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Abstract 
Genes are recognized as undergoing genomic imprinting when they are capable of being expressed only 

from the paternal or only from the maternal chromosome. The process can occur coordinately within large 
physical domains in mammalian chromosomes. One interesting facet of the study of genomic imprinting is 
that it offers insight into the regulation of large chromosomal regions. Understanding this regulation involves 
elucidating the cis-acting regulators of gene expression and defining the elements that maintain chromatin 
insulation, both required for understanding more practically applicable areas of biological research, such as 
efficient transgene production. This review is focused on the regulation of the imprinted domain of human 
chromosome 1 lp15.5, responsible for Beckwith-Wiedemann syndrome (BWS). Recent findings indicate 
that the maintenance of imprinting within this domain is critically dependent on the stable maintenance of 
chromatin insulation. 

Index Entries: Genomic imprinting; Beckwith-Weidemann syndrome; chromatin; CpG islands; chro- 
mosome abnormalities; insulin-like growth factor II; heterochromatin. 

1. Genomic Imprinting 
As a cell differentiates, the chromatin organi- 

zation of its nucleus undergoes reorganization. 
Sets of cis-acting elements wax or wane in influ- 
ence, inducing different patterns of transcription 
that define the cell 's differentiated state. Typi- 
cally the process involves identical effects at the 
same locus on both chromosomes in a diploid cell. 
For some loci, however, the epigenetic reorgan- 
ization does not allow transcription on one chro- 
mosome. If the choice of chromosome is random 
with respect  to parental  origin, the maternal 
locus is inactivated as frequently as the paternal 
locus and allelic exclusion is said to occur (1,2). 
If, on the other hand, the choice of chromosome 
depends on its parental origin, so that some loci 
are inactive only on the maternal chromosome, 
others on the paternal chromosome,  genomic 
imprinting is occurring (3-6). 

The most striking feature of genomic imprint- 
ing is the longevity of the "imprint." The imprinting 
event must occur when the parental chromosomes 
are capable of being epigenetically organized dis- 
tinctively. Gametogenesis is therefore the likely 
time of this event. This epigenetic organization 
survives the extensive, heterogenous chromatin 
remodeling inherent to the differentiation of the 
large number of mammalian cell types. It is there- 
fore not surprising that some genes imprint in a 
developmental stage and cell-type specific man- 
ner (7), and disruption of imprinting can occur in 
conditions of general perturbation of chromatin 
organization, such as neoplasia (8-16) and the 
Immunodeficiency/Centromeric instability/Facial 
anomalies (ICF) syndrome (/7). 

Failure to maintain an imprint can therefore be 
a normal response to certain trans-acting environ- 
ments, or part of an abnormal process usually rec- 

*Address to which all correspondence and reprint requests should be addressed: Department of Genetics, SHM 1-134, Yale University i 
School of Medicine, 333 Cedar Street, P.O. Box 208005, New Haven, CT 06520-8005. E-mail: john.greally@yale.edu, j 

Molecular Biotechnology 91999 Humana Press Inc, All rights of any nature whatsoever reserved. 1073-6085/1999/11:2/159-173/$13.75 

MOt~CUUgn BIOT~CHNOLOGV 1 59 Volume 11, 1999 



160 Greally 

ognized by being involved in human disease. 
Genetic malformation syndromes of childhood 
(18), cancer predisposition syndromes (11,18-20), 
neurodevelopmental  syndromes (21), and an 
increasing number of neoplasms (13,16,22-25) 
are recognized as involving dysregutation of 
imprinted genes. 

The ability to establish and maintain an imprint 
is therefore critical in preventing human genetic 
disease. This review takes one such disease, 
Beckwith-Wiedemann syndrome (BWS), and dis- 
cusses the likely mechanisms establishing and 
maintaining imprinting of its causative genes. 

