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Abstract

Genomic imprinting is theorized to exist in all pla-
cental mammals and some marsupials; however,
extensive comparative analysis of animals aside
from humans and mice remains incomplete. Here
we report conservation of genomic imprinting in the
bovine at the X chromosome inactivation-specific
transcript (XIST), insulin-like growth factor 2 (IGF2),
and gene trap locus 2 (GTL2) loci. Coding single
nucleotide polymorphisms (SNPs) between Bos
gaurus and Bos taurus were detected at the XIST,
IGF2, and GTL2 loci, which have previously been
identified as imprinted in either humans, mice, or
sheep. Expression patterns of parental alleles in F1
hybrids indicated preferential paternal expression at
the XIST locus solely in the chorion of females,
whereas analysis of the IGF2 and GTL2 loci indi-
cated preferential paternal and maternal expression
of alleles, respectively, in both fetal and placental
tissues. Comparative sequence analysis of the XIST
locus and adjacent regions suggests that repression of
the maternal allele in the bovine is controlled by a
different mechanism than in mice, further reinforc-
ing the importance of comparative analysis of
imprinting.

Correspondence to: Jorge A. Piedrahita; E-mail: jorge_piedrahita@
ncsu.edu

Genomic imprinting involves the parental control
over expression of alleles of particular genes (Con-
stancia et al. 1998). Genes affected by this rare form
of allelic expression and repression, presumably
0.1%-0.2% of the total genes in the genome, are in-
volved in a myriad of processes including fetal, pla-
cental, and neurological development (Allen et al.
1995; Reik et al. 2001). In humans, imprinted genes
have been linked to a number of developmental
disorders including Beckwidth-Weidemann, Prader—
Willi, and Angleman syndromes, as well as a number
of cancers (Falls et al. 1999). Approximately 50 im-
printed genes have been identified in humans and 70
in the mouse (Surani 2001). In livestock, 11 im-
printed genes have been identified in sheep (GTL2,
DLK1, DAT, PEG11, PEG1, MEST, MEGS, IGF2,
H19, and IGF2R) (Feil et al. 1998; Bidwell et al. 2001;
Charlier et al. 2001; Young et al. 2001), 1 in cattle
(IGF2R) (Killian et al. 2000), 2 in pigs (IGF2 and
IGF2R) (Jeon et al. 1999; Nezer et al. 1999; Killian et
al. 2001), and none in horses or goats; although the
differential phenotype exhibited between mules and
hinnies is thought to be a consequence of genomic
imprinting (Short 1997). In spite of the importance of
imprinted genes in placental and fetal development,
comparative imprinting studies are limited in scope
and have failed to properly address the role im-
printed genes play in placental speciation. Rumi-
nants, with their unique form of placentation
compared to humans and mice, and their ease of
availability, would add valuable comparative infor-
mation to the existing imprinting animal models.
Currently, the limitation of identifying im-
printed genes in cattle is due to the lack of infor-
mative polymorphisms in coding regions. In mice
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and other species, a number of protocols have been
implemented to facilitate the identification of im-
printed genes including the use of parthenogenetic
embryos, subtractive cDNA hybridizations assays,
uniparental disomies (UPD), and interspecific hy-
brids (Mus musculus x Mus spretus) (Villar et al.
1995; Villar and Pedersen 1997; Feil et al. 1998,
Hagemann et al. 1998). Mus musculus x Mus spretus
and Peromyscus polionotus x Peromyscus manicul-
atus interspecific crosses of mice have been widely
used to identify numerous imprinted genes and are
ideal experimental models due to their high levels of
heterozygosity within coding regions (Villar et al.
1995; Hemberger et al. 1998; Jong et al. 1999; Mayer
et al. 2000; Schmidt et al. 2000; Yevtodiyenko et al.
2002), in spite of exhibiting parental-specific phe-
notypes in their offspring (Dawson 1971; Vrana et al.
1998; Hemberger et al. 1999; Vrana et al. 2000;
Zechner et al. 2002).

