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Abstract: Imprinted genes play diverse roles in mammalian development, homeostasis, and disease.
Most imprinted chromosomal domains express one or more long non-coding RNAs (IncRNAs).
Several of these IncRNAs are strictly nuclear and their mono-allelic expression controls in cis the
expression of protein-coding genes, often developmentally regulated. Some imprinted IncRNAs
act in trans as well, controlling target gene expression elsewhere in the genome. The regulation of
imprinted gene expression—including that of imprinted IncRNAs—is susceptible to stochastic and
environmentally triggered epigenetic changes in the early embryo. These aberrant changes persist
during subsequent development and have long-term phenotypic consequences. This review focuses
on the expression and the cis- and trans-regulatory roles of imprinted IncRNAs and describes human
disease syndromes associated with their perturbed expression.

Keywords: epigenetics; genomic imprinting; long non-coding RNA; transcriptional interference;
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1. Introduction

Epigenetic processes are important for the establishment and maintenance of gene
expression patterns during development and after birth [1]. They bring about covalent
modifications on the genome (DNA methylation) and the associated chromatin (histone
modifications) that are stably maintained during somatic cell divisions. However, these
epigenetic modifications are also reversible and may be influenced by environmental
cues [2]. Different genetic and epigenetic mechanisms induce the mono-allelic expression of
genes during development, and this critically influences their expression levels (reviewed
in [3]). Genomic imprinting provides one of the best-studied examples of mono-allelic
expression in mammals. During development, this epigenetic phenomenon causes a form
of mono-allelic expression that is strictly dependent on the parental origin of the allele [4-6].
Approximately 150 protein-coding genes show imprinted expression in mice and humans,
often in a tissue-specific manner. About half of the imprinted genes are expressed from
their maternally inherited copy only, whereas the others are expressed only from their
paternal allele [7,8].

It is because of imprinted gene expression that, in mammals, both the parental genomes
are required for development and after birth [9-11]. Functional studies in mice have shown,
for multiple imprinted genes, that their expression levels are critically important for cellular
proliferation, development, and physiological processes. Other imprinted genes play key
roles in brain development and behaviour [5,12]. In humans, the loss of expression, or
aberrant biallelic expression, of imprinted genes can give rise to different congenital disease
syndromes [13-15]. These pathologies are often referred to as imprinting disorders. In hu-
mans, several imprinted genes also show perturbed expression in different types of cancer,
and these perturbations are thought to contribute to the process of tumourigenesis [16].
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A common feature of imprinted genes is that they are organised in clusters within
chromosomal domains that comprise from tens to thousands of kilobases of DNA. Each
imprinted domain is controlled by a maternally, or a paternally, inherited DNA methyla-
tion imprint that is somatically maintained following fertilisation, throughout develop-
ment [17,18]. These parental methylation imprints occur at essential regulatory sequence
elements, thus creating a functional difference between the two parental chromosomes. The
essential regulatory sequences that are marked by the germline-acquired DNA methylation
imprints are called ‘imprinting control regions’ (ICRs). These differentially methylated
regions (DMRs) are referred to as germline DMRs as well. Most ICRs correspond to gene
promoters and are methylated on the maternal allele. During embryonic development,
additional regulatory sequences acquire allelic methylation at imprinted domains, through
various ICR-dependent mechanisms [6]. These somatically acquired DMRs are secondary
DMRs. The importance of ICRs (germline DMRs) and secondary DMRs for imprinted gene
expression has been demonstrated in multiple targeting studies in the mouse, for many of
the imprinted domains [4].

In mammals, DNA methylation occurs at cytosines in the context of CpG dinucleotides
(‘CpG methylation’) [19]. The parental allele-specific CpG methylation at ICRs is essential
in mediating the imprinted gene expression during early development, by rendering the
ICRs functionally different between the two parental chromosomes. The way in which the
allelic DNA methylation at an ICR promotes mono-allelic gene expression, however, is
different between the various imprinted domains [5,20].

Besides protein-coding genes, hundreds of non-coding RNAs (ncRNAs) are controlled
by genomic imprinting as well [21]. In humans, for instance, approximately 7% of all the
microRNAs (miRNAs) are imprinted and expressed from one of the two parental genomes
only [22]. Several large clusters of small nucleolar RNAs (snoRNAs) are also imprinted.
These different types of imprinted small ncRNAs play diverse roles in development and
physiology, and, as for the imprinted protein-coding genes, their dosage control by imprint-
ing is functionally important [22-25]. This review does not concern the imprinted small
RNAs, however, which have been discussed in detail in recent reviews [23,26]. Instead,
it focuses on the imprinted long non-coding RNAs, a class of RNAs that are emerging as
essential factors in the control of protein-coding genes, with major effects on development
and disease [27-29].

Long non-coding RNAs (IncRNAs)—defined as being more than 500 nucleotides in
length [27]—have attracted growing attention in the field of genomic imprinting. The
first discovered IncRNAs were imprinted IncRNAs, and, already in the early days, their
expression was found to control close-by protein-coding genes [17]. The first IncRNA
identified in mammals—more than thirty years ago—was the imprinted H19 RNA [30].
This spliced and poly-adenylated IncRNA of 2.3-kb in size is expressed from the maternal
chromosome only, in mesodermal and endodermal tissues. H19 is part of an evolutionarily
conserved chromosomal domain located on mouse chromosome 7. This imprinted domain
also comprises the essential insulin-like growth factor 2 (Igf2), a growth-regulating gene
that is expressed from the paternal chromosome only (Figure 1).

In studies on IncRNAs, it has generally been challenging to ascertain what precisely
brings about the phenotypic effects of their expression [27]. For most IncRNA genes, it
remains unclear whether their effects are mediated by promoter activity, by the transcription
of the IncRNA, by the generated IncRNA itself, or by regulatory RNAs processed from the
IncRNA. Although between 15 and 180 thousand IncRNAs are thought to be expressed by
mammalian genomes—depending on the estimates (http://www.noncode.org/analysis.
php, accessed on 1 September 2023)—so far, only approximately one hundred have been
explored functionally [27]. Interestingly, almost all the methylation-controlled imprinted
domains express one or more IncRNAs [6,12]. Several of these imprinted IncRNAs have
been studied well enough to draw conclusions about their modes of action (Table 1). Much
is known about how they control the expression of close-by protein-coding genes at their
respective domains (cis effects), and some imprinted IncRNAs affect the expression of
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genes on other chromosomes as well. Despite considerable research efforts during the last
few years, however, the in-trans effects remain less well understood than the cis actions of
imprinted IncRNAs.

This review focuses on mammalian IncRNAs that are imprinted. These IncRNAs
constitute only a fraction of all the known IncRNAs in mammals [27]. However, because
of their allelic expression status and their involvement in development and disease, these
exceptional IncRNAs have provided attractive research paradigms [31-34]. Below, we
discuss how imprinted IncRNAs control chromatin organisation and gene expression, in cis
and in trans, and how these functions influence development, homeostasis, and disease.

2. Regulatory IncRNAs at Developmental Imprinted Gene Domains

Many of the conserved imprinted domains—of which several are linked to specific
imprinting disorders in humans—have been explored for their biological functions and
the roles of their IncRNAs (Table 1). Although, quite logically, this review focuses on these
important gene domains, it also presents data on other, less studied, imprinted loci that
also express IncRNAs.

2.1. The Igf2-H19 Imprinted Domain

H19 was the first IncRNA discovered in mammals [30] and is expressed from the
maternal genome exclusively [35]. It resides in an imprinted domain controlled by an
intergenic ICR that is methylated on the paternal chromosome. This relatively small domain
(~100 kb) also comprises the insulin-like growth factor 2 (Igf2) and insulin (Ins) genes, both
of which are expressed from the paternal chromosome predominantly, in a tissue-specific
manner (Figure 1). Whereas the expression levels of Igf2 and Ins are critical for growth and
homeostasis [36-38], initial targeting studies did not reveal marked phenotypes in H19-
deficient animals, despite the evolutionary conservation of this IncRNA [39]. In subsequent
studies, many years later, however, H19 RNA was found to reduce placental growth during
foetal development. This growth-limiting effect is mediated by a miRNA that is processed
from the first exon of the IncRNA, specifically in the placenta [40,41]. One target of the
H19-derived miRNA is the mRNA of the growth-related IGF1 receptor gene (Igf1r), and
this explains H19's negative effects on placental growth [41].

In humans, the IGF2-H19 imprinted domain (chromosome 11p15.5) is causally in-
volved in two growth-related imprinting disorders, Beckwith-Wiedemann Syndrome (BWS,
OMIM 130650) and Silver-Russell Syndrome (SRS, OMIM 1809 = 860) [42]. BWS and SRS
cases that are linked to the IGF2-H19 locus are caused by increased or decreased expression
of the growth-regulating IGF2 gene, respectively, and concordant changes in H19 expression
may contribute to the clinical aetiology of these disorders as well, through the trans effects
of this conserved IncRNA (see also below).

2.2. The Igf2r Imprinted Domain

Another well-characterised imprinted IncRNA is Airn, at the IGF2 receptor gene (Igf2r)
domain on mouse chromosome 17 (Figure 2). This 118-kb IncRNA is expressed from
the paternal chromosome only [43]. As with the Igf2-H19 locus, the Igf2r domain plays
an important role in the control of foetal growth. This function is conferred mostly by
the maternally expressed mannose-6-phosphate/insulin-like growth factor receptor type
2 gene (Igf2r), which encodes a non-functional receptor that attenuates INS/IGF signalling
and thereby reduces cellular proliferation and growth [44,45]. The Igf2r domain is large and
comprises three cation transporter genes as well, of which one (5Ic22a3) shows expression
from the maternal chromosome only, and another (SIc2242), displays a strong maternal bias
in its expression, in the placenta. A maternally methylated ICR within the second intron of
Igf2r controls the imprinted expression of Igf2r, Slc22a2, and Slc22a3. This intragenic ICR
comprises the promoter of the IncRNA Airn. Because of the ICR’s allelic DNA methylation
status, Airn is expressed on the paternal chromosome only. Transgenic studies in mice
that generated the loss of expression, or truncation, of Airn all resulted in reduced foetal
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growth, caused by biallelic (and hence increased) Igf2r expression [46-48]. The Airn
IncRNA overlaps the Igf2r promoter, which brings about a transcriptional interference
process, which is outlined in more detail below. In the extra-embryonic tissues, additionally,
the loss of Airn IncRNA leads to the biallelic transcription of the distally located Slc22a2
and Slc22a3 [46,49]. The imprinted expression of these genes is due to the recruitment
of lysine methyltransferases (KMTs) and the subsequent deposition of repressive histone
methylation [50,51]. A recent study reported that, in the placenta, several other genes
(Arid1b, Park2, Smcc2), across a 10-Mb region, are expressed from the maternal chromosome
only. These distant imprinted genes are controlled by Airn IncRNA as well [8], which
makes the Igf2r domain the largest known imprinted domain in mice. The latter finding
also underlines that, at imprinted domains, more genes are imprinted in the trophoblast
than in the embryo [8]. Combined, the long-range repressive effects of Airn attenuate
placental development and, indirectly, affect foetal development as well.

The human IGF2R gene (on chromosome 6q25) is not imprinted, with mono-allelic
expression observed in some people only [52]. However, there is expression of an Airn-like
IncRNA from an intronic CpG island within IGF2R [53]. Although IGF2R is not linked to
an imprinting disorder, its expression levels have been linked to the occurrence of different
cancers [54,55].

2.3. The Gnas Imprinted Domain

Another imprinted locus at which a IncRNA mediates allelic gene expression is the
Gnas domain on mouse chromosome 2 (Figure 1). This ~100-kb domain is important
for development and endocrine regulation [12]. It comprises Gnas, which encodes the G
protein «-subunit Gsa&, which functions downstream of G-protein-coupled receptors in
response to hormones and extracellular signals. The locus also comprises the overlapping
paternally expressed Gnasxl, which encodes a variant Gos subunit [56,57]. The domain
is controlled by a maternally methylated ICR that comprises promoters leading to bi-
directional transcription on the unmethylated paternal copy [58,59]. One of the generated
transcripts is a IncRNA called ‘Nesp-antisense” (Nespas), which is more than more than
14 kb in size (Table 1) and likely covering 30 kb [60,61]. On the paternal chromosome,
Nespas represses in cis a nearby gene called Nesp, whose transcript overlaps Gnas as
well [62]. This cis-repressive effect is similar to that of Airn at the Igf2r domain.

At the Gnas domain, a maternally methylated secondary DMR covers a promoter
region that expresses a longer variant of GNAS (ExonlA variant), from the paternal allele
only (Figure 1). The allelic DNA methylation at the different DMRs and the allelic Nespas
expression are intricately linked and, together, are responsible for the allelic expression
of overlapping, protein-coding transcripts from the maternal (Nesp, Gnas) and the pater-
nal chromosome (Gnasxl, Exonl1A-Gnas). Targeting studies in mice have shown that the
expression levels of the different GNAS-like proteins have diverse metabolic and endocrine
effects and influence behaviour as well [12,56].

The human GNAS locus on chromosome 20q13.3 shows comparable DNA methylation
and gene expression patterns to those in mice and is causally involved in different forms
of ‘pseudo-hypoparathyroidism” (PHP) [64,65], an endocrine disorder characterised by
reduced expression of the GNAS-like proteins. Children with PHP variably manifest bone
defects with ectopic ossifications, short stature, and early-onset obesity, and their endocrine
defects include resistance to parathyroid hormone (PTH) and thyroid stimulating hormone.
In one form of the disease, PHP type 1b (OMIM 603233), the maternal methylation at the
GNAS-ExonlA region (called GNAS A/B in humans) is lost, which leads to loss of the
imprinted GNAS expression [64,65].
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Figure 1. Mouse imprinted gene domains with IncRNA transcriptional or IncRNA indirect effects.
(A) The Igf2-H19 domain. A paternally methylated ICR (yellow rectangle) controls the maternal allele-
specific expression of the H19 IncRNA (thick waved line) and the paternal allele-specific expression
of Igf2 and Ins2. The paternal H19 promoter acquires DNA methylation (grey lollipop) early in
development. Red and blue horizontal lines indicate the maternal and the paternal chromosome,
respectively. (B) At the Gnas domain, a maternally methylated ICR mediates paternal allele-specific
IncRNA expression. The IncRNA expression (of Nespas), in turn, represses the protein-coding Nesp
gene on the paternal chromosome. (C) The Snrpn domain has an ICR that suppresses IncRNA
expression on the maternal chromosome. On the paternal chromosome, transcription of Snhgl4
IncRNA represses the Ube3a gene. The IPW IncRNA likely originates from the Snhg14 IncRNA. On
the paternal chromosome, additionally, the ICR activates the distally located Ndn, Magel2, Mkrn3,
and Frat3 genes, through a poorly understood process that may involve chromatin looping [63]. In
the figure, the lengths of the unspliced primary IncRNAs are indicated. ICRs (yellow rectangles)
have germline-acquired allelic DNA methylation (they are germline DMRs). The allelic methylation
shown elsewhere in the domains is acquired during embryonic development (secondary DMRs).
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Figure 2. IncRNA-induced chromatin repression at imprinted gene domains in the mouse. (A) The
Igf2r domain. In the placenta, the paternally expressed IncRNA Airn (thick waved line) induces
long-range chromatin repression and silences multiple genes on the paternal chromosome (grey
boxes). The ICR (yellow box) on the maternal chromosome is methylated (grey lollipop), leading
to the silencing of Airn. In both the embryo and the placenta, Airn transcription also represses the
paternal allele of Igf2r, through a transcriptional interference mechanism. The domain comprises also
non-imprinted genes (white boxes). (B) The Kcngl domain in the placenta. The paternally expressed
IncRNA Kcnqlotl brings about repressive chromatin modifications in cis, which repress multiple
genes on both sides of the domain. (C) The DIk1-Dio3 domain has a paternally methylated ICR.
On the maternal chromosome, it activates the Meg3-Rian-Mirg ncRNA polycistron. Meg3 IncRNA
expression, in turn, represses protein-coding genes on the maternal chromosome during stem cell
differentiation. In the figure, the IncRNA lengths concern the primary, unspliced transcripts. ICRs
(yellow rectangles) have allelic, germline-acquired DNA methylation (they are ‘germline DMRs’). The
allelic DNA methylation shown elsewhere in the domains is acquired during embryonic development
(secondary DMRSs).

