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Abstract Epigenetic mechanisms play a key role in regulating gene expression.

One of the best-studied epigenetic modifications is DNA methylation at cytosine

residues of CpG dinucleotides in gene promoters, transposons and imprinting

control regions (ICR). Genomic imprinting refers to the epigenetic marking of

genes that results in monoallelic expression, depending on their parental origin.

Several hormone genes involved in embryonic and fetal growth are imprinted.

There are two critical time periods in epigenetic reprogramming: gametogenesis

and early preimplantation development. Major reprogramming takes place in

primordial germ cells in which parental imprints are erased and totipotency is

restored. Imprint marks are then re-established during spermatogenesis or oogen-

esis, depending on sex. Upon fertilization, there is genome-wide demethylation

followed by a wave of de novo methylation, both of which are resisted by imprinted

loci. Disruption of imprinting causes disorders involving growth defects, such as

the Beckwith-Wiedemann overgrowth syndrome (BWS) and Silver-Russell syn-

drome (SRS) with the opposite phenotype, involving intrauterine and postnatal

growth retardation. These growth disorders are caused, in most cases, by abnormal

DNA methylation at the 11p15 imprinted region that contains many imprinted

genes, including Insulin-like Growth Factor 2 (IGF2). Loss of methylation

(LOM) on the maternal allele at the centromeric ICR2/KCNQ1OT1 region or gain

of methylation (GOM) on the maternal allele at the telomeric ICR1/IGF2/H19
region has been shown in BWS. This latter defect is associated with a higher risk of
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Paris, France

Centre de Recherche de Saint-Antoine, UPMC Paris 6, UMR_S938, 75012 Paris, France

Centre de Recherche de Saint-Antoine, INSERM, UMR_S938, 75012 Paris, France

e-mail: yves.le-bouc@inserm.fr

J.R. Seckl and Y. Christen (eds.), Hormones, Intrauterine Health and Programming,
Research and Perspectives in Endocrine Interactions 12,

DOI 10.1007/978-3-319-02591-9_8, © Springer International Publishing Switzerland 2014

101

mailto:yves.le-bouc@inserm.fr


pediatric tumors, such as nephroblastoma. By contrast, LOM on the paternal allele

at the telomeric ICR1 is observed in SRS. There is an abnormally high prevalence

of conceptions by assisted reproductive technology (ART) among patients with

BWS and SRS, suggesting that ART may favor imprinting alterations at the

imprinted centromeric 11p15 locus (LOM at the maternally methylated ICR2 or

LOM at the paternally methylated ICR1, respectively). The underlying cause of

these imprinting defects (following ART or occurring spontaneously) remains

unclear. However, recent data indicate that, in patients with BWS or SRS, including

those born following ART for BWS, the methylation defect involves imprinted loci

other than 11p15. Moreover, some patients exhibit LOM at both maternally and

paternally methylated ICR, which suggests that unfaithful maintenance of DNA

methylation marks following fertilization involves the dysregulation of a trans-
acting regulatory factor.

Introduction

The genetic code has been known for decades; in contrast, epigenetic mechanisms

controlling gene expression were discovered within the last 30 years. Epigenetic

mechanisms are involved in many physiological processes, including during devel-

opment. Genomic imprinting (also called parental imprinting) refers to the epige-

netic marking of genes, resulting in monoallelic expression depending on the

parental origin. Several human syndromes are associated with the failure of main-

tenance and/or establishment of genomic imprinting (Azzi et al. 2013). The fetal

overgrowth syndrome, Beckwith-Wiedemann syndrome (BWS), and the intrauter-

ine and postnatal growth retardation syndrome, Silver-Russell syndrome (SRS), are

both due to imprinting defects. Here, we review clinical aspects of BWS and SRS,

including the relationships between phenotype and (epi)/genotype. We also

describe epigenetic and genetic anomalies leading to the imprinting defects (iso-

lated locus or multilocus) involved in these developmental diseases, and we con-

sider the potential role of environmental factors such as assisted reproductive

technology (ART) in the occurrence of imprinting defects.

Epigenetics and Genomic Imprinting

Epigenetic modifications of the genome play important roles in the regulation of

gene expression in diverse cell lineages. Epigenetic marks are various changes to

the chromatin but do not include changes in the nucleotide sequence of the DNA

(genetic code). Epigenetic marks are dynamically reprogrammed but, once

established, they are stably transmitted to daughter cells during mitosis. Epigenetic
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modifications regulate the expression of genes and confer cell lineage specificity.

The nucleosome is the basic unit of chromatin organization and consists of an

octamer of histone proteins around which wraps the strand of DNA (Fig. 1). The

best-known epigenetic marks are DNA methylation at CpG islands (DNA domains

rich in CG dinucleotides) and various post-translational modifications (notably

acetylation and methylation) of histones H3 and H4. In any particular region of

chromatin, a combination of post-translational modifications of histones (histone

code) and the DNA status (methylated/unmethylated) induces either compaction of

the chromatin (repressive form) or decondensation of the chromatin (active form;

Reik et al. 2001).

In general, DNA methylation is associated with histone deacetylation in regions

where chromatin is compacted and thus gene expression is prevented. However,

when the DNA is demethylated and histones acetylated, chromatin is in an open

conformation. Thus, two loci can be identical in nucleotide sequence (genetic code)

but, due to genomic imprinting, they can be functionally different. Expression is

monoallelic: one of the two parental alleles is expressed and the other is silent. The

two alleles have different epigenetic modifications (DNA methylation and post-

translational histone modifications: including methylation and/or acetylation)

according to their parental origin, resulting in the expression or non-expression of

a gene (Fig. 1). Parental imprinting was identified in mammals in the 1980s through

nuclear transfer experiments that demonstrated the non-equivalence of the two

parental genomes: zygotes generated with two maternal genomes (gynogenotes)

led to embryo development but no development of the embryonic annexes, whereas

the zygotes generated with two paternal genomes (androgenotes) developed embry-

onic annexes but failed to develop an embryo. These experiments showed the

importance of the contribution of both parental genomes to achieve normal devel-

opment and suggested that some genes are expressed from only the paternal or the

maternal allele (McGrath and Solter 1984).

These genes were called imprinted genes. One of the first imprinted genes to be

identified by gene inactivation (“knockout”) in mice was Igf-2 (DeChiara

et al. 1991).

