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Abstract

Genomic imprinƟng, a specific type of inherited epigeneƟc regulaƟon, controls a number of genes with
important funcƟons in the hypothalamus and its  associated neuroendocrinology.  Imprinted genes are
expressed  monoallelically,  dependent  on  the  parental  origin  of  the  allele,  whereby  maternally  or
paternally  inherited  DNA methylaƟon marks  determine  gene  acƟvity.  In  this  chapter,  we  provide  an
overview  of  imprinted  genes  with  roles  in  the  hypothalamic  regulaƟon  of  whole-body  energy
homeostasis, neuroendocrine hormone funcƟons, and circadian rhythmicity. As an example for imprinted
genes that impact on the central regulaƟon of energy balance, we describe the Gnas locus in more detail,
since it generates parental allele-specific gene products with antagonisƟc roles in energy expenditure and
sympatheƟc nervous system acƟvity. Several human neuroendocrine disorders are caused by defects in
imprinted genes as described here for Prader–Willi Syndrome and Angelman Syndrome. Furthermore, we
outline  methodological  approaches  for  the  invesƟgaƟon  of  DNA  methylaƟon  marks  and  allelic  gene
expression, including bisulfite conversion of DNA and pyrosequencing. Recent technological advances to
resolve methylaƟon and allelic expression at the single-cell level are introduced.
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10.1. Introduction

The term genomic imprinƟng refers to the expression of certain genes from only one of the two parental
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alleles. This is dependent on the parental origin, i.e., some genes are monoallelically expressed from the
maternal, others from the paternal allele, while the opposite alleles are silenced. The allelic silencing is
already determined in the parental germ cells through epigeneƟc “marks” and maintained in the somaƟc
Ɵssues of the offspring (Fig. 10.1). To maintain this parent-of-origin-specific gene expression, the epigeneƟc
“marks” are erased in the primordial germline cells of the developing offspring and reset according to the
sex of the offspring. This process ensures that the maternal or paternal allelic expression, respecƟvely, of an
imprinted gene is inherited from generaƟon to generaƟon. To date, circa 150 imprinted genes have been
confirmed in humans and mice, but imprinted gene expression also exists in other mammals (hƩp://www.m
ousebook.org/imprinƟng-gene-list; hƩp://igc.otago.ac.nz/home.html). Most imprinted genes occur in
conserved clusters, but the imprinƟng of some genes is species specific.

Fig. 10.1

Inheritance cycle of DNA methylation imprinting marks through the germline and maintenance in somatic
tissues.  The genomic DNA methylation imprints  are  established in the germline  cells  in  a  sex-specific
manner and transmitted to the zygote, where they resist reprogramming events and global changes in
DNA methylation, which take place after fertilization. While the genomic imprinting marks are maintained
in somatic cells throughout life, they are erased in the primordial germ cells of the developing embryo
and  re-established  de  novo  according  to  the  sex  of  the  organism,  to  be  transmitted  to  the  next
generation. Re-establishment  of  imprinting marks  in  gametogenesis  occurs prenatally  in  males  and at
postnatal stages in females [Adapted from Bartolomei and Ferguson-Smith (2011)]
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Many imprinted genes have essenƟal roles in embryonic development and placental funcƟons (Plasschaert
and Bartolomei 2014). However, they also play important roles in the brain, including regulaƟon of
neurogenesis, synapƟc transmission, and behavior (Perez et al. 2015; Peters 2014). Within the brain, the
hypothalamus has proven to be the main site of expression of imprinted genes, and from studies of
knockout mouse models as well as human inherited disorders, it is evident that they influence
neuroendocrine pathways, energy homeostasis, circadian rhythm, and social interacƟons (Ivanova and
Kelsey 2011; Perez et al. 2015). In this chapter, we provide an overview of the hypothalamic funcƟons of
imprinted genes and highlight a few disease-relevant examples. In addiƟon, we discuss techniques used in
the idenƟficaƟon and epigeneƟc analysis of imprinted genes and indicate currently open quesƟons and
trends in the field.
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10.2. Main Features of Imprinted Gene Clusters

The importance of imprinƟng in mammals became evident from embryological studies, in which pro-nuclei
of newly ferƟlized mouse eggs were transplanted in order to generate a geneƟcally diploid bi-maternal
(parthenogeneƟc) or a bi-paternal (androgeneƟc) conceptus. The embryos that developed from these
concepƟ died in utero and showed growth aberraƟon in embryonic and extraembryonic Ɵssues (Ferguson-
Smith 2011). These observaƟons demonstrated that a diploid genome as such is not sufficient for normal
mammalian development, that the two parental genomes make different funcƟonal contribuƟons to
embryonic development and that there must be some kind of “mark,” which mediates the disƟnct funcƟons
of the maternal and paternal genomes, respecƟvely. Thus, genomic imprinƟng became a paradigm that
drove research into “epigeneƟc” mechanisms (Ferguson-Smith 2011). We know today that those epigeneƟc
“marks” represent methylaƟon of genomic DNA, histone modificaƟons, and noncoding RNA expression.

In the majority of cases, imprinted genes are typically found in clusters of 3–12 genes spread over
20 Kb–3.7 Mb of DNA (Ferguson-Smith 2011; Peters, 2014) and they are usually regulated by the presence of
DNA methylaƟon on one parental allele in so-called DifferenƟally Methylated Regions (DMRs). These regions
are characterized by a high density of CpG dinucleoƟdes (above 55%), termed CpG islands (CGIs). Here,
methylaƟon of cytosines occurs at the C5 posiƟon of the pyrimidine ring and is catalyzed by DNA
methyltransferases (DNMTs) (Lyko 2018). A DMR is termed an ImprinƟng Control Region (ICR), if the
differenƟal methylaƟon is established already in the germ cells and if funcƟonal studies have proven that it
controls the imprinƟng of associated genes within a cluster. Thus, ICRs regulate gene expression and
chromaƟn structure over long distances (Ferguson-Smith 2011). Maternally methylated DMRs and ICRs are
usually located at promoters while paternally methylated DMRs and ICRs are located in intergenic regions
(Bartolomei and Ferguson-Smith 2011).

DNA methylaƟon is established during gametogenesis, resists the extensive genomic reprogramming that
occurs aŌer ferƟlizaƟon and is maintained in the offspring throughout life (Fig. 10.1). For inheritance of
imprinted gene expression to the next generaƟon, the primordial germ cells of an embryo undergo a phase
of erasure of DNA methylaƟon, followed by re-establishment of methylaƟon at DMRs/ICRs according to the
sex of the individual and mediated by DNMT3A and the accessory protein DNMT3L (Bartolomei and
Ferguson-Smith 2011; Plasschaert and Bartolomei 2014). How the ICRs are recognized within the genome is
sƟll unknown, but it is clear that several factors are involved in the maintenance of DNA methylaƟon,
including ZINC FINGER PROTEIN HOMOLOG 57 (ZFP57) and Developmental pluripotency-associated 3
(Dppa3). MutaƟons in these genes result in loss of imprinƟng at several loci during early embryogenesis,
which in turn causes a range of disease symptoms (Ferguson-Smith 2011; Plasschaert and Bartolomei 2014).

Before discussing techniques and methods used in the analysis of allelic expression and epigeneƟc
regulaƟon of imprinted genes, we first provide an overview about the funcƟonal roles of imprinted genes in
the hypothalamus and, where applicable, their involvement in human neurodevelopmental disorders. Then,
in the context of the Prader–Willi syndrome (PWS)/Angelman syndrome (AS) imprinƟng cluster and the
Gnas locus, we discuss the structure and organizaƟon of regulatory elements of imprinted genes.

