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SUMMARY

Genomic imprinting affects a subset of genes in mammals and results in a monoallelic, parental-specific
expression pattern. Most of these genes are located in clusters that are regulated through the use of
insulators or long noncoding RNAs (lncRNAs). To distinguish the parental alleles, imprinted genes are
epigenetically marked in gametes at imprinting control elements through the use of DNA methylation at
the very least. Imprinted gene expression is subsequently conferred through lncRNAs, histone modifica-
tions, insulators, and higher-order chromatin structure. Such imprints are maintained after fertilization
through these mechanisms despite extensive reprogramming of the mammalian genome. Genomic im-
printing is an excellent model for understanding mammalian epigenetic regulation.
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OVERVIEW

Mammals are diploid organisms whose cells possess two
matched sets of chromosomes, one inherited from the mother
and one from the father. Thus, mammals have two copies of
every gene. Normally both the maternal and paternal copy of
each gene has the same potential to be active in any cell.
Genomic imprinting is an epigenetic mechanism that chang-
es this potential because it restricts the expression of a gene to
one of the two parental chromosomes. It is a phenomenon
displayed by only a few hundred of the approximately 25,000
genes in our genome, the majority being expressed equally
when inherited from either parent. Genomic imprinting af-
fects both male and female offspring and is therefore a con-
sequence of parental inheritance, not of sex. As an example of
what is meant by this, an imprinted gene that is active on a
maternally inherited chromosome will be active on the ma-
ternal chromosome and silent on the paternal chromosome in
all males and females.

The definition of genomic imprinting is restricted here to
“parental-specific gene expression in diploid cells.” Thus, dip-
loid cells that contain two parental copies of all genes will
express only one parental copy of an imprinted gene and si-
lence the other parental copy. In contrast, nonimprinted genes
will be expressed from both parental gene copies in a diploid
cell. To understand the concept of genomic imprinting it is
important to distinguish between imprinted genes and those
showing apparent parental-specific expression because of
unequal parental genetic contribution to the embryo. Exam-
ples of unequal parental genetic contribution include Y chro-
mosome–linked genes present only in males, genes that
escape X inactivation in females (producing a double dose
of X-linked gene products compared with males), mitochon-

drial genes contributed mainly by the maternal parent, and
messenger RNAs (mRNAs) and proteins present only in the
sperm or egg cytoplasm.

Many features of genomic imprinting in mammals make it
a fascinating biological problem in postgenomic times. It is
intriguing that the subset of genes subject to genomic imprint-
ing largely code for factors regulating embryonic and neona-
tal growth. Thus, it is likely that genomic imprinting evolved to
play a specific role in mammalian reproduction. It is also
providing clues as to a possible evolutionary response to pa-
rental conflict, to the adaptation of the maternal parent to an
internal reproduction system, and, perhaps, providing a
glimpse of the way the mammalian genome protects itself
against invading DNA sequences. Genomic imprinting is an
intellectually challenging phenomenon, not least because it
raises the question of why a diploid organism would evolve a
silencing system that forsakes the advantages of the diploid
state.

At this stage of our knowledge, genomic imprinting does
not appear to be widespread among the four eukaryotic king-
doms that include Protista, Fungi, Plants, and Animals. How-
ever, it doesexist, inapossibly related form, in twoinvertebrate
arthropods—Coccidae and Sciaridae, and in the endosperm
of some seed-bearing plants, such as maize and Arabidopsis.
This distribution indicates that genomic imprinting arose in-
dependently at least three times during the evolution of life.
Surprisingly, despite this predicted independent evolution of
genomic imprinting, some similarities among the imprinting
mechanism are emerging. It is likely that this reflects conser-
vation of basic epigenetic regulatory mechanisms that under-
lie both genomic imprinting and normal gene regulation.
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1 HISTORICAL OVERVIEW

The presence of genomic imprinting in mammals has con-
siderable medical, societal, and intellectual implications in
terms of (1) the clinical management of genetic traits and
diseases, (2) the capacity to control human and animal
breeding by assisted reproductive technologies, and (3)
the progress of biotechnology and postgenomic medical
research. Any modern day discussion of genetic problems,
whether in research or medicine, must consider if a gene
shows a biparental (i.e., diploid) mode of expression, or, is
subject to genomic imprinting and shows parental-specific
(i.e., haploid) expression. Despite the importance of geno-
mic imprinting to human health and well-being, it is sur-
prising that widespread acceptance of its existence and
significance did not happen until the early nineties after
three genes were unequivocally shown to display parental-
specific expression in mice.

Parental-specific behavior of whole chromosomes had
been observed in cytogenetic studies of chromosomes in
Arthropods as early as the 1930s (Chandra and Nanjundiah
1990). Interestingly, the term “chromosome imprinting”
was first coined to describe paternal-specific chromosome
elimination that plays a role in sex determination in some
Arthropod species (Crouse et al. 1971). Chromosomal im-
printing of the mammalian X chromosome was also noted,
which leads to paternal-specific inactivation of one of the
two X chromosomes in all cells of female marsupials and
the extraembryonic tissues of the mouse (Cooper et al.
1971). During the same period, classical geneticists were
generating mouse mutants carrying chromosomal trans-
locations that laid the foundation for the observation of
imprinted gene expression. Some of these “translocation”
mice, initially used to map the position of genes on chro-
mosomes, showed a parental-specific phenotype when cer-
tain chromosomal regions were inherited as duplications
of one parental chromosome in the absence of the other
parental chromosome (known as uniparental disomy or
UPD; Fig. 1). These results indicated the possibility “that
haploid expression of particular maternal or paternal genes
is important for normal mouse development” (Searle and
Beechey 1978). At the same time, other geneticists used an
unusual mouse mutant known as the “hairpin-tail” mouse
that carried a large deletion of chromosome 17 to unequiv-
ocally set aside a basic tenet of genetics “that organisms
heterozygous at a given locus are phenotypically identical
irrespective of which gamete contributes which allele to the
genotype” (Johnson 1974). Instead, offspring who received
the Hairpin-tail deletion from a maternal parent were in-
creased in size and died midway through embryonic devel-
opment, whereas paternal transmission of the genetically
identical chromosome produced viable and fertile mice
(Fig. 1). It is notable with hindsight that in spite of the

previously published description of imprinted X-chromo-
some inactivation in mammals, the favored interpretation
of these genetic translocation and deletion experiments was
not that the regions contained imprinted genes, but that
genes on these autosomes primarily acted in the haploid
egg or sperm to modify proteins used later in embryonic
development. Despite this, the concept of differential func-
tioning of the maternal and paternal genome was gaining
ground and a suggestion made that “the maternal genome
might be normally active at the Hairpin-tail chromosomal
region while its paternal counterpart is preferentially inac-
tivated” (McLaren 1979).

A major step forward in establishing the existence of
genomic imprinting in mammals came several years later
with the development of an improved nuclear transfer tech-
nology being used to test the possibility of generating dip-
loid uniparental embryos solely from mouse egg nuclei.
The nuclear transfer technique took a donor male or fe-
male pronucleus from a newly fertilized egg and used a fine

Deletion Polymorphismmat-UPDWild-type

Diploid chromosome set
Wild-type embryo

Viable Lethal ViableLethal

Figure 1. Mouse models to study genomic imprinting that allow the
maternal and paternal chromosome to be distinguished. Mammals
are diploid and inherit a complete chromosome set from the mater-
nal and paternal parent. However, mice can be generated that (1)
inherit two copies of a chromosome pair from one parent and no
copy from the other parent (known as UPD), (2) inherit a partial
chromosomal deletion from one parent and a wild-type chromo-
some from the other parent, and (3) inherit chromosomes carrying
single-nucleotide polymorphisms (known as SNPs) from one parent
and a wild-type chromosome from the other parent. Offspring with
UPDs or deletions are likely to display lethal phenotypes, whereas
SNPs will allow the production of viable offspring.
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micropipette to place it inside a host fertilized egg from
which either the maternal or paternal pronucleus had
been removed. This regenerated diploid embryos, but
with two maternal or two paternal genomes (known, re-
spectively, as gynogenetic and androgenetic embryos; Fig.
2). The technique was first used to show that nuclei from
fertilized Hairpin-tail mutant embryos could not be res-
cued when transferred into a wild-type host egg. This pro-
vided proof that the embryonic genome, and not the oocyte
cytoplasm, carried the Hairpin-tail defect. It also confirmed
the suggestion that genes on the maternal and paternal copy
of chromosome 17 functioned differently during embryon-
ic development (McGrath and Solter 1984b). Subsequently,
nuclear transfer was used to show that embryos, recon-
structed from two maternal pronuclei (known as gynoge-
netic embryos) or two paternal pronuclei (androgenetic
embryos), failed to survive; whereas only embryos recon-
structed from one maternal and one paternal pronucleus
produced viable and fertile offspring (McGrath and Solter
1984a; Surani et al. 1984). This work overturned a previous

claim that uniparental mice could develop to adulthood
(Hoppe and Illmensee 1982). Gynogenetic embryos at the
time of death were defective in extraembryonic tissues that
contribute to the placenta, whereas androgenetic embryos
were defective in embryonic tissue. These outcomes led to
the hypothesis that embryonic development required im-
printed genes expressed from the maternal genome, where-
as the paternal genome expressed imprinted genes required
for extraembryonic development (Barton et al. 1984). Sub-
sequent identification of imprinted genes in the mouse did
not confirm a bias in the function of imprinted genes, but
indicated that the observed differences between gynogenet-
ic and androgenetic embryos may be explained by a dom-
inant effect of one or a few imprinted genes.