2.4. The Kengl Domain

At the imprinted Kcngl domain on mouse chromosome 7, a IncRNA called Kenqglotl
exerts long-range repressive effects on eight genes (Figure 2). This IncRNA has been
estimated to be 83 [66], 91 [67], 121 [68], or 471 [69] kilobases in size, depending on the cell
type studied. Transcription of this >83-kb IncRNA occurs from the paternal chromosome
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only and is driven by a maternally methylated ICR [70]. This ICR is located within an
intron of an oppositely transcribed protein-coding gene called Kcngl, which is important
for heart function and whose mutation in humans can cause type 1 long QT syndrome
(LQT1, OMIM 192500). On the paternal chromosome, Kcnglotl IncRNA controls the allelic
repression of the Kcngl gene on the paternal chromosome [68,71]. Several other genes
located further away, that do not overlap Kcnqlotl, are repressed by the IncRNA as well,
most pronouncedly in the extra-embryonic tissues, through the deposition of repressive
histone modifications [50,68,72-74]. These genes include the cyclin-dependent kinase
inhibitor 1C (Cdknlc), which exerts a negative effect on cellular proliferation and growth.

The human KCNQ1 domain is positioned adjacent to the IGF2-H19 domain on chro-
mosome 11p15.5 and is causally involved in the foetal overgrowth syndrome Beckwith-
Wiedemann Syndrome (BWS) [42]. In this congenital disorder, early embryonic loss of
methylation at the domain’s intragenic ICR induces biallelic KCNQ1OT1 expression. This,
in turn, leads to the almost complete loss of CDKNIC expression, which causes the ob-
served foetal overgrowth in this class of BWS. Targeting studies in mice have confirmed this
phenotypic effect of the Kenglotl [70]. They have demonstrated the functional importance
of Kenglotl IncRNA in chromatin repression as well, for which the conserved 5 portion
(approximately 900 bases) is particularly important [68,75].

2.5. The DIk1-Dio3 Imprinted Domain

A structurally similar domain is the DIk1-Dio3 locus on mouse chromosome 12 [76]
(Figure 2). This imprinted gene cluster is controlled by a paternally methylated ICR. Initial
targeting studies in the mouse showed that the unmethylated maternal copy of this inter-
genic ICR controls the paternal expression of several protein-coding genes—DIk1, Rtl1, and
Dio3—that play diverse roles in foetal and extra-embryonic development [77]. Subsequent
studies revealed that the unmethylated maternal copy of the ICR is an enhancer [78-81].
Particularly, on the maternal chromosome, the ICR activates a large polycistronic transcrip-
tion unit that expresses a multitude of ncRNAs, including a IncRNA called Meg3 (also
called GtI2 [82]), twenty-two C/D-box snoRNAs (Rian locus), and some fifty miRNAs (Mirg
locus) [77,78,81,83].

The maternal expression of the ncRNA polycistron, in turn, is essential for the allelic
repression of the domain’s protein-coding genes. Targeting studies in cells and animals
have suggested that it is the Meg3 IncRNA that represses the protein-coding genes on the
maternal chromosome [84]. Concordantly, Meg3 is strictly nuclear and is retained at the
imprinted locus in embryonic cells [84]. The mechanism through which this 31-kb IncRNA
represses close-by protein-coding genes will be presented below.

The organisation of the DIk1-Dio3 imprinted locus—and its paternally methylated
ICR—is conserved amongst mammals [76,85]. In humans, the locus maps to chromosome
14g32. Epimutations and microdeletions that affect the paternally methylated ICR, or the
promoter of the MEG3 polycistron, are causally involved in two congenital imprinting
disorders: Temple Syndrome (TS14, OMIM 616222) and Kagami-Ogata Syndrome (KOS14,
OMIM 608149) [83,86-88]. TS14 is characterised by growth retardation, premature puberty,
and obesity and its most common cause is maternal uniparental disomy (MatUPD14) of
chromosome 14q32, where the DLK1-DIO3 domain resides [89]. KOS14, in contrast, often
caused by PatUPD14, is characterised by skeletal dysmorphism, placentomegaly, and
polyhydramnios [89]. The two imprinting disorders have in common that the activity of the
MEG3 ncRNA polycistron is either fully ablated (KOS14) or becomes biallelic (TS14) [89].
As in mice, this observation evoked a putative cis-regulatory role for the IncRNA MEG3. In
patients, however, observed methylation changes can be mosaic and can involve multiple
imprinted loci [13,90], which has complicated the drawing of mechanistic conclusions
about the human locus.
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2.6. The Snrpn Domain

Another domain that is causally involved in imprinting disorders is the SNRPN
gene cluster on human chromosome 15q11-13 (mouse chromosome 7, Figure 1) [91]. This
~4-Mb domain is causally involved in two different neurodevelopmental /behavioural
syndromes: Prader-Willi Syndrome (PWS, OMIM 176270) and Angelman Syndrome (AS,
OMIM 105830) [92]. PWS patients show developmental delays with poor suckling and
hypogonadism and develop behavioural impairments including hyperphagia during child-
hood, leading to severe obesity. In AS, there is a developmental delay as well, with
microcephaly and severe mental disability, limited speech abilities, and sleeping prob-
lems [93]. This domain is conserved in mice (Figure 1). It has a maternally methylated ICR,
located at the 5’ side of Snrpn, an imprinted gene that encodes an RNA-binding protein
involved in RNA processing. Besides the allelic expression of Snrpn—from the paternal
chromosome only—the ICR region also drives the allelic transcription of a IncRNA called
Snghl4 [94]. Sngh14 transcription extends over more than one megabase, across a region
comprising two clusters of snoRNAs (Snord116 and Snord115) genes and a small internal
IncRNA called IPW (‘imprinted gene in Prader-Willi Syndrome region’). Importantly, the
3’ end of the Sngh14 transcription overlaps the gene Ube3a (ubiquitin-protein ligase E3A).
Through a transcriptional interference mechanism presented in more detail below, this
mechanism leads to Ube3a silencing on the paternal chromosome [95]. In AS, there is
aberrant biallelic expression of SNGH14, and, as a consequence, there is no longer any
expression of UBE3A. In PWS, conversely, there is the loss of SNGH14 expression and the
loss of expression of several other paternally expressed genes located at the distal side of
the domain. Functional studies in the mouse confirmed that Snghl14 expression regulates
the imprinted expression of Ube3a and revealed the role of transcriptional overlap in this
process [95-97].

3. Cis-Regulatory Effects of IncRNAs at Imprinted Domains

For a growing number of IncRNAs, cis effects on close-by protein-coding genes have
been explored [27]. At imprinted domains, the IncRNAs are expressed in a mono-allelic
manner and effects in cis are therefore expected to be allele-specific. It is because of
their putative roles in imprinted gene expression that imprinted IncRNAs have attracted
considerable attention. Different mechanistic models have emerged from the studies so
far. These are broadly based on whether it is the IncRNA transcription that exerts the in-cis
effect, or whether it is the IncRNA itself that is functionally important (Figure 3). It is
interesting to note that many non-imprinted IncRNA genes exert a positive, enhancer-like
effect on the expression of close-by genes [98-102]. All imprinted IncRNA genes studied so
far seem to have repressive functions. This is one other aspect that distinguishes this group
of IncRNAs.

3.1. IncRNA-Transcription-Mediated Interference and Chromatin Repression

As concerns the role of IncRNA transcription, one mechanism that has emerged is
interference with an overlapping gene transcribed in the opposite direction (Figure 3A).
At the Snrpn imprinted domain, in neurons, the transcription of the paternally expressed
Snghl14 overlaps a small protein-coding gene, Ube3a (ubiquitin-protein ligase E3A), which
is transcribed in the opposite orientation [103]. The lack of Ube3a transcripts from the
paternal chromosome is thought to arise through the stalling of RNA polymerase II (RNA
Pol II) complexes that encounter Snghl4-transcribing RNA Pol II complexes moving in
the opposite direction. Evidence for this mechanism came from mice that no longer
expressed the IncRNA or that showed the expression of truncated forms of Snghl4 no
longer overlapping Ube3a, which showed biallelic Ube3a expression [95].
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Figure 3. Models of how IncRNAs regulate gene expression in cis. (A) IncRNA transcription can
interfere with that of an overlapping protein-coding gene, in case the overlapping gene is transcribed
in the opposite direction. In the shown example, there is collision of RNA Pol IT complexes, which
prevents the formation of full-length transcripts from the protein-coding gene. (B) IncRNA tran-
scription across promoters can lead to their repression, by preventing accessibility to RNA Pol II
and by mediating repressive histone and DNA methylation. (C) IncRNAs may have long-range
chromatin-repressive effects that involve the recruitment of specific lysine methyltransferases (KMTs)
and of Polycomb repressive complexes (PRCs).

In PWS patients, similarly, the pathological loss of SNGH14 expression correlates with
the biallelic expression of UBE3A [104]. In human cultured cells, ectopically expressed
antisense oligonucleotides directed to the IncRNA led to the activation of the normally
silent paternal UBE3A gene. This experimental approach provided a strategy to alleviate
the clinical symptoms of Angelman Syndrome (AS), a complex neuro-behavioural disease
that is caused by the loss of UBE3A expression in the brain [96,104,105], and it is currently
under a phase 1 clinical trial (https://www.roche.com/solutions/pipeline/, accessed on
1 September 2023). Upstream of the region of overlap with Ube3a, the Snghl4 transcription
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unit comprises a cluster of approximately 75 snoRNA sequences (the Snord115 locus,
Figure 1C). A recent CRISPR-based approach used an adenoviral vector to express a guide
RNA against this multi-copy sequence, as well as a short Cas9 protein variant. In an AS
syndrome mouse model, this approach led to the long-lasting loss of Snghl4 expression in
the brain and, consequently, to the efficient reactivation of the silent Ube3a gene, possibly
because of the concomitant silencing of the primary Sngh14 transcript [106].

When IncRNA transcription moves across the promoter of a flanking gene, the ac-
quisition of repressive chromatin modifications can occur (Figure 3B). This seems to be
the scenario at the imprinted Gnas locus (Figure 1), where Nespas IncRNA overlaps the
promoter of the Nesp gene [56]. IncRNA truncations and other targeting events in the mouse
have shown that the loss of Nespas transcription leads to the activation of the normally
silent paternal Nesp gene [60,107]. The IncRNA-mediated repression of Nesp occurs early
in development and involves the acquisition of DNA and histone methylation [107,108].
How precisely the process works is unclear. However, it is known from epigenomic and
functional studies that progressive RNA Pol II complexes recruit SETD2, a lysine methyl-
transferase that brings about lysine-36 trimethylation on histone H3 (H3K36me3). The
H3K36me3 acquired along the transcribed region induces the specific recruitment of the
DNA methyltransferase DNMT3B, which gives CpG methylation [109,110]. This scenario
explains why, at highly expressed genes, DNA methylation levels are relatively high in
the gene body. At Nesp, in addition, there is the acquisition of repressive H3 lysine-9
trimethylation (H3K9me3), involving a yet unknown mechanism.

A similar mechanism has emerged at the imprinted Igf2r domain (Figure 2). Airn,
the 118-kb IncRNA of this domain, is transcribed in the opposite direction to Igf2r and
overlaps its promoter [17]. Different studies have suggested that, in the early embryo,
Airn transcription prevents the recruitment of RNA Pol II complexes to the Igf2r promoter.
Upon the differentiation of embryonic stem cells, in addition, there is the acquisition of
DNA methylation and H3K9me3. Although these covalent modifications are sufficient to
prevent RNA Pol II recruitment to the promoter in differentiated cells, the expression of
the IncRNA is initially required for the maintenance of Igf2r repression on the paternal
chromosome [46,47,111,112].

At other imprinted domains, IncRNA transcription prevents the expression of overlap-
ping promoters during development as well. At the mouse DIk1-Dio3 domain, for instance,
the maternally expressed Meg3 ncRNA polycistron overlaps Rt/1 (Retrotransposon-like
1), a gene that is important in placental and muscle development. R#/1 is expressed on
the paternal chromosome only. Its expression becomes biallelic in cells in which the over-
lapping Meg3 ncRNA polycistron is no longer transcribed, suggesting a transcriptional
interference mechanism.

At the Gpr1-Zdbf2 domain on mouse chromosome 1, an oocyte-acquired DNA methyla-
tion imprint within the Gpr1 gene (G-protein-coupled receptor 1) brings about the imprinted
expression [113,114]. On the unmethylated paternal allele of this ICR, promoter sequences
express a long intergenic RNA isoform of Zdbf2 during pre-implantation development
and early gastrulation. This 114-kb transcript is called Zdbf2linc (Zdbf2-long intergenic
non-coding) [113], or Liz (‘long isoform of Zdbf2') [115], and overlaps the Zdbf2 tran-
scription factor gene. The transient expression of Zdbf2/Liz during early development
brings about repressive DNA methylation at a CpG island located upstream of Zdbf2. This
somatically acquired allelic methylation imprint is stably maintained subsequently and
controls the paternal allele-specific expression of Zdbf2, which occurs later in mouse devel-
opment [115-117]. The epigenetic IncRNA-linked regulation of this imprinted domain is in
part conserved in humans [118].

In humans, the imprinted DIRAS3 gene (also known as NOEY1 or ARHI) on chromo-
some 1p31 encodes a protein of the RAS superfamily of GTPases. This tumour suppressor
gene is controlled by a maternally methylated ICR and shows expression from the paternal
chromosome predominantly [119,120]. This imprinted gene is located within an intron of
a large IncRNA called GNG12-AS1. GNG12-ASl1 is a stable nuclear IncRNA, detected by
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RNA FISH at its site of transcription [119]. In different cancers, there is altered GNG12-AS1
expression. Studies with siRNAs that silenced GNG12-AS1 showed that reduced IncRNA
expression causes the concomitant upregulation of DIRAS3 mRNA levels, suggestive of an
interference mechanism through which IncRNA transcription controls the expression of
the protein-coding gene [121].

3.2. IncRNA-Mediated Long-Range Chromatin Repression

In another mechanism observed at several large chromosomal domains, IncRNAs can
promote repressive chromatin modifications and gene repression (Figure 3C). Since, in these
cis effects, there is the repression of genes that do not overlap the IncRNA, the IncRNAs
themselves must be involved. In agreement with this hypothesis, these IncRNAs are all
nuclear and accumulate in cis onto their imprinted domains. This mode of long-range
repression shows similarities with X inactivation in female cells, a developmental process in
which the IncRNA Xist coats the X chromosome and facilitates the recruitment of repressive
chromatin complexes [122].

A cis chromatin-repressive role has been reported for the IncRNAs Kenqlotl (Kengl
domain), Airn (Igf2r domain), and Meg3 (DIk1-Dio3 domain) (Figure 2). These IncRNAs
are all strictly nuclear and show cis accumulation onto their respective imprinted domains,
on the parental chromosome from which they are transcribed. Their allelic cis retention is
relatively stable and persists several hours after the inhibition of RNA Pol II, suggestive of
factors that locally stabilise these IncRNAs [50,74,78,123].