10.3. Functions of Imprinted Genes in the Hypothalamus

When the first imprinted genes (Igf2, Igf2r, and H19) were idenƟfied, they were found to affect mainly
embryonic growth, placental funcƟon, and nutrient supply and demand at the maternal–fetal interface
(Ferguson-Smith 2011; Peters 2014; Plasschaert and Bartolomei 2014). However, it soon became apparent
that a number of imprinted genes were expressed in defined brain regions, and many of them showed high
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expression levels specifically in the hypothalamus (Ivanova and Kelsey 2011). Phenotype analyses of
knockout mouse models and clinical case studies of human imprinƟng disorders revealed that many
imprinted genes conƟnue to impact growth and whole-body energy homeostasis beyond embryonic
development and into adulthood via influencing neuroendocrine pathways and the autonomic nervous
system. Other core funcƟons of the hypothalamus, including circadian rhythms, reproducƟve funcƟons, and
maternal-infant care behavior are also deregulated upon the deficiency of some imprinted genes. We will
first describe the hypothalamic roles of the Gnas and the PWS-AS loci since they have been analyzed in
some detail, before summarizing findings related to other imprinted genes.

10.3.1. Hypothalamic Regulation of Energy Homeostasis by Gnas and Gnasxl

The Gnas imprinted locus on mouse chromosome 2 and human chromosome 20 comprises a complex
arrangement of protein-coding and noncoding transcripts, alternaƟve promoters, and epigeneƟcally
controlled regulatory elements (Fig. 10.2a) (Chen et al. 2011; Peters 2014). The two protein-coding
transcripts Gnas and Gnasxl derive from different first exons, but share exons 2–12. As the open reading
frames are conserved, the two proteins Gαs and XLαs only differ at their NH -termini, thus forming
alternaƟve versions of the G-protein α-sƟmulatory subunit. Both can mediate signal transducƟon from seven
transmembrane receptors to adenylate cyclase and cAMP formaƟon, although XLαs can also sƟmulate
the inositol 1,4,5-trisphosphate (IP3)/protein kinase C (PKC) second messenger pathway in some cell types
(He et al. 2015). While Gnasxl is exclusively expressed from the paternal allele, Gnas is biallelically expressed
in most Ɵssues, but monoallelically transcribed from the maternal allele in specific cell types of the brain,
renal proximal tubules, thyroid gland, pituitary somatotroph cells and the ovary (Chen et al. 2011). The third
protein-coding transcript, maternal allele-derived Nesp, generates a neuroendocrine secretory protein
(Nesp55) from an open reading frame that is confined to its upstream exon, although the RNA is spliced
onto downstream exons 2–12 of Gnas. The regions of differenƟal DNA methylaƟon (ICRs at Nespas-Gnasxl
and exon-1a; DMR at Nesp), the noncoding transcripts Nespas and exon-1a, as well as the Nesp transcript
have a role in the establishment and regulaƟon of genomic imprinƟng at the cluster (Plagge 2012). Both ICRs
become methylated in the maternal germ cells, and the methylaƟon on the maternal allele is maintained in
somaƟc Ɵssues of the offspring. The ICR at Nespas-Gnasxl controls the imprinƟng of all transcripts of the
locus, while the ICR at exon-1a only regulates the monoallelic expression of Gnas in those specific Ɵssues
menƟoned above. The DNA methylaƟon on the maternal allele inhibits the transcripƟon of Gnasxl, Nespas,
and exon-1a. On the paternal allele, the unmethylated ICRs serve as promoters for the noncoding RNAs
Nespas and exon-1a, which silence in cis the expression of Nesp and Gnas via unclear mechanisms that
involve histone modificaƟons (Mehta et al. 2015).

Fig. 10.2

Simplified  schemes  of  the  Gnas  and  the  PWS-AS  (Snrpn-Ube3a)  imprinted  loci.  The  features  of  the
maternal  and  paternal  alleles  are  indicated in  red  and blue,  respectively.  Genes  or  transcripts  are  is
named in the central part. Arrows mark transcription start sites and undulating lines noncoding RNAs.
Open and filled boxes represent  noncoding and coding exons,  respectively,  while black boxes indicate
silenced genes. Differentially methylated regions of DNA (DMRs) are marked by MMM. (a) For the Gnas
locus, the alternatively spliced coding transcripts and proteins are named above and below the alleles.
DMRs at  Nespas  and Exon 1A  (EXON A/B  in  human)  are  established in  the maternal  germline,  while
methylation at Nesp  occurs during early embryonic development. Gnas  is expressed biallelically,  but is
silenced on the paternal allele in some tissues (hatched box). Nesp represents a coding transcript (ORF
limited to Nesp exon 2). Nespas is expressed from the unmethylated imprinting control region (ICR) of the
locus. (b) The PWS-AS-associated Snrpn-Ube3a imprinting cluster contains several genes (represented by
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single-exon boxes) that show monoallelic expression in the brain. Ube3a is biallelically expressed in most
tissues,  but  silenced on the paternal  allele in  neurons (hatched box).  The Snrpn  long  noncoding RNA
occurs in multiple,  variably processed forms, including brain-specific  variants that overlap with Ube3a
(interrupted undulating lines). Snord115 and Snord116 represent clusters of C/D box snoRNAs, which are
generated from the Snrpn transcript. The bipartite ICR of the human locus is indicated as AS-IC and PWS-
IC, the latter being conserved in mouse around the main Snrpn start site. NPAP1  is not present in the
murine locus, but Peg12 is imprinted in mice. Somatic DMRs at Ndn and Mkrn3  are established during
development

Hypothalamic funcƟons have been shown for Gnas and Gnasxl, while behavioral phenotypes of Nesp
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knockout mice could not be specifically aƩributed to a role in this brain region, although Nesp is expressed
in the hypothalamus (Plagge et al. 2005). In humans, GNAS and GNASXL mutaƟons or epigeneƟc
deregulaƟon cause complex neuroendocrine disorders termed Albright’s Hereditary Osteodystrophy (AHO)
and Pseudohypoparathyroidism (PHP), the symptoms of which are caused by hormone resistance in mulƟple
Ɵssues, including disrupƟon of parathyroid hormone signaling in the kidney (Table 10.1) (Mantovani et al.
2018; Turan and Bastepe 2013). Hypothalamus-associated symptoms are related to postnatal growth,
feeding, and regulaƟon of energy balance at the adult stage. Homozygous mutaƟons of Gnas in mice are
embryonic lethal and heterozygous mutaƟons show different phenotypes, dependent on whether they were
maternally or paternally inherited, whereby the mouse phenotypes largely reproduce the human disease
symptoms. Due to genomic imprinƟng, maternally inherited mutaƟons in shared exons only affect the Gnas
transcript, but in those Ɵssues, in which it is imprinted, Gαs funcƟon will be completely lost, while a 50%
reducƟon occurs in cells with biallelic expression. On the other hand, paternally inherited mutaƟons in
shared exons will result in loss of XLαs and a 50% reducƟon of Gαs in cells with biallelic expression.