Crosses between Bos gaurus (Gaur) and Bos
taurus (domestic) cattle have been used previously to
increase the genetic variation between alleles for
genetic mapping purposes (Gao and Womack 1997;
Yang and Womack 1997; Gallagher et al. 1998).
Unlike other interspecific models, however, the
gaur/taurus hybrid shows normal placentation and
fetal development and survive to term with no
apparent abnormalities (Gao and Womack 1997),
making it an ideal model to study imprinting in the
bovine. Here we demonstrate use of this interspecies
model to analyze imprinting patterns in the bovine
and to report similarities and differences between
bovine, mouse, and humans with respect to
imprinting at the XIST, IGF2, and GTL2 loci. Further
use of these hybrids will facilitate the analysis of
other known imprinted genes as well as identify
imprinted genes unique to the bovine.

Materials and methods

Identification of SNPs. Genomic DNA was ex-
tracted from male and female Bos gaurus and Bos
taurus fibroblast cell lines using a DNA isolation kit
(Promega, Madison, WI). Primers used to amplify the
XIST, IGF2, and GTL2 (Table 1) genes were designed
using sequence obtained by performing BLAST
(http://www.ncbi.nlm.nih.gov/BLAST/) searches of
the mouse Igf2 (NM 010514) and sheep GTL2
(AY017220, AY017221, and AY017222) cDNA se-
quences against bovine expressed sequence tag (EST)
libraries in GenBank and from the published bovine
XIST sequence (AJ421481 and NRO001464). Fifty-
microliter PCR reactions were run in duplicate and
consisted of 5 pl 10x PCR buffer (Promega), 4 ul of 25
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mM MgCl,, 1.25 ul of 10 mM dNTPs, 2.5 ul of 3 uM
forward primer, 2.5 pl of 3 uM reverse primer, 2 ul of
50 ng/ul DNA, and 1 ul Taq (Promega) PCR. All
reactions were performed with cycling parameters of
as follows: 94°C (5 min); 94°C (30 sec), 60°C (30 sec),
72°C (3 min) [10 cycles]; 94°C (30 sec), 60°C (30 sec),
72°C (3 min) [25 cycles]. Amplicons resulting from
PCR were resolved on a 2% ethidium bromide (Eth-
Br) agarose gel and gel purified using a Gel Purifica-
tion Kit (Qiagen, Valencia, CA). Two to four
microliters of purified product was used as template
for sequencing reactions. Forward primers used to
amplify regions were used as the sequencing primer.
Sequencing reactions consisted of 25 cycles at 94°C
(30 sec), 50°C (30 sec), 60°C (4 min). Sequences ob-
tained for each of the genes from Bos gaurus and Bos
taurus genomic DNA were aligned and analyzed for
polymorphisms between sequences.

Generation of Bos gaurus/B. taurus hybrids.
Heifers and mature (1.5-3 year old) Angus and An-
gus-cross cows were used to generate day-72 hybrid
fetuses. Estrus was synchronized by serial injections
of 25 mg Lutalyse (Pharmacia, Exton, PA) adminis-
tered at 11-day intervals. Twelve hours (h) after
detection of estrus, heifers were artificially insemi-
nated with semen from a gaur bull. Heifers were
then checked at day 28 of gestation for establish-
ment of pregnancy using transrectal ultrasonogra-
phy. At day 72 of gestation, hybrid fetuses were
isolated. Weights and measurements were taken so
as to monitor development of hybrid animals. Cho-
rion, allantois, liver, lung, and brain samples were
isolated and flash frozen in liquid nitrogen to pre-
serve RNA and DNA.

RNA and DNA extraction. RNA was extracted
from frozen samples utilizing the RNA aqueous kit
according to the manufacturer’s directions (Ambion,
Austin, TX). Two micrograms of RNA for each
sample was treated using the Ambion DNAse I kit
and subsequently converted to cDNA through the
Ambion First Strand Synthesis kit according to the
manufacturer’s directions. DNA was extracted from
frozen tissues using the Wizard DNA Extraction kit
according to the manufacturer’s directions (Pro-
mega).