Amongst other interactions, Kenqlotl, Airn, and Meg3 associate with components of
chromatin regulatory complexes, and this interaction may contribute to the cis retention
of these IncRNAs. Protein-IncRNA interactions have been studied most extensively for
Kenqlotl. In the preimplantation embryo and in the placenta, this >83-kb RNA interacts
with EHMT?2 (also called G9A), a lysine methyltransferase (KMT) that brings about H3
lysine-9 dimethylation (H3K9me2), and with components of the polycomb repressive
complexes 1 and 2 (PRC1 and PRC2), which mediate H2A lysine-119 mono-ubiquitination
(H2AK119ul and H3K27me3, respectively) [50,68,72,74,75,81,124]. In the placenta, there is
the enrichment of these repressive modifications along most of the imprinted domain, on
the Kenqlotl-expressing paternal chromosome [50,72,73]. Functional studies on EHMT?2
and on EED, an essential component of the PRC2 complex, have shown the importance of
these IncRNA-mediated chromatin modifications in the allelic repression of genes in the
trophoblast and in embryonic stem cells [50,68,74,81,125,126]. There remains the question
as to why the Kcnqlotl-mediated chromatin repression involves many more genes in
the extra-embryonic lineages than in the embryo proper (Figure 2). Possibly, trophoblast-
enriched factors interact with the IncRNA to facilitate the recruitment and/or the activity of
the PRC complexes and of the KMTs. One such factor could be the RNA-interacting nuclear
matrix protein hnRNPK, which is essential for the PRC2-mediated H3K27me3 deposition
along the domain in trophoblast stem cells [50,127].

The mechanism of action of Meg3 at the DIk1-Dio3 locus could be similar to that
of Kenqglotl at the Kengl domain (Figure 2). In the developing embryo, the maternal
Meg3 expression is required for the repression in cis of the developmental DIk1 gene [84].
Earlier studies have shown that this IncRNA interacts with PRC2 components EZH2 and
JARID2, and a recent paper suggests it interacts with hnRNPK as well [50,81,124,128]. PRC2
complexes are required for the imprinted gene expression at this locus, and this process
depends on the level of expression of Meg3 IncRNA as well [81,84,124,129]. Which part(s)
of the IncRNA is involved is not known. However, its cis retention onto the locus also
includes unspliced RNAs, and both intronic and exonic sequences within the 32-kb primary
transcript seem to interact with the PRC2 components EZH?2 and JARID2 [84,124,128].

Airn RNA at the mouse Igf2r domain—for which, above, we have described its tran-
scriptional interference effects—has a chromatin-repressive role as well. This long-range
effect controls the allelic repression of multiple distal genes (SIc22a2, Slc22a3, Arid1b, Park2,
Smcc2) and is observed in the extra-embryonic lineages only [8] (Figure 2). Recent targeting
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studies in the mouse showed that a truncated form of Airn IncRNA is no longer able to
repress these genes in cis, whereas increased Airn expression led to stronger gene repression
in cis [8,50,51]. Airn-induced chromatin repression involves H3K27me3 and H2AK119ul,
controlled by PRC2 and PRC1 complexes, respectively [49,50], and also H3K9me2/3, brought
about by the IncRNA-mediated recruitment of the KMT EHMT?2 [51,126]. Airn IncRNA also
interacts with hnRNPK and this interaction may enhance the allelic recruitment of PRC
complexes onto the locus in trophoblast cells [50].

In conclusion, Kenqlotl, Airn, and Meg3 display similar repressive effects in cis and
control the recruitment and/or the activity of KMTs and PRC complexes. Other IncRNAs, at
other imprinted gene domains, might induce long-range chromatin repression in a similar
manner as well. For instance, at the placental transcription factor Tfpi2 gene on mouse
chromosome 6, there is a requirement for the PRC2 complex and for the KMT EHMT?2 for
the gene’s allelic repression on the paternal chromosome. Tfpi2 is part of a large imprinted
domain (1.8 Mb) also comprising the Peg8 gene, which is under the control of a maternally
methylated ICR [130]. While not known yet, it would be interesting to explore whether a
IncRNA is responsible for the long-range chromatin repression at this domain.

3.3. Putative Structural Roles in cis of Imprinted IncRNAs

Could imprinted IncRNAs also have chromatin structural effects? Recent reviews dis-
cuss this possibility and present known links between IncRNA expression and long-range
chromatin structural interactions [131,132]. For instance, one way that the transcription
of IncRNAs could impact the chromatin structure is by keeping binding sites for CTCF
("'CCCTC-binding factor’) non-methylated, thus ensuring the continued binding of this
chromatin structural protein. The CTCF protein comprises an RNA-binding motif essen-
tial for CTCF recruitment to many of its genomic binding sites [133,134]. Intriguingly,
several imprinted IncRNAs are transcribed across, or close to, CTCF-binding sites. Their
allelic expression could thus influence the allelic binding or activity of CTCF and, hence,
influence long-range structural interactions within the imprinted domain. In addition,
as discussed above, several imprinted IncRNAs interact with PRC complexes and other
chromatin-associated factors. Such interactions could locally give rise to IncRNA—protein
aggregates—possibly involving liquid-liquid phase separation—thus altering the physical
proximity between different regions within an imprinted domain [131,135]. Potential links
between imprinted IncRNAs and chromatin structure would be interesting to explore
further in the future.

4. Emerging trans-Regulatory Roles

Imprinting disorders are syndromic diseases, each defined by combinations of clinical
phenotypes that manifest at different frequencies. Each of these diseases is predominantly
linked to dysregulated gene expression at one imprinted domain. Despite the association
of imprinting disorders with individual genomic domains, intriguingly, there is consider-
able clinical overlap between the different imprinting disorders [13,14]. This observation
suggests the possibility that genes at different imprinted domains could act in common
pathways. One example is provided by the INS/IGF pathway. This growth-regulating
signalling pathway comprises the disease-associated imprinted genes IGF2, IGF2R, and
INS, and the growth factor receptor-binding protein encoding GRB10, an imprinted gene
for which it is unclear whether it is involved in imprinting disorders [136,137]. Different
other biological functions, including nutrient and ion transport, are controlled by multiple
imprinted genes at different domains as well, which underlines that imprinted genes are
involved in common biological functions [12].

The clinical overlap between different imprinting disorders evokes possible mech-
anistic links between different imprinted domains. A regulatory protein produced by
one imprinted domain, for instance, could influence the expression of genes at another
imprinted domain [138]. One example is provided by Plagl1 (also called Zacl) on mouse
chromosome 10, which encodes a transcription factor that controls the expression of many
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other genes, including Igf2 and H19, and the imprinted Kcnglotl IncRNA gene [139]. In hu-
mans, the loss of PLAGLI expression causes ‘transient neonatal diabetes mellitus’ (TNDM,
OMIM 601410), an imprinting disorder characterised by intra-uterine growth restriction,
similarly to what is observed in Silver-Russell Syndrome (SRS), an ID most often caused by
reduced IGF2 expression.

4.1. IncRNAs That Influence Other Imprinted Domains

There is growing awareness that imprinted IncRNAs could have regulatory functions
in trans and could thus influence gene expression at other imprinted domains, possibly in
the context of imprinted gene networks [25,139,140]. Thus far, however, only a few studies
have provided evidence for such trans roles [138]. In one study, the overexpression of the
H19 gene in adult mice led to the reduced expression of Igf2 and also the altered expression
of five other imprinted genes, located on different chromosomes [141]. Mechanistically, the
H19 RNA was found to interact with a methyl-CpG-binding protein called MBD1, which
correlated with the enhanced binding of MBD1 to the DMRs associated with the perturbed
imprinted genes [142]. The IncRNA-MBD1 association in turn enhanced the local recruit-
ment of EHMT?2 (also called G9A), a KMT that brings about repressive histone H3 lysine-9
methylation. Combined, these data suggest that H19 IncRNA controls imprinted genes
through its association with MBD1 and through its recruitment to multiple imprinted gene
loci (Figure 4A). What could determine the specificity of this process remains unknown.

A similar role was reported for the IncRNA IPW at the imprinted SNRPN domain
(Figure 1). This paternally expressed IncRNA originates from the large SNGH14 non-coding
RNA transcription unit. In induced pluripotent stem cell (iPSC) lines generated from PWS
patients that did not express IPW, there was enhanced expression of MEG3 and of the other
maternally expressed ncRNAs of the DLK1-DIO3 imprinted domain [143]. MEG3 expres-
sion became normal again in these pluripotent cells with the overexpression of the IPW
IncRNA. Mechanistically, this IncRNA has been proposed to influence the activity of the
KMT EHMT?2, and to thereby enhance H3K9me3 levels at the MEG3 promoter [143]. This
example provides another link within the ‘imprinted gene network’ [139,140], mediated
through the specific trans effects of imprinted IncRNAs.

In addition, the IncRNA MEG3 could regulate imprinted genes elsewhere in the
genome. Temple Syndrome (TS14) in humans is associated with aberrant biallelic expres-
sion of the MEG3 ncRNA polycistron at the DLK1-DIO3 domain. As part of its clinical
spectrum, observed in a subgroup of TS14 patients, there is reduced foetal growth. In
recent studies on patient-derived serum and fibroblasts, it was found reduced levels of
expression of the growth-regulatory IGF2 gene, without apparent epigenetic changes at the
IGF2-H19 locus [86]. To explore whether MEG3 IncRNA could indeed influence the levels
of IGF2 expression, the authors reduced MEG3 expression in a primary fibroblast line using
a siRNA approach. They found that the IncRNA downregulation led to a moderate increase
in IGF2 mRNA levels [86]. How, precisely, MEG3 IncRNA influences the expression of
IGF2, and whether this observation indicates a direct or an indirect effect, remains to be
determined.

The observed trans effects of H19 and IPW, and possibly of MEG3, on imprinted genes
on other chromosomes require confirmation in follow-up research. It remains also unclear
what directs these IncRNAs to their imprinted targets elsewhere in the genome. Whether
this process is conferred by specific RNA sequence motifs, or by RNA structural features,
would be interesting to explore. In addition, one might expect these imprinted IncRNAs
to influence the expression of non-imprinted genes as well. The latter has been explored
extensively for Meg3, in cancer cells and during embryonic development (Figure 4B).
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Figure 4. Examples of imprinted IncRNAs that have trans-regulatory roles. (A) In the nucleus, H19
IncRNA associates with the methyl-CpG-binding protein MBD1 at specific genomic loci. This enhances
the recruitment of EHMT?2 (also known as G9A), leading to repressive H3K9me3. H19 is mostly in
the cytoplasm, where its interaction with the RNA-binding protein KSRP induces the degradation of
specific mRNAs. H19 IncRNA also serves as a miRNA host. The resulting mature miRNA is loaded
onto Argonaute (Ago) and, through the recognition of specific seed sequences, induces the degradation
or translational inhibition of specific mnRNAs. (B) MEG3 IncRNA forms RNA-DNA triplex structures
through a specific GA-rich sequence motif. This interaction allows the targeting of several TGFp
pathway genes and of the proto-oncogene c-MET. At these loci, and at Hox gene clusters, the IncRNA
associates with the PRC2 components, which locally enhances repressive H3K27me3. In cancer cells,
overexpression of MEG3 activates the P53 pathway and enhances the expression of a specific subset of
P53 target genes. This process requires two structural domains within the IncRNA that form interacting
loops. The thick vertical arrow indicates increased gene expression.
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4.2. Non-Imprinted trans Targets of Imprinted IncRNAs

EZH2, the catalytic H3K27 methyltransferase of the PRC2 complex, interacts with
approximately 20% of all IncRNAs [128,144]. Amongst the interacting IncRNAs is Meg3,
and multiple sites of binding were mapped to the first third of the RNA, with particular
importance of exon 3 [145]. As with many other IncRNAs, Meg3 also interacts with
JARID2 [124], a developmentally regulated cofactor that facilitates PRC2 recruitment to
target genes during development.

In an RNA-FISH study on breast cancer cells that showed considerable MEG3 ex-
pression (MEGS3 is usually silenced in cancer tissues [146]), the IncRNA formed many
nuclear accumulation foci, suggesting that there could be interactions with multiple trans
targets [145]. Using an RNA hybridisation capture assay, several TGF pathway genes
emerged as a common target with the PCR2 complex EZH2 component. MEG3 IncRNA
knockdown reduced the H3K27me3 levels at these genes, and the reduced Meg3 expression
correlated with increased expression of TGF3 pathway genes [145]. Further studies on
cancer cells pinpointed a common 10-bp AG repeat in the promoter-distal regions of the
MEG3-regulated target genes. The same GA repeat is found at the 5’ extremity of the
IncRNA itself. Therefore, this sequence was suggested to form DNA-RNA triplex struc-
tures, and these were detected at some of the target genes. The importance of this GA
repeat was confirmed by cloning it into another IncRNA, KHSP1, finding that the modified
IncRNA was tethered to the TGFBR1 MEGS3 target gene [147]. Combined, these studies
evoke an RNA-sequence-driven mechanism that tethers and stabilises the MEG3 IncRNA
onto specific target genes through the formation of RNA-DNA triplexes, provoking local
chromatin repression (Figure 4B).

In a study on pancreatic neuroendocrine tumour cells, MEG3 IncRNA was similarly
found to interact with a gene encoding the oncogenic hepatocyte growth factor receptor c-
MET—most likely through the formation of RNA-DNA triplex structures. In this study also,
the data suggest locus-specific PRC2-mediated chromatin repression [148]. A mechanism
of gene recognition in trans through RNA-DNA triplex formation has been suggested for
Kenglotl as well [149] (and see below), and for several non-imprinted IncRNAs [150,151].

During development, Meg3 becomes highly expressed in the brain, particularly in neu-
rons [152,153], and shows a nuclear, multifocal accumulation pattern. A recent biochemical
study on motor neurons showed that the Meg3 IncRNA facilitates the interaction of the
PRC2 complex with JARID2 [152]. In these post-mitotic neural cells, Meg3 knockdown
through an shRNA approach, and maternal deletion of the domain’s ICR that controlled
Meg3 expression, led to a marked decrease in H3K27me3 at some six hundred gene loci,
including the caudal Hox genes. Concordantly, mouse embryos with maternal

ICR deletion showed aberrant Hox gene expression and peripheral innervation de-
fects [152]. These interesting findings in mice are relevant for our understanding of Kagami-
Ogata Syndrome (KOS14), which is caused by the loss of expression of the MEG3 ncRNA
polycistron and is characterised by dysmorphic growth and skeletal defects [89]. Interest-
ingly, the MEG3-facilitated PRC2 complex interaction with JARID2 has also been described
in humans, suggesting a conserved gene expression molecular mechanism [124]. In this
respect, Meg3's repressive trans effects in cancer cells and neurons seem mechanistically
similar to its effect in cis at the DIk1-Dio3 domain, where it enhances the local levels of
H3K27me3 and represses gene expression as well [84].

In different types of cancer, including pituitary adenomas, ovarian cancer, and pancreatic
neuroendocrine tumours, among others, there is reduced expression of MEG3 [146,148,154,155].
Interestingly, the loss of this IncRNA was found to correlate with the reduced expression
of many different genes, including TP53 (encoding P53) and P53 target genes [145,156].
This finding suggested that MEG3 IncRNA could induce gene expression as well. Ev-
idence for this mechanism has come from studies in cancer cells, in which transgenic
MEGS3 overexpression enhanced the expression of reporter constructs that comprised P53
response elements [157]. In this study, MEG3 overexpression also stimulated the expression
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of the growth differentiation factor 15 (GDF15), by enhancing the binding of P53 to its
promoter [157].