Table 10.1

Functions of imprinted genes in the hypothalamus and related human disorders
AQ2

Gene Protein/RNA
funcƟon Expressed allele

Hypothalamus-related
mouse knockout Human disorder

Gnas

G-protein
α-sƟmulatory
subunit (Gαs);
(intracellular
signaling)

Biallelic in most
Ɵssues; maternal
allele in specific cell
types: PVN, DMH,
and subset of
MC4R-expressing
neurons in the
brain, proximal renal
tubules, thyroid
gland, pituitary
somatotroph cells,
and ovary

Maternally inherited
mutaƟon: obesity,
reduced energy
expenditure, reduced SNS
acƟvity, impaired
melanocorƟn receptor-
mediated sƟmulaƟon of
energy expenditure and
blood pressure, reduced
blood pressure and heart
rate, decreased locomotor
acƟvity, glucose
intolerance, insulin
resistance
Paternally inherited
mutaƟon: normal energy
homeostasis

Albright’s Hereditary
Osteodystrophy (AHO) and
Pseudohypoparathyroidism
(PHP)
Hypothalamus-associated
symptoms when maternally
inherited: obesity, reduced SNS
ouƞlow
Symptoms related to other
Ɵssues when maternally
inherited: renal parathyroid
hormone resistance,
hypocalcemia,
hyperphosphatemia, TSH
resistance, GHRH resistance
Parent-of-origin independent
symptoms: short stature,
brachydactyly, heterotopic
ossificaƟons, and other variable
features

Gnasxl

Extra large
G-protein
α-sƟmulatory
subunit (XLαs);
(intracellular
signaling)

Paternal

Postnatally: growth
retardaƟon,
hypoglycemia, reduced
milk intake, reduced lipid
stores in adipose Ɵssue
Adult stage: decreased
adiposity and body
weight, elevated SNS
acƟvity, elevated
metabolic rate and body
temperature, increased
blood pressure and heart
rate, increased glucose
tolerance, and insulin
sensiƟvity

Pre- and neonatal symptoms
Small for gestaƟonal
age/intrauterine growth
retardaƟon, low birth weight,
postnatal growth retardaƟon,
feeding problems, low body
mass index during childhood
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Gene Protein/RNA
funcƟon Expressed allele

Hypothalamus-related
mouse knockout Human disorder

Magel2

MAGE family
ubiquiƟn ligase
regulator
(endosomal
protein sorƟng
and recycling)

Paternal

Postnatally: 10–50%
mortality; diminished
oxytocin-induced suckling
iniƟaƟon aŌer birth;
reduced neonatal
hypothalamic levels of
oxytocin, arginine-
vasopressin, and orexin-A
Adult stage: increased fat
mass despite reduced
food intake and orexin-A
levels, reduced lean mass;
hypothalamic lepƟn
resistance; reduced POMC
neurons and projecƟons;
rhythmic circadian
expression in SCN and
altered/reduced circadian
acƟvity paƩerns; and
abnormal behavior

Prader–Willi syndrome

Ndn
(Necdin)

MAGE family
ubiquiƟn ligase
regulator

Paternal

High rate of early neonatal
mortality due to
respiratory deficiencies
(brainstem related); fewer
hypothalamic oxytocin
and gonadotropin-
releasing hormone
neurons; reduced
thyrotropin-releasing
hormone levels in PVN
and hypothyroidism;
abnormal axon bundles;
and behavioral
abnormaliƟes

Prader–Willi syndrome

Snord116 Box C/D small
nucleolar RNA Paternal

Postnatal and adult
growth retardaƟon;
reduced adiposity;
increased energy
expenditure; resistance to
high-fat diet-induced
obesity; improved body
temperature maintenance
at 4 °C; behavioral
abnormaliƟes
Adult-onset deleƟon in
mediobasal
hypothalamus:
hyperphagia and obesity

Prader–Willi syndrome

Ube3a
UbiquiƟn-
protein ligase
E3A; (protein
degradaƟon)

Biallelic in most
Ɵssues; maternal
allele in brain

Sleep disturbances,
circadian rhythm
regulaƟon via Bmal1

Angelman syndrome

Dlk1

Protein delta
homolog 1,
(Trans-
membrane and

Paternal

Hypothalamus-related
funcƟons uncertain,
potenƟally involving
postnatal growth

Central precocious puberty;
increased fat mass (Temple
syndrome)
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Gene Protein/RNA
funcƟon Expressed allele

Hypothalamus-related
mouse knockout Human disorder

secreted
protein with
similarity to
Notch ligands)

retardaƟon

Dio3

Thyroxine
5-deiodinase
(thyroid
hormone
catabolism)

Paternal (e.g.,
neonatal
hypothalamus,
Ɵssue- and stage-
specific)

Postnatal and adult
growth retardaƟon;
reduced adiposity;
abnormal thyroid
hormone regulaƟon and
hypothalamus–pituitary–
thyroid axis; increased
energy expenditure and
locomoƟon; changes in
hypothalamic gene
expression of lepƟn-
melanocorƟn, oxytocin,
and vasopressin pathways;
abnormal circadian
acƟvity; impaired viability
and ferƟlity

PotenƟally involved in Temple
syndrome

Kcnq1

Potassium
voltage-gated
channel
subfamily KQT
member 1

Maternal
No hypothalamus-related
phenotype described, but
range of other symptoms

Growth hormone deficiency
and gingival fibromatosis, QT
syndrome, auditory and cardiac
symptoms

Peg3
Zinc finger
DNA-binding
protein

Paternal

Reduced body weight
throughout life; increased
adiposity; lepƟn
resistance; reduced
metabolic rate; lower
body temperature; altered
hypothalamic
neuropepƟde expression

Gnas and Gnasxl transcript- and Ɵssue-specific knockout mouse models have shed some light onto the
funcƟons of the two proteins in the hypothalamus and revealed opposite or antagonisƟc impacts of Gαs and
XLαs on energy balance and sympatheƟc nervous system (SNS) acƟvity (Weinstein 2014). CondiƟonal gene
targeƟng of the Gnas-specific exon 1 and its brain-specific deleƟon (via NesƟn-Cre strain) on the maternally
inherited chromosome causes severe obesity due to decreased energy expenditure and O  consumpƟon,
lower locomotor acƟvity, reduced SNS ouƞlow, body temperature, and heart rate (Table 10.1). Glucose
intolerance and insulin resistance were also observed. These symptoms are, however, not found in the
paternally inherited, brain-specific knockout, which show normal energy homeostasis. These findings
indicate genomic imprinƟng in the brain. The response to sƟmulaƟon of the melanocorƟn receptors (MC3R,
MC4R), which mediate the anorexigenic response downstream of lepƟn signaling, was found to be blunted
in these mice. However, the maternally inherited Gnas mutaƟon specifically disrupts the energy
expenditure-sƟmulaƟng funcƟons of melanocorƟns, while their food intake-reducing effects remained intact
(Chen et al. 2009). The mechanism(s) underlying these responses are unclear. The decreased energy
expenditure in the mutants has been linked to reduced SNS ouƞlow as levels of norepinephrine and
uncoupling protein 1 (UCP1) in brown adipose Ɵssue (BAT), as well as heart rate and blood pressure are
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reduced.

