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Androgenetic Embryo
An embryo with two paternal genomes, and no maternal genome, produced by nuclear
transplantation.
Chromatin

DNA packaged around nucleosomes. The degree of packaging differs between active
(euchromatic) and inactive (heterochromatic) chromosomal regions.
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DNA Methylation
Attachment of methyl (CH3) groups to the bases of DNA. In mammals, DNA
methylation occurs at cytosines that are followed by guanines (at CpG dinucleotides).

Epigenetic Modification

Any heritable, but reversible, alteration of DNA or associated nucleosomes above the
level of the DNA sequence. This additional layer of information may indicate the
parental origin of the chromosome.

Genomic Imprinting
A parent-of-origin-dependent mechanism whereby certain gene loci become expressed
from only the maternal or only the paternal chromosome.

Histone Modification

The histones in nucleosomes can be altered by covalent modifications. At
imprinting-control regions, these modifications are different between the
parental alleles.

Imprinting and Behavior
Some imprinted domains are associated with behavioral phenotypes, and genetic
disruption of certain imprinted genes gives aberrant behavior.

Imprinting and Cancer

The epigenetic maintenance of imprinting is frequently deregulated in cancer. Since
imprinted genes are important in cell proliferation and differentiation, such
deregulation is probably involved in the process of tumorigenesis.

Imprinting and Growth

Many imprinted genes influence fetal growth and development. Imprinted genes that
enhance growth are mostly expressed from the paternal allele. Several other imprinted
genes, which reduce growth, are expressed from the maternal allele.

Imprinting-control Regions
DNA sequence elements that are essential for imprinted gene expression. They are
modified by DNA methylation and epigenetic modifications on the chromatin.

Nucleosome
The basic structural unit of chromatin, consisting of ~150 bp of DNA wrapped around
an octamer of histone proteins (two each of four different histones).

Nutrient Transfer
Imprinted genes are important for the development of the extraembryonic
membranes. These are essential for nutrient transfer to the developing embryo.
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The derivation of offspring from eggs only. Parthenogenesis is viable in some animal
groups, such as in bird species, but is embryonic lethal in mammals because of the
functional nonequivalence of the maternal and the paternal genome.

Uniparental Disomy

Inheritance of a particular chromosome in two copies from one parent, with absence of

the chromosome from the other parent.

]
Genomic Imprinting

Gene expression is not determined solely
by the DNA code itself. It depends also
on different epigenetic features. The term
epigenetic is used to refer to mechanisms
that do not involve changes in the DNA
sequence and that are heritable from
one cell generation to the next. Unlike
heritable changes due to mutation or di-
rected gene rearrangement (such as in
the immunoglobulin genes), epigenetic
modifications are reversible and can be
removed from genes and chromosomes
without leaving behind any permanent
change to the genetic material. The main
epigenetic modifications by which gene
expression can be altered are DNA methy-
lation and modifications to the chromatin.
A well-known epigenetic mechanism is

B Genomic imprinting is a developmental mechanism in mammals and other
organisms leading to repression or expression of genes depending on whether
they are inherited from the mother or the father. The imprinted expression of
genes is regulated by various epigenetic alterations, including DNA methylation
and covalent modifications at histones. A large number of imprinted genes have
been identified in placental mammals. Mostly clustered in the genome, these play
important roles in embryonic and extraembryonic development, and in behavior.
In humans, genetic and epigenetic alterations at imprinted genes are involved in
different disease syndromes and in cancer.

X-chromosome inactivation. In mam-
malian X-chromosome inactivation, se-
quential epigenetic modifications lead to
the (random) transcriptional repression of
one of the two X-chromosomes in all the
somatic cells of females.