Mice heterozygous for a deletion of the Igf2 gene exhibited growth retardation at
birth only if the deletion had been paternally transmitted; growth was normal if the

deleted gene was inherited from the mother. The phenotype of mice homozygous

for the mutation was not more severe than that of heterozygous mice carrying the

mutation on the paternal allele.

The vast majority of genes are expressed by the two parental alleles, and less

than 1 % of genes are subject to parental imprinting. There is dynamic

reprogramming of genomic imprinting during development: imprinting marks are

first erased in primordial germ cells and thereafter re-established differently

depending on the sex of the individual during gamete maturation (Lucifero

et al. 2002). After fertilization during the preimplantation period, these epigenetic

marks are protected against a wave of demethylation and then a wave of global

genome de novo remethylation (Santos and Dean 2004).

Human Fetal Growth Disorders and Imprinting Anomalies 103



Several chromosomal regions have now been identified as being imprinted in

several mammalian species. Imprinted genes are organized into clusters throughout

the genome and many are regulated by a regulatory element called the imprinting

center region (ICR).

Several transacting factors involved in the regulation of DNA methylation and

imprinting have been identified. DNA methyltransferases (DNMT; Cheng and

Blumenthal 2008) and Methyl CpG Binding Domain proteins (MBDs; Klose and

Bird 2006) are well-known regulatory factors of DNA methylation. There are also

many other regulatory proteins involved in the regulation of DNA methylation and

imprinting and in the regulation of the modifications of histone tails by histone

acetyltransferases or deacetylases and by histone methylases or demethylases. All

these epigenetic changes affect chromatin structure and are thus determinant for the

control of gene expression of the cluster.

There are two main regulatory pathways that govern the monoallelic expression

of imprinted genes in a cluster: the “chromatin insulator or boundary” mechanism

and the long non-coding RNA mechanism (Ideraabdullah et al. 2008; Wan and

Bartolomei 2008).

Fig. 1 Parental imprinting. These two alleles have different epigenetic modifications (methyla-

tion, acetylation) according to their parental origin, resulting in expression or non-expression of a

gene. DNA methylation and repressive histone marks (such as H3K9me1 or me3, H3K27me1 and

me3, and H4K20me3) are associated with the absence of transcription. Conversely, unmethylated

DNA and permissive histone marks (H3K9 ac, H4K20me1, H3K4me1 or me2) are associated with

transcription activity
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Fetal Development, Imprinting and the 11p15 Region

The imprinted 11p15 region is organized into two domains: a telomeric domain

including the IGF2 and H19 genes and a centromeric domain including the

CDKN1C (cyclin-dependent kinase inhibitor 1C), KCNQ1 (potassium voltage-

gated channel, subfamily Q, member 1) and KCNQ1OT1 (KCNQ1-overlapping

transcript 1) genes. Each domain is controlled by its own ICR: ICR1, for the

telomeric domain, controls the allele-specific expression of IGF2 and H19; and
ICR2, for the centromeric domain, controls the allele-specific expression of

KCNQ1OT1, KCNQ1 and CDKN1C (Fig. 2).

Reciprocal imprinting of the H19 gene (the gene for a maternally expressed

noncoding RNA) expressed by the maternal allele (M) and of the IGF2 gene

expressed by the paternal allele (P) depends on the differentially methylated

ICR1 (upstream from the H19 gene), which acts as an insulator. CTCF binds to

the unmethylated maternal ICR1 and prevents IGF2 promoters from interacting

with the shared enhancers downstream from theH19 gene, thereby abolishing IGF2
expression. In contrast, on the paternal allele, ICR1 is methylated, which prevents

the binding of CTCF, thus leading to the transcription of the paternal IGF2 gene.

The centromeric domain ICR2 acts as a “silencer” by producing a long non-coding

RNA (KCNQ1OT1) from the unmethylated paternal allele. KCNQ1OT1 in turn

silences the neighboring paternal genes of the centromeric domain, in cis, including

Fig. 2 The two imprinted domains of the 11p15 region. The reciprocal imprinting of the

maternally (M ) expressed H19 and the paternally (P) expressed IGF-2 genes depends on the

differentially methylated ICR1 upstream from the H19 gene, which acts as an insulator. CTCF

binds to the maternal unmethylated ICR1 and prevents the IGF-2 gene promoter from interacting

with enhancers downstream from the H19 gene, resulting in transcriptional silencing of the

maternal IGF-2 allele (Bell and Felsenfeld 2000; Hark et al. 2000). On the paternal allele, ICR1

is methylated, preventing CTCF binding and thereby leading to IGF-2 transcription on the paternal
allele. The centromeric ICR2 domain functions as a silencer by producing a non-coding RNA

(antisense KCNQ1OT1 RNA), which results in paternal silencing of the genes in this domain. The

KCNQ1OT1 RNA is probably involved in targeting repressive histone modifications to the

flanking genes (Lewis et al. 2004; Umlauf et al. 2004; Monk et al. 2006). Paternally expressed

genes are represented as blue boxes, maternally expressed genes as orange boxes, and

non-expressed genes as gray boxes
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the CDKN1C gene (Edwards and Ferguson-Smith 2007; Ideraabdullah et al. 2008;

Wan and Bartolomei 2008).

This imprinted 11p15 region is extremely important during fetal growth and
development.

Indeed, the BWS overgrowth syndrome results from various molecular or

chromosomal abnormalities at 11p15 that cause overexpression of the paternally

expressed genes or underexpression of the maternally expressed genes (Gaston

et al. 2001; Gicquel et al. 2005b; Weksberg et al. 2005). SRS, a fetal growth

restriction, is mainly due to an imprinting anomaly affecting the paternal ICR1.

Most known 11p15 defects display a mosaic pattern, where the ratio between

cells with defects and normal cells differs between tissues (including kidney,

muscle, liver, leucocytes and fibroblasts) and patients; this is probably a main

cause of the variability of the BWS and SRS phenotypes.

