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Abstract

Purpose of review—Genomic imprinting refers to preferential allele-specific gene expression.
DNA methylation-based molecular mechanisms regulate establishment and maintenance of
parental imprints during early embryo development and gametogenesis. Because of the coincident
timing, a potential association between assisted reproductive technology (ART) procedures and
imprinting defects has been investigated in various studies. In this review, we provide an overview
of genomic imprinting and present a summary of the relevant clinical data.

Recent findings—ART procedures affect DNA methylation pattern, parental imprinting status,
and imprinted gene expression in the mouse embryo. In humans, several case series suggested an
association between ART and imprinting disorders, with a three-fold to six-fold higher prevalence
of ART use among children born with Beckwith—-Wiedemann syndrome compared to the general
population. However, more recent studies failed to support these findings and could not
demonstrate an association between imprinting disorders and ARTS, independent of subfertility.

Summary—ART procedures may affect methylation status of imprinted regions in the DNA,
leading to imprinting disorders. Although the low prevalence of imprinting disorders makes it
challenging to perform conclusive clinical trials, further studies in large registries are required to
determine the real impact of ARTS on their occurrence.
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INTRODUCTION

Mammals are biparental diploid organisms that normally have two copies of each autosomal
chromosome; one from the mother (maternally derived copy) and one from the father
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(paternally derived copy). Mammalian genes were initially presumed to be expressed
equally from both parental alleles consistent with the fundamental rule of classical
Mendelian genetics. This genetic equality assumption was challenged in the mid-1980s
using nuclear transplantation and uniparental disomy (UPD) experiments. Initially, haploid
parthenogenetic mouse eggs were used as recipients for either a male or a female pronucleus
taken from fertilized eggs; eggs receiving a male pronucleus developed to term but those
with two female pronuclei developed only poorly after implantation [1] (see Table 1 for
definitions of key terms used in this review). A similar study simultaneously showed that
diploid mouse embryos with either two female pronuclei (biparental gynogenones) or two
male pronuclei (biparental androgenones) were not able to complete normal embryogenesis
[2]. Systematic breeding of mice with UPD for individual chromosomes demonstrated that
mice with UPD for most chromosomes survive normally; however, UPD for certain
chromosomes or chromosomal regions result in anomalous phenotypes suggesting that the
parental effect is not associated with the entire genome but is restricted to specific genomic
loci [3]. These investigations uncovered the requirement for both maternal and paternal
genomes for normal development and were tied to an intriguing biological phenomenon
called genomic imprinting.

Imprinting is the epigenetic labeling of certain genes as of paternal or maternal origin,
resulting in differential expression depending on whether they are inherited from the mother
or the father [4]. Genomic imprinting is required for normal development, and disrupted
imprinting is associated with significant pathologies including Angelman syndrome, Prader—
Willi syndrome (PWS), and Beckwith-Wiedemann syndrome (BWS) [5-7]. Within the last
decade, several studies have raised concerns that assisted reproductive technologies (ARTS)
may result in abnormal genomic imprinting, leading to an increased frequency of
imprinting-related disorders in children born as a result of infertility treatment (reviewed in
[8,9,10™ 11]).

In this review, we first present an overview of the molecular mechanisms of genomic
imprinting and regulation of imprinting during gametogenesis and early embryo
development. Then, we provide a summary of the recent studies investigating the effect of
ART procedures on imprinting-related disorders.

MOLECULAR MECHANISM OF GENOMIC IMPRINTING

Investigation of the molecular mechanism responsible for establishment and regulation of
genomic imprints have demonstrated that DNA methylation is the main epigenetic
modification that distinctly labels maternally and paternally inherited copies of imprinted
genomic loci [12,13].

DNA methylation and the role of DNA methyltransferases

DNA methylation refers to the process of addition of a methyl (~CHs) group on cytosines at
5’-cytosineguanine-3’ dinucleotides (CpG) converting DNA base cytosine to 5-
methylcytosine (5mC). Specific methylation patterns are observed on guanine-cytosine-rich
regions of the genome, called CpG islands, which exhibit high frequencies of CpG sites.
Methylation of CpG islands constitutes a key mechanism of epigenetic regulation and plays
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a central role in the differentiation from embryonic stem cells into specific cells and tissues.

Certain CpG islands constitute differentially methylated regions (DMRs) that undergo DNA
methylation on only one allele (maternal or paternal). This kind of differential methylation is
heritable and results in genomic imprinting.