In this article, we consider a particu-
lar class of epigenetic imprints, those that
mark the parental origin of genomes, chro-
mosomes, and genes. Genes regulated by
such “genomic imprinting” are expressed
depending on whether they are on the
maternally or on the paternally derived
chromosome. Some imprinted genes are
expressed only from the paternal chro-
mosome, whereas others are exclusively
expressed from the maternal chromo-
some. During the last fifteen to twenty
years, imprinting has evolved from the
initial observations in mouse embryos to
a rapidly expanding field with importance
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for mammalian development and genetics,
and human disease. A large number of im-
printed genes have now been identified. In
addition, molecular studies have unraveled
the underlying molecular mechanisms.
Imprinting is not unique to mammals
but is known to occur in seed plants
and invertebrate species as well. This ar-
ticle, however, focuses on the regulation
and role of autosomal imprinted genes
in mammals.

Following the discovery of genomic im-
printing, and the identification of the
first imprinted genes in mammals, re-
searchers in the field hypothesized that
the epigenetic marks that regulate parent-
of-origin-dependent expression are estab-
lished in either the female or the male
germ line and (after fertilization) are
maintained throughout development. This
epigenetic information needs to be re-
moved upon passage of the imprinted gene
through the germ line in the developing
fetus, however, so that new imprints can
be established. Recent studies on DNA
methylation and other epigenetic modi-
fications showed that, indeed, there are
three distinct phases in imprinting: estab-
lishment of the imprint in the male or
female germ line, somatic maintenance of
the imprint after fertilization, and its era-
sure upon (re-)passage through the germ
line (Fig. 1).

Maintenance

(e ] % [ ]2

1.1
Embryological Evidence

Embryological studies in the mouse pro-
vided the first evidence that, in mam-
mals, both a maternal and a paternal
genome are required for the production
of viable offspring. Significantly, it was
found that monoparental embryos, carry-
ing either two maternal or two paternal
genomes, cannot develop to term. Such
monoparental embryos were obtained by
nuclear transplantation, immediately fol-
lowing the fertilization of the egg by the
sperm. By replacing the female pronucleus
(female genome) with a male pronu-
cleus (male genome), for example, it
was possible to produce androgenetic em-
bryos (which have two paternal genomes).
Conversely, embryos with two maternal
genomes (gynogenotes) were made by re-
placing the male pronucleus with a female
pronucleus. Embryos with two maternal
genomes were derived by activation of un-
fertilized eggs (parthenogenesis) as well.
Intriguingly, both gynogenetic (partheno-
genetic) and androgenetic embryos sur-
vived only for a few days after implantation
in the uterus and were found to have major
developmental abnormalities.
Gynogenetic (parthenogenetic) and an-
drogenetic embryos have different de-
velopmental phenotypes (Fig. 2). After

Maintenance Adult

animal

Erasure

Fertilization
R Early germ cells

Establishment

Fig. 1
maintenance, and erasure.

Ontogeny of genomic imprinting: germ line establishment, somatic
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Fig.2 Normal, androgenetic, and gynogenetic mouse embryos and their extraembryonic
membranes at day 10 of gestation. Shown are the embryo, the yolk sac (YS), and the

trophoblast (TB).

implantation into recipient females, par-
thenogenetic conceptuses develop to only
about day 10 of gestation, with an appar-
ently normal but small embryo. Develop-
ment of the extraembryonic membranes
(volk sac and trophoblast), in contrast, is
severely deficient, and these are the tissues
that are important for nutrient transfer
to the embryo. The phenotype of andro-
genetic conceptuses is opposite to that
of parthenogenetic conceptuses. Whereas
the extraembryonic tissues are normal in

the androgenetic conceptuses, the embryo
proper is retarded and progresses rarely
beyond the four- to six-somite stage. The
investigations on monoparental embryos
established that both the parental genomes
are required for normal mammalian devel-
opment. They also provided evidence for
the existence of genetic loci at which ex-
pression depends on the parental origin
of the gene. In parthenogenetic and an-
drogenetic embryos, individual imprinted
genes are either expressed from both the
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gene copies (double gene dose) or are not
expressed atall. Cumulatively, the aberrant
levels of expression of imprinted genes are
responsible for the striking phenotypes of
the two types of monoparental embryos.