A particular tissue, the placenta, exhibits some imprinting differences as com-

pared to the tissues of the embryo. The placenta in eutherian mammals is a distinct

organ ensuring maternal-fetal nutrient allocation and is, consequently, crucial for

fetal growth. Thus, the effectiveness with which the placenta transfers nutrients to

the fetus is a determinant of fetal growth. Imprinted genes play an important role in

placental development (Coan et al. 2005; Frost and Moore 2010). This was first

demonstrated by parthenogenesis experiments that provided evidence for the

necessity for both paternal and maternal genomes for correct development of

both embryo and annexes (Barton et al. 1984; McGrath and Solter 1984; Surani

et al. 1984). A subset of genes is imprinted only in the placenta and some imprinted

genes are expressed exclusively in the placenta (Gutierrez-Marcos et al. 2012;

Lefebvre 2012). The inactivation of the maternally expressed Cdkn1c, in mice,

results in a large placenta weighing 140 % of the normal weight (Takahashi

et al. 2000). The inactivation of any of the paternally expressed Igf2, Peg3 and

Peg1 genes results in a small placenta (Reik et al. 2003). Igf2 is particularly

interesting because it has a variant, Igf2 P0, expressed specifically in the mouse

labyrinthine trophoblast (Constância et al. 2002). Inactivation of this variant is

associated with reduced expression of Igf2 in the placenta, whereas its expression in
the fetus is normal. The placental weight and passive transport of nutrients in Igf2
P0�/� mice were both lower than those in controls. These experimental models

have highlighted the important role of imprinted genes in the control of placental

development and function (Coan et al. 2005; Angiolini et al. 2006; Frost and Moore

2010; Fowden et al. 2011; Nelissen et al. 2011; Gutierrez-Marcos et al. 2012).

The placenta is the mediator between the mother and the fetus; it is sensitive to

its environment and can adapt its capacity in response to environmental variations

to ensure an appropriate nutrient supply to the fetus. This characteristic has been

extensively documented by caloric restriction studies in animals, and also in

humans (Sibley et al. 2010; Sandovici et al. 2012; Wu et al. 2012). Indeed, most

of these studies show that placental development and function are compromised by

caloric restriction (Heasman et al. 1998; Fowden et al. 2008), which may also affect

DNA methylation of imprinted genes (Lumey 1998; Heijmans et al. 2008).
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All these various observations and findings highlight the importance of

imprinted genes in the regulation of feto-placental development.

Fetal Growth Disorders and Imprinting Defects: Clinical

Aspects

In humans, two syndromes in particular, with opposite and severe fetal growth

anomalies, have been associated with dysregulation of imprinted gene expression:

BWS and SRS.

BWS

BWS is an overgrowth disorder involving developmental abnormalities and an

increased risk of childhood tumors. It has an estimated population incidence of

1 in 13,700 (Thorburn et al. 1970), but this is probably an underestimate because of

the existence of mild phenotypes that may not be detected or reported (Sotelo-Avila

et al. 1950; Schneid et al. 1993).

Its phenotypic expression is indeed variable and diagnosis is still based on

clinical signs, although there is no consensus on the clinical definition of the

syndrome (Wiedemann 1969; Pettenati et al. 1986; Elliott et al. 1994; DeBaun

and Tucker 1998; Weksberg et al. 2001). It is generally accepted that the diagnosis

of BWS requires at least three clinical findings, including at least two major

findings: the major clinical criteria are macroglossia, macrosomia, abdominal

wall defects (exomphalos, umbilical hernia) and selective visceromegaly (involv-

ing kidneys, liver or spleen). Less frequent and minor clinical findings are neonatal

hypoglycemia, anterior ear lobe creases and/or posterior helical pits, facial nevus

flammeus, hemihyperplasia and polyhydramnios. Diverse molecular defects within

the 11p15 region are associated with BWS; it can be the result of various molecular

or chromosomal alterations that cause overexpression of paternally expressed genes

or impair the expression of maternally expressed genes (Gaston et al. 2001; Gicquel

et al. 2005b; Weksberg et al. 2005).

More powerful techniques for the molecular diagnosis of BWS are now avail-

able and can confirm the diagnosis in patients with incomplete phenotypes, which

suggests that BWS should now be defined molecularly. About 7.5–10 % of BWS

patients develop a tumor before the age of 5 years. However, it is now clear that this

risk differs very substantially depending on the molecular defect involved (Bliek

et al. 2004; Cooper et al. 2005; Rump et al. 2005; Brioude et al. 2013a; Eggermann

et al. 2013) (see section “Genotype-Phenotype Relationships”).
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SRS

SRS is a clinically heterogeneous syndrome involving severe pre- and postnatal

growth retardation. It was first described by Silver et al. (1953) and Russell (Russell

and Jackson 1954). Their common findings were short stature without catch-up

growth, normal head circumference for age, distinctive triangular face morphology

with prominent forehead, low-set ears, clinodactyly of the fifth fingers, and skeletal

asymmetry. The clinical presentation of SRS covers a spectrum of manifestations

such that it is fairly easy to recognize in extreme cases but can be difficult to

diagnose in less severely affected individuals, especially if there is no body

asymmetry. Based on reviews of the published data, we and others have proposed

a clinical scoring system to overcome these difficulties (Price et al. 1999; Netchine

et al. 2007; Abu-Amero et al. 2010; Wakeling et al. 2010). For a diagnosis of SRS

under these systems, the patient must be born small for gestational age (SGA: birth

weight and/or length��2 SDS for gestational age) and also present at least three of

the five following features: postnatal growth retardation (at 2 years of age or at the

nearest measure available), relative macrocephaly [arbitrarily defined as a head

circumference at birth at least 1.5 SDS above that expected for the birth weight

and/or length SDS according to Usher and McLean charts (Usher and McLean

1969)], body asymmetry, prominent forehead and feeding difficulties during early

childhood and/or postnatal Body Mass Index (BMI) below �2 SDS (at 2 years of

age or at the nearest measure available; Netchine et al. 2007).

Molecular Aspects of BWS and SRS

Imprinting disorders may arise in several ways: through copy-number changes for

imprinted domains, uniparental isodisomy, disruption of regulatory sequences, and

mutation of the active allele or “primary” imprinting defects such as gain or loss of

DNA methylation. In BWS, various cytogenetic, genetic and epigenetic defects in

11p15 result in the down-regulation of maternally expressed genes and/or the

up-regulation of paternally expressed genes; conversely, in SRS, genetic or epige-

netic defects in the 11p15 region result in the down-regulation of paternally

expressed genes and/or the up-regulation of maternally expressed genes.

