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Testis development and spermatogenesis are strictly regulated by numbers of genes
and non-coding genes. However, long non-coding RNAs (IncRNAs) as key regulators
in multitudinous biological processes have not been systematically identified in bovine
testes during sexual maturation. In this study, we comprehensively analyzed IncRNA and
MRNA expression profiling of six bovine testes at 3 days after birth and 13 months by RNA
sequencing. 23,735 INcRNAs and 22,118 mRNAs were identified, in which 540 IncRNAs
(P-value < 0.05) and 3,525 mRNAs (P-adjust < 0.05) were significantly differentially
expressed (DE) between two stages. Correspondingly, the results of RT-gPCR analysis
showed well correlation with the transcriptome data. Moreover, GO and KEGG enrichment
analyses showed that DE genes and target genes of DE IncCRNAs were enriched in
spermatogenesis. Furthermore, we constructed INcCRNA-gene interaction networks;
consequently, 15 DE IncRNAs and 12 cis-target genes were involved. The target genes
(SFATA16, TCF21, ZPBP, PACRG, ATP8B3, COMP, ACE, and OSBP2) were found
associated with bovine sexual maturation. In addition, the expression of IncRNAs and
cis-target genes was detected in bovine Leydig cells, Sertoli cells, and spermatogonia.
Our study identified and analyzed IncRNAs and mRNAs in testis tissues, suggesting that
INcBRNAs may regulate testis development and spermatogenesis. Our findings provided
new insights for further investigation of biological function in bovine INCRNA.

Keywords: cattle, IncRNAs, RNA-Seq, testis development, spermatogenesis

INTRODUCTION

The mammalian testis has crucial effects on male reproduction since is the site where spermatogenesis
occurs (Griswold, 2016). Mammalian spermatogenesis comprises three continuous stages:
self-renewal of mitotic proliferation spermatogonia, meiotic division of spermatocytes, and

Abbreviations: CNCI, Coding-Non-Coding-Index; CPC, coded potential calculator; DAVID, database for annotation,
visualization, and integrated discovery; FPKM, fragments per kilobase of transcript per million mapped reads; WGCNA,
weighted gene co-expression network analysis; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes;
IncRNAs, long non-coding RNAs; TUCP, transcripts of uncertain coding potential; RT-qPCR, real-time quantitative
polymerase chain reaction; NCBI, National Center for Biotechnology Information; SRA, Sequence Read Archive.
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post-meiotic differentiation of haploid spermatids (Hecht,
1998). These three distinguishable events are under strict
regulation by stage-specifically expressed genes at transcription
and post-transcription process (Card et al., 2013; Djureinovic
et al,, 2014). More than 15,000 genes are expressed in the testis
(Ramskold et al., 2009). In addition, this organ expresses more
complex transcriptomes in comparison with other tissues
(Soumillon et al., 2013). Rapid advancement has demonstrated
that non-coding RNAs were emerging as important regulators of
gene expression at post-transcription in spermatogenesis, such
as microRNAs (miRNAs), long non-coding RNAs (IncRNAs),
circular RNAs (circRNAs), and Piwi-interacting RNA (piRNAs)
(Mukherjee et al., 2014; Robles et al., 2017; Gao et al., 2018; Qiu
et al.,, 2018).

Studies have demonstrated that IncRNAs with multi exons and
more than 200 nucleotides (nt) in length as their distinguishing
feature play a key role in regulating gene expression in various
biological processes, such as organ development (Luk et al.,
2014; Paralkar et al., 2014; Zhao et al., 2015), X inactivation
(Zhao et al., 2008; Bischoft et al., 2013), and genomic imprinting
(Sleutels et al., 2002). Recently, numerous IncRNAs have been
revealed that exhibited tissue-specific and developmental stage-
specific expression (Koufariotis et al.,, 2015; Zhu et al., 2016).
Some IncRNAs have been identified in different stages of testes
development and spermatogenesis in mouse (8,265 IncRNAs and
18,563 mRNAs) (Sun et al., 2013), Drosophila (128 testis-specific
IncRNAs) (Wen et al., 2016), pig (15,528 IncRNAs) (Ran et al.,
2016), chicken (2,597 IncRNAs and 17,690 mRNAs) (Liu et al.,
2017), and sheep (6,460 IncRNAs and 42,300 mRNAs) (Zhang
et al, 2017). Some of them have certain regulatory function in
testis development and spermatogenesis, such as HongrES2
(Ni et al,, 2011), Tsx (Testis-specific X-linked) (Anguera et al.,
2011), Dmrtl (Dmrtl-related gene) (Zhang et al.,, 2010), and
Mrhl (meiotic recombination hot spot locus) (Arun et al,
2012). Knocking out of Tsx increased the apoptosis of pachytene
spermatocytes in mice (Anguera et al, 2011). The interaction
of Mrhl and its protein partner Ddx5/p68 negatively regulated
Wnt signaling in mouse spermatogonial cells (Arun et al., 2012).
Hence, weassume thatbovineIncRNAs are also involved in bovine
testis development. Moreover, a number of studies have reported
putative bovine IncRNAs identified in early embryo (Caballero
etal., 2014), skin (Weikard et al., 2013), mammary glands (Tong
etal., 2017), skeletal muscle (Sun et al., 2016), and 18 cow tissues
(Koufariotis et al., 2015). However, IncRNAs as key regulators in
multitudinous biological processes have not been systematically
identified in bovine testes during sexual maturation. Therefore,
this study was carried out to further explore the regulation of
IncRNA on development of bovine testis.

In this study, we comprehensively analyze the IncRNA and
messenger RNA (mRNA) expression profiles of Angus cattle
(Bos taurus) at two representative stages [3 days after birth
(neonatal, pre-sex maturation) and 13 months (mature, post-
sex maturation)] by constructing six RNA sequencing (RNA-
Seq) libraries and sequencing. The aims of this study were to
identify and feature IncRNAs in bovine testes and to detect
key IncRNAs that related to testis development. This is the
first study to systematically identify IncRNAs in bovine testes

during postnatal development. Our data will provide a basis
for exploiting their function of bovine testis development and
spermatogenesis.

MATERIALS AND METHODS

Animals and Sample Collection

Whole six testes from Angus bulls were collected from Shaanxi
Kingbull Livestock Co., Ltd. (Baoji, China). Based on the time
of sexual maturation (Lunstra, 1982), three Angus bulls were
sacrificed ateach of the two stages: 3 days after birth (neonatal, pre-
sex-maturation) and 13 months (mature, post-sex maturation).
The six Angus bulls were euthanized and testicular samples were
dissected, while immediately frozen in liquid nitrogen until use.
The data about volume of ejaculate, fresh sperm motility, and
sperm concentration from mature bovine samples were shown
in Table S15.

Hematoxylin and Eosin Staining

Cattle testes tissues were washed with 0.9% saline, fixed in 4%
formaldehyde for 48 h, and processed using routine histological
methods (Fischer et al., 2008), and 6-pm sections were stained
with hematoxylin-eosin. The morphology of testicular tissues
was analyzed by light microscopy.

RNA lIsolation

According to the manufacturer’s protocol, total RNAs were
extracted from testis tissue using Trizol reagent (Takara, Beijing,
China)andthensenttoNovogene (BeijingNovogene Corporation,
China) for sequencing. RNA degradation and contamination
were detected on 1% agarose gels. The purity of RNA samples
was checked using the NanoPhotometer® spectrophotometer
(IMPLEN, CA, USA). The RNA concentration was conducted
with Qubit® RNA Assay Kit in Qubit® 2.0 Fluorometer (Life
Technologies, CA, USA). The RNA integrity was evaluated by
the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system
(Agilent Technologies, CA, USA).