The nuclear transfer experiments, combined with sup-
porting data from mouse genetics, provided convincing
evidence that both parental genomes were required for em-
bryogenesis in mice, laying a strong foundation for the ex-
istence of genomic imprinting in mammals (Fig. 2). An
extensive survey of parental chromosome contribution to
embryonic development, using “translocation” mice to cre-
ate UPD chromosomes (Fig. 1), identified two regions on
mouse chromosomes 2 and 11 that showed opposite phe-
notypes when present eitheras two maternal or two paternal
copies. This further strengthened the argument for paren-
tal-specific gene expression in mammals (Cattanach and
Kirk 1985). In addition, human data strongly indicated
that some genetic conditions, most notably the Prader–
Willi syndrome, which appears to arise exclusively by pater-
nal transmission, could best be explained by parental-spe-
cific gene expression (Reik 1989). Further clues came from
experiments applying the newly developed technology for
making transgenic mice by microinjecting gene sequences
into a fertilized mouse egg. This was often beset by the
problem of DNA methylation unexpectedly inducing si-
lencing of the transgene in somatic tissues. Some transgenes
even showed parental-specific differences in their ability to
acquire DNA methylation, adding weight to the argument
that parental chromosomes behave differently. This nor-
mally followed the pattern that maternally transmitted
transgenes were methylated whereas paternally transmitted
transgenes were not. However, only in a few cases did DNA
methylation differences correlate with parental-specific ex-
pression. Although many similarities were later found be-
tween “transgene” methylation imprinting and genomic
imprinting of endogenous mouse genes, several features
distinguish them (Reik et al. 1990). This includes a high
susceptibility to strain-specific background effects, an in-
ability to maintain imprinted expression at different chro-
mosomal integration sites, and a requirement for foreign
DNA sequences to produce the imprinted effect (Chaillet
et al. 1995).

Egg

MAT PAT

Gynogenetic
lethal

Wild-type
viable

Androgenetic
lethal

Fertilized
diploid embryo

(zygote)

2 x MAT 2 x PAT1 x PAT1 x MAT

Sperm

Figure 2. A maternal and paternal genome are needed for mamma-
lian reproduction. The nuclear transfer technique used micropi-
pettes and high-powered microscopes to remove the male or
female nuclei from a newly fertilized egg and place them in various
combinations into a second “host” fertilized egg that had already
been enucleated, thereby generating anew diploid embryos with two
maternal (gynogenetic) or two paternal (androgenetic) genomes or
a biparental genome (wild-type). Gynogenetic and androgenetic
embryos were lethal at early embryonic stages. Only reconstituted
embryos that received both a maternal and paternal nucleus (wild-
type) survived to produce living young. These experiments show
the necessity for both the maternal and paternal genome in mam-
malian reproduction, and indicate the two parental genomes ex-
press different sets of genes needed for complete embryonic
development.
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Despite the wealth of supportive data, final proof of the
existence of genomic imprinting in mammals depended on
the identification of genes showing imprinted parental-
specific expression. This occurred in 1991 when three
imprinted mouse genes were described. The first of these,
Igf2r (insulin-like growth factor type 2 receptor that is a
“scavenger” receptor for the growth hormone insulin-like
growth factor type 2 [Igf2]) was identified as a maternally
expressed imprinted gene. This gene was later shown to
explain the overgrowth phenotype of the Hairpin-tail mu-
tant mouse (Barlow et al. 1991). A few months later, the
Igf2 gene was identified as a paternally expressed imprinted
gene (DeChiara et al. 1991; Ferguson-Smith et al. 1991).
Finally, the H19 gene (cDNA clone number 19 isolated
from a fetal hepatic library), an unusual long noncoding
RNA (lncRNA) was subsequently shown to be a maternally
expressed imprinted gene (Bartolomei et al. 1991). Diverse
strategies were used to identify these three imprinted genes,
each of which depended on emerging technologies in
mouse genetics. For Igf2r, positional cloning was used to
identify genes that mapped to the Hairpin-tail deletion
on chromosome 17. Mice then inheriting the deletion
from one parent were used to identify those genes showing
maternal-specific expression (Fig. 1). For Igf2, the phys-
iological role of this growth factor in embryonic devel-
opment was being tested by gene knockout technology.
Surprisingly, mice carrying the mutant nonfunctional allele
showed a phenotype following paternal transmission,
but no phenotype on maternal transmission. The H19
lncRNA was identified as an imprinted gene after this
gene was mapped close to the Igf2 locus on chromosome
7, proving the hypothesis that imprinted genes could be
clustered together. Although these strategies were to prove
useful in subsequent attempts to identify imprinted genes,
the demonstration that imprinted genes were closely
clustered has proven to be a pivotal discovery in under-
standing the mechanism controlling genomic imprinting
in mammals.

2 GENOMIC IMPRINTING—AN EPIGENETIC
GENE REGULATORY SYSTEM

The defining characteristic of genomic imprinting is that it
is cis acting (see Box 1). Thus, the imprinting mechanism
acts only on one chromosome. The two parental chro-
mosomes will normally contain many single base pair
differences (known as single-nucleotide polymorphisms
[SNPs]) if the population is outbred, but they can be ge-
netically identical if inbred mouse strains are used. Because
genomic imprinting occurs in inbred mice that have genet-
ically identical parental chromosomes, it was concluded
that the process must use an epigenetic mechanism to mod-
ify the information carried by the DNA sequence, yet create
an expression difference between the two parental gene
copies. These observations also indicate that a cis-acting
silencing mechanism, which is restricted to one chromo-
some, is operating so that the silencing factors cannot freely
diffuse through the nucleus to reach the active gene copy.
Although imprinted genes are repressed on one parental
chromosome relative to the other, genomic imprinting is
not necessarily a silencing mechanism and has the potential
to operate at any level of gene regulation (i.e., at the pro-
moter, enhancers, splicing junctions, or polyadenylation
sites) to induce parental-specific differences in expression.

Genomic imprinting must therefore depend on an
epigenetic system that modifies or “imprints” one of the
two parental chromosomes (Fig. 3). This imprint is sub-
sequently used to attract or repel transcriptional factors or
mRNA processing factors, thereby changing expression of
the imprinted gene on one parental chromosome. Because
inbred mice with genetically identical chromosomes also
show genomic imprinting, parental imprints are not likely
to be acquired after the embryo becomes diploid because
there would be no way for the cells’ epigenetic machinery to
distinguish between identical parental gene copies. Thus,
parental imprints must be acquired when the two parental
chromosome sets are separate and this only occurs during

BOX 1. KEY FEATURES OF GENOMIC IMPRINTING IN MAMMALS

˙ cis-acting mechanism

˙ A consequence of inheritance not sex

˙ Imprints are epigenetic modifications acquired by one parental gamete

˙ Imprinted genes are mostly clustered together with a noncoding RNA

˙ Imprints can modify long-range regulatory elements that act on multiple genes

˙ Imprinted genes play a role in mammalian development
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gamete formation, and for �12 h postfertilization (Fig. 3).
The most likely scenario is that gametic imprints are placed
on paternally imprinted genes during sperm produc-
tion and on maternally imprinted genes during egg for-
mation. A key feature of the “imprinted” DNA sequence
is that it would only be modified in one of the two parental
gametes; thus, two types of recognition system are required,
one sperm-specific and one oocyte-specific, each directed
toward a different DNA sequence. Several other features are

required of the imprint. First, once established, it must
remain on the same parental chromosome after fertiliza-
tion when the embryo is diploid. Second, the imprint must
be stably inherited through mitosis of the embryo and adult
animal. Last, it must be erasable. The latter is necessary
because the embryo will follow either a male or female
developmental path midway through development and its
gonads will need to produce only one type of imprinted
haploid parental gamete. Thus, germ cells that have arisen
from embryonic diploid cells (Fig. 3) must first lose their
inherited maternal and paternal imprints before they gain
that of the gamete.