To assess which part(s) of the MEG3 RNA could be functionally important, a recent
study determined the secondary structure and imaged the compact tertiary topology of this
IncRNA. They found that, within a conserved part of MEG3, two structural motifs interact
with each other, forming long-range tertiary interactions known as pseudoknots or ‘kissing
loops’. Significantly, single nucleotide mutations that disrupted this structural feature
strongly affected the stimulation of the P53 reporter genes by MEG3 [158]. This original
structural study provides strong evidence for the regulation of the P53 pathway by MEGS3,
in a process that involves conserved tertiary structures within the IncRNA (Figure 4B).

Which other imprinted IncRNAs might control non-imprinted genes in trans is un-
known. However, a recent study suggests that this could be the case for Kenqlotl. In human
HEK?293T cancer cells, KCNQ1OT1 expression influences the abundance of H3K9me3 foci
in the nucleus, and deletion studies show that this effect is conferred by a repeat-rich region
at the 3/ part of the IncRNA [149]. In these cells, KCNQ1OT1 was also found to bind to
HP1e, a heterochromatin protein that interacts with H3K9me3. By performing CHIRP-seq,
an RNA hybridisation assay that precipitates the genomic chromatin sites bound to the
bait RNA, the authors identified evolutionarily young transposons as the main targets of
the KCNQ1OT1 RNA in cancer cells. Their recognition seems to be mediated by repeat
elements within the 3’ part of the IncRNA, with the formation of RNA-dsDNA triplex
structures. To test whether KCNQ1OT1 RNA protects against the activation of transposons,
the authors explored the importance of the repeat-rich region and found that the deletion
of these repeats decreased DNA methylation and increased the transposition of LINE-1
elements [149]. Further studies are required to explore whether this trans effect is seen
in primary cells as well, and to what extent it is conserved. Since the 3’ part of human
KCNQI1OT1 is poorly conserved compared to the first half of the IncRNA, the reported
repressive effects on transposons may not be conserved in mice.

H19 is different compared to other imprinted IncRNAs in that it is mostly cytoplas-
mic [30]. Different studies have addressed its role in the cytoplasm [159,160]. H19 is highly
expressed during myogenic differentiation and its depletion enhances muscle regener-
ation [161]. In undifferentiated mesenchymal C2C12 cells, the RNA-binding protein ‘K
homology-type splicing regulatory protein” (KSRP) was shown to interact with H19 RNA.
This cytoplasmic protein-RNA interaction was shown to enhance the action of KSRP in
mRNA decay, with the increased destabilisation of labile transcripts including myogenin
mRNA. The combined studies suggest that H19 provides a scaffold that facilitates the
interaction of KSRP with myogenin and other labile transcripts and thereby influences
myogenesis [159].

As discussed above, several imprinted IncRNAs, including H19 [41] and Nespas [162],
are a reservoir of miRNAs. After their processing, the produced miRNAs reduce the sta-
bility or translation of specific mRNAs in the cytoplasm (reviewed in [31]). Although,
functionally, there is no involvement of the IncRNAs themselves, the biological out-
comes are relevant nevertheless, with specific effects on mRNAs expressed elsewhere in
the genome.

Another way in which IncRNAs can affect development and disease is by acting
as competing endogenous RNAs (ceRNAs) for small regulatory RNAs—for instance, as
sponges for microRNAs [163]. This emerging RNA function has not yet been explored
in a structured manner for imprinted IncRNAs. Most studies so far have been on cancer
cells and provide correlations rather than experimental proof. Nevertheless, putative
mechanisms of miRNA control have emerged from the many recent studies, particularly for
the IncRNA H19 [164], whose potential role in controlling miRNAs has been investigated
in different types of cancer, including breast and gastric cancer [165,166]. In the context
of development and physiology, interestingly, H19 IncRNA expression was reported to
modulate the functions of Let7 microRNAs [160,167]. Significantly, the deletion of the
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matching sequence motifs from H19—while keeping the rest of the IncRNA intact—was
found to affect cardiac physiology in a recent in vivo mouse study [168].

5. Perspectives

Many exciting insights have emerged regarding imprinted IncRNAs and how these
control close-by genes. During the last few years, evidence has also been obtained for
the diverse trans roles of imprinted IncRNAs. These insights have been important for our
understanding of the complex aetiology of imprinting disorders. For many imprinted IncR-
NAs, however, it remains unclear whether or not they control gene expression. It remains
complicated to determine whether a IncRNA is important because of its transcription—for
instance, through transcriptional interference—or whether the RNA itself mediates the
observed effects. Deletion of the IncRNA gene is not informative enough, because this
approach ablates both transcription and the RNA. As shown for Meg3 and Kcnglotl,
investigation of the effects of small deletions and of specific structural changes is a more
promising way forward. Admittedly, the mechanistic understanding of imprinted IncRNAs
is lagging behind that of Xist, the IncRNA involved in X-chromosome inactivation in female
embryos [122]. In part, this is due to a lack of knowledge of the RN A-interacting proteins
in specific tissues and cells. It is also challenging that IncRNA genes often express multiple
splicing isoforms. Different isoforms may acquire different three-dimensional structural
organisations; they may interact with different factors and may have different functions
altogether. This complexity needs to be taken into account. Despite the development
of powerful novel technologies, including RNA hybridisation capture [169,170], it also
remains challenging to pinpoint the trans targets of IncRNAs and to discern between direct
and indirect transcriptional effects. Here, studies into the structure of a IncRNA, and, linked
to this, into interactions with specific protein factors, may provide helpful insights.

It will be interesting to explore further to what extent IncRNAs are perturbed in their
expression in patients with imprinting disorders. Could shifts in specific isoforms, or
changes in post-transcriptional IncRNA modifications, be linked to human diseases as well?
With the recent identification of imprinted IncRNA target genes, this needs to be taken on
board in future studies as well, particularly in case these are potentially relevant for the
clinical phenotype.

To better understand IncRNA expression in human disease, one needs to consider
to what extent the mechanisms detected in mouse studies are evolutionarily conserved
in humans. For instance, the Igf2r gene is clearly imprinted in the mouse but imprinting
is lost in primates, with the detection of biallelic expression in most humans [52]. At the
murine Kcngl domain, the Kenglotl IncRNA expression brings about allelic repression
at many genes in the placenta. In human trophoblastic cells, however, several of these
genes seem not to be imprinted [171]. Another issue relative to human studies is limited
tissue availability and a lack of single nucleotide polymorphisms to distinguish the parental
chromosomes. Nevertheless, these are exciting times, with frequent new discoveries from
clinical and mouse studies. During the coming years, undoubtedly, further insights into the
regulation and roles of imprinted IncRNAs will be obtained, as well as how they contribute
to development and disease.
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Table 1. Molecular properties of regulatory imprinted IncRNAs in the mouse.

Imprinted

. IncRNA Gene Location 1
Domain

IncRNA Name

Transcript(s) Size (nt) 2

Expressed Allele

Action

IncRNA Function and Molecular Mechanism

Chr12:

Y Meg3
DIk1-Dio3 8 109506879-109538163

31,285 (unspliced),
11,488 (v1), 11,476 (v2),
1924 (v3)

Maternal

Cis

Silencing of DIk1, probably by PRC2 scaffolding and histone
methylation deposition [78,84]

Trans

Enhances Hox gene repression by H3K27me3, by facilitating
the interaction between EZH2 (PRC2 complex) and
JARID2 [152]

In humans, activation of a p53 target gene subset by an
unknown mechanism [158]

In humans, activation of a TGF-beta pathway target gene
subset by formation of RNA-DNA triplex structures at distal
regulatory elements [145]

Chr7:

Igf2-H19
&2 HI9 142129267-142131883

2625 (unspliced),
2288 (v1, spliced),
2284 (v2, spliced)

Maternal

Trans

Influences an imprinted gene network (including Igf2) by
MBDI1 recruitment and subsequent histone KMT interaction
at specific genes [142]

Promotes decaying of unstable mRNAs through interaction
with the KSRP protein [159]

Hosting and processing regulation of the microRNA
precursor miR-675 to control Igf1r expression in placenta [41]

In humans, functions as a tumour suppressor through 4E-BP1
binding and mTORC1 inhibition in pituitary tumours [172]

Chr7:

Kengl Kenqglotl
142766848-142850284

>83,437 (unspliced)

Paternal

Cis

Silencing of Kengl, Cdknlc, Slc22a18, and Phlda2 in the embryo
and the placenta [68,74,75]
Silencing of the Ascl2, Cd81, Tssc4, and Osbpl5 genes in the
placenta through recruitment of PRC complexes and KMT
EHMT?2 [50,68,72,74,126]

Trans

In human cells, this IncRNA contributes to retrotransposon
repression by influencing HP1 binding [149]

Chrl7:

. .
Qf2r Aimn 12960198-13079023

118,574 (unspliced),
1176 (v1), 413 (v2),
604 (v3), 1399 (v4)

Paternal

Cis

Silencing of Igf2r through transcriptional interference [47]

Silencing of SIc222a3 and several other genes in the placenta
through recruitment of PRC complexes and KMT
EHMT?2 [46,49-51]
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Table 1. Cont.

Igglr::;«:ld IncRNA Name IncRNA Gene Location ! Transcript(s) Size (nt) 2 Expressed Allele Action IncRNA Function and Molecular Mechanism
Cis Silencing of Nesp, likely through a transcription-mediated
Chr2: 174123030-174137229, 14,200 (unspliced), process [60,107]
Gnas Nespas 1 Paternal ; . .
complement 2248 (v1) Trans Modulation of IKBKE and Tmed9 expression levels by hosting
the miR-296 microRNA [162]
117,7441 (unspliced),
Snhg14 Chr?7: 58922485-60099925, 24,206 (v1) and Paternal Cis Regulation of Ube3a expression by transcriptional
(Ube3a-ATS) complement >13 variants with diff. 5 interference [95,104]
Snrpn and 3’ ends
5932 (unspliced), In humans, downregulation of the Meg3 ncRNA polycistron
3 . -
IPW Chrl3: 25116545-25122476 4498 (v1) Paternal Trans by mediating repressive histone methylation [143]

! Mouse GRCm39 assembly. 2 As annotated at the gene database from the NIH National Library of Medicine. 3 IncRNA name, chromosome location, and splice variants according to the

human CHCh38.p14 assembly.



Int. J. Mol. Sci. 2023, 24, 13647 20 of 27

Author Contributions: FD.M.,, literature survey, figure preparation, review and editing; I.C., litera-
ture survey, table preparation, review and editing; R.F.,, conceptualisation, literature survey, writing
of the manuscript, review and editing, project administration, funding acquisition, supervision. All
authors have read and agreed to the published version of the manuscript.

Funding: The Feil laboratory acknowledges grant funding from the Fondation pour la Recherche
Médicale (FRM, grant number EQU202103012763), the Agence National de Recherche (ANR) through
projects ANR-18-CE12-0022-02 ('IMP-REGULOME’) and ANR-22-CE12-0016-03 ('IMP-DOMAIN"),
the Fondation ARC through project ARCPJA2021060003686, and La Ligue Contre le Cancer
Pyrénées-Orientales.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank members of our laboratory for helpful discussions and comments on
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
and the publication of this review.

Abbreviations

AS: Angelman Syndrome; BWS: Beckwith-Wiedemann Syndrome; DMR: differentially methy-
lated region; FISH: fluorescence in situ hybridisation; ICR: imprinting control region; KMT: lysine
methyl transferase; KOS14: Kagami-Ogata Syndrome; IncRNA: long non-coding RNA; LQ1: long QT
syndrome type 1; mRNA: messenger RNA; miRNA: microRNA; ncRNA: non-coding RNA; NPC:
neuronal progenitor cell; PRC: Polycomb repressive complex; RNA Polll: RNA polymerase II; PHP:
pseudo-hypoparathyroidism; PWS: Prader-Willi Syndrome; SRS: Silver-Russell Syndrome; TS14:
Temple Syndrome.

References

1. Jaenisch, R.; Bird, A. Epigenetic regulation of gene expression: How the genome integrates intrinsic and environmental signals.
Nat. Genet. 2003, 33 (Suppl. S3), 245-254. [CrossRef] [PubMed]

2. Feil, R.; Fraga, M.F. Epigenetics and the environment: Emerging patterns and implications. Nat. Rev. Genet. 2012, 13, 97-109.
[CrossRef] [PubMed]

3. Khamlichi, A.A.; Feil, R. Parallels between Mammalian Mechanisms of Monoallelic Gene Expression. Trends Genet. 2018, 34,
954-971. [CrossRef]

4. Ferguson-Smith, A.C. Genomic imprinting: The emergence of an epigenetic paradigm. Nat. Rev. Genet. 2011, 12, 565-575.
[CrossRef] [PubMed]

5. Tucci, V; Isles, A.R.; Kelsey, G.; Ferguson-Smith, A.C.; Grp, E.I. Genomic Imprinting and Physiological Processes in Mammals.
Cell 2019, 176, 952. [CrossRef]

6. Bartolomei, M.S.; Ferguson-Smith, A.C. Mammalian genomic imprinting. Cold Spring Harb. Perspect. Biol. 2011, 3, a002592.
[CrossRef]

7. Morison, LM.; Ramsay, ].P; Spencer, H.G. A census of mammalian imprinting. Trends Genet. 2005, 21, 457-465. [CrossRef]

8.  Andergassen, D.; Dotter, C.P.; Wenzel, D.; Sigl, V.; Bammer, P.C.; Muckenhuber, M.; Mayer, D.; Kulinski, T.M.; Theussl, H.C,;
Penninger, ].M.; et al. Mapping the mouse Allelome reveals tissue-specific regulation of allelic expression. Elife 2017, 6, e25125.
[CrossRef]

9.  Surani, M.A.; Barton, S.C.; Norris, M.L. Development of reconstituted mouse eggs suggests imprinting of the genome during
gametogenesis. Nature 1984, 308, 548-550. [CrossRef] [PubMed]

10. McGrath, J.; Solter, D. Completion of mouse embryogenesis requires both the maternal and paternal genomes. Cell 1984, 37,
179-183. [CrossRef]

11. Cattanach, B.M.; Kirk, M. Differential activity of maternally and paternally derived chromosome regions in mice. Nature 1985,
315, 496-498. [CrossRef] [PubMed]

12.  Peters, J. The role of genomic imprinting in biology and disease: An expanding view. Nat. Rev. Genet. 2014, 15, 517-530. [CrossRef]
[PubMed]

13. Monk, D.; Mackay, D.J.G.; Eggermann, T.; Maher, E.R.; Riccio, A. Genomic imprinting disorders: Lessons on how genome,

epigenome and environment interact. Nat. Rev. Genet. 2019, 20, 235-248. [CrossRef] [PubMed]


https://doi.org/10.1038/ng1089
https://www.ncbi.nlm.nih.gov/pubmed/12610534
https://doi.org/10.1038/nrg3142
https://www.ncbi.nlm.nih.gov/pubmed/22215131
https://doi.org/10.1016/j.tig.2018.08.005
https://doi.org/10.1038/nrg3032
https://www.ncbi.nlm.nih.gov/pubmed/21765458
https://doi.org/10.1016/j.cell.2019.01.043
https://doi.org/10.1101/cshperspect.a002592
https://doi.org/10.1016/j.tig.2005.06.008
https://doi.org/10.7554/eLife.25125
https://doi.org/10.1038/308548a0
https://www.ncbi.nlm.nih.gov/pubmed/6709062
https://doi.org/10.1016/0092-8674(84)90313-1
https://doi.org/10.1038/315496a0
https://www.ncbi.nlm.nih.gov/pubmed/4000278
https://doi.org/10.1038/nrg3766
https://www.ncbi.nlm.nih.gov/pubmed/24958438
https://doi.org/10.1038/s41576-018-0092-0
https://www.ncbi.nlm.nih.gov/pubmed/30647469

Int. J. Mol. Sci. 2023, 24, 13647 21 of 27

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

Eggermann, T.; Perez de Nanclares, G.; Maher, E.R.; Temple, LK.; Tumer, Z.; Monk, D.; Mackay, D.J.; Gronskov, K.; Riccio, A.;
Linglart, A.; et al. Imprinting disorders: A group of congenital disorders with overlapping patterns of molecular changes affecting
imprinted loci. Clin. Epigenet. 2015, 7, 123. [CrossRef]

Hirasawa, R.; Feil, R. Genomic imprinting and human disease. Essays Biochem. 2010, 48, 187-200.

