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Whole-transcriptome sequencing analysis
to identify key circRNAs, miRNAs, and mRNAs
in the development of yak testes
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Abstract

Background The Testis is an important reproductive organ in male mammals and the site for spermatogenesis,
androgen synthesis, and secretion. Non-coding RNAs (ncRNAs) play an important regulatory role in various biological
processes. However, the regulatory role of ncRNAs in the development of yak testes and spermatogenesis remains
largely unclear.

Result In this study, we compared the expression profiles of circular RNAs (circRNAs), microRNAs (miRNAs), and
messenger RNAs (mRNAs) in yak testicular tissue samples collected at 6 months (Y6M), 18 months (Y18M), and 4 years
(Y4Y). Using RNA sequencing (RNA-Seq), we observed a significant difference in the expression patterns of ncRNAs in
the samples collected at different testicular development stages. Twenty-two differentially expressed (DE) circRNAs,
69 DE miRNAs, and 64 DE mRNAs were detected in Y6M, Y18M, and Y4Y testicular samples, respectively. The results of
gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses showed that the source genes
of DE circRNAs, predicted target genes of DE miRNAs, and DE mRNAs were specifically associated with signaling
pathways and GO terms that were related to sperm synthesis, sperm vitality, and testicular development, such as

cell cycle, Wnt signaling pathway, MAPK signaling pathway, GnRH signaling pathway, and spermatogenesis. The
analysis of the circRNA-miRNA-mRNA network revealed that some DE ncRNAs, including miR-574, miR-449a, CDC42,
and CYP11A1, among others, may be involved in testicular spermatogenesis. Concurrently, various circRNA-miRNA
interaction pairs were observed.

Conclusion Our findings provide a database of circRNAs, miRNAs, and mRNAs expression profiles in testicular tissue
of yaks at different developmental stages and a detailed understanding of the regulatory network of ncRNAs in yak
testicular development and provide data that can help elucidate the molecular mechanisms underlying yak testicular
development.
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Introduction
The yak (Bos grunniens) is a unique breed of livestock in
the Qinghai Tibet Plateau (QTP) and its adjacent areas.
They have the compact body structures, are resistant to
cold, and exhibit strong stress resistance. They serve as
“versatile livestock” for people in high-altitude pasto-
ral areas and produce a multitude of products, includ-
ing meat, milk, plush, leather, and fuel, among others
[1, 2].The testis is one of the most important reproduc-
tive organs in male animals and the foundation of male
fertility. The level of male fertility directly influences the
economic benefits from a specific species in animal hus-
bandry [3]. Testicular development can be divided into
prenatal and postnatal stages. The prenatal stage primar-
ily involves the formation of testicular tissue. The post-
natal stage involves the growth and differentiation of
testicular tissue. When male animals are born, the tes-
tes are mainly composed of Sertoli cells (SCs) and Sper-
matogonia (SPG), and the diameter of the seminiferous
tubules is relatively small. The continuous development
of the testicles leads to the gradual enlargement of the
diameter of the seminiferous tubules. Until adolescence,
spermatogenesis gradually performe within the seminif-
erous tubules [4, 5]. Spermatogenesis is a highly regulated
process in germ cell differentiation and comprises three
stages: spermatogonium differentiation, spermatocyte
meiosis, and sperm cell formation [6]. In recent years,
several functional genes and ncRNAs have been found to
regulate testicular development and spermatogenesis [7].
However, the regulatory mechanism remains unclear.

Circular RNAs (circRNAs) and microRNAs (miR-
NAs) are the two types of endogenous non-coding RNAs
(ncRNAs) that have garnered significant attention in
recent years. Most of these circRNAs have been shown to
function as miRNA sponges that prevent miRNAs from
binding to targets. miRNAs play a post-transcriptional
regulatory role by specifically binding to protein-coding
mRNAs [8, 9]. Several studies have shown that circRNAs
and miRNAs are widely present in the testicular tissues
of various animals. These play a crucial role in testicular
development and spermatogenesis. For example, a total
of 8,140 differentially expressed (DE) circRNAs were
found in goat testicular tissues collected at four devel-
opmental stages [10]. Similarly, 223 DE miRNAs were
identified in the testicular tissues of neonatal and mature
cattle, with significantly enriched target genes in the cal-
cium signaling, oxytocin signaling, PI3K Akt signaling,
and MAPK signaling pathways, which are associated with
male reproduction [11]. Each species has differences in
the composition of testicular tissues, and the sperm pro-
duction pathways may also differ.

In this study, we analyzed the expression of circRNAs,
miRNAs, and mRNAs in yak testicular tissues collected
at three developmental stages using whole-transcriptome

Page 2 of 15

RNA sequencing to reveal the molecular regulatory
mechanisms of protein coding RNA (mRNA) and non-
coding levels (miRNAs and circRNAs) on testicular
development. At the same time, we conducted the func-
tional enrichment analysis to screen for DE ncRNAs with
a potential role in testicular development and spermato-
genesis. Our results indicate that the potential function
of ncRNAs in reproduction regulation in male yaks.

Materials and methods

Ethics statement

All experimental animals used in this study were treated
strictly in accordance with the Animal Ethics Procedures
and Guidelines of the People’s Republic of China. The
experimental procedures were reviewed and approved
by the Animal Administration and Ethics Committee
of Lanzhou Institute of Husbandry and Pharmaceuti-
cal Sciences, Chinese Academy of Agricultural Sciences
(approval number: SYXK-2014-0002).