Monoallelic maternal expression of Gnas is found in the paraventricular nucleus (PVN) of the hypothalamus
(Chen et al. 2009). A specific maternal allele knockout of Gnas in the PVN, using a Sim1-Cre strain,
reproduced a much milder obesity phenotype than observed with the NesƟn-Cre line described above
suggesƟng that imprinted Gαs expression in addiƟonal brain regions contributes to the earlier observed
phenotype (Chen et al. 2012). However, it does reproduce the lower blood pressure and heart rate of the
whole-brain knockout. Maternal allele-specific Gαs is also required in the PVN to mediate melanocorƟn-
induced blood pressure increases (Li et al. 2016). In contrast to the brain knockout, the SNS sƟmulaƟon of
BAT, cold-induced thermoregulaƟon as well as the melanocorƟn inducƟon of energy expenditure are intact
in the PVN-specific Gnas knockout, indicaƟng that these physiological responses are mediated by other
neurons (Chen et al. 2012). Further invesƟgaƟons by the group of L. S. Weinstein excluded the ventromedial
hypothalamus (VMH) and idenƟfied the dorsomedial hypothalamus (DMH) as a major site of imprinted Gαs
regulaƟon of energy expenditure (Chen et al. 2017). Adenovirus-mediated Cre-deleƟon of Gnas on the
maternal allele in the DMH resulted in a number of changes including obesity, reduced energy expenditure,
heart rate, and locomotor acƟvity, as well as a blunted response to melanocorƟn-induced O  consumpƟon.
Baseline acƟvaƟon of BAT was reduced as seen in whole-brain knockout mice, but cold-induced acƟvaƟon of
BAT and maintenance of body temperature were intact, as was food intake (Chen et al. 2017). Blood
pressure was normal in the DMH-specific deleƟon of Gαs, in line with previous findings aƩribuƟng this Gnas
funcƟon to the PVN. However, when Gnas was deleted on the maternal allele in the DMH, sƟmulaƟon of
MC3/4R in the DMH did not lead to phosphorylaƟon of cAMP response element-binding protein (CREB)
(Chen et al. 2017). These findings are consistent with maternal allele-specific expression of Gαs in the DMH,
which is required for basic and melanocorƟn-induced sƟmulaƟon of energy expenditure.

Recently, the importance of Gnas for mediaƟng the melanocorƟn effects on energy homeostasis was
confirmed through a specific knockout in MC4R-expressing neurons (Podyma et al. 2018). Homozygous
deleƟon of Gnas in MC4R neurons results in severe obesity, while maternal allele-specific deficiency leads to
a milder phenotype. Paternal heterozygous knockouts showed normal energy balance. Reduced energy
expenditure and locomotor acƟvity also featured in homozygous Gnas MC4R-specific knockouts, but the
major contributor to the obesity in these mice was increased food intake, which was not observed in the
other maternal allele-specific hypothalamus knockouts described above (Podyma et al. 2018). The milder
obesity in mice with maternal allele-specific disrupƟon of Gnas in MC4R neurons was aƩributable to
reduced energy expenditure with food intake being unchanged. Furthermore, while homozygous knockouts
could not maintain body temperature in a cold environment, heterozygous maternal knockouts of Gnas in
MC4R neurons showed thermoregulaƟon in line with previous observaƟons in PVN- and DMH-specific
deleƟons (Chen et al. 2012, 2017; Podyma et al. 2018).

In summary, sƟmulaƟon of SNS ouƞlow appears to be at the heart of the metabolic funcƟons regulated by
Gα Gαs expression from the maternal allele. But it is also apparent that Gnas expression from the maternal
allele regulates various branches of the SNS, affecƟng cardiovascular phenotypes via the PVN and energy
expenditure via the DMH, which projects to the raphe pallidus of the medulla and other SNS-relevant brain
areas. Its pathway of regulaƟng cold-induced thermogenesis, however, remains as yet unknown (Chen et al.
2012, 2017; Podyma et al. 2018). Although disrupƟon of MC3/4R signaling contributes substanƟally to the
energy homeostasis phenotypes of central nervous system-specific Gnas knockouts, it is currently unclear
whether Gαs signaling from other receptors might also contribute.

In contrast to Gnas, the Gnasxl knockout mouse phenotype, as well as case reports in human, indicate that
the extra-large variant XLαs has overtly antagonisƟc funcƟons to Gαs in the regulaƟon of energy
homeostasis and SNS acƟvity (Weinstein 2014). Gnasxl is expressed in all major hypothalamic areas (apart
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from the VMH), the suprachiasmaƟc nucleus (SCN), preopƟc area, and SNS-associated nuclei in the medulla,
e.g., the raphe pallidus, nucleus of the solitary tract, as well as the intermediolateral layer of the spinal cord
(Krechowec et al. 2012; Plagge et al. 2004). Expression of Gnasxl in peripheral Ɵssues, for example, muscle
Ɵssues, becomes silenced postnatally with only a few exempƟons like the adrenal medulla (Krechowec et al.
2012; Xie et al. 2006). Newborn XLαs-deficient pups become growth retarded, take in less milk and display
hypoglycemia and lack of lipid reserves in adipose Ɵssue, all of which results in a high mortality rate in the
first week (Table 10.1; Plagge et al. 2004; Xie et al. 2006). Those Gnasxl knockout mice that survive to
weaning age, develop into ferƟle adults, but remain underweight and lean throughout life, despite relaƟvely
increased food intake. Furthermore, their phenotype consists of increased energy expenditure, metabolic
rate, body temperature, blood pressure, and heart rate, which is associated with elevated SNS ouƞlow
(Nunn et al. 2013; Xie et al. 2006). They also show improved glucose tolerance and insulin sensiƟvity (Xie et
al. 2006). The precise neural pathways through which Gnasxl regulates SNS ouƞlow and energy homeostasis
remain unresolved, as are the neural receptors that signal via XLαs.

Human disease symptoms related to loss of GNASXL funcƟon have been difficult to ascertain since
mutaƟons that specifically disables the first GNASXL exon have not been idenƟfied. However, paternal
transmission of mutaƟons in shared downstream exons 2–13 and maternal uniparental disomies that
encompass the GNAS locus on chromosome 20, which result in two maternal alleles and lack of a paternally
inherited allele, indicate pre-/neonatal symptoms (Table 10.1). These include intrauterine growth
retardaƟon, low birth weight, postnatal growth retardaƟon, and feeding problems (Genevieve et al. 2005;
Kawashima et al. 2018; Mulchandani et al. 2016; Richard et al. 2013). Although no adult metabolic data of
such paƟents have been reported, the neonatal symptoms are reminiscent of the Gnasxl knockout mouse
phenotype (Plagge et al. 2004). Taken together, these findings show that XLαs exerts an important role in
neonatal physiology in addiƟon to its regulaƟon of adult energy homeostasis, which to date has only been
confirmed in mice.

In adults, XLαs acts in the brain to inhibit SNS ouƞlow and energy expenditure, while its variant Gαs
funcƟons to sƟmulate SNS acƟvity and metabolic rate. These antagonisƟc roles are correlated on the
epigeneƟc level with genomic imprinƟng and monoallelic transcripƟon from opposite parental alleles.
Gnasxl is expressed exclusively from the paternal allele, while Gnas is only imprinted in specific
hypothalamic neurons, where it is transcribed from the maternal allele. Why epigeneƟc regulaƟon through
genomic imprinƟng of crucial growth and energy homeostasis funcƟons evolved in mammals is beyond the
scope of this chapter, but has been extensively discussed in the literature (Haig 2004; Peters 2014).