How are gametic imprints identified? An imprint can be
defined as the epigenetic modification that distinguishes
the two parental copies of a given gene. Once formed, the
imprint must also allow the transcription machinery to
treat the maternal and paternal gene copy differently within
the same nucleus. A gametic imprint is predicted to be
continuously present at all developmental stages (Fig. 3),
thus imprints can be found by comparing epigenetic mod-
ifications on maternal and paternal chromosomes in em-
bryonic or adult tissues (using strategies outlined in Fig. 1)
and tracing them back in development to one of the two
gametes. Candidates for gametic imprints could be modi-
fications of DNA or histone proteins that package DNA into
chromosomes (Allis et al. 2014). There are now two types of
epigenetic DNA modification known in mammals; 5-
methylcytosine and 5-hydroxymethylcytosine (Li and
Zhang 2014). Histones can bear multiple types of modifi-
cation including methylation, acetylation, phosphoryla-
tion, sumoylation, and ubiquitylation (Allis et al. 2014).
They can also be replaced by variant histones with specific
functions (Henikoff and Smith 2014). Any of these epige-
netic modifications could qualify as an imprint. One would
predict that enzymes responsible for these epigenetic mod-
ifications or an essential cofactor would be exclusively ex-
pressed in one of the two gametes, and specifically associate
with one parental chromosome to copy the modification
when the cell divides. However, as will be described in
Section 3 on “key discoveries,” only 5-methylcytosine has
been clearly shown to function as the gametic imprint for
imprinted genes in mammals and, to date, is the only
known heritable modification.

How does a gametic imprint control imprinted expres-
sion? To understand how the imprint operates, three pieces of
information are required: which parental chromosome car-
ries the imprint, which parental chromosome carries the
expressed allele of the imprinted gene, and the position of
the imprinted sequence relative to the expressed or silenced
allele of the imprinted gene. Usingthistype ofapproach ithas
been shown that gametic imprints can act on whole clusters
of genes at once. These imprinted clusters contain 3–12
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Figure 3. Imprint acquisition and erasure in mammalian develop-
ment. Imprints are acquired by the gametes; thus, oocytes and sperm
already carry imprinted chromosomes (first-generation imprints).
After fertilization when the embryo is diploid, the imprint is main-
tained on the same parental chromosome after each cell division in
cells of the embryo, yolk sac, placenta, and also in the adult. The germ
cells are formed in the embryonic gonad and the imprints are erased
only in these cells before sex determination. As the embryo develops
into a male, the gonads differentiate to testes that produce haploid
sperm that acquire a paternal imprint on their chromosomes. Sim-
ilarly, in developing females, chromosomes in the ovaries acquire
maternal imprints (second-generation imprints).
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imprinted genes and span from 100–3700 kb of genomic
DNA (for more details, see http://www.mousebook.org/
catalog.php?catalog¼imprinting). The majority of genes
in any one cluster are imprinted protein-coding mRNA
genes; however, at least one is always an imprinted lncRNA.

Because of the arrangement of imprinted genes in clus-
ters, with some genes expressed from one parental chromo-
some and some from the other, it is not trivial to determine
how the imprint operates. It is possible to study the effect of
the imprint on single genes in the cluster, but it may prove
more informative to study the effects of the imprint on the
entire cluster. This will be described in more detail in Sec-
tion 3. One thing, however, is clear. Nature has not chosen
the simplest mechanism whereby the imprint is directed
toward a promoter to preemptively silence an imprinted
gene in one gamete. Instead, imprints appear, in general, to
be directed toward long-range cis-acting regulators that
influence the expression of multiple genes, and are located
a long distance away on the same chromosome.

3 KEY DISCOVERIES IN GENOMIC IMPRINTING

3.1 Imprinted Genes Control Embryonic and
Neonatal Growth

What is the function of genomic imprinting in mammals?
Oneway to answer this question isto determine the function
of known imprinted genes in vivo. This can be performed
by mutating the gene sequence to impair its function using
the “homologous recombination” technique. The function
of manyof the known imprinted genes has been determined
in this fashion (for original references, see http://www
.mousebook.org/catalog.php?catalog¼imprinting). The
most significantly represented function among imprinted
genes includes genes that affect growth of the embryo, pla-
centa, and neonate. In this category are paternally expressed
imprinted genes that function as growth promoters (i.e.,
Igf2, Peg1, Peg3, Rasgrf1, Dlk1) and show growth retarda-
tion in embryos deficient for the gene. There are also ma-
ternally expressed imprinted genes that function as growth
repressors (i.e., Igf2r, Gnas, Cdkn1c, H19, Grb10), as shown
by a growth enhancement in embryos deficient for the
gene. Another significant category includes genes with be-
havioral or neurological defects (e.g., Nesp, Ube3a, Kcnq1).
These results are, at one level, disappointing because they
do not identify one function for all imprinted genes. Nev-
ertheless, these results show that the majority of imprinted
genes function as embryonic or neonatal growth regulators.
More interestingly, the ability to regulate growth appears
to be neatly divided with maternally expressed growth-
regulating genes acting to repress growth of the offspr-
ing, whereas paternally expressed genes in this category

act to increase growth. Moreover, numerous tested im-
printed genes are active in neurological processes, some of
which affect neonatal growth rate by altering maternal
behavior.

3.2 The Function of Genomic Imprinting
in Mammals

Can analyses of gene function help us understand why
genes are imprinted in mammals? Assessment of genomic
imprinting in different types of mammals has been infor-
mative. Placental mammals such as mice and humans, and
marsupials such as opossum and wallaby, have genomic
imprinting. Egg-laying mammals, such as platypus and
echidna, appear to lack imprinted genes, although exten-
sive studies have not yet been performed (Renfree et al.
2009). Placental mammals and marsupials are distin-
guished from egg-laying mammals by a reproductive strat-
egy that allows the embryo to directly influence the amount
of maternal resources used for its own growth. In contrast,
embryos that develop within eggs are unable to directly
influence maternal resources. Most invertebrates and ver-
tebrates use an egg-laying reproductive strategy. Notably,
they can also undergo parthenogenesis—a form of repro-
duction in which the female gamete develops into a new
diploid individual without fertilization by a male gamete
(note that parthenogenetic embryos arise from the dupli-
cation of the same maternal genome, whereas the gynoge-
netic embryos described in Fig. 2 arise from two different
maternal genomes). The ability of organisms to undergo
parthenogenesis most likely indicates a complete absence
of genomic imprinting as it shows the paternal genome is
dispensable. In mammals, however, a direct consequence of
imprinted gene expression controlling fetal growth is that
parthenogenesis is not possible. Both parents are necessary
to produce viable offspring making mammals completely
reliant on sexual reproduction to reproduce (Fig. 4). Par-
thenogenesis has thus not yet been observed in mammals
despite claims to the contrary, although manipulating ex-
pression of the Igf2 and Dlk1 imprinted clusters has gen-
erated some rare mice with a diploid maternal genome
(Kawahara et al. 2007).

Why should genomic imprinting have evolved only in
some mammals, but not in vertebrates in general? Three
features of genomic imprinting—the growth regulatory
function of many imprinted genes, the restriction of im-
printed genes to placental and marsupial mammals, and
last, the necessity of the paternal genome for fetal develop-
ment, provide evidence that can fit two equally attractive
hypotheses.

The first hypothesis proposes that genomic imprint-
ing evolved in response to a “parental conflict” situation
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(Moore and Haig 1991). This arises from the opposing
interests of the maternal and paternal genome: Embryonic
growth is dependent on one parent, but influenced by an
embryo whose genome comes from two parents. Paternally
expressed imprinted genes are proposed to increase em-
bryonic growth, thereby maximizing the fitness of an in-
dividual offspring bearing a particular paternal genome.
Maternally expressed imprinted genes are proposed to sup-
press fetal growth. This would allow a more equal distribu-
tion of maternal resources to all offspring and increase
transmission of the maternal genome to multiple offspring,
which may have different paternal genomes.

The second hypothesis is named “trophoblast defense”
(Varmuza and Mann 1994). This proposes that the maternal
genome is at risk from the consequences of being anatom-
ically equipped for internal reproduction should spontane-
ous oocyte activation lead to full embryonic development.
Because males lack the necessary anatomical equipment
for internal reproduction, they do not share the same risks
should spontaneous activation of spermatozoa occur. Im-
printing is thus proposed to either silence genes on the
maternal chromosome that promote placental develop-
ment or to activate genes that limit this process. The genes
necessary for placental invasion of the maternal uterine

vasculature would consequently only be expressed from a
paternal genome after fertilization has occurred.