2. Beckwi th - W ie de ma nn  Syndrome 

Beckwith-Wiedemann syndrome (BWS: OMIM 
number #130650) not only causes a pathognomic 
set of physical malformations, but also predis- 
poses the affected to the biochemical abnormality 
of neonatal hypoglycaemia and a range of child- 
hood tumors (18). These malignancies include 
Wilms' tumor (15), as welt as hepatoblastoma, 
rhabdomyosarcoma, neuroblastoma, and adreno- 
cortical carcinoma (14). Overgrowth also char- 
acterizes many of the physical malformations, 
whether generalized or localized to certain organs, 
such as the liver, kidneys, adrenal cortex, and pan- 
creas (26). Omphalocoele is a typical finding (18), 
owing to failure of the abdominal wall to fuse 
around the outlet of the umbilical cord, possibly 
reflecting overgrowth of the abdominal contents at 
a critical stage of embryogenesis. 

The first indication that the chromosomal region 
responsible for BWS was subject to genomic 
imprinting came from studies of loss of hetero- 
zygosity (LOH) in Wilms' tumor DNA. LOH was 
found to occur in the 1 lp15.5 region and to have 
the unusual feature of  always removing the 
maternal alleles (27). The characteristic cyto- 
genetic duplications of  11p15.5 were found to 
be of paternal origin (28), whereas the maternal 
chromosome was invariably involved in the 
reciprocal translocations into 11 p 15.5 associated 
with BWS (28-31). These observations sug- 
gested that a gene (or genes) from 1 lp15.5 was 
subject to the parent-of-origin effects of genomic 
imprinting. 

Two imprinted genes from I lpl5.5 appear to 
contribute strongly to the pathogenesis of BWS. 
The p57 Kmz gene was found to be mutated in a 
subset of BWS patients (32). p57 xm2 is involved 
in cell cycle regulation, acting as an inhibitor of 
the cyclin-dependent kinases that mediate pro- 
gression of a cell from G I into S phase (33). 
Mutation of p57 Kin2 by homologous recombina- 
tion in mice leads to a phenotype similar to human 
BWS. The phenotypes induced by different 
knockouts differ in their ability to induce the 
BWS-like phenotype (34,35). The p57Km2-nult 
phenotype lacks some characteristics of BWS 
both in humans and mice (discussed in [36]). It 
appears that the full BWS syndrome is owing to 
the additional effects of overexpressing the insu- 
lin-like growth factor 2 (IGF2) gene. IGF2 is a 
protein important for fetal growth (37), found to 
be dysregulated in BWS (38-41) and a variety of 
human neoplasms (42-54), including those asso- 
ciated with BWS (38,39,55). Overexpression of 
IGF2 in mice leads to a phenotype similar to, but 
again incompletely representative of, BWS in 
humans (56). The phenotypically similar Simpson- 
Golabi-Behmel syndrome also involves regula- 
tion of 1GF2, but at the posttranslational stage, 
the glypican gene responsible for acting to regu- 
late intracellular availability of IGF2 protein (57). 
The phenotypes associated with p57 Kin2 muta- 
tion and IGF2 overexpression appear to comple- 
ment each other to give rise to a nearly complete 
set of features comprising BWS (36). The pat- 
tern of imprinting of these two genes correlates 
well with the mutations responsible for BWS. 
The growth-promoting IGF2 gene is expressed 
from the usually over-represented paternal chro- 
mosome (58), the presumed tumor suppressive 
p57 xm2 from the under-represented maternal 
chromosome (59,60). 

Although genomic imprinting is important in the 
physiological regulation of the 11 p 15.5 domain, 
skewing the patterns of mutations in a distinctive 
manner, the mechanism by which mutations act 
to dysregulate the imprinted domain remains 
uncertain. An approach to ascertaining this mecha- 
nism is to draw parallels between I lpl 5.5 and the 
regulation of 1 5 q l l - q l 3 ,  a better-understood 
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Fig. 1 Triple horizontal lines above genes define transcriptional activity from that allele. Vertical arrows show 
cytogenetic breakpoints defining BWSCRI (125). NAP2 and RPL23 are biallelically expressed flanking the 
domain; within the domain most genes are maternally expressed/paternally repressed apart from the INS and 
IGF2 where expression is paternal and TH where expression appears always to be biallelic. 

imprinted domain responsible for the neuro- 
developmenta l  Prader-Will i  and Angelman 
phenotypes. 

