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at least 11 imprinted genes (Fig. 1), and in the human, it is
associated with the fetal overgrowth and tumour-associated
Beckwith–Wiedemann syndrome (BWS, MIM 130650)
(10,11). The majority of individuals affected by BWS have
epigenetic defects at either one of two DMRs (12–14). In
both human and mouse, deletion of these DMRs results in
dysregulation of different subsets of genes in the cluster,
suggesting that this region is divided into two domains
controlled by functionally independent ICs (15–20). The
domain controlled by IC1 (centromeric in the mouse) includes
the paternally expressed insulin-like growth factor 2 (Igf2) and
the maternally expressed H19 genes. IC1 is a paternally
methylated CpG-rich region (H19 DMR) containing a
methylation-sensitive chromatin insulator that controls the
access of either Igf2 or H19 to down-stream enhancers (21).
Additional cis-acting elements contributing to the control of
Igf2 and H19 imprinting have been identified within the IC1
domain (22,23). The domain controlled by IC2 is much
larger and contains several maternally expressed genes includ-
ing the cyclin-dependent kinase inhibitor Cdkn1c. IC2 is a
maternally methylated CpG-island (KvDMR1) and includes
the promoter of a paternally expressed non-coding RNA
gene (Kcnq1ot1 ), which is transcribed anti-sense to the mater-
nally expressed protein-coding Kcnq1 gene. IC2 and/or the
Kcnq1ot1 transcript regulate negatively the maternally
expressed genes of the IC2 domain on the paternal chromo-
some (18,24,25). IC2 is demethylated in about half of the
individuals affected by BWS, and this is associated with
down-regulation of

http://hmg.oxfordjournals.org/


efficient method for generating transgenic mice with DNA
molecules .500 kb (29). Using sequence polymorphisms for
distinguishing the transgene (C57BL/6J genotype) from the
endogenous locus (129Sv genotype), an ES cell line carrying
a full-length and single-copy YAC was identified and used
to establish transgenic mice (data not shown). In order to
analyse the expression and methylation of all the imprinted
genes present on the 800 kb transgene, the number of poly-
morphisms between the transgene and the endogenous locus
was increased by crossing the transgenic line with SD7 mice
(a Mus musculus domesticus strain containing the distal
portion of chromosome 7 of Mus spretus origin).

Imprinted expression of IC2 genes on the 800 kb transgene

We examined the expression of one paternally expressed
(Kcnq1ot1) and six maternally expressed (Phlda2, Slc22a18,
Cdkn1c, Kcnq1, Tssc4 and Ascl2
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the maternal-specific expression of Cdkn1c (28). In contrast,
appropriate imprinted methylation of KvDMR1 and appro-
priate imprinted expression and methylation of Cdkn1c were
observed on our 800 kb transgene. In addition, when present
on this larger transgene, KvDMR1 methylation was normally

established in oocytes and erased if passed through the male
germ-line. Therefore, key regulatory elements for the imprint-
ing of the IC2 domain must be located in the 400 kb centro-
meric to the BAC transgenes (Fig. 1). This region is also
required for the placenta-specific expression of Cdkn1c,
because this was absent from the BAC transgenes. These
results are consistent with the observation that a targeted trans-
location between Cdkn1c and KvDMR1 results in loss of
imprinting and inappropriate expression of telomeric genes,
but not of those centromeric of the breakpoint (39).

About half of the patients affected by BWS lack imprinted
methylation of KvDMR1 (10,11). This is associated with acti-
vation of KCNQ1OT1 on the normally silent paternal allele
and is believed to lead to down-regulation of CDKN1C and
other maternally expressed genes of the IC2 domain
(13,25,26). No genetic defect has been so far associated with
these epigenetic abnormalities. We have recently shown that
BWS patients with imprinting defects in the IC1 domain had
microdeletions in the H19 DMR (16). The results obtained
in transgenic mice suggest that some of the patients with
KvDMR1 hypomethylation may have a mutation in the
centromeric imprinting control element of the IC2 domain.
A few BWS patients have a balanced translocation with
breakpoints on the maternal chromosome 11p15.5 (40).
Interestingly, the majority of these chromosome rearrange-
ments interrupt the KCNQ1 primary transcript. Because the
KCNQ1 protein is unlikely to have a role in BWS, it is pos-
sible that its RNA is involved in the control of the expression
of other genes. Its function could be exerted, for example, by
inhibiting the expression of the anti-sense Kcnq1ot1 gene on
the maternal chromosome. Therefore, the Kcnq1 promoter is
a candidate for the centromeric imprinting control element
of the IC2 domain.