Collection of testicular tissue samples

Nine healthy 6-month-old (Y6M), 18-month-old
(Y18M), and 4-year-old (Y4Y) male yaks from the same
cooperative in Xiahe County (N34°51°50; E102°26’9’) in
Gannan Tibetan Autonomous Prefecture were selected.
Three male yaks were taken at each period and testicular
tissue was collected via surgical biopsy. Briefly, the yaks
were anesthetized with Jingsongling (Zhengfeng, Lan-
zhou, China) and wiped with iodophor. After local anes-
thetization, the yaks were castrated using sterile scalpels.
The wounds of these yaks were immediately sutured with
surgical needles, and penicillin and streptomycin were
administered to prevent infection. The collected testicu-
lar tissue was washed with PBS (SolarBio, Beijing, China),
immediately placed into a cryotube, and rapidly frozen in
liquid nitrogen.

RNA isolation, library preparation, and sequencing

Total RNA was isolated from yak testicular tissues and
purified using a TRIzol reagent kit (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer’s instructions.
A 1% agarose gel was used to detect RNA degradation
and contamination. The purity and concentration of total
RNA were measured using a Nanodrop 2000 (Thermo
Scientific, MA, USA) instrument and a Qubit® 2.0 fluo-
rometer (Life Technologies, Carlsbad, CA, USA). The
RNA integrity number (RIN) was determined using an
Agilent 2100 Bioanalyzer (Agilent, Palo Alto, CA, USA).
Only high-quality RNA samples with RNA concentra-
tion>80 ng/uL, a purity ranging from 1.80 to 2.10, and
RIN>7 were used for the subsequent experiments. Ribo-
somal RNA (rRNA) was removed from high-quality RNA
samples using a Ribo-Zero Gold rRNA Removal Kit
(Ilumina, San Diego, CA, USA). The residual RNA was
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used to generate 9 complementary DNA (cDNA) librar-
ies using a NEBNext Ultra RNA Library Prep Kit (New
England Biolabs, Ipswich, MA, USA). The libraries con-
structed were subjected to paired-end sequencing using
the Illumina HiSeq2500 sequencer (Illumina, San Diego,
CA, USA) from Gene Denovo Biotechnology Co., Ltd.
(Guangzhou, China).

Processing and analysis of RNA-seq data from testicular
tissues

High-quality clean reads were obtained using fastp
v0.18.0 to eliminate unqualified reads, including adapt-
ers-containing reads, low-quality reads with quality
score<Q20, and reads with more than 10% unknown
nucleotides. First, the clean reads were aligned to the Bos
Taurus reference genome (version: Ensembl_release106)
using HISAT? ver.2.1.0 with default parameters [12]. Sec-
ond, the mapping reads for each sample were assembled
using StringTie (version 1.3.4).

Library preparation and construction of small RNA-Seq
After total RNA extraction, RNA with 18—30 nt was con-
centrated by polyacrylamide gel electrophoresis. Next,
the 3’ and 5" adapters were connected separately, follow-
ing which reverse transcription and PCR amplification of
small RNAs were performed to connect nucleotides to
both sides of the adapters. Finally, PCR products with a
size of approximately 140 bp were recovered and purified
for constructing cDNA libraries. The constructed librar-
ies were assessed for quality and yield using an Agilent
2100 instrument and RT-quantitative PCR (RT-qPCR).
Finally, small RNA-Seq was performed.

Identification and annotation of circRNAs

For reads that had not been aligned to the B. taurus ref-
erence genome, 20 bp at both ends were intercepted as
anchor reads. Anchored reads were also realigned with
the reference genome using bowtie2 v2.2.8. To avoid high
false positives from circRNAs, the alignment results were
identified using Find_circ [13]. To correct the expres-
sion levels of annotated circRNA, the Reads Per Million
mapped reads (RPM) were used to standardize the raw
counts.

Bioinformatics analysis of miRNA

Clean reads were obtained according to the method in
2.4, and then these were mapped to GenBank database
v209.0 and Rfam database v11.0 for annotation, excluding
other non-coding RNAs such as ribosomal RNA (rRNA),
transfer RNA (tRNA), small nucleolar RNA (snoRNA),
small nuclear RNA (snRNA), and small cytoplasmic
RNA (scRNA). To eliminate exons, introns, and repeat
sequences, these removed clean reads were mapped to
the reference genome, and the remaining clean reads
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were annotated with miRbase v22.0 to obtain known
bovine miRNAs and known miRNAs from other spe-
cies (named known species-conserved miRNA). Finally,
miReap v.0.2 was used to predict novel miRNAs using
the signature hairpin structure of miRNA precursors.
miRNA abundance was normalized using the transcripts
per million (TPM) value according to established criteria
[14].

Analysis of DE genes

The use of FPKM standardizes the mRNA expression
level. CircRNAs, miRNAs, and mRNAs in the yak testicu-
lar tissue samples collected at three developmental stages
were subjected to differential expression analysis using
the DESeq v2.0 software. Only genes with |Fold Change|
> 2.0 and p-value<0.05 between any comparison groups
were considered to show differential expression.