Analysis of allelic expression through direct
sequencing method. RT-PCR of the XIST, IGF2, and
GTL2 loci was performed on samples obtained from
chorion, allantois, liver, lung, and brain. Amplicons
were resolved on 2% EthBr agarose gels, were gel
extracted, resuspended in 50 ul of ddH,O, and used
directly as a sequencing template. Sequencing
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Table 1. Primer sequences and positions of single nucleotide polymorphisms (SNPs) identified between Bos gaurus (Bg)

and Bos taurus (Bt)

Locus Primers SNP SNP position
XIST F: GAACATTTTCCAGACCCCAAC Bt(C) +353
R: AAACCAGGTATCCACAGCCG Bg(T)
IGF2 F: CAAGGCATCCAGCGATTAG Bt(A) +767
R: TTCAAGGGGGCTGATTGAG Bg(C)
GTL2 F: CCCACCAGCAAACAAAGCAAC Bt(A) +352
R: CATCAAGGCAAAAAGCACATCG Bg(C)

primers consisted of the forward primer used to
amplify the product. Sequences were visually ana-
lyzed for the presence or absence of each single
nucleotide polymorphism (SNP). RT-PCR and
sequencing reactions were run in triplicate. To
confirm the absence of genomic contamination in
cDNA samples, an internal control was utilized
through the IGF2 amplicon, which spans intron 6.
Genomic contamination results in the presence of
an additional 1-kb band (data not shown).

Bisulfite treatment of genomic DNA. Genomic
DNA was isolated using a Promega Wizard DNA
isolation kit from samples of chorions and liver. The
sodium bisulfite reaction was carried out with 1 pg
of DNA from each sample using the CpG DNA
conversion kit (Intergenco, Norcross, GA) according
to the manufacturer’s directions.

Comparative sequence analysis of Xist/XIST
regulatory regions. At the Xist locus in mice, reg-
ulation of expression is associated with differential
methylation of CpG dinucleotides located in the
promoter (—44 to —36) and in the 5’ region of exon 1
(+828 to +1183), thereby allowing comparative anal-
ysis in the bovine through available sequences of
these regions (AF104906 and AJ4214811). Sequence
was obtained from GenBank for the XIST/Xist pro-
moter, all exons and introns, and 3’ regions extend-
ing approximately 45 kb downstream in the human
(U50908), mouse (AJ421479), and bovine (AJ421481).
Each region was analyzed for the presence of CpG
dinucleotides through the European Bioinformatics
Institute, CpG plot/CpG report/Isochore software
program (www.ebi.ac.uk/emboss/cpgplot/). This
program identifies CpG islands within large se-
quences (40 kb), based on the observed number of
CpG dinucleotides relative to the expected number
of CpG dinucleotides in a given sequence. For com-
parative sequence analysis between the bovine
and mouse, sequences were aligned using Pip-
Maker software (http:/bio.cse.psu.edu/cgi-bin/pip-
maker?basic) (Schwartz et al. 2000). PipMaker soft-
ware allows for the alignment of two sequences over

a considerable length (>100 kb) and summarizes the
homology as a “percent in plots’’ (PIP) graph ranging
from 50% to 100%.

DNA methylation analysis of the XIST
DMR. PCR primers were designed flanking the bo-
vine XIST CpG island at +1477 to +1683, which was
detected wusing CpG prediction software (F:
TTTGTTGTAGGGATAATATGGTTGAT, R: GG
TGGGAAAGATTAATTTATTTTGTG). Primers
flanking the region were designed by converting all
cytosines in the sequence that were not adjacent to
guanines to thymines. This is the predicted se-
quence after bisulfite conversion of DNA with all
CpG dinucleotides protected (methylated). PCR
reactions were performed for 35 cycles at 95°C (5
min); 95°C (30 sec), 52°C (30 sec), 72°C (2 min 30
sec); 72°C (10 min). Products were resolved on a 2%
EthBr agarose gel and gel purified using a Qiagen Gel
Purification kit. Purified products were then cloned
into TOPO4 sequencing vectors (Invitrogen, Carls-
bad, CA). Plasmids from an average of 20 colonies
were extracted using Plasmid Mini Prep (Qiagen) and
sequenced separately. Sequencing reactions were
performed as previously described, with annealing
temperatures ranging from 50°C to 55°C.