Which, if any, of these hypotheses explains the evolu-
tion of genomic imprinting in mammals? Both hypotheses
indicate a role for imprinted genes in regulating the devel-
opment and function of the placenta, however, neither the
parental conflict nor the trophoblast defense models can
provide a full explanation for all the data (Wilkins and Haig
2003). It is interesting to note that imprinted genes have
also been identified in the plant endosperm, a tissue that
has been compared to the placenta by virtue that it transfers
nutrient resources from the parent plant to the embryo
(Grossniklaus and Paro 2014). This finding strengthens
arguments that genomic imprinting evolved as a means
to regulate nutrient transfer between the parent and off-
spring, but it does not tell us why.

Fuller or alternative explanations of the function of
genomic imprinting in mammals could come from two
sources. The first would be to examine the function of
“imprinting” across a complete gene cluster in contrast to
examining the phenotype of mice lacking a single imprint-
ed gene product. This would require an ability to reverse an
imprint and generate biparental gene expression across the
whole imprinted cluster. The second approach is to learn
exactly how genes are imprinted. It is possible that not all
genes in a cluster are deliberate targets of the imprinting
mechanism and that some may just be “innocent bystand-
ers” of the process, and their function would not be infor-
mative about the role of genomic imprinting. The existence
of innocent bystander genes affected by the imprinting
mechanism may satisfactorily explain the curious abun-
dance of imprinted genes with no obvious biological func-
tion in development.

3.3 Imprinted Genes Are Clustered and Controlled
by Imprint Control Elements (ICEs)

To date, about 150 imprinted genes have been mapped to
17 mouse chromosomes including the X chromosome.
More than 80% of the identified imprinted genes are clus-
tered into 16 genomic regions that contain two or more
genes (Wan and Bartolomei 2008). The discovery of clus-
ters of imprinted genes was a strong indication that a com-
mon DNA element may regulate imprinted expression of
multiple genes in cis. To date, seven of the 16 imprinted
clusters have been well characterized, and these are listed
in Table 1 by the name of the principle imprinted mRNA
gene in the cluster or after a disease association (e.g., the
Pws cluster for Prader–Willi syndrome; Beaudet and
Zoghbi 2014). These seven clusters contain three to 12 (or
more) imprinted genes and are spread over 80–3700 kb of
DNA.

Mat

Oocytes Sperm

Pat

Figure 4. Imprinted genes play a role in mammalian reproduction.
Mammals are diploid and reproduction requires fertilization of a
haploid female egg by a haploid male sperm to recreate a diploid
embryo. Only females are anatomically equipped for reproduc-
tion, but they cannot use parthenogenesis to reproduce (the pos-
sibility of which is represented by a pink dashed line) because
essential imprinted genes needed for fetal growth are imprinted
and silenced on maternal chromosomes. These genes are expressed
only from paternal chromosomes; thus, both parental genomes are
needed for reproduction in mammals. Parthenogenesis is the pro-
duction of diploid offspring from two copies of the same maternal
genome.
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A common feature of these seven clusters is the presence
of a DNA sequence carrying a gametic methylation imprint
that is known as a gametic DMR (differentially DNA-meth-
ylated region). A gametic DNA methylation imprint is de-
fined as a methylation imprint established in one gamete
and maintained only on one parental chromosome in dip-
loid cells of the embryo. In five clusters (Igf2r, Kcnq1, Gnas,
Grb10, and Pws), the gametic DMR has a maternal meth-
ylation imprint acquired in oogenesis, whereas in two clus-
ters (Igf2 and Dlk1), it has a paternal methylation imprint
acquired during spermatogenesis. In these examples, the
gametic DMR controls imprinted expression of the whole
or part of the cluster and is therefore designated as the
imprint control element, or ICE, for the cluster (Barlow
2011).

Table 1 shows that each imprinted gene cluster contains
multiple mRNAs and, with the exception of Grb10, at least

one lncRNA. Two trends emerge. First, the imprinted pro-
tein-coding genes in each cluster are expressed, for the most
part, from the same parental chromosome, whereas the
lncRNA is expressed from the opposite parental chromo-
some (as illustrated in Fig. 5 for a maternal gametic DMR).
Second, the ICE deletion causes loss of imprinted expres-
sion only when deleted from the parental allele expressing
the lncRNA. Table 1 shows that in three clusters (Igf2r,
Kcnq1, and Gnas) the lncRNA promoter sits in an intron
of one of the imprinted mRNAs, whereas in the remaining
clusters the lncRNA promoter is separated, but lies close to
the imprinted mRNA genes. This close intermingling of
active and silent genes in an imprinted cluster indicates
that the silencing and activating mechanisms affecting im-
printed genes do not spread and may be restricted to the
affected gene. In particular, the fact that the promoter of a
silent lncRNA can reside in the intron of an actively tran-

Table 1. Features of imprinted gene clusters in the mouse genome

Cluster
name

Chromosome
mouse/human

ICE (gametic
methylation imprint)

Cluster
size (kb)

Gene number
in cluster

Parental
expression M/P

lncRNA and
expression
(M or P)

Igf2r 17/6 Region 2 (M) 490 4 3 M (pc)
1 P (nc)

Airn (P)

Kcnq1 7/11 KvDMR1 (M) 780 12 11 M (pc)
1 P (nc)

Kcnq1ot1 (P)

Pws 7/15 Snrpn-CGI (M) 3700 .8 2 M (pc)/
.7 P (nc and pc)

Ube3aas (P)a

Ipw (P)a

Zfp127as (P)a

PEC2 (P)a

PEC3 (P)a

Pwcr1 (P)a

Gnas 2/20 Nespas DMR (M) 80 7 2 M (pc)
5 P (4 nc and 1 pc)

Nespas (P)b

Exon1A (P)
miR-296 (P)b

miR-298 (P)b

Grb10 11/7 Meg1/Grb10 DMR (M) 780 4 2 M (pc)/
2 P (pc)

NI

Igf2 7/11 H19-DMD (P) 80 3 1 M (nc)/
2 P (pc)

H19 (M)

Dlk1 9/14 IG-DMR (P) 830 .5 .1 M (nc)/
4 P (pc)

Gtl2 (M)c

Rian (M)c

Rtl1as (M)c

Mirg (M)c

miRNAs (M)c

snoRNAs (M)c

Note that cluster size and number of genes in the cluster are provisional and await a genome-wide analysis of imprinted expression. Pws and Dlk1 clusters

contain overlapping transcripts in which the number of distinct genes is not yet clear. Details are given in the text.

M, maternal; P, paternal; DMR, differentially methylated region; pc, protein coding; nc, noncoding RNA; NI, none identified; miRNA, micro RNA; snoRNA,

small nucleolar RNAs.
a May be one long lncRNA.
b Part of Nespas transcript.
c May be part of one or multiple lncRNAs.
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scribed gene indicates that silencing mechanisms may not
even spread throughout the length of a gene, but may just be
restricted to regulatory elements.

What is the role of the gametic DMR? Despite the fact
the gametic DMRs can be maternally or paternally methyl-
ated, experiments that deleted these elements have pro-
duced broadly similar results albeit with a few interesting
exceptions (Fig. 6). For three clusters (Igf2r, Kcnq1, Dlk1),
experimental deletion of the methylated gametic DMR
produced no effect. In contrast, deletion of the unmeth-
ylated gametic DMR eliminated parental-specific expres-
sion causing a loss of lncRNA expression in cis and
biallelic mRNA expression (Lin et al. 1995; Zwart et al.
2001; Fitzpatrick et al. 2002). Two clusters (Gnas and Pws)
appear to contain more than one gametic DMR and show a

more complex behavior, yet they still share some similarities
with the pattern presented in Figure 6 (Williamson et al.
2006). The Igf2 cluster, however, behaves differently: dele-
tion of both the methylated and unmethylated gametic
DMR causes changes in mRNA and lncRNA expression in
cis (Thorvaldsen et al. 1998).

