
Imprinted genes in mammals are organized into clusters
in which genes share regulatory elements. Igf2 and H19
are separated by 100 kb (kilobases) of DNA, and both
genes use enhancers that are located distal to H19. Alter-
nate access to the enhancers by the two genes is in part
regulated by a CTCF-dependent insulator located up-
stream of H19. We find that differentially methylated re-
gions in both genes interact physically over the 100-kb
distance. These interactions are epigenetically regulated
and partition maternal and paternal chromatin into distinct
loops. This creates a simple epigenetic switch for Igf2
whereby it moves between an active and a silent chro-
matin domain. In the adjacent Kcnq1ot1 cluster, by con-
trast, a noncoding RNA gene is flanked by several silent
genes, which are marked by repressive histone modifica-
tions. Histone methylation is targeted directly or indirectly
to the region by the noncoding RNA and is maintained in
the absence of DNA methylation. We proned inand
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jacent imprinted domain, we argue that an imprinted non-
coding transcript, Kcnq1ot1, is pivotal for the recruitment
of repressive histone modifications leading to a silent
chromatin structure in the adjacent genes. We further ex-
plore the general applicability of these two models of im-
printing regulation to other imprinting clusters.

THE IGF2–H19 LOCUS (IC1 DOMAIN)

Structure of the Locus and Regulatory Elements

The fetal growth factor Insulin-like growth factor 2 gene
(Igf2) is paternally expressed and lies upstream of the ma-
ternally expressed noncoding RNA gene H19 (Fig. 1). The
distance between Igf2 and H19 is ~100 kb. While the two
genes are expressed from the opposite parental chromo-
somes, their spatial and temporal patterns of expression are
strikingly similar. Both genes are expressed predominantly
in mesodermal, endodermal, and extraembryonic tissues in
the developing fetus, with a decline of expression during
the first 3 weeks of postnatal life. 
Lineage- and tissue-specific expression of both genes

are governed by a number of different enhancers, most of
which are located distal to H19 (Leighton et al. 1995;
Kaffer et al. 2001; Davies et al. 2002). A differentially
methylated region (DMR) with paternally derived germ
line methylation is located 2 kb upstream of H19. This re-
gion acts as an insulator or boundary element when un-
methylated; it has multiple binding sites for the insulator
protein CTCF, which is bound to the maternal allele ( Bell
and Felsenfeld 2000; Hark et al. 2000; Kanduri et al.
2000; Szabo et al. 2000; Arney 2003). CTCF binding is
sensitive to DNA methylation, so the methylated paternal
allele of the DMR does not bind CTCF. As a result, the
insulator is inactive. The active insulator on the maternal

allele is thought to restrict access of the enhancers exclu-
sively to the H19 promoter. On the paternal allele, by
contrast, the H19 promoter is methylated and so this gene
is silent, but the insulator is now inactive, allowing the
distal enhancers access to the Igf2 gene. Notably, the Igf2
promoters are not generally methylated on the inactive al-
lele, and even show DNase hypersensitive sites, indicat-
ing that in principle the chromatin is transcriptionally per-
missive (Feil et al. 1995). 
In addition to the distal enhancers and the insulator re-

gion, regulatory elements in Igf2 are also important (Ar-
ney 2003). The Igf2 gene has three DMRs: DMR0 is ma-
ternally methylated and overlaps with the placental
specific Igf2 promoter P0: DMR1 is paternally methyl-
ated and contains a methylation-sensitive silencer (Con-
stancia et al. 2000; Eden et al. 2001); and the intragenic
DMR2 is also paternally methylated and contains a
methylation-sensitive activator (Murrell et al. 2001).
These three DMRs are non-germ-line DMRs in that their
differential methylation arises during early postimplanta-
tion development (Lopes et al. 2003). Importantly, dele-
tion of the unmethylated DMR1 does lead to reactivation
of the otherwise silent maternal Igf2 allele, in the pres-
ence of an apparently intact insulator (Constancia et al.
2000). Additional silencer and enhancer sequences are
present in the locus; a more complete summary can be
found in Arney (2003). 

Models for Igf2-H19 Imprinting

An initial model for imprinting regulation in the locus
was based on enhancer competition, whereby H19 had
privileged access to the enhancers, but when H19 was
methylated, Igf2 could gain access to them (Bartolomei
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Figure 1. A map showing the two imprinting clusters on mouse distal chromosome 7. (Top) The relative positions of the IC1 and IC2
imprinting clusters and their respective ICs with imprinted genes indicated by filled boxes. (Middle) The IC1 cluster. The position of
the DMRs is shown with a filled black box indicating the methylated allele and a white box for the unmethylated allele. The enhancers
are represented by unfilled circles. (Bottom) The IC2 cluster with DMRs indicated as above. The Kcnq1ot1 antisense transcript is rep-
resented by a curly arrow.
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the maternal DMR (to which it binds) from de novo
methylation during early postimplantation development
(Schoenherr et al. 2003; Szabo et al. 2004). Second, while
DMR1 and DMR2 in Igf2 are actually differentially
methylated in the germ line (paternal methylation) this
methylation is lost soon after fertilization, but is then re-
gained postimplantation. Importantly, if the maternal
H19DMR is deleted, the maternal DMR1 and DMR2 be-
come methylated at the same stage, suggesting that they
are normally protected from de novo methylation by an
intact H19DMR (Lopes et al. 2003) (whether this also in-
volves CTCF is not known). From these observations, we
developed a model in which on the maternal allele the
H19 DMR loops together with Igf2 DMR1 (and perhaps
also DMR2). When the loop is disrupted by deletion of
the H19 DMR, Igf2 DMRs 1 and 2 are no longer pro-
tected from de novo methylation (Fig. 2) (Lopes et al.
2003). This model is complementary to the Banerjee and
Smallwood model, but they make different predictions
about where physical contacts are to be expected.

