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Mei1 is required for the homologous recombination of meiosis during the mammalian spermatogenesis. However,
the knowledge about bovine Mei1 (bMei1) is still limited. In the present study, we cloned and characterized the
bMei1, and investigated the epigenetic regulatorymechanismofbMei1 expression in vivo and in vitro. The full length
coding region of bMei1was 3819 bp,which encoded a polypeptide of 1272 amino acids. Real-time PCR showed that
the mRNA expression level of bMei1 in the testis of cattle–yak with meiotic arrest and male infertility was signifi-
cantly decreased as compared with cattle (P b 0.01). Conversely, the methylation levels of bMei1 promoter and
gene body in the testis of cattle–yak were significantly increased. Additionally, the expression level of bMei1 in bo-
vine mammary epithelial cells (BMECs) was activated by treatment with the methyltransferase inhibitor 5-aza-2′
deoxycytidine (5-Aza-CdR). Our data suggest that bMei1mayplay an important role in themeiosis of spermatogen-
esis and may be involved in cattle–yak male sterility, and its transcription was regulated by DNA methylation.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Meiosis, a highly conservative life activity, plays an important
role in the life cycle of sexual reproduction organisms (de Massy,
2013; Keeney et al., 2014). Meiosis is composed of two consecutive
processes (meiosis I and meiosis II), in which homologous chromo-
somes and sister chromatids are segregated as well as non-sister
chromatids are interchanged with each other (Lee, 2013;
Humphryes and Hochwagen, 2014). In meiosis, meiotic recombina-
tion leads to exchange between homologous chromosomes, increas-
ing genetic diversity of offspring and enriching biodiversity
(Smukowski and Noor, 2011; Cole et al., 2012; Kong et al., 2014).
The process of meiotic recombination occurs in meiosis I, which be-
gins with the DNA end replication and DNA double-strand breaks
(DSBs) (de Massy, 2013; Cole et al., 2014; Lam and Keeney, 2015).
In mammalian spermatogenesis, meiotic recombination is a key fac-
tor for chromosome segregation and normal sperm formation in
spermatogenesis, which is precisely regulated by related genes, such as
Spo11, Rad51, Dmc1, Msh4, Msh5, Exo1 (Shinohara and Shinohara, 2004;
Smirnova et al., 2006; Nishant et al., 2010; Zakharyevich et al., 2010;
Howard-Till et al., 2011; Bugreev et al., 2013). Notably, the meiosis
′ deoxycytidine; BMECs, bovine
yribonucleic acid; CDS, coding

.cn (Q. Li).
defective 1 (Mei1) has been reported to participate in the meiosis of
spermatogenesis in mammalian (Libby et al., 2002; Libby et al., 2003;
Sato et al., 2006; Takabayashi et al., 2009).

Mei1 was first isolated from a screen of infertile mice, which was
generated by using a chemical mutagenesis in embryonic stem (ES)
(Libby et al., 2002), and was mapped to chromosome 15 in mouse and
chromosome 22 in human, respectively (Libby et al., 2002; Sato et al.,
2006). Previous research has showed that the cells of seminiferous tu-
bules were arrested at or before meiosis I and the spermatogenesis
has not normally occurred in Mei1-null mouse, which could result in
infertility (Libby et al., 2003). In human, four SNPs including SNP1
(T909G), SNP2 (A1582G), SNP3 (C1791A), and SNP4 (C2397T) were
identified inMei1, in which SNP3 and SNP4 were associated with azoo-
spermia (Sato et al., 2006). These results suggest thatMei1 genemay be
involved in the process of spermatogenesis. However, the molecular
regulatorymechanisms ofMei1 inmammalian spermatogenesis remain
unclear, completely.

