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Abstract: Imprinting disorders are exceptional within the
group of monogenic syndromes. They are associated with
molecular changes affecting imprinted regions and usu-
ally do not follow the rules of Mendelian inheritance. They
account for a relevant proportion of congenital disorders,
especially within the syndromal growth entities with en-
docrine, neurological, and skeletal characteristics. In pa-
tients with imprinting disorders and accelerated growth,
significant tumor risks have to be considered. The num-
ber of known imprinting disorders increases with the iden-
tification of new regions in which parentally imprinted
genes are located. Imprinting disorders are caused by ge-
nomic pathogenic variants affecting imprinted genes, as
well as by aberrant imprinting marks (epimutations) in the
patients themselves. Additionally, maternal effect muta-
tions have recently been identified that trigger secondary
epimutations in the offspring. These maternal effect mu-
tations explain not only imprinting disorders in their chil-
dren, but also recurrent reproductive failure in the fami-
lies. This review aims to provide an overview of the recent
findings in 13 well-known imprinting disorders relating to
clinical diagnosis, management and counseling.
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Introduction

Genomic imprinting is defined as the parent-specific ex-
pression of either the maternal or the paternal allele, and
is regulated by different epigenetic processes (e. g., DNA
methylation and histone modifications) (for review, see
Prawitt and Haaf in this issue). Genomic imprinting has
arisen in the evolution of higher mammals, and among dif-
ferent hypotheses about the evolutionary relevance of ge-
nomic imprinting, the “parental conflict hypothesis” has
received greater attention [1]. It explains the functional in-
equality of maternal and paternal imprinted genes with
the different “interests™ of the parental genomes: Whereas
the paternal interest lies in “promoting offspring,” it is
essential for the mother to conserve resources for herself
and for further offspring. Accordingly, many paternally ex-
pressed genes are growth-promoting, while maternally ex-
pressed genes are more growth-limiting. Disturbances of
these imprinting patterns therefore often result in aberrant
growth, and it is not astonishing that the majority of the
so-called imprinting disorders are associated either with
growth retardation or overgrowth (Table 1).

Imprinting disorders

Imprinting disorders belong to the group of rare dis-
eases with a prevalence of less than 1:10,000 in newborns.
Though some of them exhibit different and even oppo-
site clinical features, they share the same types of molecu-
lar alterations affecting imprinted gene regions. So far, 13
syndromic clinical entities have been deeply defined (for
overview, see Table 1) [2, 3]. In fact, the majority of the
clinical findings are rather unspecific and manifest as im-
paired growth (pre- and/or postnatal growth retardation
or acceleration), metabolic and endocrine disorders, and
failure to thrive due to nutritional problems or abnormal
eating habits. In addition, some imprinting disorders are
accompanied by developmental delay, intellectual disabil-
ity, and neurological symptoms. In imprinting disorders
with accelerated growth, there is often an increased risk
of tumors, with immediate consequences for the medical
care of the patients.
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The clinical diagnosis of an imprinting disorder can be
complicated by the variable expressivity of symptoms. In
addition, some key features are transient or not obvious in
adulthood (e. g., severe muscular hypotonia in neonates
[“floppy infant”] with Prader-Willi syndrome [PWS] and
dysmorphic signs in Silver-Russell syndrome [SRS]). As a
result, an unknown number of patients with imprinting
disorders remain either undiagnosed or misdiagnosed. To
improve the clinical diagnoses, international consensus
guidelines have been suggested for some imprinting dis-
orders, including scoring systems to define a threshold for
the clinical diagnosis and recommendations for the medi-
cal management (Tables 1, 2) [4-9].

Multilocus imprinting disturbance
(MLID)

A considerable number of individuals with imprinting dis-
orders exhibit altered DNA methylation at additional im-
printed loci compared with the disease-specific ones. This
constitution is referred to as multilocus imprinting distur-
bance (MLID) (for review, see [10]; see also Prawitt and
Haaf in this issue). Up to now, the majority of MLID car-
riers exhibit symptoms specific for one of the known im-
printing disorders (i. e., Beckwith—-Wiedemann syndrome
[BWS] and SRS), and only single patients with overlapping
phenotypes have been reported. However, it is conceiv-
able that MLID patients currently escape detection as they
do not show a special MLID phenotype and are therefore
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not tested. Furthermore, MLID often occurs as mosaicism,
with a broad range of aberrant methylation patterns in dif-
ferent tissues (e. g., [11]). This mosaicism could escape de-
tection and lead to a significant number of patients with
apparent “isolated” loss of methylation (LOM) at a disease-
specific locus in routinely tested lymphocyte DNA of pa-
tients who are effectively carriers of a MLID. As a result,
the true prevalence of MLID is currently unknown.