Genome-wide methylation pattern is erased and re-established every generation during
gameto-genesis and early embryo development. Once established, the pattern of methylated
and unmethylated CpGs on the genome tends to be copied through cell divisions to
reproduce methylation patterns. This process is called maintenance methylation. The
members of the DNA methyltransferase (Dnmt) family, DNMT1, DNMT3A/B, and
DNMTS3L are the major components of the complex molecular mechanism for acquisition
and propagation of methylation across cell divisions. DNMT1 is demonstrated to be the
primary maintenance methyltransferase, since targeted mutation of Dnmt1 in mice results in
genome-wide DNA demethylation and embryonic lethality [14].

Establishment of DNA methylation, on the other hand, requires de-novo methyltransferases
DNMT3A and DNMT3B for epigenetic reprogramming in the embryo and for imprint
acquisition in the gametes. Experimental evidence shows that inactivation of both genes
blocks de-novo methylation in embryonic stem cells and early embryos, but does not disrupt
maintenance of imprinted methylation patterns [15]. Both DNMT3A and DNMT3B are also
actively expressed in male and female germ lines [16]. DNMT3L cooperates with DNMT3A
and DNMT3B to stimulate their methyltransferase activities for de-novo methylation of
maternally imprinted genes in oocytes [17]. Targeted disruption of Dnmt3L does not affect
genome-wide methylation levels, but prevents methylation of maternally imprinted
sequences resulting in sterility in males and maternal lethality in females [18].

Regulation of imprinting during early embryo development and gametogenesis

DNA methylation related to genomic imprinting and epigenetic reprogramming is regulated
by two major waves of genome-wide demethylation and remethylation: first, biparental
genetic totipotency (i.e. cell differentiation) is epigenetically established following
fertilization, and second, biparental methylation pattern in the DMRs is eliminated and
imprinted methylation is re-established in the germ line for the next generation (Fig. 1).

Imprinted genes are maternally marked in the mature oocyte and paternally marked in the
sperm. Shortly after fertilization, before the first cell division, the paternally derived genome
undergoes active demethylation by dioxygenase TET3-mediated oxidation of 5mC,
changing 5mC into 5-hydroxymethylcytosine [19-21]. In contrast, the maternally derived
genome remains methylated during the first DNA replication cycle, but initiates a passive,
replication-dependent demethylation process in which 5mC levels gradually decrease
through successive cell divisions until the blastocyst stage [19,20]. Genome-wide de-novo
methylation occurs around implantation [22]. This epigenetic reprogramming is required for
erasure of the inherited epigenetic features and to enable totipotency of the newly formed
embryo.

Imprinted DMRs are not affected at this first wave of genome-wide DNA demethylation,
and parental imprints are maintained in the somatic tissues of the embryo throughout life.
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DMRs preserve methylation in the presence of DNMT1 and DNMT1o0 during
preimplantation embryo development [23,24]. ZFP57 and TRIM28 have also been identified
as factors contributing to maintenance of methylation within imprinted DMRs [25,26].

Precursor primordial germ cells are biparentally imprinted at early gametogenesis as they
are derived from the somatic cells of the embryo. A new germ-line-specific demethylation
initiates around mouse embryonic day 8.0-9.0, whereas the primordial germ cells migrate
toward the genital ridge in the embryo [27]. This second demethylation occurs at the DMRs
and erases the biparental imprinting in the gametes.

Methylation acquisition in the paternal DMRs in male germ cells begins around embryonic
day 16.5 and is mostly complete in prospermatogonia by embryonic day 18.5 [28M]. In
oocytes, methylation of maternally imprinted DMRs starts only after sexual maturation,
around primary to antral stage follicles and is mostly complete in metaphase 11 (MII) mature
oocytes [29] (Fig. 1).

Identification of imprinted loci

Currently, around 150 imprinted genes [30] and 24 DMRs (three paternally and 21
maternally methylated) have been identified in the mouse genome [31]. The majority of the
imprinted genes are located in clusters in approximately 1 Mb sequence throughout the
genome. Each of these clusters is under the control of specific DMRs, which are known as
imprinting control regions (ICRs). Deletion of ICRs results in loss-of-imprinting [32] and
mutations in Dnmt genes cause loss of methylation at the ICRs resulting in bi-allelic
expression of the imprinted genes [33].

