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Abstract

Background The epididymis is essential for sperm maturation. During sperm maturation, markable alterations

of the payload of small noncoding RNAs are observed in the epididymis, which indicated the role of epigenetic altera-
tions in sperm maturation. However, the I\/6—Methy|adenosine (m®A) modification profile of the epididymis remains
unelucidated. Therefore, in this study, we assessed the m®A modification levels in the caput, corpus, and cauda

of the yak epididymis using a combination of methylated RNA immunoprecipitation and RNA sequencing.

Results The m°A levels were significantly increased in the corpus of the epididymis. Functional enrichment analysis
of differentially methylated RNA (DMR) between the corpus and caput group revealed the significant enrichment

of DMRs in the gap junction, ErbB signaling pathway, and mTOR signaling pathway, which participate in cell commu-
nication and sperm maturation. In addition, the DMRs of cauda-vs-corpus group were enriched in apoptosis, the FoxO
signaling pathway, the PI3K-Akt signaling pathway, and the tumor necrosis factor signaling pathway that were associ-
ated with sperm autophagy, oxidative stress, and sperm maturation. Furthermore, we identified the key genes exhibit-
ing significant changes in m°A levels but with no differences in RNA levels, including YY1-associated factor 2, forkhead
box J2, and forkhead box O1.This finding indicated that m®A modifications affect these genes during translation,
thereby participating in sperm maturation.

Conclusions In summary, we generated the m°A profile of the yak epididymis, which will aid in further elucidating
the maturation process of sperm and reveal more information related to male infertility.
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Introduction

RNA modification regulates RNA to perform life activi-
ties. Among the identified RNA modifications, meth-
ylation accounts for approximately 60% of modifications,

*Correspondence: including 5-methylcytosine, N°®-methyladenosine (m°A),
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have revealed that RRACH (R=G/A, H=A/U/C) is the
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conserved sequence of the most common m°A modifica-
tion site, and the sequence is primarily located near stop
codons and 3’-untranslated regions (3'-UTRs) [7-9]. In
addition, m®A modification is a dynamically reversible
process under the various proteins participating, such
as methyltransferases (methyltransferase 3 (METTL3),
methyltransferase 14 (METTL14), Wilms’ tumor 1-asso-
ciating protein (WTAP), and vir-like m6 A methyltrans-
ferase associated (VIRMA)), demethylases (fat mass and
obesity-associated protein (FTO) and AlkB homolog 5
(ALKBH5)), and m°A-binding proteins (YTH family pro-
teins). Therefore, it can shape the fate of RNA in an m°A
methylation-dependent manner [9-14]. Furthermore,
this fate is a significant factor that affects spermatogen-
esis and maturation.