MLID was first identified in patients with epimuta-
tions diagnosed as transient neonatal diabetes mellitus
(TNDM) [12], and then in other classical imprinting syn-
dromes (Table 1). The molecular cause of MLID is largely
unknown, but the contribution of pathogenic variants in
factors mediating the proper methylation at imprinted loci
becomes obvious (for review, see [13] and Prawitt and Haaf
in this issue). In some patients, factors encoded by the fe-
tal genome harboring pathogenic variants are the cause
of “inherited” MLID (i. e., autosomal recessive variants in
ZFP57).

Additionally, these factors also comprise members of
the subcortical maternal complex (SCMC) in the oocyte
and early embryo. They are not expressed by the embry-
onal genome, but from the maternal genome and are hence
named maternal effect genes (e. g., NLRP2, NLRP5, NLRP7,
PADI6) [10]. The identification of MLID in context of ma-
ternal effect variants is currently conducted mainly in re-
search context, but first studies show a high clinical rel-
evance (Fig.1). The involvement of single additional im-
printed loci in case of MLID might be compatible with live-
born children with an imprinting disorder, but unbalanced
imprinting constitutions of a greater extent might be in-

%

Q---: ----- . O .
1
Oocyte |
donation 1 |
MLID MLID

Figure 1: Pedigree of a family with a maternal effect NLRP7 variant (NM_001127255.1:¢.2010_2011del, p.(Phe671Glnfs*18)) and reproductive
histories of miscarriages affected by MLID (from [44], Oxford University Press). It should be noted that miscarriages only occur when the
woman carries the variant, whereas paternal transmission is not associated with reproductive failure. It is assumed that the reproductive

failure might be avoided by egg donation.
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compatible with life, and therefore lead to an increased
rate of miscarriages. The most severe phenotypes of an
imprinting disorder are familial or recurrent hydatidiform
moles, defined as an aberrant human pregnancy with a
placental overgrowth but severely abnormal or absent em-
bryonic development.

Meanwhile, more than 110 pathogenic maternal ef-
fect variants affecting components of the SCMC have been
identified in women suffering recurrent hydatidiform mole
[14].

In summary, the pathogenic impact of genetic fac-
tors involved in the life cycle of imprinting is obvious.
Therefore, the implementation of routine MLID testing in
specific molecular imprinting disorders due to epimuta-
tions (TNDM, SRS, BWS, PHPIb; see Table 1) and a sub-
sequent (next-generation sequencing-based) analysis of
SCMC genes has to be discussed in the near future. And
the other way round, MLID and SCMC gene testing in fam-
ilies with recurrent miscarriages might be discussed as
well. In any case, the presence of maternal effect muta-
tions should be considered in families with imprinting dis-
orders or also unclear growth disorders and simultane-
ously frequent miscarriages.

Clinical diagnosis and clinical
management — a brief overview

In the following, the most frequent imprinting disorders
are briefly summarized in the order of their chromosomal
localization, with regard to the characteristic symptoms
and the common clinical management to allow a quick
overview (see Table 1, which also summarizes the under-
lying molecular defects and their frequencies). The symp-
toms of imprinting disorders often overlap; therefore, a
specific clinical diagnosis is not always possible. Rather, in
the context of an intended molecular diagnostic confirma-
tion of imprinting disorders, a broader molecular diagnos-
tic approach is pursued with the simultaneous analysis of
different imprinted loci. This approach is also the best way
to identify patients with MLID.

Transient neonatal diabetes mellitus
(TNDM; 6q24)

Clinical characteristics and diagnosis

The cardinal features of 6q24-associated TNDM comprise
severe intrauterine growth retardation, hyperglycemia be-
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ginning in the neonatal period and often resolving within
the first 18 months, dehydration, and absence of ketoaci-
dosis (see also GeneReviews: NBK1534). Macroglossia and
umbilical hernia can occur, in particular in cases with
MLID. In the latter group, marked hypotonia, congeni-
tal heart disease, deafness, neurologic features includ-
ing epilepsy, and renal malformations have been docu-
mented. Although insulin is usually required initially, the
need for insulin gradually declines over time. Diabetes
mellitus may recur in adolescence or later in adulthood; in
particular women are at risk for relapse during pregnancy
as gestational diabetes.

Management: treatment of manifestations, prevention of
secondary complications

Rehydration and insulin are required at the time of diag-
nosis [15]. For further treatment and prevention we refer
to the respective GeneReviews suggestions. For a person-
alized management, a rapid and comprehensive molec-
ular characterization is required, and after exclusion of
the 6q24 alterations (Table 1), multigene panel testing tar-
geting the differential diagnosis genes of hyperinsulinism
(i.e., KCNJ11, ABCCS, INS, GCK, and PDX1) should be con-
sidered.