Enrichment analysis of GO and KEGG pathways for DE
genes

The miReap v0.2 [15], Miranda v3.3a [16], and Tar-
getScan v7.0 [17] were used to predict the target DE
genes of miRNAs (DE miRNAs) and determine the inter-
section of the predicted results. The GO database was
used to map DE genes, host genes of DE circRNAs, and
target genes of DE miRNAs to GO terms. In addition,
KEGG analysis was conducted to analyze whether the
functional pathways of these DE ncRNAs are better for
exploring their potential roles.

Construction of co-expression networks

A circRNA-miRNA-mRNA interaction network was
developed using Cytoscape v3.5.1 [18] to investigate the
interactions among circRNA, miRNA, and mRNA dur-
ing spermatogenesis and testicular development in yaks
at different developmental stages.

Assessing the reliability of RNA-Seq results using reverse
transcriptase-PCR (RT-PCR)

Fifteen DE ncRNAs (five each for DE circRNAs, DE miR-
NAs, and DE mRNAs) were randomly selected for RT-
qPCR to confirm the reliability of the sequencing results.
First, primers were designed using Primer 5, followed by
the reverse transcription of cDNA using the Transcrip-
tor First Strand cDNA synthesis kit and Mir-X miRNA
First-Strand Synthesis kit, respectively. The authentic-
ity of circRNAs was assessed using RT-PCR and Sanger
sequencing. The sequencing results were compared using
MAG 5.0. RT-qPCR in an Applied Biosystems Quant-
Studio 6 Flex (Thermo Lifetech, MA, USA) platform 2 x
ChamQ SYBR qPCR Master system (Vazyme, Nanjing,
China), with three replicates used for each experiment.
GAPDH expression was used as a reference to normalize
the circRNA and mRNA expression levels, and U6 were
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used as the internal references to normalize the expres-
sion levels of miRNA. The threshold cycles were calcu-
lated using the 27 24 € method. The primer information
is shown in Table 1.

Results

Overview of RNA-Seq data

The ¢cDNA libraries of testicular tissues collected at the
three developmental stages of yaks were constructed
and sequenced for each tissue sample. Transcriptome
sequencing data were submitted to the GEO data-
base with GSE268999. In all, 850,634,688 raw reads
were collected in the three libraries. After low-quality
and unqualified reads were eliminated, an average of
96,121,452, 94,463,369 and 92,257,787 clean reads were
obtained from the testicular tissues of Y6M, Y18M,
and Y4Y vyaks, respectively. More than 93% of the clean
reads were successfully mapped to the reference genome,
of which 87.45% (Y6M), 88.82% (Y18M), and 89.79%
(Y4Y) were uniquely aligned to the Bos Taurus reference
genome. These findings indicated that the obtained data
had high reliability and helped ensure the accuracy of
subsequent analyses.

Table 1 Primer information for RT-PCR and PT-gPCR
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Overview of small RNA-Seq data

An average of 10,712,387, 9,575,322, and 14,836,913 raw
reads were obtained from the testicular tissue samples of
Y6M, Y18M, and Y4Y vyaks, respectively. All raw reads
generated in this investigation were submitted to GEO
with GSE268999. After low-quality and unqualified reads
were removed, an average of 10,419,535, 9,223,855, and
14,123,021 clean reads were obtained from the Y6M,
Y18M, and Y4Y libraries, of which 80.50%, 73.62%, and
68.63% clean reads were mapped to the yak reference
genome, respectively. Among the reads obtained from
the small RNA library, most small RNAs had a length of
20-23 nt, and the most common length for small RNAs
was 22 nt, accounting for at least 43.11%, 32.25%, and
26.65% of the total reads from Y6M, Y18M, and Y4Y
samples, respectively (Fig. 1). We also found that among
the small RNAs annotated in this study, the known miR-
NAs (including mature yak miRNAs and species-con-
served miRNAs) constituted the largest proportion of the
small RNA reads from Y6M, Y18M, and Y4Y samples, at
82.39%, 63.08%, and 51.74%, respectively (Fig. 2).

CircRNA/miRNA/gene Forward (5'—=3’)

Reverse (5'—3’)

circ_002438 TCCAGACAAAGTGCGAGGTT TTCCTGCATCTGCTGTCCTC
circ_032419 AAGACAAAGCAGCACAAG AAGCACATCCACCTCATC
circ_046272 GCCCAGGACCCGGTTATT TGCTGTGAAGCCAGGATG
circ_046890 GTCCCATTCCCATAACTG CTTGAGGCATATCCCACT
circ_061335 CTTATCAGCCGCCTCTTT CTTCCTGGTTGGTGTTCC
circ_063280 CGCCAAGGGCAAGACCAA ACCCGGAAGAGCAGCAAG
circ_067598 CGGAGGTCAGTTCAATAC TAAGAATGCTCGGTAGGT
circ_069511 TTGGTTTATACATGGTCCTG AGCTGTCGAAGCCACTTT
circ_070696 CCTCAGGTAGACGGTGTT GGGAGTTCCCTTGGTTAT
bta-miR-146b CCTGAGAACTGAATTCCATAGGCTGT mRQ 3’ primer