Spermatogenesis and maturation encompass continu-
ous and complex biological processes. Haploid round
sperm cells are generated after mitosis and meiosis.
Thereafter, molecular rearrangements and biochemi-
cal changes occur to generate the mature sperm [15, 16].
The proteins associated with m®A modification undergo
dynamic alteration during different spermatogenesis
stages of mice,, with differences in their overall distribu-
tion [17]. The single-cell sequencing study revealed that
RNA m°A regulatory factors are expressed in almost all
testicular cell types, including somatic and germ cells
[18]. In mouse, the volume and weight of testis were sig-
nificantly decreased, spermatocyte differentiation was
abnormal, and spermatogenesis was interrupted after
knocking out YTH domain containing 2 (YTHDC?2),
a m°A reader protein, and resulting in infertility [13].
Similarly, YTHDC2 missense and mutation heterozy-
gotes exhibited the same reproductive defects [19, 20].
In addition, the m®A modification related proteins, such
asMETTL3 and METTL14 also participate in spermato-
genesis by regulating the differentiation of spermatogo-
nial cells and the initiation of meiosis [15, 21]. In mouse,
m°A levels were significantly decreased in sperm cells,
meiosis-associated genes were significantly downregu-
lated, and sperm quantity and vitality were significantly
decreased after knocked out METTL3 and/or METTL14,
and the phenotype is similar to human oligoasthenotera-
tozoospermia [17, 22]. ALKBHS5 is a common mOA eraser
and highly expressed in the testes of male mice. ALKBH5
knockout increased m°A modification levels of mRNAs
that involved in the P53 functional network, further
resulted in 3’-UTR splicing disorder, thereby inhibit-
ing meiosis and testicular atrophy [23, 24]. Single-cell
sequencing of the human non-obstructive azoospermia
testes revealed the dysregulation of almost all RNA m°®A
regulatory factors [25, 26]. Collectively, these findings
verify the essential role of m°A modification and its asso-
ciated genes in spermatogenesis.
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The epididymis is a tubular tissue connected to the tes-
tis. It can continuously modify the sperm, alter sperm
membrane components, and allow the sperm to acquire
motility and fertilization abilities [27]. However, insuf-
ficient sperm maturation in the epididymis or the disor-
ders of epigenetic modifications can severely affect sperm
quality, resulting in azoospermia, teratozoospermia, or
asthenozoospermia, which ultimately results in male
infertility [18, 28-30]. Notably, the epigenetic charac-
teristics of the sperm are remodeled in the epididymis,
with changes in their chromatin configuration that was
associated with DNA methylation [31]. Both environ-
mental stress and DNA released by epididymal somatic
cells, particularly the transient DNA methylation pro-
cess, affect the DNA methylation of the sperm [12, 32,
33]. Moreover, the RNA payload occurred significant
changes as the sperm travels along the epididymis,,
including modifications in microRNA, ribosomal RNA
content, and the 20-nt long piRNA, which may be associ-
ated with sperm epigenetics [34—37]. Unfortunately, the
RNA methylation profile of the epididymis remains unin-
vestigated. This investigation may facilitate the correct
maturation and fertilization of sperm, revealing more
information on male infertility.

Therefore, in this study, we determined the m°A lev-
els in the caput, corpus, and cauda of the epididymis of
adult yaks using methylated RNA immunoprecipitation
sequencing (MeRIP-seq) and RNA sequencing (RNA-
seq) and constructed an m®A map of the transcriptomes
in the different epididymal regions. Our findings may
provide novel insights into the modifications needed for
sperm maturation in the epididymis.

Results

Observation of tissue structure and mé6 A levels in different
epididymal regions

The epididymis is an essential organ for sperm modifica-
tion and maturation. Morphological comparisons among
different regions of the epididymis (Fig. 1A) revealed the
presence of densely packed and larger-diameter tubules
in the epididymal caput. Furthermore, thicker tubule
walls and a higher number of epithelial cells were pre-
sent in the epididymal corpus. Sperm count was higher in
the epididymal cauda, playing a role in storage. Next, we
determined whether differences exist in the m®A levels
in among different regions of epididymal. We observed
significant differences in m°®A levels in the epididymal
caput, corpus, and cauda (P < 0.05); the highest m°A lev-
els were noted in the epididymal corpus (Fig. 1B). Fur-
thermore, significant differences were noted in the genes
associated with m®A readers, writers, and erasers in the
different epididymal regions (Fig. 1C and D). Among
the three epididymal regions, the expression of the m°A
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Fig. 1 Histological observation of the epididymal regions and measurement of m°A levels. A Histological observation of the epididymal caput,
corpus, and cauda (15x). B m°A levels in the different epididymal regions. C Expression of m®A reader-related genes in among different regions
of epididymal. D Expression of m®A writer and eraser-related genes in among different regions of epididymal

readers and writer-related genes (YT'HDF2, YTHDCI,
RBM15, METTL14, WTAP, VIRMA) was the highest in
the epididymal corpus; however, the expression of the
m°A eraser-related genes FTO and ALKBHS was sig-
nificantly downregulated (P < 0.05). Collectively, these
findings suggest differences in m°A levels among differ-
ent epididymal regions. Therefore, different physiological
functions may occur during sperm maturation.