Baylin, S.B.; Jones, P.A. Epigenetic Determinants of Cancer. Cold Spring Harb. Perspect. Biol. 2016, 8, a019505. [CrossRef]

Barlow, D.P,; Bartolomei, M.S. Genomic imprinting in mammals. Cold Spring Harb. Perspect. Biol. 2014, 6, a018382. [CrossRef]
Kota, S.K,; Feil, R. Epigenetic transitions in germ cell development and meiosis. Dev. Cell 2010, 19, 675-686. [CrossRef]

Bird, A.P. CpG-rich islands and the function of DNA methylation. Nature 1986, 321, 209-213. [CrossRef]

Sanli, I; Feil, R. Chromatin mechanisms in the developmental control of imprinted gene expression. Int. J. Biochem. Cell Biol. 2015,
67,139-147. [CrossRef]

Zhang, Y.; Guan, D.G.; Yang, ].H.; Shao, P.; Zhou, H.; Qu, L.H. ncRNAimprint: A comprehensive database of mammalian
imprinted noncoding RNAs. RNA 2010, 16, 1889-1901. [CrossRef]

Girardot, M.; Cavaille, J.; Feil, R. Small regulatory RNAs controlled by genomic imprinting and their contribution to human
disease. Epigenet. Off. ]. DNA Methylation Soc. 2012, 7, 1341-1348. [CrossRef]

Malnou, E.C.; Umlauf, D.; Mouysset, M.; Cavaille, J. Imprinted MicroRNA Gene Clusters in the Evolution, Development, and
Functions of Mammalian Placenta. Front. Genet. 2018, 9, 706. [CrossRef]

Royo, H.; Cavaille, J. Non-coding RNAs in imprinted gene clusters. Biol. Cell/Under Auspices Eur. Cell Biol. Organ. 2008, 100,
149-166. [CrossRef] [PubMed]

Ghousein, A ; Feil, R. Imprinted Small RNAs Unraveled: Maternal MicroRNAs Antagonize a Paternal-Genome-Driven Gene
Expression Network. Mol. Cell 2020, 78, 3-5. [CrossRef]

Cavaille, J. Box C/D small nucleolar RNA genes and the Prader-Willi syndrome: A complex interplay. Wiley Interdiscip. Rev. RNA
2017, 8, €1417. [CrossRef] [PubMed]

Mattick, J.S.; Amaral, P.P,; Carninci, P.; Carpenter, S.; Chang, H.Y.; Chen, L.L.; Chen, R.; Dean, C.; Dinger, M.E.; Fitzgerald,
K.A,; et al. Long non-coding RNAs: Definitions, functions, challenges and recommendations. Nat. Rev. Mol. Cell Biol. 2023, 24,
430-447. [CrossRef]

Derrien, T.; Johnson, R.; Bussotti, G.; Tanzer, A.; Djebali, S.; Tilgner, H.; Guernec, G.; Martin, D.; Merkel, A.; Knowles, D.G.; et al.
The GENCODE v7 catalog of human long noncoding RNAs: Analysis of their gene structure, evolution, and expression. Genome
Res. 2012, 22, 1775-1789. [CrossRef]

Marcia, M. The multiple molecular dimensions of long noncoding RNAs that regulate gene expression and tumorigenesis. Curr.
Opin. Oncol. 2022, 34, 141-147. [CrossRef]

Brannan, C.L; Dees, E.C.; Ingram, R.S; Tilghman, S.M. The Product of the H19 Gene May Function as an Rna. Mol. Cell Biol. 1990,
10, 28-36. [PubMed]

MacDonald, W.A.; Mann, M.R.W. Long noncoding RNA functionality in imprinted domain regulation. PLoS Genet. 2020, 16,
€1008930. [CrossRef] [PubMed]

Kanduri, C. Long noncoding RNAs: Lessons from genomic imprinting. Biochim. Biophys. Acta 2016, 1859, 102-111. [CrossRef]
Pauler, EM.; Barlow, D.P; Hudson, Q.]. Mechanisms of long range silencing by imprinted macro non-coding RNAs. Curr. Opin.
Genet. Dev. 2012, 22, 283-289. [CrossRef]

Latos, P.A.; Barlow, D.P. Regulation of imprinted expression by macro non-coding RNAs. RNA Biol. 2009, 6, 100-106. [CrossRef]
Bartolomei, M.S.; Zemel, S.; Tilghman, S.M. Parental imprinting of the mouse H19 gene. Nature 1991, 351, 153-155. [CrossRef]
Eggenschwiler, J.; Ludwig, T.; Fisher, P.; Leighton, P.A.; Tilghman, S.M.; Efstratiadis, A. Mouse mutant embryos overexpressing
IGF-II exhibit phenotypic features of the Beckwith-Wiedemann and Simpson-Golabi-Behmel syndromes. Genes. Dev. 1997, 11,
3128-3142. [CrossRef] [PubMed]

Louvi, A.; Accili, D.; Efstratiadis, A. Growth-promoting interaction of IGF-II with the insulin receptor during mouse embryonic
development. Dev. Biol. 1997, 189, 33—48. [CrossRef]

Weksberg, R.; Smith, A.C.; Squire, J.; Sadowski, P. Beckwith-Wiedemann syndrome demonstrates a role for epigenetic control of
normal development. Hum. Mol. Genet. 2003, 12, R61-R68. [CrossRef]

Gabory, A.; Jammes, H.; Dandolo, L. The H19 locus: Role of an imprinted non-coding RNA in growth and development. Bioessays
2010, 32, 473-480. [CrossRef] [PubMed]

Cai, X.; Cullen, B.R. The imprinted H19 noncoding RNA is a primary microRNA precursor. RNA 2007, 13, 313-316. [CrossRef]
Keniry, A.; Oxley, D.; Monnier, P.; Kyba, M.; Dandolo, L.; Smits, G.; Reik, W. The H19 lincRNA is a developmental reservoir of
miR-675 that suppresses growth and l1gflr. Nat. Cell Biol. 2012, 14, 659-665. [CrossRef] [PubMed]

Brioude, F.; Toutain, A.; Giabicani, E.; Cottereau, E.; Cormier-Daire, V.; Netchine, I. Overgrowth syndromes—Clinical and
molecular aspects and tumour risk. Nat. Rev. Endocrinol. 2019, 15, 299-311. [CrossRef] [PubMed]

Lyle, R.; Watanabe, D.; te Vruchte, D.; Lerchner, W.; Smrzka, O.W.; Wutz, A.; Schageman, J.; Hahner, L.; Davies, C.; Barlow, D.P.
The imprinted antisense RNA at the Igf2r locus overlaps but does not imprint Mas1. Nat. Genet. 2000, 25, 19-21. [CrossRef]
Ludwig, T.; Eggenschwiler, J.; Fisher, P.; DErcole, A.J.; Davenport, M.L.; Efstratiadis, A. Mouse mutants lacking the type 2 IGF
receptor (IGF2R) are rescued from perinatal lethality in Igf2 and Igflr null backgrounds. Dev. Biol. 1996, 177, 517-535. [CrossRef]


https://doi.org/10.1186/s13148-015-0143-8
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.1101/cshperspect.a018382
https://doi.org/10.1016/j.devcel.2010.10.009
https://doi.org/10.1038/321209a0
https://doi.org/10.1016/j.biocel.2015.04.004
https://doi.org/10.1261/rna.2226910
https://doi.org/10.4161/epi.22884
https://doi.org/10.3389/fgene.2018.00706
https://doi.org/10.1042/BC20070126
https://www.ncbi.nlm.nih.gov/pubmed/18271756
https://doi.org/10.1016/j.molcel.2020.03.019
https://doi.org/10.1002/wrna.1417
https://www.ncbi.nlm.nih.gov/pubmed/28296064
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.1101/gr.132159.111
https://doi.org/10.1097/CCO.0000000000000813
https://www.ncbi.nlm.nih.gov/pubmed/1688465
https://doi.org/10.1371/journal.pgen.1008930
https://www.ncbi.nlm.nih.gov/pubmed/32760061
https://doi.org/10.1016/j.bbagrm.2015.05.006
https://doi.org/10.1016/j.gde.2012.02.005
https://doi.org/10.4161/rna.6.2.7854
https://doi.org/10.1038/351153a0
https://doi.org/10.1101/gad.11.23.3128
https://www.ncbi.nlm.nih.gov/pubmed/9389646
https://doi.org/10.1006/dbio.1997.8666
https://doi.org/10.1093/hmg/ddg067
https://doi.org/10.1002/bies.200900170
https://www.ncbi.nlm.nih.gov/pubmed/20486133
https://doi.org/10.1261/rna.351707
https://doi.org/10.1038/ncb2521
https://www.ncbi.nlm.nih.gov/pubmed/22684254
https://doi.org/10.1038/s41574-019-0180-z
https://www.ncbi.nlm.nih.gov/pubmed/30842651
https://doi.org/10.1038/75546
https://doi.org/10.1006/dbio.1996.0182

Int. J. Mol. Sci. 2023, 24, 13647 22 of 27

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Blanchard, F.; Duplomb, L.; Raher, S.; Vusio, P.; Hoflack, B.; Jacques, Y.; Godard, A. Mannose 6-Phosphate/Insulin-like growth
factor II receptor mediates internalization and degradation of leukemia inhibitory factor but not signal transduction. J. Biol. Chem.
1999, 274, 24685-24693. [CrossRef]

Sleutels, F.; Zwart, R.; Barlow, D.P. The non-coding Air RNA is required for silencing autosomal imprinted genes. Nature 2002,
415, 810-813. [CrossRef]

Latos, P.A.; Pauler, EM.; Koerner, M.V.; Senergin, H.B.; Hudson, Q.].; Stocsits, R.R.; Allhoff, W.; Stricker, S.H.; Klement, R.M.;
Warczok, K.E,; et al. Airn transcriptional overlap, but not its IncRNA products, induces imprinted Igf2r silencing. Science 2012,
338, 1469-1472. [CrossRef] [PubMed]

Zwart, R; Sleutels, F.; Wutz, A.; Schinkel, A.H.; Barlow, D.P. Bidirectional action of the Igf2r imprint control element on upstream
and downstream imprinted genes. Genes Dev. 2001, 15, 2361-2366. [CrossRef]

Andergassen, D.; Muckenhuber, M.; Bammer, P.C.; Kulinski, T.M.; Theussl, H.C.; Shimizu, T.; Penninger, ].M.; Pauler, EM.;
Hudson, Q.]. The Airn IncRNA does not require any DNA elements within its locus to silence distant imprinted genes. PLoS
Genet. 2019, 15, €1008268. [CrossRef]

Schertzer, M.D.; Braceros, K.C.A.; Starmer, J.; Cherneyt, R.E.; Lee, D.M,; Salazar, G.; Justice, M.; Bischoff, S.R.; Cowley, D.O.; Ariel,
P; et al. IncRNA-Induced Spread of Polycomb Controlled by Genome Architecture, RNA Abundance, and CpG Island DNA. Mol.
Cell 2019, 75, 523. [CrossRef]

Nagano, T.; Mitchell, ].A.; Sanz, L.A.; Pauler, EM.; Ferguson-Smith, A.C.; Feil, R.; Fraser, P. The Air noncoding RNA epigenetically
silences transcription by targeting G9a to chromatin. Science 2008, 322, 1717-1720. [CrossRef]

Killian, J.K.; Nolan, C.M.; Wylie, A.A; Li, T.; Vu, TH.; Hoffman, A.R; Jirtle, R.L. Divergent evolution in M6P /IGF2R imprinting
from the Jurassic to the Quaternary. Hum. Mol. Genet. 2001, 10, 1721-1728. [CrossRef]

Yotova, L.Y.; Vlatkovic, .M.; Pauler, EM.; Warczok, K.E.; Ambros, P.E; Oshimura, M.; Theussl, H.C.; Gessler, M.; Wagner, E.F;
Barlow, D.P. Identification of the human homolog of the imprinted mouse Air non-coding RNA. Genomics 2008, 92, 464—473.
[CrossRef] [PubMed]

Jamieson, T.A.; Brizel, D.M,; Killian, J.K.; Oka, Y.; Jang, H.S.; Fu, X.; Clough, R.W.; Vollmer, R.T.; Anscher, M.S,; Jirtle, R.L.
MB6P /IGE2R loss of heterozygosity in head and neck cancer associated with poor patient prognosis. BMC Cancer 2003, 3, 4.
[CrossRef] [PubMed]

De Souza, A.T.; Hankins, G.R.; Washington, M.K.; Orton, T.C,; Jirtle, R.L. M6P/IGF2R gene is mutated in human hepatocellular
carcinomas with loss of heterozygosity. Nat. Genet. 1995, 11, 447-449. [CrossRef] [PubMed]

Plagge, A.; Kelsey, G.; Germain-Lee, E.L. Physiological functions of the imprinted Gnas locus and its protein variants Galpha(s)
and XLalpha(s) in human and mouse. J. Endocrinol. 2008, 196, 193-214. [CrossRef]

Peters, J.; Wroe, S.E; Wells, C.A.; Miller, H.].; Bodle, D.; Beechey, C.V.; Williamson, C.M.; Kelsey, G. A cluster of oppositely
imprinted transcripts at the Gnas locus in the distal imprinting region of mouse chromosome 2. Proc. Natl. Acad. Sci. USA 1999,
96, 3830-3835. [CrossRef]

Kelsey, G. Epigenetics and imprinted genes: Insights from the imprinted Gnas locus. Horm. Res. 2009, 71 (Suppl. S2), 22-29.
[CrossRef]

Coombes, C.; Arnaud, P.; Gordon, E.; Dean, W.; Coar, E.A.; Williamson, C.M.; Feil, R; Peters, J.; Kelsey, G. Epigenetic properties
and identification of an imprint mark in the Nesp-Gnasxl domain of the mouse Gnas imprinted locus. Mol. Cell Biol. 2003, 23,
5475-5488. [CrossRef]

Tibbit, C.J.; Williamson, C.M.; Mehta, S.; Ball, S.T.; Chotalia, M.; Nottingham, W.T.; Eaton, S.A.; Quwailid, M.M.; Teboul, L.; Kelsey,
G.; et al. Antisense Activity across the Nesp Promoter is Required for Nespas-Mediated Silencing in the Imprinted Gnas Cluster.
Noncoding RNA 2015, 1, 246-265. [CrossRef]

Wroe, S.E; Kelsey, C.; Skinner, J.A.; Bodle, D.; Ball, S.T.; Beechey, C.V.; Peters, J.; Williamson, C.M. An imprinted transcript,
antisense to Nesp, adds complexity to the cluster of imprinted genes at the mouse Gnas locus. Proc. Natl. Acad. Sci. USA 2000, 97,
3342-3346. [CrossRef]