3. Molecular Mechanisms of BWS 
and Comparison with the Imprinted 

15ql 1-ql 3 Domain 
The mutations causing BWS are heterogenous, 

but each type of mutation affects a chromosome 
of specific gametic origin. For example, extra 
copies of chromosome 1 lp 15.5 of paternal origin 
are associated with BWS (28). Reciprocal trans- 
locations into 1 lp15.5, on the other hand, always 
involve the maternally-derived chromosome (28-31). 
The pattern of gene expression within this domain 
is summarized in Fig. 1. Most of the domain is 
maternally expressed and paternally repressed, 
with a minority of genes expressed solely from 
the paternal chromosome. One gene, tyrosine 
hydroxylase, is biallelically expressed in spite of 
being located within the otherwise imprinted 
domain (61.-63). The CD81 gene is also biallelically 
expressed in most situations, although it shows 
relatively higher expression from the maternal 
chromosome early in development (64). In indi- 
viduals with paternal uniparental disomy (UPD) 
for 11 p 15.5, there is a combination of extra pater- 

nal 11p15.5 material and an absence of a mater- 
nally inherited l l p 15.5 contribution. This should 
allow both increased IGF2 expression and decreased 
p57 raP2 expression. However, in patients with tri- 
somy for 1 lp15.5 involving extra paternal chro- 
mosomal material, p57 KIP2 expression should 
remain unaltered on the remaining intact mater- 
nal chromosome. In these patients, the pathoge- 
netic effects are presumably solely owing to 
paternally expressed genes, possibly IGF2 alone. 

No deletions of 1 lp15.5 have been associated 
with BWS, unlike the 1 5 q l l - q 1 3  imprinted 
domain, where deletions of either parental chro- 
mosome give rise to phenotypes (65). This is 
surprising, given the ability of mutations of the 
p57 Kin2 gene to cause a recognizable phenotype 
(32). For the 15ql 1-q13 domain, deletions of 
the maternal chromosome remove the causative 
maternally expressed UBE3A gene (66-68) to 
give rise to Angelman syndrome. Deletions of 
the maternal 1 lp 15.5 domain involving the p57 Ktm 
locus should have an effect similar to p57 rap2 
mutations, because functional nuUisomy for this 
locus results in both instances. A possible reason 
may be the presence of a closely linked mater- 
nally expressed gene that causes embryonic 
lethality when deleted, and therefore deletions are 
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unlikely to occur at substantial frequency, spar- 
ing this hypothetical neighboring locus while 
deleting p57 Kt~'2. The immediate p57 KIP2 region 
is proving to be very gene-rich (69-72), so an 
essential embryonic function may yet be found for 
one of these flanking genes. 

In patients with Prader-Willi and Angelman 
syndromes, UPD can also cause disease (21), 
although regional trisomy does not cause these 
phenotypes. BWS is caused by mutations causing 
paternal UPD or by regional trisomy with the 
extra copy of paternal origin (28). In addition, 
there exists a small subset of Prader-Willi and 
Angelman patients in whom the molecular  
mechanism for disease is the failure of imprint 
switching (reviewed in [73, 74]). This occurs when 
a maternally derived chromosome 15q 11-q 13 in a 
male is processed during spermatogenesis but 
fails to switch the maternal epigenetic organiza- 
tion to a new paternal pattern. A child born with 
this unswitched 15q I l -q  13 has a normal mater- 
nally organized 15q l l -q13  from the oocyte- 
derived chromosome and a maternally-organized 
15ql 1-q13 on the sperm-derived chromosome. 
Maternally expressed genes are active on both 
chromosomes, but paternally expressed genes are 
silent. The resulting failure of a functional pater- 
nal 1 5 q l l - q 1 3  genetic contribution leads to 
Prader-Willi syndrome. The converse has been 
found in Angelman syndrome, where a failure 
to reset the paternal epigenetic organization in 
oogenesis leads to Angelman syndrome. These 
imprint switching abnormalities have been found 
to be owing to microdeletions at the SNRPN 
locus, defining this region as the "imprinting 
centre" (IC) for the 15ql l-q13 domain (73,74). 

