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Abstract

Cattle yaks are an F1 hybrid between cattle and yaks and exhibit significant hybrid vigor. However, cattle yaks are sterile males. To
study the epigenetic aspects of this reproductive isolation, IGF2 mRNA expression in cattle yaks and their parents and the patterns of the
IGF2 differentially methylated regions (DMR) were examined in blood and testes. The results showed that IGF2 expression in cattle yaks’
testes was lower than in their parents (P < 0.01). The IGF2 DMR was highly methylated (above 90%) in blood and testes of cattle yaks,
yaks and cattle, with the highest level in cattle yaks (P > 0.05). Our study showed that IGF2 plays an important role in bovine spermato-
genesis and might be involved in cattle-yak male sterility. The methylation level of the IGF2 DMR was irrelevant to the lower expression
of IGF2 in cattle yaks; other factors perhaps play roles in its expression.
� 2009 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

The yak, known as the ‘‘almighty livestock”, is indispens-
able in the region of the Qinghai–Tibet Plateau and nearby
areas, and is well adapted to high altitude environments.
However, it is primitive and grows slowly, resulting in low
produce yields. To improve its productivity, hybridization
between cattle and yaks has been carried out since the
1950s. Cattle yaks, the F1 hybrid between cattle and yaks,
exhibit significant hybrid vigor. However, the males are ster-
ile, which greatly restricts the utilization of this hybrid vigor,
and is a ‘‘stumbling block” in the varietal improvement of the
yak [1]. To investigate the mechanism of male sterility of cat-

tle yaks, many researchers approached the problem from dif-
ferent perspectives (anatomy, histology, endocrinology and
molecular biology), and the mechanism was partially
revealed (for a review, see reference [2]). However, the
detailed mechanism of male sterility remains unknown.

The IGF2 gene, one of the first imprinted genes to be
identified in mammals, is exclusively paternally expressed
and maternally imprinted. It plays a key role in cell prolif-
eration, differentiation, apoptosis and transformation [3,4].
Three differentially methylated regions (DMRs) have been
identified in the mouse IGF2 gene: maternally methylated
DMR0 located in exon U1, and paternally methylated
DMR1 and DMR2 located upstream of promoter 1 and
in exon 6, respectively [5,6] (Fig. 1). In humans, the regions
homologous to mouse DMR0 and DMR2 have been
shown to be differentially methylated, whereas the region
homologous to mouse DMR1 is not methylated [7–9]
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(Fig. 1). The results of IGF2 DMR1 and DMR2 knockout
mice tests demonstrated that DMR1 has a silencer function
[10] and DMR2 has an activator function [11]. In humans,
patients with Beckwith–Wiedemann syndrome (BWS) with
bi-allelic IGF2 expression and hypermethylation at the
IGF2 DMR2 have been described [9]. Previous studies also
demonstrated that Wilms tumor and colorectal cancer were
associated with the loss of imprinting of IGF2 DMR0 [7,8].
These results revealed that IGF2 DMRs were critically
involved in the regulation of IGF2 imprinting and
expression.

In recent years, many researchers have studied the mech-
anism of interspecific hybridization from a DNA methyla-
tion perspective [12–14]. Gebert identified a previously
unknown DMR in exon 10 of the bovine IGF2 gene, and
this DMR was hypermethylated in sperm and hypomethy-
lated in oocytes [15]. To study the relationship between
male sterility of cattle yaks and the expression and DNA
methylation of IGF2, we cloned a partial sequence of
IGF2 exon 10, analyzed the expression in testes of IGF2

mRNA in cattle yaks and their parents by real-time
PCR, and examined the methylation patterns of DMR in
IGF2 exon 10 in blood and testes using bisulfite sequencing.
We hoped that our report would provide evidence for the
involvement of IGF2 in the regulatory mechanism of steril-
ity of cattle yaks.