bta-miR-449a TGGCAGTGTATTGTTAGCTGGT mRQ 3’ primer

bta-miR- 100 AACCCGTAGATCCGAACTTGTG mRQ 3’ primer

bta-miR-34c CGAGGCAGTGTAGTTAGCTGATTG mRQ 3’ primer

bta-miR-574 TGAGTGTGTGTGTGTGAGTGTGTG mRQ 3’ primer

bta-miR-92b ATATATTGCACTCGTCCCGGCCT mRQ 3’ primer

bta-miR-204 CGTTCCCTTTGTCATCCTATGCCT mRQ 3’ primer

bta-miR-92a ATTATTGCACTTGTCCCGGCCT mRQ 3’ primer

bta-miR-184 CTGGACGGAGAACTGATAAGGGT mRQ 3’ primer
bta-miR-449a TGGCAGTGTATTGTTAGCTGGT mRQ 3’ primer

bta-miR- 100 AACCCGTAGATCCGAACTTGTG mRQ 3’ primer

bta-miR-34c CGAGGCAGTGTAGTTAGCTGATTG mRQ 3’ primer

CYPTIAT TCATCCCACTGCTGAATC TCAAAGGCAAAGTGAAACA
PDGFRB TCATCTCCCTCATTATCCTCA CATCTTCACAGCCACTTTCAT
CTsB CGCCAACAACGAGAAGGA TTGCCGACCAGCCAGTAG
KLF4 TCCCACCGCTCCATTACC AAACTTCCACCCACAACCATC
AURKA GCCTTGTCTTACTGTCATTC GCTCCAGAGGTCCACTTT

U6 GGAACGATACAGAGAAGATTAGC TGGAACGCTTCACGAATTTGCG
GAPDH ACACTGAGGACCAGGTTGTG GACAAAGTGGTCGTTGAGGG
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Fig. 1 The nucleotide length distribution of small RNA obtained from testicular tissues of yaks at different developmental stages

Analysis of circRNA, miRNA, and mRNA characteristics

In this study, a total of 73,679 circRNAs, 1,536 miR-
NAs, and 22,183 mRNA were identified in testicular tis-
sue samples collected in the three developmental stages.
Among them, 31,386, 44,215, and 39,776 circRNAs
were identified in the testicular tissues of Y6M, Y18M,
and Y4Y yaks, respectively, and 12,825 circRNAs were
co-expressed in three groups (Fig. 3A, Supplementary
File S1). We found that among the different types of cir-
cRNAs, annot-exon was the most common sequence,
accounting for 67% of the total number of circRNAs.
This was followed by exon intron (19%) and intergenic
(9%) circRNAs (Fig. 3B). CircRNAs with no more than
1000 bp accounted for the majority (Fig. 3C). In addition,
based on their host gene location, the circRNAs identi-
fied in the testicular tissues were widely distributed in the
yak chromosomes, with the greatest proportion observed
in chromosomes 1-11 and least in MT chromosomes
(Fig. 3D). The miRNAs identified in this study included
558 known yak miRNAs, 717 known species-conserved
miRNAs, and 261 novel miRNAs (Supplementary File
S2). Among the identified miRNAs, 1,210 were co-
expressed in yak testicular tissues at the three develop-
mental stages, whereas only 10, 1, and 34 miRNAs were

expressed in the Y6M, Y18M, and Y4Y testicular tissues,
respectively (Fig. 4).

Differential expression of circRNA, miRNA, and mRNA in
yak testicular tissues collected at the three developmental
stages

We compared the yak testicular tissue samples collected
at the three developmental stages pairwise to evaluate
the different circRNA expression levels. Of the 73,679
circRNAs identified, 1,841 DE circRNAs were identified
in Y6M and Y18M samples, of which 672 were up-reg-
ulated and 1,169 were down-regulated. Next, 3,962 DE
circRNAs were identified in Y4Y and Y6M samples, of
which 2,255 were up-regulated and 1,707 were downreg-
ulated. Lastly, 908 DE circRNAs were identified in Y4Y
and Y18M samples, of which 398 were up-regulated and
510 were down-regulated (Fig. 5A).

Among all miRNAs identified in the yak testicular tis-
sues collected at the three different developmental stages,
462 miRNAs showed significant differential expression
between the Y6M and Y18M stages (154 up-regulated
miRNAs and 308 downregulated miRNAs). A total of 676
DE miRNAs were identified in Y4Y and Y6M samples
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Fig. 2 The percentage of small RNA types obtained from testicular tissues of yaks at different developmental stages

(440 up-regulated miRNAs and 236 downregulated miR-
NAs). Similarly, 176 DE miRNAs were identified in Y4Y
and Y18M samples (102 up-regulated miRNAs and 74
downregulated miRNAs) (Fig. 5B).

Subsequently, DE mRNAs were screened using DESeq
with P<0.05 and |log2 (fold change) | > 1 as the screening
criteria. Through screening, 7,668 DE mRNAs (2,315 up-
regulated mRNAs and 5,353 down-regulated mRNAs)
and 10,565 DE mRNAs (including 6,391 up-regulated
mRNAs and 4,174 down-regulated mRNAs) were identi-
fied in the Y6M vs. Y18M and Y4Y vs. Y6M comparisons,
respectively. Meanwhile, 247 DE mRNAs were identified
in the Y4Y vs. Y1I8M comparison (64 up-regulated and
183 down-regulated), which was relatively lesser than
those identified in other pairs (Fig. 5C).

