical patients
by masturbation after 2–7 days of
abstinence. Routine semen analysis
was performed using a computeraided sperm analysis system (Beijing
Suijia Medical Instrument Co., China)
according to the requirements of the
World Health Organization guidelines
(World Health Organization, 2010),
and the basic checklist was completed
(Björndahl et al., 2016). The remaining
semen samples were used for the analysis
of sperm DFI and preparation of sperm
samples. These samples were divided into
the experimental group and the control
group according to the sperm DFI values.
The values of DFI in the experimental
group (n = 12) were 30% or more. (DFI
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≥30%), while those in the control group
(n = 12) were below 30% (DFI < 30%).
Spermatozoa were then isolated from
each semen sample by the DGC
method. Every four sperm samples in
the experimental group and control
group formed one replicate for sperm
RNA analysis. Three replicate samples
in the experimental group were labelled
EXP1, EXP2 and EXP3, and three replicate
samples in the control group were
labelled CON1, CON2 and CON3. The
ages of participants in the experimental
and control groups were 30.42 ± 3.68
and 29.17 ± 3.97 years, respectively,
and there was no significant difference
between them (P = 0.432). The semen
characteristics and sperm DFI values of all
participants are shown in Supplementary
Table 1 (https://data.mendeley.com/
datasets/7ppzv7r2sb/1). This study was
approved by the Northern Jiangsu
People's Hospital ethics committee
on 2 March 2021 (approval number:
2021ky068), and all the participants
provided informed written consent.
Detection of sperm DFI
Sperm DFI was assessed using a sperm
chromatin structure assay kit (Zhejiang
Cellpro Biotech Co., China). First, an
appropriate volume of semen was added
to 0.1 ml of solution A (TNE buffer, sperm
dilution) and mixed. Then, 0.2 ml of
solution B (an acid solution of 0.1% Triton
X-100, 0.15 mol/l NaCl and 0.08 mol/l
HCl; pH 1.2) was added and mixed in.
After standing for 30 s, 0.6 ml of acridine
orange staining solution (6 µg/ml acridine
orange, 37 mmol/l citric acid, 126 mmol/l
Na2HPO4, 1 mmol/l Na2EDTA, 0.15 mol/l
NaCl; pH 6.0) was added and mixed in.
After the spermatozoa had been staining
for 3 min, the sperm DFI was detected
using a fluorescence-activated cell sorter
(FACSCalibur, BD Bioscience, USA). A
minimum of 5000 spermatozoa were
acquired, and the data were analysed
using DFIView 2010 Alpha11.15 software
(CellPro Biotech, China). The sperm
DFI was expressed as the percentage
of spermatozoa with fragmented DNA
compared with the total number of
spermatozoa. The variability of the
replicate DFI measures was less than 5%.
As the spermatozoa used for RNA
analysis were selected by DGC to
remove non-sperm cells, it was wondered
whether there was still a difference in
sperm DFI between the experimental
group and control group after DGC. To