Silver-Russell syndrome
(SRS; 7p12, 7q32, 11p15.5)

Clinical characteristics and diagnosis

SRS is a clinically and genetically heterogeneous imprint-
ing disorder characterized by moderate to severe intrauter-
ine growth restriction, relative macrocephaly, failure to
thrive, short stature, low muscle and fat mass (low BMI),
body asymmetry, and a protruding forehead [4] (see also
GeneReviews: NBK1324). Many other less frequent clinical
characteristics have been described. The phenotype can
be subtle. SRS is a clinical diagnosis: the recommended
clinical scoring system (Table 2, Fig.2) should lead the
decision to perform genetic analysis, which is positive in
approximately 60-70 % of the affected persons. A nega-
tive genetic analysis does not exclude SRS (see below).
Mental development is normal in most of the children,
while motor milestones may be delayed in infancy because
of the large head and muscle weakness. Speech delay is
apparent in a specific subgroup (upd[7]mat; see below).
Gastro-esophageal reflux may occur in infancy and ag-
gravate the feeding difficulties. Fasting tolerance is weak.
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c) d)

Figure 2: Patients referred for SRS testing and molecular diagno-
sis of IC2 LOM. Though the patients exhibit similar features, they
illustrate the variable range of mosaicism as well as the possible
occurrence of MLID. (a) One-year-old boy, IC2 LOM not detectable
in blood, but in buccal swab DNA, NH-CSS: 5/5 criteria (by courtesy
of V. Tasic). (b) Five-year-old girl, IC2 LOM in blood, NH-CSS: 3/3 cri-
teria (only 3 criteria could be documented). (c) Eight-year-old boy,
IC2 LOM in blood, NH-CSS: 6/6 criteria (by courtesy of C. Schroder).
(d) Eighteen-year-old boy, MLID and IC2 LOM in blood, NH-CSS: 5/5
criteria.

There is no catch-up growth after birth. Untreated adult
height is approximately 3 SD below target height [16]. Tim-
ing of puberty is early-normal. Premature adrenarche may
occur, especially in children treated with rhGH binder [17].
Untreated body asymmetry may cause early arthrosis in
adulthood. The small jaw frequently results in malposition
of teeth.

Management: treatment of manifestations, prevention of
secondary complications

The therapeutic approach is multidisciplinary and headed
by a pediatric endocrinologist [4]. Treatment of feeding
difficulties requires nutritionists, gastroenterologists, and
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speech therapists. The aim is an adequate nutritional sta-
tus preserving normal growth for a child with SRS, ade-
quate weight (always having in mind the constitutional
low muscle and fat mass), vitality, and an adequate fast-
ing tolerance. The parents should be educated in the
avoidance, recognition, and treatment of hypoglycemia.
Developmental delay of motor and speech skills should
be diagnosed and treated by physiotherapy. Growth hor-
mone treatment enables gain in muscle mass and strength
(changing the body composition), enhances appetite, vi-
tality. and the developmental progress, and promotes
growth. Body asymmetry should be monitored by ortho-
pedists and compensated if necessary. Teeth crowding
should be treated by specialized dentists. Early puberty
may compromise the achieved height gain after years of
growth hormone treatment; pharmacological delay of cen-
tral puberty by use of gonadotropin-releasing hormone
analogues may preserve adult height potential [17]. Obe-
sity should be avoided by early teaching of a healthy life
style. Long-term follow-up data are missing and should
be collected to optimize medical management in adult-
hood.

Birk—Barel syndrome (8q24)

Clinical characteristics and diagnosis

The main clinical features of Birk-Barel syndrome are
moderate to severe intellectual disability, congenital cen-
tral hypotonia, facial dysmorphism, and hyperactivity [18,
19]. Some of the common dysmorphic features are more
prominent in childhood, and they comprise an elongated
face and reduced facial movements. Eyebrows are flared,
bushy, and arched upward, and ears are mildly protrud-
ing with a very prominent fold of the crux of the helix
and a prominent antihelical fold. The nasal bridge is high
and narrow with a broad nasal tip, and the philtrum is
shortened. The maxillary and premaxillary regions are
prominent with hypotonia of the mandible and microg-
nathia, leading to an open-mouthed appearance. The lips
are thick, and a narrow, high-arched palate is reported.

Management: treatment of manifestations, prevention of
secondary complications

In infancy, feeding difficulties might require tube feeding,
followed by dysphagia of solid foods until puberty. For fu-
ture therapeutic options, see also Horsthemke and Zech-
ner in this issue.
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Table 2: Overview on the currently known imprinting disorders, their major molecular findings, and the main clinical features. Disorders are

listed according to their chromosomal localization.