Genetic Defects

Duplications in BWS and SRS Patients

Approximately ten unbalanced translocations involving both imprinted 11p15

domains have been described. Duplications of the whole 11p15 domain (both
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ICR1 and ICR2) resulting from unbalanced translocations cause an SRS or fetal

growth retardation phenotype if they involve the maternal allele and a BWS or

overgrowth phenotype if they involve the paternal allele (review in Bliek

et al. 2009a; Demars et al. 2011a; Azzi et al. 2013; Soejima and Higashimoto

2013; Table 1).

Cis-duplications confined to one of the two domains are rare and until recently

the picture was relatively clear. Cis-duplications involving the whole ICR1 IGF2/
H19 domain always result in BWS if the paternal chromosome is involved with no

phenotype if the maternal chromosome is involved (Russo et al. 2006; Algar

et al. 2007; Bliek et al. 2009a; Demars et al. 2011b; Table 1). On the other hand,

cis-duplications involving the whole ICR2 KCNQ1/CDKN1C domain result in SRS

if the maternal chromosome is involved with no phenotype if the paternal chromo-

some is involved (Schönherr et al. 2007; Bonaldi et al. 2011; Table 1). Cis-
duplications involving only part of one of the two imprinted domains have recently

been described in SRS and BWS cases (Chiesa et al. 2011; Demars et al. 2011b) and

provide interesting information on how imprinting control mechanisms normally

work and how they can be altered in human imprinting disorders. A cis-duplication
involving only part of the ICR1 IGF2/H19 domain (the imprinting control region

and the H19 gene) results in a SRS phenotype only if maternally inherited, whereas

there is no phenotype upon paternal transmission (Demars et al. 2011b; Table 1).

Both the parental transmission pattern and the phenotype in these cases differ from

previously reported ICR1 duplications (Russo et al. 2006; Algar et al. 2007; Bliek

et al. 2009a; Demars et al. 2011b; Beygo et al. 2013). Hence, a partial maternal cis-
duplication of the IGF2/H19 domain results in a SRS phenotype whereas a maternal

cis-duplication involving the whole IGF2/H19 domain does not result in any

phenotype (Table 1). Two copies of the active maternal H19 gene are expressed

in both cases but, in the partial cis-duplication, one maternal H19 gene is not

engaged in a cis-effect. We (Demars et al. 2011b) and others (Chiesa et al. 2011;

De Crescenzo et al. 2013) have also described partial cis-duplications of the ICR2
KCNQ1/CDKN1C domain; they result in a BWS phenotype only if maternally

inherited whereas there is no phenotype upon paternal transmission (Table 1).

One of these partial cis-duplications (Demars et al. 2011b) does not involve ICR2

but involves a region displaying CTCF- and cohesin-binding sites, suggesting that

cis-regulatory elements other than ICR2 contribute to the establishment/mainte-

nance of imprinting.

Uniparental 11p15 Isodisomy

Uniparental isodisomy (UPiD) is the presence of two copies of the same parental

chromosome and results in unbalanced expression of imprinted genes. Paternal

isodisomy (patUPiD) of the 11p15 region is a common cause of BWS and is present

in 20–25 % of BWS cases (reviewed in Demars et al. 2011a; Azzi et al. 2013;

Brioude et al. 2013a).
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We recently showed that SNP array analysis is a powerful diagnostic technique

for BWS. Such arrays can be used to distinguish patUPiDs from trisomies more

precisely than karyotyping and FISH, and they help to determine the size and

Table 1 Defects in 11p 15 cis-regulatory elements and the resulting phenotypes associated with

maternal and paternal transmission

Maternal

chromosome/

transmission

Paternal

chromosome/

transmission Reference

Duplication

ICR1 and

ICR2

domains

SRS BWS Reviewed in Bliek et al. 2009a; Demars

et al. 2011a

Whole ICR1

domain

No phenotype BWS Russo et al. 2006; Algar et al. 2007; Bliek
et al. 2009a; Demars et al. 2011b

Part of the

ICR1

domain

SRS No phenotype Demars et al. 2011b

Whole ICR2

domain

SRS No phenotype Schönherr et al. 2007; Bonaldi et al. 2011

Part of the

ICR2

domain

BWS No phenotype Chiesa et al. 2011; Demars et al. 2011b

Deletion

ICR1 BWS No phenotype Sparago et al. 2004; Prawitt et al. 2005;
Sparago et al. 2007; Demars et al. 2010;
De Crescenzo et al. 2011; Demars et al.
2011b

ICR2 BWS No phenotype Niemitz et al. 2004; Zollino et al. 2010;
Algar et al. 2011

Enhancers No phenotype SRS Grønskov et al. 2011

Mutation and small deletion

ICR1 OCT4/

SOX2bin-

ding sites

BWS No phenotype Demars et al. 2010; Poole et al. 2011;

Berland et al. 2013

Inactivating

CDKN1C
mutation

BWS No phenotype Reviewed in Choufani et al. 2010

Activating

CDKN1C
mutation

IMAGe/SRS No phenotype Arboleda et al. 2012; Brioude et al. 2013b

UPiD I. II. III.

ICR1 and

ICR2

domains

SRS BWS Cooper et al. 2007; Bullman et al. 2008;

Romanelli et al. 2011

ICR1 domain Not identified Not identified Demars et al. 2011b

ICR2 domain Not identified Not identified Demars et al. 2011b

BWS Beckwith-Wiedemann Syndrome, SRS Silver-Russell Syndrome, UPiD uniparental

isodisomy
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mosaicism rate of patUPiDs even in cases of low-rate patUPiD mosaicism (Keren

et al. 2013).

Maternal isodisomy has been reported in only one SRS case (Bullman

et al. 2008). UPiD is the consequence of a postzygotic event due to mitotic

recombination in early embryogenesis and therefore results in mosaicism.

Postzygotic mitotic recombination produces a mixed population composed of

normal cells and cells with maternal UPiD or paternal UPiD. Maternal UPiD is

rare, suggesting that cells with paternal UPiD have a selective growth advantage.

The extent of isodisomy along chromosome 11 is variable. It can extend to the

long arm (10 % of cases) and always involves the two imprinted 11p15 domains

(Cooper et al. 2007; Romanelli et al. 2011). Segmental UPiDs confined to the IGF2/
H19 or to the KCNQ1OT1/CDKN1C domains do not account for DNA methylation

defects restricted to one of the two imprinted 11p15 domains (Demars et al. 2011b).