verify this, the sperm DFI of six sperm
samples in each group was compared
before and after DGC.
Preparation of sperm samples
Sperm samples were prepared by the
DGC method according to the report
of de Mateo and colleagues (de Mateo
et al., 2013). In brief, SpermGrad lower
layer (90%) and upper layer (45%)
solution and SpermRinse solutions
(Vitrolife, Sweden) were taken out of a
refrigerator and allowed to warm to room
temperature for further use. First, 1 ml of
SpermGrad lower layer (90%) solution
was added into a 15 ml centrifuge tube,
and then 1 ml of SpermGrad upper
layer (45%) solution was gently added
on the surface of the SpermGrad lower
layer (90%) solution. Next, normally
liquefied semen was slowly added, and a
clear interface between the semen and
gradient solutions could be seen. After
20 min of centrifugation at 400g, the
upper liquids were carefully aspirated
away using a pipette, and the sperm
sediments were transferred into a new
centrifuge tube with the help of 3 ml of
SpermRinse solution. The mixture was
gently mixed, and then centrifuged for
10 min at 200g. Next, the upper liquids
were carefully aspirated away using a
pipette. The obtained spermatozoa
were stored at –80°C and used for the
extraction of RNA.
High-throughput RNA sequencing
Total sperm RNA was extracted using
TRIzol reagents (batch number:15596018;
Ambion, USA) according to the
manufacturer's protocol, and the purity
and concentration of total RNA were
measured using a spectrophotometer
(NanoDrop NC2000, Thermo Fisher
Scientific, USA; Supplementary
Table 2, https://data.mendeley.com/
datasets/7ppzv7r2sb/1). When the quality
of total RNA was deemed acceptable,
which was when the value for the optical
density 260/280 of the total RNA was
between 1.8 and 2.0, the ribosomal RNA
was removed from the sperm RNA using
an Ribo-Zero rRNA removal kit (batch
number: RZH1046; Epicentre, USA).
Then strand-specific RNA libraries
were prepared using a NEBNext Ultra
Directional RNA Library Prep kit (batch
number: E7420S; New England Biolabs,
USA). Next, sperm small RNA were
converted into indexed libraries for nextgeneration sequencing with a NEBNext
Multiplex Small RNA Library Prep Set for
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Illumina kit (batch number: E7580L; New
England Biolabs, USA). The quantities of
double-stranded DNA (ds DNA) were
determined using a Quant-iT PicoGreen
dsDNA Assay kit (batch number: P7589;
Invitrogen, USA). The quality of the final
libraries was evaluated using an Agilent
Bioanalyzer 2100 system and DNA High
Sensitivity kit (batch number: 5067-4626;
Agilent, Germany). The sequencing
library was then sequenced on a
NovaSeq 6000 platform (Illumina, USA).
The quality control of raw and trimmed
paired-end reads was performed
using FastQC v.0.11.7 (https://www.
bioinformatics.babraham.ac.uk/projects/
fastqc/). Trimming was done with a
Trimmomatic v.0.38 to remove lowquality reads and adaptors (Bolger
et al., 2014). Trimmed reads were
mapped to the human reference
genome using HISAT2 v.2.0 software
(https://daehwankimlab.github.io/hisat2/
download/) with default parameters
except for “–max seed 30” and “–k 2”
(Kim et al., 2015). The output included
reference transcripts as well as any
novel transcripts that were assembled.
The size of the clean dataset for each
sample was 15G for mRNA and 10M for
small RNA. Total RNA-Seq reads were
evaluated using FastQC software for
quality control. The RNA levels of genes
annotated in the human genome were
quantified as fragments per kilobase of
transcript per million mapped reads
(FPKM) by StringTie v.1.3.3b (https://
ccb.jhu.edu/software/stringtie/), and
annotation was performed with the –G
option of Ensembl Release 104 (http://
www.ensembl.org/index.html).
The abundance of differentially expressed
genes between the experimental group
and control group was evaluated using
DESeq2. The differential expressions
of mRNA were analysed based on the
Blast results of the miRBase database
and prediction results of MIREAP
(https://help.rc.ufl.edu/doc/Mireap),
and read counts were normalized using
the DESeq2 R/Bioconductor package
(http://www.bioconductor.org/packages/
release/bioc/html/DESeq2.html). The
gene set enrichment analysis of the
detected genes was undertaken using
the OmicsBox platform (http://www.
biobam.com/omicsbox/). In addition, the
canonical pathways, biological functions,
gene networks and regulators of genes
detected in sperm samples were identified
and characterized with Ingenuity Pathway
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TABLE 1 PRIMERS USED FOR REAL-TIME QUANTITATIVE PCR
Gene name

Primers sequence (5′-3′)

Amplicon size (bp)