Clinical diagnosis of Silver-Russell syndrome (SRS) (Netchine—Harbison score [NHS])
Clinical diagnosis is considered if patient scores at least four out of six from the following criteria.

Clinical criterion

Definition

Small for gestational age (SGA) (birth weight and/or birth
length)

< -2 SDs for gestational age

Postnatal growth failure

Height at 24+1 months < -2 SDs or height < -2 SDs from mid-parental
target height

Relative macrocephaly at birth

Head circumference at birth = 1.5 SDs above average birth weight and/or
length

Protruding forehead*
(*equivalent to “prominent forehead”)

Forehead projecting beyond the facial plane on a side view as a toddler
(1-3 years)

Body asymmetry

Leg length discrepancy (LLD) = 0.5 cm or arm asymmetry or LLD < 0.5 cm
with at least two other asymmetrical body parts (one not the face)

Feeding difficulties and/or low body mass index (BMI)

BMI < -2 SDs at 24 months OR current use of a feeding tube or
cyproheptadine for appetite stimulation

Clinical features of Beckwith-Wiedemann spectrum (BWSp)
For a clinical diagnosis of classical BWS a score of = 4 is required.

Patients with a score of = 2 merit genetic testing for investigation and diagnosis of BWS.

Cardinal features (2 points per feature)

Suggestive features (1 point per feature)

Macroglossia

Birth weight > 2 SDs above the mean

Exomphalos

Facial nevus simplex

Lateralized overgrowth

Polyhydramnios and/or placentomegaly

Multifocal and/or bilateral Wilms tumor or nephroblastomatosis

Ear creases and/or pits

Hyperinsulinism (lasting beyond 1 week and requiring escalated
treatment)

Transient hypoglycemia (lasting less than 1 week)

Pathology findings: adrenal cortex cytomegaly, placental
mesenchymal dysplasia, or pancreatic adenomatosis

Typical BWSp tumors (neuroblastoma, rhabdomyosarcoma, unilateral
Wilms tumor, hepatoblastoma, adrenocortical carcinoma, or
phaeochromocytoma)

Nephromegaly and/or hepatomegaly

Umbilical hernia and/or diastasis recti

Clinical features of inactivating PTH/PTHrP signaling disorders (iPPSD)
For a clinical diagnosis of iPPSD, the presence of one major criteria (either 1 or 2) or the presence of
major criterion 3 and at least two minor criteria is required. The three major criteria have minimum

or no overlap with other conditions due to different mechanisms.

Major criteria

1 PTH resistance

2 Ectopic ossification
3 Brachydactyly type E
Minor criteria

1 TSH resistance

Other hormonal resistances

Motor and cognitive retardation or impairment
Intrauterine and postnatal growth retardation
Obesity/overweight

AN~ WN

Flat nasal bridge and/or maxillary hypoplasia and/or round face

GOM, gain of methylation

IUGR, intrauterine growth restriction
LOM, loss of methylation

PNGR, postnatal growth restriction
PTH, parathyroid hormone

UPD, uniparental disomy
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Beckwith—-Wiedemann syndrome
(BWS; 11p15.5)

Clinical characteristics and diagnosis

According to recent international consensus guidelines
[5], clinical and pathologic features of BWS have been
grouped into two categories, macroglossia, exomphalos,
lateralized overgrowth, multifocal and/or bilateral Wilms
tumor or nephroblastomatosis, hyperinsulinism, adrenal
cortex cytomegaly, and placental mesenchymal dysplasia
or pancreatic adenomatosis being cardinal features (Ta-
ble 2) (see also GeneReviews: NBK1394).

Genetic counseling and testing are recommended if
an individual has at least two points in the scoring sys-
tem, e.g., one of the cardinal features or at least two
of the suggestive features. The newly defined term Beck-
with-Wiedemann spectrum (BWSp) includes (a) patients
with a clinical BWS diagnosis (at least four points when
adding cardinal and suggestive features) independent of
the presence of an (epi)genetic change at the BWS region,
(b) patients with atypical BWS, defined by a clinical score
of below 4 but with a proven (epi)genetic change at the
BWS region, and (c) patients with isolated lateralized over-
growth with a proven (epi)genetic change at the BWS re-
gion.