Testing the Loop Model

Chromosome looping was proposed many years ago to
underlie the action of distant enhancer elements on proxi-
mal promoters, especially in more complex vertebrate
genomes (Bulger and Groudine 1999). Only recently,
however, have technological developments allowed these
models to be directly tested. The first method, chromo-
some conformation capture (3C), is based on cutting
cross-linked chromatin with defined restriction enzymes,
and religating the ends under very dilute DNA concentra-
tions (Dekker et al. 2002). Under these conditions, restric-
tion sites from remote genomic regions can ligate to each
other if they were in close physical proximity when the
chromatin was cross-linked. Thus, successful PCR ampli-
fication with primers from the two remote regions would
indicate physical proximity of the remote regions. In the
mammalian system, this technique has been applied to
study the developmental regulation of beta globin gene
expression (Tolhuis et al. 2002). A remote enhancer (the
LCR) has indeed been shown to come into close physical
contact with the gene with the intervening DNA looping
out. These interactions are dynamic and are regulated in a
tissue and developmental fashion (Palstra et al. 2003).
The second method has also been developed to look at

beta globin expression and is based on cross-linking lo-
cally an RNA FISH probe to the nuclear RNA as it is tran-
scribed (of the globin gene in fetal blood cells in this case),
followed by pulldown of the crosslinked protein–nucleic
acid complex using a tag on the FISH probe. The complex
is then analyzed to see which remote sequences are
trapped. As with the 3C technique, areas of the enhancer
(LCR) were found to contact the gene in tissues in which
transcription occurs (Carter et al. 2002). The confirmation
of “looping” with different techniques is important, and
inspires confidence in these new technologies. 
We chose to test the looping model for Igf2-H19 by

two different techniques. First, we reasoned that chro-
matin immunoprecipitation (ChIP) could be used with an
antibody specific to a protein located on the H19 DMR in

and Tilghman 1992). This model was superseded by the
current one in which the H19 DMR is shown to have
methylation-sensitive insulator function, which depends
on CTCF binding. How do insulators work? They are de-
fined as elements that block promoter enhancer commu-
nication (Labrador and Corces 2002); recently CTCF has
been found to bind nucleophosmin, which itself appears
to be tethered to the nucleolar surface (Yusufzai et al.
2004). Such an anchoring of insulators to nuclear sub-
structures could lead to the formation of chromatin loops
that separate promoters and enhancers so that they can no
longer interact (Fig. 2). Interestingly, a chromatin loop
model was proposed some time ago for Igf2 and H19, in
which they come into close physical proximity, with dif-
ferent contact points on the maternal and paternal chro-
mosomes (Fig. 2) (Banerjee and Smallwood 1995).
Another issue that needs to be considered in this con-

text is the observation that epigenetic marks in clusters
can be under the control of imprinting centers. Thus in
Prader-Willi/Angelman syndrome, for example, muta-
tions in the PWS IC on the paternal allele lead to methyl-
ation and silencing of multiple linked imprintkedample,ead49 Tc 11 Tc 00.1331 Tw T*(NwhirpriTc 0.1194 Tw T*
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not yet clear whether the DNA element at IC2, Kcnq1ot1
transcription, or the Kcnq1ot1 transcript is responsible for
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occur only around the blastocyst stage at which perhaps a
“window of opportunity” for cis establishment of the his-
tone methylation imprint is already closed. 
Why is histone methylation apparently important in the

placenta, but less so in the embryo, for imprinting? It is
possible that imprinting coevolved with the placenta in
mammalian radiation, and that initially imprinted genes
acted primarily in the placenta to regulate supply of ma-
ternal nutrients to the fetus (Reik et al. 2003). We specu-
late that during this phase of imprinting evolution, histone
methylation may have been the primary epigenetic mark
involved in imprinting. In marsupials, for example, the In-
sulin-like growth factor 2 receptor gene is imprinted as it
is in mice, but the DMR2 region, which in mice carries the
DNA methylation imprint, is not methylated (Killian et al.
2000). Similarly, inactivated genes on the X chromosome
are not methylated in female marsupials, but they are in fe-
male mice (Wakefield et al. 1997). Thus an ancestral im-
printing mechanism may have been based on histone mod-
DNA met
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