PMS1

Forward TGACAGCAGATGACCAAAGATACAG

230

Reverse GCGAGGTCTACATTCATAAACTTCC
TP53BP1

Forward GGCTGTCTGATGTGGATGCTAATAC

86

Reverse CTTGCTGGACTGTTCTGCTATGG
TLK2

Forward TTGAGACGGCAGATTGATGAACAG

135

Reverse GCTCTTATCTCTACACGCCATCTTC
β-Actin

Forward TGGACTTCGAGCAAGAGATG

137

Reverse GAAGGAAGGCTGGAAGAGTG

Analysis (Ingenuity Systems, Qiagen, USA).
If the RNA or dsDNA samples obtained in
the above process needed to be stored,
they were stored at –80°C.
Real-time quantitative PCR
In order to validate the analysis results
of differentially expressed genes, three
selected differentially expressed genes
related to sperm DNA damage and repair,
namely PMS1, TP53BP1 and TLK2, were
verified in sperm samples with a high DFI
(n = 3) and normal DFI (n = 3) by realtime quantitative PCR (RT-qPCR). First,
total RNA was extracted from each sperm
sample using TRIzol reagents (Invitrogen,
USA) according to the manufacturer's
instructions. Then the RNA was reversetranscribed into cDNA using a reverse
transcription kit (TaKaRa, Dalian, China).
Finally, an RT-qPCR kit (TaKaRa) was used
to analyse the expression levels of PMS1,
TP53BP1 and TLK2 relative to β-actin on
a CFX Connect real-time PCR detection
system (Bio-Rad Laboratories, USA). The
primer sequences of PMS1, TP53BP1,
TLK2 and β-actin are shown in TABLE 1. The

amplification conditions were as follows:
95°C for 30 s, and then 40 cycles of 5 s
at 95°C and 35 s at 60°C.
Functional enrichment analysis
In order to explore the functions and
pathways related to the differentially
expressed RNA, Gene Ontology
term and KEGG pathway analysis
was performed using the DAVID
bioinformatics tool (version 6.8, https://
david.ncifcrf.gov/). The threshold was set
as P < 0.05.
Statistical analysis
The differential expressions of sperm
mRNA between the experimental and
control groups were analysed using the
DESeq2 R/Bioconductor package, and
candidates with a value of P < 0.05 and
a |log2 fold change|>1 were considered
as differentially expressed genes. The
differences in sperm DFI and the levels
of the differentially expressed genes
PMS1, TP53BP1 and TLK2 between the
experimental and control groups were
analysed using the Student's t-test in SPSS

22.0 statistical software (SPSS Inc., USA),
with P < 0.05 considered statistically
significant.

RESULTS
Comparison of sperm DFI between the
experimental group and control group
There was a statistically significant
difference in sperm DFI between
the experimental group (DFI ≥30%)
and the control group (DFI <30%)
(40.65% versus 11.42%, P < 0.001;
FIGURE 1A). Regardless of whether it was
before DGC (35.96% versus 14.70%,
P < 0.001) or after DGC (8.83% versus
2.34%, P = 0.005), the sperm DFI in
the experimental group was always
significantly higher than that in the
control group (FIGURE 1B). The DFI results
for each sperm sample are shown in
Supplementary Table 1 (https://data.
mendeley.com/datasets/7ppzv7r2sb/1).
Sequencing output and distribution
of mRNA detected in human sperm
samples
The results of high-throughput sequencing
showed that there was an average of 109.0
million reads (about 16.4 Gbps) per human
sperm sample after RNA extraction.
Clean reads accounted for about 85.0%
of the total reads, with an average of
92.4 million. About 54.8% of clean reads
(50.6 million) were aligned to the human
genome. A total of 19,970 transcripts were
identified from human sperm samples.
The majority of genes were moderately
expressed in the experimental group and
control group, as shown by the density
distribution (FIGURE 2A) and violin plot
(FIGURE 2B) of FPKM. The results for the

FIGURE 1 Comparison of the sperm DNA fragmentation index (DFI) between the experimental and control groups. (A) Comparison of sperm

DFI between the experimental group (EXP, n = 12) and control group (CON, n = 12). Error bars represent the standard deviation. The sperm DFI
in the experimental group was significantly higher than that in the control group. (B) Comparison of sperm DFI before and after density gradient
centrifugation (DGC) in the experimental group (EXP, n = 6) and control group (CON, n = 6). Error bars represent the standard deviation.
Regardless of whether it was before DGC or after DGC, the sperm DFI in the experimental group was always significantly higher than that in the
control group (P < 0.001 and P = 0.005).
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FIGURE 2 The results of RNA sequencing showed the density distribution (A) and violin plot (B) of the fragments per kilobase of transcript per

million mapped reads (FPKM). Exp: experimental group, with a sperm DNA fragmentation index (DFI) ≥30%; Con: control group with a DFI <30%.
The violin plot shows the mRNA levels in each sample.