Management: treatment of manifestations, prevention of
secondary complications

Individuals with BWSp may face multiple clinical prob-
lems; therefore, a multidisciplinary approach is war-
ranted. Relevant disciplines include, but are not limited
to, neonatology, surgery, endocrinology, nephrology, neu-
rology, cardiology, oral and maxillofacial surgery, pedi-
atric orthopedics, and pediatric oncology. The following
aspects are important. (1) Cancer surveillance with three
monthly abdominal ultrasound examinations up to age 7
years. In children with the molecular diagnosis of IC2 LOM
the cancer risk is lower and the recent guidelines do not
recommend cancer surveillance in this group. (2) Annual
measurement of body height and weight and lengths of
both legs. In case of leg length difference, pediatric ortho-
pedic evaluation is needed. (3) Monitoring of macroglossia
and in case of secondary complications, surgery may be in-
dicated. (4) Correction of abdominal wall defects. (5) Diag-
nosis and treatment of postnatal hypoglycemia. (6) Diag-
nosis and treatment of cardiac malformations. (7) Monitor-
ing of neurological development. (8) Screening for renal
complications. (8) Psychosocial support are further aims.
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Temple syndrome (TS14; 14q32)
(central precocious puberty [CPPB])

Clinical characteristics and diagnosis

Temple syndrome (TS14) is characterized by intrauterine
and postnatal growth retardation, accompanied by hypo-
tonia, feeding problems in early life with risk for obesity in
later childhood and adolescents, early puberty, and recur-
rent otitis media [20-22]. As facial features, a broad fore-
head and a short nose with a wide nasal tip have been
reported, and many patients have small hands and feet.
In some patients (mild) intellectual delay has been de-
scribed. In fact, the TS14 phenotype is nonspecific, and
there is a broad clinical overlap with SRS and PWS. There-
fore, many patients with molecular TS14 alterations are re-
ferred for SRS or PWS testing. Thus, TS14 testing should be
considered in patients with negative SRS or PWS testing re-
sults (see Beygo et al. in this issue).

Recently, in patients of precocious puberty ([famil-
ial] central precocious puberty [CPPB]), pathogenic vari-
ants on the paternal allele have been identified of DLK1,
a gene which is under the control of the TS14-associated
MEG3:TSS-DMR [23].

Management: treatment of manifestations, prevention of
secondary complications

Because of the clinical overlap with the more frequent im-
printing disorders PWS and SRS, clinical care is symp-
tomatic and oriented towards existing guidelines for these
two disorders. It is essentially a multidisciplinary ap-
proach involving nutritional therapists, endocrinologists
(growth hormone therapy, therapy of premature puberty),
and orthopedic surgeons (scoliosis therapy). In case of de-
velopmental delay special education might be needed.

Kagami-Ogata syndrome (KOS14, 14q32)

Clinical characteristics and diagnosis

Kagami-Ogata syndrome (KOS14) is characterized by a
unique constellation of features; in particular, the facial
appearance with full cheeks and a protruding philtrum as
well as the small bell-shaped thorax with a coat-hanger
appearance of the ribs are prominent [24, 25]. Respiratory
problems in the neonatal period can be life-threatening,
but patients overcoming this vulnerable early phase often
have a stable clinical course in the following childhood.
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Some clinical overlaps with BWS are obvious, i. e., abdom-
inal wall defects, placentamegaly, and polyhydramnios.
Moderate to severe developmental delay and/or intellec-
tual disability are always present. In a small number of pa-
tients, hepatoblastomas have been identified.

Management: treatment of manifestations, prevention of
secondary complications

Beside the possibly needed early intensive care interven-
tion when severe pulmonary complications occur, an ad-
equate support for developmental delay and periodical
screening for hepatoblastoma in the affected patients are
required.

Angelman syndrome (AS; 15q11q13)

Clinical characteristics and diagnosis

Major clinical signs of Angelman syndrome (AS) comprise
severe developmental delay, unique behavioral features
with frequent laughter and smiling, movement or balance
disorder (ataxia, tremor), an easily excitable personality,
and hypermotoric behavior, as well as speech impairment
with none or minimal use of words [26] (see also GeneRe-
views: NBK1144). In about 90 % of individuals fulfilling the
clinical criteria of AS a deficient expression or function of
the maternally inherited UBE3A-allele confirms the diag-
nosis molecularly. Analysis of parent-specific DNA methy-
lation imprints in the 15q11.2-q13 region reveals defects
in approximately 80 % of individuals with AS, including
deletions, uniparental disomy (UPD), or an imprinting de-
fect; fewer than 1% of individuals have a cytogenetically
visible chromosome rearrangement (i. e., translocation or
inversion). UBE3A-sequence analysis detects pathogenic
variants in an additional approximately 11 % of patients.