Library Preparation for IncRNA
Sequencing

Each RNA sample was the amount of 3 pg and was added as
input material for the RNA sample preparations. Epicenter
Ribo-zero™ rRNA Removal Kit (Epicentre, USA) was applied for
removing ribosomal RNA. Sequencing libraries were generated
using the rRNA-depleted RNA by NEBNext® Ultra™ Directional
RNA Library Prep Kit for Illumina® (NEB, USA) following the
manufacturer’s recommendations. Fragmented RNA with the
average length was approximately 200 bp, then synthesized, and
purified cDNA by reverse transcription. Products were purified
(AMPure XP system) after library quality was assessed on the
Agilent Bioanalyzer 2100 system. The clustering of the index-
coded samples was performed on a cBot Cluster Generation
System using TruSeq PE Cluster Kit v3-cBot-HS (Illumina).
After cluster generation, the libraries were sequenced on an
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Mlumina Hiseq 4000 platform, and 150 bp paired-end reads
were generated.

Alignment of RNA-Seq Reads and
Assembly of Transcripts

Firstly, raw data were filtered for the purpose of removing low-
quality reads. Then, paired-end clean reads were aligned to the
reference genome (B. taurus UMD3.1) using HISAT2 (v2.0.4)
and using bowtie2 (v2.2.8) to build the index of the reference
genome (Langmead and Salzberg, 2012). The mapped reads
of each sample were assembled by StringTie (v1.3.1) (Pertea
et al., 2016) in a reference-based approach. Finally, assembled
transcripts were annotated by Cuffcompare program from the
Cufflinks package.

Identification of Putative IncRNA

Putative IncRNAs were found with screening unknown
transcripts. In order to reduce the rates of false positive,
assembled transcripts were filtrated to gain putative IncRNAs by
the following steps: 1) Transcripts with one exon were removed.
2) Transcripts with lengths above 200 nt were selected. 3) To
remove the transcripts that overlap with the exon region of the
database annotation using Cuffcompare, the annotated IncRNAs
in database were used in further analysis. 4) The transcripts
with low expression levels (FPKM < 0.5) were discarded (FPKM
of a single exon transcript < 2). 5) Protein coding potency
of transcripts was calculated by Coding-Non-Coding-Index
(CNCI) (Sun et al, 2013), coded potential calculator (CPC)
(Kong et al., 2007), and Pfam-scan (Bateman et al., 2002; Finn
et al., 2014). Using these three tools, all transcripts predicted
with coding potential were filtered out, and those without coding
potential were our putative IncRNAs. Besides, the transcripts
with uncertain coding potential were defined as transcripts of
uncertain coding potential (TUPC). In addition, the different
types of IncRNAs were selected using cuffcompare.

Differential Expression Analysis

The gene expression level was estimated using the FPKMs value.
Cuftdiff (v2.1.1) was used to calculate FPKMs of IncRNAs,
TUPC, and mRNAs (Trapnell et al., 2010). Then, the statistically
significant differentially expressed genes were obtained by a
P-value <0.05 or P-adjust <0.05 using Ballgown (Frazee et al.,
2015).

Target Genes Prediction

Differentially expressed IncRNAs were chosen for predicting
target genes. Cis role is IncRNA acting on neighboring of target
genes. We searched among 100k upstream and downstream of
IncRNA to find coding genes and then analyzed their function
(Ghanbarian and Hurst, 2015). Trans role is IncRNA to interact
with target genes by expression level. The expressed correlation
was calculated between IncRNAs and coding genes with custom
scripts, and a Pearson correlation coefficient >0.95 identified
target genes (Liao et al., 2011).

GO Terms and KEGG Pathway Enrichment.
Gene Ontology (GO) enrichment analysis of differentially
expressed genes or IncRNA target genes was implemented by the
GOseq R package, in which gene length bias was corrected (Young
et al., 2010). GO terms with corrected P-value less than 0.05
were considered significantly enriched by differential expressed
genes. The statistical enrichment of differential expression genes
or IncRNA target genes was tested by using KOBAS software in
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
(Mao et al., 2005).

Experimental Validation of mRNAs and
IncRNAs

To confirm individual mRNA and IncRNA, RNA was reverse
transcribed using PrimeScript™ RT reagent kit with gDNA
Eraser (Perfect Real Time) (Takara, Beijing, China) with random
hexamers according to the manufacturer’s protocol. RT-qPCR
was performed on a BioRad CFX96 machine using ChamQ"™
SYBR qPCR Master Mix (Vazyme, Nanjing, China). Each 20 pl
real-time RT-qPCR reaction included 10 pl 2x ChamQ SYBR
qPCR Master Mix, 0.4 pl primer, 2 ul cDNA, and 7.2 pl ddH,0.
PCR conditions consisted of 1 cycle at 95°C for 30 s, followed by
40 cycles at 95°C for 10 s, 60°C for 30 s. The relative expression
level was calculated using the 2-24¢ method with B-actin as the
control. The primer details were shown in Table S13.

Cell Isolation and qRT-PCR Verification
Leydig cells and Sertoli cells were isolated from neonatal bovine
testes. Leydig cells were isolated using collagenase IV (Sigma)
(Yu et al,, 2017), and Sertoli cells were isolated by the two-step
enzymatic digestion method (Zhang et al., 2013). After 4-6 h of
culture, Sertoli cells spontaneously adhered to the culture surface
and non-adhering cells were removed. These two types of cells
were cultured in DMEM/F12 (HyClone), supplemented with 10%
FBS (Gibco), 100 U/ml penicillin, and 100 pg/ml streptomycin
(HyClone), at 37°C in a 5% CO, atmosphere. The Bovine mGSCs
(male germline stem cells) were derived from an immortalized
cell line (Lei et al., 2017). The cells were harvested for RT-qPCR,
and the primer details were shown in Table S14.

Statistical Analysis

All data were analyzed in GraphPad Prism 6 software (GraphPad
Software, La Joya, CA, USA). The qPCR data are shown as the
mean * the standard deviation. Each group contains three
biological replicates with each measurement repeated thrice. The
normally distributed data were analyzed using Student’s t-test,
and the non-normally distributed data were analyzed using
Mann-Whitney U-test.

RESULTS

Morphology of Testis Tissues
As shown in Figure 1, the morphology of the testis showed
significant difference at different development stages. The
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FIGURE 1 | Histologic observations of cattle testis tissues at 3 days old (neonatal) and 13 months old (mature). The morphology of each sample was determined
by light microscopy. The testicular tissues were observed under microscope at 100x and 400x magnification. a and ¢ were the morphology of neonatal testicular
tissue, while b and d were the morphology of mature testicular tissue. Panels (A) and (B) are in the same magnification. Bar = 100 pm. Panels (C) and (D) are in the
same magnification. Bar = 50 pm. The black arrow shows different cell types. SC, Sertoli cell; LC, Leydig cell; Sg, spermatogonia; PS, primary spermatocyte; ST,

spermatid; Sz, sperm.

13 months old

diameter of seminiferous tubules increased with age, whereas the
interstitial connective tissue of mature testis was larger than that
of the neonatal testis (Figures 1A, B). By contrast, the numbers
of spermatogonia, sperm, and Sertoli cells in the seminiferous
tubules increased significantly with age, and the cells moved
closer to the basement region of the seminiferous tubules
(Figures 1C, D).

Overview of the Sequencing of IncRNA
and mRNA in Cattle Testes

To investigate the roles of mRNAs and IncRNAs in testis
development, six cDNA libraries for neonatal (N1, N2, N3)
and mature (M1, M2, M3) were constructed. Raw reads were
obtained after sequencing by the Illumina HiSeq 4000 Platform.
The numbers of raw reads per sample were between 94,866,620
and 115,633,006. 91,525,762 to 112,007,198 clean reads for each
sample were obtained, and approximately 14 Gb data per sample
was remained by removing low-quality sequences and adaptor
sequences (Table S1). The GC contents were 46.39-55.24%. More
than 94.17% clean reads were mapped to the B. taurus UMD3.1,
and 389,236 assembled transcripts were produced.