UPD of Chromosome 7

The molecular cause of SRS has long been unknown (Azzi et al. 2013). Several

chromosomal abnormalities were reported to be associated with SRS or SRS-like

phenotypes (Hitchins et al. 2001b) but the most relevant abnormality found in a

significant number of patients (5–10 % of cases) was UPD of chromosome

7 (mUPD7; Preece 2002). This cytogenetic anomaly implicates imprinted genes

on chromosome 7 in the SRS phenotype. Indeed, at least two imprinted domains,

located at 7p11.1-p14 and 7q31, have been identified within chromosome 7. These

regions harbor at least two imprinted genes involved in the control of growth: the

maternally expressed growth factor receptor-binding protein 10 (GRB10 at 7p11.1-
p14) and paternally expressed gene 1/mesodermal expressed transcript (PEG1/
MEST at 7q31). Because a number of SRS patients with duplications

(or inversions) or segmental UPD have been reported (Joyce et al. 1999; Monk

et al. 2000; Hannula et al. 2001), these two regions have been the focus of research

to identify causative mutations or epimutations. However, screening SRS patients

without mUPD7 failed to identify either mutations of GRB10 or PEG1/MEST or

epimutations in their DMRs (Riesewijk et al. 1998; Yoshihashi et al. 2000; Hannula

et al. 2001; Hitchins et al. 2001a; Kobayashi et al. 2001; McCann et al. 2001;

Arnaud et al. 2003). Recently, Kagami and coworkers reported hypermethylation of

the PEG1/MEST DMR in a girl with the SRS phenotype born after in vitro

fertilization (Kagami et al. 2007); subsequently, Eggermann et al. reported a SRS

boy carrying a de novo deletion of 3.7 Mb of the paternal allele on 7q32 causing the

loss of 53 genes, including PEG1/MEST (Eggermann et al. 2012). These observa-

tions, despite providing evidence of the involvement of imprinted genes in these

regions, do not incriminate a particular gene as being causative of SRS.
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CDKN1C Mutations

Inactivating mutations in the CDKN1C gene (also known as p57KIP2), which

encodes a maternally expressed cell-cycle inhibitor, are found in approximately

5 % of BWS patients (Choufani et al. 2010) and account for approximately half of

familial BWS cases. Mice lacking the imprinted Cdk inhibitor p57(kip2) show

altered cell proliferation and differentiation, leading to abdominal muscle defects

and many of the phenotypes seen in patients with BWS (Zhang et al. 1997; Tunster

et al. 2011).

Although Cdkn1c transgenic mice display a SRS phenotype (Andrews

et al. 2007), no CDKN1C mutations had been found associated with SRS until

recently (Obermann et al. 2004). Indeed, maternally transmitted activating muta-

tions of CDKN1C were recently described in cases of the IMAGe syndrome, which

shares some phenotypes with SRS, such as fetal growth retardation and facial

dysmorphia (Arboleda et al. 2012; Table 1). Then, very recently, an activating

mutation was found in a familial case of SRS (Brioude et al. 2013b).

Epigenetic Defects

Isolated DNA Methylation Defects

A large subgroup of BWS and SRS patients displays no obvious genetic defects in a

cis-regulatory element or a transacting factor; these cases are identified as ICR1 or

ICR2 “primary” DNA methylation defects. However, the prevalence of secondary

DNA methylation defects might be underestimated because there is generally no

search for mutations in cis-regulatory elements or transacting factors for routine

diagnosis of BWS or SRS.

DNA Methylation Defects at ICR2 Result in a BWS Phenotype

Approximately 60 % of BWS patients display ICR2 loss of methylation. In rare

cases, the loss of methylation is caused by a deletion involving ICR2 on the

maternal allele (Niemitz et al. 2004; Zollino et al. 2010; Algar et al. 2011; Demars

et al. 2011a; Azzi et al. 2013; De Crescenzo et al. 2013). At least 25 % of BWS

patients with loss of methylation at ICR2 also display loss of methylation at

imprinted loci other than 11p15 (see section on “The Multilocus Hypomethylation

Disorder”), and this pattern defines the multilocus hypomethylation disorder

(MHD). Abnormal methylation of ICR2 DNA (i.e., gain of methylation) has

never been identified in SRS patients (Gicquel et al. 2005a; Eggermann

et al. 2006; Netchine et al. 2007; Penaherrera et al. 2010).
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DNA Methylation Defects at ICR1 Result in Both BWS
and SRS Phenotypes

A gain of methylation at ICR1 is found in 10 % of BWS patients and results in

biallelic expression of the IGF2 gene. Conversely, a loss of methylation at ICR1 is

observed in 50–60 % of SRS patients and results in loss of expression of the IGF2
gene (Gicquel et al. 2005a; Netchine et al. 2007; Azzi et al. 2013). The gain of

methylation in BWS is strictly localized at ICR1 and does not involve other

imprinted loci (Bliek et al. 2006; Azzi et al. 2009). The situation is different in

SRS, with at least 10–17 % of SRS patients displaying loss of DNA methylation at

imprinted loci other than 11p15 (Azzi et al. 2009, 2013; Turner et al. 2010; Court

et al. 2013; Poole et al. 2013; see section on “The Multilocus Hypomethylation

Disorder”).

Dysregulation of the Histone Code in BWS and SRS

Although histone marks are determinant for the regulation of 11p15 genomic

imprinting (Henckel et al. 2009), their role in the pathogenesis of BWS and SRS

and their link to DNA methylation defects have not been extensively addressed.

Very recently, Nativio et al. (2011) showed that trimethylated Lysine 9 of histone

H3 and trimethylated Lysine 20 of histone H4 (H3K9me3 and H4K20me3), both

repressive histone marks, are associated with the methylated paternal ICR1 allele.

In addition, dimethylated Lysine 4 of histone H3 and acetylated Lysine 9 of histone

H3 (H3K4me2, H3K9ac), both permissive histone marks, are associated with the

non-methylated maternal ICR1 allele. In BWS and SRS patients, the asymmetric

distribution of these epigenetic marks is lost: H3K9me3 and H4K20me3 are

biallelic in BWS, and H3K4me2 and H3K9ac are biallelic in SRS.