Williamson, C.M.; Turner, M.D,; Ball, S.T.; Nottingham, W.T.; Glenister, P.; Fray, M.; Tymowska-Lalanne, Z.; Plagge, A.; Powles-
Glover, N.; Kelsey, G.; et al. Identification of an imprinting control region affecting the expression of all transcripts in the Gnas
cluster. Nat. Genet. 2006, 38, 350-355. [CrossRef] [PubMed]

Rabinovitz, S.; Kaufman, Y.; Ludwig, G.; Razin, A.; Shemer, R. Mechanisms of activation of the paternally expressed genes by
the Prader-Willi imprinting center in the Prader-Willi/ Angelman syndromes domains. Proc. Natl. Acad. Sci. USA 2012, 109,
7403-7408. [CrossRef]

Kelsey, G. Imprinting on chromosome 20: Tissue-specific imprinting and imprinting mutations in the GNAS locus. Am. J. Med.
Genet. C Semin. Med. Genet. 2010, 154C, 377-386. [CrossRef] [PubMed]

Mantovani, G.; Bastepe, M.; Monk, D.; de Sanctis, L.; Thiele, S.; Usardi, A.; Ahmed, S.E; Bufo, R.; Choplin, T.; De Filippo, G.; et al.
Diagnosis and management of pseudohypoparathyroidism and related disorders: First international Consensus Statement. Nat.
Rev. Endocrinol. 2018, 14, 476-500. [CrossRef] [PubMed]

Huang, R.; Jaritz, M.; Guenzl, P.; Vlatkovic, I.; Sommer, A.; Tamir, LM.; Marks, H.; Klampfl, T.; Kralovics, R.; Stunnenberg,
H.G.; et al. An RNA-Seq strategy to detect the complete coding and non-coding transcriptome including full-length imprinted
macro ncRNAs. PLoS ONE 2011, 6, e27288. [CrossRef]


https://doi.org/10.1074/jbc.274.35.24685
https://doi.org/10.1038/415810a
https://doi.org/10.1126/science.1228110
https://www.ncbi.nlm.nih.gov/pubmed/23239737
https://doi.org/10.1101/gad.206201
https://doi.org/10.1371/journal.pgen.1008268
https://doi.org/10.1016/j.molcel.2019.05.028
https://doi.org/10.1126/science.1163802
https://doi.org/10.1093/hmg/10.17.1721
https://doi.org/10.1016/j.ygeno.2008.08.004
https://www.ncbi.nlm.nih.gov/pubmed/18789384
https://doi.org/10.1186/1471-2407-3-4
https://www.ncbi.nlm.nih.gov/pubmed/12589712
https://doi.org/10.1038/ng1295-447
https://www.ncbi.nlm.nih.gov/pubmed/7493029
https://doi.org/10.1677/JOE-07-0544
https://doi.org/10.1073/pnas.96.7.3830
https://doi.org/10.1159/000192432
https://doi.org/10.1128/MCB.23.16.5475-5488.2003
https://doi.org/10.3390/ncrna1030246
https://doi.org/10.1073/pnas.97.7.3342
https://doi.org/10.1038/ng1731
https://www.ncbi.nlm.nih.gov/pubmed/16462745
https://doi.org/10.1073/pnas.1116661109
https://doi.org/10.1002/ajmg.c.30271
https://www.ncbi.nlm.nih.gov/pubmed/20803660
https://doi.org/10.1038/s41574-018-0042-0
https://www.ncbi.nlm.nih.gov/pubmed/29959430
https://doi.org/10.1371/journal.pone.0027288

Int. J. Mol. Sci. 2023, 24, 13647 23 of 27

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Redrup, L.; Branco, M.R; Perdeaux, E.R.; Krueger, C.; Lewis, A.; Santos, F.; Nagano, T.; Cobb, B.S.; Fraser, P.; Reik, W. The long
noncoding RNA Kenqlotl organises a lineage-specific nuclear domain for epigenetic gene silencing. Development 2009, 136,
525-530. [CrossRef]

Pandey, R.R.; Mondal, T.; Mohammad, F.; Enroth, S.; Redrup, L.; Komorowski, J.; Nagano, T.; Mancini-Dinardo, D.; Kanduri, C.
Kenqlotl antisense noncoding RNA mediates lineage-specific transcriptional silencing through chromatin-level regulation. Mol.
Cell 2008, 32, 232-246. [CrossRef] [PubMed]

Golding, M.C.; Magri, L.S.; Zhang, L.; Lalone, S.A.; Higgins, M.].; Mann, M.R. Depletion of Kenqlotl non-coding RNA does not
affect imprinting maintenance in stem cells. Development 2011, 138, 3667-3678. [CrossRef]

Fitzpatrick, G.V.; Soloway, P.D.; Higgins, M.]. Regional loss of imprinting and growth deficiency in mice with a targeted deletion
of KvDMRI1. Nat. Genet. 2002, 32, 426-431. [CrossRef]

Shin, J.Y,; Fitzpatrick, G.V.; Higgins, M.J. Two distinct mechanisms of silencing by the KvDMR1 imprinting control region. EMBO
J. 2008, 27, 168-178. [CrossRef]

Umlauf, D.; Goto, Y.; Cao, R.; Cerqueira, F; Wagschal, A.; Zhang, Y.; Feil, R. Imprinting along the Kcnql domain on mouse
chromosome 7 involves repressive histone methylation and recruitment of Polycomb group complexes. Nat. Genet. 2004, 36,
1296-1300. [CrossRef]

Lewis, A.; Mitsuya, K.; Umlauf, D.; Smith, P.; Dean, W.; Walter, J.; Higgins, M.; Feil, R.; Reik, W. Imprinting on distal chromosome
7 in the placenta involves repressive histone methylation independent of DNA methylation. Nat. Genet. 2004, 36, 1291-1295.
[CrossRef]

Terranova, R.; Yokobayashi, S.; Stadler, M.B.; Otte, A.P,; van Lohuizen, M.; Orkin, S.H.; Peters, A.H. Polycomb group proteins Ezh2
and Rnf2 direct genomic contraction and imprinted repression in early mouse embryos. Dev. Cell 2008, 15, 668-679. [CrossRef]
[PubMed]

Mancini-DiNardo, D.; Steele, S.J.S.; Levorse, ].M.; Ingram, R.S.; Tilghman, S.M. Elongation of the Kenqlotl transcript is required
for genomic imprinting of neighboring genes. Genes. Dev. 2006, 20, 1268-1282. [CrossRef]

da Rocha, S.T.; Edwards, C.A.; Ito, M.; Ogata, T.; Ferguson-Smith, A.C. Genomic imprinting at the mammalian DIk1-Dio3 domain.
Trends Genet. 2008, 24, 306-316. [CrossRef]

Lin, S.P; Youngson, N.; Takada, S.; Seitz, H.; Reik, W.; Paulsen, M.; Cavaille, ].; Ferguson-Smith, A.C. Asymmetric regulation of
imprinting on the maternal and paternal chromosomes at the Dlk1-Gtl2 imprinted cluster on mouse chromosome 12. Nat. Genet.
2003, 35, 97-102. [CrossRef] [PubMed]

Kota, S.K; Lleres, D.; Bouschet, T.; Hirasawa, R.; Marchand, A.; Begon-Pescia, C.; Sanli, I.; Arnaud, P; Journot, L.; Girardot,
M.; et al. ICR noncoding RNA expression controls imprinting and DNA replication at the Dlk1-Dio3 domain. Dev. Cell 2014, 31,
19-33. [CrossRef] [PubMed]

Luo, Z; Lin, C.; Woodfin, A.R.; Bartom, E.T.; Gao, X.; Smith, E.R.; Shilatifard, A. Regulation of the imprinted Dlk1-Dio3 locus by
allele-specific enhancer activity. Genes. Dev. 2016, 30, 92-101. [CrossRef]

Wang, Y.; Shen, Y.; Dai, Q.; Yang, Q.; Zhang, Y.; Wang, X.; Xie, W.; Luo, Z.; Lin, C. A permissive chromatin state regulated by
ZFP281-AFF3 in controlling the imprinted Meg3 polycistron. Nucleic Acids Res. 2017, 45, 1177-1185. [CrossRef]

Das, PP; Hendrix, D.A.; Apostolou, E.; Buchner, A.H.; Canver, M.C.; Beyaz, S.; Ljuboja, D.; Kuintzle, R.; Kim, W.; Karnik, R.; et al.
PRC2 Is Required to Maintain Expression of the Maternal Gtl2-Rian-Mirg Locus by Preventing De Novo DNA Methylation in
Mouse Embryonic Stem Cells. Cell Rep. 2015, 12, 1456-1470. [CrossRef] [PubMed]

Schuster-Gossler, K.; Bilinski, P; Sado, T.; Ferguson-Smith, A.; Gossler, A. The mouse Gtl2 gene is differentially expressed during
embryonic development, encodes multiple alternatively spliced transcripts, and may act as an RNA. Dev. Dyn. Off. Publ. Am.
Assoc. Anat. 1998, 212, 214-228.

Kagami, M.; O’Sullivan, M.].; Green, A.].; Watabe, Y.; Arisaka, O.; Masawa, N.; Matsuoka, K.; Fukami, M.; Matsubara, K.; Kato,
F; et al. The IG-DMR and the MEG3-DMR at human chromosome 14q32.2: Hierarchical interaction and distinct functional
properties as imprinting control centers. PLoS Genet. 2010, 6, e€1000992. [CrossRef]

Sanli, I.; Lalevee, S.; Cammisa, M.; Perrin, A.; Rage, F; Lleres, D.; Riccio, A.; Bertrand, E.; Feil, R. Meg3 Non-coding RNA
Expression Controls Imprinting by Preventing Transcriptional Upregulation in cis. Cell Rep. 2018, 23, 337-348. [CrossRef]
Renfree, M.B.; Suzuki, S.; Kaneko-Ishino, T. The origin and evolution of genomic imprinting and viviparity in mammals. Philos.
Trans. R. Soc. Lond. B Biol. Sci. 2013, 368, 20120151. [CrossRef]

Habib, W.A; Brioude, F,; Azzi, S.; Rossignol, S.; Linglart, A.; Sobrier, M.L.; Giabicani, E.; Steunou, V.; Harbison, M.D.; Le Bouc,
Y.; et al. Transcriptional profiling at the DLK1/MEG3 domain explains clinical overlap between imprinting disorders. Sci. Adv.
2019, 5, eaau9425. [CrossRef] [PubMed]

Beygo, ].; Elbracht, M.; de Groot, K.; Begemann, M.; Kanber, D.; Platzer, K.; Gillessen-Kaesbach, G.; Vierzig, A.; Green, A.; Heller,
R.; et al. Novel deletions affecting the MEG3-DMR provide further evidence for a hierarchical regulation of imprinting in 14q32.
Eur. J. Hum. Genet. 2015, 23, 180-188. [CrossRef]

van der Werf, LM.; Buiting, K.; Czeschik, C.; Reyniers, E.; Vandeweyer, G.; Vanhaesebrouck, P.; Ludecke, H.].; Wieczorek, D.;
Horsthemke, B.; Mortier, G.; et al. Novel microdeletions on chromosome 14q32.2 suggest a potential role for non-coding RNAs in
Kagami-Ogata syndrome. Eur. J. Hum. Genet. 2016, 24, 1724-1729. [CrossRef]

Prasasya, R.; Grotheer, K.V,; Siracusa, L.D.; Bartolomei, M.S. Temple syndrome and Kagami-Ogata syndrome: Clinical presenta-
tions, genotypes, models and mechanisms. Hum. Mol. Genet. 2020, 29, R108-R117. [CrossRef]


https://doi.org/10.1242/dev.031328
https://doi.org/10.1016/j.molcel.2008.08.022
https://www.ncbi.nlm.nih.gov/pubmed/18951091
https://doi.org/10.1242/dev.057778
https://doi.org/10.1038/ng988
https://doi.org/10.1038/sj.emboj.7601960
https://doi.org/10.1038/ng1467
https://doi.org/10.1038/ng1468
https://doi.org/10.1016/j.devcel.2008.08.015
https://www.ncbi.nlm.nih.gov/pubmed/18848501
https://doi.org/10.1101/gad.1416906
https://doi.org/10.1016/j.tig.2008.03.011
https://doi.org/10.1038/ng1233
https://www.ncbi.nlm.nih.gov/pubmed/12937418
https://doi.org/10.1016/j.devcel.2014.08.009
https://www.ncbi.nlm.nih.gov/pubmed/25263792
https://doi.org/10.1101/gad.270413.115
https://doi.org/10.1093/nar/gkw1051
https://doi.org/10.1016/j.celrep.2015.07.053
https://www.ncbi.nlm.nih.gov/pubmed/26299972
https://doi.org/10.1371/journal.pgen.1000992
https://doi.org/10.1016/j.celrep.2018.03.044
https://doi.org/10.1098/rstb.2012.0151
https://doi.org/10.1126/sciadv.aau9425
https://www.ncbi.nlm.nih.gov/pubmed/30801013
https://doi.org/10.1038/ejhg.2014.72
https://doi.org/10.1038/ejhg.2016.82
https://doi.org/10.1093/hmg/ddaa133

Int. J. Mol. Sci. 2023, 24, 13647 24 of 27

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Sanchez-Delgado, M.; Riccio, A.; Eggermann, T.; Maher, E.R.; Lapunzina, P.; MacKay, D.; Monk, D. Causes and Consequences of
Multi-Locus Imprinting Disturbances in Humans. Trends Genet. 2016, 32, 444—455. [CrossRef]

Horsthemke, B.; Wagstaff, ]. Mechanisms of imprinting of the Prader-Willi/ Angelman region. Am. J. Med. Genet. A 2008, 146A,
2041-2052. [CrossRef]

Mendiola, A.J.P,; LaSalle, ].M. Epigenetics in Prader-Willi Syndrome. Front. Genet. 2021, 12, 624581. [CrossRef] [PubMed]
Buiting, K.; Williams, C.; Horsthemke, B. Angelman syndrome—Insights into a rare neurogenetic disorder. Nat. Rev. Neurol. 2016,
12, 584-593. [CrossRef] [PubMed]

Landers, M.; Bancescu, D.L.; Le Meur, E.; Rougeulle, C.; Glatt-Deeley, H.; Brannan, C.; Muscatelli, F.; Lalande, M. Regulation of
the large (approximately 1000 kb) imprinted murine Ube3a antisense transcript by alternative exons upstream of Snurf/Snrpn.
Nucleic Acids Res 2004, 32, 3480-3492. [CrossRef]

Meng, L.Y; Person, R.E.; Huang, W.; Zhu, P].; Costa-Mattioli, M.; Beaudet, A.L. Truncation of Ube3a-ATS Unsilences Paternal
Ube3a and Ameliorates Behavioral Defects in the Angelman Syndrome Mouse Model. PLoS Genet. 2013, 9, €1004039. [CrossRef]
Meng, L.Y.; Ward, A.J.; Chun, S.; Bennett, C.F,; Beaudet, A.L.; Rigo, F. Towards a therapy for Angelman syndrome by targeting a
long non-coding RNA. Nature 2015, 518, 409—412. [CrossRef]

Lewis, M.W,; Vargas-Franco, D.; Morse, D.A.; Resnick, J.L. A mouse model of Angelman syndrome imprinting defects. Hum. Mol.
Genet. 2019, 28, 220-229. [CrossRef]

Joung, J.; Engreitz, ] M.; Konermann, S.; Abudayyeh, O.O.; Verdine, VK.; Aguet, F.; Gootenberg, ].S.; Sanjana, N.E.; Wright, ].B.;
Fulco, C.P; et al. Genome-scale activation screen identifies a IncRNA locus regulating a gene neighbourhood. Nature 2017, 548,
343. [CrossRef]