Results

Identification of SNPs between Bos gaurus and Bos
taurus. Genomic DNA was isolated from indepen-
dent Bos gaurus and Bos taurus fibroblast cell lines
and used to amplify coding regions from the XIST,
IGF2, and GTL2 loci. Partial bovine sequences were
obtained by performing BLAST searches of the
mouse Igf2 (NM 010514) and sheep GTL2
(AY017220, AY017221, and AY017222) cDNA se-
quences against bovine EST libraries in GenBank
and from the published bovine XIST sequence
(AJ421481 and NRO001464). Sequence analysis of
these genes in the bovine resulted in the identifica-
tion of informative SNPs for each gene between the
Bos gaurus and Bos taurus (Table 1). The X inacti-
vation-specific transcript (XIST), a RNA transcript
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Fig. 1. Identification of SNPs at the XIST, IGF2, and GTL2
loci and subsequent characterization of allelic expression.
(A) Sequence chromatogram of XIST amplified from
genomic DNA demonstrates the presence of the C/T SNP
in hybrids. Sequence chromatogram obtained from chorion
RT-PCR demonstrates preferential expression of the
paternal (allele C) allele. In liver, lung (not shown), and
brain (not shown) RT-PCR sequence chromatograms
demonstrate expression of both paternal (C) and maternal
(T) alleles. (B) IGF2 amplified from genomic DNA shows
the A/C SNP in hybrids. RT-PCR sequences of chorion,
liver, lung (not shown), and brain (not shown) demonstrate
preferential paternal (allele C) expression. (C) GTL2
amplified from genomic DNA shows the C/A SNP in hy-
brids. RT-PCR sequences of chorion, liver, lung (not
shown), and brain demonstrate preferential maternal (al-
lele A) expression.

directing inactivation of one of the two X chromo-
somes in females; the insulin-like growth factor 2
(IGF2), the major somatomedin in fetal develop-
ment; and the gene trap locus 2 (GTL2), an
untranslated transcript associated with the callipyge
overgrowth, all contained a polymorphism between
the two species (Fig. 1).

Generation of Bos gaurus/B. taurus interspecific
hybrids. A Bos gaurus (Gaur) bull was crossed to six
Bos taurus (Angus) cows to generate the hybrid fe-
tuses and placentas used for analysis. Fetal and pla-
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cental components were obtained at day 72 of
gestation, By which day placental and fetal compo-
nents are entirely established. Samples derived from
the placenta (chorion and allantois) and fetus (lung,
liver, and brain) were isolated to determine parental
expression of alleles in these tissues. A total of six
hybrid fetuses were produced, four female and two
male.

Characterization of imprinting at the XIST locus

XIST allelic expression. A (T/C) SNP at +353 of the
XIST locus was identified in all hybrid female fe-
tuses generated, whereas the males possessed only
the maternal (C) allele, as would be expected since
the XIST gene is located on the X chromosome.
Expression of the XIST locus in females was detected
in samples obtained from chorion, allantois, liver,
lung, and brain by RT-PCR. Sequences generated by
directly sequencing RT-PCR products amplified
from samples of chorion (placenta), allantois, liver,
lung, and brain were analyzed for the expression of
the maternal (C) and paternal (T) allele. Analysis of
allelic expression in each tissue revealed that the
chorion preferentially expressed the paternal allele
whereas sequences generated from allantois, liver,
lung, and brain contained both the maternal and
paternal alleles (Fig. 1). These results demonstrate
tissue-specific maternal genomic imprinting of the
XIST locus in the bovine.

DNA methylation analysis of the bovine XIST
DMR. In exon 1 of the XIST locus, a CpG island was
detected at +1477 to +1683, as was determined by
CpG island prediction software (www.ebi.ac.uk/
emboss/cpgplot/) and a primer set was designed for
amplification of bisulfite-treated DNA encompass-
ing this area. Additionally, a (T/A) polymorphism
was detected at +1569 thereby allowing discrimina-
tion between paternal and maternal X chromosomes
within this region. Liver and chorion samples from
an individual female were chosen since these tissues
had previously exhibited biallelic and monoallelic
expression, respectively, in all females analyzed.
Bisulfite sequencing of the CpG island, however,
proved to be difficult; it became apparent after ana-
lyzing multiple sequences (>100), that possibly a
secondary structure or a high AT-rich repeat se-
quence had formed from the bisulfite conversion and
inhibited sequencing from proceeding past the first
30-50 base pairs of the transcript. After modifying
cycling parameters, four full-length sequences were
obtained from the liver sample but not from chorion,
which indicated reciprocal methylation of the CpG
island between the paternal and maternal X chro-
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@A) TTTTGCTGCAGGGACAATATGGCTGACCTTGTCATGTGGA
TTTTGTTGTAGGGATAATATGGTTGATTTTGTTATGTGGA