2. Materials and methods

2.1. Animals

Yaks, cattle and cattle yaks were provided by the Song-
pan Bovine Breeding Farm, Sichuan Province. We crossed
male cattle with female yaks to produce cattle-yak off-
spring. Animals were fed maintenance diets for standard
growth. At the age of 15 months, blood samples of cattle
yaks (n = 8), cattle (n = 8) and yaks (n = 8) were collected

from jugular veins, and then they were slaughtered for their
testes.

2.2. DNA extraction

The phenol-chloroform method was used to extract
DNA from blood and testes.

2.3. RNA and cDNA preparation

Total RNA from cattle, yaks and cattle yaks’ testes were
extracted by the Trizol Total RNA Extract Kit (Invitrogen,
Shanghai, China). Its concentration and purity were deter-
mined by the ultraviolet colorimetry method. After formal-
dehyde-denatured agarose gel electrophoresis, the RNA
quality was evaluated by the ratio of 28S rRNA to 18S
rRNA. Purified total RNA was reverse transcribed to
cDNA using M-MLV reverse transcriptase (Promega,
Shanghai, China) and oligo(dT)18 (Promega).

2.4. Primer design

Primers were designed from the sequence of the cattle
IGF2 DNA (DQ298740), IGF2 mRNA (NM_174087) and
b-actin mRNA (NM_173979) using Primer Premier 5.0
software; primers for bisulfite sequencing PCR (BSP) were
according to Ref. [15]. The primer sequences and PCR con-
ditions are shown in Table 1.

2.5. Cloning and sequencing of the partial sequence of IGF2

exon 10 in the yak

The partial sequence of the IGF2 exon 10 from yaks was
amplified by polymerase chain reaction (PCR) in a 25-ll
volume. The amplification was performed in 1 � PCR
buffer (20 mM Tris–HCl, pH 8.4, 50 mM KCl2) with
1.25 mM MgCl2 (Takara, Dalian, China) and 0.25 mM

Fig. 1. Differentially methylated regions (DMRs) in the mouse (a), human (b), and bovine (c) IGF2 locus. While u1 and u2 represent pseudo-exons 1 and 2
in mice, E1–E10 indicate exons; there are three DMRs in the mouse IGF2 gene, indicated by bars below the genes. Bars with the upper section shaded
indicate methylation on the maternal allele, while that with the lower section shaded indicates methylation on the paternal allele. DMR1 in humans is not
methylated on either allele. The 28 CpG (d) sites examined are shown as circles.
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dNTPs (Takara). The PCR mixture included 0.5 lM of
each primer, 50 ng of DNA and 1 U of Taq DNA polymer-
ase (Takara). Each PCR cycle consisted of a denaturation
step at 95 �C for 30 s, annealing for 30 s, and extension at
72 �C for 30 s. The PCR was terminated by a final exten-
sion step at 72 �C for 10 min.

PCR-amplified fragments were separated on agarose
gels and purified with the AxyPrep DNA Gel Extraction
Kit (Axygen, USA); they were then ligated into the
pMD19-T vector (Takara), transformed into E. coli

DH5a cells (TIANGEN) and plated on appropriate indica-
tor plates following the manufacturer’s protocol. Plasmids
carrying the target fragments were isolated with the Axy-
Prep Plasmid Miniprep Kit (Axygen), and 2–3 independent
clones of each fragment were sequenced on an automatic
sequencer (ABI 3730, Invitrogen).

2.6. IGF2 RT-PCR and real-time PCR analysis

PCR was performed in a 20-ll reaction mixture contain-
ing 2 ll of PCR buffer, 1 ll of MgCl2, 1 ll of dNTPs, 1 ll
of each primer (10 lM), 1 ll of the RT product and 0.2 ll
of Taq DNA polymerase. PCR cycle conditions were as
follows: 1 cycle of 94 �C for 5 min; 35 cycles of 94 �C for
30 s, 60 �C for 30 s, and 72 �C for 30 s; and 1 cycle of
72 �C for 10 min. The purification, cloning and sequencing
procedures of the PCR product were the same as men-
tioned in Section 2.5.