Mechanisms of Imprinting Dysregulation

Genomic imprinting is a multistep process and some specific stages, such as imprint

establishment in germ cells or imprint maintenance after fertilization, are critical in

the regulation of genomic imprinting. Deregulation of genomic imprinting during

one of those stages will result in imprinting disorders.
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Evidence for Secondary Imprinting Defects in BWS and SRS

The Prevalence of Mutations in Cis-Regulatory Elements
is Probably Underestimated

Investigation of BWS and SRS patients relies mostly on diagnostic techniques, such

as MLPA, which identify copy number variants in the kb range but do not recognize

small deletions or mutations involving transacting factor-binding sites. The main

function of the CTCF protein at ICR1 is to maintain the unmethylated state of the

maternal allele. It has therefore been suggested that the loss of some CTCF-binding

sites impairs protection by CTCF and results in gain of methylation on the maternal

allele. Maternally inherited deletions of between two and six CTCF-binding sites

have been identified in several BWS cases (Sparago et al. 2004, 2007; Prawitt

et al. 2005; Scott et al. 2008; Demars et al. 2010, 2011b; Beygo et al. 2013) but no

such deletions have been found in SRS cases (Bliek et al. 2006; Yamazawa

et al. 2008b; Bartholdi et al. 2009; Bruce et al. 2010; Demars et al. 2010). No

mutation of CTCF-binding sites has been in BWS (Sparago et al. 2007; Demars

et al. 2010) or SRS (Bliek et al. 2006; Yamazawa et al. 2008a; Bruce et al. 2009;

Demars et al. 2010).

Novel transacting factors have recently been identified, and there is emerging

evidence that CTCF function is modulated by neighboring DNA-binding factors

(Weth and Renkawitz 2011). These factors include pluripotency factors that may be

involved in the regulation of genomic imprinting. Mutations and small deletions of

OCT4- and SOX2-binding sites have been described within ICR1 in BWS patients

and are associated with gain of ICR1 methylation (Table 1). In all cases, the BWS

phenotype segregated with transmission of the mutation through the female

germline, with no phenotype showing paternal transmission (Demars et al. 2010;

Poole and Leith 2012; Berland et al. 2013). These observations suggest that loss of

binding of pluripotency factors at ICR1 impairs the maintenance of the

unmethylated state of the maternal ICR1. Possibly, OCT4 and SOX2 protect the

maternal allele from gain of DNA methylation, especially at CTCF-binding sites

(Hori et al. 2002). A recent YAC transgenic mouse model confirmed that these

OCT4-binding sites are indeed required both for protection of the maternal ICR1

against DNA methylation and during the maintenance stage of the imprinting cycle

(Hori et al. 2012; Sakaguchi et al. 2013). This model also suggests that CTCF and

OCT4/SOX2 act cooperatively (Sakaguchi et al. 2013). OCT4- and SOX2-binding

sites have also been identified at the Angelman imprinting center (Kaufman

et al. 2009). The mechanism of action of pluripotency factors is not clear, but

OCT4 interacts with CTCF when regulating the X chromosome inactivation pro-

cess (Donohoe et al. 2009). Very recently, a novel function was attributed to OCT4:

negative regulation of chromatin loop formation mediated by cohesin at CTCF-

binding sites (Kim et al. 2011). Whether mutations of pluripotency factor-binding

sites are also involved at ICR2 is yet to be determined. It is also plausible that
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mutations/deletions of other transacting factor-binding sites are involved in the

pathogenesis of 11p15 imprinting disorders, and this possibility should be further

investigated. However, all binding sites for ZFP57 in ICR1 overlap with CTCF-

binding sites; such sites have been investigated in cases of SRS and BWS and no

mutation has been found (Demars et al. 2010).

Genetic Variants in Cis-Regulatory Elements may Play a Role
in Susceptibility to 11p15 Imprinting Disorders

Recent studies clearly show that genetic variants in cis account for allele-specific
differences in DNA methylation status (reviewed in Tycko 2010), chromatin status

(McDaniell et al. 2010) or transcription factor binding (Kasowski et al. 2010;

McDaniell et al. 2010), which result in differences in allele-specific expression.

The significance of the parental origin of alleles is also emerging in genetic studies

and may be particularly relevant to imprinting disorders. Relatively little research

has addressed the nature and effects of allelic diversity at imprinted loci. Zogel

et al. (2006) identified preferential maternal transmission of one specific haplotype

of the 15q11-13 ICR in a subgroup of Angelman patients with primary imprinting

defects. Interestingly, within this haplotype, a polymorphism affects a SOX2-

binding site (Kaufman et al. 2009). It would therefore be interesting to determine

whether genetic variability in imprinted regions, by affecting the binding of regu-

latory factors at play in the establishment and/or the maintenance of 11p15 genomic

imprinting, has a role in imprinting disorders.

The Multilocus Hypomethylation Disorder Indicates
Abnormal Expression of a Transacting Regulatory Factor

The involvement of transacting factors in the pathogenesis of imprinting disorders

was first suggested in 2006: we and others showed that a subset of BWS and

transient neonatal diabetes mellitus (TNDM) patients displayed a loss of DNA

methylation at loci other than the causal locus (i.e., ICR2 and ZAC1, respectively;
Mackay et al. 2006; Rossignol et al. 2006). This finding has since been confirmed

by other studies in BWS (Bliek et al. 2006; Azzi et al. 2009; Lim et al. 2009; Meyer

et al. 2009; Court et al. 2013; Poole et al. 2013), SRS (Bliek et al. 2006; Azzi

et al. 2009; Turner et al. 2010; Kannenberg et al. 2012; Court et al. 2013; Poole

et al. 2013), TNDM (Mackay et al. 2006; Court et al. 2013) and pseudohypopar-

athyroidism 1B (PHP1B) (Perez-Nanclares et al. 2012; Court et al. 2013; Maupetit-

Mehouas et al. 2013), but not in Prader-Willi or Angelman syndromes (Court

et al. 2013; Table 2). This finding defines a new entity of imprinting disorders,

now called the multilocus hypomethylation disorder (MHD). Multilocus imprinting
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disorder (MID) is not restricted to multilocus hypomethylation and, indeed, both

hypo and hypermethylation at numerous imprinted genes may coexist in the same

SRS (Kannenberg et al. 2012) or PHP1B (Maupetit-Mehouas et al. 2013) patient.