MeRIP-seq results and analysis of among different regions
of epididymal

We subjected the epididymal caput, corpus, and cauda to
MeRIP-seq analysis to elucidate the differences in m®A
modification across various epididymal regions. A higher
number of m°A peaks was observed in the epididymal
caput and cauda (Fig. 2A). Methylation peak annotation
using ChIPseeker software revealed exons and 3’-UTRs
as the primary distribution regions of the methylation
peaks (Fig. 2B and C), consistent with previous reports

on yak enrichment results [38]. Specific motifs are more
prone to m®A modification, this may be associated with
specific biological functions [7]. Motif analysis of the
epididymal caput, corpus and cauda revealed the pres-
ence of the canonical m®A motif “RRACH” (Fig. 2D). This
result indicates the high credibility of the identified m®A
peaks. Genomic distribution analysis revealed the dif-
ferential distribution of m®A peaks across yak chromo-
somes, with a major distribution on chromosomes 3, 8,
and 19 (Fig. 2E, Supplementary Table 2). The visualiza-
tion of randomly selected RNAs (SRD5 A1 and SP1I) with
m®A modifications in the 3"- and 5"-UTRs confirmed the
m®A occurrence sites (Fig. 2F).

Analysis of differentially methylated peaks (DMPs)

among different epididymal regions

DMPs were selected in the epididymal corpus-vs-
caput and cauda-vs-corpus groups using the criteria P
< 0.05 and |log,FoldChange| > 0.58) and subjected to
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Fig. 2 Distribution characteristics and visualization analysis of m®A in among different regions of epididymal. A Number of m®A peaks with different
methylation degrees in the epididymal caput, corpus, and cauda. B Statistics of the enrichment positions of the m°A peak in among different
regions of epididymal. C Peaks annotation and classification in the gene functional element regions. D m®A peak enrichment of the top motif. E Site
distribution map of the m®A peaks compared with the yak reference genome. F Visual analysis of the m®A peaks in SRD5 A1 and SP1

enrichment analysis. A total of 790 DMPs were identi-
fied in the corpus-vs-caput group, including 308 hyper-
methylated peaks and 482 hypomethylated peaks.
Furthermore, in the cauda-vs-corpus group, 435 hyper-
methylated and 284 hypomethylated peaks were iden-
tified (Fig. 3A, Supplementary Table 3). Figure 3B
illustrated the overall distribution of these DMPs.

Nextly, to understand the potential effect of differential
methylation, the differentially methylated RNAs (DMRs)
in the two comparative groups were subjected to enrich-
ment analysis. In KEGG enrichment analysis, the DMRs
in both comparative groups were significantly enriched
in the thyroid hormone signaling pathway, Wnt signal-
ing pathway, and Hippo signaling pathway. Notably, the
gap junction, ErbB signaling pathway, and mTOR sign-
aling pathway were significantly enriched in the cor-
pus-vs-caput group. In contrast, the differences were
not significant in the cauda-vs-corpus group. This indi-
cates that these signaling pathways play a key role in the
epididymal caput and corpus during continuous sperm
modifications in the epididymis. Similarly, in the cauda-
vs-corpus group, DMRs were significantly enriched for
apoptosis, the nuclear factor-kappa B signaling pathway,
the Toll-like receptor signaling pathway, and the B cell
receptor signaling pathway; these are classical pathways
associated with cell apoptosis and immunity. Neverthe-
less, these pathways were not significant in the corpus-
vs-caput group (Fig. 3C, Supplementary Table 4).

GO enrichment analysis revealed that the DMRs in
the corpus-vs-caput group were enriched for the terms
centrosome and nucleoplasm (ontology: cellular com-
ponent), beta-catenin-TCF complex assembly and cyto-
plasmic microtubule organization (ontology: biological
process), and ATP binding and microtubule binding
(ontology: molecular function). On the other hand, the
DMRs in the cauda-vs-corpus group were enriched for
the terms cytosol and nucleoplasm (ontology: cellular
component), lamellipodium assembly and negative regu-
lation of neuron apoptotic process (ontology: biological
process), and phosphotyrosine residue binding and thiol-
dependent ubiquitin-specific protease activity (ontology:
molecular function) (Fig. 3D, Supplementary Table 4).