The plasmid carrying the target fragment was diluted to a
gradient of concentrations, which were used to create quan-
titative standard curves. The reactions were repeated three
times for every sample. Real-time PCR was carried out in a
final reaction volume of 25 ll: 1 ll of RT product, 10 ll of
SYBR Premix EX Taq DNA polymerase (Takara), and
0.4 ll of each primer (10 lM). Real-time PCR was per-
formed by pre-denaturation at 95 �C for 1 min, 45 cycles of
denaturation at 95 �C for 10 s, annealing for 10 s, and exten-
sion at 72 �C for 15 s, followed by an extension at 72 �C for
5 min. The melting curve was analyzed by plate reading every
other 0.2 �C from 65 �C to 94 �C; the reaction was ended
with an extension at 72 �C for 5 min.

2.7. Analysis of DNA methylation at the region of IGF2 exon

10

One to two micrograms of genomic DNA in 50 ll of
H2O was treated with 5.5 ll of 3 M NaOH at 37 �C for
30 min, and then it was converted by 30 ll of 10 mM
Hydroquine (Sigma) and 520 ll of 3.6 M sodium bisul-
phate (Sigma) at 55 �C for 16 h with a mineral oil cover.
The DNA was desalted with the Wizard DNA Clean-up
System (Promega). To the DNA were added 5.5 ll of
3 M NaOH, 4 ll of glycogen (10 mg/ml) and 33 ll of
10 M NH4AC. Finally, the DNA was precipitated with
100% ethanol, and the pellet was washed with 70% ethanol
before being dissolved in 50 ll of distilled water and was
stored at �20 �C for PCR amplification.

Nested PCR was performed to amplify the DMR region
of IGF2 exon 10. First-round PCR was carried out using
outer primers Bisulfite-1, and the diluted first-round PCR
product (1:10) was used as the template in the second
round of PCR using inner primers Bisulfite-2. PCR was
performed under the following conditions: 94 �C for
5 min; 35 cycles of 94 �C for 30 s, annealing for 30 s, and
72 �C for 30 s; then followed by an extension at 72 �C for
10 min. The PCR products were cloned into the pMD19-
T Vector (TaKaRa) and transformed into E. coli DH5a
cells, and the individual clones were sequenced. The num-
ber and position of methylated cytosine residues were then
determined.

2.8. Statistical analysis

Statistical analysis was performed using SPSS 16.0 for
Windows software.

3. Results

3.1. Amplification of the partial sequence of IGF2 exon 10 in

the yak

Based on the cattle IGF2 gene (DQ298740), primers
were designed and the result of the amplification is shown

Table 1
Primer sequences and PCR conditions.

Primer Primer sequence Product length (bp) Annealing (�C)

IGF2-qa F: 50-CCTTCGCCTCGTGCTGCTATG-30 135 62.5
R: 50-GTCGGTTTATGCGGCTGGATG-30

b-Actin F: 50-TCCAGCCTTCCTTCCTGGGCAT-30 213 68
R: 50-GGGGCGCGATGATCTTGATCTTC-30

IGF2-pb F: 50-CCAGGACGACGTCACCGCATAC-30 566 62.5
R: 50-CAAGGGGGCTGATTGAGGGGTT-30

Bisulfite-1 F: 50-TGGGTAAGTTTTTTTAATATGATATT-30 455 48.5
R: 50-TTTAAAACCAATTAATTTTATACATT-30

Bisulfite-2 F: 50-TAATATGATATTTGGAAGTAGT-30 420 47
R: 50-ACATTTTTAAAAATATTATTCT-30

a Primer of real-time PCR.
b Primer of PCR to amplify the partial sequence in the IGF2 exon 10.
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in Fig. 2(a). The fragment was cloned and sequenced (Gen-
Bank No. FJ152104) and the BLAST result showed that it
was identical to the cattle IGF2 gene. CpG islands were
searched with the program (http://ccnt.hsc.usc.edu/cpgis-
lands2/cpg.aspx) and one CpG island was identified. The
GC content of the fragment was 60.1%.