RNA concentration, quality and purity of
each sperm sample and mapped reads are
shown in Supplementary Table 2 (https://
data.mendeley.com/datasets/7ppzv7r2sb/1).
Analysis of differentially expressed
genes related to sperm DNA
fragmentation
The genes that were differentially
expressed between the experimental
group and the control group were
analysed using DESeq version 1.18.0. A
total of 19,970 expressed genes were
detected in the two groups. Compared
with the control group, the expression
levels of 352 genes in the experimental
group were significantly altered, of which
189 genes were significantly increased
and 163 genes decreased. The cluster
distances of differentially expressed
genes were calculated by the Euclidean
method (FIGURE 3A). The volcano plot
of differentially expressed genes was
drawn using the R language ggplots2
software package (https://data.mendeley.
com/datasets/7ppzv7r2sb/1), and the
results showed that the expressions of
the normalized genes were distributed
symmetrically (FIGURE 3B). According to
the genomic information and the analysis
results of the differentially expressed
genes, the differentially expressed genes
marked on the genome were distributed
across all chromosomes (FIGURE 3C).
To further validate the analysis results
for the differentially expressed genes,
three selected differentially expressed
genes related to sperm DNA damage and

repair, namely PMS1, TP53BP1 and TLK2,
were verified in sperm samples from the
experimental group and control group
by RT-qPCR. The results of RT-qPCR
showed that the expression levels of the
three genes in the experimental group
were significantly lower than those in the
control group (P = 0.01, 0.015 and 0.004,
respectively), which was identical to the
results of RNA-seq (FIGURE 3D). The details
for the genes that were differentially
expressed between the experimental
group and control group are shown in
Supplementary Table 3 (https://data.
mendeley.com/datasets/7ppzv7r2sb/1).
Functional annotation and
identification of differentially
expressed genes
Gene Ontology enrichment and KEGG
pathway analysis of differentially expressed
genes can help to gain insight into the
biological characteristics of such genes.
Gene Ontology enrichment analysis
showed that genes that were differentially
expressed between the experimental
group and the control group were mainly
concentrated in the pathways related to
the ATPase-dependent transmembrane
transport complex, extracellular exosome,
somatic cell DNA recombination,
protein binding, cytoplasm, regulation
of localization, etc. (FIGURE 4A, B). KEGG
pathway analysis showed that differentially
expressed genes were mainly related
to the PI3K-Akt (phosphatidylinositol-3kinase-Akt) signalling pathway, endocytosis,
the p53 signalling pathway, the cGMPPKG (cyclic guanosine monophosphate-

cGMP dependent protein kinase G)
signalling pathway, etc. (FIGURE 4C, D), which
might be involved in the mechanism of
sperm DNA damage. The details of the
Gene Ontology enrichment and KEGG
pathway analysis of differentially expressed
genes are shown in Supplementary
Table 4 (https://data.mendeley.com/
datasets/7ppzv7r2sb/1).

DISCUSSION
Spermatogenesis is a complex and
tightly regulated process leading to
the continuous production of male
gametes (spermatozoa), which is
one of the fundamental processes of
sexual reproduction. Semen analysis
remains fundamental for understanding
the underlying aetiologies of male
infertility. The sperm DFI has also
become an important indicator of
sperm functional quality, and the
identification of underlying conserved
molecular mechanisms can reveal the
core components of the spermatogenic
process, which may provide novel insight
into the causes of human infertility
(Zhang et al., 2016).
Zhang and colleagues (Zhang et al.,
2019) found that lncRNA expression was
associated with sperm motility. RNAseq technology has been successfully
applied to investigations of fertilization
and the relationship between the
transcriptome of ejaculated spermatozoa
and sperm quality or fertility (Gòdia
et al., 2020b; Xu et al., 2021). It was
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FIGURE 3 Analysis of differentially expressed genes related to sperm DNA fragmentation. (A) The heat map shows the hierarchical clustering