In this study, we cloned and characterized the bovine meiosis defec-
tive 1 (bMei1) gene. Based on the model of cattle–yak (Bos grunniens)
male sterility, we detected the mRNA expression levels of bMei1 in the
testis of cattle and cattle–yak, and analyzed the relationship between
testicular bMei1 expression andmeiosis andmale sterility. Furthermore,
we detected the methylation levels of bMei1 in cattle and cattle–yak,
and assessed the effect of DNAmethyltransferase inhibitor on bMei1 ex-
pression. These results provide a foundation for further understanding
characteristics and functional role of the mammalian Mei1 in the pro-
cess of homologous recombination, meiosis and spermatogenesis.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.gene.2015.07.021&domain=pdf
http://dx.doi.org/10.1016/j.gene.2015.07.021
mailto:liqifa@njau.edu.cn
mailto:owwa@njau.edu.cn
http://dx.doi.org/10.1016/j.gene.2015.07.021
http://www.sciencedirect.com/science/journal/03781119
www.elsevier.com/locate/gene
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2. Materials and methods

2.1. Animal and tissue collection

The experimental cattle (n = 8) and cattle–yak (n = 8) were ob-
tained by the Songpan Bovine Breeding Farm, Sichuan Province, China.
Testis tissue samples of cattle and cattle–yak were harvested after
slaughter, and were immediately frozen in liquid nitrogen and then
stored at −80 °C for DNA and RNA extraction. All animal protocols
were approved by the Institutional Animal Use Committee at Nanjing
Agricultural University of China (Nanjing, China).

2.2. DNA, RNA extraction and first strand cDNA synthesis

DNA from the testis was extracted using the phenol–chloroform
method. Total RNA was extracted by using Trizol reagent (Invitrogen,
Carlsbad, California, USA) according to the manufacturer's protocol.
The reverse transcription was performed using M-MLV reverse tran-
scriptase (Promega,Madison,WI, USA). Firstly, the reaction system con-
taining 2 μl (2 μg) of total RNA, 2 μl of Oligo dT, and 6 μl of DEPC water
was incubated at 70 °C for 5 min and was immediately incubated on
ice. Secondly, 5 μl of 5 × RT Buffer, 5 μl of dNTP (10mM), 0.5 μl of RNasin
inhibitor, 1 μl M-MLV of reverse transcriptase and 3.5 μl of DEPC water
were added to a total volume of 25 μl and then themixturewas incubat-
ed at 42 °C for 60 min, 95 °C for 5 min. Finally, the cDNA products were
stored in −20 °C.

2.3. Cloning and sequencing

Primers P1–P5 were designed to amplify bMei1 cDNA from cattle
(Bos taurus) and primer sequences were listed in Table 1. The PCR reac-
tions were performed in a total volume of 10 μl containing 0.5 μL RT
products, 5 μL 2 × Premix rTaq (TaKaRa, Dalian, China), 0.5 μL each
primer and 3.5 μL sterile ultrapure water. The PCR amplification condi-
tions were used: 94 °C for 5 min; 35 cycles of 94 °C for 30 s, annealing
for 30 s and 72 °C for 2min; 72 °C for 7min. The PCR products were sep-
arated by 1.5% agarose gel electrophoresis and were purified by an
AxyPrep DNA Extraction Kit (Axygen, USA). The purified products
were cloned into the vector pMD18-T (TaKaRa, Dalian, China) and
then sequenced by Invitrogen (Shanghai, China).

2.4. Bioinformatic analysis

The Mei1 sequences of the others species were obtained from the
GenBank database (Table S1). The DNAMAN 5.2.2 software was used
to carry on editing and translation of the nucleotide sequences. Homol-
ogous sequences were performed using the NCBI BLAST server (http://
Table 1
Primer in this study.

No. Gene name GenBank no. Primer sequence (5′-3′)