This observation adds an additional layer of complexity to the issue of imprinting

regulation and MID occurrence. MID displays mosaicism and involves both mater-

nally and paternally imprinted ICRs, except in TNDM where only maternal loci are

affected (Table 2).

Although MID is relatively frequent, mutation analyses of recently identified

transacting regulatory factors, including ZFP57, TRIM28 (KAP1), NLRP2, NLRP7
and C6ORF221, are rare. ZFP57mutations (a maternal-effect gene involved in both

the establishment and maintenance of imprints) have only been identified in cases

of TNDM with MHD (Mackay et al. 2008; Court et al. 2013), and a NLRP2
(member of the NLRP family of CATERPILLER proteins) mutation has been

identified in a case of BWS with MHD (Meyer et al. 2009; Table 2).

Another interesting concept that emerged recently is the imprinted gene net-

work: groups of imprinted genes can be co-regulated as parts of networks. For

example, ICR1 at 11p15 interacts physically with several chromosomal regions as

part of an epigenetically regulated network operating both intra- and interchro-

mosomally (Varrault et al. 2006; Gabory et al. 2009). The existence of this network

Table 2 Multilocus hypomethylation disorder in imprinting disorders

Disorder

MHD

frequencya
Parental

loci affected References

Mutation of trans-
regulatory factors

ICR2 LOM

BWS

11–33 % Mat and pat Rossignol et al. 2006; Azzi

et al. 2009; Bliek et al. 2009b;

Lim et al. 2009; Court

et al. 2013

One case with

NLRP2 mutation

(Meyer

et al. 2009)

ICR1 GOM

BWS

0 % – Azzi et al. 2009; Bliek

et al. 2009b

–

ICR1 LOM

SRS

8.7–17 % Mat and pat Azzi et al. 2009; Azzi et al. 2010;
Turner et al. 2010; Court et al.
2013; Poole et al. 2013

No

TNDM 50–75 % Matb Mackay et al. 2006; Mackay

et al. 2008; Court et al. 2013

ZFP57 mutations

(Mackay

et al. 2008; Court

et al. 2013)

PHP1B 9–50 % Mat and pat Perez-Nanclares et al. 2012; Court

et al. 2013; Maupetit-Mehouas

et al. 2013

No

PWS 0 % – Court et al. 2013 –

AS 0 % – Court et al. 2013 –

ICR2 LOM BWS Beckwith-Wiedemann patients with ICR2 loss of DNA methylation, ICR1 GOM
BWS Beckwith-Wiedemann patients with ICR1 gain of DNA methylation, ICR1 LOM SRS Silver-
Russell patients with ICR1 loss of DNA methylation, TNDM1 transient neonatal diabetes mellitus

type 1, PHPIB Pseudohypoparathyroidism 1B, PWS Prader-Willi syndrome, AS Angelman syn-

drome, MHD Multilocus hypomethylation disorder
aThe highest frequency was reported by (Court et al. 2013) who investigated all imprinted loci
bOnly maternally methylated DMRs are affected
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suggests that a defect of one imprinted locus might induce perturbation at other

imprinted loci. Further work is needed to assess the contribution, if any, of

imprinted gene networks to the pathogenesis of MHD/MID.

Genotype-Phenotype Relationships

BWS

Various molecular and chromosomal alterations can lead to BWS (Gaston

et al. 2001; Gicquel et al. 2005b; Weksberg et al. 2005; Demars et al. 2011a);

only about 25 % of cases are caused by genetic defects. UPids of paternal origin

(patUPiD, 20 % of cases) are segmental and always include the 11p15 region but

the proximal breakpoints are diverse (Nyström et al. 1992; Henry et al. 1993;

Cooper et al. 2007; Romanelli et al. 2011). Genetic mutations on the maternal

allele of CDKN1C account only for 5 % of cases overall but are found in more than

70 % of familial cases. The most frequent mechanism is clearly epigenetic (70 % of

cases): LOM at ICR2 explains more than half BWS cases (50–60 %) whereas GOM

at ICR1 is less common (10 % of cases). PatUPiD and both epigenetic defects

always display variable mosaicism, presumably explaining the substantial variabil-

ity of the phenotype. Some of the phenotypic features of BWS can be directly

correlated to particular molecular alterations (Gaston et al. 2001; Cooper

et al. 2005; Weksberg et al. 2005; Brioude et al. 2013a; Table 3). Hemihyperplasia

is more frequent in patients with patUPiD11p15, whereas the abdominal wall defect

is strongly associated with abnormalities mapping in the centromeric domain.

Moreover, exomphalos are almost constant in CDKN1C mutations. An important

finding is that tumor risk differs substantially between molecular subtypes. The

tumor risk is high (around 30 %) in patients with ICR1 GOM who only develop

nephroblastoma (Wilms Tumor: WT); around 20 % of patients with patUPD11p15

develop a childhood tumor, especially nephroblastoma, hepatoblastoma and adre-

nocortical tumor. Fortunately, less than 5 % of patients with ICR2 LOM, the

situation for the majority of BWS cases, develop a tumor and no nephroblastoma

has yet been reported in these patients. It is also important that physicians be careful

with patients with a positive clinical diagnosis of BWS without known molecular

anomaly or isolated severe hemihyperplasia or organomegalies, because the risk of

WT is high in such cases. These observations and findings can help the physician in

the follow-up of patients, as diverse factors need to be considered: the type of

transmission (maternal or paternal); the risk of false negative findings due to the

variability of the percentage of mosaic abnormality between tissues; and the

possibility of a multilocus disorder involving any of the ICR2, SNRPN, ZAC,
IGF-2R, DLK1/GTL2 IG-DMR and GNAS loci (Rossignol et al. 2006; Azzi

et al. 2009). These findings also allow better genetic counseling for families

(Brioude et al. 2013a). Abdominal ultrasound scans every 3 months are
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recommended for patients with a telomeric defect (ICR1 GOM and

patUPiD11p15), associated with regular physical examinations. For patients with

a centromeric defect, regular physical examination seems to be sufficient.