Sanjana, N.E.; Wright, J.; Zheng, K.J.; Shalem, O.; Fontanillas, P.; Joung, J.; Cheng, C.; Regev, A.; Zhang, F. High-resolution
interrogation of functional elements in the noncoding genome. Science 2016, 353, 1545-1549. [CrossRef]

Statello, L.; Guo, C.J.; Chen, L.L.; Huarte, M. Gene regulation by long non-coding RNAs and its biological functions. Nat. Rev.
Mol. Cell Biol. 2021, 22, 96-118. [CrossRef]

Kaikkonen, M.U.; Adelman, K. Emerging Roles of Non-Coding RNA Transcription. Trends Biochem. Sci. 2018, 43, 654—-667.
[CrossRef] [PubMed]

Orom, U.A.; Shiekhattar, R. Noncoding RNAs and enhancers: Complications of a long-distance relationship. Trends Genet. 2011,
27,433-439. [CrossRef] [PubMed]

Hsiao, J.S.; Germain, N.D.; Wilderman, A.; Stoddard, C.; Wojenski, L.A.; Villafano, G.J.; Core, L.; Cotney, J.; Chamberlain, S.J.
A bipartite boundary element restricts UBE3A imprinting to mature neurons. Proc. Natl. Acad. Sci. USA 2019, 116, 2181-2186.
[CrossRef] [PubMed]

LaSalle, ].M.; Reiter, L.T.; Chamberlain, S.J. Epigenetic regulation of UBE3A and roles in human neurodevelopmental disorders.
Epigenomics 2015, 7, 1213-1228. [CrossRef] [PubMed]

Lalevee, S.; Feil, R. Long noncoding RNAs in human disease: Emerging mechanisms and therapeutic strategies. Epigenomics 2015,
7,877-879. [CrossRef]

Wolter, ] M.; Mao, H.; Fragola, G.; Simon, ].M.; Krantz, J.L.; Bazick, H.O.; Oztemiz, B.; Stein, J.L.; Zylka, M.]. Cas9 gene therapy
for Angelman syndrome traps Ube3a-ATS long non-coding RNA. Nature 2020, 587, 281-284. [CrossRef]

Williamson, C.M.; Ball, S.T.; Dawson, C.; Mehta, S.; Beechey, C.V.; Fray, M.; Teboul, L.; Dear, T.N.; Kelsey, G.; Peters, J. Uncoupling
antisense-mediated silencing and DNA methylation in the imprinted Gnas cluster. PLoS Genet. 2011, 7, e1001347. [CrossRef]
[PubMed]

Mehta, S.; Williamson, C.M.; Ball, S.; Tibbit, C.; Beechey, C.; Fray, M.; Peters, J. Transcription Driven Somatic DNA Methylation
within the Imprinted Gnas Cluster. PLoS ONE 2015, 10, e0117378. [CrossRef]

Baubec, T.; Colombo, D.E; Wirbelauer, C.; Schmidt, J.; Burger, L.; Krebs, A.R.; Akalin, A.; Schubeler, D. Genomic profiling of DNA
methyltransferases reveals a role for DNMT3B in genic methylation. Nature 2015, 520, 243-247. [CrossRef]

Sendzikaite, G.; Hanna, C.W.; Stewart-Morgan, K.R; Ivanova, E.; Kelsey, G. A DNMT3A PWWP mutation leads to methylation of
bivalent chromatin and growth retardation in mice. Nat. Commun. 2019, 10, 1884. [CrossRef]

Santoro, F.; Mayer, D.; Klement, R.M.; Warczok, K.E.; Stukalov, A.; Barlow, D.P,; Pauler, EM. Imprinted Igf2r silencing depends
on continuous Airn IncRNA expression and is not restricted to a developmental window. Development 2013, 140, 1184-1195.
[CrossRef]

Latos, P.A,; Stricker, S.H.; Steenpass, L.; Pauler, EM.; Huang, R.; Senergin, B.H.; Regha, K.; Koerner, M.V.; Warczok, K.E.; Unger,
C.; et al. An in vitro ES cell imprinting model shows that imprinted expression of the Igf2r gene arises from an allele-specific
expression bias. Development 2009, 136, 437-448. [CrossRef] [PubMed]

Kobayashi, H.; Sakurai, T.; Sato, S.; Nakabayashi, K.; Hata, K.; Kono, T. Imprinted DNA methylation reprogramming during
early mouse embryogenesis at the Gpr1-Zdbf2 locus is linked to long cis-intergenic transcription. FEBS Lett. 2012, 586, 827-833.
[CrossRef] [PubMed]

Hiura, H.; Sugawara, A.; Ogawa, H.; John, R.M.; Miyauchi, N.; Miyanari, Y.; Horiike, T.; Li, Y.; Yaegashi, N.; Sasaki, H.; et al.
A tripartite paternally methylated region within the Gprl-Zdbf2 imprinted domain on mouse chromosome 1 identified by
meDIP-on-chip. Nucleic Acids Res. 2010, 38, 4929-4945. [CrossRef] [PubMed]

Greenberg, M.V.C.; Glaser, ].; Borsos, M.; El Marjou, F.; Walter, M.; Teissandier, A.; Bourc’his, D. Transient transcription in the
early embryo sets an epigenetic state that programs postnatal growth. Nat. Genet. 2017, 49, 110-118. [CrossRef] [PubMed]


https://doi.org/10.1016/j.tig.2016.05.001
https://doi.org/10.1002/ajmg.a.32364
https://doi.org/10.3389/fgene.2021.624581
https://www.ncbi.nlm.nih.gov/pubmed/33659026
https://doi.org/10.1038/nrneurol.2016.133
https://www.ncbi.nlm.nih.gov/pubmed/27615419
https://doi.org/10.1093/nar/gkh670
https://doi.org/10.1371/journal.pgen.1004039
https://doi.org/10.1038/nature13975
https://doi.org/10.1093/hmg/ddy345
https://doi.org/10.1038/nature23451
https://doi.org/10.1126/science.aaf7613
https://doi.org/10.1038/s41580-020-00315-9
https://doi.org/10.1016/j.tibs.2018.06.002
https://www.ncbi.nlm.nih.gov/pubmed/30145998
https://doi.org/10.1016/j.tig.2011.06.009
https://www.ncbi.nlm.nih.gov/pubmed/21831473
https://doi.org/10.1073/pnas.1815279116
https://www.ncbi.nlm.nih.gov/pubmed/30674673
https://doi.org/10.2217/epi.15.70
https://www.ncbi.nlm.nih.gov/pubmed/26585570
https://doi.org/10.2217/epi.15.55
https://doi.org/10.1038/s41586-020-2835-2
https://doi.org/10.1371/journal.pgen.1001347
https://www.ncbi.nlm.nih.gov/pubmed/21455290
https://doi.org/10.1371/journal.pone.0117378
https://doi.org/10.1038/nature14176
https://doi.org/10.1038/s41467-019-09713-w
https://doi.org/10.1242/dev.088849
https://doi.org/10.1242/dev.032060
https://www.ncbi.nlm.nih.gov/pubmed/19141673
https://doi.org/10.1016/j.febslet.2012.01.059
https://www.ncbi.nlm.nih.gov/pubmed/22449967
https://doi.org/10.1093/nar/gkq200
https://www.ncbi.nlm.nih.gov/pubmed/20385583
https://doi.org/10.1038/ng.3718
https://www.ncbi.nlm.nih.gov/pubmed/27841881

Int. J. Mol. Sci. 2023, 24, 13647 25 of 27

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.
136.

137.

138.

139.

140.

Duffie, R.; Ajjan, S.; Greenberg, M.V.; Zamudio, N.; del Arenal, M.E.; Iranzo, J.; Okamoto, L; Barbaux, S.; Fauque, P.; Bourc’his, D.
The Gprl/Zdbf2 locus provides new paradigms for transient and dynamic genomic imprinting in mammals. Genes Dev. 2014, 28,
463-478. [CrossRef]

Greenberg, M.; Teissandier, A.; Walter, M.; Noordermeer, D.; Bourc’his, D. Dynamic enhancer partitioning instructs activation of a
growth-related gene during exit from naive pluripotency. Elife 2019, 8, e44057. [CrossRef]

Kobayashi, H.; Yanagisawa, E.; Sakashita, A.; Sugawara, N.; Kumakura, S.; Ogawa, H.; Akutsu, H.; Hata, K.; Nakabayashi, K,;
Kono, T. Epigenetic and transcriptional features of the novel human imprined IncRNA GPR1AS suggest it is a functonal homolog
of mouse Zdbf2linc. Epigenetics 2013, 8, 635-645. [CrossRef]

Niemczyk, M.; Ito, Y.; Huddleston, J.; Git, A.; Abu-Amero, S.; Caldas, C.; Moore, G.E.; Stojic, L.; Murrell, A. Imprinted chromatin
around DIRASS3 regulates alternative splicing of GNG12-AS], a long noncoding RNA. Am. |. Hum. Genet. 2013, 93, 224-235.
[CrossRef]

Yu, Y.; Luo, R.; Lu, Z.; Feng, WW.; Badgwell, D.; Issa, ].P; Rosen, D.G.; Liu, J.; Bast, R.C., Jr. Biochemistry and biology of ARHI
(DIRASS3), an imprinted tumor suppressor gene whose expression is lost in ovarian and breast cancers. Methods Enzymol. 2006,
407, 455-468.

Stojic, L.; Niemczyk, M.; Orjalo, A.; Ito, Y.; Ruijter, A.E.; Uribe-Lewis, S.; Joseph, N.; Weston, S.; Menon, S.; Odom, D.T.; et al.
Transcriptional silencing of long noncoding RNA GNG12-AS1 uncouples its transcriptional and product-related functions. Nat.
Commun. 2016, 7, 10406. [CrossRef]

Loda, A.; Collombet, S.; Heard, E. Gene regulation in time and space during X-chromosome inactivation. Nat. Rev. Mol. Cell Biol.
2022, 23, 231-249. [CrossRef]

Clark, M.B.; Johnston, R.L.; Inostroza-Ponta, M.; Fox, A.H.; Fortini, E.; Moscato, P.; Dinger, M.E.; Mattick, ].S. Genome-wide
analysis of long noncoding RNA stability. Genome Res. 2012, 22, 885-898. [CrossRef]

Kaneko, S.; Bonasio, R.; Saldana-Meyer, R.; Yoshida, T.; Son, J.; Nishino, K.; Umezawa, A.; Reinberg, D. Interactions between
JARID2 and noncoding RNAs regulate PRC2 recruitment to chromatin. Mol. Cell 2014, 53, 290-300. [CrossRef]

Mager, J.; Montgomery, N.D.; de Villena, F.P.; Magnuson, T. Genome imprinting regulated by the mouse Polycomb group protein
Eed. Nat. Genet. 2003, 33, 502-507. [CrossRef]

Wagschal, A.; Sutherland, H.G.; Woodfine, K.; Henckel, A.; Chebli, K.; Schulz, R.; Oakey, R.J.; Bickmore, W.A_; Feil, R. G9a histone
methyltransferase contributes to imprinting in the mouse placenta. Mol. Cell Biol. 2008, 28, 1104-1113. [CrossRef]

Pintacuda, G.; Wei, G.; Roustan, C.; Kirmizitas, B.A.; Solcan, N.; Cerase, A.; Castello, A.; Mohammed, S.; Moindrot, B.; Nesterova,
T.B.; et al. hnRNPK Recruits PCGF3/5-PRC1 to the Xist RNA B-Repeat to Establish Polycomb-Mediated Chromosomal Silencing.
Mol. Cell 2017, 68, 955-969.€910. [CrossRef]

Zhao, ].; Ohsumi, TK,; Kung, ].T.; Ogawa, Y.; Grau, D.J.; Sarma, K.; Song, J.J.; Kingston, R.E.; Borowsky, M.; Lee, ].T. Genome-wide
identification of polycomb-associated RNAs by RIP-seq. Mol. Cell 2010, 40, 939-953. [CrossRef]

Kaneko, S.; Son, J.; Shen, S.S.; Reinberg, D.; Bonasio, R. PRC2 binds active promoters and contacts nascent RNAs in embryonic
stem cells. Nat. Struct. Mol. Biol. 2013, 20, 1258-1264. [CrossRef]

Monk, D.; Wagschal, A.; Arnaud, P.; Muller, P.S.; Parker-Katiraee, L.; Bourc’his, D.; Scherer, S.W.; Feil, R.; Stanier, P.; Moore, G.E.
Comparative analysis of human chromosome 7q21 and mouse proximal chromosome 6 reveals a placental-specific imprinted
gene, TFPI2/Tfpi2, which requires EHMT2 and EED for allelic-silencing. Genome Res. 2008, 18, 1270-1281. [CrossRef]

Lleres, D.; Imaizumi, Y.; Feil, R. Exploring chromatin structural roles of non-coding RNAs at imprinted domains. Biochem. Soc.
Trans. 2021, 49, 1867-1879. [CrossRef]

Noordermeer, D.; Feil, R. Differential 3D chromatin organization and gene activity in genomic imprinting. Curr. Opin. Genet. Dev.
2020, 61, 17-24. [CrossRef]

Saldana-Meyer, R.; Rodriguez-Hernaez, J.; Escobar, T.; Nishana, M.; Jacome-Lopez, K.; Nora, E.P.; Bruneau, B.G.; Tsirigos, A.;
Furlan-Magaril, M.; Skok, J.; et al. RNA Interactions Are Essential for CTCF-Mediated Genome Organization. Mol. Cell 2019, 76,
412-422. [CrossRef]

Hansen, A.S.; Hsieh, T.H.S.; Cattoglio, C.; Pustova, I.; Saldana-Meyer, R.; Reinberg, D.; Darzacq, X.; Tjian, R. Distinct Classes of
Chromatin Loops Revealed by Deletion of an RNA-Binding Region in CTCFE. Mol. Cell 2019, 76, 395. [CrossRef]

Thakur, J.; Henikoff, S. Architectural RNA in chromatin organization. Biochem. Soc. Trans. 2020, 48, 1967-1978. [CrossRef]
McCann, J.A.; Zheng, H.; Islam, A.; Goodyer, C.G.; Polychronakos, C. Evidence against GRB10 as the gene responsible for
Silver-Russell syndrome. Biochem. Biophys. Res. Commun. 2001, 286, 943-948. [CrossRef]

Monk, D.; Wakeling, E.L.; Proud, V.; Hitchins, M.; Abu-Amero, S.N.; Stanier, P.; Preece, M.A.; Moore, G.E. Duplication of
7p11.2-p13, including GRB10, in Silver-Russell syndrome. Am. J. Hum. Genet. 2000, 66, 36—46. [CrossRef]

Patten, M.M.; Cowley, M.; Oakey, R.J.; Feil, R. Regulatory links between imprinted genes: Evolutionary predictions and
consequences. Proc. Biol. Sci. 2016, 283, 20152760. [CrossRef]

Varrault, A.; Gueydan, C.; Delalbre, A.; Bellmann, A.; Houssami, S.; Aknin, C.; Severac, D.; Chotard, L.; Kahli, M.; Le Digarcher,
A.; et al. Zacl regulates an imprinted gene network critically involved in the control of embryonic growth. Dev. Cell 2006, 11,
711-722. [CrossRef]