The results from the above gametic DMR deletion ex-
periments do not at first glance indicate a common function
for gametic DMRs. However, an understanding of their
exact function depends on knowing the position of the
DMR with respect to the imprinted genes in each cluster.
In the three clusters with the simplest pattern (Igf2r, Kcnq1,
and Dlk1), the gametic DMR either contains or controls
expression of the lncRNA, thus deletion of this element
will clearly lead to loss of lncRNA expression. The gametic

NI IG IG NI IG ICE IG-NC NI

NI IG IG NI IG ICE IG-NC NI

Mat

Pat

Figure 5. Imprinted genes are expressed from one parental allele and often clustered. Most imprinted genes (yellow)
are found in clusters that include multiple protein-coding mRNAs (IG) and at least one noncoding RNA (IG-NC).
Nonimprinted genes can also be present (NI in gray). The imprinting mechanism is cis acting and imprinted
expression is controlled by an imprint control element (ICE) that carries an epigenetic imprint inherited from
one parental gamete. One pair of diploid chromosomes is shown: the pink is of maternal origin and the blue of
paternal origin. Arrow, expressed gene; slashed circle, repressed gene.

NI IG IG G-
DMR IG-NC NI

NI IG IG IG-NC NIdel

NI IG IG G-
DMR IG-NC NI

NI IG IG IG-NC NIdel

Nonimprinted chromosomeImprinted chromosome

No changes in gene expression Expression resembles “imprinted” chromosome

Figure 6. Imprinted expression is regulated by gametic DMRs (G-DMR). (Left) The effect of deleting the gametic
DMR from the imprinted chromosome (green). (Right) The effect of deleting the G-DMR from the nonimprinted
chromosome (yellow). In many imprinted clusters (e.g., Igf2r, Kcnq1, and Dlk1), experimental deletion of the G-
DMR only affects the chromosome carrying the nonimprinted G-DMR. This results in a loss of repression of the
imprinted protein-coding mRNA genes (IG) and a gain of repression of the imprinted lncRNA gene (IG-NC). Note
that in some imprinted clusters (Igf2 and Pws) that are not illustrated here, the methylated G-DMR appears also to
be required for expression of some of the imprinted mRNAs in cis. del, deleted DNA; G-DMR, gametic differentially
DNA-methylated region; NG, nonimprinted gene; arrow, expressed allele; slashed circle, repressed allele; imprint,
epigenetic modification leading to a change in gene expression in cis.
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DMR in the Igf2 cluster, however, does not directly promote
H19 transcription, but changes the interaction between Igf2
and H19 and their shared enhancers, and in this way regu-
lates their expression. Despite these differences, in general,
the unmethylated gametic DMR is implicated in all six clus-
ters as a positive regulator of lncRNA expression, and the
presence of the DNA methylation imprint is associated with
repression of the lncRNA. The conclusion from the data
obtained from deletion of gametic DMRs clearly identifies
these regions as an ICE, whose activity is regulated by DNA
methylation.

3.4 Imprinted Gene Clusters Contain at Least
One lncRNA

The majority of imprinted clusters contain an lncRNA,
which is currently defined as a noncoding transcript
.200 nucleotides (Guttman and Rinn 2012). lncRNAs,
with the exception of those involved in RNA processing
and translation, were previously thought to be a rarity in
the mammalian genome. Now, because of the availability
of the mouse and human genome sequence, transcriptome
analyses have resulted in the identification of all RNA tran-
scripts in a given cell population. This work has shown that
a large part of the mammalian transcriptome is composed
of lncRNAs. There are several types of mammalian non-
coding RNAs (ncRNAs) that possess gene regulatory func-
tions, including “short” ncRNAs that participate in
silencing pathways (Martienssen and Moazed 2014), “lon-
ger” processed lncRNAs such as Xist, which are involved
in X-chromosome activation or inactivation (Brockdorff
and Turner 2014; Kuroda and Lucchesi 2014), and lncRNAs
that are associated with cis or trans activation or silencing of
protein-coding genes (Allis et al. 2014; essay by Rinn 2014).

What types of lncRNAs are associated with imprinted
gene clusters? The analysis of the lncRNAs associated with
the well-characterized imprinted clusters shown in Table 1
is still incomplete, highlighting some similarities, but also
some differences. Three imprinted lncRNAs are unusually
long mature RNAs: Airn is 108 kb (Lyle et al. 2000),
Kcnq1ot1 is �100 kb (Pauler et al. 2012), and Ube3aas
may be .1000 kb (Landers et al. 2004). The H19 lncRNA,
in contrast, is only 2.3 kb (Brannan et al. 1990). The Gtl2
lncRNA contains multiple alternatively spliced transcripts;
however, downstream intergenic transcription has also
been noted, suggesting longer transcription units are likely
(Tierling et al. 2005). Nespas lncRNA is larger than can be
resolved on RNA blots and the full size exceeds 27 kb (Rob-
son et al. 2012). These latter lncRNAs appear to be intron
poor with a low intron–exon ratio or are unspliced as ma-
ture transcripts (Seidl et al. 2006; Pandey et al. 2008). One
further feature is that three imprinted lncRNAs (H19,

Ube3aas, and the Gtl2 downstream transcripts) act as host
transcripts for snoRNAs (small nucleolar RNAs that direct
modifications to ribosomal RNA, snRNAs, and possibly
mRNAs thereby acting as posttranscription regulators)
and miRNAs (micro RNAs). The snoRNAs are not directed
toward the imprinted mRNA genes in the cluster and it is
presently unclear if they play a role in the imprinting mech-
anism itself (Seitz et al. 2004). Similarly, the miRNAs in the
H19 and Gtl2 lncRNAs are involved in posttranscriptional
repression of mRNA genes, but do not play a direct role in
regulating imprinted expression of the cluster (Davis et al.
2005; Keniry et al. 2012).

Two features of imprinted lncRNAs indicate they may
play a role in the silencing of the imprinted mRNA (i.e.,
protein-coding) genes in the cluster. The first is that the
lncRNA generally shows reciprocal parental-specific ex-
pression compared to the imprinted mRNA genes (Table
1). Second, the DMR that carries the gametic methylation
imprint, which controls imprinted expression of the whole
cluster, overlaps with the lncRNA promoter in multiple
instances (Airn region2, KvDMR1, Snrpn-CGI, and Nes-
pas-DMR). This finding could indicate that imprints
evolved to regulate the lncRNA in each imprinted cluster.
This interpretation is supported by experiments that delet-
ed the unmethylated sequence carrying the gametic DMR
causing a loss of lncRNA expression concomitant with a
gain of expression of imprinted mRNA genes (Fig. 6) as
tested at the Igf2r, Kcnq1, Gnas, Pws, and Dlk1 clusters
(Wutz et al. 1997; Bielinska et al. 2000; Fitzpatrick et al.
2002; Lin et al. 2003; Williamson et al. 2006).

Experiments that directly test the role of the lncRNA
itself have now been performed for a number of loci (Airn,
Nespas, Kcnq1ot1, and H19 lncRNAs). These lncRNAs were
analyzed by genetic manipulation of the endogenous locus.
The first three loci were assayed by inserting a polyadeny-
lation signal to truncate the lncRNA. Truncation of the
108-kb Airn lncRNA to 3 kb showed that the lncRNA itself
is necessary to silence all three mRNA genes in the Igf2r
cluster, indicating a clear regulatory role for this lncRNA
(Sleutels et al. 2002). Truncation of the �100-kb Kcnq1ot1
lncRNA to 1.5 kb also showed that this lncRNAwas directly
needed to silence all 10 mRNA genes in the larger Kcnq1
cluster (Mancini-DiNardo et al. 2006). And last, truncation
of the �27-kb Nespas lncRNA showed it was necessary to
silence the overlapped Nesp gene in the Gnas imprinted
cluster (Williamson et al. 2011). In contrast, precise dele-
tion of the H19 ncRNA had no effect on imprinting in the
Igf2 cluster in endoderm tissues, although some loss of
imprinting was seen in mesoderm tissue (Schmidt et al.
1999). Thus, three maternally imprinted clusters (Igf2r,
Kcnq1, and Gnas) share a common lncRNA-dependent
silencing mechanism, whereas the single paternally im-
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printed cluster (Igf2) so far examined uses a different, in-
sulator-dependent model (see Section 3.6).

3.5 The Role of DNA Methylation in Genomic
Imprinting

The identification of the first three endogenous imprinted
genes in 1991 enabled investigators to study how the cell’s
epigenetic machinery marked an imprinted gene with its
parental identity. The first and most easily testable candi-
date was DNA methylation, a modification in mammals
that covalently adds a methyl group to the cytosine resi-
due in CpG dinucleotides. DNA methylation is acquired
through the action of de novo methyltransferases and
maintained in situ each time the cell divides by the action
of maintenance methyltransferases (see Li and Zhang
2014). Hence, this modification fulfills the criteria outlined
in Fig. 3 for a parental identity mark or “imprint” because
(1) it can be established in either the sperm or oocyte by de
novo methyltransferases that act only in one gamete, (2) it
can be stably propagated at each embryonic cell division by
a maintenance methyltransferase, and (3) it can be erased
in the germline to reset the imprint in the next generation,
either by passive demethylation (DNA replication followed
by the failure to undergo maintenance methylation) or
through the action of a demethylating activity (possibly
through conversion of 5-methylcytosine to 5-hydroxy-
methylcytosine by the ten-eleven translocation family of
enzymes or through excision of 5-methylcytosine by the
DNA repair machinery [Tan and Shi 2012; see Fig. 6 of Li
and Zhang 2014]).

