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GENOMIC IMPRINTING: PARENTAL
INFLUENCE ON THE GENOME

Wolf Reik™ and Jirn Waiter?

enomic imprinting affects several dozen mammalian genes and results in the expression

of those genes from only one of the two parental chromosomes. This is brought about by
epigenetic instructions — imprints — that are laid down in the parental germ cells. Imprinting
is a particularly important genetic mechanism in mammals, and is thought to influence the
transfer of nutrients to the fetus and the newborn from the mother. Consistent with this

view is the fact that imprinted genes tend to affect growth in the womb and behaviour

after birth. Aberrant imprinting disturbs development and is the cause of various disease
syndromes. The study of imprinting also provides new insights into epigenetic gene

modification during development.

Cenomic mprinting in mammals was discoverad in the
earlv 1980s as a result of two types of mouse expern-
ment. Nuclear transplantation was used to make
embrvos that had onlv one of the two sets of parental
chromosomes (uniparental embrvos) and other sophi=-
ticated zenetic techniques were used to make embrvos
that inhented specific chromoesomes: from one parent
onlv (umparental dizomy). In both cases, the surprzing
fmding was that mammahan genes could funchon dif-
ferenthy depending on whether they came from the
mother or the father' *. The early 1990 then sawthe
discoverv of the first imprinted genes, which wers
mdeed exprassed differently on maternal and paternal
chromozomes'*, and the realization that imprinting
had a substantial effect on human senetic diseaze'™'' . It
was also found that DINA methvlation was a key molec-
ular mechanizm of imprinting; methvlation marks the
mprinted gene: diffsrenthy in egz and sperm, and
mheritance of these epizenetic marks leads to dufferen-
tial pene expraszion'~ '’

Substantial progres: ha: been made in our undar-
standing of imprinting mn the past faw vears: important
phenotypic affects of immprinted senes have baen discov-
ered, particularly in the control of fetal zrowth and
behaviour after birth; a number of c&-achne sequences
are being defined that are important for the control of
mmprinted gene expression; the evolutionarvunder-

standing of mprmtms and itz hkehr lological purposzes
15 Increasmg - ; and the study of mmprinting = provid-
ng general mmzights into the importance of epizenstic
mechanizms m development.

Here we review these recent developments. We
begin wath a brief summary of imprinted genes, then
lock at what 1= kmown about establishment and main-
tenance of imprints, and the important role of the
zarm line. We review the various ‘reading mechanizms
that convert the imprint into differantial zene expres-
sion. We discuss the evolution of imprinting, and 1ts
main phenotypic effects, 1n healthy and diseased states.
Finally, we consider the effect of mprinting on imper-
tant general 1zzue: n epigenetics, such a: cloning and
ZENOme Feprogramming.

Imprinted genes

Using several approaches (B0X 1), around 43 mprintad
zenes have z0 far been 1dentified in the mousze (zse the
Harvell imprintmsz web zite for up-to-date statitics on
mmprinted gene numbers and characteristics). Some of
theze genes have been tested 1n other mammals and for
many (but not all), the mprintimg =tatus 1z conzarved
humans, 1n some other suTiE=sy mammals and 1n a
marzupial = (but onlr a fow genses have been tested).
What ara the zenetic and epizenetic features that char-
actarze mprmtad genes’
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Box 1 | Finding imprinted genes
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Imprinted gene: have been identified in various wavs: by chance (usually knockouts
that then showed parent-zpecific exprezzion); bazed on position {next to other
imprinted genes or im & chromozome region a=:ociated with an imprinting phenotype);
or by usimg fwo types of svstematic screen. In both screens, embrvos: are naed that have
& duplication of one of the parentsl chromozome: or penomes together with embrvos
that have the opposite parental chromozome duplicafed. This result: in gene
expreszion or methylation in one type of embrvo bat not the other if the pene =
imprinted. The first screen i based on subtraction of cDNAs between such uniparental
embrvos''". The second is bazed on methylation differences. One approach using
restriction landmark senome scannimg (by two-dimensional electrophoresiz of DNA)
has extimated that there are roughh 110 imprinted zenes in the mooze senome’' .
Another methviation screen uses representational difference anab=iz'' (RDA). The
extimate of 1(M) imprimted genes m the genome i= likely to be an underestimate but, in
any event, imprinted genes constitate a minority of all the genes in the genome.

PG ISLAND
DA region of =300 bp that
has 3 kigh CplG density and is
usmalh unmethnlated Cpi
islands are foand upstrezm of

One remarkable and characteriztic faature of
imprinted genes 15 that thev are rarely found on ther
own: around 80%% are phyzically hinked 1 clusters wath
other imprinted genes (FIG. 1). The clustered organiza-
tion of imprinted genes 1= thought to reflect coordinated
regulation of the zenes 1n a chromosomal doman. By
analogy to X-chromozome mnactivation i which an X-
mactvation centre controls the mactrvation of the entire
chromoszome, immprinting centres or imprinting control
elements {ICz) have been dizcoverad 1n some clustars.
These IC: are needed for the resional contrel of
mprinting or imprinted expreszon.

Mo commoen features are recoznizable when com-
paring the protein sequence: encoded by imprinted
zenes, although there are functional relationships
between some proteins with roles m fetal growth and
development. Furthermore, two general features of the
DMA sequence envircnment of imprinted zanes have
been noted. First, thev are unusually rich mn cri
isLannss: around 88% of mouze imprinted senes have
CpG islands, compared with the averare fisure of 47%.
Sacond, clostered, direct repeats are common near to or
within the Cp(rislands. The rapeats might or might
not belong to one of the known repeat famihies and
they have been propesed to be mmvolved 1n conferning
or maintaining differential methvlation™. Maither the
rapeats nor the Cpsizland: are unique to 1mprinted

genes, so thase faatures cannot be used mn a syztematic
search for new imprinted senes.

