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Imprinting and the Epigenetic Asymmetry
Between Parental Genomes

Anne C. Ferguson-Smith’* and M. Azim Surani?*

Genomic imprinting confers a developmental asymmetry on the parental
genomes, through epigenetic modifications in the germ line and embryo.
These heritable modifications regulate the monoallelic activity of parental
alleles resulting in their functional differences during development. Spe-
cific cis-acting regulatory elements associated with imprinted genes carry
modifications involving chromatin structural changes and DNA methyl-
ation. Some of these modifications are initiated in the germ line. Com-
parative genomic analysis at imprinted domains is emerging as a powerful
tool for the identification of conserved elements amenable to more
detailed functional analysis, and for providing insight into the emergence
of imprinting during the evolution of mammalian species. Genomic im-
printing therefore provides a model system for the analysis of the epige-

netic control of genome function.

Genomic imprinting, unique to mammals
among the vertebrates, is a phenomenon that
causes some genes to be expressed according
to their parental origin and results in a devel-
opmental asymmetry in the function of pa-
rental genomes. Imprinted genes have roles
in prenatal growth, development of particular
lineages, and in behavior, as well as being
implicated in human diseases (/, 2). Imprints
are initiated during gametogenesis and are
inherited by mature gametes and then trans-
mitted to embryos (/—4).

DNA methylation by the enzyme Dnmt1
plays a central role in genomic imprinting.
Appropriate imprinting is lost for many genes
in Dnmtl null embryos, although indirect
effects cannot be discounted, and at least one
imprinted gene, Mash2, remains unaffected
(5, 6). Genomic imprinting also occurs in
marsupials, and current knowledge suggests
that DNA methylation may not be involved
(7, 8) however, further work is necessary to
confirm this. Traditionally, chromatin modi-
fications and DNA methylation have been
considered as largely separate entities, but
recent advances in identifying epigenetic
mechanisms informs us of potential connec-
tions between imprinting, chromatin structure
and DNA methylation. Links between gener-
al epigenetic inheritance mechanisms and
chromatin structure and function also include
those between histone methylation and the
heterochromatin protein HP1 that operate
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widely, for example, in yeast and mice (9—
13). What is entirely unknown, is how the
methylation of imprinted genes is initiated
during gametogenesis starting from the
“ground state.” Chromatin structural modifi-
cations in conjunction with DNA methylation
seem a plausible mechanism.

The Genesis of Imprinting

Speculation about the emergence of genomic
imprinting during evolution has arisen from
the study of “foreign” sequences such as
transgenes and parasitic repetitive elements,
including retrotransposons, retroviruses, and
some repetitive elements, which are shut
down by epigenetic modification. The major-
ity of 5-methylcytosine lies within these ele-
ments (14, 15). This methylation facilitates a
host defense mechanism to counter the poten-
tially deleterious effects of such elements:
Promoter methylation of the elements inhibits
their transcription and methylation directed
heterochromatinisation of repetitive elements
is proposed to prevent chromosomal rear-
rangement. Interestingly, the two parental
germ lines might methylate such parasitic
elements differentially in a class-dependent
manner (/6, 17). While these elements have
methylation patterns characteristic of im-
printing regulatory regions, some usually be-
come methylated on both alleles soon after
implantation.

However, some classes of repetitive ele-
ments that exist even transiently as differen-
tially methylated regions (DMRs) may im-
pose epigenetic influence on neighboring se-
quences and genes. Consistent with this is the
finding of differentially methylated tandem
repeat sequences adjacent to many imprinted
genes or imprinting regulators (/8). In anoth-
er type of example, 16% of transgenic se-
quences randomly incorporated into the

mammalian genome become imprinted (19).
Interestingly, a retrotransposon-derived gene,
Pegl0, is itself imprinted (20). In addition, an
allele at the agouti locus in the mouse exhib-
its parental origin effects imposed by a neigh-
boring /AP retroviral element (27). Taken
together, these observations contribute to the
hypothesis that the initial germ line methyl-
ation of “parasitic” repetitive sequences
could act as primary parental imprinting sig-
nals. This putative relationship contributes to
the theory that genomic imprinting evolved
through an adaptation of the host defense
system when some selective advantage was
attained by an imprint mark from a repetitive
element extending to a nearby gene (22). This
theory awaits experimental validation.