Management: treatment of manifestations, prevention of
secondary complications

The therapy of AS is symptom-oriented and therefore in-
cludes routine management of feeding difficulties, consti-
pation, gastroesophageal reflux and strabismus, physical
therapy, occupational therapy, and speech therapy with
an emphasis on nonverbal methods of communication.
Antiepileptic drugs should not include carbamezapine, vi-
gabatrin, and tigabine as they may exacerbate seizures.
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Some patients are at risk for medication overtreatment
when movement abnormalities are mistaken for seizures
and EEG abnormalities persist even when seizures are con-
trolled. Sedating agents which might be helpful, e. g., for
hypermotoric problems and nighttime wakefulness, can
cause negative side effects, especially risperidone or other
atypical antipsychotic drugs. Annual clinical examina-
tion for scoliosis and conservative or surgical treatment in
symptomatic patients should be discussed. Evaluation of
older children for obesity associated with an excessive ap-
petite may be necessary (see GeneReviews).

Prader-Willi syndrome (PWS, 15q11q13)

Clinical characteristics and diagnosis

PWS is a complex multisystemic disorder (see also
GeneReviews: NBK1330). It is characterized by severe
neonatal muscular hypotonia and failure to thrive, early-
onset extreme obesity due to insatiable appetite and hy-
perphagia, short stature, and hypogonadism, as well as
variably impaired cognitive function, distinct behavioral
problems, and psychiatric comorbidities (e. g., psychosis
and autism spectrum disorders) [7, 27]. Hypothalamic dys-
function accounts for many clinical aspects of the PWS
phenotype [28]. The prevalence of scoliosis in PWS is
higher than in the general population [29].

Management: treatment of manifestations, prevention of
secondary complications

The complexity of PWS requires a multidisciplinary ther-
apeutic approach. Growth hormone therapy is approved
for children with PWS and is recommended not only in or-
der to improve adult height but also to ameliorate body
composition by increasing lean body mass [30, 31]. Other
endocrine manifestations requiring hormone replacement
therapy are hypogonadism in almost all, as well as central
hypothyroidism and adrenal insufficiency in some PWS in-
dividuals [32]. Morbid obesity and related complications
must be avoided by dietary measures and strict control
of food intake. Physiotherapy and psychological support
are essential; some patients also need psychiatric treat-
ment.
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Schaaf-Yang syndrome (SYS; 15q11q13)

Clinical characteristics and diagnosis

Schaaf-Yang syndrome is a neurodevelopmental disor-
der which shares several symptoms with PWS includ-
ing neonatal hypotonia, growth retardation and failure to
thrive in the neonate period, hyperphagia, and obesity in
later life, as well as impaired psychomotor and intellectual
development. Joint contractures are typical findings, and
a higher prevalence of autism disorders is reported. How-
ever, the phenotype is very variable [33, 34].

Management: treatment of manifestations, prevention of
secondary complications

Due to the clinical overlap with PWS, the clinical manage-
ment of SYS might lean on that for PWS but due to the
rareness of the disease further data are needed as the basis
for a more personalized therapy.

Central precocious puberty 2
(CPPB2; 15q11q13)

Clinical characteristics and diagnosis

CPPB is defined as a premature activation of the go-
nadotropic axis and development of secondary sexual
characteristics before the age of 8 years in girls and 9
years in boys and is typically accompanied by a signif-
icant growth spurt. The timing of puberty is influenced
by genetic, nutritional, and environmental factors and not
all determinants involved are fully understood. Familial
forms of GnRH-dependent precocious puberty have been
reported in up to 27.5% in some case series [35]. Central
nervous system tumors as a cause of CPPB have to be ruled
out.

Management: treatment of manifestations, prevention of
secondary complications

CPPB can be treated with GnRH agonists. The decision for
treatment has to be made individually. Age at onset, speed
of progress of pubertal development, and extent of bone
age acceleration have to be taken into consideration. Pre-
vention of early epiphyseal fusion and short adult height is
one therapeutic goal; postponing the emotional/psycho-
logical changes associated with puberty to a physiological
age is another concern [36].

DE GRUYTER

Pseudohypoparathyroidism/inactivating
PTH/PTHrP signaling disorders (20q13.32)