TATCATGGCAGTTTGTCACGTGGATATCGTGGCACCCCTG
TATTATGGTAGTTTGTTACGTGGATATCGTGGTATTTTTG

TTTGACCGTTACATTCTTGGCGGGCTTTGCATCAGGAGGG
TTTGTTCGTTATATTTTTGGCGGGTTTTGTATTAGGAGGG

CCTGCCGCATTGTTAAAGATGGCGTGCTTGCCGCGGACAA
TTTGTCGTATTGTTARAGATGGCGTGTTTGTCGCGGATAA

AAGTGARAGGAGGGATTGGCAM TTGTTAGATTGCCGCGTG
AAGTGAAAGGAGGGATTGGTAM TTGTTAGATTGTCGCGTG

TCCCACCCAATCAGAAAGGGTGG
TTTTATTTAATTAGAARAGGGTGG

(B)

I
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T
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Fig. 2. (A) Sequence of the bovine XIST DMR, +1477 to
+1683 (upper strand) aligned to predicted sequence after
bisulfite modification (lower strand). Potentially methy-
lated CG dinucleotides are represented in bold. (B) Distri-
bution of methylated and unmethylated CpG dinucleotides
on the paternal and maternal X chromosomes within the
XIST DMR region.

mosomes (Fig. 2). These results demonstrate con-
servation of differential methylation at the XIST
CpG island in exon 1 of the bovine, which corre-
sponds with random monoallelic expression of the
maternal and paternal XIST alleles within somatic
tissues.

Comparative sequence analysis of the XIST lo-
cus. In an attempt to identify a putative imprinting
center that controls XIST expression, a comparative
sequence analysis was performed between the
mouse, bovine, and human at regions suggested as
regulating imprinting in mice. Recently, a XIST (—44
to —36) minimal promoter (GCGCCGCGG) in mice
was identified and shown to be differentially
methylated and bound by a 100-kDa methylation-
dependent protein; this region is necessary for tran-
scription of the locus in its unmethylated form
(Huntriss et al. 1997). We performed sequence anal-
ysis of this region in the mouse, bovine, and human,
where imprinting is not observed, and demonstrated
that no CG-rich minimal promoter exists in the
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bovine (Fig. 3), suggesting that the minimal pro-
moter and its role in imprinting is unique to the
mouse.

Further analysis was extended to include the
Xist/XIST antisense transcript, Tsix/TSIX, which
has also been implicated as an element responsible
for the imprinting phenomenon in the mouse
(Migeonp et al. 2002). Using the PipMaker dot
plot program (http://bio.cse.psu.edu/cgi-bin/pip-
maker?basic), for long-range (>100 kb) homology
query, and CpG island prediction software, we ana-
lyzed the region encompassing the bovine TSIX and
found that no conservation existed with the mouse
Tsix and, furthermore, no CpG island was detected
in the bovine TSIX promoter or adjacent regions
(Fig. 3).

IGF2 and GTL2 allelic expression analysis

Insulin like growth factor 2. A (C/A) SNP previously
detected between Bos gaurus and Bos taurus cell
lines was detected in all hybrid fetuses generated
(n = 6). RT-PCR products of IGF2 in samples ob-
tained from chorion, allantois, liver, lung, and brain
were directly sequenced and preferential expression
of the paternal allele (C allele) was detected for all
samples in each animal (Fig. 1). These results indi-
cate maternal genomic imprinting at the IGF2 locus
in the bovine.

Gene trap locus 2. A (C/A) SNP was detected in
each hybrid fetus generated and RT-PCR products of
GTL2 were detected in brain, liver, lung, chorions,
and allantois. The maternally inherited GTL2 allele
(A allele) was detected, in the absence of the paternal
allele, in sequences obtained from samples of cho-
rion, allantois, liver, lung, and brain. These results
indicate paternal imprinting at the GTL2 locus
(Fig. 1).

Discussion

Our results validate the use of Bos gaurus/B. taurus
interspecies hybrids for the analysis of allelic
expression. Although Mus musculus x Mus spretus
and Peromyscus polionotus X Peromyscus manicul-
atus exhibit parental-specific phenotypes in their
offspring (Dawson 1971; Vrana et al. 1998; Hem-
berger et al. 1999; Vrana et al. 2000; Zechner et al.
2002), no apparent abnormalities were detected in
day-72 Bos gaurus/B. taurus hybrids. Placental
structure (cotyledon number, chorio-allantoic fu-
sion), placental fluid, and fetal weights and lengths
were consistent with measurements from intraspe-
cies crosses in the bovine (data not shown). There-
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[ — — ———————— |
(A) Mouse promoter GCGCCGCGGATCAGT----- TAAAGGCGTGCAACGGCTTGCTCCAGCCATG