We have recently shown that the genes regulated by IC2
that are imprinted exclusively in the placenta do not depend
on DNA methylation for the differential expression of their

Figure 4. Life-cycle of KvDMR1 methylation on the 800 kb transgene. (A)
Pedigree of the mice analysed. Filled symbols indicate mice carrying the
800 kb transgene and open symbols represent wild-type animals. (B) DNA
methylation of KvDMR1 in the female gametes, as determined by bisulphite
sequencing. Unfertilized oocytes were collected from adult SD7/SD7 females
inheriting the transgene from the father (II2–II5). The transgene was distin-
guished from the endogenous alleles by the presence of a single nucleotide
polymorphism and a CGGCCGTGAAACGAGGAC insertion/deletion poly-
morphism. Polymorphic CpGs are indicated by asterisks. The extension of
the KvDMR1 CpG island (CGI) is shown. (C) Demethylation of the transgenic
KvDMR1 in mice with paternal transmission of the 800 kb transgene. KvDMR1
methylation was analyzed by bisulphite sequencing on DNA extracted from the
tails of a mouse with maternal inheritance (III1) and one with paternal inheri-
tance (IV2) of the 800 kb transgene. On the 800 kb transgene, KvDMR1
methylation is correctly acquired in the female gametes and normally repro-
grammed when passed through the male germ-line.

Figure 5. Phenotype of the mice carrying the 800 kb transgene. The histo-
grams show the body weights at birth of the mice with maternal and paternal
inheritance of the 800 kb transgene and their wild-type littermates. Data are
expressed as mean+ SEM. Statistical significance using Student’s t-test is
indicated as P-value. Mice with maternal transmission of the transgene are
18% growth-retarded when compared with their wild-type littermates.
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parental alleles (35). Instead, placental imprinting relies on
repressive histone methylation on the paternal chromosome.
It is likely that this type of imprinting mechanism is less
stable than that dependent on DNA methylation. The repres-
sive chromatin conformation of the paternal Tssc4 and Ascl2
alleles may be disrupted and/or activating histone modifi-
cations may be acquired on the 800 kb transgene, as suggested
by the absence of DNA methylation on the paternal Tssc4
DMR. This could result from position effects from nearby
loci and explain why the imprinted expression of these
genes is not reproduced on the transgene. It cannot be
excluded, however, that the imprinting of Tssc4 and Ascl2
requires additional centromeric control elements and these
are absent on the transgene. The lack of differential methyl-
ation of the Tssc4 DMR on the transgene indicates that this
region is not involved in the control of the telomeric part of
the IC2 domain and is consistent with the observation that
this is a secondary DMR (34).

The distal chromosome 7 imprinting cluster is well con-
served during evolution. Linkage between the IC1 domain-
and IC2 domain-genes is already evident in chicken and
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cDNA clone (IMAGE 1265245) as a probe. Methylation of
KvDMR1 in unfertilized oocytes and adult tails, methylation
of the Cdkn1c DMR in neonatal kidney and E13.5 placenta
and methylation of the Tssc4 DMR in E13.5 placenta were
analysed by sodium bisulphite-sequencing by following the
conditions described by Cerrato et al. (46) and the primers
reported by Yatsuki et al. (34) and Engemann et al. (36).
DNA sequencing was obtained by PRIMM and TIGEM-IGB.
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Table 1. Polymorphisms and PCR conditions for allele-specific expression analysisa

Primers PCR conditions Dom/Spretus polymorphisms Polyacrylamide gel 29:1

Ascl2 For 50-TTAGGGGGCTACTGAGCATC-30

Rev 50-AAGTCCTGATGCTGCAAGGT-30
Annealing at 588C, 1 mM MgCl2 BstNI 12%

Tssc4 For 50-GCTCCCCAAACCAGTGCCCC-30

Rev 50-AAAGGCCTTCGAGGTCCCCTG-30
Annealing at 648C, 1 mM MgCl2 AluI 7%

Kcnq1 For 50-GATCACCACCCTGTACATTGG-30

Rev 50-CCAGGACTCATCCCATTATCC-30
Annealing at 558C, 1.3 mM MgCl2 PvuII 5%

Kcnq1ot1 For 50-TTGCCTGAGGATGGCTGT-30

Rev 50-CTTTCCGCTGTAACCTTTCTG-30
Annealing at 578C, 1.7 mM MgCl2 MwoI 7%

Cdkn1c For 50-TTCAGATCTGACCTCAGACCC-30

Rev 50GACCGGCTCAGTTCCCAGCTCAT-30
Annealing at 608C, 1.5 mM MgCl2 AvaI 8%

Slc22a18 For 50-TGTCTGCCTGGGATGTCTG-30

Rev 50-GGCCGCCAGGAAGGAGAG-30
Annealing at 618C, 1 mM MgCl2 HpaII 7%

Phlda2 For 50-GTATCAGCGCTCTGAGTCTG-30

Rev 50-ACACGGAATGGTGGGTTGGA-30
Annealing at 578C, 1 mM MgCl2 6 bp insertion/deletion 6% 8 M urea

aThe RFLPs have been previously described (15,31,39). The 6 bp insertion/deletion in the Phlda2 gene was identified by sequencing the
M. domesticus and M. spretus alleles.
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