10.3.2. Hypothalamic Functions of the Prader–Willi Syndrome (PWS) and
Angelman Syndrome (AS) Imprinting Cluster

Another example of a cluster of imprinted genes with funcƟons in the hypothalamus is the Prader–Willi
syndrome and Angelman syndrome locus on human chromosome 15 (conserved on mouse chromosome 7)
(BuiƟng et al. 2016; Cassidy et al. 2012; Peters 2014). The locus comprises five genes with paternal allele-
specific expression (MKRN3, MAGEL2, NDN, NPAP1, and SNURF/SNRPN/SNORD115-116), and one with
maternal allele-specific transcripƟon (UBE3A), although the murine locus contains paternally expressed
Peg12 instead of NPAP1 (Fig. 10.2b). Loss of funcƟon of the paternally expressed genes causes PWS, while
loss of funcƟon of the maternally expressed UBE3A, which is imprinted in the brain only, causes AS. The
monoallelic expression of all genes in the cluster is controlled by a biparƟte ICR that encompasses the
promoter of the Snurf/Snrpn/Snord115–116 gene (PWS-IC) and addiƟonal sequences further upstream (AS-
IC). The PWS-IC is methylated on the maternal allele, thus silencing the expression of the long Snurf/Snrpn
/Snord115–116 RNA. In neurons, this paternally expressed transcript, which is also known as Ube3a
anƟsense and can be processed in different ways, extends into Ube3a exons and is thought to inhibit the
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expression of Ube3a in cis through transcripƟonal interference, thus resulƟng in intact Ube3a expression
only from the maternal allele (BuiƟng et al. 2016; LaSalle et al. 2015). On the paternal allele, the PWS-IC
remains unmethylated and has an acƟvaƟon funcƟon for all other paternally expressed genes of the cluster,
which involves physical interacƟons via chromosome looping (Plagge 2012).
AQ3

Angelman syndrome consƟtutes a neurodevelopmental disorder that is mainly characterized by intellectual
disability, microcephaly, speech impairment, happy demeanor, EEG abnormaliƟes and sleep disturbances
(BuiƟng et al. 2016). FuncƟonally, Ube3a (UbiquiƟn-protein ligase 3a) is involved in labeling proteins for
degradaƟon and lack of the enzyme impairs synapse formaƟon and remodeling. LiƩle is known about
hypothalamus-specific roles of Ube3a in the context of AS, but knockout mice show abnormaliƟes in sleep
and circadian rhythm, potenƟally due to impaired Ube3a-mediated degradaƟon of the circadian clock
protein Bmal1 in the hypothalamus (Ehlen et al. 2015; Shi et al. 2015). On the other hand, main symptoms
of PWS are postnatal hypotonia, poor suckling, failure to thrive, respiratory disturbances, hypogonadism,
childhood-onset obesity, hyperphagia, cogniƟve and behavioral abnormaliƟes, short stature, and growth
hormone insufficiency (Cassidy et al. 2012). Knockout mouse models indicate that all paternally expressed
genes contribute to the range of these symptoms.

The funcƟons of Magel2 (Mage-like protein 2) have been characterized, and it is highly expressed in many
areas of the hypothalamus (Tacer and PoƩs 2017). On a molecular level, Magel2 acts as a regulator of RING
E3 ubiquiƟn ligases within a complex that controls endosomal protein sorƟng. Deficiency of Magel2 in a
hypothalamic cell line impairs protein recycling to the plasma membrane (Tacer and PoƩs 2017). The
physiological funcƟons of Magel2 are indicated by knockout mice, which show 10–50% pre-weaning
mortality (Table 10.1) (Kozlov et al. 2007; Schaller et al. 2010). This mortality occurs in the first few hours
aŌer birth, due to a deficiency in oxytocin in the pups, which at this stage is required to iniƟate suckling
acƟvity (Schaller et al. 2010). For surviving knockout mice, a slight postnatal growth retardaƟon is followed
at the adult stage by reduced lean mass, increased fat mass despite decreased food intake and hypothalamic
orexin-A (Bischof et al. 2007; Kozlov et al. 2007). It is noteworthy that the observaƟon of reduced food
intake is contrary to PWS symptoms. Hypothalamic POMC neurons and their projecƟons were found to be
deficient in knockout mice (Maillard et al. 2016; Mercer et al. 2013), and lepƟn resistance might be related
to reduced lepƟn receptor recycling from endosomes to the plasma membrane (Wijesuriya et al. 2017). The
Magel2 protein is also robustly expressed in the SCN and its levels fluctuate with circadian rhythmicity
(Kozlov et al. 2007). Consistent with SCN funcƟon, the knockout mice show overall reduced wheel-running
acƟvity and disturbed acƟvity paƩerns under constant darkness (Kozlov et al. 2007; Tacer and PoƩs 2017).

Similar to Magel2, Necdin (Ndn) consƟtutes another member of the Mage family of proteins (Tacer and
PoƩs 2017). Necdin is expressed in a number of brain regions, and it has roles in neuronal survival,
migraƟon, differenƟaƟon, and neurite formaƟon (Table 10.1). Ndn knockout mice have neonatal respiratory
problems, which lead to a substanƟal rate of mortality shortly aŌer birth (Gerard et al. 1999; Muscatelli et
al. 2000). Respiratory disturbances are also observed in PWS and they are due to defects in the
serotoninergic system of the brainstem inspiratory rhythm generator (Matarazzo et al. 2017). In the
hypothalamus, lack of Ndn causes reduced numbers of oxytocinergic neurons in the PVN and gonadotropin-
releasing hormone neurons in the preopƟc area (Miller et al. 2009; Muscatelli et al. 2000). Deficits in the
laƩer neuron populaƟon might be responsible for the hypogonadism observed in PWS. Necdin knockout
mice present symptoms of hypothyroidism due to reduced levels of thyrotropin-releasing hormone in the
PVN (Hasegawa et al. 2012). Furthermore, Necdin has a role in axon outgrowth as indicated by aberrant
axon bundles in the anterior hypothalamus and other brain regions (Lee et al. 2005). On the molecular level,
Necdin appears to interact with a diverse set of binding partners, including cytoskeleton-associated proteins
as well as transcripƟon factors (Hasegawa et al. 2012; Lee et al. 2005).
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The box C/D small nucleolar RNA cluster Snord116 also has a crucial role in PWS (Cavaille 2017). PaƟents
with microdeleƟons of this cluster, but intact NECDIN and MAGEL2 genes, present with PWS symptoms, and
knockout mouse models also show some of these disease characterisƟcs (Bieth et al. 2015; Ding et al. 2008;
Skryabin et al. 2007). Postnatal growth retardaƟon is a shared feature in humans and mice with paternally
inherited Snord116 deleƟons. However, knockout mice remain lean and underweight throughout life due to
increased energy expenditure, while SNORD116-mutant paƟents develop the typical PWS hyperphagic
obesity toward adulthood (Bieth et al. 2015; Ding et al. 2008; Skryabin et al. 2007). InteresƟngly, when the
Snord116 cluster is deleted in the mediobasal hypothalamus of adult mice via an adenovirus Cre-
recombinase vector injecƟon, the mutant mice then develop hyperphagia and obesity reminiscent of PWS
paƟents (Polex-Wolf et al. 2018). These findings highlight physiological differences between humans and
mice and potenƟally indicate species-specific compensatory abiliƟes to inherited gene mutaƟons during
development.