1.2
Imprinted Chromosomal Domains

The embryological evidence from the
monoparental embryos was reinforced by
genetic studies demonstrating that spe-
cific chromosomal domains are subject to
imprinting. Particularly, mice that were
heterozygous for chromosomal transloca-
tions were intercrossed to obtain embryos
and offspring with uniparental disomy for
individual chromosomes (or chromosomal
regions). Since during meiosis there is
sometimes nondisjunction at the chro-
mosome with the translocation, some of
the resulting gametes comprise two copies
of the translocated chromosome, whereas
others contain none. Embryos that arise
from two of such opposite gametes will
have two copies of all the chromosomes,
but for the translocated chromosome, both
the copies will be paternal or mater-
nal. By using different translocation lines,
such uniparental disomic embryos were
generated for almost all autosomal chro-
mosomes. Phenotypic analyses unraveled
the role of subsets of imprinted genes that
reside in two paternal or two maternal
copies in the different uniparental dis-
omies. These studies also revealed that the
maternal and paternal copies of individual
chromosomal regions have frequently op-
posite roles in development and after birth
(Fig. 3).

One of the imprinted domains is on
the distal portion of mouse chromo-
some 7. When present in two maternal
copies (maternal disomy), it leads to re-
duced growth and fetal death, whereas

paternal disomy of this distal region is
associated with enhanced growth and em-
bryonic death. Some 10 imprinted genes
have been mapped to this region. Sev-
eral of these are part of the insulin-like
growth factor/insulin signaling pathway
(IGF/INS pathway). Being key players
in the regulation of fetal growth and
development, they contribute to the op-
posite growth phenotypes in the maternal
and paternal distal-7 disomies. The corre-
sponding chromosomal region in humans,
chromosome 11p15.5, is involved in the
Beckwith—Wiedemann syndrome (BWS),
a human growth disorder that can be
caused by paternal disomy of this im-
printed region.

Another chromosomal domain with op-
posite phenotypes in paternal and mater-
nal disomies is the proximal portion of
chromosome 11. Mice with paternal dis-
omy of this region are larger than their
normal littermates, whereas maternal dis-
omy mice are smaller. This indicates that
there are imprinted genes in this region,
of which aberrant levels of expression in
the maternal and paternal disomies cause
their abnormal growth. So far, two im-
printed genes have been identified in this
domain, U2afl-rs1 and Grb10. The latter
could be responsible for the phenotypes
of the maternal and paternal disomies. Its
main embryonic transcript is expressed
from the maternal allele only, and it en-
codes a protein with a negative effect on
the growth-regulating IGF/INS pathway.

Disomy phenotypes at a few other im-
printed domains involve abnormal post-
natal behavior. Paternal disomy for distal
mouse chromosome 2, for instance, gives
offspring that are hyperactive, whereas ma-
ternal disomy is associated with reduced
activity after birth. Such behavioral phe-
notypes emphasize that imprinted genes
can affect behavior. A small number of
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imprinted genes were discovered on dis-
tal mouse chromosome 2. Two of these
have neuroendocrine functions (Gnas and
Gnas-xl) and are involved in the behavioral
phenotypes of the maternal and paternal
disomy mice.

In total, 12 chromosomal regions with
imprinting phenotypes have been iden-
tified on 8 different autosomal chromo-
somes (Fig. 3). The large majority of the
known imprinted genes maps to these
chromosomal regions. Probably, the re-
mainder of the genome comprises few
imprinted genes or contains imprinted
genes that give rise to minor phenotypes
only when present in two maternal or two
paternal copies.