Two observations related to BWS suggest that the preimplantation embryo is

particularly prone to imprinting errors. First, the incidence of monozygotic twin-

ning in BWS is very much higher than normal, with an unusually high proportion of

female monozygotic twins. These twins are always discordant for the BWS pheno-

type and the only molecular defect is, in all cases, an ICR2 LOM. Weksberg’s

group showed that the imprinted defect is found in blood leucocytes of both twins

but only in fibroblasts of the affected twin (Weksberg et al. 2002; Gicquel

et al. 2005a). This is probably due to the sharing of the blood circulation, which

is a common feature of monozygotic twins. Discordance between monozygotic

twins may result from a failure of maintenance of methylation during a single cell

cycle at or just prior to the twinning event, caused by an error in the nucleocy-

toplasmic trafficking of a transacting factors involved in the process (Bestor 2003;

Weksberg et al. 2005). The X-inactivation process takes place at the same time and

presumably involves common factors, and this may explain the female vulnerabil-

ity. A second line of evidence that preimplantation is a critical period is the large

proportion of BWS (DeBaun et al. 2003; Gicquel et al. 2003; Maher et al. 2003;

Halliday et al. 2004), SRS (Svensson et al. 2005; Wakeling et al. 2010) and also

Angelman syndrome (Ludwig et al. 2005) patients who were conceived by ART.

Again, the molecular defect is a LOM at maternally (BWS, AS) or paternally (SRS)

imprinted loci, implicating a factor involved in the maintenance of methylation.

The underlying cause of this association remains unclear, and no particular proce-

dure or cause of infertility has been found to be specifically associated with these

abnormalities.

Table 3 Genotype-phenotype correlations in all patients referred to our center, between January

1991 and September 2009, as BWS with a positive molecular diagnosis (n ¼ 407)

CDKN1C

mutation

ICR1

GOM

ICR2

LOM PatUPD11p15

All

subtypes

Macroglossia 93.9 % 85.7 % 97.6 % 86.2 % 94.0 %

Abdominal wall

defect

93.9 % 28.6 % 67.2 % 48.7 % 62.40 %

Visceromegaly 13.8 % 64.5 % 39.0 % 58.3 % 43.8 %

Hemi-hypertrophy 3.0 % 40.0 % 20.2 % 81.0 % 33.3 %

Hypoglycemia 37.5 % 32.4 % 40.2 % 60.5 % 43.4 %

Ear creases and pits 90.9 % 27.2 % 65.4 % 50.0 % 38.1 %

ICR Imprinted center region, LOM Loss of methylation, GOM Gain of methylation, IVF In vitro

fertilization, ICSI intra cytoplasmic sperm injection
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SRS

Most (over 50 % of) SRS patients display hypomethylation of the telomeric ICR1

domain of the 11p15 region (Gicquel et al. 2005a; Netchine et al. 2007). SRS and

BWS mirror each other, both clinically and at the molecular level. In SRS patients,

the paternal allele switches to a maternal epigenotype resulting in biallelic expres-

sion of H19 and decreased IGF2 expression. In most of these cases, the

hypomethylation is partial, reflecting the mosaic distribution of the epimutation

and explaining at least in part the variability of the SRS phenotype.

mUPD7, where at least two imprinted domains are located (7p11.1-p14 and

7q31), is present in about 5–10 % of SRS cases (Preece 2002). However, in around

40 % of SRS cases with a typical clinical phenotype, no abnormality is found.

Many SRS patients carrying ICR1 LOM display a more severely abnormal

growth phenotype than other SRS patients, and this may be associated with typical

dysmorphy (relative macrocephaly, prominent forehead) and the highly evocative

body asymmetry. They also more frequently have associated malformations

(Netchine et al. 2007; Wakeling et al. 2010; Binder et al. 2011; Ghanim et al. 2013).

The specific features of mUPD7 SRS patients are mild developmental delay,

mainly consisting of speech difficulties, predisposition to myoclonus dystonia and a

putative susceptibility to developing autism traits (Hitchins et al. 2001b; Guettard

et al. 2008; Binder et al. 2011). All these features are thought to be related to

disruption of the expression of particular imprinted genes on chromosome 7. How-

ever, it should be noted that there is no discontinuity of the phenotypic presentation

between these subgroups of patients; similarly, there is variability within subpop-

ulations of patients with the same molecular abnormalities (Bliek et al. 2006;

Murphy et al. 2012).

No molecular anomalies have been identified in about 40 % of SRS patients

studied, and these cases can therefore be called “idiopathic” SRS. However, this

diagnosis should be made only by clinicians with substantial experience of SRS and

after various differential diagnoses have been ruled out (notably 3M syndrome,

Mullibrey Syndrome, Bloom syndrome and other chromosome breakage suscepti-

bility syndromes, and IGF-1R molecular anomalies). This group of patients is of

particular interest because further investigations may identify new molecular eti-

ologies of SRS, and the same follow-up and treatment guidelines used for other

SRS patients may also be appropriate for this subgroup.

Conclusion and Outlook

The regulation of gene expression is under the control of the genetic codes but also

of epigenetic phenomena. Abnormalities affecting epigenetic, and especially

imprinting, mechanisms can result in abnormal gene expression, leading to various

developmental pathologies and tumors. The BWS and the SRS syndromes are some
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of the most characteristic pediatric diseases involving abnormalities of imprinting,

in both cases involving the 11p15 region. These human imprinting disorders have

helped to identify key cis-regulatory elements in imprinting centers, as well as

various transacting regulatory factors. Work on these 11p15 imprinting disorders

has focused mainly on DNA methylation. However, other epigenetic marks and

factors, such as histone acetylation and methylation, long non-coding RNAs, small

RNAs and miRNA, and genetic variations (SNP, CNV involved in chromatin

organization) should be explored for their involvement in the pathogenesis of

11p15 imprinting disorders. Genetic analysis with high-throughput techniques

should speed the discovery of new factors in cis and trans associated with 11p15

genomic imprinting controls. Finally, it is important to elucidate the role of

environmental factors (ART, undernutrition) in the pathogenesis of BWS and SRS.

Progress in these fields should provide new diagnostic and predictive tools, but

such tools must be appropriate for these diseases in which there is a high risk of

false negative results; the percentage of mosaic abnormalities can differ very

substantially between tissues. Progress will also allow improved genetic counseling

to be provided to families.
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