P1 Mei1 NC_007303.5 F: GAATTGCCAGGTACTCGGTTTA
R: CGGAGGTGCGTCAGGTTCA

P2 Mei1 NC_007303.5 F: TTGGGAATTATACTTGTTTGG
R: GACCCCAAAAACAAATGTAC

P3 Mei1 NC_007303.5 F: TGTGCCTTTCTGGATTTG
R: CAGCCGTTGCTATTTACC

P4 Mei1 XM_594137.3 F: TTTCGGACTGTTATGTAATGTAGAG
R: CAAACCTGTCCTCGTGAATGT

P5 Mei1 XM_594137.3 F: TCGCCAGTACGTGGAGGAAG
R: ACAGGCATCTGAGTGTTTCACTTTA

P6 β-actin NM_173979.3 F: TCCAGCCTTCCTTCCTGGGCAT
R: GGACAGCACCGTGTTGGCGTAGA

P7 Mei1 KM986879 F: TGGTGCCATCAGAAAATT
R: TGAGGTCTAGCAAAATGAGTA

P8 Mei1 NC_007303.5 F: ATTTGGYGGGAATAGTGTT
R: CAAAACCAAACTCAAAACCTC
www.ncbi.nlm.nih.gov/BLAST/). Nucleotide and protein sequences
alignment analysis were conducted using Clustal W (http://www.ebi.
ac.uk). Motif was analyzed by the Motifscan (http://myhits.isb-sib.ch/
cgi-bin/motif_scan). Genomic organization and chromosomal locations
were investigated by comparing the cDNA and corresponding genomic
sequence (http://genome.ucsc.edu/). Amino acid sequences and the
hydropathicity of protein were analyzed using the Protparam program
(http://www.expasy.org/tools/protparam.html). The nucleotide diver-
sity (π), synonymous substitution rate (dS) and nonsynonymous substi-
tution rate (dN)were conductedwith the DNASP v5.0 software (Librado
and Rozas, 2009). Phylogenetic trees were constructed with neighbor-
joining (NJ) method of MEGA v5.05 software (Hall, 2013). Protein ter-
tiary structure was predicted by CPHmodels server (http://www.cbs.
dtu.dk/services/CPHmodels) and was analyzed using PyMOL software.
The CpG islands were searched with the online MethPrimer (http://
www.urogene.org/methprimer/index1.html). Proscan v1.7 software
(http://bimas.dcrt.nih.gov/molbio/proscan) was used to predict the
core promoter. Prediction of transcription response elements was per-
formed using TFSEARCH (http://www.cbrc.jp/research/db/TFSEARCH.
html) and MatInspector software (http://www.genomatix.de/).

2.5. Real-time PCR

The mRNA expression levels of bMei1 in the testis of cattle and cat-
tle–yak were performed using AceQ® qPCR SYBR® Green Master Mix
(Vazyme Biotech Co., Ltd., China). Primers P6 and P7 were designed
using primer 5.0 based on the sequence of the β-actin gene (GenBank
no. NM_173979.3) and bMei1 gene (GenBank no. KM986879), respec-
tively. The Real-time PCR reaction contained 10 μl AceQ® qPCR SYBR®

Green Master Mix, 2 μl template cDNA, 0.4 μl each primer, 0.4 μl ROX
ReferenceDye 1 and 6.8 μl sterile ultrapurewater. The Real-time PCR re-
action program consisted of an initial denaturation 95 °C for 5 min;
followed by 40 cycles of 95 °C for 10 s, annealing temperature for 30 s.
The melting curve was analyzed from 60 °C to 94 °C by every 0.3 °C
plate reading. The β-actinwas used as a housekeeping gene to normal-
ize the variation of input RNA. Gene expression levels were calculated
according to the ΔΔCt value method.

2.6. Methylation analysis

Testis genomic DNA was conducted using a MethylCode™ Bisulfite
Conversion Kit (Invitrogen, Shanghai, China). The primer P8 for bisulfite
sequencing PCR (BSP) was designed with Methyl Primer Express v1.0
according to the cattle (B. taurus) Mei1 gene (GenBank no. NC_
007303.5). The BSP and clone sequencingwere performed as previously
described (Luo et al., 2013).
Annealing temp (°C) Product size (bp) Application

58 382 CDS clone

56 266 CDS clone

59 385 CDS clone

59 1850 CDS clone

59 1954 CDS clone

56 116 Real-time PCR

60 275 Real-time PCR

53 417 Bisulfite sequencing PCR

Administrator
高亮
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2.7. Cell culture and 5-Aza-CdR treatment

Bovinemammary epithelial cells (BMECs)were isolated frommam-
mary tissues of Holstein dairy cow as previously described (Han et al.,
2015). BMECs were cultured in Dulbecco's Modified Eagle's Medium
(DMEM) (Gibco, USA) containing 10% fetal bovine serum (Gibco, USA)
and 1% penicillin/streptomycin (Gibco, USA) and incubated at 37 °C
with 5% CO2. BMECs were treated with the differential concentration
of 5-Aza-CdR (Sigma-Aldrich, St Louis, MO, USA) (0, 0.05, 0.5 and
5 μM) and were cultured at 37 °C under 5% CO2. After 24 h treatment,
the cells were lysed by using Trizol reagent (Invitrogen, Carlsbad, Cali-
fornia, USA) and the total RNAs were extracted to detect the expression
level of bMei1.