2
Imprinted Genes

It is unknown which proportion of mam-
malian genes is imprinted and estimates
vary between about 100 and a 1000 genes.
To date, however, some 70 imprinted
genes have been detected in the mouse
and most of these are imprinted in hu-
mans as well. A consistent feature of
imprinted genes is that they are organized
in clusters in the genome. These clusters
are hundreds to several thousands of kilo-
bases in size and are similarly organized
in humans and mice. We selected several
imprinted clusters as examples, and we
describe their roles in development and
behavior. A comprehensive presentation
of imprinted genes is given elsewhere.

A well-known imprinted cluster is
on distal mouse chromosome 7 (Fig. 4)
and on the corresponding chromosome
11p15.5 in humans. This cluster comprises
11 imprinted genes. Several of these genes
play key roles in fetal growth and devel-
opment. The insulin-like growth factor-2

gene (Igf2), at the proximal side of the
cluster, is expressed from the paternal al-
lele only. Transgenic mice inheriting a
null Igf2 allele from the father are much
smaller than their littermates; maternal
inheritance of the targeted allele does not
alter the phenotype. This strong paternal
effect on fetal growth is primarily due to the
loss of IGF2 in the extraembryonic mem-
branes, which decreases nutrient transfer
to the developing fetus. The neighboring
insulin-2 gene (Ins2), also of the IGF/INS
pathway, is located at about 20 kb from
Igf2. In the yolk sac, it is the paternal chro-
mosome that expresses Ins2, whereas the
maternal chromosome is repressed. The
paternal expression of Igf2 and Ins2 is reg-
ulated by an “imprinting-control region”
downstream of Igf2, close to a maternally
expressed imprinted gene (H19) that pro-
duces a noncoding RNA. At the distal side
of the cluster, the CdknIc gene (also called
p57Kip2) codes for a cyclin-dependent ki-
nase inhibitor. This imprinted gene is
expressed from the maternal allele only.
When Cdknic expression is ablated by
gene targeting in the mouse, offspring are
enhanced in size and also display other
similarities to the Beckwith—Wiedemann
syndrome in humans. Interestingly, a
similar growth phenotype arises as a con-
sequence of Igf2 overexpression in mice.
One role of CDKN1C could therefore be
to inhibit the growth-promoting action of
IGF2. Thus, several genes in the imprinted
gene cluster are involved in the regulation
of fetal growth and seem part of the same
signaling pathway.

Four of the other imprinted genes at the
distal 7 cluster display allelic expression in
the extraembryonic tissues, in which they
are expressed from the maternal allele.
One of these, Ascl2 (also named Mash2) en-
codes a transcription factor that is essential
for placental development. Genetic studies
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show that the imprinting of the four ex-
traembryonic genes, and that of CdknIc, is
regulated by a second “imprinting-control
region,” which is located in the central
portion of the cluster.

Amongst the imprinted genes that influ-
ence the IGF/INS pathway, there is also
the IGF2-receptor gene (Igf2r) on mouse
chromosome 17. Igf2r is expressed exclu-
sively from the maternal allele and exerts
a negative effect on growth by reducing
the levels of active IGF2. Whereas most
imprinted mouse genes are imprinted in
humans as well, Igf2r is one of the excep-
tions. In humans, this gene is expressed
from both the parental alleles.

Some chromosomal domains comprise
imprinted genes that are expressed pre-
dominantly in the brain. One of these
clusters maps to the central portion of
mouse chromosome 7 (and to human
chromosome 15q11-q13) and comprises
a large number of genes that are all
expressed from the paternal chromo-
some only (Fig.5c). In humans, loss
of expression at these genes (SNRPN,
ZNF127, NDN, and others) leads to the
Prader—Willi syndrome, a variable disor-
der that is partly due to a hypothalamic de-
fect (see below). Biallelic expression of the
genes and loss of expression of a neighbor-
ing imprinted gene (UBE3A) is associated
with the clinically distinct Angelman syn-
drome (AS). The regulation of imprinting
in this domain is complex and involves at
least two distinct genetic elements.