Screening and identification of differentially expressed
genes (DEGs)

RNA-seq data can serve as a background for MeRIP-seq
data and facilitate basic RNA analysis. In this study, the
overall gene expression was similar in the epididymis
caput, corpus, and cauda. Figure 4A illustrated the FPKM
values. Based on the criteria of P < 0.01 and |log,Fold-
Change| > 1, 2620 DEGs were identified in the corpus-
vs-caput comparison group: 735 genes were upregulated
and 1885 were downregulated. On the other hand, 1220
upregulated and 588 downregulated genes were identi-
fied in the cauda-vs-corpus comparison group (Fig. 4B,
Supplementary Table 5). Figure 4C illustrated the
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distribution pattern of the identified DEGs. GO enrich- Combined analysis of m6 A-seq and RNA-seq data

ment analysis revealed the significant enrichment of the ~ The obtained m®A-seq and RNA-seq data were com-
terms reproduction, motile cilium, and calcium ion bind-  bined and analyzed to explore the potential relationship
ing in both comparison groups (Fig. 4D, Supplementary  between m®A modification and genes. Based on the crite-
Table 6). Similarly, KEGG analysis of the corpus-vs-caput  ria of P < 0.05 and |log,FoldChange| > 0.58, 287 co-DEGs
and cauda-vs-corpus groups revealed that the DEGs were ~ were identified in the corpus-vs-caput comparison group;
significantly enriched for the AMPK and PPAR signal- among them, 89 genes exhibited m°A hypermethylated
ing pathways. Furthermore, in the corpus-vs-caput com-  peaks, 66 were upregulated, and 23 were downregulated.
parison groups, the DEGs were significantly enriched ~Among the 198 genes with m®A hypomethylated peaks,
for arginine biosynthesis, steroid biosynthesis, and the 26 genes were upregulated, whereas 172 were down-
cAMP signaling pathway. On the other hand, KEGG regulated. On the other hand, 188 co-DEGs were iden-
enrichment analysis of the cauda-vs-corpus compari- tified in the cauda-vs-corpus comparison group; among
son group revealed the significant enrichment of DEGs  them, 122 genes exhibited m®A hypermethylated peaks,
for pathways such as arachidonic acid metabolism, fer-  with 101 being upregulated and 21 being downregulated.
roptosis, and extracellular matrix—receptor interaction  Furthermore, among the 66 genes with m®A hypomethyl-
(Fig. 4E, Supplementary Table 6). GSEA analysis revealed  ated peaks, 16 were upregulated, whereas 50 were down-
the significant enrichment of mineral absorption in regulated (Fig. 5A, Supplementary Table 7). In addition,
the epididymis corpus; while, xenobiotic metabolism  genes with m®A modifications (P < 0.05) but insignificant
by cytochrome P450 was significantly enriched in the RNA expression were screened. This suggests that these
epididymis cauda. m®A occurrences affect RNA translation (Supplementary
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Table 8). Randomly selected genes with significant dif-
ferences in RNA-seq data were subjected to qRT-PCR
validation. The comparison revealed that the trends
observed in qRT-PCR were consistent with the RNA-seq
results (Fig. 5B).

Discussion

Yaks are important economic animals found throughout
the Qinghai-Tibet Plateau, with a reputation for being
versatile livestock [39]. However, increasing the num-
ber of yaks, decreasing the degeneration of offspring
traits, and cultivating excellent breeds are challenges that
should be urgently resolved [40]. m®A modification plays
a vital role in sperm production [18]. As a result, exist-
ing research primarily focuses on the potential regula-
tory role of m®A during testis development and sperm
production [38, 41]. Nevertheless, sperm does not have
the ability to combine with eggs after being produced
in the testis; it still needs to complete the “maturation”

process in the epididymis. In this study, we generated a
comprehensive m°®A methylation map of the epididymal
caput, corpus, and cauda of male yaks and identified the
potential m°®A regulatory genes associated with sperm
maturation.

In this study, we observed significant differences in
methylation levels in different epididymal regions. The
m®A levels were significantly higher in the epididymis
corpus than in the epididymal caput and cauda. Subse-
quent analysis of m°®A-related regulatory genes revealed
the significant upregulation of m°A reader and writer-
related genes in the epididymal corpus but the signifi-
cant downregulation of the m°A eraser genes FTO and
ALKBHS5. This may result in the accumulation of m®A in
the epididymal corpus. Another possible explanation is
that during sperm movement from the epididymal caput
to the cauda, the effective load of small noncoding RNA,
particularly rsRNA and piRNA, significantly changes.
These high-quality carriers of epigenetic information are
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exchanged in the epididymal corpus, increasing m°A lev-
els [34, 36, 37]. In addition, lower mC°A levels in the cauda
epididymides may be beneficial for maintaining sperm
motility (including forward and non-forward move-
ments) and energy metabolism [42].