On the basis of the structural features and non-coding
functional characteristics of IncRNAs, We identified reliable
putative IncRNAs from assembled transcripts with a stringent
pipeline (Figure 2A). Finally, a total of 23,708 putative IncRNAs
were identified (Figure 2B), which included 77.5% lincRNAs
and 22.5% antisense IncRNAs (Figure 2C). In addition, 27
annotated IncRNAs were detected in the Ensemble database.
To avoid filtering out potential IncRNAs, 13,614 TUCP were
separated. Moreover, 22,118 protein-coding transcripts were
found at the two development stage libraries. From the above,
23,735 IncRNAs (27 annotated and 23,708 candidate IncRNAs),

13,614 TUCP, and 22,118 protein-coding transcripts were
screened for further analysis. Tables S2, §3, and S4 listed the
information of identified IncRNAs, protein-coding transcripts,
and TUPC.

Genomic Characteristics and Expression
Profiling of IncRNAs and mRNAs

In the study, we found IncRNAs (1,210 bp on average) were
significantly shorter than the mRNAs (2,040 bp on average)
(Figure 3A). The number of exons of mRNAs (10.03 on average)
was more than that of IncRNAs (2.92 on average). Seventy-seven
point thirty-six percent of IncRNAs have three or fewer exons,
while 69.38% of mRNAs have five or more exons (Figure 3B).
In addition, we found that there was none IncRNA located in the
mitochondria (Figure 3C).

After quantifying the expression level by Cuffdiff and
Ballgown, IncRNAs and TUPC exhibited a lower expression
level than mRNAs (Figure 4A) and the overall expression level
of neonatal testes group was lower than mature testes group
(Figure 4B). Then, we detected the differentially expressed
IncRNAs and mRNAs between neonatal and mature testes by
using Ballgown. As a result, 540 IncRNAs and 3,525 mRNAs
were significantly differentially expressed (DE) between
immature and mature bovine testes. Furthermore, we identified
489 IncRNAs significantly upregulated and 51 IncRNAs
downregulated in the adult testes group (P-value < 0.05).
Taking P-adjust < 0.05 as the cutoff, 1,586 mRNAs were found
to be up-regulated and 1,939 mRNAs were down-regulated in
the adult testes group. The volcano plot displayed differentially
expressed IncRNA (Figure 4C) and mRNAs (Figure 4D).
Tables S5 and S6 listed the differentially expressed IncRNAs
and mRNAs, respectively.
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43380 transcripts J
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FIGURE 2 | LncRNA identification of bovine testis in postnatal development. (A) Integrative pipeline for the identification of putative INcRNAs in this study.
(B) Screening IncRNAs in bovine testes by an intersection of the result of CPC, phyloCSF, and CNCI analyses. By using the three tools to analyze the protein-coding
INncRNAs, 23,708 IncRNAs were identified after the removal of putative protein-coding transcripts. (C) Distribution of the three types of INcCRNAs.

B CPC CNCl
1101
1471 1120
23708
776 6889
939
c PFAM

[ incRNA(77.5%)
antisense_INcCRNA(22.5%)
intronic_IncRNA(0.0%)

0.010

Density

0.005

0.000

[ 2500 5000 7500
Length

FIGURE 3 | Sequence features of INcRNAs. (A) Length distribution of 27 annotated (purple) and 23,708 candidate INcCRNAs (red) and 22,118 mRNAs (blue).
(B) Exon number distribution of annotated and candidate IncRNAs and mRNA. (C) Distribution of testis INcRNA and mRNA on the bovine chromosome.
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Enrichment Analysis of DE mRNAs

The 3,084 DE mRNAs were annotated, and these mRNAs were
selected for GO enrichment analysis. The DE mRNAs were
significantly enriched to GO terms, including sperm part, sexual
reproduction, spermatogenesis, male gamete generation, and
single organism reproductive process, which were top five GO
terms (Figure 5A). As for the pathways, DE mRNAs were enriched
in several KEGG pathways such as the focal adhesion pathway and
PI3K-Akt signaling pathway (Figure 6A). In total, 241 DE genes
(158 up-regulated and 83 down-regulated) were enriched in GO
terms related to male reproduction concerning spermatogenesis
and sperm part (Table S7). The upregulated genes FSCN3, TNP2,
IQCF1, PRM2,and LOC516410 and downregulated genes MORCI,
TMEM119, MERTK, GGT1, and ADAMTS2 were enriched for
spermatogenesis. Moreover, the upregulated genes KLHLIO,
CCDC182, and SPINK2B and the downregulated genes TCF21,

SLIT2, and SFRPI were enriched in male gonad development.
Additionally, the downregulated genes AR, SFRP1, and TCF21
and the upregulated genes KDM3A and DNAJA1 were enriched
in the androgen receptor signaling pathway, which might affect
androgen synthesis. Moreover, 233 DE genes (55 up-regulated
and 178 down-regulated) were enriched in 17 KEGG pathways
related to male reproduction (Table S8). For example, RELN,
COMP, and COL4A6 were enriched for the PI3K-Akt pathway.
In order to investigate the key genes related to bovine sexually
maturation, 138 DE genes (FPKM values > 10 and |fold change| >
4) were chosen for further analysis (Table S9).

LncRNAs Target Genes of Cis-

or Trans-Regulated

We predicted the targets of IncRNAs for elucidating IncRNAs
function. Taking 100 kb as the cutoff, 1,166 mRNAs were found
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FIGURE 4 | Expression levels of INcRNAs and protein-coding genes. (A) The expression level of IncRNAs, mRNAs, and TUPC based on log10(FPKM+1). (B) Box
plots of INcRNAs, protein-coding genes, and TUPC expression level (log 10 FPKM+1) of neonatal and mature testes group. (C) Differential mMRNA expression
between neonatal and mature bovine testis. (D) Differential INcRNA expression between neonatal and mature bovine testis. Volcano plots showed —log10 (P value)
versus log2 (fold change) difference in mRNA and IncRNA abundance in FPKMs between neonatal and mature cattle testis. Red circles denoted significantly
up-regulated INcCRNAs, whereas green circles denoted significantly downregulated IncRNAs (P < 0.05).
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as nearest neighbors of 411 out of 540 IncRNAs. GO enrichment
analysis results showed that 70 significantly GO terms were
observed (corrected P-value < 0.05). The top five GO terms were
nucleic acid binding, nucleic acid metabolic process, nucleic
acid binding transcription factor activity, sequence-specific
DNA binding transcription factor activity, and cellular nitrogen
compound metabolic process (Figure 5B). KEGG analysis
identified 12 pathways (P < 0.05), and the top 20 pathways were
shown in Figure 6B, such as Wnt signaling pathway, steroid
hormone biosynthesis, adherens junction, and cyclic guanosine
3} 5’-monophosphate (cGMP)-dependent protein kinase (PKG)
signaling pathway.

We also investigated the target genes of IncRNAs in a trans
manner. Using the Pearson correlation > 0.95 as the cutoff,
540 IncRNAs and 11,470 genes were detected. GO enrichment
analysis results showed that 193 significantly GO terms were
identified and the top five GO terms were spermatogenesis, male
gamete generation, sexual reproduction, gamete generation,
and reproduction (Figure 5C). Concerning the pathways, the

trans-target genes for IncRNAs were enriched in several KEGG
pathways, for example, the Wnt signaling pathway, PI3K-Akt
signaling pathway, oocyte meiosis, insulin signaling pathway,
and focal adhesion (Figure 6C).