A minority of imprinted genes are not
part of an imprinted gene cluster. One
of these is the U2afl-related sequence-
1 gene (U2afl-rs1) on proximal mouse
chromosome 11. This intronless gene is
repressed on the maternal chromosome
and encodes a brain-specific RNA splicing
factor homologous to the splicing factor
U2AF. The imprinted U2afl-rs1 gene has

arisen via a retrotransposition event in
rodents, and in humans there is no
equivalent imprinted gene.

3
Molecular Mechanisms

3.1
Imprinting-control Regions

The expression of imprinted genes is reg-
ulated by epigenetic modifications that
mark the parental alleles to be active or
repressed. These epigenetic modifications
are put onto key regulatory elements, de-
pending on the parental origin of the allele,
and lead to the allelic gene expression.

At all imprinted loci, there are sequence
elements at which DNA methylation is
present on one of the two parental alleles
only. At many of these ‘“differentially
methylated regions” (DMRs), the DNA
methylation originates from either the
egg or the sperm. After fertilization,
the allelic methylation is maintained in
the somatic cells. Regions with such a
germ line methylation mark are essential
in the control of imprinting. They are
referred to as imprinting-control regions.
Most imprinting-control regions are rich
in CpG dinucleotides and correspond to
CpG islands.

At the imprinted U2afI-rs1 gene, DNA
methylation is present exclusively on the
repressed maternal allele (Fig. 5a). This
differential DNA methylation becomes
established during oogenesis along its
CpG island, located at the 5 side of the
gene, and spreads throughout the entire
maternal gene during early embryonic
development.

The maternally expressed Igf2r gene has
an imprinting-control region within the
second intron that is methylated on the
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Fig. 5 Reading the imprint. Imprinting-control regions confer allelic gene expression at
the (a) U2af1-rs1 gene, (b) the Igf2r locus, (c) the imprinted cluster containing the Igf2
gene, and (d) at the PWS/AS region in the mouse. Lollypops indicate the allele-specific
DNA methylation at the imprinting-control regions. Antisense transcripts are shown as
interrupted lines; circles indicate transcriptional enhancers.

maternal allele (Fig.5b). This maternal
methylation is established during ooge-
nesis and is maintained in all the somatic
lineages. The intronic imprinting-control
region is essential for the allelic repression
at the locus: removal by gene targeting
leads to expression from both the parental
alleles.

Most imprinting-control regions are
methylated on the maternal allele. How-
ever, in some, the DNA methylation is
found at the paternal allele, and it is the
maternal allele that is unmethylated. One
of these paternal methylation marks con-
trols the allelic expression of the Igf2 and
Ins2 genes on distal mouse chromosome 7
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(Fig. 5¢). This region, a CpG island lo-
cated upstream of the close-by H19 gene,
acquires its DNA methylation during sper-
matogenesis. After fertilization, this pater-
nal mark is maintained in all the somatic
tissues. Deletion of the control region gives
rise to biallelic expression of Igf2 and Ins2.

It is unclear why imprinting-control
regions attract DNA methylation in either
the female or the male germ line. Several
studies suggest, however, that close-by
tandemly-repeated sequences might be
essential in this choice process.

More is known about the DNA methyl-
transferases (DNMT) that are involved in
the germ line establishment of the methy-
lation marks. The methyltransferases
DNMT3A and DNMT3B are essential
in this process. In addition, a DNMT-
like protein (DNMT3L) is required for
the establishment of methylation imprints
as well, particularly in the female germ
line. Once established, allelic patterns of
DNA methylation need to be maintained
in the developing embryo. The mainte-
nance methyltransferase, DNMT1, plays
an important role in this process and
differential chromatin features are likely
to be involved as well. At imprinting-
control regions, pronounced differences
in histone modifications have been de-
tected between the parental alleles. Levels
of histone acetylation are low on the allele
that comprises methylated DNA, whereas
high levels of acetylation are present on
the chromatin of the opposite, unmethy-
lated, allele. In addition, there are strong
allelic differences in histone methylation
at specific lysine residues on histone H3.
Whereas methylation of lysine residue 9
of H3 is detected on the parental al-
lele that has DNA methylation, it is on
the opposite parental allele (without DNA
methylation) that there are high levels of

H3 lysine-4 methylation. At several im-
printed loci, there is also evidence for
allele-specific chromatin compaction, oc-
curring in association with the differential
histone modifications.