DNA methylation could potentially perform two differ-
ent functions in genomic imprinting. It could act as the
imprinting mark by being acquired de novo only by the
chromosomes in one gamete. It could also serve to silence
one of the parental alleles because DNA methylation is as-
sociated with gene repression (Li and Zhang 2014). To de-
termine which function it has, it is first necessary to show
that DNA methylation is present only on one parental chro-
mosome (i.e., that it is a DMR). Second, it is necessary to
identify which imprinted gene in the cluster and which
regulatory sequences are marked by DNA methylation.
The location of methylation marks on a promoter, or on
distant positive or negative regulatory elements will have
different consequences for gene expression. Finally, it is
necessary to identify when the DMR forms during devel-
opment. If it forms during gametogenesis and is continu-
ously maintained in place in somatic cells (known as a
gametic DMR), it may serve as the imprinting mark. If,
however, it is placed on the gene after the embryo has be-
come diploid when both parental chromosomes are in the
same cell (known as a somatic DMR), it is unlikely to serve

as the identity mark, but may serve to maintain parental-
specific silencing.

Parental allele-specific DNA methylation has been
found at most imprinted clusters that have been examined.
For example, the Igf2 cluster has a gametic DMR located
2 kb upstream of the H19 lncRNA promoter that is meth-
ylated only in the paternal gamete and is maintained there-
after in all somatic tissues (Bartolomei et al. 1993). A similar
gametic DMR was identified covering the promoter of the
Airn lncRNA, present only on the silent maternal gene copy,
and acquired in the female gamete (Stoger et al. 1993).
Surprisingly, gametic DMRs were not identified at the pro-
moters of the principal imprinted protein-coding genes in
these clusters (respectively, Igf2 and Igf2r). Instead, the si-
lenced Igf2 promoter is free of DNA methylation, whereas
the silenced Igf2r promoter lies within a somatic DMR that
is placed after fertilization (Sasaki et al. 1992; Stoger et al.
1993). Similar findings of gametic DMRs methylated on
the chromosome carrying the silent copy of the imprinted
lncRNA (as illustrated in Fig. 6) have been made for other
well-studied imprinted gene clusters, including Pws, Kcnq1,
Gnas, Dlk1, and Grb10 (Shemer et al. 1997; Liu et al. 2000;
Takada et al. 2002; Yatsuki et al. 2002; Shiura et al. 2009).

Somatic DMRs are relatively rare but have been report-
ed for some imprinted clusters, which suggests that this
type of epigenetic modification plays a limited role in main-
taining imprinted gene expression (Stoger et al. 1993;
Moore et al. 1997; Yatsuki et al. 2002; John and Lefebvre,
2011). Deletions of gametic DMRs in mice result in com-
plete loss of imprinting for multiple genes, thereby proving
that this class of DMRs also serves as a major ICE for the
whole cluster (Fig. 6) (Wutz et al. 1997; Thorvaldsen et al.
1998; Bielinska et al. 2000; Fitzpatrick et al. 2002; Lin et al.
2003; Williamson et al. 2006). In contrast, deletion of the
somatic DMRs affects expression of the adjacent imprinted
gene, but imprinted expression is maintained by other
genes in the cluster (Constancia et al. 2000; Sleutels et al.
2003).

Genome-wide deficiency in DNA methylation caused
by mutations in the Dnmt gene family underscores the es-
sential role of DNA methylation in regulating imprinted
gene expression. Mutations in the de novo DNA methyl-
transferase Dnmt3a, the DNA methyltransferase stimu-
latory factor Dmnt3L, or the Dnmt1 maintenance DNA
methyltransferase generate DNA methylation deficient em-
bryos that show alterations in imprinted gene expression.
The type of perturbations shown for four imprinted clusters
(Igf2, Igf2r, Kcnq1, and Dlk1) indicates that DNA methyla-
tion is generally acting to suppress the action of the gametic
DMR. Thus, in the absence of DNA methylation, the ga-
metic DMR cannot function appropriately (i.e., cannot
silence the lncRNA). As a consequence, the lncRNA is ab-
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errantly expressed and several imprinted protein-coding
genes, including Igf2, Igf2r, Kcnq1, and Dlk1, become re-
pressed on both parental chromosomes. This indicates that
these mRNA genes require epigenetic modification of a
cis-regulatory element to be expressed. Notably, the H19
lncRNA that is normallyonlyexpressed on the chromosome
carrying the unmethylated gametic DMR becomes ex-
pressed on both parental chromosomes. Some exceptions
to this general pattern have been reported for genes that
show imprinted expression only in the placenta (Lewis
et al. 2004).

Are other types of epigenetic modification used as ga-
metic imprints? Given the sheer abundance of epigenetic
mechanisms acting to modify genetic information in the
mammalian genome, DNA methylation is unlikely to be
the only imprinting mechanism. Histone modifications
that affect chromatin activity states are also likely candi-
dates for parental imprints because they could fulfill many
of the prerequisites shown in Fig. 3. In one example, the
Polycomb group protein known as EED (part of the PRC2
complex that catalyzes methylation of H3K27, i.e., histone
H3 at lysine 27) has been shown to affect a few paternally
repressed genes in the placenta. The effects of Eed mutation
on genomic imprinting, however, are relatively minor com-
pared to that of DNA methylation (Mager et al. 2003). In
another example, the EHMT2 histone methyltransferase
acting specifically on H3K9 is required to repress a few
imprinted genes, but also only in the placenta (Nagano
et al. 2008). Thus, evidence to date suggests that histone
modifications and modifying enzymes play a minor role in
genomic imprinting.

Although much is known about the identity and epige-
netic modifications of gametic DMRs, much less is known
about how these sequences are chosen for methylation in
the gametes. To date, many more maternally than paternally
methylated gametic DMRs have been identified (Bartolo-
mei and Ferguson-Smith 2011). The maternally methylated
DMRs are methylated during oocyte growth and the pater-
nally methylated DMRs are methylated prenatally in pros-
permatogonia (Fig. 7) (Lucifero et al. 2002). For maternal
gametic DMRs, a sequence comparison of known gametic
DMRs reveals no striking sequence conservation although
some contain a series of direct repeats that may adopt a
secondary structure that attracts DNA methylation (Neu-
mann et al. 1995). The tandem direct repeats in the Igf2r
cluster gametic DMR have, for instance, been shown to be
essential for oocyte-specific DNA methylation (Koerner
et al. 2012). Those in the Kcnq1 cluster gametic DMR, how-
ever, are not essential (Mancini-DiNardo et al. 2006). An-
other feature of maternal DMRs is that they are markedly
CpG rich compared to the remainder of the genome. One
idea for how these regions are recognized comes from the

structural analysis of the complexed carboxy-terminal do-
mains of DNMT3A and DNMT3L, which was obtained by
X-ray crystallography (Jia et al. 2007). A tetrameric complex
consisting of these two enzymes preferentially methylates a
pair of CpGs that are 8–10 base pairs apart (Cheng 2014).
Such spacing is found in maternally methylated, but not in
paternally methylated imprinted loci. This CpG spacing,
however, is widespread in the genome, questioning the spe-
cificity of such a mechanism or indicating that additional
features are required (Ferguson-Smith and Greally 2007).
Additional specificity has been suggested by the demonstra-
tion that DNMT3L interacts with the amino terminus of
histone H3 if the H3K4 residue is unmethylated, and pro-
motes local DNA methylation (for more detail, see Ooi et al.
2007; Cheng 2014). Another factor contributing to the spe-
cificity of de novo DNA methylation at DMRs in the oocyte
is transcription across differentially methylated regions
(Chotalia et al. 2009). Importantly, only protein-coding
transcripts traversing the germline ICEs are thought to be
involved in DNA methylation establishment. Although it is,
as yet, unclear how this transcription may be attracting
the DNA methylation machinery, it has been suggested
that transcription across ICEs is required to establish or
maintain open chromatin domains that are permissive for
the establishment of DNA methylation. To investigate and
define the mechanism further, it will be necessary to de-
scribe the temporal relationship between transcription
and de novo DNA methylation in greater detail. Neverthe-
less, CpG spacing, posttranslational histone modifications,
and transcription in oocytes could provide a starting point
for the acquisition of maternal-specific DNA methylation
imprints.