Prediction of target genes for DE miRNAs

To further investigate the potential functions and mecha-
nisms of action of DE miRNAs, miRanda and Targetscan
were used to predict the target genes of the DE miRNAs.
We identified 462, 676, and 176 DE miRNAs from Y6M
vs. Y18M, Y4Y vs. Y6M, and Y4Y vs. Y18M comparisons

and predicted 20,132, 20,375, and 18,924 target genes,
respectively. The vast majority of miRNAs obtained had
more than one target gene and could function by cleav-
ing multiple targets. A single target gene can simultane-
ously target multiple miRNAs. For instance, the newly
discovered novel-m0007-3p was predicted to have 1,153
targets, whereas ITGA6 was predicted to target 124 miR-
NAs simultaneously.

Functional enrichment analysis of DE ncRNAs in Y6M vs.
Y18M comparison

We conducted GO and KEGG enrichment analyses of DE
ncRNAs (including DE circRNAs, miRNAs, and genes)
to further explore the alterations in yak testicular tis-
sues at different developmental stages. Results of the GO
enrichment analysis showed that the source genes of DE
circRNAs, predicted target genes of DE miRNAs, and
DE genes between Y6M and Y18M samples were signifi-
cantly concentrated in 1,111, 3,849, and 1,828 GO terms,
respectively (Supplementary File S3), primarily involving
intracellular, metal ion binding, single-organism organ-
elle organization, cellular component organization, and
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cell migration terms (Fig. 6A and C). Interestingly, some
terms were closely associated with testicular develop-
ment and reproduction traits, including spermatogen-
esis, sexual reproduction, transformation growth factor
beta binding, and spermatid development.

The metabolic processes related to DE ncRNAs were
analyzed by using the KEGG pathway database. The
source genes of DE circRNAs, predicted target genes of
DE miRNAs, and DE genes were significantly enriched in
64, 128, and 75 KEGG pathways, respectively. These were
primarily involved in cell cycle, growth hormone synthe-
sis, secretion and action, Wnt signaling pathway, GnRH
signaling pathway, and MAPK signaling pathway (Fig. 6D
and F).

Functional enrichment analysis of DE ncRNAs in Y4Y vs.
Y6M comparison

Between Y4Y and Y6M samples, the source genes of DE
circRNAs, predicted target genes of DE miRNAs, and
DE genes were significantly enriched in 1,590, 3,837, and
2,631 GO terms, respectively (Supplementary File S4).
Among these, the most important cellular component
functions involved the intracellular, intracellular mem-
brane-bounded organelle, organelle, and cytoplasm. The
molecular functions comprised binding, protein binding,
catalytic activity, MAP kinase activity, and transforming

growth factor beta receptor binding. With respect to
biological processes, the most important GO terms pri-
marily included spermatogenesis, phosphatidylinositol
3-kinase signaling, sperm mobility, DNA methylation,
and Wnt signaling pathway (Fig. 7A and C). KEGG analy-
sis of DE ncRNAs (including DE circRNAs, miRNAs, and
genes) indicated that the parental genes were involved in
the FoxO signaling pathway, mTOR signaling pathway,
PI3K Akt signaling pathway, MAPK signaling pathway,
and GnRH signaling pathway (Fig. 7D and F).

Functional enrichment analysis of DE ncRNA in Y4Y vs.
Y18M

Similarly, between Y4Y and Y18M samples, DE ncRNAs
were significantly enriched in 5,815 GO terms, with
the source genes of DE circRNAs, the predicted target
genes of DE miRNAs, and DEGs significantly enriched in
1,200, 3,973, and 766 GO terms (Supplementary File S5),
respectively, among which spermatid development, cell
migration, sex differentiation, transforming growth fac-
tor beta receptor signaling pathway, and catalytic activity
may play a role in testicular development (Fig. 8A and C).
The results of KEGG pathway annotation revealed that
the source genes of DE circRNAs in the Y4Y and Y18M
samples were significantly enriched in 56 pathways,
among which GnRH signaling pathway, cell cycle, Wnt
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signaling pathway, MAPK signaling pathway, and PI3K-
Akt signaling pathway may contribute to testicular devel-
opment (Fig. 8D and F).

Construction and investigation of the competitive
endogenous RNA (ceRNA) regulatory network

To further determine the potential regulatory effects of
DE ncRNAs on testicular development and male repro-
duction in yaks at different developmental stages, we
randomly selected 12 DE circRNAs of type annot exons
and their targeted DE miRNAs and mRNAs to construct

a circRNA -miRNA-mRNA interaction network based
on the ceRNA theory, the results of which are shown in
Fig. 9.