Itis notyet understood how DNA methy-
lation, histone acetylation, and histone
methylation are mechanistically linked at
imprinting-control regions. However, at
several imprinting-control regions, (allelic)
DNA methylation was found to be linked
to histone deacetylation (the removal of
the acetyl group from the histones). This
link is brought about by proteins that
bind the methylated DNA and attract
large protein complexes that comprise hi-
stone deacetylases. It is to be explored
also to which extent the differential his-
tone modifications are important in the
somatic maintenance (and germ line es-
tablishment) of the allelic patterns of DNA
methylation at imprinted loci. Nonhistone
proteins, binding to the unmethylated al-
lele of many imprinting-control regions,
are likely to be involved in the maintenance
of the allelic DNA methylation as well.

3.2
Reading the Imprint

Imprinting-control regions are compara-
ble in that they all have allele-specific
DNA methylation and differential chro-
matin organization. The way in which
this gives rise to imprinted gene expres-
sion differs between loci. The simplest
scenario, whereby differential methylation
and associated chromatin features lead to
imprinted gene expression, is that of the
U2afl-rs1 gene on mouse chromosome
11 (Fig. 5a). Here, methylated DNA and
compacted chromatin are present across
the promoter on the maternal allele. As a
consequence, the gene can be transcribed
from the paternal allele only.



The imprinting-control region of Igf2r
regulates allelic expression in a rather dif-
ferent way (Fig. 5b). Here, the maternal
methylation covers the promoter of an an-
tisense transcript. As a consequence, this
antisense transcript (named Air) is pro-
duced from the (unmethylated) paternal
allele only. Via a yet-unclear mechanism,
this paternal antisense transcript represses
the paternal Igf2r gene and two flank-
ing ion-transporter genes (Slc22a2 and
Slc22a3). A similar antisense transcript is
produced at the imprinting-control region
that regulates the extraembryonic tissue-
specific imprinted genes on distal mouse
chromosome 7 (Fig. 3).

Another example of how a germ line
mark conveys imprinted expression is
provided by the Ins2-Igf2-H19locus on dis-
tal mouse chromosome 7 (Fig. 5¢). Here,
the imprinting-control region located up-
stream of the noncoding HI9 gene, is
methylated on the paternal allele and acts
as a chromatin boundary on the unmethy-
lated maternal allele. In fact, this upstream
element has multiple recognition sites for
a zinc finger protein called CTCF. The
binding of CTCF is prevented by methyla-
tion. This chromatin protein is therefore
associated with the unmethylated maternal
allele only, at which it forms a specialized
chromatin structure. This unusual struc-
ture insulates the Igf2 and Ins2 promoters
from their enhancers (located downstream
of H19). As a consequence, Igf2 and Ins2
are repressed on the maternal chromo-
some. This maternal repression is not
exclusively at the transcriptional level but
influences posttranscriptional processes
as well.