We also observed dynamic alterations in m°A levels
in different epididymal regions. This suggests that m°A
plays different physiological roles during sperm matura-
tion. DMRs enrichment analysis revealed the significant
enrichment of the gap junction, ErbB signaling path-
way, and mTOR signaling pathway in the corpus-vs-
caput comparison group; however, no differences were
observed in the cauda-vs-corpus comparison group. Gap
junctions are an important component of the epididymal
barrier. They not only provide a mature environment for
the sperm but also protect them from immune phagocy-
tosis [43]. Furthermore, they participate in direct cell-
cell communication and can rapidly respond to chemical

stimuli; this is conducive to the rapid absorption of tes-
ticular fluid and release of substances required by sperm
[43, 44]. The gap junction is also regulated by androgen
signaling, which affects the process of Sertoli cell differ-
entiation and sperm maturation [45]. Gap junctions can
also promote the maturation of sperm tail structure and
movement-related proteins, such as flagellin assembly,
by regulating calcium signaling (such as the RHOA path-
way) [46]. The ErbB signaling pathway can regulate the
downstream MEK/MERK1/2 signaling pathway, which is
involved in cell proliferation and differentiation. Further-
more, it can bind with androgens via nonreceptor path-
ways, particularly in the proximal epididymis, thereby
promoting the biological function of androgens [47]. The
enrichment of ErbB signaling pathway in the epididymis
may also be related to the maintenance of a specific
microenvironment [48]. ErbB signalingErbB1 can also
affect sperm acrosome and flagellar structure and change
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sperm motility by regulating fibroblast growth factor
receptor [49]. Interestingly, the ErbB signaling pathway
can directly or indirectly affect epididymal gap junctions
and participate in sperm maturation [44, 47]. Moreover,
the mTOR signaling pathway is significantly enriched in
the corpus-vs-caput group. As a classical signaling path-
way, mTOR participates in the differentiation of sper-
matogonial cells and regulates metabolism in supporting
cells [50]. Recently, study have revealed that after the
knockout of mTOR in the proximal epididymis, the dif-
ferentiation potential of principal cells was impaired, the
sperm transportation ability disappeared, and the sperm
morphology was abnormal [51]. The mTOR signaling
pathway may support sperm maturation and motility in
the epididymis by regulating protein synthesis, energy
metabolism, and cytoskeleton reorganization [52]. And
the mTOR signaling pathway is also related to sperm epi-
genetic modification transmission and nutrient energy
metabolism [53].

In the cauda-vs-corpus comparison group, the path-
ways associated with cell apoptosis, autophagy, immune
regulation, and oxidative stress, including apoptosis, the
FoxO signaling pathway, the PI3 K/Akt signaling path-
way, and the TNF signaling pathway were significantly
enriched [54—56]. Sperm is stored in the cauda epididy-
mides and awaits fertilization, but prolonged retention
can lead to oxidative stress and DNA damage. Therefore,
the enrichment of these pathways is related to the iden-
tification and removal of abnormal sperm and the main-
tenance of storage environment [40]. In addition, the
enrichment of autophagy function is also conducive to
the removal of damaged organelles and the maintenance
of cell status in epididymal cauda epithelial cells, thereby
ensuring sperm quality [57]. Furthermore, we observed
the significant enrichment of carbohydrate digestion and
absorption in the cauda-vs-corpus group but not in the
corpus-vs-caput group. This may be associated with the
various uses of carbon sources in the epididymal cauda,
including nourishing the sperm, granting them mobil-
ity before ejaculation, and maintaining the storage envi-
ronment [58, 59]. Notable, DEG enrichment analysis of
the RNA-seq data of this study revealed the significant
enrichment of carbohydrate digestion and absorption
in the cauda-vs-corpus group but not in the corpus-vs-
caput group; this is similar to the DMRs enrichment
results. However, additional studies are warranted to elu-
cidate the potential physiological roles and functions of
these DEGs.