Imprinted genes on human chromosome 11p15.5 are regulated by two ICRs: KCNQ1OT1
and IGF2/H19. SNRPN ICR controls the imprinting cluster on chromosomal region 15g11-
q13 [4]. Imprinted genes in these clusters were identified at the earliest imprinting
experiments. In an attempt to identify novel imprinted loci, DNA methylation-based
methods were used to detect DMRs and then genes located close to those DMRs were
examined to assess their imprinting status [34,35]. More comprehensive search was
conducted using expression arrays on parthenogenetic and androgenetic embryos [36,37] or
UPD mice models [38,39]. Recently, RNA-Seq analysis of reciprocal mouse crossings
enabled transcriptome-wide imprinting detection based on the analysis of strain-specific
single nucleotide polymorphisms. Using this novel approach, a total of 1330 imprinted loci
were identified in the mouse embryonic and adult brain [40] and 251 candidate imprinted
genes in the mouse placenta [41].

Although various analytical approaches have been successfully used to detect imprinted loci,
how methylation machinery recognizes and differentially modifies the imprinted regions
still remains unknown. In addition to high-density CGls, tandem-repeat patterns and
retrotransposons have been suggested as potential discriminative characteristics of imprinted
DMRs. On the other hand, there is evidence that tandem repeats or retrotransposons alone
are unlikely predictors of imprint status [42,43]. More recent studies have focused on
determining a sequence signature that could distinguish imprinted regions from the rest of
the genome, and computational prediction of mouse imprinted genes based on common
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features such as CpG islands and repeats yielded over 600 candidates [44]. Further studies
combining molecular and computational biology approaches are needed to identify the full
spectrum of imprinted genes and to determine whether mechanisms other than methylation
contribute to genomic imprinting.

IMPACT OF ASSISTED REPRODUCTIVE TECHNOLOGIES ON IMPRINTING
AND IMPRINTING DISORDERS

ART-related manipulations to oocytes and embryos, such as follicular stimulation,
intracytoplasmic sperm injection (ICSI), and embryo culture, coincide with the timing of
epigenetic reprogramming and sex-specific imprint acquisition. Genome-wide and
imprinting-related DNA methylation levels change considerably during this period.
Consequently, stability of DNA methylation and expression of imprinted genes in oocytes
and embryos have been investigated widely in association with ART treatment. Specific
imprinted genes are commonly investigated within the context of ART. Characteristics of
these genes are presented in Table 2.

DNA methylation and imprinted gene expression following assisted reproductive
technology procedures: animal models

In one of the early studies, disrupted methylation was observed at H19, Mest/Pegl, and Igf2r
DMRs in mouse oocytes produced by in-vitro folliculogenesis [46]. Conversely, normal
DNA methylation was observed at the imprinted H19, I1gf2r, and Sarpn regulatory sequences
in M1l oocytes grown in a long-term preantral follicle culture system and matured in vitro
[47]. The same group also reported that high levels of ammonia and mineral oil overlay
during follicle culture did not alter the methylation status of these DNA regions in MlI
oocytes [48]. A recent systematic literature review reported that mouse ovarian tissue culture
and in-vitro follicle culture studies collectively suggest correct imprinted DNA methylation
establishment in oocytes [49W].

Investigation of the effect of follicle-stimulating hormone therapy, that is, superovulation,
revealed that maternal imprint acquisition was unaffected at Shrpn, Kenglotl, Peg3, and
H19 genes in individual mouse oocytes derived from females subjected to low and high
hormone treatments [50]. Cryotop vitrification of preantral follicles also did not affect
imprinting in vitrified oocytes [51].

In contrast to the oocyte, disrupted DNA methylation was consistently observed in ART-
conceived mouse embryos. Aberrant DNA methylation at 1gf2-H19 imprinted region was
observed in in-vitro conceived mouse morulas and blastocysts [52]. Analysis of methylation
status and expression level of H19 in individual blastocysts revealed that epigenetic
alterations of the H19 were affected in in-vitro fertilization (IVF), whereas superovulation
resulted in disrupted H19 expression [53]. The disruptive effect of superovulation on
imprinting status was also reported in terms of loss of methylation in maternally methylated
Shrpn, Peg3, and Kenglotl and gain of methylation at the maternal allele in paternally
methylated H19 imprinted regions [54]. Notably, this disruption was dose-dependent, with
aberrant imprinted methylation more frequent at the high hormone dosage. The same group
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also showed that embryo culture in five different commercial media systems resulted in loss
of imprinted methylation at different levels and that combined treatment of superovulation
and embryo culture resulted in increased perturbation of genomic imprinting [55]. In
addition, the effect of maternal age on DNA methylation was investigated in blastocysts and
mid-gestation embryos and interestingly, no age-related differences were detected in DMRs
of Shrpn, U2aflrsl, Kenglotl, Igfr2, Pegl, and H19 imprinted genes [56].