3.2. IGF2 mRNA expression in the testes of cattle yaks and

their parents

To determine whether IGF2 mRNA expression was
influenced by the interspecies cross between cattle and
yaks, we analyzed its level in the testes of cattle yaks and
their parents using real-time PCR. As shown in Fig. 3,
the IGF2 expression in cattle yaks was the lowest and there
were statistically significant differences between cattle yaks
and their parents (P < 0.01).

3.3. IGF2 DNA methylation profiles in cattle yaks and their

parents

To determine whether the interspecies cross between cat-
tle and yaks can result in the abnormal imprinting of the
IGF2 DMR and to investigate the effects of IGF2 DMR
on IGF2 expression, we analyzed the methylation patterns

of IGF2 in blood and testes. The BSP product was 420 bp
long, and there were 28 CpG sites (Fig. 1(d)). In blood, the
level of methylated CpG sites was 92.9%, 93.2% and 93.6%,
while in testis it was 90%, 90.7% and 92.0% in cattle, yaks
and cattle yaks, respectively. Both in blood and in testes,
the IGF2 methylation level in cattle yaks was higher than
that in cattle and yaks, but the differences were not statis-
tically significant (P > 0.05) (Figs. 4 and 5).

4. Discussion

Mammalian spermatogenesis is a continuum of cellular
differentiation comprising three principal phases: sperma-
togonia renewal/proliferation, meiosis, and spermiogene-
sis. Many studies have proved that IGF2 plays an
important role in cell proliferation, differentiation, apopto-
sis and transformation. In mice, it has been reported that
IGF2 mRNA was detected in neonate and developing testes
[16] and highly expressed in type A and B spermatogonia
[17]; therefore, it was concluded that IGF2 played an
important role during spermatogenesis of the mouse. In
humans, IGF2 is strongly expressed in primary spermato-
cytes, secondary spermatocytes, and Sertoli cells, and it
was assumed that IGF2 plays an important paracrine or
autocrine role in human spermatogenesis [18]. Studies in
roe deer and goats have suggested a specific role for
IGF2 in the paracrine control of spermatogenesis [19,20].
Using real-time PCR, we tested the expression in testes of
cattle yaks and their parents. The results showed that the
level of IGF2 expression in cattle yaks was significantly
lower than that in their parents, which coincided with mei-
otic disturbance during spermatogenesis of cattle yak [21],
and furthermore, the result suggested that IGF2 was very
likely to play an important role during spermatogenesis
in bovines and perhaps have a prominent role in cattle-
yak male sterility.

In mammals, the IGF2 gene was one of the first
imprinted genes to be identified. DMRs of IGF2 and
nearby genes have an important effect on modulating its
imprinting. There is diversity of IGF2 DMRs among differ-
ent species. In mice, there are three DMRs (DMR0, DMR1
and DMR2), while human IGF2 contains two DMRs
(DMR0 and DMR2) and lacks DMR1. Human DMR0
seems to behave most similarly to mouse DMR1. In mice,
DMR0 is placenta-specific and exhibits maternal hyperme-
thylation [6], but in humans, the region homologous to
mouse DMR0 was shown to be differentially methylated
in all tissues [22]. Maternal deletion of the H19 DMR or
IGF2 DMR1 resulted in reactivation of maternal IGF2

[10,23], and paternal deletion of the H19 DMR or IGF2

DMR2 led to reduced transcription of paternal IGF2

[11,23]. Loss of IGF2 DMR0 methylation was proved to
actively express the maternal IGF2 allele, and was associ-
ated with loss of imprinting in Wilms’ tumor and colorectal
cancer [7,8]. These results showed that IGF2 DMR0,
DMR1, DMR2 and H19 DMR played important roles in
modulating IGF2 imprinting. In bovines, an IGF2 DMR

Fig. 2. Representative gel photograph of PCR-amplified fragments. (a)
Representative gel photograph of PCR-amplified yak partial sequences of
IGF2 exon 10; (b) representative gel photograph of BSP analyses using
bisulfite-treated DNA. 1, cattle; 2, yak; 3, cattle yak; 4, negative control;
M, DNA marker.