Validating the authenticity and reliability of RNA-Seq data
using RT-qPCR

The results of RT-PCR and Sanger sequencing showed
that the randomly selected circRNAs in the RNA-seq
data had the head-to-tail splice junction sequences, fur-
ther demonstrating the authenticity of circRNAs in the
RNA-seq data (Fig. 10A). RT-qPCR is used to detect



Y6MvsYISM Y4Y vs Y6M Y4Y VS YISM

Y6MvsYISM  Y4YvsYOM Y4Y VSYISM

Fig. 5 The differential expression of DE ncRNAs in yak testicular tissues of YoM, Y18M, and Y4Y

Hu et al. BMC Genomics (2024) 25:824 Page 9 of 15

A B C

500 = UP 7000 = UP
2500 4 = UP 450 #DOWN 2 6000 #DOWN

400

< 2000 - "DOWN 2350 é 5000

% E 300 & 4000

5 1500 - 3 250 ;

s 1000 - & 200 E 00

B £ 150 Z 2000

g 500 - 7z 100

Z. s | 1000

0 - 0 0

Y6MvsYISM  Y4YvsYOM Y4Y VSY18M

A The source genes of DE circRNAs B The predicted target genes of DE miRNAs (] DEGs
sperm motility — spenmatogenesis * Wt signaling patliway [me—
spermatid differensiation == Wt signaling pathway ™ cell cycle
spermatid development  S— Notch signaling pathway ™ germ cell
male sex differcntiation — et based process
Fegteip cell differentiation We— spermatid i
sy S — cellular developmental process Se— spermatd devel
sexmel repeoduction positive regulation of cellular metabolic process  S— arganism
Spermatogenesis S—— developmental process M— Smete gencralion ———
cell cycle proces  [e—— pitogencompourd metabolc process —
cell P metabolic. . cilium
organelle positive regulation of metabolic process e——— g | ——————
cilium positive regulation of cellular process  ee———— hi-org: process
" I organic substance metabolic process  Se——— sexual
cellular component metabolic process e——— process
transforming growth factoe beta binding - positive regulation of biological process
mieiiiing posrh fhcher bots rosepir Shutlag: transforming growth factor beta-activated receptor..» transforming growth factor bets binding e
peotein serine threonine tyrosine kinase activity  me— MAP kinase phosphatase sctivity = PS3 binding
o i growth factor receptor binding = hydrolase activity me—
A | pr— metal ion binding = microtubule motor activity  e—
enzyme binding - — transferase activity - metal ion binding  e——
auclooside binding - ee—— signaling receptor binding e tubulin binding  —
protein binding - S—— cnzyme binding  we— catalytic activity  me——
adenyl nuclootide binding  —— catalytic activity e— Jon binding  ———
ATP binding  ee——— profein binding - me—— Protein binding  ee——————————
binding  e— binding  se— binding  e—
sperm flagellim - s growth factor complex. » S —
AN — focal adbesion  we ST TRl —
cell projection RNA polymerase Il transcription regulator complex  wm AT —
cilium TICIOUS . e— motile GiliUn  ——
—
nelle organclle 1umen  s— cell
“F‘I'l — U em—— Cll P ———————
L ——— iy .
ol p—— i, P—— ol PrOjEction Purl  m———
part b R e ——
b d oeganelle cilium
0 s 10 15 20 0 50 100 0 10 20 30 40
Logls Prclia -Log10 Pralue Logl0 Pralue
wbiological process @ molecular function @ cellular component = biological process ® molecular function ®cellular component ®biological process @ moleculir function @ cellular component
D The source genes of DE circRNAs E b % DEGs 5
a " The predicted target genes of DE miRNAs v ® Number of gens a2
» 3 2000 18
N i 2
®Numberofgenss | piod N of . 600 #-Logl0 Pralue 10
25
# #-Logi0 Pralue 4
g * 1600 #-Logl0 Pralue 14 i 00 %
E 20 s 1400 3
5 | 3 23 a0 z
E s 23 z ‘E e
i SE ow ¥
] ¥ L )
0 - 200
, | - 1 J ] ‘ ‘ 2
i i lndd,
& c o ) R P LI FSAS DS
s S SRS F LS A
& & "‘ﬁ 6; f ; ﬁ ‘9" é &‘f;@a‘? v f; A”\“J‘Sf &\*\@e\@ &
r a2 i g @é, F & TES S
B v ‘\&‘ V, 3 & & \F S & F S 3¢
&8 9 & Y &N ¥ PELELESL
Sl & & F e S & S &
S & é«f S & 4
§ < g <
S
&
& ~
o

Fig. 6 GO and KEGG enrichment analysis of DE ncRNAs (including DE circRNAs, DE miRNAs, and DEGs) in Y6M vs. Y18M. (A) GO analysis of the source
genes of DE circRNAs in the Y6M vs. Y18M group. (B) GO analysis of the predicted target genes of DE miRNAs in the Y6M vs. Y18M group. (C) GO analysis
of DEGs in the Y6M vs. Y18M group. (D) KEGG analysis of the source genes of DE circRNAs in the Y6M vs. Y18M group. (E) KEGG analysis of the predicted
target genes of DE miRNAs in the Y6M vs. Y18M group. (F) KEGG analysis of DEGs in the Y6M vs. Y18M group
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the expression level of DE ncRNAs in yak testicular tis-
sue. Although there is a certain quantitative difference
between RT-qPCR and RNA-seq, the relative expression
levels (log2 FC) between the two methods are similar
(Fig. 10B). Therefore, the RNA-seq data are reliable and
can be used for subsequent analysis.

Discussion

In male animals, the production, synthesis, and secre-
tion of sperm occur in the testicles. Normal testicular
development is crucial for sperm production and fertility
maintenance in male mammals [19]. In this case, it is cru-
cial to study the molecular mechanisms underlying tes-
ticular development and spermatogenesis for improving
livestock fertility. We investigated the expression profiles
of circRNA, miRNA, and mRNA in the testicular tissues
of yaks during infancy (Y6M), adolescence (Y18M), and
adulthood (Y4Y), and constructed a ceRNA regulatory

network indicative of yak testicular growth and develop-
ment and spermatogenesis. We also explored the impact
of expression changes on testicular development and
spermatogenesis.