Altered expression of imprinted genes is an expected consequence of disrupted methylation
in DMRs. Aberrant expression of silent paternal H19 allele in the mouse oocyte was
observed in one of the two commercial embryo culture media tested [57]; and
preimplantation embryo culture in the presence of serum resulted in differential expression
of imprinted H19, Igfr2, and Grb10 genes, leading to aberrant fetal growth and development
in mice [58]. A series of studies indicated abnormal imprinted gene expression in the
placental tissues of the ART conceptuses [59-61]. These studies were based on the fact that
the trophectoderm is directly in contact with the artificial culture medium, which can
potentially impact placental development [61].

Imprinting disorders in assisted reproductive technology-conceived children

In addition to the animal studies described above, aberrant DNA methylation was observed
at imprinted DMRs of in-vitro cultured human oocytes and ART-conceived human embryos
[62,63], and DNA methylation-associated gene expression differences were detected in in-
vitro conceived children [64]. These observations led to the investigation of the potential
impact of ART on imprinting-related human disorders.

BWS, Angelman syndrome, and PWS are the most common imprinting disorders
investigated within the context of ART. BWS is an overgrowth disorder resulting from
genetic or epigenetic defects affecting KCNQ1OT1 and H19 imprinting domains [5]. The
incidence of BWS is estimated to be 1 of 13 700 [65]. Angelman syndrome is a neurological
disorder characterized by mental retardation, severe learning difficulties, subtle dysmorphic
facial features, and a happy, sociable disposition [6]. The syndrome is caused by
downregulation of maternal UBE3A expression in the SNRPN imprinting cluster. PWS is
characterized by hyperphagia, stubbornness, and compulsive traits [7]. PWS also arises from
imprinting defects at the SNRPN DMR. Both Angel-man syndrome and PWS are relatively
rare diseases with a frequency of one of 10 000 to one of 15 000 [7].

Initially in 2002, a case report by Cox et al. [66] observed sporadic loss of methylation in
maternally imprinted SNRPN locus in two ICSI children who developed Angelman
syndrome and pointed out the possibility of disrupted maternal imprinting as a consequence
of ICSI. Orstavik et al. [67] also reported an ICSI child with Angelman syndrome having
sporadic imprinting defects in SNRPN locus. Ludwig et al. [68] investigated the incidence of
ART in a larger cohort including 79 Angelman syndrome patients of which 16 were born to
subfertile families. Imprinting defects were detected at SNRPN region in four out of these 16
individuals: one ICSI child, one child born after hormonal therapy, and two children born
without ART. The authors [68] suggested that subfertility and imprinting defects may have a
common cause.
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The first evidence on association of ART with BWS was published in 2003 reporting altered
DNA methylation at LIT1 (KCNQ10OT1) or H19 imprinted DMRs in five of the seven BWS
children born after ART [69]. The prevalence of ART in the BWS registry assessed in this
study was 4.6% (3/65), which represented a six-fold increase compared to 0.76% live births
resulting from ART in the United States in 1999 [69].

These initial observations were followed by population- and cohort-based analyses from the
United Kingdom, France, and Australia, indicating significantly increased prevalence of
BWS among ART-conceived children compared with children conceived naturally. In the
study by Mabher et al., [70] six of 149 (4%) BWS children were born after ART in the
United Kingdom. As ART accounts for only approximately 1.2% of births in the general
population in the United Kingdom, this corresponded to an approximately three-fold
increase in the incidence of exposure to ART in children with BWS [70]. Two out of six
cases were assessed for KvDMR1 methylation and both showed loss of methylation on the
maternal allele [70]. In another cohort of 149 BWS cases from France, Gicquel et al. [71]
identified six post-ART children with isolated demethylation at KvDMR1. The prevalence of
ART treatment in children with BWS (4%) in this study was three times higher than the
general population in France, where ART accounts for 1.3% of births [71]. Halliday et al.
[72] estimated the risk of BWS in the IVF population as approximately one out of 4000
comparing the occurrence ratio of 37 BWS cases in the general population to four post-ART
BWS cases in the IVF population. Three out of four post-ART BWS children were tested for
KvDMR1 methylation, and loss of methylation was detected in all three cases [72]. Sutcliffe
et al. [73] conducted a survey including 79 BWS, 75 Angelman syndrome, 163 PWS, and 23
transient neonatal diabetes mellitus cases, and a significantly increased frequency of ART
use was confirmed only in the BWS population (2.9% versus 0.8% expected). Altered
methylation was observed at KvDMRL region in all of the eight BWS cases and at SNRPN
region in one of the three Angelman syndrome cases examined [73].