Moreover, we chose 138 DE genes related to male reproduction
to construct IncRNA-gene interaction network involving 15 DE
IncRNAs and 12 cis-targets (Table S10, Figure 7), as well as 413
DE IncRNAs and 138 trans-targets (Table S11). LNC_023188,
LNC_020720, and LNC_020511 played cis roles to regulated
PACRG, ATP8B3, and COMP, respectively. The upregulated
DE gene OSBP2 was regulated by three downregulated DE
IncRNAs (LNC_007851, LNC_007852, and LNC_007853) and
one upregulated DE IncRNA (LNC_008211). ZPBP interacted
with two IncRNAs, LNC_017583 and LNC_017955. Meanwhile,
LNC_009761 was targeting-regulated by ACE and ACE3. Moreover,
the upregulated IncRNA LNC_023085 was targeting-regulated by
the downregulated gene TCF21, and two genes (SPATA16 and
ROPN1) that are highly expressed in adult bovine testis interacted
downregulated IncRNAs LNC_000926 and LNC_000241.
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randomly selected differentially expressed
8A, B). In conclusion, the results showed that the RNA-seq

data are accurate and reliable with the high specificity of the

in RT-qPCR corresponded to RNA-seq results (Figures
developmental stage.

and 13 IncRNAs using RT-qPCR (Table S12). The primer
details are presented in Table S13. The relative expression

and LNC_007815 were

To further validate whether the identified DE IncRNAs
play roles in male reproduction, seven candidate IncRNAs,

patterns of LNC_000926, LNC_000241,
opposite to those of their target genes.
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Expression of mMRNA and IncRNA in
Different Cells of Testis

To further validate the roles of IncRNA in male reproduction,
the different cell types were isolated and the expression of
mRNA and IncRNA in bovine Leydig cells, Sertoli cells, and
spermatogonia was detected. The marker genes of the different
cell were examined (Figure S1, Table S13). Eleven up-regulated
IncRNAs and six down-regulated IncRNAs were chosen to
analyze their expression (Figures 9A, B). As shown in Figure 9A,
five IncRNAs (LNC_008981, LNC_ 012379, LNC_017713,
LNC_017583, and LNC_018648) had the highest expression
in spermatogonia. LNC_008981, LNC_012379, LNC_017713,
and LNC_018648 were low expressed in Leydig cells, and
LNC_017583 has low expression in Sertoli cells. Besides,
LNC_009761 and LNC_010455 were highly expressed in Leydig
cells. Furthermore, LNC_011936, LNC_012824, LNC_014930,
and LNC_023188 were highly expressed in Sertoli cells. The
results showed that all detected down-regulated IncRNAs have
low expression in spermatogonia. Five IncRNAs (LNC_000926,
LNC_003410, LNC_007815, LNC_014281, and LNC_017971)
were highly expressed in Sertoli cells, and LNC_000241 had the
highest expression in Leydig cells.

In order to better determine the relationship between
IncRNA and target genes, the expression of their target genes
was detected in different cells. The corresponding expression of
IncRNAs and their target genes was shown in Figures 9C-H.
Interestingly, LNC_000926, LNC_000241, and LNC_007815
along with their target genes SPATAI6, ROPNI, and OSBP2
had opposite expression trend during testis development but
had consistent expression trend in different cells. These results
revealed that these IncRNAs might play important roles during
testis development.

DISCUSSION

Testis development and spermatogenesis are complex biological
processes that are controlled by well-coordinated gene regulation,
including coding genes and non-coding RNAs (Card et al,
2013; Djureinovic et al., 2014). Testis development includes the
formation of testis tissue during embryonic and the growth of
testis tissue at the postnatal stage (Svingen and Koopman, 2013).
The testes of the bull grow relatively slowly until approximately
25 weeks of age and then a rapid phase of growth occurs until
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puberty, at 37-50 weeks of age (Rawlings et al., 2008). In order
to explore the process of sexual maturation in the bull calf, 3
days after birth (neonatal, pre-sex maturation) and 13 months
old (mature, post-sex maturation) (Lunstra, 1982), Angus bulls
were selected. Long non-coding RNAs (IncRNAs) are a class
of transcribed RNA molecules with a length of more than 200
nucleotides that do not encode proteins. However, IncRNAs as
key regulators in multitudinous biological processes have not
been systematically identified in bovine testes during sexual
maturation. In this study, we identified and characterized
IncRNAs in bovine testes and explored potential genes and
IncRNAs that regulated testis development.

A total of 23,735 IncRNAs (27 annotated and 23,708 candidate
IncRNAs), 13,614 TUCP, and 22,118 protein-coding transcripts
were identified in bovine testes at two development stages. Zhu
et al. (2016) reported that the number of IncRNAs in testis is
the highest of all organs. Evidence suggested that the human
lincRNAs exhibited more tissue-specific mRNAs and one-third
of the 8,000 human lincRNAs are specifically expressed in the
testis (Cabili et al., 2011). The number of IncRNAs in our study
was significantly higher than those reported from skin (4,848
IncRNAs) (Weikard et al.,, 2013), oocytes and early embryos
(11,220 IncRNA) (Caballero et al., 2014), 18 cow tissues (16,336
IncRNA) (Koufariotis et al., 2015), skeletal muscle (7,692
IncRNAs) (Sunetal.,, 2016),and mammary glands (184 lincRNAs)
(Tong et al., 2017), revealing that IncRNAs are testis-specific.

Fewer exons were tested within 23,735 identified IncRNAs,
and shorter lengths as well as lower expression levels than
mRNAs (Figure 3). We found that this comparison analysis
of genomic characteristic between IncRNAs and mRNAs is in
accordance with recent studies in other mammals (Ran et al,,
2016; Wen et al.,, 2016; Liu et al, 2017; Zhang et al., 2017).
These general features of IncRNAs may indicate that mammals
have some conservative regulation. Furthermore, 540 IncRNAs
and 3,525 mRNAs were differentially expressed between two
stages. The result of RT-qPCR confirmed that IncRNA and
mRNA expression has a high correlation with the transcriptome
data (Figure 5). Previous studies demonstrated that IncRNAs
exhibited high developmental stage-specificity in mouse and
pig testes (Sun et al, 2013; Ran et al, 2016). Our analyses
also suggested that the IncRNAs found here were specifically
expressed in the differential developmental stage in bovine testis.

To deeply explore the biological functions of IncRNAs and
mRNA in bovine testis, GO and KEGG analyses were performed
for target genes of differentially expressed IncRNAs and DE
mRNAs. Through these analyses, we found various candidate
genes and some of these genes have been demonstrated to be
related to male reproduction. FSCN3, TNP2, IQCFI, PRM2,
and MORCI were related to spermatogenesis. KLHL10, TCF21,
and SFRPI may play roles in male gonad development and the
androgen receptor. RELN, COMP, and COL4A6 were enriched
for PI3K-Akt pathway, which played a functional role in both
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FIGURE 9 | The expression levels of INcRNAs and cis-target genes at Leydig cells, Sertoli cells, and spermatogonia. (A) The expression levels of up-regulated
INncRNAs at Leydig cells, Sertoli cells, and spermatogonia. (B) The expression levels of down-regulated INcRNAs at Leydig cells, Sertoli cells, and spermatogonia.
Panels (C-H) show the expression levels of six DE INcRNAs and their target genes at Leydig cells, Sertoli cells, and spermatogonia. RT-gPCR data were calculated
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Sertoli cells (Sun et al., 2015) and Leydig cells (Zhuo et al., 2016;
Sun et al., 2017).