2.8. Statistical analysis

All data were analyzed using statistical software SPSS version 18.0.
Differences between two groups were evaluated using Student's t-test.
Differences between more than two groups were evaluated using one-
way ANOVA and multiple comparisons were conducted by Duncan's
multiple rang test. Results were presented as the mean ± SE and
P b 0.05 was considered statistically significant.
Fig. 1. Identification and characterization of bMei1 gene. (A) Alignment of Mei1 protein with h
gray boxes indicate different residues. (B) The three-dimensional structure of bMei1 protein. R
phylogenetic tree was constructed by MEGA 5.05 software of neighbor-joining method base o
percentages. The number of scale indicates evolutionary distance. The bta, bmu, bbu, eca, cja,
white-tufted-ear marmoset, northern white-cheeked gibbon, human, pygmy chimpanzee, mou
3. Results

3.1. Identification and characterization of the bMei1 gene

The full length coding region of bMei1 genewas obtained from cattle
(B. taurus) by PCR amplification, cloning, sequencing and sequence
splicing, and named the gene bMei1 (bovine Mei1) (GenBank no.
KM986879). The coding region of bMei1 gene was 3819 bp in length,
and the content of four nucleotides A, C, G and T was 20.37%, 29.20%,
27.15% and 23.28%, respectively. BLAST analysis showed that the coding
region of bMei1 shared similarities of 99.40%, 98.87%, 89.85%, 87.16%,
81.39% and 60.21% to wild yak, water buffalo, horse, human, mouse,
and chicken (Table S1), respectively. Genomic structure analysis indi-
cated that bMei1 gene was located to chromosome 5, and it included
29 exons and 28 introns.

The bMei1 gene encoded 1272 amino acid residues, and its amino
acid sequence shared 98.82%, 98.43%, 83.75%, 81.95%, 78.65% and
53.08% identity with wild yak, water buffalo, horse, human (Fig. 1A),
mouse and chicken, respectively. Physicochemical property prediction
of bMei1 protein showed that its molecularweightwas 140.69 kDa, iso-
electric point was 6.45, GRAVY (grand average of hydropathicity) value
was 0.182, exoteric half-life was 30 h and margin of instability was
uman (NM_152513.3) and cattle (KM986879). Black boxes indicate identical residues and
ed indicatesα-helix; Green indicates random coil. (C) The phylogenetic tree of bMei1. The
n amino acid sequence of bMei1 protein. Numbers at each node represents the bootstrap
nle, hsa, ppa, mmu, rno and gga Mei1 represent the cattle, wild yak, water buffalo, horse,
se, rat and chicken Mei1, respectively.



Fig. 2. The mRNA expression levels ofMei1 gene in the testis of cattle and cattle–yak. The
expression level of Mei1 was normalized to the β-action gene and examined using the
2−ΔΔCt value method. ** indicates the significant differences between cattle and cattle–
yak (P b 0.01).
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50.97. The bMei1 protein was also predicted neither a hydrophobic re-
gion nor signal peptide and localized in the endoplasmic reticulum. Fur-
ther analysis showed that the three-dimensional structure of bMei1
comprised many α-helices and random coil, but not β sheet (Fig. 1B).

3.2. Molecular evolution of Mei1 in mammals

A total of 1335 polymorphic sites were detected in coding region of
Mei1 gene among 10 species of mammals, and the percentage of poly-
morphic sites was 34.60%. The nucleotide diversity (π) and the average
number of nucleotide differences (k) of mammalian Mei1 gene were
0.1283 and 485.36, respectively. The transition/transversion ratio
(Ts/Tv) of Mei1 among mammals was 1.98, which was less than the
critical value (2.0) of Ts/Tv. Neutrality test showed that Tajima's D,
Fu and Li's F values for mammals Mei1 gene were −0.4823 and
−0.3980, and all not significantly different (P N 0.1). Nonsynonymous
(dN) and synonymous (dS) substitution rate analysis found that the
dN/dS was significantly less than 1 (Z test, P b 0.01), indicating that
mammalianMei1 gene was affected by negative selection in the evolu-
tion process.