Al Adhami, H.; Evano, B.; Le Digarcher, A.; Gueydan, C.; Dubois, E.; Parrinello, H.; Dantec, C.; Bouschet, T.; Varrault, A.; Journot,
L. A systems-level approach to parental genomic imprinting: The imprinted gene network includes extracellular matrix genes
and regulates cell cycle exit and differentiation. Genome Res. 2015, 25, 353-367. [CrossRef]


https://doi.org/10.1101/gad.232058.113
https://doi.org/10.7554/eLife.44057
https://doi.org/10.4161/epi.24887
https://doi.org/10.1016/j.ajhg.2013.06.010
https://doi.org/10.1038/ncomms10406
https://doi.org/10.1038/s41580-021-00438-7
https://doi.org/10.1101/gr.131037.111
https://doi.org/10.1016/j.molcel.2013.11.012
https://doi.org/10.1038/ng1125
https://doi.org/10.1128/MCB.01111-07
https://doi.org/10.1016/j.molcel.2017.11.013
https://doi.org/10.1016/j.molcel.2010.12.011
https://doi.org/10.1038/nsmb.2700
https://doi.org/10.1101/gr.077115.108
https://doi.org/10.1042/BST20210758
https://doi.org/10.1016/j.gde.2020.03.004
https://doi.org/10.1016/j.molcel.2019.08.015
https://doi.org/10.1016/j.molcel.2019.07.039
https://doi.org/10.1042/BST20191226
https://doi.org/10.1006/bbrc.2001.5500
https://doi.org/10.1086/302717
https://doi.org/10.1098/rspb.2015.2760
https://doi.org/10.1016/j.devcel.2006.09.003
https://doi.org/10.1101/gr.175919.114

Int. J. Mol. Sci. 2023, 24, 13647 26 of 27

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Gabory, A.; Ripoche, M.A ; Le Digarcher, A.; Watrin, F; Ziyyat, A.; Forne, T.; Jammes, H.; Ainscough, ].E; Surani, M.A.; Journot,
L.; etal. H19 acts as a trans regulator of the imprinted gene network controlling growth in mice. Development 2009, 136, 3413-3421.
[CrossRef]

Monnier, P.; Martinet, C.; Pontis, ].; Stancheva, I.; Ait-Si-Ali, S.; Dandolo, L. H19 IncRNA controls gene expression of the Imprinted
Gene Network by recruiting MBD1. Proc. Natl. Acad. Sci. USA 2013, 110, 20693-20698. [CrossRef] [PubMed]

Stelzer, Y.; Sagi, I.; Yanuka, O.; Eiges, R.; Benvenisty, N. The noncoding RNA IPW regulates the imprinted DLK1-DIO3 locus in an
induced pluripotent stem cell model of Prader-Willi syndrome. Nat. Genet. 2014, 46, 551-557. [CrossRef] [PubMed]

Khalil, A.M.; Guttman, M.; Huarte, M.; Garber, M.; Raj, A.; Rivea Morales, D.; Thomas, K.; Presser, A.; Bernstein, B.E.; van
Oudenaarden, A_; et al. Many human large intergenic noncoding RNAs associate with chromatin-modifying complexes and
affect gene expression. Proc. Natl. Acad. Sci. USA 2009, 106, 11667-11672. [CrossRef]

Mondal, T.; Subhash, S.; Vaid, R.; Enroth, S.; Uday, S.; Reinius, B.; Mitra, S.; Mohammed, A.; James, A.R.; Hoberg, E.; et al. MEG3
long noncoding RNA regulates the TGF-beta pathway genes through formation of RNA-DNA triplex structures. Nat. Commun.
2015, 6, 7743. [CrossRef] [PubMed]

Zhou, Y.; Zhang, X.; Klibanski, A. MEG3 noncoding RNA: A tumor suppressor. J. Mol. Endocrinol. 2012, 48, R45-R53. [CrossRef]
Blank-Giwojna, A.; Postepska-Igielska, A.; Grummt, I. IncRNA KHPS1 Activates a Poised Enhancer by Triplex-Dependent
Recruitment of Epigenomic Regulators. Cell Rep. 2019, 26, 2904-2915.2904. [CrossRef]

Iyer, S.; Modali, S.D.; Agarwal, S.K. Long Noncoding RNA MEG3 Is an Epigenetic Determinant of Oncogenic Signaling in
Functional Pancreatic Neuroendocrine Tumor Cells. Mol. Cell Biol. 2017, 37, €00278-17. [CrossRef]

Zhang, X,; Jiang, Q.; Li, J.; Zhang, S.; Cao, Y.; Xia, X.; Cai, D.; Tan, J.; Chen, J.; Han, J.J. KCNQ1OT1 promotes genome-wide
transposon repression by guiding RNA-DNA triplexes and HP1 binding. Nat. Cell Biol. 2022, 24, 1617-1629. [CrossRef]
O’Leary, V.B.; Ovsepian, S.V.; Carrascosa, L.G.; Buske, F.A.; Radulovic, V.; Niyazi, M.; Moertl, S.; Trau, M.; Atkinson, M.] ;
Anastasov, N. PARTICLE, a Triplex-Forming Long ncRNA, Regulates Locus-Specific Methylation in Response to Low-Dose
Irradiation. Cell Rep. 2015, 11, 474-485. [CrossRef]

Grote, P,; Wittler, L.; Hendrix, D.; Koch, E; Wahrisch, S.; Beisaw, A.; Macura, K.; Blass, G.; Kellis, M.; Werber, M.; et al. The
tissue-specific IncRNA Fendrr is an essential regulator of heart and body wall development in the mouse. Dev. Cell 2013, 24,
206-214. [CrossRef] [PubMed]

Yen, Y.P; Hsieh, W.F; Tsai, Y.Y,; Lu, Y.L,; Liau, E.S.; Hsu, H.C.; Chen, Y.C,; Liu, T.C.; Chang, M.; Li, J.; et al. D1k1-Dio3 locus-derived
IncRNAs perpetuate postmitotic motor neuron cell fate and subtype identity. Elife 2018, 7, e38080. [CrossRef] [PubMed]

Higgs, M.].; Hill, M.].; John, RM.; Isles, A.R. Systematic investigation of imprinted gene expression and enrichment in the mouse
brain explored at single-cell resolution. BMC Genome 2022, 23, 754. [CrossRef] [PubMed]

Gejman, R,; Batista, D.L.; Zhong, Y.; Zhou, Y.L.; Zhang, X.; Swearingen, B.; Stratakis, C.A.; Hedley-Whyte, E.T.; Klibanski, A.
Selective loss of MEG3 expression and intergenic differentially methylated region hypermethylation in the MEG3/DLK1 locus in
human clinically nonfunctioning pituitary adenomas. J. Clin. Endocr. Metab. 2008, 93, 4119-4125. [CrossRef] [PubMed]
Buttarelli, M.; De Donato, M.; Raspaglio, G.; Babini, G.; Ciucci, A.; Martinelli, E.; Baccaro, P,; Pasciuto, T.; Fagotti, A.; Scambia,
G.; et al. Clinical Value of IncRNA MEG3 in High-Grade Serous Ovarian Cancer. Cancers 2020, 12, 966. [CrossRef]

Zhou, Y.; Cheunsuchon, P.; Nakayama, Y.; Lawlor, M.W.; Zhong, Y.; Rice, K.A.; Zhang, L.; Zhang, X.; Gordon, EE.; Lidov,
H.G,; et al. Activation of paternally expressed genes and perinatal death caused by deletion of the Gtl2 gene. Development 2010,
137,2643-2652. [CrossRef] [PubMed]

Zhou, Y.; Zhong, Y.; Wang, Y.; Zhang, X.; Batista, D.L.; Gejman, R.; Ansell, PJ.; Zhao, J.; Weng, C.; Klibanski, A. Activation of p53
by MEG3 non-coding RNA. J. Biol. Chem. 2007, 282, 24731-24742. [CrossRef]

Uroda, T.; Anastasakou, E.; Rossi, A.; Teulon, ].M.; Pellequer, J.L.; Annibale, P; Pessey, O.; Inga, A.; Chillon, I.; Marcia, M.
Conserved Pseudoknots in IncRNA MEG3 Are Essential for Stimulation of the p53 Pathway. Mol. Cell 2019, 75, 982. [CrossRef]
Giovarelli, M.; Bucci, G.; Ramos, A.; Bordo, D.; Wilusz, C.J.; Chen, C.Y.; Puppo, M.; Briata, P.; Gherzi, R. H19 long noncoding RNA
controls the mRNA decay promoting function of KSRP. Proc. Natl. Acad. Sci. USA 2014, 111, E5023-E5028. [CrossRef]

Kallen, A.N.; Zhou, X.B.; Xu, J.; Qiao, C.; Ma, J.; Yan, L.; Lu, L,; Liu, C,; Yi, J.S.; Zhang, H.; et al. The imprinted H19 IncRNA
antagonizes let-7 microRNAs. Mol. Cell 2013, 52, 101-112. [CrossRef]

Martinet, C.; Monnier, P; Louault, Y.; Benard, M.; Gabory, A.; Dandolo, L. H19 controls reactivation of the imprinted gene network
during muscle regeneration. Development 2016, 143, 962-971. [CrossRef] [PubMed]

Robson, J.E.; Eaton, S.A.; Underhill, P.; Williams, D.; Peters, J. MicroRNAs 296 and 298 are imprinted and part of the GNAS/Gnas
cluster and miR-296 targets IKBKE and Tmed9. RNA 2012, 18, 135-144. [CrossRef] [PubMed]

Tay, Y.; Rinn, J.; Pandolfi, P.P. The multilayered complexity of ceRNA crosstalk and competition. Nature 2014, 505, 344-352.
[CrossRef] [PubMed]

Ye, Y; Shen, A ; Liu, A. Long non-coding RNA H19 and cancer: A competing endogenous RNA. Bull. Cancer 2019, 106, 1152-1159.
[CrossRef]

Muller, V.; Oliveira-Ferrer, L.; Steinbach, B.; Pantel, K.; Schwarzenbach, H. Interplay of IncRNA H19/miR-675 and IncRNA
NEAT1/miR-204 in breast cancer. Mol. Oncol. 2019, 13, 1137-1149. [CrossRef]

Li, J.; Wang, X.; Wang, Y.; Yang, Q. H19 promotes the gastric carcinogenesis by sponging miR-29a-3p: Evidence from IncRNA-
miRNA-mRNA network analysis. Epigenomics 2020, 12, 989-1002. [CrossRef]


https://doi.org/10.1242/dev.036061
https://doi.org/10.1073/pnas.1310201110
https://www.ncbi.nlm.nih.gov/pubmed/24297921
https://doi.org/10.1038/ng.2968
https://www.ncbi.nlm.nih.gov/pubmed/24816254
https://doi.org/10.1073/pnas.0904715106
https://doi.org/10.1038/ncomms8743
https://www.ncbi.nlm.nih.gov/pubmed/26205790
https://doi.org/10.1530/JME-12-0008
https://doi.org/10.1016/j.celrep.2019.02.059
https://doi.org/10.1128/MCB.00278-17
https://doi.org/10.1038/s41556-022-01008-5
https://doi.org/10.1016/j.celrep.2015.03.043
https://doi.org/10.1016/j.devcel.2012.12.012
https://www.ncbi.nlm.nih.gov/pubmed/23369715
https://doi.org/10.7554/eLife.38080
https://www.ncbi.nlm.nih.gov/pubmed/30311912
https://doi.org/10.1186/s12864-022-08986-8
https://www.ncbi.nlm.nih.gov/pubmed/36384442
https://doi.org/10.1210/jc.2007-2633
https://www.ncbi.nlm.nih.gov/pubmed/18628527
https://doi.org/10.3390/cancers12040966
https://doi.org/10.1242/dev.045724
https://www.ncbi.nlm.nih.gov/pubmed/20610486
https://doi.org/10.1074/jbc.M702029200
https://doi.org/10.1016/j.molcel.2019.07.025
https://doi.org/10.1073/pnas.1415098111
https://doi.org/10.1016/j.molcel.2013.08.027
https://doi.org/10.1242/dev.131771
https://www.ncbi.nlm.nih.gov/pubmed/26980793
https://doi.org/10.1261/rna.029561.111
https://www.ncbi.nlm.nih.gov/pubmed/22114321
https://doi.org/10.1038/nature12986
https://www.ncbi.nlm.nih.gov/pubmed/24429633
https://doi.org/10.1016/j.bulcan.2019.08.011
https://doi.org/10.1002/1878-0261.12472
https://doi.org/10.2217/epi-2020-0114

Int. J. Mol. Sci. 2023, 24, 13647 27 of 27

167.

168.

169.

170.

171.

172.

Gao, Y.; Wu, F; Zhou, J; Yan, L.; Jurczak, M.].; Lee, H.Y.; Yang, L.; Mueller, M.; Zhou, X.B.; Dandolo, L.; et al. The H19/let-7
double-negative feedback loop contributes to glucose metabolism in muscle cells. Nucleic Acids Res. 2014, 42, 13799-13811.
[CrossRef]

Park, K.S.; Rahat, B.; Lee, H.C.; Yu, Z.X.; Noeker, ].; Mitra, A.; Kean, C.M.; Knutsen, R.H.; Springer, D.; Gebert, C.M.; et al. Cardiac
pathologies in mouse loss of imprinting models are due to misexpression of H19 long noncoding RNA. Elife 2021, 10, e67250.
[CrossRef]

Chu, H.P,; Minajigi, A.; Chen, Y.E; Morris, R.; Guh, C.Y.; Hsieh, Y.H.; Boukhali, M.; Haas, W.; Lee, ].T. iDRiP for the systematic
discovery of proteins bound directly to noncoding RNA. Nat. Protoc. 2021, 16, 3672. [CrossRef]

Cao, H.; Kapranov, P. Methods to Analyze the Non-Coding RNA Interactome-Recent Advances and Challenges. Front. Genet.
2022, 13, 857759. [CrossRef]

Frost, ].M.; Udayashankar, R.; Moore, H.D.; Moore, G.E. Telomeric NAP1L4 and OSBPL5 of the KCNQI1 cluster, and the DECORIN
gene are not imprinted in human trophoblast stem cells. PLoS ONE 2010, 5, €11595. [CrossRef] [PubMed]

Wu, ZR,; Yan, L.; Liu, Y.T.; Cao, L.; Guo, YH.; Zhang, Y.; Yao, H.; Cai, L.; Shang, H.B.; Rui, W.W.; et al. Inhibition of mTORC1 by
IncRNA H19 via disrupting 4E-BP1/Raptor interaction in pituitary tumours. Nat. Commun. 2018, 9, 4624. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gku1160
https://doi.org/10.7554/eLife.67250
https://doi.org/10.1038/s41596-021-00555-9
https://doi.org/10.3389/fgene.2022.857759
https://doi.org/10.1371/journal.pone.0011595
https://www.ncbi.nlm.nih.gov/pubmed/20644730
https://doi.org/10.1038/s41467-018-06853-3
https://www.ncbi.nlm.nih.gov/pubmed/30397197

	Introduction 
	Regulatory lncRNAs at Developmental Imprinted Gene Domains 
	The Igf2-H19 Imprinted Domain 
	The Igf2r Imprinted Domain 
	The Gnas Imprinted Domain 
	The Kcnq1 Domain 
	The Dlk1-Dio3 Imprinted Domain 
	The Snrpn Domain 

	Cis-Regulatory Effects of lncRNAs at Imprinted Domains 
	lncRNA-Transcription-Mediated Interference and Chromatin Repression 
	lncRNA-Mediated Long-Range Chromatin Repression 
	Putative Structural Roles in cis of Imprinted lncRNAs 

	Emerging trans-Regulatory Roles 
	lncRNAs That Influence Other Imprinted Domains 
	Non-Imprinted trans Targets of Imprinted lncRNAs 

	Perspectives 
	References