Clinical characteristics and diagnosis

Pseudohypoparathyroidism (PHP) is historically a clini-
cally heterogeneous hormone resistance syndrome mainly
affecting the parathyroid hormone (PTH) pathway, de-
scribed first by Albright in 1942. Nowadays all conditions
of this group are summarized as inactivating PTH/PTHrP
signaling disorders (iPPSD; Table 2) [37]. A clinical de-
scription is Albright’s hereditary osteodystrophy (AHO),
which refers to the main features of short stature, round
face, brachymetacarpia and -metatarsia, and ectopic os-
sification, as well as obesity and mild to moderate motor
and cognitive disability. Laboratory findings may include
the PTH resistance and also impairment of other Gs-alpha-
related hormone functions, mainly TSH resistance. Under-
lying is a dysfunction of Gs-alpha-activity. PHPIA (nowa-
days iPPSD 2) refers to patients with AHO features and PTH
resistance who have a diminished Gs-alpha-activity due to
maternally inherited mutations of the GNAS gene. PPHP
in this setting refers to patients with AHO, but without
apparent endocrinopathies, despite diminished Gs-alpha-
activity. The underlying cause are paternally transmitted
inactivating mutations of the GNAS locus, leading to Gs-
alpha deficiency in selected tissues due to tissue-specific
imprinting. PHPIB (iPPSD3), in contrast, refers to patients
with apparent PTH resistance, but no or little features of
AHO. In these cases, different epigenetic aberrations af-
fecting the GNAS gene locus can be detected.

Management: treatment of manifestations, prevention of
secondary complications

As the clinical features of iPPSDs can be very heteroge-
neous and variable, an individualized approach for man-
agement has to be taken. PTH resistance is treated with
activated Vitamin D metabolites, e. g., calcitriol, with the
aim to reach normocalcemia without hypercalciuria. Ide-
ally, PTH should then reach the usual reference interval.
TSH resistance is treated with L-thyroxin in usual doses to
reach normalized thyroid function tests. Management of
AHO features is difficult. The recent consensus [6] recom-
mends a multidisciplinary approach including a transition
program, which should lead to a regular screen for sec-
ondary complications such as development of further en-
docrinopathies, ectopic bone formation, weight gain, de-
velopment of diabetes, and support for cognitive and mo-
tor disabilities.
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Mulchandani-Bhoj—-Conlin syndrome
(MBCS; 20q11q13)

Clinical characteristics and diagnosis

The phenotype of Mulchandani-Bhoj—Conlin syndrome
(MBCS) is rather unspecific, with prenatal growth retarda-
tion, short stature with proportional head circumference,
and feeding difficulties as the major features [38, 39]. Neu-
rodevelopment seems to be normal. Due to the lack of spe-
cific features, upd(20)mat as the currently only molecular
alteration of MBCS has mainly been identified in patients
referred for SRS testing.

Management: treatment of manifestations, prevention of
secondary complications

Data from growth hormone treatment in a small number
of patients might indicate a favorable outcome; therefore,
the clinical management might be leaned on that for SRS
patients, but further studies are needed [4].

Genetic counseling

If the imprinting disorder is based on a UPD, there is vir-
tually no increased recurrence risk for children of the UPD
carrier. However, the situation is different for the parents
of a UPD patient as some common familial chromosomal
translocations can predispose to UPD formation. In par-
ticular, Robertsonian translocation carriers (i. e., translo-
cations between the acrocentric chromosomes; frequency
of 1/1,000 among newborns) have an increased risk for
UPD formation. Thus, in imprinting disorder patients with
UPDs of chromosomes 15 and 14, chromosomal analysis of
the parents has to be considered [40]. Additionally, prena-
tal testing for UPD should be discussed with families trans-
mitting structural variants affecting those chromosomes
harboring clinically relevant imprinted regions [41].
(Familial) copy number variants (CNVs) and single nu-
cleotide variants (SNVs) affecting genes causing imprint-
ing disorders (e. g., UBE3A in AS and CDKNIC in BWS) are
transmitted according to the autosomal dominant mode of
inheritance. However, depending on the imprinting status
of the affected gene, the clinical outcome depends on the
sex of the parent contributing the affected allele. In rare
familial cases, opposite clinical pictures can occur due to
the transmission of the variant either from the mother or
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from the father [42]. Additionally, the size and gene con-
tent in case of chromosomal disturbances have to be de-
termined as they can significantly alter and aggravate the
clinical picture of its carrier and mask the imprinting dis-
order which is linked to the chromosomal region. In case of
small pathogenic CNVs within differentially methylated re-
gions (DMRs), the genotype—phenotype correlation might
become ambiguous due to the complex interactions be-
tween the functional elements of imprinted loci (e. g., in
11p15.5 [43]). In these patients a precise molecular charac-
terization of the alteration is needed.

For epimutation, it was assumed for a long time that
they are not inherited, but arise sporadically. The recur-
rence risk for further children of the patients’ parents and
also for children of the patients themselves was supposed
to be very low, and in fact there is only a small number
of reports on recurrent epimutations within the same fam-
ilies. However, it has now turned out that this assump-
tion does not apply for so-called secondary epimutations,
i. e., epimutations resulting from a genomic alteration in-
directly affecting an imprinted locus. The number of ge-
netic causes for secondary epimutations is growing, and
they comprise the already mentioned maternal effect vari-
ants as well as small structural variants close to the locus
of interest. Although probably not frequent, these possi-
ble inheritable causes of aberrant methylation have to be
borne in mind in reporting and in genetic counseling.