Most evidence suggests that the expression of IncRNAs
can regulate and have high correlations with an expression of
neighboring mRNAs (Ponting et al., 2009). In this study, the
cis-target genes of 540 differentially expressed IncRNAs were
used to predict their potential roles in the regulation of testis
development and spermatogenesis. Combining with 138 DE male
reproduction-related genes, construct IncRNA-gene interaction
network involving 15 DE IncRNAs and 12 cis-targets show
their potential in male reproduction regulation. LNC_000926
was predicted to be regulated by the target gene SPATAI6, one
gene of SPATA (spermatogenesis associated) gene family that
plays a vital role in testis development and spermatogenesis
(Wu et al,, 2010). The SPATA16 protein localizes to the Golgi
apparatus and the proacrosomal granules that are transported in
the acrosome in the round and elongated spermatids (Xu et al.,
2003). Mutations or deletions in SPATA16 have been shown to
be responsible for globozoospermia (De Braekeleer et al., 2015).
Dam et al. (2007) identified a homozygous mutation (c.848G.A)
in exon 4 of the SPATAI6 gene in three brothers affected with
globozoospermia from a consanguineous Ashkenazi Jewish
family. This mutation leads to the substitution of an arginine to
a glutamine at residue 283 (R283Q) in the protein (Dam et al,,

2007). Moreover, SPATAI, SPATA9, SPATA16, SPATAG6, SPATA3,
SPATA20, SPATA18, SPATA25, and SPATA46 were up-regulated
in the mature testis.

RONPI is predicted to be a target gene of LNC_00024 and
is differentially expressed in two development stages. ROPNI
(ropporin 1), a protein kinase A-like (R2D2) protein, is associated
with cAMP dependent protein kinase (PKA)/A-kinase anchoring
protein (AKAP). Fujita et al. reported that ROPN1 is localized to
the sperm flagella (Fujita et al., 2000). Another study reported
decreased expression of ROPNI in the spermatozoa of patients
with low sperm motility (Chen et al., 2011). Furthermore, Fiedler
et al. demonstrated that ROPNI is essential for murine sperm
motility, phosphorylation, and fibrous sheath integrity (Fiedler
et al, 2013). Suppression of SUMOylation of ROPNI and
ROPNIL partially mediates the effects of FSCB phosphorylation
on the mobility of mouse spermatozoa (Xingi Zhang, 2016).

OSBP2 was targeting-regulated by four DE IncRNAs
(LNC_007851, LNC_007852, LNC_007853, and LNC_008211).
LNC_007851 and OSBP2 were verified in testis development
stages and different cells. The result showed that LNC_007851
and OSBP2 have an opposite expression in two development
stages but have a consistent expression trend in different cells.
OSBP2 (oxysterol-binding protein 2) is detected mainly in
retina, testis, and fetal liver (Moreira et al., 2001). OSBP2 has
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been reported to be essential for the post-meiotic differentiation
of germ cells, while the lack of OSBP2 (ORP4) caused male
infertility owing to oligo-astheno-teratozoospermia (Charman
et al., 2014; Udagawa et al., 2014). This may imply that OSBP2 is
significantly associated with bovine spermatogenesis.

Angiotensin-converting enzyme (ACE), a carboxypeptidase
that removes C-terminal dipeptides from substrates, was the
putative target gene of LNC_009761. The activity of testis-specific
isoform of angiotensin-converting enzyme (tACE) may be
required for bovine sperm capacitation (Costa and Thundathil,
2012; Ojaghi et al., 2017). A predicted target of LNC_023085 is
the basic helix-loop-helix (hHLH) gene TCF21, which was one
of the direct downstream targets of SRY. SRY directly acts on
the TCF21 promoter to regulate Sertoli cell differentiation and
embryonic testis development (Bhandari et al., 2011; Bhandari
etal., 2012).

In conclusion, this study provided the first comprehensive
analysis of the mRNA and IncRNA expression profiles
in immature and mature bovine testes. Also, the list of
IncRNAs generated from our study was a valuable resource
on understanding their regulatory roles in bovine testes
development and spermatogenesis. In addition, the useful
insights could be provided in further bovine reproductive
performance regulation researches involving these IncRNAs
and genes.

DATA AVAILABILITY

The sequencing data have been deposited in the Sequence Read
Archive (SRA) database (accession number: SRP148084).

REFERENCES

Anguera, M. C., Ma, W,, Clift, D., Namekawa, S., and Lee, J. T. (2011). Tsx produces
a long noncoding RNA and has general functions in the germline, stem cells,
and brain. PLoS Genet. 7 (9), €1002248. doi: 10.1371/journal.pgen.1002248

Arun, G., Akhade, V. S., Donakonda, S., and Rao, M. R. (2012). mrhl RNA, a
long noncoding RNA, negatively regulates Wnt signaling through its protein
partner Ddx5/p68 in mouse spermatogonial cells. Mol. Cell. Biol. 32 (15), 3140.
doi: 10.1128/MCB.00006-12

Bateman, A., Birney, E., Cerruti, L., Durbin, R., Etwiller, L., Eddy, S. R., et al.
(2002). The Pfam protein families database. Nucleic Acids Res. 30 (1), 276-280.
doi: 10.1093/nar/30.1.276

Bhandari, R. K., Sadler-Riggleman, I., Clement, T. M., and Skinner, M. K. (2011).
Basic helix-loop-helix transcription factor TCF21 is a downstream target of the
male sex determining gene SRY. PLoS One 6 (5), 19935. doi: 10.1371/journal.
pone.0019935

Bhandari, R. K., Schinke, E. N., Haque, M. M., Sadler-Riggleman, L., and Skinner,
M. K. (2012). SRY induced TCF21 genome-wide targets and cascade of bHLH
factors during Sertoli cell differentiation and male sex determination in rats.
Biol. Reprod. 87 (6), 131. doi: 10.1095/biolreprod.112.099663

Bischoff, S. R., Tsai, S. Q., Hardison, N. E., Motsingerreif, A. A., Freking, B. A.,
Nonneman, D. ], et al. (2013). Differences in X-chromosome transcriptional
activity and cholesterol metabolism between placentae from swine breeds
from Asian and Western origins. Plos One 8 (1), €55345. doi: 10.1371/journal.
pone.0055345

Caballero, J., Gilbert, I., Fournier, E., Gagne, D., Scantland, S., Macaulay, A., et al.
(2014). Exploring the function of long non-coding RNA in the development

ETHICS STATEMENT

All experimental design and procedures were performed by
the Regulations for the Administration of Affairs Concerning
Experimental Animals (Ministry of Science and Technology,
China, 2004). The study was approved by the Institutional
Animal Care and Use Committee of Northwest A&F University.

AUTHOR CONTRIBUTIONS

RD designed and conceptualized the experiments. YG, ZL, and SL
performed the experiments. ZZ, FW, and YH analyzed the data. XL,
CL, and HC participated in collecting animals testes. YG drafted the
manuscript. All authors read and approved the final manuscript.

FUNDING

This work is financially supported by the Key Research
Development Plan of Shaanxi Province of China (General
Project) (2017NY-071), the Science & Technology Project of
Yangling of China (2018NY-33), Program of the National Beef
Cattle and Yak Industrial Technology System (CARS-37), and
National Natural Science Foundation of China (81770514).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2019.00646/
full#supplementary-material

of bovine early embryos. Reprod. Fertil. Dev. 27 (1), 40-52. doi: 10.1071/
RD14338

Cabili, M. N., Trapnell, C., Goff, L., Koziol, M., Tazonvega, B., Regev, A., et al.
(2011). Integrative annotation of human large intergenic noncoding RNAs
reveals global properties and specific subclasses. Genes Dev. 25 (18), 1915. doi:
10.1101/gad.17446611

Card, C.J., Anderson, E. J., Zamberlan, S., Krieger, K. E., Kaproth, M., and Sartini,
B. L. (2013). Cryopreserved bovine spermatozoal transcript profile as revealed
by high-throughput ribonucleic acid sequencing. Biol. Reprod. 88 (2), 49. doi:
10.1095/biolreprod.112.103788

Charman, M., Colbourne, T. R., Pietrangelo, A., Kreplak, L., and Ridgway, N. D.
(2014). Oxysterol-binding protein (OSBP)-related protein 4 (ORP4) is essential
for cell proliferation and survival. J. Biol. Chem. 289 (22), 15705-15717. doi:
10.1074/jbc.M114.571216