Previous studies have shown that testicular develop-
ment and spermatogenesis were not only regulated by
hormones but also rely on the stringent regulation of the
spatiotemporal expression of protein-coding RNA and
ncRNA [20]. It is known that mRNA serves as a bridge
between DNA and proteins, responsible for transmitting
genetic information stored in DNA and guiding protein
synthesis in cells [21]. Up to now, an increasing num-
ber of mRNAs have been shown to be involved in tes-
ticular development and spermatogenesis processes, and
ncRNAs also play an important role in protein translation
[22, 23]. MiRNAs induce gene degradation or suppresses
gene expression by targeting mRNAs. CircRNAs regu-
late gene expression by competitively binding to miRNAs



Hu et al. BMC Genomics (2024) 25:824

A The source genes of DE circRNAs B

xcess Wmolecular function @ cellular component

D The source genes of DE circRNAs E

Number of genes

nction  Wocllular o

Page 11 of 15

The predicted target genes of DE miRNAs € DEGs

Logl0 Pralue Log10 Pralue

|1|n\-1 3
Number of gen
“Lox1® Protne

Fig. 8 GO and KEGG enrichment analysis of DE ncRNAs (including DE circRNAs, DE miRNAs, and DEGs) in Y4Y vs. Y18M. (A) GO analysis of the source
genes of DE circRNAs in the Y4Y vs. Y18M group. (B) GO analysis of the predicted target genes of DE miRNAs in the Y4Y vs. Y6M group. (C) GO analysis of
DEGs in the Y4Y vs. Y18M group. (D) KEGG analysis of the source genes of DE circRNAs in the Y4Y vs. Y18M group. (E) KEGG analysis of the predicted target
genes of DE miRNAs in the Y4Y vs. Y18M group. (F) KEGG analysis of DEGs in the Y4Y vs. Y18M group

[24, 25]. In this study, only 64 DE mRNAs, 69 DE miR-
NAs, and 22 DE circRNAs were identified to have differ-
ential expression in all three stages, further confirming
the temporal expression pattern of ncRNAs. In addition,
we compared Y4Y vs. Y18 samples with Y6M vs. Y18M
samples and Y4Y vs. Y6M samples and found that there
were a greater number of DE circRNAs, DEmiRNAs,
and DE mRNAs in the Y6M vs. Y18M and Y4Y vs. Y6M
groups, with significant differences in expression levels.
It can be seen that the testicular development and sper-
matogenesis of yaks at different stages may be achieved
by regulating the quantity and expression level of various
RNAs. This is consistent with the research results of La et
al. (2023).

Here, we conducted functional enrichment analysis to
explore the potential regulatory effects of ncRNA on tes-
ticular development and spermatogenesis. As expected,
DE ncRNAs in the yak testicular tissues samples col-
lected at 6 months, 18 months, and 4 years were involved
in various biological processes, including cell cycle, pro-
tein binding, spermatogenesis, metal ion binding, and

several metabolic processes. An expanding body of evi-
dence supports the fact that metal ion binding is involved
in testicular development and spermatogenesis [26, 27].
Besides, for GO enrichment analysis of the three con-
trol groups, the parental genes of DE circRNAs in Y4Y
vs. Y18M samples were enriched in cell morphogen-
esis and cell shape regulation. Similarly, many target
mRNAs of DE miRNAs in the Y4Y vs. Y6M group were
also enriched in cell shape regulation. This may be attrib-
uted to the complex deformation of sperm cells during
spermatogenesis after the second meiotic division post
puberty [28, 29].

Moreover, the KEGG analysis results of the three com-
parison groups showed that among the significantly
enriched KEGG pathways, the GnRH signaling pathway,
Wnt signaling pathway, MAPK signaling pathway, PI3K-
Akt signaling pathway, p53 signaling pathway, and cell
cycle were the most frequently identified. Most of these
pathways were associated with spermatogenesis and tes-
ticular development. GnRH was reported to regulate tes-
ticular growth and development by regulating hormone
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synthesis and secretion [30]. The Wnt signaling pathway
is involved in the regulation of various biological pro-
cesses, including spermatogenesis. Tanwar et al. (2010)
[31] showed that the Wnt signaling pathway influences
spermatogenesis by regulating the differentiation of SCs.
The MAPK signaling is involved in the regulation of SC
self-renewal and meiosis and is closely associated with
spermatogenesis [32]. PI3K-Akt regulates spermatogonia
proliferation and spermatogenesis by regulating mTOR
signaling and downstream target protein p70S6K/4EBP1
expression [33, 34]. Interestingly, DE genes in Y4Y vs.
Y6M and Y6M vs. Y18M comparisons were enriched in
the Hippo signaling pathway. Reportedly, the Hippo sig-
naling pathway is involved in regulating steroid produc-
tion and plays a crucial role in adolescent development
and male sexual maturity [35]. Therefore, the above
functional enrichment results indicate that the identified
DE ncRNAs are involved in yak testes development and

spermatogenesis, and the degrees of development in the
yak testes at the three stages differ significantly.