analysis of genes detected in the control (Con1–3) and experimental (Exp1–3) groups. Horizontal lines represent genes, and each column is a
sample. The red lines represent highly expressed genes, and the green lines low-expressed genes. Exp: experimental group with a sperm DNA
fragmentation index (DFI) ≥30%; Con: control group with a DFI <30%. (B) The volcano plot shows the distribution of differentially expressed
genes according to their P-values and fold changes. Candidates with a value of P < 0.05 and a |log2 fold change|>1 were considered as differentially
expressed genes. Red and blue plots in the histograms of log2(fold change) represent up-regulated and down-regulated genes, respectively, and grey
plots are non-differentially expressed genes. (C) The circle genome map of differentially expressed genes shows that these genes were distributed
across all chromosomes. (D) The validation results of real-time quantitative PCR (qPCR) show that the expression levels of three randomly selected
differentially expressed genes (PMS1, TP53BP1 and TLK2) in the experimental group (n = 3) were significantly lower than those in the control group
(n = 3), which was identical to the results of RNA sequencing. Error bars represent the standard deviation.

found that transcription in spermatozoa
was associated with molecular processes
such as chemoattractant-activated
signal transduction, ion transport and
cellular components of membranes
and vesicles, and that some mRNA and
microRNA might be critical for the early
development of embryos. The abundant
pools of coding and non-coding RNA in
stallion spermatozoa were found to be not
the random remnants of spermatogenesis
in the testis, but selectively retained and
functional consistent RNA collections
(Das et al., 2013). RNA-seq technology
was also successfully applied to the
study of boar semen, which contained
potential pathogens and putative
antibiotic resistance genes that might
affect reproductive capacity (Gòdia

et al., 2020a; Lian et al., 2021). RNAseq technology was also applied to
investigating the effects of seasonal
changes in the transcriptome of boar
spermatozoa (Gòdia et al., 2019). The
biological function of sperm RNA is thus
constantly being rewritten. The study of
differentially expressed genes at the level
of transcriptome in spermatozoa with
a high DFI or normal DFI by RNA-seq
could provide relevant informations on
the mechanisms leading to sperm DNA
damage, which may be helpful for the
future diagnosis and treatment of male
infertility and in animal breeding.
In the current study, semen samples
with a high or normal sperm DFI were
first collected. In order to avoid the

influence of non-sperm cells on the
results of sperm RNA analysis, sperm
samples were selected by DGC.
Although the sperm DFI was significantly
reduced after the optimization of DGC,
the sperm DFI in the experimental
group was still significantly higher
than that in the control group. Next,
differentially expressed genes at the level
of the transcriptome in the optimized
spermatozoa of the two groups were
analysed using RNA-seq technology. By
further bioinformatics analysis, quality
control and comparisons of the data,
a total of 352 differentially expressed
genes were screened out. Compared
with the control group, 189 genes were
significantly increased and 163 genes were
decreased in the experimental group.
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FIGURE 4 Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of differentially expressed genes. (A) Histograms

of the Gene Ontology analysis of differentially expressed genes. BP, biological process; CC, cellular component; MF, molecular function. (B) Bubble
chart of the Gene Ontology enrichment analysis of differentially expressed genes. FDR, false discovery rate. (C) Histograms of the KEGG analysis
of differentially expressed genes. (D) Bubble chart of the KEGG enrichment analysis of differentially expressed genes.