Chen, J., Wang, Y., Wei, B, Lai, Y., Yan, Q. Gui, Y., et al. (2011). Functional
expression of ropporin in human testis and ejaculated spermatozoa. J. Androl.
32 (1), 26-32. doi: 10.2164/jandrol.109.009662

Costa, D. S., and Thundathil, J. C. (2012). Characterization and activity of
angiotensin-converting enzyme in Holstein semen. Anim. Reprod. Sci. 133
(1-2), 35-42. doi: 10.1016/j.anireprosci.2012.06.009

Dam, A. H., Koscinski, I, Kremer, J. A., Moutou, C., Jaeger, A. S., Oudakker, A. R,,
et al. (2007). Homozygous mutation in SPATA16 is associated with male
infertility in human globozoospermia. Am. J. Hum. Genet. 81 (4), 813-820.
doi: 10.1086/521314

De Braekeleer, M., Nguyen, M. H., Morel, E, and Perrin, A. (2015). Genetic aspects
of monomorphic teratozoospermia: a review. J. Assist. Reprod. Genet. 32 (4),
615-623. doi: 10.1007/s10815-015-0433-2

Frontiers in Genetics | www.frontiersin.org

11

July 2019 | Volume 10 | Article 646


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fgene.2019.00646/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.00646/full#supplementary-material
https://doi.org/10.1371/journal.pgen.1002248
https://doi.org/10.1128/MCB.00006-12
https://doi.org/10.1093/nar/30.1.276
https://doi.org/10.1371/journal.pone.0019935
https://doi.org/10.1371/journal.pone.0019935
https://doi.org/10.1095/biolreprod.112.099663
https://doi.org/10.1371/journal.pone.0055345
https://doi.org/10.1371/journal.pone.0055345
https://doi.org/10.1071/RD14338
https://doi.org/10.1071/RD14338
https://doi.org/10.1101/gad.17446611
https://doi.org/10.1095/biolreprod.112.103788
https://doi.org/10.1074/jbc.M114.571216
https://doi.org/10.2164/jandrol.109.009662
https://doi.org/10.1016/j.anireprosci.2012.06.009
https://doi.org/10.1086/521314
https://doi.org/10.1007/s10815-015-0433-2

Gao et al.

LncRNA and mRNA Expression in Bovine Testes

Djureinovic, D., Fagerberg, L., Hallstra M. B., Danielsson, A., Lindskog, C.,
Uhlén, M., et al. (2014). The human testis-specific proteome defined by
transcriptomics and antibody-based profiling. Mol. Hum. Reprod. 20 (6), 476
488. doi: 10.1093/molehr/gau018

Fiedler, S. E., Dudiki, T., Vijayaraghavan, S., and Carr, D. W. (2013). Loss of
R2D2 proteins ROPN1 and ROPNIL causes defects in murine sperm motility,
phosphorylation, and fibrous sheath integrity. Biol. Reprod. 88 (2), 41. doi:
10.1095/biolreprod.112.105262

Finn, R. D., Bateman, A., Clements, J., Coggill, P, Eberhardt, R. Y., Eddy, S. R,,
et al. (2014). Pfam: the protein families database. Nucleic Acids Res. 42, D222~
D230. doi: 10.1093/nar/gkt1223

Fischer, A. H., Jacobson, K. A., Rose, J., and Zeller, R. (2008). Hematoxylin and
eosin staining of tissue and cell sections. CSH Protoc. 2008, prot4986. doi:
10.1101/pdb.prot4986

Fujita, A., Nakamura, K., Kato, T., Watanabe, N., Ishizaki, T., Kimura, K., et al.
(2000). Ropporin, a sperm-specific binding protein of rhophilin, that is
localized in the fibrous sheath of sperm flagella. J. Cell Science 113 (1), 103-112.
doi: 10.1080/713803591

Frazee, A. C,, Pertea, G., Jaffe, A. E., Langmead, B., Salzberg, S. L., and Leek, J.
T. (2015). Flexible analysis of transcriptome assemblies with Ballgown. Nature
Biotechnology 33, 243-246. doi: 10.1038/nbt.3172

Gao, Y., Wu, M,, Fan, Y,, Li, S,, Lai, Z., Huang, Y, et al. (2018). Identification and
characterization of circular RNAs in Qinchuan cattle testis. R. Soc. Open Sci. 5
(7), 180413. doi: 10.1098/r50s.180413

Ghanbarian, A. T., and Hurst, L. D. (2015). Neighboring genes show correlated
evolution in gene expression. Mol. Biol. Evol. 32 (7), 1748-1766. doi: 10.1093/
molbev/msv053

Griswold, M. D. (2016). Spermatogenesis: the commitment to meiosis. Physiol.
Rev. 96 (1), 1-17. doi: 10.1152/physrev.00013.2015

Hecht, N. B. (1998). Molecular mechanisms of male germ cell differentiation.
Bioessays 20 (7), 555-561. doi: 10.1002/(SICI)1521-1878(199807)20:7<555::
AID-BIES6>3.0.CO;2-]

Kong, L., Zhang, Y., Ye, Z. Q., Liu, X. Q., Zhao, S. Q., Wei, L., et al. (2007). CPC:
assess the protein-coding potential of transcripts using sequence features and
support vector machine. Nucleic Acids Res. 35, W345-W349. doi: 10.1093/nar/
gkm391

Koufariotis, L. T., Chen, Y. P., Chamberlain, A., Vander Jagt, C., and Hayes, B. J.
(2015). A catalogue of novel bovine long noncoding RNA across 18 tissues.
PLoS One 10 (10), €0141225. doi: 10.1371/journal.pone.0141225

Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with Bowtie
2. Nat. Methods 9 (4), 357-359. doi: 10.1038/nmeth.1923

Lei, Q. J., Pan, Q, Ma, J. H., Zhou, Z., Li, G. P, Chen, S. L., and Hua, J. L. (2017).
Establishment and characterization of immortalized bovine male. J. Integr.
Agric. 16 (11), 2547-2557. doi: 10.1016/S2095-3119(16)61625-8

Liao, Q, Liu, C., Yuan, X., Kang, S., Miao, R., Xiao, H., et al. (2011). Large-scale
prediction of long non-coding RNA functions in a coding-non-coding gene
co-expression network. Nucleic Acids Res. 39 (9), 3864-3878. doi: 10.1093/nar/
gkql348

Liu, Y., Sun, Y., Li, Y., Bai, H., Xue, E, Xu, S., et al. (2017). Analyses of Long
non-coding RNA and mRNA profiling using RNA sequencing in chicken
testis with extreme sperm motility. Sci. Rep. 7 (1), 9055. doi: 10.1038/
541598-017-08738-9

Luk, A. C,, Chan, W. Y., Rennert, O. M., and Lee, T. L. (2014). Long noncoding
RNAs in spermatogenesis: insights from recent high-throughput transcriptome
studies. Reproduction 147 (5), R131-R141. doi: 10.1530/REP-13-0594

Lunstra, D. D. (1982). Testicular development and onset of puberty in beef bulls.
Roman L. Hruska U.S. Meat Anim. Res. Center 28.