The emergence of genomic sequence
data from different mammalian species is
assisting in the search for patterns, loca-
tion, and classes of such elements in im-
printed domains. Indeed, some imprinted
domains contain conserved features includ-
ing tandem repeats and retroviral-like se-
quences (18, 23, 24), whose role can now
be investigated. Such comparative ap-
proaches could be extended to marsupials
and oviparous monotremes (Platypus and
Echidna), because imprinting is evident in
the former but not the latter (7, 25). In this
way, evolutionary links involved in im-
printing can be sought in the appropriate
extant regions. Interspecies genomic se-
quence comparisons at known imprinted
loci will continue to facilitate the charac-
terization of these regions. Such compara-
tive sequence analysis has already been
used to identify new genes within imprinted
clusters, as well as conserved putative reg-
ulatory elements (26-28). These studies
demonstrate the power of bioinformatics in
imprinting research.

Epigenetic Control of Imprinting
Regulatory Elements

A number of stereotypical arrangements of
imprinted genes are beginning to emerge
(Fig. 1). In general, allele-specific DMRs
are a hallmark of imprinted genes and they
can be associated with different functions
(29). For example, about half of the iden-
tified imprinted genes are clustered with
long-range cis-acting imprinting centers
(IC) (1, 2, 29). These ICs carry allele-
specific methylation marks, which are es-
tablished in the germ line and retained
thereafter (2, 29). However, their modes of
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action may differ. ICs subsequently influ-
ence epigenetic modification of additional
cis-acting regulators important in allele-
specific, tissue-specific, or temporal-spe-
cific regulation of imprinted genes (30).
Closely linked maternally expressed and
paternally expressed imprinted genes can
coexist, although differential methylation
within a cluster is usually biased toward
only one of the parental chromosomes (2,
29, 30). :

A particularly interesting recent finding is
the apparent parallel between the Igf2-HI9
and the DIkI-Gt2 loci, which share many
common features (31, 32) (Table 1). These
are closely linked reciprocally imprinted
pairs of genes, the former being one of the
best-characterized imprinted regions to date.
It is clear from gene and sequence analysis
that the two pairs do not represent locus
duplication, and while aspects of imprinting
control may be the same it is expected that
other elements may be specific to each pair
(33). This relationship allows a comparative
analysis of the two domains and has the
potential to contribute further to an under-
standing of imprinting regulation through the
identification of shared and unique elements

involved in both short and long-range im-

printing control.

Silencing of the Igf2 allele in the absence
of methylation is explained by insulation and
silencing mechanisms (Fig. 1) (2, 30). Allele-
specific methylation at the HI9 promoter
contributes to the silencing of its paternal
allele, however the Igf2 promoters of the
silent maternal allele are unmethylated (Fig.
1). The reciprocal imprinting activity of Igf2
and H19 is regulated by a differentially meth-
ylated IC, located 2 to 4 kb upstream of H19
(Fig. 1). This IC can also function as a meth-
ylation-sensitive insulator that binds the fac-
tor CTCF on the unmethylated maternal al-
lele. This prevents downstream enhancers
from interacting with the upstream maternal
Igf2 promoters. CTCF binding is abolished
by DNA methylation of the IC on the paternal
chromosome, thus allowing the downstream
enhancers to interact with the paternal Igf2
promoters (34-37). Enhancers for choroid
plexus and leptomeninges where Igf2 is not
imprinted, hence biallelically expressed, are
located upstream of the insulator, so they are
not affected by CTCF binding (38) (Fig. 1).
The insulator model has been shown to func-
tion primarily in endoderm. However in meso-
derm, an alternative or an additional mecha-
nism involving a silencer element either mod-
ulates insulator function or acts independent-
ly of the insulator to regulate maternal Igf2
silencing (30, 39). For example, the Igf2-
DMRI1 (Fig. 1) acts as a tissue-specific si-
lencer, most likely through binding a repres-
sor protein on the less methylated maternal

-allele (30, 39, 40). These results invoke a new
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role for epigenetic regulation of gene expres-
sion involving DNA methylation.