The ceRNA hypothesis reveals a novel mechanism of
RNA-to-RNA interaction, which focuses on miRNAs
and connects mRNAs with IncRNAs/circRNAs through
microRNA response elements (MREs) to jointly regu-
late gene transcription and expression in the body [36,
37]. CeRNAs can act as a bait to competitively bind to
miRNA, further relieving the inhibitory effect of miR-
NAs on target genes [38]. The involvement of the ceRNA
regulatory network in the regulation of testicular growth,
development, and spermatogenesis in cattle [19], goats
[10], camels [39], and pigs [40] has been reported in
recent years. In this study, we constructed a ceRNA reg-
ulatory network related to testicular development and
spermatogenesis to better elucidate the molecular mech-
anisms underlying testicular development in yaks. In the
ceRNA regulatory network, most miRNAs were shown



Hu et al. BMC Genomics (2024) 25:824 Page 13 of 15

A
TAGAGATGAAAGTCT GATAAAA ACAGAGAAGAGGTTCT GAAGAT GACTCTGATCCCAT TCCAGGC
: '
cire 002438 circ_032419 cire_046272
GTTTGTTCATACAGATATCCCGGCC ACGCCTATGAGAGAAATGGTCAACGCA® CACTGCCAGAAAGTGTGCCCCGGTATG
} l
circ_046890 circ 061335 circ 063280
TTCCTGCCTCATCAGCCTCAACT GCAATAGCAGAAAACTGTG G GACAGCAGCGACTTGAGGAGATT
v v v
| MV I /\AM/\MMMMWN\
circ_067598 cire 069511 circ_070696
B
m RT-qPCR m RNA-Seq
25 |
20
15 |
10
| | |
o | | Il T il ul II ll 5
1 1] °
-5
-10
N A S G PV AN S v S cf*@ & & &
Q Q Q N Q §F S SEPN & L 9 O
I T S i &7 & & & & (&) R
28 [ o [ & *o'& & » N N

Fig. 10 Verification of the authenticity and reliability of RNA Seq data. (A) RT-PCR and Sanger sequencing were used to verify the authenticity of circRNAs.
The red arrow indicates the junction site on the DNA sequence. (B) RT-qPCR was used to verify the expression level of DE ncRNA in yak testicular tissue



Hu et al. BMC Genomics (2024) 25:824

to function by specifically binding to targets. For exam-
ple, miRNA-449 and miRNA-34b/c regulate the devel-
opment of male germ cells in mice by targeting genes in
the E2F Transcription Factor-Retinoblastoma Protein
(E2F-pRb) pathway [41]. MiR-184 regulates mouse sper-
matogenesis by downregulating nuclear receptor core-
pressor 2 (Ncor2) expression [6]. KLF4 downregulation
mediated by miR-92a-3p may play a key role in limiting
the maturation of mouse SCs [42]. Here, we found that
miR-92a, miR-92b, and miR-574 target KLF4. As widely
known, KLF4 is a key transcription factor that regulates
apoptosis and can induce the pluripotency of spermato-
gonial stem cells, thus playing an important role in germ
cells [43]. CYP11AI1, PDGFRB, LIMK?2, and AXL in the
ceRNA network are also reportedly involved in testicu-
lar development, spermatogenesis, and androgen syn-
thesis [44—-47]. Therefore, in the ceRNA network, the
interactions between novel circ_002426-bta-miR-92a-
KLF4, novel_circ_016117-bta-miR-34c-CYPI1A1, and
novel_circ_000745-bta-miR-449a-CYP11IA1 may be
involved in testicular development and spermatogenesis.
Additionally, we observed a significant overlap between
the potential mRNA and circRNA targets of some miR-
NAs. CircRNAs are widely believed to act as a “sponge”
for multiple miRNAs simultaneously, and an miRNA can
also target multiple mRNAs simultaneously [48].

To summarize, we constructed a ceRNA regulatory
network involved in testicular development and sper-
matogenesis. During the regulatory process, many cir-
cRNAs act as ceRNAs and compete with mRNAs to
bind to miRNAs, indirectly altering the expression level
of mRNAs related to testicular growth and development
and eventually regulating testicular development and
spermatogenesis. In future research, we will focus more
on the circRNA-miRNA-mRNA interactions potentially
involved in testicular development and spermatogenesis,
further exploring their biological functions and providing
comprehensive recommendations for investigations on
the regulatory mechanisms underlying testicular devel-
opment and spermatogenesis.

Conclusion

In this study, we comprehensively evaluated the expres-
sion patterns of circRNAs, miRNAs, and mRNAs dur-
ing the growth and development of yaks using testicular
tissues. ncRNAs, such as circRNAs and miRNAs, were
found to be actively expressed in yak testicles. The func-
tions of DE circRNAs, DE miRNAs, and DE mRNAs in
the testicular tissues collected during the three devel-
opmental stages of yaks were associated with testicu-
lar development and spermatogenesis. In addition,
we constructed a ceRNA network related to testicular
development and spermatogenesis and screened the inter-
actions between novel circ_002426-bta-miR-92a-KLF4,
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novel _circ_016117-bta-miR-34c-CYP11AI, and novel_
circ_000745-bta-miR-449a-CYP11A1, all of which
potentially regulate testicular development and sper-
matogenesis. However, the specific roles of these can-
didate ncRNAs require further validation. Our results
provide novel insights into the regulatory mecha-
nisms underlying yak testicular development and
spermatogenesis.
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