Although loss of methylation in the maternally imprinted KvDMR1 was investigated as the
main imprinting defect associated with post-ART BWS cases, abnormal methylation was
observed at multiple genomic loci in both ART-conceived and naturally conceived BWS
patients [74,75].

With the aim of testing the hypothesis that the culture media could be implicated as a
common factor among post-ART BWS children, Chang et al. [76] conducted an analysis on
341 patients with BWS that were recruited to the BWS registries in the United States
between 1994 and 2003. Nineteen of the 341 individuals were born after ART. Analysis of
the available medical records for 12 of these 19 ART-BWS cases revealed that all 12 women
had received some type of ovarian stimulation medication; however, investigations were not
able to identify any specific ART procedure or in-vitro culture media as being associated
with BWS in this patient group [76].

The earlier reports suggesting an association between ART and imprinting disorders were
not supported by the findings of subsequent case series and cohort studies. Analysis of
Danish registry data including 6052 I\VF children born in 1995-2001 did not suggest an
increased risk of imprinting diseases after IVF [77]. In a survey of both clinically diagnosed
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and previously unrecognized BWS and Angel-man syndrome cases, the absolute risk of
imprinting disorders in ART-conceived babies was estimated to be less than 1% [78].
According to a Dutch study, 6.4% of the 220 children with one of the Angelman syndrome,
BWS, or PWS were born after any form of ART, whereas 6.8% of the affected children
were born to subfertile couples without ART [79]. Because the relative risks of assessed
syndromes were the same in subfertile families with or without ART, the increased
prevalence of imprinting disorders was attributed to fertility problems rather than ART
procedures. The infertility factor was further discussed in a case report of a family having
two children diagnosed with BWS, one through spontaneous conception and the other one
born after ART [80]. A summary of studies investigating the association between ART and
imprinting disorders is given in Table 3.

In addition, stability of DNA methylation was examined in in-vitro conceived children
independent of the diagnosed syndromes. Normal methylation pattern was observed at
SNRPN region in all 92 ICSI children examined [81], whereas hypo-methylation at
KvDMRL region was reported in three out of 18 clinically normal ART-conceived children
[82]. Methylation status of the IGF2/H19 ICR in 61 phenotypically normal ART newborns
was compared to 30 naturally conceived newborns and showed that overall methylation
patterns were similar between the two groups [83]. In a more comprehensive analysis, 10
DMRs were analyzed in 77 ICSI, 35 IVF, and 73 natural conception children, and a slight
hypermethylation was observed only at MEST region in IVF children [84]. Comparison of
whole-genome gene expression in blood samples obtained from 60 ART-conceived and 60
naturally conceived babies demonstrated similar genomic imprinting expression between the
two groups, except for differential expression of PEG10, L3MBTL, and PHLDA2 genes in
the ART group and loss of methylation at L3MBTL region in one ICSI case [85].
Examination of DNA methylation at four imprinted loci in 66 IVF-conceived and 69
naturally conceived children revealed no difference at percentage of methylation between
the groups [86]. These findings together suggest that ART does not significantly alter the
DNA methylation pattern in humans and imprinting defects are not common in the ART
population.

CONCLUSION

Genomic imprinting is a specialized epigenetic mechanism that silences one parental allele,
while enabling gene expression from the other parental allele. Although imprinting seems to
regulate only a limited number of genes, disruption of imprinting may have serious health
consequences, leading to significant pathologies including BWS, Angelman syndrome, and
PWS.

As ART-related manipulations of oocytes and embryos coincide with the timing of
epigenetic reprogramming and sex-specific imprint acquisition, stability of DNA
methylation and imprinted gene expression in oocytes and embryos have been investigated
in association with ART. Animal studies suggested an effect of ART on genomic imprinting
in embryos. In addition, several case series studies reported an approximately three-fold to
six-fold increase in the occurrence of BWS in association with ART, compared to the
general population. However, abnormal DNA methylation could not be consistently
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identified in IVF children, and an effect of ART independent of infertility could not be
demonstrated.