10.3.3. Other Imprinted Genes with Hypothalamic Functions

Although less well characterized, four other imprinted genes have roles in the hypothalamus, which are
briefly summarized here. A cluster of imprinted genes on mouse chromosome 12 (human chromosome 14)
contains two protein-coding genes with hypothalamic funcƟons, Dlk1 (Protein delta homolog 1) and Dio3
(Thyroxine 5-deiodinase), both expressed from the paternal allele (Table 10.1). The Dlk1 protein has
structural similarity to Notch ligands, but its precise signaling mechanism is unknown. Dlk1 is prominently
expressed in several hypothalamic nuclei (arcuate nucleus, PVN, DMH, and SCN), and it has been co-
localized in oxytocin, arginine–vasopressin, orexin, NPY, and dynorphin-posiƟve neurons (Meister et al. 2013;
Villanueva et al. 2012). Dlk1 involvement in embryonic development and adiposity has been well
characterized, but its hypothalamus-specific funcƟons are poorly understood. A mutaƟon of DLK1 in humans
leads to central precocious puberty, possibly via GnRH-neuron regulaƟon, and increased fat mass (Dauber et
al. 2017). Dio3 shows monoallelic expression from the paternal allele in the neonatal hypothalamus
(MarƟnez et al. 2014). Knockout mice display postnatal growth retardaƟon, which lasts into adulthood,
deregulated thyroid hormone levels and disturbances in the hypothalamic–pituitary–thyroid axis (Table
10.1). Reduced adiposity is associated with changes in hypothalamic gene expression of the lepƟn–
melanocorƟn pathway, increased energy expenditure, and locomoƟon (Wu et al. 2017). AcƟvity paƩerns of
knockout mice also showed circadian changes, which might be associated with Dio3 expression in the SCN.
AddiƟonal behavioral abnormaliƟes relaƟng to aggression and maternal care of the knockout mice are
associated with changes in the hypothalamic oxytocin and arginine–vasopressin systems (Stohn et al. 2018).
The third gene is the voltage-gated potassium channel gene Kcnq1, which is located in a large imprinƟng
cluster on mouse chromosome 7 (human chromosome 11) and is expressed from the maternal allele. It has
a crucial role in the hypothalamic–pituitary growth hormone axis. The potassium channel is expressed in
hypothalamic growth hormone-releasing hormone (GHRH) neurons and pituitary somatotropes. KCNQ1
mutaƟons in humans cause growth hormone deficiency and gingival fibromatosis among other symptoms
(Table 10.1) (Tommiska et al. 2017). The fourth imprinted gene associated with hypothalamic funcƟons is the
Paternally expressed gene 3 (Peg3), a Zinc finger-containing DNA-binding factor that is widely expressed in
the hypothalamus (Li et al. 1999). Peg3 knockout mice have reduced body weight at all stages of life, but are
hypometabolic, show a proporƟonately increased fat mass, lower body temperature, lepƟn resistance and
changes in hypothalamic NPY, POMC, MCH, and Orexin neuropepƟde expression (Curley et al. 2005).
Whether knockout females show deficiencies in maternal behavior toward their offspring (e.g., nest
building, pup retrieval, nursing) that are linked to a reduced number of hypothalamic oxytocin neurons, is
controversial (Li et al. 1999; Denizot et al. 2016).

10.4. Analysis of Genomic Imprinting
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10.4.1. Analysis of Methylation

As menƟoned in the introducƟon, the canonical regulatory mechanism of imprinƟng is the methylaƟon of
DNA at specific CGIs to form DMRs or ICRs. A breakthrough in the study of DNA methylaƟon was achieved
with the technique of bisulfite conversion of genomic DNA. The treatment with sodium bisulfite promotes
the deaminaƟon of cytosine residues, which is followed by desulfonaƟon at elevated pH, thus leading to
conversion into uracil (Fig. 10.3). When a residue is methylated, however, the deaminaƟon cannot take place
and the cytosine remains unchanged. Since only cytosines in single-stranded DNA are suscepƟble to
conversion by bisulfite, complete DNA denaturaƟon is a criƟcal step. AŌer bisulfite conversion, the DNA
fragment of interest can be amplified by PCR using primers designed to anneal to either the sense or the
anƟsense DNA strand, which at this point are not complementary anymore. The PCR primer design needs to
be based on the expected bisulfite-converted sequence, in which methylated cytosines will be retained as C,
and the unmethylated cytosines converted to uracil, i.e., such primers are usually AT-rich (Fig. 10.3).
Furthermore, AT-rich bisulfite PCR amplicons (from originally unmethylated DNA) can be difficult to amplify
using standard Taq-Polymerases and, therefore, amplicon sizes of less than ~400 bp are recommended.
Small amplicon size is especially important when allelic differences in methylaƟon are invesƟgated to avoid a
bias in amplificaƟon of originally methylated over unmethylated alleles, i.e., to minimize preferenƟal
amplificaƟon of templates with more balanced nucleoƟde composiƟon over highly AT-rich templates. The
advantages of the bisulfite method include the efficiency of the chemical conversion, relaƟvely low cost and
the speed of the procedure. Because in one reacƟon the whole genome can be converted and invesƟgated
in subsequent analyses, this has become the best approach for the study of DNA methylaƟon.

Fig. 10.3

Bisulfite conversion of genomic DNA. The treatment with NaHSO  induces the deamination of cytosine
into uracil residues. This conversion will not happen, if the cytosine is methylated or hydroxy-methylated
in the carbon 5 position. Following bisulfite treatment, the sense and antisense strands of the original
double-stranded DNA are no longer complementary. PCR amplification of a strand will now lead to an
exchange of uracil residues to thymine and the DNA sequence will then be characterized by an abundance
of A and T. Only the methylated sites will retain cytosine residues. The primers for bisulfite sequencing
need to be complementary to the converted sequence (orange and green arrows). Black lollipops indicate
methylated CpG sites

3

e.Proofing | Springer hƩps://eproofing.springer.com/books_v2/printpage.php?token=eu_6jC...

14 of 29 09/02/2020, 18:11



Following bisulfite conversion and PCR amplificaƟon, the DNA fragment of interest can be further analyzed
using several methods. TradiƟonally, the PCR product can be cloned into a plasmid and then a sufficiently
large number of individual clones sequenced via Sanger sequencing. This procedure will produce a
representaƟon of the frequency of methylated (preserved) and unmethylated (converted) cytosines at every
CpG dinucleoƟde posiƟon of the DNA amplicon in the cloned populaƟon (Fig. 10.4a). In the analysis of a
DMR of an imprinted gene, a raƟo of ~50% methylaƟon would be expected at each CpG site whereby two
types of sequences should be disƟnguishable: predominantly methylated and predominantly converted (Fig.
10.4a). If the DNA fragment of interest was isolated from hybrid offspring of different mouse strains and
contains a single nucleoƟde polymorphism (SNP), the methylaƟon can be associated with the parental origin
of the allele.

Fig. 10.4

Analysis methods of bisulfite-treated and PCR-amplified genomic DNA. (a) Cloning and Sanger sequencing
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of bisulfite PCR products. Scheme showing three examples of possible outcomes for methylation patterns
in  an  amplicon  covering  a  CGI.  Each  row  of  dots  represents  one  cloned  PCR  product  and  each  dot
represents  an  individual  CpG  site  (black  =  methylated,  white  =  unmethylated).  The  differentially
methylated example,  which contains methylated and unmethylated sequences, would be typical of an
imprinted DMR. Further SNP analysis  would be required to associate the methylation status with the
parental origin of an allele. (b) Combined bisulfite restriction analysis (COBRA) on untreated and bisulfite-
treated  genomic  DNA  from  hippocampus,  cerebral  cortex,  and  kidney.  Restriction  enzyme  BstUI
recognizes  the  site  CGCG.  When  a  cytosine  is  unmethylated  in  the  genomic  DNA,  it  is  converted  to
thymine following bisulfite treatment and PCR amplification,  disrupting the integrity of the restriction
sites. In contrast, methylated sequences maintain the cytosine and the restriction enzyme will cut the PCR
amplicon. This  example CpG island shows the presence of  both methylated and unmethylated alleles
(unpublished data). (c) Bisulfite pyrosequencing analysis of the same CGI as in (b). A pyrogram sequencing
trace of a bisulfite PCR amplicon is shown. The positions highlighted in light blue represent CpG sites and
the degree of methylation at each site is quantified and displayed as a percentage above the highlighted
peaks (unpublished data)
AQ4
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An alternaƟve to cloning and sequencing consists of the digesƟon of a PCR product with restricƟon
endonucleases that contain CpGs in their recogniƟon sites such as TaqI (T/CGA) and BstUI (CG/CG) (Fig.
10.4b). This technique, called COBRA (combined bisulfite restricƟon analysis) (Eads and Laird 2002), detects
originally methylated CpGs as they are conserved aŌer bisulfite treatment and PCR amplificaƟon and then
cut by the restricƟon endonuclease. By contrast, bisulfite conversion of an unmethylated CpG leads to loss
of the restricƟon site. If a CpG is fully methylated, the PCR product will be completely digested, and vice
versa (Fig. 10.4b). QuanƟficaƟon of parƟally methylated sites will require bloƫng of the gel, hybridizaƟon,
and signal detecƟon with a probe.