Gene Ontology analysis showed that
the entries annotated as cellular
components were mainly related to
ATPase-dependent transmembrane
transport complexes, cytoplasmic
parts and extracellular exosomes, the
main entries annotated to molecular
functions were in glycosylation region
protein binding, protein binding and
potassium ion binding, and that biological
processes were mainly related to items
of negative regulation of epithelial cell
proliferation, epithelial cell proliferation,
somatic immune receptor diversification
and somatic DNA recombination. Gene
Ontology enrichment analysis was mainly

concentrated in the areas of protein
binding, cytoplasm, extracellular vesicles,
cell membrane composition and somatic
DNA recombination.
The KEGG analysis of differentially
expressed genes showed that the
main differential pathways included
endocytosis, the p53 signalling pathway,
the PI3K-Akt signalling pathway and
the cGMP-PKG signalling pathway.
KEGG enrichment analysis showed that
significant pathways included aldosterone
synthesis and secretion, the p53 signalling
pathway and the PI3K-Akt signalling
pathway. These pathways may play

important roles in sperm DNA damage
and repair.
In order to validate the analysis results
of differentially expressed genes, the
expression levels of three differentially
expressed genes in the sperm samples
of the experimental group and control
group related to sperm DNA damage
and repair, namely PMS1, TP53BP1
and TLK2, were detected by RT-qPCR.
TLKs (tousled-like kinases) belong to
the nuclear serine-threonine kinase
family, which are essential for genome
stability, proper cell division and normal
development in numerous organisms
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(Simon et al., 2022); their activity
has been linked to DNA replication,
DNA repair, chromatin structure, etc.
(Segura-Bayona et al., 2017). In humans,
TLK2 may enhance ASF1 (anti-silencing
function 1) histone binding, and its
activity can be inhibited by the DNA
damage response (Mortuza et al., 2018).
PMS1 (postmeiotic segregation in creased
1, mismatch repair system component)
is a key element in the DNA mismatch
repair (MMR) system and its role in
DNA repair is authenticated by studies.
MMR models have proposed that MSH
(MutS homolog) proteins identify DNA
polymerase and correct replication
errors that may cause mutations, with
the resulting MSH–MLH (MutL homolog)
complex formed at a DNA lesion
initiating downstream steps in repair (Plys
et al., 2012). Mlh1–Pms1 may be relevant
to signal transduction during DNA
mismatch repair and to recombination,
meiosis and cellular responses to DNA
damage (Drotschmann et al., 2002).
PMS1, MLH1, and MSH2 are likely to
form a ternary complex during the
initiation of eukaryotic DNA MMR (Prolla
et al., 1994).
Numerous pieces of research have
revealed that TP53BP1 (tumour
suppressor p53‑binding protein 1) is
a central transducer of DNA-damage
signals to p53; it may work in the p53mediated transcriptional activation
and DNA damage-repair signalling
pathways (Ma et al., 2006), and plays
an essential role in the cellular response
to DNA damage, chromosome stability
and spindle bipolarity during meiotic
maturation (Jin et al., 2019). TP53BP1
plays an important role in both DNA
repair and cell cycle control and is a
key transducer of the DNA damage
checkpoint signal through cooperation
with damage sensors (Wang et al., 2002).
The validation results of the current study
also demonstrated that the expression
levels of the three genes in spermatozoa
with a high DFI were significantly lower
than those with a normal DFI, and their
trends in expression were identical to
those of RNA sequencing, indicating
that the increased sperm DFI might be
related to the reduced expression of
sperm DNA repair genes.
In conclusion, some differentially
expressed genes and pathways related
to sperm DNA damage and repair have
been found, which provides new insights

into the understanding of sperm DNA
damage and repair and will help in the
discovery of new biomarkers related
to sperm DNA damage. However, this
study also has some shortcomings.
For example, mixed samples were
used, and it was difficult to obtain
RNA from spermatozoa. Because
spermatogonia undergo mitosis, meiosis
and sperm deformation stages during
spermatogenesis, little transcription
or repair takes place in the DNA of
post-meiotic male germ cells, and the
expression levels of RNA in terminally
differentiated spermatozoa may not be
enough to reflect the whole process of
spermatogenesis. Future explorations
into differentially expressed genes should
focus on not only mature sperm, but also
the entire process of spermatogenesis.
The specific molecular mechanism of
sperm DNA damage and repair needs to
be further explored.
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