There is insufficient evidence that a similar 
process occurs in BWS. The studies to date have 
focused solely on the expression and methylation 
patterns of IGF2 and H19. In some cases bialletic 
expression of IGF2 is found to be associated with 
biallelic silencing of H19 (75). The methylation 
patterns of these two genes were altered to a 
pattern of generally increased methylation (75), 
suggesting a paternal epigenetic organization 
on both chromosomes. These data parallel the 
15ql l -q13 imprinting switch mutations, as the 

patterns resemble those that would occur if the 
paternal chromosome failed to switch to a mater- 
nal epigenotype. However, as these two genes are 
co-regulated by common cis-acting elements 
(76, 77), these results are open to the criticism that 
a primary process affecting the maternal HI9 
gene alone should give rise to similar results. 
This possibility is supported by experiments in 
mice with deletion of the maternal copy of H19. 
Increased methylation (78) and expression (77,79) 
o f / ~ 2  is found in these animals. Evidence to sup- 
port the occurrence of imprinting switch mutations 
would be more convincing if based on analysis of 
genes from the region other than those previously 
shown to be co-regulated. 

Translocations associated with BWS are always 
described on the maternally derived chromosome 
(28-31). Some of these translocation breakpoints 
occur centromerically to the imprinted domain 
(80). One such cluster (BWSCRI) occurs within 
the imprinted domain itself. The locations of the 
BWSCRI translocation breakpoints within the 
KVLQT1 gene body have also been interpreted to 
support a parallel with the 15ql l-q13 IC (81), 
because there also exists a transcript through that 
region (82). However, the 15ql l -q l3  IC muta- 
tions are deletions, not translocations (74), and 
15q 11-q 13 translocations causing disease are not 
restricted to the maternally derived chromosome 
(83--87). Although these comparisons suggest that 
the 11p15.5 maternal translocations are not the 
equivalent of IC mutations, two caveats are appli- 
cable. The first is that two distinct phenotypes 
occur with 15ql 1-q13 mutations, whereas only 
one phenotype is associated with 1 lpl  5.5 disrup- 
tion, possibly explaining the restricted pattern of 
11p15.5 translocations. Secondly, no transloca- 
tions into the 15ql l-q13 IC itself have yet been 
described, so the inability to compare the two 
mechanisms may possibly reflect a current failure 
to identify an equivalent mutation in 15ql 1-q13. 

Comparison of the molecular mechanisms of 
BWS and those of Prader-Willi and Angelman 
syndromes indicates that significant differences 
in the patterns of mutations occur. This raises the 
question of whether the primary mechanism for 
establishing imprinting is comparable for both 
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Fig. 2 FISH studies of replication timing patterns define the maternal copy of H19 as a site of transition from 
later (single hybridization focus represented by filled circle) to earlier (doublet of loci, open) as illustrated. No 
difference in cis is seen on the paternal chromosome, and this difference in cis on the maternal chromosome is lost 
with deletion of 12.9 kb including the HI9 gene body (90). It therefore appears that the chromatin organization 
upstream from paternal HI9 resembles that of the non-imprinted downstream chromatin. This suggests that the 
gametogenesis-determined 'imprint' in this region is solely oogenesis-determined. 

domains. Recent data suggest that imprinting of 
the p57Km2/Igf2 domain is critically dependent on 
maintaining gamete-determined chromatin insu- 
lation, a finding which may help to explain some 
of these differences. 

4. Chromatin Insulation and the 
H19  Locus (see Fig. 2) 

Three nonimprinted genes were identified 
downstream from human H19 (88,89). At one of 
these loci, RPL23 (the gene symbol for the locus 
published as L23MRP), similar methylation pat- 
terns were found on the paternal and maternal 
chromosomes (88). These results suggested that 
the end of the imprinted domain was to be found 
between H19 and RPL23. Because genomic 
imprinting is manifested not only by expression 
and methylation, but also nuclease accessibility 
and DNA replication timing differences between 
homologous chromosomes (S), and it was previ- 
ously suggested that DNA replication timing was 
less affected by tissue and developmental stage 
variability affecting the other manifestations (61), 
we decided to test whether replication patterns 
differed at the syntenic mouse H19 and Rpl23 loci 

(90). We cloned cosmids spanning the Rp123 
locus and confirmed the presence of the gene by 
sequence analysis. Fluorescence in situ hybrid- 
ization (FISH) studies were performed, showing 
a decrease in the proportion of single-double 
hybridization patterns from the 30-40% range at 
and upstream from H19 to less than 20% at 
Rpl23. This added support to the previous obser- 
vations, suggesting a transition from imprinted 
to nonimprinted chromatin organization between 
H19 and RPL23 (88). 