The presence of both cytosine and thymine in the same posiƟon following bisulfite treatment and PCR
amplificaƟon can indicate parƟal methylaƟon or potenƟally incomplete bisulfite conversion. In the bisulfite
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sequencing approach, incomplete conversion can be recognized through the presence of remaining C
residues outside of CpG dinucleoƟdes—all of these should have been converted. A potenƟal drawback of
bisulfite sequencing is related to cloning biases that can occur in bacterial strains used for plasmid
transformaƟon aŌer ligaƟon of bisulfite PCR amplicons. In genomic imprinƟng, a DMR will result in bisulfite
amplicons with different sequences derived from methylated and unmethylated alleles, respecƟvely, and it
is possible that the ligated amplicons are not equally propagated aŌer transformaƟon into E. coli, thus giving
a wrong representaƟon of methylaƟon frequencies. On the other hand, in the COBRA method appropriate
posiƟve controls for restricƟon endonuclease funcƟonality need to be included. For this reason, it is always
recommended to confirm any results using at least two independent approaches.

The best approach to accurately quanƟfy the methylaƟon status is the use of pyrosequencing of bisulfite-
converted genomic DNA (Dejeux et al. 2009). This method also includes PCR amplificaƟon as a first step aŌer
bisulfite treatment to generate fragments of ~100 bp. These are then sequenced by adding one nucleoƟde
at a Ɵme and quanƟfying its incorporaƟon through a cascade of enzymaƟc reacƟons that result in strictly
proporƟonal luciferase-mediated light emission. For example, at a parƟally methylated CpG site,
incorporaƟon of dGTP (originally methylated C) and dATP(αS) (originally unmethylated C) are tested
consecuƟvely, and the raƟo of light emiƩed at the two nucleoƟde steps represents the percentage of
methylated cytosine (Fig. 10.4c). Pyrosequencing is now accepted as the “gold standard” for quanƟtaƟve
sequencing. Apart from analyzing methylaƟon at specific loci, bisulfite treatment has now been combined
with next-generaƟon sequencing to invesƟgate the whole genome in specific Ɵssues or cell types, for
example, via whole-genome bisulfite sequencing (WGBS) (Harris et al. 2010). As details of the various
approaches and the importance of avoiding biases at specific steps in the protocols cannot be covered here,
we refer the reader to more specific, recently published work (Harris et al. 2010; Olova et al. 2018).

10.4.2. Analysis of Monoallelic Expression and Single-Cell Resolution of
Imprinting

The analysis of imprinted genes also requires a proof of preferenƟal or completely monoallelic gene
expression in a parent-of-origin-specific way. To demonstrate this, exonic SNPs between different mouse
strains are used, most commonly between C57BL/6J and Mus musculus molossinus (JF1) or Mus musculus
castaneus (Cast/EiJ) strains. Tissues or cells from hybrid offspring of reciprocal parental crosses (e.g.,
C57BL/6J × JF1 and JF1 × C57BL/6J) are isolated, cDNA generated and the raƟo of expression of the SNPs
within the gene of interest determined via pyrosequencing. In the example shown in Fig. 10.5, expression of
the Trappc9 gene was found to be predominantly from the maternal allele (~70%) in brain Ɵssue, while in
kidney both SNPs show equal biallelic expression levels.

Fig. 10.5

SNP pyrosequencing to quantify allele-specific expression levels of a gene. Brain and kidney cDNAs were
prepared  from  reciprocal  crosses  of  C57BL/6J  (B6)  and  Japanese  fancy  mouse  1  (Mus  musculus
molossinus,  JF1),  and an SNP-containing amplicon analyzed via  pyrosequencing.  Quantification  of  SNP
prevalence indicates ~70% preferential maternal allele-specific  expression of Trappc9  in  the brain,  but
equal  biallelic  expression  in  kidney.  The  reciprocal  mouse  crosses  are  shown  as  JF1/B6  and  B6/JF1,
whereby the first position conventionally indicates the maternal genotype. The SNP position is shaded in
light blue
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Recently, parent-of-origin biases of gene expression in the hybrid mouse brain have been characterized using
RNAseq whole-transcriptome methods. In some cases, specific brain subregions, including the
hypothalamus and arcuate nucleus were analyzed (Babak et al. 2015; Bonthuis et al. 2015; Huang et al.
2017; Perez et al. 2015). These transcriptome datasets, which include previously unknown transcripts, can
be a good starƟng point for the invesƟgaƟon of imprinted genes in the brain. While several genes, including
Gnas, Dlk1, and Trappc9, show Ɵssue- or cell type-specific imprinƟng (Chen et al. 2009; Ferron et al. 2011;
Perez et al. 2015), it is oŌen unclear whether every cell within a populaƟon exhibits the parent-of-origin-
specific, monoallelic expression. In parƟcular, for genes with a bias toward parental allele-specific expression
(e.g., 70% maternal, 30% paternal transcripts, based on whole Ɵssue lysates) it remains unexplained
whether such a raƟo reflects unequal biallelic expression within each cell, or whether it is due to a mixture
of cells with absolute monoallelic expression and cells with equal biallelic expression. This quesƟon is now
being addressed with single-cell technologies. There are two main approaches to the single-cell analysis of
allelic gene expression. On the one hand, probe hybridizaƟon onto fixed cells or Ɵssue secƟons is combined
with microscopy to disƟnguish between mono- or biallelic expression in situin situ (Bonthuis et al. 2015;
Ginart et al. 2016; Huang et al. 2017). On the other hand, molecular geneƟcs or genome-wide next-
generaƟon sequencing methods are applied on isolated single cell extracts (Angermueller et al. 2016; Cheow
et al. 2015; Clark et al. 2018; Deng et al. 2014; Kelsey et al. 2017). As some of these techniques have been
applied to hypothalamic Ɵssues, we briefly describe them here as promising approaches for future research.

One of the methods designed to invesƟgate allele-specific expression at the Ɵssue level is “single nucleoƟde
polymorphism RNA fluorescent in situ hybridizaƟon” (SNP-FISH) (Ginart et al. 2016; Levesque et al. 2013).
The method is applied on Ɵssues or cells from hybrid mice (e.g., C57BL/6J × Cast/EiJ), which harbor several
SNPs in the mRNA of the gene of interest. Three different pools of fluorescently labeled oligonucleoƟdes are
then hybridized simultaneously to fixed samples: (a) a pool of “guide” probes, which bind to the mRNA of
the gene of interest outside of the SNP regions for general detecƟon of the relevant transcript; (b) two pools
of SNP-specific oligonucleoƟdes with different fluorescent labels, which vary only in a single nucleoƟde
posiƟon to detect the parental origin of the transcript (Fig. 10.6). These SNP-specific oligos are iniƟally
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blocked by shorter “mask” oligonucleoƟdes, leaving the SNP-containing region free to hybridize to the
perfectly matching mRNA. Eventually, the SNP-specific oligos shed their “mask” oligos to fully anneal to the
mRNA of interest. By analyzing co-localizaƟon of fluorescent signals from the “guide” oligos and the SNP-
specific oligos, respecƟvely, Ginart and colleagues (Ginart et al. 2016) were able to demonstrate that, within
one Ɵssue, cell populaƟons with monoallelic maternal expression of the imprinted gene H19 coexisted with
neighboring cell populaƟons that showed biallelic expression.