To further understand the evolution of Mei1 in mammals, we con-
structed a phylogenetic tree based on the coding region sequences of
Mei1 gene using the maximum parsimony method. As shown in
Fig. 1C, ten species of mammals were clustered into four clades. Three
species of Artiodactyla (cattle, wild yak and water buffalo) were clus-
tered initially as clade A (BP = 100). The horse in Perissodactyla was
clustered alone as clade B. Four species of Primates (human, pygmy
chimpanzee, white-tufted-ear marmoset, northern white-cheeked gib-
bon) were clustered as clade C (BP = 100). Two species of Rodentia
(mouse and rat) were clustered initially as clade D (BP = 100). In
Artiodactyla, cattle and wild yak, which belong to Bos, were clustered
together (BP = 97), while water buffalo, which belong to Bubalus, was
clustered alone. In Primates, two species of Hominidae (human and
pygmy chimpanzee) were clustered together (BP = 99), while white-
tufted-ear marmoset in Cebidae and northern white-cheeked gibbon
in Hylobatidae was clustered each in one group. The cluster result is
consistent with the traditional classification.

3.3. Expression level of bMei1 gene in the testis of cattle and cattle–yak

To determine whether the bMei1 gene was involved with meiotic
recombination in the bull spermatogenesis, real-time PCR were per-
formed to detect themRNA expression levels of bMei1 gene in the testis
of cattle and cattle–yak. The results showed that the mRNA expression
levels of bMei1 gene in the testis of cattle–yak with meiotic arrest and
male sterility was significantly lower than that in cattle with normal
meiosis (P b 0.01) (Fig. 2), indicating that bMei1 gene in the testis may
be associated with cattle–yak male sterility.

3.4. Methylation status of CpG islands in bMei1

The 62-Kb of bMei1 genome sequence was downloaded from cattle
genomic database (http://www.ncbi.nlm.nih.gov/genome/82). A CpG
island (CGI) was detected within bMei1 gene using online software
MethPrimer (http://www.urogene.org/methprimer/index1.html). The
length of bMei1 CGI was 496 bp, and located at −129 nt to +367 nt
(ATG, +1), which included the 5′ proximal flanking region, exon1 and
intron1 (Fig. 3B). To explore epigenetic mechanism of low bMei1 ex-
pression in the testis of cattle–yak, we detected the methylation status
of bMei1 CGI in the testis of cattle and cattle–yak by using bisulfite se-
quencing PCR (BSP). BSP amplified fragment of cattle and cattle–yak
bMei1was 417 bp in length (position at−44 nt to+373 nt) containing
39 CpG sites (CpGs) (Fig. 3A–C). The results found that the methylation
level of bMei1 in the testis of cattle–yak (48.7%, 190/390) was signifi-
cantly higher than those in cattle (12.6%, 49/390) (P b 0.01) (Fig. 3D).
Among 39 CpGs, the 6, 21, 12 CpGs were located in the promoter,
exon 1, and intron 1, respectively. Themethylation levels of the promot-
er region (48.33%, 29/60), exon1 (48.10%, 101/210) and intron1 (50%,
60/120) in the testis of cattle–yak were significantly higher than those
(26.67%, 16/60; 11.43%, 24/210; 7.5%, 9/120) in the cattle (P b 0.01).
These data indicated that hypermethylation of CGI may be related
with the low expression of bMei1 in the testis of cattle–yak.

3.5. 5-Aza-CdR upregulation bMei1 expression in BMECs

In order to further ascertain the methylation silencing of the bMei1
expression, BMECs were treated with 5-Aza-CdR, a methylase inhibitor.
The mRNA expression level of the bMei1 was detected utilizing real-
time PCR and the results showed that the mRNA expression level of
bMei1 was significantly increased (P b 0.05) in BMECs treated with
5 μM 5-Aza-CdR, while no obvious differences were observed in other
concentration of 5-Aza-CdR (P N 0.05) when compared with the group
treated with 0 μM 5-Aza-CdR (Fig. 4).