Mao, X., Cai, T, Olyarchuk, J. G., and Wei, L. (2005). Automated genome
annotation and pathway identification using the KEGG Orthology (KO)
as a controlled vocabulary. Bioinformatics 21 (19), 3787-3793. doi: 10.1093/
bioinformatics/bti430

Moreira, E. E, Jaworski, C., Li, A., and Rodriguez, I. R. (2001). Molecular and
biochemical characterization of a novel oxysterol-binding protein (OSBP2)
highly expressed in retina. J. Biol. Chem. 276 (21), 18570-18578. doi: 10.1074/
jbc.M011259200

Mukherjee, A., Koli, S., and Reddy, K. V. (2014). Regulatory non-coding transcripts
in spermatogenesis: shedding light on ‘dark matter. Andrology 2 (3), 360-369.
doi: 10.1111/j.2047-2927.2014.00183.x

Ni, M. J,, Hu, Z. H,, Liu, Q, Liu, M. E, Lu, M. H.,, Zhang, J. S., et al. (2011).
Identification and characterization of a novel non-coding RNA involved in
sperm maturation. PLoS One 6 (10), €26053. doi: 10.1371/journal.pone.0026053

Ojaghi, M., Kastelic, J., and Thundathil, J. (2017). Testis-specific isoform of
angiotensin-converting enzyme (tACE) is involved in the regulation of bovine
sperm capacitation. Mol. Reprod. Dev. 84 (5), 376-388. doi: 10.1002/mrd.22790

Paralkar, V. R, Mishra, T., Luan, J., Yao, Y., Kossenkov, A. V., Anderson, S. M., et al.
(2014). Lineage and species-specific long noncoding RNAs during erythro-
megakaryocytic development. Blood 123 (12), 1927-1937. doi: 10.1182/
blood-2013-12-544494

Pertea, M., Kim, D., Pertea, G. M., Leek, J. T, and Salzberg, S. L. (2016). Transcript-
level expression analysis of RNA-seq experiments with HISAT, StringTie and
Ballgown. Nat. Protoc. 11 (9), 1650. doi: 10.1038/nprot.2016.095

Ponting, C. P, Oliver, P. L., and Reik, W. (2009). Evolution and functions of long
noncoding RNAs. Cell 136 (4), 629-641. doi: 10.1016/j.cell.2009.02.006

Qiu, G. H., Huang, C., Zheng, X., and Yang, X. (2018). The protective function of
noncoding DNA in genome defense of eukaryotic male germ cells. Epigenomics
10 (11), 499-517. doi: 10.2217/epi-2017-0103

Ramskold, D., Wang, E. T., Burge, C. B., and Sandberg, R. (2009). An abundance of
ubiquitously expressed genes revealed by tissue transcriptome sequence data.
PLoS Comput. Biol. 5 (12), e1000598. doi: 10.1371/journal.pcbi.1000598

Ran, M., Chen, B, Li, Z, Wu, M., Liu, X,, He, C,, et al. (2016). Systematic
identification of long noncoding RNAs in immature and mature porcine testes.
Biol. Reprod. 94 (4), 77. doi: 10.1095/biolreprod.115.136911

Rawlings, N., Evans, A. C., Chandolia, R. K., and Bagu, E. T. (2008). Sexual
maturation in the bull. Reprod. Domest. Anim. 43 Suppl 2, 295-301. doi:
10.1111/j.1439-0531.2008.01177 x

Robles, V., Herraez, P, Labbe, C., Cabrita, E., Psenicka, M., Valcarce, D. G., et al.
(2017). Molecular basis of spermatogenesis and sperm quality. Gen. Comp.
Endocrinol. 245, 5-9. doi: 10.1016/j.ygcen.2016.04.026

Sleutels, F, Zwart, R., and Barlow, D. P. (2002). The non-coding Air RNA is
required for silencing autosomal imprinted genes. Nature 415 (6873), 810-813.
doi: 10.1038/415810a

Soumillon, M., Necsulea, A., Weier, M., Brawand, D., Zhang, X., Gu, H.,, et al.
(2013). Cellular source and mechanisms of high transcriptome complexity
in the mammalian testis. Cell Rep. 3 (6), 2179-2190. doi: 10.1016/j.
celrep.2013.05.031

Sun, J, Lin, Y., and Wu, J. (2013). Long non-coding RNA expression profiling
of mouse testis during postnatal development. PLoS One 8 (10), €75750. doi:
10.1371/journal.pone.0075750

Sun, L., Luo, H,, Bu, D., Zhao, G., Yu, K., Zhang, C,, et al. (2013). Utilizing
sequence intrinsic composition to classify protein-coding and long non-coding
transcripts. Nucleic Acids Res. 41 (17), e166. doi: 10.1093/nar/gkt646

Sun, J., Wang, H., Liu, B., Shi, W, Shi, J., Zhang, Z., et al. (2017). Rutin attenuates
H202-induced oxidation damage and apoptosis in Leydig cells by activating
PI3K/Akt signal pathways. Biomed. Pharmacother. 88, 500. doi: 10.1016/j.
biopha.2017.01.066

Sun, X, Li, M., Sun, Y,, Cai, H., Lan, X., Huang, Y,, et al. (2016). The developmental
transcriptome sequencing of bovine skeletal muscle reveals a long noncoding
RNA, IncMD, promotes muscle differentiation by sponging miR-125b. Biochim.
Biophys. Acta 1863 (11), 2835-2845. doi: 10.1016/j.bbamcr.2016.08.014

Sun, Y., Yang, W, Luo, H., Wang, X., Chen, Z., Zhang, J., et al. (2015). Thyroid
hormone inhibits the proliferation of piglet Sertoli cell via PI3K signaling
pathway. Theriogenology 83 (1), 86-94. doi: 10.1016/j.theriogenology.
2014.08.003

Svingen, T., and Koopman, P. (2013). Building the mammalian testis: origins,
differentiation, and assembly of the component cell populations. Genes Dev. 27
(22), 2409-2426. doi: 10.1101/gad.228080.113

Tong, C., Chen, Q., Zhao, L., Ma, J., Ibeagha-Awemu, E. M., and Zhao, X.
(2017). Identification and characterization of long intergenic noncoding
RNAs in bovine mammary glands. BMC Genomics 18 (1), 468. doi: 10.1186/
512864-017-3858-4

Trapnell, C., Williams, B. A., Pertea, G., Mortazavi, A., Kwan, G., van Baren, M. J.,,
et al. (2010). Transcript assembly and quantification by RNA-Seq reveals
unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 28, 511. doi: 10.1038/nbt.1621

Udagawa, O,, Ito, C., Ogonuki, N, Sato, H., Lee, S., Tripvanuntakul, P, et al. (2014).
Oligo-astheno-teratozoospermia in mice lacking ORP4, a sterol-binding

Frontiers in Genetics | www.frontiersin.org

12

July 2019 | Volume 10 | Article 646


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1093/molehr/gau018
https://doi.org/10.1095/biolreprod.112.105262
https://doi.org/10.1093/nar/gkt1223
https://doi.org/10.1101/pdb.prot4986
https://doi.org/10.1080/713803591
https://doi.org/10.1038/nbt.3172
https://doi.org/10.1098/rsos.180413
https://doi.org/10.1093/molbev/msv053
https://doi.org/10.1093/molbev/msv053
https://doi.org/10.1152/physrev.00013.2015
https://doi.org/10.1002/(SICI)1521-1878(199807)20:7<555::AID-BIES6>3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-1878(199807)20:7<555::AID-BIES6>3.0.CO;2-J
https://doi.org/10.1093/nar/gkm391
https://doi.org/10.1093/nar/gkm391
https://doi.org/10.1371/journal.pone.0141225
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1016/S2095-3119(16)61625-8
https://doi.org/10.1093/nar/gkq1348
https://doi.org/10.1093/nar/gkq1348
https://doi.org/10.1038/s41598-017-08738-9
https://doi.org/10.1038/s41598-017-08738-9
https://doi.org/10.1530/REP-13-0594
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1093/bioinformatics/bti430
https://doi.org/10.1074/jbc.M011259200
https://doi.org/10.1074/jbc.M011259200
https://doi.org/10.1111/j.2047-2927.2014.00183.x
https://doi.org/10.1371/journal.pone.0026053
https://doi.org/10.1002/mrd.22790
https://doi.org/10.1182/blood-2013-12-544494
https://doi.org/10.1182/blood-2013-12-544494
https://doi.org/10.1038/nprot.2016.095
https://doi.org/10.1016/j.cell.2009.02.006
https://doi.org/10.2217/epi-2017-0103
https://doi.org/10.1371/journal.pcbi.1000598
https://doi.org/10.1095/biolreprod.115.136911
https://doi.org/10.1111/j.1439-0531.2008.01177.x
https://doi.org/10.1016/j.ygcen.2016.04.026
https://doi.org/10.1038/415810a
https://doi.org/10.1016/j.celrep.2013.05.031
https://doi.org/10.1016/j.celrep.2013.05.031
https://doi.org/10.1371/journal.pone.0075750
https://doi.org/10.1093/nar/gkt646
https://doi.org/10.1016/j.biopha.2017.01.066
https://doi.org/10.1016/j.biopha.2017.01.066
https://doi.org/10.1016/j.bbamcr.2016.08.014
https://doi.org/10.1016/j.theriogenology.2014.08.003
https://doi.org/10.1016/j.theriogenology.2014.08.003
https://doi.org/10.1101/gad.228080.113
https://doi.org/10.1186/s12864-017-3858-4
https://doi.org/10.1186/s12864-017-3858-4
https://doi.org/10.1038/nbt.1621