The central portion of mouse chro-
mosome 7 (Fig.5d) corresponds to the
Prader—Willi syndrome (PWS) region and
Angelman syndrome (AS) region on hu-
man chromosome 15q11-13. The key

6 Molecular Genetics of Genomic Imprinting

regulatory element in this domain is the
5" portion of the SNRPN gene and it is
methylated on the maternal chromosome.
This imprinting-control region is essen-
tial for the paternal expression of SNRPN
and its flanking genes (including Znf127
and Ndn). When the element is deleted
on the paternal chromosome, these brain-
specific genes are all no longer expressed.
Upstream of the SNRPN gene, a paternal
RNA of several hundreds of kilobases in
size is produced as well. This transcript is
in antisense orientation to a gene at the far
extremity of the imprinted domain. This
gene, UBE3A, is the only one in the cluster
that is repressed on the paternal chro-
mosome. The SNRPN imprinting-control
region itself is regulated by a second
control region, which is located further up-
stream, and is essential for the acquisition
of the allelic DNA methylation at SNRPN.
Precisely how the allelic expression and re-
pression is brought about along thousands
of kilobases remains to be unraveled. It
has been observed, however, that there is
differential timing of replication in the S-
phase between the parental chromosomes
along the entire domain. Such a differen-
tial replication timing has been detected
at other imprinted loci as well. Future
work should investigate the role of the dif-
ferential replication timing and whether
it reflects differential chromatin organiza-
tion along entire imprinted domains.

4
Imprinting and Disease

In many genetic diseases, the clinical
manifestations depend on whether the
mutation is inherited from the mother
or the father. Although imprinting is
suspected to be involved, causal genes
and molecular mechanisms are yet to
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be identified for most of these disorders.
Clinical phenotypes can be associated with
uniparental disomies as well, similarly as
in the mouse. Additionally, imprinting
can become deregulated during embryonic
development, by epigenetic alterations or
by somatic mutations, resulting in loss
or biallelic expression of imprinted genes.
Such somatic loss of imprinting can result
in specific disease phenotypes as well.

Beckwith—Wiedemannsyndrome (BWS)
is a fetal overgrowth syndrome with a high
incidence of embryonal tumors, including
Wilms’ tumor of the kidney and rhab-
domyosarcoma. Genetically, the syndrome
is linked to the cluster of growth-related
imprinted genes comprising IGF2 (see
Fig. 4). Paternal disomy of this domain
is responsible for a proportion of cases
and leads to a double dose of IGF2 expres-
sion and loss of expression of CDKN1IC
and other maternally expressed genes in
the cluster. BWS can also be caused by
genetic mutations at CDKNIC and by
alterations at the KVLQT1 gene, where
there is one of the two imprinting-control
centers of the cluster. The finding that
the growth syndrome can be caused by
mutations at different places in the im-
printed domain supports the idea that its
genes are coregulated and involved in the
same biological functions. The majority
of the BWS cases are sporadic, however,
and apparently without genetic mutations.
These are mostly caused by epigenetic
alterations in the developing embryo. In
some of the sporadic cases, for instance,
there is aberrant, biallelic methylation at
the imprinting-control region at the H19
gene (Fig. 5¢). This results in expression
of IGF2 from both the parental chromo-
somes during development and therefore
in fetal overgrowth.

The neurobehavioral Angelman syn-
drome (AS) includes mental retardation,

ataxia, and hyperactivity and arises from
maternal deletion or paternal disomy of
the imprinted domain on chromosome
15q11-13. Prader—Willi syndrome (PWS),
on the other hand, arises from paternal
deletion or maternal disomy of this im-
printed domain. This opposite syndrome
involves mild mental retardation, obesity
due to hyperphagia, and hypogonadism.
Cases with small genetic deletions have
been identified, and analysis of these pa-
tients has revealed that the PWS and AS
are caused by distinct regions in the large
imprinted domain (Fig. 5d). The smallest
identified deletions in PWS remove the
imprinting element at the 5" portion of
SNRPN. This gives loss of expression of
SNRPN, NDN, ZNF127, and several other
genes in the cluster. The smallest deletions
in AS removes the control region that is
essential for the establishment of the epi-
genetic imprint at SNRPN. Consequently,
there is expression of SNRPN, NDN, and
ZNF127 from both the parental alleles and
loss of expression of the UBE3A gene lo-
cated at the end of the cluster. The latter
seems to be the main cause of the clinical
phenotype of AS.