Another type of arrangement regulating
imprinting involves antisense transcripts
(Fig. 1). For example, Igf2r contains two
DMRs, one is a maternal germline-inherited
intronic methylation mark associated with an
antisense transcript expressed only from the
paternal unmethylated intron. Antisense tran-
scription extends through the promoter of the
bonafide transcript on the paternal allele and
may mediate silencing (41, 42). On the ma-
ternal allele, the antisense transcript is re-
pressed by intronic methylation, which per-
mits transcription from the maternal Igf2r
promoter. Later in development, the second
DMR at the promoter of the paternal allele,
becomes methylated perhaps as a conse-
quence of allelic inactivity. In humans,

consistent with a lack of sequence conserva-
tion with the mouse intronic DMR and an
apparent lack of an antisense transcript (43,
44). This adds further support for a role for
the antisense transcript in Jgf2r imprinting in
mice. Recent evidence suggests that the ma-
ternally expressed Ube3a gene, located at the
end of a large cluster of paternally expressed
imprinted genes (Fig. 1), may also be regu-
lated by an antisense transcript expressed
from the paternal chromosome (45). Data
suggests that other imprinted genes may be
similarly regulated (46).

A Reductionist Approach to Imprinting
Regulation

If the Igf2-H19 domain is a good paradigm, the
chromosomal domains containing imprinted
genes are complex entities with multiple and
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Fig. 1. Schematic representation of epigenetic regulation at three different imprinted loci. The Igf2r
locus contains a single imprinted gene regulated by an antisense transcript, which itself is regulated
by a differentially methylated germline imprint located in an intron. The Igf2-H19 locus contains
a pair of reciprocally imprinted and coordinately regulated imprinted genes controlled by an
intergenic imprinting center (IC), which binds CTCF when unmethylated and insulates the /gf2 fetal
promoters from common downstream enhancers in endoderm. In ‘mesoderm, tissue-specific
silencers such as DMR1 play a role in /gf2 regulation—mesoderm enhancers have yet to be
identified. Tissue-specific enhancers upstream of the insulator regulate biallelic activity of /gf2 in
parts of the brain. A larger gene cluster containing multiple imprinted genes is regulated by a
bipartite imprinting center associated with the Prader-Willi/Angelman Syndrome locus (PWS-AS)
on human chromosome 15g/central mouse chromosome 7. Here, a bipartite cis-acting imprinting
center confers long-range imprinting control on the two parental alleles. Female germline trans-
mission of an AS-IC is required for methylation and repression of the maternal alleles of the
paternally active imprinted genes through inactivation of the PWS-IC. On the paternal chromo-
some, this AS-IC is nonfunctional allowing the PWS-IC to confer paternal allelic expression on
upstream and downstream genes. Ube3a is expressed from the maternal allele in the brain and
appears to be associated with an antisense transcript on the paternal allele in a manner similar to
the imprinting of Igf2r. Recent data suggests that the PWS-IC is required for expression of the
antisense transcript; and in its absence, the antisense is repressed and the paternal allele expresses
the Ube3a. White circles denote absence of methylation at a differentially methylated region and
black circles, methylated regions. Gray circles indicate partial methylation. Larger yellow circles
denote enhancers. Active alleles of genes are noted in green with silent alleles in red. Arrows
indicate interactions between cis-elements on the two parental chromosomes. Drawings are not to
scale (2, 29, 30, 45).
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among widely dispersed enhancers. Until re-
cently, it has proved difficult to obtain reliable
imprinting of small transgenes, such as H19, a
prerequisite to more detailed investigations
(47). Remarkably, a 1.2-kb mini-transgene de-
rived from the paternally expressed Snrpn gene
located in the Prader-Willi (PWS)/Angelman
(AS) Syndrome imprinted gene complex (Fig.
1) was shown to undergo imprinting. The trans-
gene which contained a 200-bp Snrpn promot-
er/exonl fragment (putative paternal PWS-IC)
and a 1-kb sequence located 35 kb upstream of
the SNRPN promoter (putative maternal AS-
IC) (48) resulted in differential methylation,
appropriate monoallelic paternal expression and
characteristic asynchronous replication (Fig. 1).
A PWS-IC transgene lacking the 1-kb sequence
became methylated irrespective of parental or-
igin. Hence, the AS sequence could therefore
be seen to “protect” the transgene from being
methylated upon paternal inheritance. The in-
tronic DMR of Igf2r has also been analyzed in
further detail, which suggests the presence of a
de novo methylation signal and an allele-dis-
crimination signal within the critical region
(49). It remains to be seen whether such bipar-
tite examples extend to other imprinted do-
mains. Identification of factors, which interact
with these sequences, in the germ line and early
embryos, will advance knowledge of the initi-
ation of imprints and their subsequent mainte-
nance. Further verification, in the context of the
endogenous chromatin is feasible and essential
to achieve a complete picture of the mecha-
nisms involved in imprinting.