We then explored the idea that the chromo- 
somal regions exhibiting distinct replication pat- 
terns were located in distinct replicons. Replicons 
are theoretical subdivisions of the genome in 
which replication takes place. Their existence is 
suggested by the discrete punctate signals when 
fluorescence-labeling is used to detect newly syn- 
thesized DNA within the cell nucleus. The lim- 
ited number of these signals suggests a defined 
number of clusters of replication enzymes within 
the nucleus, and it has been suggested that the 
genome is likewise organized to take advantage 
of this organization by replicating in a segmental 
manner as replicons, rather than randomly (91). 
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Our approach to this question was to compare rep- 
lication upstream from Ht9 with the replication 
at Rpl23 using two-color FISH. The replication 
patterns for each probe could be compared in the 
same nucleus. We found that the replication tim- 
ing on the early-replicating chromosome was 
indistinguishable in cis, whereas the replication 
on the other chromosome was markedly delayed 
upstream from H19 compared with that at Rpl23 
(90). The data did not support the replicon model: 
the differences in replication timing were occur- 
ring on only one of the two chromosomes, whereas 
we had expected a distinct difference for both 
chromosomes. We instead began to focus on the 
later-replicating chromosome, previously found 
to be of maternal origin at the H19 locus (61). 

The later-replicating, maternal chromosome 
had distinct replication timing patterns upstream 
and downstream from H19. This observation 
indicated that a partitioning of the replication 
organization was occurring in the vicinity of 
maternal HI9, mediated by a previously unchar- 
acterized regulatory element. In the genome as a 
whole, functional compartmentalization has been 
suggested to be mediated by the biochemically- 
defined nuclear matrix-attachment regions (MARs) 
(92), or elements defined by their ability to block 
the effects of enhancers on promoters, chromatin 
insulators (93). The experimental support for 
MARs mediating genomic compartmentalization 
has been undermined by the occurrence of intronic 
MARs (94), the inability of some MARs to con- 
fer position-independent expression upon trans- 
genic constructs (95) and the failure of some 
well-characterized chromatin insulators to act as 
MARs biochemically (95). Furthermore, our prior 
analyzis of the mouse H19 region failed to find 
any MARs in the area of transition of replication 
patterns (96). There is, however, support for the 
presence of a chromatin insulator at the H19 
locus. Transgenes from this locus were found 
to express H19 in a position-independent man- 
ner (97,98), a further characteristic of chroma- 
tin insulators (99). Moreover, deletion of the 3 kb 
H19 gene body and 9.9 kb of upstream DNA 
al lowed access of  downs t ream endodermal  
enhancers to Igf2 and Ins2 upstream, suggest- 

ing that an enhancer-blocking element had been 
removed (77). 

We analyzed the mice with the 12.9 kb dele- 
tion at H19 (77) and found that replication asyn- 
chrony was lost in the upstream imprinted region 
(90). This equalization of replication timing 
occurred only in mice inheriting the knockout 
maternally. The difference in replication timing 
in cis on the maternal chromosome upstream and 
downstream from H19 was abolished in these 
mice. These data support the hypothesis that these 
mice lost a functional insulator of replication pat- 
terns. The element partitioning replication timing 
is subject to genomic imprinting, in that it acts 
solely on the maternal chromosome. Because the 
FISH experiments defined an insulator of replica- 
tion patterns, the assay cannot be said to have 
identified a canonical chromatin insulator. How- 
ever, the FISH studies were prompted by data 
suggesting the presence of a chromatin insulator 
at the same locus found to mediate an effect on 
replication timing. It is therefore unproven but 
likely that a chromatin insulator is present at the 
H19 locus, mediating not only position-indepen- 
dent expression of transgenes (97,98) and block- 
ing of enhancers (77) but also partitioning of 
replication patterns (90). 