The m°A can affect RNA stability, translation, and
higher structure of RNA [3]. In the present study, we
focused on those genes with alterations at the m°A
level but with no differences at the RNA level; this may
be associated with the regulation of RNA translation by
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mPA. These include YY1-associated factor 2 (YAF2), fork-
head box J2 (FOX]J2), and forkhead box O1 (FOXO1). We
found that in both comparison groups, YAF2 exhibited
a high methylation degree in both the epididymal caput
and cauda. YAF2, a paralog of Yin-Yang 1 (YY1), can
regulate the NF-kappa B and Wnt signaling pathways,
which are involved in cell development, differentiation,
and apoptosis, affecting ubiquitination modification and
epigenetics [60—-62]. Furthermore, YAF2 can rescue the
phenotypic abnormalities caused by YY1-binding protein
mutations, compensate for spermatocyte loss, and regu-
late meiosis and sperm movement [61, 63]. However, the
methylation changes in YAF2 in all epididymal regions
may be associated with regulating sperm maturation.
Nevertheless, the specific regulatory mechanism should
be explored.

FOX]J2 is a member of the forkhead box transcription
factor family. It is specifically expressed in spermatocytes
and round spermatid cells but not in elongating sper-
matids [64]. In a mouse FOX]J2 overexpression model,
FOX]J2 increased testicular autophagy levels and inhib-
ited meiosis, resulting in male infertility [65]. In addition,
FOX]J2 can directly bind to connexin 43 (Cx43), upregu-
late Cx43 expression, and affect gap junctions, thereby
resulting in male sterility [66]. In study on yak testicles,
FOXJ2 has been noted to be highly methylated in sexually
mature testicles, thereby participating in spermiogenesis
[41].

In the present study, m®A modification was observed in
FOXO1; however, no changes were observed at the RNA
level. At present, FOXO1 is known to play a vital role in
cell apoptosis, oxidative stress, and glucose metabolism
via phosphorylation and acetylation modifications [67].
Studies have revealed that FOXO1 inactivation will not
prevent meiosis initiation; however, it will damage germ
cells and result in defects in spermatogenesis, leading to
the absence of mature sperm in the epididymal cauda.
FOXOL1 is a core factor in pig and mouse spermatogen-
esis [68, 69]. As a supplement, we observed the presence
of m®A modification in FOXO1 in the epididymal cauda,
with high methylation; therefore, it may participate in
sperm maturation.

Conclusion

In summary, we revealed the dynamic changes of meth-
ylation levels and m®A modification between different
epididymal regions. We observed significant differences
in Gap junction, ErbB signaling pathway, mTOR signal-
ing pathway, FoxO signaling pathway, PI3 K/Akt sign-
aling pathway and TNF signaling pathway between
different epididymal regions, which may affect sperm
function maturation by synergistically regulating biologi-
cal processes such as cell differentiation and apoptosis.
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In addition, YAF2, FOXO1 and FOX]J2 may be important
regulators of epididymal sperm maturation. Our results
provide new insights into understanding the epigenetic
molecular regulatory mechanisms of different epididymal
regions and sperm maturation.

Materials and methods

Collection of epididymal samples

All animal-related procedures were performed accord-
ing to the guidelines of the China Council on Animal
Care and the Ministry of Agriculture of the People’s
Republic of China. The Animal Care and Use Commit-
tee of the Lanzhou Institute of Husbandry and Phar-
maceutical Sciences Chinese Academy of Agricultural
Sciences approved all yak-handling procedures (Permit
No: LIHPS-2022-0144). Six 4-year-old healthy adult
male yaks (Bos grunniens, 312.6 + 17.3 kg) were selected
from Gannan Tibetan Autonomous Prefecture (aver-
age altitude of 3000 meters), which were confirmed by
veterinary examination to have no reproductive system
diseases, free to eat local pasture and free to drink water.
Use animal anesthetic with the trade name “Jingsongling’,
with a dosage of 0.05-0.2 mg/kg, for anesthesia. After
anesthesia, iodine was used to locally disinfect the tes-
ticles, and then the veterinarian castrated all animals to
collect epididymal tissue samples. Subsequently, the col-
lected epididymal tissues were washed with physiological
saline solution and dissected to separate the caput, cor-
pus, and cauda regions based on anatomical landmarks.
A part of the tissue was fixed with 4% neutral buffered
formalin for histological analysis, whereas the remaining
tissues were stored in liquid nitrogen for freezing until it
was used for analysis.