Fig. 10.6

Schematic illustration of the SNP-FISH technique for the detection of allele-specific  RNA expression in
cells and tissue sections. The allelic RNA variants of a gene of interest are shown with an SNP highlighted
in red. A pool of fluorescently labeled “guide” oligonucleotides, which hybridize to non-variant sequences
of the RNA, serve as a general marker for the presence of the transcript. Allele-specific oligonucleotides
covering SNP positions (SNV probes) are labeled with a second and third fluorescent tag, respectively.
Initially,  only a short stretch of the SNV probe sequence (including the actual SNP position) is free to
hybridize with the target RNA, as the remainder of the oligo is bound by a short complementary “mask”
oligo. This allows specific binding of the SNV probes to the allelic RNA variants. The “mask” oligos are
then  displaced  as  the  allele-specific  oligos  fully  anneal  with  their  target  RNAs.  Figure  adapted  from
Levesque et al. (2013)
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Another technique used to visualize the imprinted expression of genes in Ɵssues is RNAscope in situ
hybridizaƟon. Bonthuis and colleagues (Bonthuis et al. 2015) adapted the standard RNAscope (Advanced
Cell DiagnosƟcs, ACD) method to invesƟgate acƟvely transcribed alleles of specific genes in individual cell
nuclei of fixed secƟons from the hypothalamic arcuate nucleus and dorsal raphe nucleus (Bonthuis et al.
2015). Using intronic oligonucleoƟde probes, which detect nascent transcripts in the nucleus before splicing
occurs, they were able to determine through imaging for the presence of one or two hybridizaƟon signals
(“color substrate dots”) within a nucleus, whether one or both alleles of a gene were expressed. In contrast
to the SNP-FISH technique, however, the RNAscope method does not provide informaƟon on the parental
origin of monoallelic expression. Also, when used on Ɵssue secƟons, the RNAscope approach has an
inherent false detecƟon rate problem, since the plane of secƟoning might result in spaƟal separaƟon of the
two alleles in sequenƟal secƟons. This would result in single hybridizaƟon signals within nuclei although
biallelic expression occurs. This false detecƟon rate needs to be accounted for by using appropriate control
probes for biallelically expressed genes. The authors esƟmate that this method has an error rate of ~25%
nuclei showing potenƟally false monoallelic expression (Bonthuis et al. 2015; Huang et al. 2017).
Nevertheless, due to the high sensiƟvity of the hybridizaƟon probes and the straight forward protocol, this
approach can provide a useful first assessment of the localizaƟon of cells with mono- and biallelic expression
within Ɵssues. Especially since it can be combined with Ɵssue RNAseq analysis (see below) for determinaƟon
of parental expression biases.
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Apart from these in situin situ techniques, molecular geneƟcs approaches have been established to analyze
epigeneƟc features as well as RNA expression from single-cell extracts (Angermueller et al. 2016; Cheow et
al. 2015; Clark et al. 2018; Deng et al. 2014; Kelsey et al. 2017). Some methods are designed for a low-cost,
focused invesƟgaƟon of specific loci (Cheow et al. 2015), while recent trends favor genome-wide next-
generaƟon sequencing technologies. RNAseq was first applied by Deng and colleagues (Deng et al. 2014) to
invesƟgate transcriptome-wide allelic expression in single cells using suitable strain-specific SNPs. Apart
from parent-of-origin-dependent (imprinted) gene expression, they observed that a substanƟal proporƟon
of genes (12–24%) are expressed monoallelically in a dynamic, random, and stochasƟc way (Deng et al.
2014). The most recent technological advances enable a combined analysis of DNA methylaƟon,
transcriptome, and nucleosome accessibility from single cells (scM&T-seq, scNMT-seq) (Angermueller et al.
2016; Kelsey et al. 2017). These approaches allow direct correlaƟons to be made between epigeneƟc status,
chromaƟn accessibility, and gene expression in a single cell. Although we cannot cover these methods in
detail here [for a comprehensive review see Kelsey et al. (2017)], we would like to emphasize that
consideraƟon needs to be given to the way single cells can be isolated and the overall number of cells
required for analysis. Most frequently, flow cytometry/fluorescence-acƟvated cell sorƟng (FACS) is used to
obtain single cells or nuclei (Luo et al. 2017), although microfluidics or manual collecƟon via
micromanipulators can also be applied depending on the Ɵssue or cell type of interest (Cheow et al. 2015).
Furthermore, and again depending on the complexity of the Ɵssue to be invesƟgated, usually hundreds or
thousands of cells need to be included in an experiment to obtain a representaƟve dataset for the cell
populaƟon in quesƟon. As single-cell RNAseq and methylome analyses have already been applied on some
brain regions (Luo et al. 2017; Tasic et al. 2016; Zeisel et al. 2015), it will be exciƟng to see the mulƟ-omics
approaches being adapted to neurobiological quesƟons and specifically to characterize the large diversity of
hypothalamic cell types in the future.

10.5. Perspectives

Within the brain, the hypothalamus has emerged as a major region in which imprinted genes are expressed.
Here, they exert crucial funcƟons in the regulaƟon of postnatal development, energy homeostasis,
hypothalamus–pituitary, and hypothalamus–thyroid neuroendocrine axes, as well as circadian rhythmicity
and sleep. It is highly likely that the list provided in this chapter will be expanded in the near future, as
several addiƟonal imprinted genes have been associated with a role in the hypothalamus, for example,
NeuronaƟn, Mkrn3, Grb10, and Liz. On a molecular level, the recent developments in single-cell techniques
will shed further light on the epigeneƟc regulaƟon of imprinted genes. Many genes display an expression
bias toward one parental allele when analyzed on a whole-Ɵssue level. To clarify whether this is due to a
mixture of cell types, some of which showing biallelic others monoallelic expression, and to understand the
neurobiological relevance of this, will be an exciƟng field of future research.
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BuiƟng et al. (2016). This review provides an excellent overview about the clinical symptoms and
geneƟcs of Angelman syndrome.

e.Proofing | Springer hƩps://eproofing.springer.com/books_v2/printpage.php?token=eu_6jC...

22 of 29 09/02/2020, 18:11



Cassidy et al. (2012). A recommended review summarising the clinical symptoms as well as the
geneƟcs of Prader-Willi syndrome.

Chen et al. (2009). This paper shows for the first Ɵme genomic imprinƟng of Gnas in the brain and that
loss of maternal allele-specific expression of Gnas in the brain is the cause for an obesity phenotype
due to reduced energy expenditure.

Ferguson-Smith (2011) This review provides an excellent overview about the history of genomic
imprinƟng research and well-studied imprinted genes clusters.

Kelsey et al. (2017). This recent review gives a good introducƟon into novel single-cell analysis
techniques for epigeneƟcs and gene expression.

Perez et al. (2015) This paper systemaƟcally analyzed imprinted gene expression within the brain
transcriptome with excellent detail.

Peters (2014). This review emphasizes the physiological funcƟons of imprinted genes.

Plagge et al. (2004). This paper idenƟfied the physiological funcƟons of the paternally expressed
transcript variant Gnasxl of the Gnas locus.
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