5. H19: A Locus Required as a 
Chromatin Insulator? 

H19 has proven to be an interesting locus to 
study in terms of its role in genomic imprinting. 
The similarity of its expression pattern with that 
of Igf2 and their physical proximity led to a focus 
on a shared mechanism of imprinting (100). The 
identification of endodermal enhancers down- 
stream from Ht9 (101) suggested a possible 
model for reciprocal imprinting of these two 
genes, a model centered on promoter competition 
by the two genes for these enhancers (100). When 
the promoter of H19 is inactivated by methylation, 
as occurs on the paternal chromosome owing to 
genomic imprinting, the more distant promoter of 
lgf2 (and that of Ins2) can utilize the enhancers and 
be expressed. This model was supported by the 
deletion of the H19 gene body and upstream DNA 
referred to previously (77). The removal of the less 
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methylated, transcriptionally active maternal H19 
gene allowed the upstream lg[2 and Ins2 genes to 
be expressed from the maternal chromosome, 
whereas deletion of the normally inactive, methyl- 
ated paternal copy of H19 had no effect on gene 
expression (77). Placing the enhancers approxi- 
mately equidistantly between the lg~2 and H19 
genes actually resulted in preferential use by the 
Igf2 promoters, indicating that the physiological 
location of the enhancers closer to H] 9 is important 
for effective competition to occur (102). 

The untranslated XISTgene product is required 
to epigenetically inactivate mammalian X chro- 
mosomes (103). The absence of a translational 
product for H19 (104) also suggested a possible 
XIST-like role for the locus to establish imprint- 
ing in cis. This further possibility was explored. 
A deletion of the H19 gene body alone was made 
in mice, and found to allow maternal lgf2 expres- 
sion, although to a markedly lesser extent than the 
larger deletion involving 9.9 kb of upstream 
DNA. This partial imprinting of lgf2 occurred 
with complete imprinting of the neomycin resis- 
tance gene inserted into the H19 gene body (79). 
The failure to abolish imprinting with deletion of 
the HI9 gene body indicated that the H19 tran- 
script does not determine imprinting and there- 
fore does not have an epigenetic effect comparable 
with that of Xist. 

Further analysis of this locus suggested that 
the function of H19 is not sequence-dependent, 
as significant divergence of sequence between 
human and mouse HI9 exists, with preservation 
of organization in terms of CpG islands (105). 
The mouse H19 locus was introduced transgen- 
ically into Drosophila melanogaster and found 
to silence the eye-pigment reporter gene in the 
construct. The silencing activity was narrowed 
down to a 1210 bp fragment extending to 1690 
bp upstream from the transcription start site of 
H19 (106). This silencing had to be methyta- 
tion-independent, because Drosophila does not 
methylate its genome at CpG dinucleotides as 
do mammals (107). This silencer is physically 
separate from repetitive DNA sequences also 5' 
to H19, proposed as candidates to mediate some 
aspect of imprinting regulation (108). The ability 

of the H19 silencer to act in mammalian cells 
has not been reported. 

These observations can be reinterpreted in the 
context of a chromatin insulator at H19. Most 
known chromatin insulators have been described 
in Drosophila melanogaster (93,109,110), with 
two vertebrate counterparts (111,112). None of 
these is subject to genomic imprinting. For those 
characterized in Drosophila, genetic experiments 
have allowed the elucidation of some of the trans- 
acting factors regulating their activity. Most of 
these factors are recognized chromatin constitu- 
ents (113,114). An interesting observation is that 
in a mod(mdg4) mutant background the chroma- 
tin insulator of the gypsy retrotransposon acts as a 
silencer (115). The vertebrate chromatin insula- 
tors described are the 5'HS-4 of the chicken 13 
globin locus control region (LCR) (111) and the 
BEAD-1 element at the human T cell receptor ~ 5  
locus (112). The 5'HS-4 insulator activity has been 
narrowed down to a CpG island within the LCR. 
This CpG island is physiologically unmethylated 
and lacks significant promoter activity (116). As 
well as its defining ability to block enhancers, this 
element has been reported to allow position-inde- 
pendent expression of transgenes (117). (G + C) 
richness also defines the cores of the scs and scs' 
chromatin insulators (118). The sequence analy- 
ses of other chromatin insulators have not been 
described. 