Consequences of Parental Genome
Asymmetry

Evolution of genomic imprinting must have
required imposition of additional requirements
on the germ line, the zygote and early embryos,
to create and maintain the epigenetic asymme-
try between parental genomes. One obvious
necessity is the erasure of imprints, which oc-
curs in primordial germ cells (50-52) before
reinitiation of new imprints during gametogen-
esis. Primordial germ cells have a dominant
activity capable of extensive demethylation and
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erasure of imprints in a somatic nucleus (53),
but the precise mechanism is unknown.

The oocyte cytoplasm is also deployed to
discriminate between parental genomes dur-
ing evolution, as seen in the selective elimi-
nation of paternal chromosomes in some low-
er organisms, and in the exploitation by “self-
ish” endosymbiotic bacteria to manipulate
host reproduction through generating inter-
specific barriers, causing parthenogenesis or
even feminization of genetic males (54). In
this context, it is striking that in mammalian
fertilized eggs the paternal genome under-
goes dramatic demethylation, while the ma-
ternal genome is not affected in this way (55).
This phenomenon is apparently absent in
lower vertebrates and may have evolved ac-
cording to the “genomic conflict” hypothesis
(56). These early events may also facilitate
early activation of the embryonic genome
typically seen in mammals, or be associated
with early events important for later placen-
tation. The importance of the environment
within the egg is also exemplified by disrup-
tion of imprinting in interspecific hybrids of
the deermouse Peromyscus maniculatus (57),
which may be due to nuclear-cytoplasmic
incompatibility. Similar incompatibility may
also contribute to reported cloning inefficien-
cy (58). Oocytes are generally very complex
as they contain proteins, such as OCT4 to
guarantee totipotency, as well as others such
as the Polycomb proteins which are known to
play critical roles in epigenetic inheritance
affecting preimplantation development (59).
Furthermore, oocyte cytoplasmic modifiers
are known to induce epigenetic modifications
of target loci rendering them inactive by
DNA methylation (60, 67). Their mecha-
nisms of action at this early and crucial de-
velopmental stage remain to be elucidated.

An important consideration is how imprints
are protected during both the active and passive
demethylation during preimplantation develop-
ment since, at least some of the germ line
methylation imprints are resistant to genome-
wide demethylation events (2, 3). In this con-
text, recent evidence shows that the preimplan-

Table 1. Relationship between the /gf2-H19 domain on distal mouse chromosome 7 and the DIk7-Gtl2
domain on distal mouse chromosome 12. The striking parallels between the two loci suggest that there
may be common features involved in their imprinting control (37-33).

5'-Igf2-H19-3’ 5'-Dlk1-Gtl2-3'
1. Reciprocally imprinted genes located 80 to 90 kb apart Yes
2. 3’ Gene of pair encodes an untranslated RNA Yes
3. Differential methylation is paternal specific Yes
4. DMR located in CpG island promoter of 3’ gene Yes
5. No DMR in CpG island promoter of 5’ gene Yes
6. 5’ Gene has a DMR in last exon Yes
7. Intergenic DMR has germ line imprint Yes
8. Intergenic DMR has CTCF binding sites No

9. Reciprocal behavior in Dnmt1~/~ mouse

(Conserved putative
CTCF-site is intronic)
Yes
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tation embryo contains a remarkable oocyte-
specific form of Dnmt1 which enters the nucle-
us transiently at the eight-cell stage and ensures
maintenance of DNA methylation associated
with parental imprints (62, 63).

A consequence of epigenetic asymmetry
between parental genomes is that the mam-
malian oocyte is not truly totipotent, as a
paternal genome is also essential for devel-
opment. Would abolition of epigenetic asym-
metry altogether overcome this requirement?
Only once in the life of mammals are the
parental genomes epigenetically equivalent;
following erasure of imprints in primordial
germ cells (PGCs). However, transplantation
of these imprint-free PGC nuclei into oocytes
results in embryonic lethality, partly due to
abnormal extraembryonic tissues resulting
from the inappropriate silencing or activation
of imprinted genes, including loss of function
of Mash2 (64). So for imprinting, passage
through gametogenesis, especially oogenesis,
is essential since a genome devoid of imprints
cannot acquire them in a mature oocyte.