4. Discussion

The previous study has demonstrated that the Mei1 was mainly
expressed in the testes and rarely expressed in the other tissues in
human (Sato et al., 2006). InMei1mutant (Mei1−/−) mouse, spermato-
cytes were arrested at the zygotene or pachytene stage of meiosis in
seminiferous tubules and there is not sperm in the epididymis, and
the absence of Mei1 resulted in male infertility (Munroe et al., 2000).
These results indicated thatMei1wasnecessary formeiosis andmale re-
production. In this study, we cloned and characterized the bMei1, and
the results showed that the nucleotide and amino acids sequences of
bMei1 share the high similarity with other mammals. These data sug-
gest that the function of Mei1 in meiosis of bovine spermatogenesis
may be consistent in other mammals.

Mei1 was located on upstream of the Dmc1 during mouse meiosis,
and the phenotype of Dmc1mutant was similar to theMei1 null mutant
in mouse meiosis (Reinholdt and Schimenti, 2005). The targeted muta-
tion of mouse Dmc1 gene resulted in meiotic prophase arrest with
failure of chromosome synapsis and sterility due to defects in homolo-
gous recombination (Pittman et al., 1998; Yoshida et al., 1998). In
human, DMC1 variants (e.g. DMC1-M200V) were the source of infertil-
ity (Hikiba et al., 2008). However, little was known about the relation-
ship between Mei and male infertility. Cattle–yak is derived from
cattle (B. taurus) and yak (B. grunniens) by hybridization and exhibits
obviously male sterility in the first hybrid progenies (Zhang et al.,
2009; Luo et al., 2013). Therefore, the F1 cattle–yak could be considered
as an abnormal spermatogenesis model to investigate the relationship
between testicular bMei1 expression and male infertility. In this study,
the mRNA expression level of bMei1 in the testes of cattle with normal
spermatogenesis was significantly higher than that in cattle–yak hybrid

http://www.ncbi.nlm.nih.gov/genome/82
http://www.urogene.org/


Fig. 3. The methylation status of bMei1 in testis of cattle and cattle–yak. (A) Bisulfite sequencing (BSP) sequence and location of CpG sites in the bMei1 gene. The red sequences represent
the CpG sites. The arrows represent the primers for BSP. (B) Prediction, schematic diagram and location of CpG islands. The red boxes indicate exons. The numbering is relative to the ATG
(+1) translation initiation site. The blue elliptical region (from−129 to+367) indicate the predicted CpG island. The region from−44 to+373 was analyzed by BSP-amplified. (C) The
CpG sites of BSP-amplified region. Each vertical bar represents a CpG site. (D) Bisulfite sequencing results for cattle and cattle–yak. Ten clones fromeach samplewere sequenced. Each row
represents an individual clone which was sequenced. Filled circles indicate methylated CpG sites; open circles indicate unmethylated CpG sites.
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with abnormal spermatogenesis andmale infertility. The result suggests
that bMei1 may be involved in bull spermatogenesis and its testicular
low expression was involved in male sterility of cattle–yak hybrid.

DNA methylation was an important epigenetic modification in the
vertebrate genomes and played an important role in the regulation of
Fig. 4. The mRNA expression level of bMei1 in Bovine mammary epithelial cells (BEMCs).
BEMCs were treated with 5-aza-2′ deoxycytidine (5-Aza-CdR) at different concentrations
(0, 0.05, 0.5 and 5 μM), the group treated with 0 μM 5-Aza-CdR was used as the control
group. The expression levels of bMei1 were detected by Real-time PCR, and normalized
to the β-action gene which was served as an internal control. **, indicates the significant
differences between the treated group and the control group (P b 0.01).
gene expression (Weber et al., 2007; Elango et al., 2009; Chen et al.,
2014). Previous studies have demonstrated that the aberrant methyla-
tion and expression of the spermatogenesis-related genes were closely
related with the abnormal spermatogenesis and male infertility
(Bonaparte et al., 2010; Han et al., 2014; Ramasamy et al., 2014). For ex-
ample, DNAmethylation status of Sox30was associated with spermato-
genesis in mice testis (Han et al., 2014) and the methylation status of
ESX1 in the normal spermatogenesis testis was significantly lower
than it in spermatogenesis impairment (Bonaparte et al., 2010). More-
over, our recent studies showed that the methylation levels of the
spermatogenesis-related genes (PIWI1, Bvh, SYCP3) were closely associ-
ated with their transcription level, and their methylation status were
significantly increased in the testes of cattle–yak hybrid. (Wang et al.,
2012; Gu et al., 2013; Luo et al., 2013). In this study, the DNA methyla-
tion levels of bMei1 (12.6%) in the testes of cattle were remarkably
lower than that of the cattle–yak (48.7%), indicating that bMei1 tran-
scriptionwas inhibited by the DNAmethylation,whichmay be involved
in bull spermatogenesis.