The three candidate regions to study for the pres- 
ence of a chromatin insulator within the 12.9 kb 
deletion at H19 are the conserved DNA sequences 
at the promoter and gene body (104), the 5' 
silencer element (106) and the upstream (119) and 
gene body (120) CpG islands. The silencer may 
be active as a chromatin insulator in mammals but 
act as a silencer in Drosophila because the genetic 
background lacks trans-acting factors required for 
activity as a chromatin insulator, in a manner 
analogous with the mod(mdg4) example described 
for a native Drosophila silencer (115). The CpG 
islands at the promoter are candidates because of 
the similar characteristic of the chicken 5'HS-4 
chromatin insulator (116). The active insulation 
of repl ica t ion  pat terns  is media ted  by the 
unmethylated, maternal H19 allele. Interestingly, 
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the chicken 5'HS-4 chromatin insulator is like- 
wise physiologically unmethylated (116). The 
HI9 gene body deletion (79), removing as it did 
one CpG island described (120), in this model 
would have weakened the chromatin insulator 
allowing incomplete access of the downstream 
enhancers to IGF2 and the consequent partial 
expression of the IGF2 gene. 

It has been proposed that chromatin insulators 
act as false promoters, attracting enhancers to 
preclude their use by more distal true promoters 
(113). As such, the promoter competition model 
proposed to explain the reciprocal imprinting in 
this region (100) remains consistent with the 
mechanism of chromatin insulation at H19. 
The Hi9 insulator may only differ from that of 
the chicken 5'HS-4 insulator by its incidental 
ability to promote transcription, explaining the 
presence of an untranslated mRNA at this locus 
(104). This model predicts that the evolutionary 
pressure at this locus is not directed at the gene 
itself, but rather to maintain chromatin insulation, 
perhaps accounting for the conservation of organ- 
ization in terms of CpG islands but not sequence 
upstream from H19 (10S). 

6. Implications of a Model of 
Chromatin Insulation Determining 

Genomic Imprinting 
The model that imprinting of 11p15.5 requires 

intact flanking chromatin insulators necessarily 
makes several predictions. A simple initial pre- 
diction is that certain instances of biallelic IGF2 
expression occur owing to the failure of the H19 
chromatin insulator. Because increased methyl- 
ation and decreased expression of H19 char- 
acterize the inactive insulator on the paternal 
chromosome, these are features worth analyzing 
in disease states associated with biallelic IGF2 
expression. Numerous cases of Wilms' tumor 
(55,121,122) and BWS (41) have now been 
described to involve not only biallelic IGF2 
expression but also abnormal expression and 
methylation of H19. A further useful test to deter- 
mine whether some of these cases are owing to 
failure of i l l9  to act as a chromatin insulator would 
be to analyze replication timing at IGF2 in these 

individuals. Judging from the results of similar 
studies in the HI9 knockout mice (90), cases 
owing to loss of insulator function should cause 
reversion to synchronous replication at IGF2. 

A second prediction of the model accounts for 
the pathological effect of translocations into the 
imprinted domain on the maternal chromosome. 
The integrity of the imprinted domain is depen- 
dent on maintaining the flanking insulator at H19, 
as seen by studies of expression (77), methylation 
(78) and replication timing (90) in mice deleted 
for H19. If a translocation into the domain can 
bypass the flanking insulators to influence chro- 
matin structure in cis, the effects would be 
expected to differ on each parental chromosome. 
On the paternal chromosome, the IGF2 gene is 
already influenced by non-imprinted chromatin 
because the insulator at H19 is inactive (Fig. 2). 
Disruption of the silencing of p57 raP2 on the 
paternal chromosome would not be expected to 
be pathogenic. Translocation into the maternal 
chromosome, on the other hand, would be expected 
to mimic the effect of deletion of H19 by allow- 
ing derepression of IGF2 (77) and possibly also 
inducing a chromatin environment less favorable 
for p57 me2 expression (Fig. 3). FISH studies of 
the IGF2 locus in cells with such rearrangements 
have shown a perturbation of replication timing 
(26,40), consistent with an effect in cis to dysreg- 
ulate the domain. 