Human promoter

GCCCCCCCT-TCAGTTCT--TAAAGCGCTGCAATTCGCTGCTGCAGCCATA

Bovine promoter TCCCTCCCTCTCACTTCT--TAAAGCGCTGCACTTTGCTGCGACCGCCATA

®) +1 XistXIST

20k 2k 24k 26k 28k 30k 32

34k

36k 38k 40k

Fig. 3. Comparative sequence analysis of the XIST/Xist minimal promoter and TSIX/Tsix antisense between the mouse,
human, and bovine. (A) Comparative sequence analysis of the XIST/Xist minimal promoter region between mouse,
bovine, and human. Homologous promoter elements are denoted by underlined sequences. The —44 minimal promoter is
denoted by bold sequence and demonstrates lack of CpG dinucleotides at this region in both bovine and human. (B)
PipMaker dot plot schematic of the bovine and mouse XIST/Xist locus. PipMaker percent identity plot of the bovine XIST
region and 3’ sequence relative to the mouse XIST and TSIX genes. Nucleotides 0-40,000 are shown of the X chromosome
sequence ranging from 116,296 to 156,296 in the bovine compared to the corresponding region in the mouse. The dot
patterns show the percent homology (50%-100%) with the comparable mouse Xist and Tsix region. The XIST sequence is
denoted with the black line and exons 1-8 are represented by black boxes. The dashed line denotes the mouse Tsix
antisense. CpG islands found present in the bovine are denoted by white boxes and mouse CpG islands are denoted by gray

boxes.

fore, the B. gaurus/B. taurus hybrid is an ideal
experimental model for allelic expression analysis of
genes because of a lack of phenotypic abnormalities
in offspring and the presence of coding SNPs. The
use of these animals can be further expanded into a
wide-scale systematic and comprehensive analysis
of genomic imprinting as well as a model for nuclear
reprogramming in the bovine.

Our findings of genomic imprinting at the XIST
locus in cattle is especially intriguing, since this is
the only other placental mammal reported to be
imprinted other than the mouse (Graves 1996). In
females, X chromosome inactivation is initiated by
expression of the Xist locus, whereas in males this
locus is silent. In females, expression of the Xist
gene, which is regulated in part by methylation of a
CpG island in exon 1 and in conjunction with other
epigenetic modifications such as hypoacetylation of
lysine residues of histone H3, induces the bidirec-
tional inactivation of one of the two chromosomes
(Csankovszki et al. 2001). Allelic expression patterns
of the Xist/XIST locus have been examined in mice,
humans, and marsupials, and imprinting at this lo-
cus is observed only in the mouse preimplantation

embryo and polar trophectoderm. Analysis in the
bovine reveals that the XIST gene is preferentially
paternally expressed in the chorions of females but is
expressed randomly in the allantois, liver, lung, and
brain, demonstrating conservation of genomic
imprinting with the mouse but not with the human.
Furthermore, expression at the Xist/XIST locus in
females is inversely correlated with DNA methyla-
tion of the promoter and 5’ region of exon 1 in mice
and humans. Bisulfite sequencing of the CpG island
in exon 1 of the bovine established that this region is
reciprocally methylated in somatic tissue, where
random monoallelic expression occurs.
Identification of genomic imprinting at this bo-
vine locus presented us with a unique opportunity to
compare between mice and bovine two regions be-
lieved to induce imprinting. Huntriss et al. (1997)
have identified a minimal promoter region in the
mouse (5-GCGCCGCG-3’) located at —44 to —-36.
This element is differentially methylated in gametes
and is bound by a nuclear protein in the presence of
methylation, which inhibits transcription. In hu-
mans, this region has been replaced by a (5'-
GCCCCCCT-3’), which is not subjected to methyl-
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ation due to the lack of any CpG dinucleotides. We
compared the corresponding region in the bovine and
found no conservation of this region (Fig. 3), indi-
cating that this site is unique to the mouse. Al-
though this is not a proven site for imprinting in
mice, its binding activity to a nuclear protein in a
methylation-dependent manner has implicated it as
one (Huntriss et al. 1997). Our results suggest,
however, that this region is likely not to be the
element responsible for imprinting in the bovine and
may need further clarification in the mouse.