At present, our understanding of the impact of ART on genomic imprinting and imprinting
disorders is limited as the syndromes associated with aberrant imprinting are quite rare,
making clinical cohort studies extremely difficult and randomized prospective trials
impossible. A combined effort from clinical and basic researchers is needed to determine the
actual impact of ART on imprinting disorders and to delineate how different types of ART
related interventions may affect genomic imprinting.
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FIGURE 1.
Regulation of paternally imprinted (blue), maternally imprinted (red), and nonimprinted

(yellow) DNA methylation during early embryo development and gametogenesis. Dashed
arrows, dotted arrows, and thin arrows indicate demethylation, de-novo methylation, and
unmethylated status, respectively. (1) Sex-specific imprints are established in the mature
oocyte and in the sperm. Shortly after fertilization, genome-wide demethylation occurs at
nonimprinted genomic loci. (2) De-novo methylation at nonimprinted regions on DNA. This
epigenetic reprogramming enables cell differentiation by turning different genes on and off
in different cells. After that stage, maternal and paternal imprints and nonimprinted
methylation are maintained in somatic cells of the embryo throughout life (hot shown in the
figure). (3) Another wave of demethylation initiates at the imprinted DMRs in primordial
germ cells of the embryo. (4) Biparental imprints are erased in the germ cells. (5) Paternal
imprint acquisition starts in the spermatogonia of the male fetus, whereas DMRs remain
unmethylated in the oocytes of the female fetus. (6) Paternal imprint acquisition is
completed in the germ cells of the male fetus and maintained throughout life. (7) Imprinted
DMRs remain unmethylated in the primordial oocytes in female embryo. (8) After puberty,
maternal imprints are established during oocyte growth.
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Table 1

Brief definitions of biological concepts referred in this review

Concept

Definition

Parthenogenesis

A kind of asexual reproduction in which an egg is developed into an embryo without fertilization. Some species switch
between sexual reproduction and parthenogenesis whereas some others reproduce only by parthenogenesis. Artificial
parthenogenesis has been achieved by stimulating the egg with the help of various mechanical and chemical agents;
usually resulting in incomplete and abnormal development

Gynogenone Diploid embryos with two maternal genomes developed by either transfer of a female pronuclei into the haploid
parthenogenetic egg or by replacement of a male pronucleus in the fertilized egg with a female pronucleus from
another fertilized egg

Androgenone Diploid embryos with two paternal genomes derived by replacement of the female pronucleus in the fertilized egg with

a male pronucleus from another fertilized egg

Epigenetic regulation

Heritable changes in gene expression that are controlled by factors other than the DNA sequence, such as DNA
methylation and histone acetylation. Epigenetic changes can switch on and off resulting in alternative expression
patterns

DNA methylation

The biological process in which a methyl group (CHj) is added to a DNA nucleotide. DNA methylation regulates gene
expression by turning genes on and off

Genomic imprinting

Allele-specific gene expression controlled by parent-of-origin dependent differential methylation of DNA

Maternal imprinting

Maternally imprinted genes are methylated and silenced on the maternal copy and expressed from the paternal copy of
the chromosome which is inherited from the father

Paternal imprinting

Paternally imprinted genes are methylated and silenced on the paternal copy and expressed from the maternal copy of
the chromosome which is inherited from the mother
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Table 2
The list of imprinted genes in humans, which are commonly investigated in relation to assisted reproductive
technology
Mouse
ortholog
chromosomal
Gene symbol Gene hame Expressed parental allele Human chromosomal region  region
KCNQ1OT1 (LIT1, KvDMR1) KCNQL1 overlapping Paternal expression 11p15.5 Distal 7
transcript 1
IGF2 Insulin-like growth factor 2 Paternal expression 11p15.5 Distal 7
H19 H19 Maternal expression 11p15.5 Distal 7
PHLDA2 Pleckstrin homology-like Maternal expression 11p15.5 Dist 7
domain family A member 2
S\NRPN Small nuclear Paternal expression 15911-q13 Central 7
ribonucleoprotein
polypeptide N
UBE3A Ubiquitin-protein ligase E3A  Maternal expression in 15911-q13 Central 7
brain
MEST (PEG1) Mesoderm-specific Paternal expression 7932.2 Prox 6
transcript homolog
(paternally expressed gene
1)
PEG10 Paternally expressed gene 10  Paternal expression 7921.3 Prox 6
PEG3 Paternally expressed gene 3 Paternal expression 19913.43 Prox 7
L3MBTL Lethal(3) malignant brain Paternal expression 20g13.12 Chr 2 (not
tumor-like protein imprinted in
mice)

Imprinting data gathered from [45].
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