There is far less information regarding how paternal-
specific DNA methylation imprints are established in the
male germline. Nevertheless, early experiments suggest
there could be some similarities with the female germline.
It has recently been shown that high transcriptional read-
through, predominantly from one strand, is detected at two
paternal gametic DMRs in primordial germ cells, H19-
DMD and IG-DMR, at the time of imprint establishment
(Henckel et al. 2011). It also appears that maternal gametic
DMRs, which are protected from DNA methylation, are
enriched for H3 lysine 4 trimethylation (H3K4me3) in
male primordial germ cells.

One of the most mysterious questions in genomic im-
printing is how the DNA methylation marks at imprinted
genes escape the genome-wide reprogramming that occurs
after fertilization, including the DNA demethylation that
occurs in the preimplantation embryo and the subsequent
wave of de novo DNA methylation (Fig. 7) (see Morgan et al.
2005; Fig. 3 in Li and Zhang 2014). It is likely that a com-
bination of cis-acting sequences and trans-acting factors are
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mediating the protection. One maternal factor, PGC7/
STELLA, appears to have a general role in maintaining
DNA methylation in the early mouse embryo through in-
teractions with H3K9me2 (Nakamura et al. 2012). Howev-
er, a factor that may be more specific for imprinted genes is
ZFP57. Studies have shown that ZFP57 mutations identified
in transient neonatal diabetes patients are associated with
defects in DNA methylation at multiple imprinted loci
(Mackay et al. 2008). Additionally, Zfp57 null mice show
embryonic lethality and loss of imprinting at many (but not
all) loci (Li et al. 2008). More recently, it has been shown
that ZFP57 binds to cofactor KAP1, which can then recruit
other epigenetic regulators (Quenneville et al. 2011). Thus,
sequence- and DNA methylation-dependent binding of
ZFP57 could act as an anchor to specify allelic binding of

KAP1, which would subsequently recruit other major re-
pressive epigenetic regulators such as SETDB1, HP1,
DNMT1, DNMT3A, and DNMT3B to the heterochromat-
ic, silenced allele at imprinted loci. It is possible that other
yet-to-be-identified proteins also maintain DNA methyla-
tion at imprinted loci in the early embryo.

3.6 Two Types of cis-Acting Silencing Identified
in Imprinted Gene Clusters

Currently, two major classes of cis-acting silencing mecha-
nisms are hypothesized to govern imprinting at various
clusters: the insulator model applicable to the Igf2 cluster
and the lncRNA-mediated silencing model applicable to
the Igf2r and Kcnq1 clusters. Although not yet completely
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Figure 7. Establishment, maintenance, and erasure of genomic imprints in mouse development. In the germline,
primordial germ cells (PGCs) undergo multiple changes in chromatin structure and DNA demethylation during
migration into the genital ridge (gonad). Imprints are then acquired in a sex-specific manner in the germline (green
shading). DNA methylation is targeted specifically to paternally and maternally DNA-methylated ICEs—prenatally
in prospermatogonia and postnatally during oocyte maturation. These imprints are maintained despite global
changes in DNA methylation after fertilization (orange shading): active demethylation of the paternal genome in
the zygote and passive maternal demethylation in the preimplantation embryo. Candidates for protection of
methylation regions include ZFP57 and PGC7/STELLA. De novo DNA methylation of the genome begins at the
morula stage, during which time unmethylated alleles of imprinted genes must be protected. These imprints are
maintained in somatic cells throughout the lifetime of the organism, whereas imprinting in extraembryonic tissues
is thought to be less dependent on maintenance of DNA methylation. In the germline, imprints are erased and reset
for the next generation (red shading). PTM, post-translational modification; MAT, maternal genome; PAT, paternal
genome.
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defined, most of the clusters in Table 1 incorporate aspects
of one of the two models. The breakthrough that led to the
definition of the insulator model at the Igf2 locus was the
deletion of the gametic DMR (H19-DMD) that is located
2 kb upstream of the start of H19 transcription and 80 kb
downstream of Igf2 (Fig. 8) (Thorvaldsen et al. 1998).
When deleted, H19 and Igf2 showed a loss of imprinting
regardless of whether the deletion was inherited maternally
or paternally, identifying this DMR as an ICE. It was sub-

sequently shown that this ICE bound CTCF, a protein
shown to mediate insulator activity at the beta-globin locus,
and that the ICE itself functioned as an insulator (Bell and
Felsenfeld 2000; Hark et al. 2000). In this context, an insu-
lator is defined as an element that blocks enhancer and
promoter interactions when placed between them. Thus,
the model for imprinted gene expression at this locus is as
follows: on the maternal allele, CTCF binds to the ICE and
blocks the access of Igf2 and Ins2 to enhancers shared with

Ins2

A

Igf2 ICE H19-NC

Insulator model-Igf2 cluster

Insulator blocks mRNA activation; enhancers activate ncRNA.

E

Ins2 Igf2 ICE H19-NC E

activate ncRNA.

ICE H

Me

Mat

Pat

Paternal CH3 methyl imprint silences ICE and ncRNA; enhancers activate mRNAs.

Slc22a3 Slc22a2 Mas 1
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Air lncRNA silences three genes in cis.
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Me
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lncRNA Model-Igf2r clusterB
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Figure 8. Two cis-acting silencing mechanisms at imprinted gene clusters. (A) Insulator model for the Igf2 cluster.
The expression pattern for endoderm is shown. On the maternal chromosome, the unmethylated ICE binds the
CTCF protein and forms an insulator that prevents the common endoderm enhancers (E) from activating Igf2 and
Ins2. Instead the enhancers activate the nearby H19 lncRNA promoter. On the paternal chromosome, the methylated
ICE cannot bind CTCF and an insulator does not form; hence the Igf2 and Ins2 mRNA genes are expressed only on
this chromosome. The H19 lncRNA is methylated, most likely because of spreading from the 2-kb distant meth-
ylated ICE, and silenced. (B) lncRNA model for the Igf2r cluster. The expression pattern for placenta is shown. On
the maternal chromosome, the methylated ICE contains the Airn lncRNA promoter that is directly silenced by the
DNA methylation imprint. The Igf2r, Slc22a2, and Slc22a3 mRNA genes are expressed only on this chromosome.
Mas1 and Slc22a1 are not expressed in placenta (filled diamond). On the paternal chromosome, the Airn lncRNA
promoter lying in the unmethylated ICE is expressed and silences Igf2r (in part by kicking off RNA polymerase II),
Slc22a2, and Slc22a3 in cis. Note that in both models, the DNA methylation imprint silences the lncRNA and permits
mRNA expression. ICE, imprint control element; gray arrow, expressed allele of an imprinted gene; slashed circle,
repressed allele of an imprinted gene; thick gray arrows, long distance effect in cis.
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the H19 lncRNA that are located downstream of the three
genes. This thereby allows H19 exclusive access to the en-
hancers (Fig. 8). On the paternal allele, the ICE acquires
DNA methylation in the male germline, preventing CTCF
from binding to it. Thus, on the paternal chromosome, Igf2
and Ins2 interact with the enhancers and are expressed from
this chromosome. The presence of DNA methylation on
the paternal ICE leads to secondary methylation of the H19
promoter by an unknown mechanism and it becomes
silenced on the paternal chromosome. Although the insu-
lator model is widely accepted, it is unclear how the insu-
lator acts at this locus. One of the most widely held views is
that CTCF interacts with DNA molecules in cis to insulate
genes through the formation of chromatin loops (for more
detail, see Dekker and Misteli 2014). Moreover, it has been
shown that cohesin interacts with CTCF to form these
loops (Nativio et al. 2009). The involvement of CTCF in
the insulator model has led to the identification of CTCF
binding sites at other imprinted genes such as Rasgrf1,
Grb10, and Kcnq1ot1, indicating that the insulator model
may operate in other imprinted clusters.