Completely new aspects have to be considered in ge-
netic counseling regarding the identification of maternal
effect mutations. In these families the mother of a patient
with an imprinting disorder mainly based on an MLID is
carrier of a heterozygous, homozygous, or compound het-
erozygous variant in a maternal effect gene, which leads
to imprinting disturbances in the growing fetus. A care-
ful documentation of the family history of these moth-
ers including miscarriages, pregnancy complications, and
aneuploidies can help to identify them, because the clini-
cal consequences of maternal effect mutations range from
early abortions to late abortions and live-born children
with or without different imprinting disorders in one and
the same family. The children themselves do not have to
carry the effect mutation to develop the clinical picture, so
that there is no possibility of classical prenatal diagnosis.
First descriptions of successful pregnancies following egg
donation have been described in this context (for review,
see [44]). Molecular testing for MLID has already been sug-
gested on a research basis [4, 5] and its implementation in
the routine diagnostic workup is currently in discussion.
However, in families with MLID carriers and recurrent mis-
carriages it should be considered.
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Prenatal testing for imprinting disorders might be of-
fered to families with known genomic alterations predis-
posing for a child with imprinting disorders, i. e., in fam-
ilies with pathogenic CNVs and SNVs affecting imprinted
regions. Additionally, prenatal molecular testing might be
considered in case of prenatal ultrasound findings sug-
gestive for an imprinting disorder, or prenatally detected
chromosomal aberrations predisposing fora UPD (e. g., tri-
somy 15 in chorionic villous sampling). However, prior to
molecular testing the methodical limitations, the reliabil-
ity of the results, mosaicism, and ethical issues have to be
discussed, preferably with the advice-seeking couple (see
also Beygo etal. in this issue).

Patient support groups -
international activities

Like for other rare diseases, patients and their families
generally benefit from the exchange of information, so
fortunately, national and international patient support
groups have now been established for the more common
imprinting disorders (for websites, see the list at the end
of the manuscript).

Furthermore, in 2013 the European Network of Hu-
man Congenital Imprinting Disorders (EUCID.net) was
founded to overcome the lacking standardization of di-
agnostics and clinical management strategies in the con-
text of imprinting disorders. The formal COST-funding
of EUCID.net ended in 2017, but it encouraged groups
from European and non-European countries to collaborate
(e.g., in the ENDO-ERN) and the exchange of knowledge
and information is ongoing to further advance the scien-
tificand clinical-diagnostic progress in the field of imprint-
ing diseases (http://www.imprinting-disorders.eu/, https:
//endo-ern.eu/).

Conclusion and perspectives

The molecular and clinical overlaps between imprinting
disorders are increasingly well understood and lead to re-
liable datasets which among other issues has resulted in
consensus guidelines for the diagnosis and therapy of the
more frequent imprinting disorders [4-6, 27]. In partic-
ular, the application of high-throughput sequencing and
additional omic techniques provides new insights in basic
mechanisms of imprinting and its disturbances. As an ex-
ample, the list of possible maternal effect mutations lead-
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ing to secondary epimutations in children is constantly in-
creasing. Nevertheless, a lot of etiological questions and
clinical observations are unanswered so far. Furthermore,
a considerable number of patients with clinical symptoms
indicating an imprinting disorder remain without molec-
ular diagnostic confirmation. To decipher further molecu-
lar causes of imprinting disorders it is therefore helpful to
include patients and their parents in (epi)genotype—phe-
notype studies. These studies provide the basis for future
diagnostic and management recommendations, including
the diagnosis of maternal effect mutations in women with
frequent miscarriages. The extension from currently tar-
geted diagnosis on specific imprinted loci to genome-wide
approaches will increase the proportion of patients with
hitherto unknown MLIDs. Additionally, the improvement
of mosaic detection or the evaluation of tests on different
cell systems will also reduce the proportion of imprinting
disorder patients without molecular confirmation. It is de-
sirable that a multidisciplinary exchange between the par-
ticipating research groups and laboratories is maintained
and embedded in national and international collabora-
tions.

Website links (including patient organizations)

- Angelman syndrome: https://www.angelman.de/

- GeneReviews: https://www.ncbi.nlm.nih.gov/books/
NBK1116/

- Prader-Willi syndrome: https://prader-willi.de/

- Silver—Russell syndrome: https://www.bkmf.de/
arbeitsgruppen/srs-sga-whmangel/, https://
silverrussellsyndrome.org/
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