Gao et al.

LncRNA and mRNA Expression in Bovine Testes

protein in the OSBP-related protein family. Genes Cells 19 (1), 13-27. doi:
10.1111/gtc.12105

Weikard, R., Hadlich, E, and Kuehn, C. (2013). Identification of novel transcripts
and noncoding RNAs in bovine skin by deep next generation sequencing. BMC
Genomics 14, 789. doi: 10.1186/1471-2164-14-789

Wen, K., Yang, L., Xiong, T, Di, C., Ma, D., Wu, M., et al. (2016). Critical roles
of long noncoding RNAs in Drosophila spermatogenesis. Genome Res. 26 (9),
1233-1244. doi: 10.1101/gr.199547.115

Wu, Q, Song, R., Yan, W,, Wu, Q,, Song, R., Yan, W,, et al. (2010). SPATA3 and
SPATAG interact with KLHL10 and participate in spermatogenesis. Biol.
Reprod. 82 (1), 89-90. doi: 10.1093/biolreprod/83.s1.177

XingiZhang,M.C.,Yu,R.,Liu, B., Tian, Z.,and Liu, S. (2016). FSCB phosphorylation
regulates mouse spermatozoa capacitation through suppressing SUMOylation
of ROPN1/ROPNIL. Am. J. Transl. Res. 8 (6), 2776-2782.

Xu, M, Xiao, J., Chen, J., Li, J., Yin, L., Zhu, H., et al. (2003). Identification and
characterization of a novel human testis-specific Golgi protein, NYD-SP12.
MHR: Basic Science Reprod. Med. 9 (1), 9-17. doi: 10.1093/molehr/gag005

Young, M. D., Wakefield, M. J., Smyth, G. K., and Oshlack, A. (2010). Gene
ontology analysis for RNA-seq: accounting for selection bias. Genome Biol. 11
(2), R14-R14. doi: 10.1186/gb-2010-11-2-r14

Yu, S., Zhang, P,, Dong, W., Zeng, W., and Pan, C. (2017). Identification of stem
Leydig cells derived from pig testicular interstititum. Stem Cells Int. 2017,
2740272. doi: 10.1155/2017/2740272

Zhang, H., Liu, B, Qiu, Y, Fan, J, and Yu, S. (2013). Pure cultures and
characterization of yak Sertoli cells. Tissue Cell 45 (6), 414-420. doi: 10.1016/j.
tice.2013.07.004

Zhang, L., Lu, H,, Xin, D., Cheng, H., and Zhou, R. (2010). A novel ncRNA gene
from mouse chromosome 5 trans-splices with Dmrtl on chromosome 19.
Biochem. Biophys. Res. Commun. 400 (4), 696-700. doi: 10.1016/j.bbrc.2010.
08.130

Zhang, Y., Yang, H., Han, L., Li, E, Zhang, T, Pang, J., et al. (2017). Long
noncoding RNA expression profile changes associated with dietary energy in
the sheep testis during sexual maturation. Sci. Rep. 7 (1), 5180. doi: 10.1038/
541598-017-05443-5

Zhao, J., Sun, B. K., Erwin, J. A,, Song, J. ]., and Lee, J. T. (2008). Polycomb proteins
targeted by a short repeat RNA to the mouse X chromosome. Science 322
(5902), 750-756. doi: 10.1126/science.1163045

Zhao, W., Mu, Y., Ma, L., Wang, C., Tang, Z., Yang, S., et al. (2015). Systematic
identification and characterization of long intergenic non-coding RNAs in fetal
porcine skeletal muscle development. Sci. Rep. 5, 8957. doi: 10.1038/srep08957

Zhu, J., Chen, G., Zhu, S., Li, S., Wen, Z., Bin, L., et al. (2016). Identification of
tissue-specific protein-coding and noncoding transcripts across 14 human
tissues using RNA-seq. Sci. Rep. 6, 28400. doi: 10.1038/srep28400

Zhuo, P. H., Hu, W,, Zhang, X. B., Wang, W,, and Zhang, L. J. (2016). Protective
effect of adrenomedullin on rat Leydig cells from lipopolysaccharide-induced
inflammation and apoptosis via the PI3K/Akt signaling pathway ADM on
rat Leydig cells from inflammation and apoptosis. Mediators Inflamm. 2016,
7201549, 1-6. doi: 10.1155/2016/7201549

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Gao, Li, Lai, Zhou, Wu, Huang, Lan, Lei, Chen and Dang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Genetics | www.frontiersin.org

13

July 2019 | Volume 10 | Article 646


https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://doi.org/10.1111/gtc.12105
https://doi.org/10.1186/1471-2164-14-789
https://doi.org/10.1101/gr.199547.115
https://doi.org/10.1093/biolreprod/83.s1.177
https://doi.org/10.1093/molehr/gag005
https://doi.org/10.1186/gb-2010-11-2-r14
https://doi.org/10.1155/2017/2740272
https://doi.org/10.1016/j.tice.2013.07.004
https://doi.org/10.1016/j.tice.2013.07.004
https://doi.org/10.1016/j.bbrc.2010.08.130
https://doi.org/10.1016/j.bbrc.2010.08.130
https://doi.org/10.1038/s41598-017-05443-5
https://doi.org/10.1038/s41598-017-05443-5
https://doi.org/10.1126/science.1163045
https://doi.org/10.1038/srep08957
https://doi.org/10.1038/srep28400
https://doi.org/10.1155/2016/7201549
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Analysis of Long Non-Coding RNA and mRNA Expression Profiling in Immature and Mature Bovine (Bos taurus) Testes

	Introduction

	Materials and Methods

	Animals and Sample Collection

	Hematoxylin and Eosin Staining

	RNA Isolation

	Library Preparation for lncRNA Sequencing

	Alignment of RNA-Seq Reads and Assembly of Transcripts

	Identification of Putative lncRNA

	Differential Expression Analysis

	Target Genes Prediction

	GO Terms and KEGG Pathway Enrichment.

	Experimental Validation of mRNAs and lncRNAs

	Cell Isolation and qRT-PCR Verification

	Statistical Analysis


	Results

	Morphology of Testis Tissues

	Overview of the Sequencing of lncRNA and mRNA in Cattle Testes

	Genomic Characteristics and Expression Profiling of lncRNAs and mRNAs

	Enrichment Analysis of DE mRNAs

	LncRNAs Target Genes of Cis- 
or Trans-Regulated

	Verification of DE lncRNA and mRNA Profiling

	Expression of mRNA and lncRNA in Different Cells of Testis


	Discussion

	Data Availability

	Ethics Statement

	Author Contributions

	Funding

	﻿Supplementary Material

	References