Hematoxylin and eosin (H&E) staining

After fixation, epididymal tissue samples were dehy-
drated using 75% ethanol, embedded with paraffin,
and sliced into 5-mm thick sections. The sections were
stained using an improved H&E staining kit (SolarBio,
Beijing, China) according to the manufacturer’s instruc-
tions. Thereafter, the sections were sealed using neutral
gum and imaged under the Pannoramic 250 digital sec-
tion scanner (Drnjier, Jinan, China).

Measurement of m®A levels

Total RNA was extracted by treating different regions
of the isolated epididymis with TRIzol. A micro-nucleic
acid analyzer was used to measure the absorbance A260/
A280 value. Electrophoresis was performed to measure
RNA purity and integrity. m°A levels were measured in
the different epididymal regions using a m°A RNA meth-
ylation quantitative detection kit (Epigentek, NY, United
States) according to the manufacturer’s instructions.
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Each sample was analyzed three times. The absorbance
was measured at 450 nm. The absorbance of the blank
hole was subtracted during the calculation, and the final
m®A level was expressed as a percentage value.

cDNA synthesis and quantitative real-time polymerase
chain reaction (qRT-PCR)

The Transcriptor First Strand c¢DNA Synthesis Kit
(Transgen, Beijing, China) was used to reverse transcribe
each RNA sample (diluted to 500 ng/mL). The cDNA was
then stored at —80°C. Primers were selected based on the
RNA-seq results. The selected genes were subjected to
qRT-PCR analysis using the LightCycler® 96 Real-Time
Detection System (Roche, Beijing, China). The internal
reference gene was glyceraldehyde-3-phosphate dehy-
drogenase. The 20 pL reaction mixture comprised the
following components: 10 pL of 2x SYBR Green II PCR
Mix (Takara Bio), 1 uL ¢cDNA (25 ng), 1 pL primers, and
8 puL nuclease-free water. The reaction conditions were as
follows: 95°C for 5min, followed by 40 cycles at 95°C for
10 s, 60°C for 30 s, and 72°C for 2 min. A melting curve
was obtained from 65°C to 95°C, which was increased in
increments of 0.5°C every 5 s. Relative expression was cal-
culated using the 2722t method. The primer sequences
were listed in the Supplementary Table 1.

Library sequencing and bioinformatics analysis

The methods reported by Guo et al. [41]. were utilized
to perform RNA extraction and quality control, library
construction, sequencing, and bioinformatics analy-
sis. Qualified RNA was reverse transcribed into cDNA.
Oligo-dT magnetic beads were utilized to perform
two purification rounds. For library construction and
sequencing, mRNA was specifically captured using poly-
adenylate. Low-quality and N-base or low-quality reads
were filtered and high-quality clean reads were retained.
The clean reads were compared with the yak reference
genome (LU_Bosgru_v3.0). Then, MeTDiff (v1.0, https://
github.com/compgenomics/MeTDiff) [70] and ChIP-
seeker (v1.30.3, https://bioconductor.org/packages/relea
se/bioc/html/ChIPseeker.html) [71] software were used
to detect, annotate, and analyze the peak values of the
samples using the following criteria: P < 0.05 and |log-
,FoldChange| > 0.58. In the transcriptome sequencing
data, HTSeq-count4 (v2.0.2, https://htseq.readthedocs.
io/) was used to calculate the fragments per kilobase per
million mapped fragment 3 of each gene and obtain the
read counts of each gene. R (v3.2.0) was utilized to per-
form principal component analysis to evaluate the bio-
logical duplication of samples. The criterion for screening
significantly enriched items in Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
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analyses was P < 0.05. Supplementary Document 1 sum-
marizes the specific data analysis process.

Differential gene expression verification and statistical
analysis

Based on the gene expression results, differential genes
were randomly selected for verification. Supplemen-
tary Table 1 lists the primer sequences. The data were
integrated and analyzed using SPSS 22.0. The results
are expressed as mean * standard error of the mean.
One-way analysis of variance was used to perform data
comparisons. P < 0.05 was selected as the significance
threshold.
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