Embryos derived after transplantation of the
PGC imprint-free nucleus provide insight into
the underlying causes of the biallelic expression
or repression of imprinted genes. For those
genes, such as Peg3 and Nnat, which normally
exhibit expression of the paternal allele only,
the outcome is biallelic expression. This is be-
cause for this category of genes, passage
through oogenesis is essential to repress the
maternal allele (64). In contrast, other genes
such as [gf2r remain biallelically repressed.
These genes require passage through oogenesis
to inactivate the antisense transcript through
methylation of its promoter, otherwise this tran-
script predominates in embryos. H/9 that is
methylated during spermatogenesis is also bial-
lelically expressed, which results in the loss of
expression of Igf2 (64). These latter observa-
tions illustrate that epigenetic modifications ac-
quired during spermatogenesis are also critical
for appropriate imprinting.

The key questions conceming the erasure
of imprints in PGCs, and their initiation dur-
ing gametogenesis remain unresolved. Re-
cent advances in understanding epigenetic
mechanisms may provide essential links be-
tween chromatin structure and DNA methyl-
ation, and help to fully elucidate the nature of
the imprint. Identification of minimal ele-
ments in cis-control regions, coupled with
biochemical and genetic approaches using
transgenes may allow systematic unraveling
of large clusters of imprinted genes. The
availability of genomic sequences from a va-
riety of species will be an increasingly pow-
erful resource, for the detection, discrimina-
tion and subsequent analysis of putative con-
trol elements. This information is also likely
to identify elements that have played a role in
the establishment of the imprinting mecha-
nism during evolution, and events that have
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led to the assembly of large imprinted clus-
ters. Although the epigenetic asymmetry be-
tween parental genomes remains enigmatic, it
appears to have been a vital accompaniment
to mammalian evolution, viviparity and pla-
centation, and possibly for the necessary
emergence of the trophectoderm lineage for
the first time, since it is essential for blasto-
cyst implantation. Consequently, its emer-
gence has had a profound and wide-ranging
impact on development in mammals.
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Development

Wolf Reik,’* Wendy Dean, Jorn Walter?

DNA methylation is a major epigenetic modification of the genome that
regulates crucial aspects of its function. Genomic methylation patterns in
somatic differentiated cells are generally stable and heritable. However, in
mammals there are at least two developmental periods—in germ cells and
in preimplantation embryos—in which methylation patterns are repro-
grammed genome wide, generating cells with a broad developmental
potential. Epigenetic reprogramming in germ cells is critical for imprinting;
reprogramming in early embryos also affects imprinting. Reprogramming
is likely to have a crucial role in establishing nuclear totipotency in normal
development and in cloned animals, and in the erasure of acquired
epigenetic information. A role of reprogramming in stem cell differentia-

tion is also envisaged.

DNA methylation is one of the best-stud-
ied epigenetic modifications of DNA in all
unicellular and multicellular organisms. In
mammals and other vertebrates, methylation
occurs predominantly at the symmetrical
dinucleotide CpG (/-4). Symmetrical meth-
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Mammalian

In addition, specific demethylation events in
differentiated tissues could then lead to fur-
ther changes in gene expression as needed.
Neat and convincing as this model is, it is
still largely unsubstantiated. While effects of
methylation on expression of specific genes,
particularly imprinted ones (7) and some retro-
transposons (8), have been demonstrated in
vivo, it is still unclear whether or not methyl-
ation is involved in the control of gene expres-
sion during normal development (9-13). Al-
though enzymes have been identified that can
methylate DNA de novo (Dnmt3a and
Dnmt3b) (14), it is unknown how specific pat-
terns of methylation are established in the ge-
nome. Mechanisms for active demethylation
have been suggested, but no enzymes have
been identified that carry out this function in
vivo (15-17). Genomewide alterations in meth-
ylation—brought about, for example, by
knockouts of the methylase genes—result in
embryo lethality or developmental defects, but
the basis for abnormal development still re-
mains to be discovered (7, /4). What is clear,
however, is that in mammals there are develop-
mental periods of genomewide reprogramming
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