5-Aza-CdRwas a stronger inducer of DNA demethylation andwidely
used to inhibit the DNA methylation (He et al., 2014; Liu et al., 2014).
Moreover, a large number of studieswere also found having this similar
result (Ning et al., 2011; Dong et al., 2012; Kim et al., 2013; He et al.,
2014). In the current study, we demonstrated that the expression
level of bMei1 gene was significantly increased by induction with 5 μM
5-Aza-CdR in BMECs when compared with the other concentrations
(0, 0.05, 0.5 μM) in BMECs, which was consistent with the previous
reports (Guo et al., 2011; He et al., 2014). Therefore, we deduced that
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the methylation sites of GCI in bMei1 were demethylated, which could
contribute to the activation of bMei1.

The increasing evidences revealed that the CpG methylation of
promoter suppress the gene expression by inhibiting the transcription
factors to bind their binding sites that contain CpG (Fujii et al., 2006;
Hou et al., 2012; Hashimoto et al., 2013). For example, it has been re-
ported that 5-Aza-CdR treatment increased the transcription factors of
SP-1 binding to its binding sites in the sEH gene promoter (Zhang
et al., 2010). To determine whether the CpG sites could affect the bind-
ing of transcription factor in the promoter region of bMei1, the putative
binding of the transcription factor was predicted by the online
TFSEARCH software and MatInspector software. Among 6 CpG sites in
the bMei1 promoter, the CpG1 (10%, cattle; 50%, cattle–yak) (P b 0.05)
was significantly different between cattle and cattle–yak and contained
the binding site of transcription factor E2F1 (E2F transcription factor 1)
and XCPE1 (X gene core promoter element 1), while no obvious differ-
ences were observed in the other CpG sites between cattle and cattle–
yak. The E2F1 belongs to the E2F family that is involved in cell cycle,
growth, apoptosis and differentiation (Paik et al., 2010; Biswas and
Johnson, 2012). Notably, previous evidences indicated that methylation
of E2F1 binding sites abolishes E2F1 binding and reduce the target gene
expression (Gao and Yu, 2008; Siouda et al., 2012; Li et al., 2014). Thus,
we speculate that the CpG1may be involved in the regulation of expres-
sion of bMei1 gene by blocking the binding of transcription factor E2F1.

In addition, a large number of studies showed that DNAmethylation
in the gene body regionmay affect the transcriptional start and stop, the
mRNA splicing, the modification of gene, chromatin structure and RNA
polymerase II (Pol II) elongation (Lorincz et al., 2004; Cingolani et al.,
2013; Wang et al., 2013; Rademacher et al., 2014). For example, the in-
tragenic DNA methylation can down-regulate the gene expression
(Huang et al., 2014), and gene expression has a significantly negative
correlation with gene-body methylation level by DMR (differentially
methylated region)-mRNA pair analysis in skeletal muscle of pig (Lou
et al., 2014). Additionally, the previous study also observed that DNA
methylation in the region of the first exon was associated with tran-
scriptional silencing (Brenet et al., 2011). In this study, we determined
that the DNA methylation level in the bMei1 gene body (exon 1 and in-
tron 1) of cattle–yakwas strikingly higher than that of cattle, suggesting
that DNA methylation in the bMei1 gene body may be involved in the
bMei1 expression.

In conclusion, we cloned and characterized the bMei1 in the testis of
cattle, and detected themRNA expression levels of bMei1 in the testis of
cattle and cattle–yak hybrid. Furthermore, we assessed the effect of the
methylation status on the expression level of bMei1 in vivo and in vitro.
Our results provide valuable information for further investigation of the
molecular regulator mechanisms of bMei1 in meiosis of spermatogene-
sis and male infertility.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gene.2015.07.021.
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