The other major possibility allowed by this 
model is that of an imprinted domain not contain- 
ing an IC. Imprinting of a chromosomal region 
could occur in a theoretical situation where two 
imprinted chromatin insulators flank the region 
and are active on the same chromosome. The 
intervening domain would be subject to position- 
effect in cis on the chromosome on which the 
insulators are inactive but shielded from such 
effects on the chromosome bearing the active 
insulators. Position-effect on chromatin organiza- 
tion and consequently gene expression would then 
differ in these intervening areas, leading to what 
would be recognized as genomic imprinting. In 
this model (Fig. 4), the components of the domain 
with all the cis-elements capable of conferring 
imprinting are the flanking regions. Therefore the 
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Fig. 3 Translocation of exogenous DNA (open bar) into the imprinted domain at a known translocation 
breakpoint within BWSCRI (vertical arrow) is proposed to give rise to disruptive effects in cis (represented by 
curving arrows) either to promote IGF2 transcription or to diminish p57 xlP2 transcription. The intact chromatin 
insulators being bypassed by the translocation are represented by grayed vertical bars at H19 and within the 
centromeric area of transition from nonimprinted to imprinted gene expression. The translocations into the mater- 
nal chromosome are proposed to cause disease by bypassing chromatin insulation rather than disrupting an 1 lp15.5 
imprinting centre. 
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Fig. 4 A model for imprinting due to imprinted chromatin insulators, not requiring the presence of an imprint- 
ing centre. A pair of homologous chromosome are represented. A region circumscribed by the imprinted chroma- 
tin insulators X and Y contains two genes, C and D. A positive influence (enhancer B) and a negative influence 
(heterochromatin E) are shown outside the "domain." As chromatin insulators are defined by their capacities to 
block enhancer action (93) and confer position-independence from nearby heterochromatin (99), an imprinted 
insulation model predicts that some genes will be insulated from positive influences in cis (C), while others will 
be shielded from negative influences (D). Uninsulated genes outside the domain are represented by A. The pat- 
terns observed for genes C and D would be recognized as imprinting, but would be occurring in the absence of an 
imprinting centre. 
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regions capable of  autonomously imprinting as 
transgenes should be solely the flanking regions, 
whereas transgenes containing the intervening 
domain would not imprint. The H19 region can 
imprint autonomously, both as large YAC trans- 
genes (123) and in smal ler  genomic  constructs  
(97,98,124). A transgene containing the Mash2 
gene (mouse homolog of  human ASCL2)  has been 
reported not to be capable of  imprinting (64). The 
H19 locus is not an IC equivalent, as its removal 
has no effect on imprinting of Mash2, Kvlq t l ,  or 
p57  rap2 (64). Therefore, in spite of lacking an IC 
in these transgenic constructs, H19 has the neces- 
sary cis-acting regulators to imprint efficiently 
(97,98,124).  This observation alone raises doubt 
as to whether an IC is present in this domain, 
separate from and required for H19 imprinting. 
The need to identify a second candidate chroma- 
tin insulator at the centromeric end of  the domain 
is needed to begin to test this prediction. The 
recent narrowing of  the likely region in which 
this insulator should occur to 15 kb indicates that 
identification of such an element should soon be 
possible (70). 

7. Conclusions 
This review has focused on the domain organ- 

ization of the human chromosome 11 p 15.5 region 
that undergoes genomic imprinting and contains 
genes giving rise to human diseases such as BWS. 
It is not clear that the the attempted parallels being 
made between imprinting of 1 lp15.5 and that of  
15ql 1-q13 will be useful in elucidating the mecha- 
nism of  imprint ing o f  1 lp15.5. With a novel 
emphasis on chromatin insulation, the organization 
of 1 lp15.5 can be framed in terms that are con- 
sistent with the patterns of mutations leading to 
human disease. By t ransgenic  analysis,  many 
components of this model  will be testable. It is 
clear that if further evidence is found to support 
this model, 11p15.5 will be an excellent model 
region for s tudy o f  the complex topic of  cir- 
cumscribed chromatin domains. That the region 
undergoes  imprint ing adds an extra attractive 
facet  to such studies: comparable,  different ly 
epigenetically organized sequences are present in 
the same nucleus. The 11 p 15.5 imprinted domain 

has the potential to be a useful resource to exploit 
in the quest to understand complex chromatin reg- 
ulatory elements such as chromatin insulators. 
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