Fig. 3. Quantitative real-time PCR of IGF2 expression in testes of cattle
yaks and their parents. Columns with the same letter (a) are not
significantly different; those with different letters (a and b) are significantly
different.
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has been found in exon 10, and it is homologous to human
and mouse DMR2 [15] (Fig. 1). In this paper, the methyl-
ation patterns of the IGF2 DMR in exon 10 were examined
in blood and testes of cattle yaks and their parents using
bisulfite sequencing. Results demonstrated that the IGF2

DMR was highly methylated (above 90%) in blood and tes-
tes in bovines (cattle yaks, yaks and cattle), with the level of
cattle yaks higher than that of their parents, but the differ-
ence was not statistically significant. As mentioned above,
the IGF2 expression in cattle yaks’ testes was the lowest,
and there were statistically significant differences between
cattle yaks and their parents. Thus, it is likely that the
methylation level of the IGF2 DMR in exon 10 was irrele-
vant to the lower expression of IGF2 in cattle yaks; other
factors must affect IGF2 expression, and this supports the
hypothesis that IGF2 hyperexpression is not always accom-
panied with obvious loss of imprinting [24].

During evolution, reproductive isolation, as a self-pro-
tective mechanism, has occurred by natural selection
worldwide. In the 1930s and 1940s, a new theory was pre-
sented to account for reproductive isolation, the Dobzhan-
sky–Muller Model, which proposed that hybrid
incompatibilities were caused by the interaction between
genes that have functionally diverged in the respective
hybridizing species. To date, only a few Dobzhansky–Mul-
ler genes have been found [25]. There is growing evidence
suggesting that hybrid incompatibility may be associated

with deviations or disruptions in functional gene expres-
sion [26–28]. Focusing on spermatogenesis-related gene
expression (DAZL [1], SYCP2, SYCP3, Fkbp6 and Boule)
during spermatogenesis of cattle yaks and their parents,
our research has found that these genes were inactivated
or down-regulated. In recent years, many researchers have
studied DNA methylation in interspecies hybridization to
determine the contribution of epigenetic modifications.
Frequent genomic methylation changes were observed dur-
ing interspecies hybridization in plants [29,30]. However, in
animals, the role of DNA methylation in interspecific
hybridization is still in dispute: genomic hypomethylation
was observed in hybrids of a cross between Macropus euge-

nii and Wallabia bicolor [12]; imprinting genes were uncon-
trolled and abnormally expressed in hybrid progeny of
interspecific mice [13,14]. Meanwhile, studies on hybrids
between horses and donkeys, llamas and dromedaries
[31], different species of antelope [32] and white and black
rhinoceros [33] gave no indication for changes in genome-
wide methylation in the F1 hybrids when compared with
parental animals. In this paper, DNA methylation analysis
demonstrated that the DMR in exon 10 of IGF2 was highly
methylated in both blood and testes in cattle yaks and their
parents, with no significant differences between them. This
result revealed that changes in the methylation of this
DMR of IGF2 did not occur in the interspecies cross
between cattle and yaks, and perhaps the methylation level

Fig. 4. IGF2 DNA methylation in bovine blood. Bisulfite sequencing results for cattle, yaks, and cattle yaks. Each line represents an individual bacterial
clone that was sequenced. Filled circle indicates methylated CpG site; open circle, unmethylated CpG site.
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of some other IGF2 sites or genes were disrupted during the
hybridization. Therefore, the mechanism of male sterility in
cattle yaks needs to be further investigated by gene differen-
tial expression or at the level of epigenetic regulation.
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