Others reports have demonstrated that a Xist
antisense transcript, termed Tsix, exhibits reciprocal
expression with Xist and regulates monoallelic
expression (Fig. 3). In mice, Tsix has been shown to
inhibit the maternal Xist allele in placental cells and
the future active X chromosome in embryonic stem
cells (Migeon et al. 2001, 2002; Migeon 2003).
Antisense transcripts are commonly identified with
imprinted genes, but their exact role in suppressing
one allele in the presence of another is unclear. In
mice, the Tsix promoter region contains a CpG is-
land that is differentially methylated, whereas the
human TSIX does not. Additionally, the human
TSIX does not span into the XIST promoter but
prematurely terminates in exon 5. Analysis in the
bovine reveals that there is no corresponding CpG
island in the TSIX promoter and no apparent
homology over the entire transcript (Fig. 3). Evi-
dence from other reports suggests that the bovine
TSIX does not span into the XIST promoter (Chureau
et al. 2002). This would further suggest that TSIX in
the bovine does not regulate the maternal-specific
silencing that was observed in the chorions of our F1
female hybrids. These findings suggest that a differ-
ent mechanism might be involved in establishing
and maintaining the maternal-specific silencing of
the XIST/Xist allele in the placenta of the bovine and
mouse. Moreover, we are confident that the silenc-
ing of the maternal XIST allele observed in our hy-
brid females is not a consequence of the interspecies
cross, since preferential paternal X chromosome
inactivation has already been demonstrated in cattle
(Xue et al. 2002). Furthermore, it is unlikely that the
bovine and mouse XIST/Xist have evolved to show
similar patterns of tissue-specific allelic expression
but by different mechanisms. Therefore, the bovine
XIST presents a unique experimental model for the
identification and analysis of genomic imprinting at
this locus.

The Igf2/IGF2 locus has been the most widely
investigated imprinted gene in all mammals and is
located within the human and mouse imprinting
cluster on Chromosomes 11pl5 and 7, respectively
(Reik et al. 2003). In the bovine, conservation of this

S.V. DINDOT ET AL.: GENOMIC IMPRINTING IN CATTLE

region has been demonstrated by radiation hybrid
mapping and is found on Chromosome 29. Prefer-
ential paternal expression of the locus has been
identified in humans, mice, sheep, pigs, rats, and
opossums (Feil et al. 1998; Killian et al. 2000; Nolan
et al. 2001). In all species investigated to date,
maternal silencing has been demonstrated in all
tissues analyzed except for the choroid plexus and
leptomeninges in mice and the liver of adult humans
and sheep (Pham et al. 1998; McLaren and Mont-
gomery 1999). IGF2 transcripts analyzed in tissues
obtained from prenatal day 72 chorion, allantois, li-
ver, lung, and brain demonstrated preferential
paternal expression. In contrast to findings in the
mouse, where the Igf2 locus in the choroid plexus
and leptomeninges is biallelic, allelic expression of
the IGF2 in prenatal bovine brain was determined to
be preferentially paternal. It should be noted, how-
ever, that analysis was on the whole fetal bovine
brain not specific regions and it is possible that bi-
allelic expression of IGF2 in the choroid plexus and
leptomeninges went undetected due to the preva-
lence of other monoallelically expressed brain tis-
sues in the samples used for analysis.

The GtI2/GTL2 locus has been reported as im-
printed in humans, mice, and sheep and resembles
the organization and regulation of the Igf2/H19 lo-
cus, where it is reciprocally imprinted with the
downstream DIk1 gene (Wylie et al. 2000; Bidwell et
al. 2001). The bovine GTL2 locus maps to Chromo-
some 18 and it has been demonstrated that the
organization of this region is similar to that of sheep,
suggesting high levels of conservation with other
species (Shay et al. 2001). Our results show prefer-
ential maternal expression of the GTL2 locus in the
chorion, allantois, liver, lung, and brain.

In summary, our results validate the use of an
interspecies bovine model for the study of imprint-
ing. This model will facilitate the analysis of im-
printed genes in the bovine, as identification of
expressed SNPs is greatly enhanced in this inter-
species model compared to intraspecies crosses (data
not shown). The results also support the importance
of comparative analysis of imprinting and demon-
strate the utility of comparative approaches for elu-
cidating the mechanisms that regulate imprinting in
genes such as the XIST.
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