Amongst other imprinting disorders
are Albright Hereditary Osteodystrophy
(AHO), linked to a cluster of imprinted
neuroendocrinal genes on human chro-
mosome 20q, and transient neonatal di-
abetes mellitus (INDM), linked to chro-
mosome 6q24-25. The latter is mostly
sporadic and is caused by aberrant ex-
pression of the imprinted gene ZAC. This
zinc finger protein—encoding gene has a
CpG island with maternal DNA methy-
lation. It was discovered recently that in
cases of TNDM without genetic defects,
this imprinting-control region has lost its
methylation.

Epigenetic alterations at imprinting-
control regions occur frequently in tumors



as well. This has been observed in Wilms’
tumor of the kidney, but also in lung
cancer, breast cancer, and various other
cancers. In particular, IGF2 was found
to be expressed from both the parental
alleles during tumorigenesis and this
could confer a proliferative advantage to
the cells. In many cases, the biallelic
IGF2 expression is caused by acquisition
of DNA methylation at the imprinting-
control region upstream of H19, similarly
as in BWS. This epigenetic alteration
occurs early in tumor formation and could
be linked to the pathological tendency of
tumorigenic cells to acquire methylation
at CpG islands.

When early embryos are taken from
their natural environment and put into
a culture dish, it can lead to aberrant
imprinting as well. This was observed
in the mouse and in domestic animals.
It is unclear, at present, whether loss
of imprinting due to embryo culture
is mechanistically comparable to that in
human imprinting disorders or in tumors.
However, culture of embryos and early
embryonic cells can also induce aberrant
DNA methylation at imprinting-control
regions. This results in biallelic, or loss of,
imprinted gene expression and can have
pronounced phenotypic consequences at
later developmental stages. An important
issue to be investigated is whether there
are culture conditions that do not affect
imprinting and would thus be best suitable
for in vitro culture and manipulation
procedures in animals and humans.

5
Evolution of Imprinting

There is a lot of interest in how broadly im-
printing is conserved amongst mammals.
Also, in species other than the mouse,
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both the parental genomes are essential
for normal development. Parthenogenesis,
for instance, leads to embryonic lethality
in humans, pigs, and sheep. In the latter
(ruminant) species, parthenogenetic con-
ceptuses die shortly after implantation,
due to deficient development and func-
tioning of the extraembryonic membranes.
These studies indicate that imprinting is
conserved amongst different groups of
mammals. Indeed, most of the known im-
printed mouse genes are also imprinted in
humans and, as far as this has been ana-
lyzed, in other placental mammals as well.

Evolutionary biologists have proposed
several hypotheses to explain why im-
printing has arisen in placental mam-
mals and to account for the different
imprinting-related phenotypes. In placen-
tal mammals, there is continuous transfer
of nutrients from the mother animal to the
developing offspring, and this determines
their development and growth. Possibly,
the most attractive theory of imprinting
says that paternally inherited genes tend to
increase nutrient transfer and thereby the
growth of the developing fetus. This would
enhance their chances of being propagated
to future generations. Maternally derived
genes, however, would be best propagated
by limiting the growth of the developing
fetus. This is because too high a bur-
den of nutrient transfer compromises the
reproductive success of the mother ani-
mal and hence of all its offspring. During
the evolution of placental mammals, there
would therefore have been a ‘parental tug-
of-war’ between these opposing maternal
and paternal strategies, leading to bal-
anced combinations of expression levels
of maternally and paternally derived genes.
As outlined with different examples, im-
printed genes such as Igf2, Ins2, and Igf2r
indeed play important roles in nutrient
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transfer and growth, for instance, by pro-
moting or reducing the development of the
extraembryonic tissues. Other imprinted
genes are important in determining the
activity of the newborn animals, which,
again, could have an impact on nutrient
transfer, but now after birth.

See also Molecular Basis of

Genetics.
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