The lncRNA class of imprinting model may, however, be
more common. The breakthrough that led to the identifi-
cation of functional ncRNAs in imprinted clusters was an
experiment that truncated the 108-kb Airn lncRNA to 3 kb
(Sleutels et al. 2002). This shortened lncRNA retained im-
printed expression and the Airn promoter retained imprint-
ed DNA methylation—yet silencing of all three mRNA
genes in the Igf2rcluster was lost (Fig. 8). lncRNA-mediated
silencing has also now been shown to operate at the Kcnq1
cluster (Mancini-DiNardo et al. 2006), although in a tissue-
specific manner, suggesting that another mechanism such
as one that uses insulators may also be involved at this
cluster (Shin et al. 2008), and in the Gnas imprinted cluster
(Williamson et al. 2011). At this time it is not precisely
known how lncRNAs silence genes but many models are
possible. Two possibilities arise from the sense–antisense
overlap between an mRNA and the lncRNA that occurs in
each cluster. The first possibility is that double-stranded
RNA can form between the mRNA and lncRNA and induce
RNA-interference (RNAi) (described in Martienssen and
Moazed 2014). Absence of the RNAi machinery, however,
does not affect imprinted expression in the Kcnq1 cluster
(Redrup et al. 2009). Thus, a second possibility is that this
sense–antisense overlap causes a form of transcriptional
interference of a promoter or an enhancer, which affects
transcription from the mRNA promoter (Pauler et al.
2012). In this case, the first event could be silencing of the
overlapped promoter or enhancer followed by accumula-
tion of repressive chromatin that can spread and induce
transcriptional gene silencing throughout the cluster. Evi-
dence for this model comes from a series of recombinant

endogenous chromosomes generated at the Igf2r/Airn lo-
cus in ES (embryonic stem) cells (Latos et al. 2012). The
onset of allele-specific expression at this locus in the embryo
can be recapitulated by ES cell differentiation, in which Igf2r
is initially biallelically expressed, but the initiation of Airn
expression results in Igf2r imprinting (Latos et al. 2009). To
test whether Airn transcription or the lncRNA itself was
required for Igf2r silencing, Airn was shortened to different
lengths, with the result that silencing only required Airn
transcription overlap of the Igf2r promoter, which interferes
with RNA polymerase II recruitment (Latos et al. 2012).
This model suggests that Airn acts predominantly through
its transcription rather than as an lncRNA.

It is, however, also possible that imprinted lncRNAs act
bycoating the local chromosomal region and directly recruit
repressive chromatin proteins to the imprinted cluster, in a
manner similar to that described for the action of the Xist
lncRNA in X-chromosome inactivation (Brockdorff and
Turner 2014). Evidence for a function of the lncRNA in
recruitment of histone posttranslational modification ma-
chinery comes from experiments in placental tissues. RNA
fluorescence in situ hybridization experiments showed that
Airn and Kcnq1ot1 form RNA clouds at their site of tran-
scription (Nagano et al. 2008; Pandey et al. 2008; Terranova
et al. 2008; Redrup et al. 2009). Terranova and colleagues
show that these long ncRNAs are associated with a repressive
histone compartment and Polycomb group proteins (Ter-
ranova et al. 2008). This nuclearcompartment is also devoid
of RNA polymerase II and exists in a three-dimensionally
contracted state. Other studies on the Airn lncRNA go fur-
ther in suggesting that the lncRNAs actively recruit repres-
sive histone modifications (Nagano et al. 2008), but only in
the placenta. In this latter case, Airn was shown to actively
recruit the EHMT2 H3K9 methyltransferase. This resulted
in the paternal-specific silencing of the Slc22a3 gene but not
the Igf2r gene. These experiments indicate that lncRNA-
mediated silencing of imprinted genes may depend on dif-
ferent downstream mechanisms.

Importantly, other mechanisms of imprinted gene reg-
ulation are likely. For example, Wood and colleagues de-
scribed a new imprinted locus (H13) in which alternative
polyadenylation sites are used in an allele-specific manner
(Wood et al. 2008). The H13 gene contains a maternally
methylated internal CpG island that acquires DNA meth-
ylation in oocytes (it has not been tested for ICE activity
yet). Hypermethylation of this CpG island ensures syn-
thesis of the full length and functional H13 gene transcript
from the maternal chromosome. Experiments showed
that the unmethylated CpG island on the paternal allele
allowed transcription from the promoter for the Mcts2
retrogene. Mcts2 expression, in turn, correlates with the
premature polyadenylation of H13 and, hence, expression
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of truncated H13 transcripts. This locus raises the possibil-
ity that other less widely used mechanisms of genomic
imprinting will be identified once the full catalog of im-
printed genes is elucidated.

4 GENOMIC IMPRINTING—A MODEL FOR
MAMMALIAN EPIGENETIC REGULATION

Studying genomic imprinting has an advantage over other
mammalian epigenetic gene regulation models because
both the active and inactive parental allele reside in the
same nucleus and are exposed to the same transcriptional
environment (Bartolomei 2009; Barlow 2011). As a result,
any epigenetic difference between the two parental alleles is
more likely to correlate to their transcriptional state in
contrast to “before and after” epigenetic systems, in which
epigenetic changes may also reflect the altered differentia-
tion state of the cell. The presence of both the active and
silent parental allele in the same nucleus makes genomic
imprinting an ideal system to study epigenetic gene regu-
lation. At the same time, it imposes a difficulty because it is
necessary to first distinguish between the parental alleles so
that specific features associated with gene activity and si-
lencing can be attributed to the right parental allele. This
difficulty has been largely overcome in the mouse by the
development of model systems that allow the maternal
and paternal chromosomes to be distinguished (Fig. 1).
Despite the fact that epigenetic gene regulatory mecha-
nisms are highly conserved in evolution, there are likely
to be differences that relate to the type of genome organi-
zation for each organism. The mammalian genome shows
an unusual organization that intersperses genes with high
copy number repeats (also known as transposable ele-
ments). This greatly increases the length of most genes as
well as the distance between adjacent genes. This contrasts
with other model organisms such as yeast, nematodes,
plants, and Drosophila, whose genomes show a tendency
toward remaining repeat-free or, at least to separate repeats
from genes (for organismal comparisons, see Rabinowicz
et al. 2003; Fig. 19 of Allis et al. 2014). How can genomic
imprinting contribute to an understanding of mammalian
epigenetics? Although the characterization of imprinted
gene clusters is far from complete, they clearly have the
potential to provide information about how genes are con-
trolled in local regions or domains. To date, imprinted gene
clusters have already provided examples of cis-acting DNA
sequences that are regulated by DNA methylation, genes
that are silenced by default in the mammalian genome
and require epigenetic activation to be expressed, long-
range regulatory elements that can act as insulators, and
unusual lncRNAs that silence large domains of genes in cis.
Time will tell whether these types of epigenetic regulatory

mechanisms are unique to imprinted clusters or whether
they can also be found regulating expression of nonim-
printed genes in the mammalian genome.

5 FUTURE DIRECTIONS

Genomic imprinting has been the focus of intense interest
since the discovery of the first imprinted genes in mammals
in 1991. Whereas early experiments relied on molecular
and genetic strategies to identify imprinted genes, high-
throughput technology on polymorphic individuals is al-
lowing the complete determination of imprinted genes
(Deveale et al. 2012) and regions containing parental-spe-
cific DNA methylation (Xie et al. 2012). These experiments
are indicating that most genes showing ubiquitous im-
printed expression have already been identified (http://
www.mousebook.org/catalog.php?catalog¼imprinting).
However, it is possible that some genes showing tissue-
specific imprinted expression remain to be identified
(Prickett and Oakey 2012). Some questions still await con-
clusive answers, particularly those concerning why mam-
mals alone among vertebrates use imprinted genes to
regulate embryonic and neonatal growth. This lack of
knowledge contrasts with the extensive progress during
the intervening 20 years on elucidating the epigenetic
mechanisms controlling imprinted expression in mam-
mals. From this information, we think we understand the
general principles of how the imprinting mechanism op-
erates at imprinted gene clusters, although all the details are
still not clear. At this stage, it is clear that genomic imprint-
ing uses the cell’s normal epigenetic machinery to regulate
parental-specific expression, and that everything is set in
motion by restricting this machinery in the gamete to just
one parental allele. Although there are general similarities
in the mechanism controlling imprinted expression at dif-
ferent gene clusters, it is not yet understood how many
variants of this mechanism exist in the mammalian ge-
nome. In the future, it will also be of interest to determine
to what degree nonimprinted genes are controlled by the
epigenetic mechanisms described for imprinted gene clus-
ters. Ultimately, transferring this knowledge for therapeu-
tic use in humans, for example, by inducing re-expression
of the silent parental alleles in patients with the Prader-
Willi and Angelman syndromes to ameliorate their symp-
toms would be of great benefit (for further discussion, see
Huang et al. 2011; Beaudet and Zoghbi 2014). An under-
standing of the way the cell controls epigenetic information
is of increasing importance, with the realization that epi-
genetic regulation can also be disturbed in cancers (Jones
and Baylin 2014), in assisted reproductive technologies
and also in the aging process (Rando and Chang 2012;
Berger and Sassone-Corsi 2014). An improved understand-
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ing of genomic imprinting will undoubtedly continue to
provide an important model to discover how the mamma-
lian genome uses epigenetic mechanisms to regulate gene
expression.
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