The great majonity of imprintad genes examined
zo far show differences 1n DNA methvlation between
the parental alleles (FIG. 2}, but the differentially
methvlated remons (DME:) can have different prop-
erfies. For example, the differential DN A methylation
in some DA s 15 introduced 1n parental germ cell=
and maintained 1n all developmental stages and
tissmes™ **. Others show considerable changes in
methyvlation during development and acquire tizzue-
specific methylation patterns"*, which can be aszoci-
ated with tissue-specific imprinted expreszion. Some
DME: are methvlated in the inactive gene copyv,
whereas others are methyvlated i1n the active one.
Imprinted genes can also differ wath respect to bulk
chromatin structure, as well az with respect to more
specific modifications, such as histone acetylation™ ™
(K. Feil and K. Gregory, personal communication).

Two other epizeneti features have been dizcovered
that might reflact the larger-scale organization of
mmprinted genes mnto clusters or domains. First, it has
been cthown that the DIWA 1n imprinted resions reph-
cates asvnchronoush in the 2 phase of the call cvele;
for most imprinted regions, the paternal copy reph-
cates earhier than the maternal one'"*. Becauze mater-
nallv and paternally expreszed gene: are interspersed
i some regions, thiz 1z not hkely to be a gens-specific
property and its molecular bazis 1= not understood.
Second, different frequencies of melotic reacombina-
tion are found 1n or near to mprinted clusters, with
an elevated recombination rate during male meio-
siz . How thesze rezional epizenetic features are
linked wath methylafion and chromatin structure 1=
not known.

The precize nature of the primarv imprint and it
fate durimz development 15 still 2 mystery, but it 15 hkaly
that all the above epigenetic modifications are relevant
to mprnnting. However, at present there 15 neo direct evi-
dence that histone or other chromatin meodifications
have roles In imprinting that are independent of DNA
methylation. Indeed, the mmportance of DNA methyla-
tion, at least in the mamntenance of imprints, has been
clearl establizhed genstically . For the most part, we
therefore eguate 1mprnnts' with ‘methyvlation imprmts’
or ‘differential methvlation’ to simplify the dizcussion.
Imprinted expreszion 1s then a result of the ‘reading’ of

the mprint m somatic trzzues.

The life eyele of imprints

Genomic imprints change 1n characteristic wavs dur-
mg tha hife cyvele of the orgamizm (FIZ.3). Imprint:s are
‘establizhed’ during the development of zerm cells
mto sperm or eggs. After fartihization, thev are ‘main-
tamed’ zz chromozomes duphcats and segregats 1n the
developing organizm. In the zerm cells of the new
organizm, imprints ara‘arazad’ at an earlv ztage. Thiz
15 followed by establizchment again at a later stage of
germ-cell development, thus completing the imprint-
ing cvele. In somatic cells, imprints are maintained
and are modified during development. For exampla,
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Figure 1 | Imprinting clusters in human and mouse genomes. Human chromosomes a | 11p15.5and b | 159119132 and
orthodogous custers on a | mouse chromosome distal 7 and b | central 7. The mrelative location and transcnptional onentation

of genes are indicated by armowrs. The imprinting status is shown in red imatermnally expressad), blue [paternally expressed),
black (bislehc expression) and green imprinted xpression not known or not vet precisely defined). Quastion marks (7)
indicats that the orthologues of the mouse or human genes, respectively, are not known. The drawings amre not to scalke The
Beckwith-Wiedemann (BWS)| cluster (3) comprises abowt 1 Mb, and the Prader—Wik syndroma/Angeiman syndroms (PWS/AS)
cluster (b} roughly 2 Mb. Impanting centres (1G] are marked by cacles coloured according to the parental ongin of the imprint.

methylation mayv spread from an IC mnto the promot-
er. The imprints are eventually read, resulting 1n par-
ent-zpecific gene expresson.

Erasure. The zerm line ha:z the role of resetting

mmprints such that 1n mature gametes they reflect the
zex of that germ lme. For most imprints, current evi-

dence indicates that there might be two stagas for this
resetting process — the first one 1= erasure. This 15 fol-
lowed later by establishment. During srazure, therais

markad and apparently ganome-wide demethvlation n
sarm cells, whach = completed by embrvonmic day 12-13
(E12-13) in both sexes*"** (FIG.4). Indeed, germ calls
culturad from thesze stage: (EG cells) have 2 dommant
demethvlating activity when fuzsed with somatic cells**
whather thiz demethylation 1z active or paszsive 1z not

knovwn. The evidence so far indicates that all methyvla-
tion 1mprints probably become erazed at this
stage 4-+4° This 15 important becauszs it implies that
mmprints inhented from a parent with the same sex as
the developing embrvo are erazed and are unhkely to
perzist unchanged.

There 1z preliminarv evidence that methvlation
mmprints are still present and may be functionally
mtact before the erasure stage™. After erazurse, func-
tional evidance from nuclear transplantation exper:-
ments with both mals and female zerm-cell nucle:
mdicates that imprint: have indeed been zubstantiallv
altered® *"; expreszzion of imprinted genss: 1n these
reconstituted embrvos reflects their lack of mathyla-
tion (for example, HJ7 15 expreszed and [zf2 15 not
expressed). In zome m=tances, thiz has led to mterest-
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