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Zusammenfassung

Einleitung: Die maternale uniparentale Disomie (matUPD) wurde als molekulare Ur-
sache fiir 36 % der Félle mit Prader-Willi-Syndrom (PWS) identifiziert. Als primérer
Mechanismus der Entstehung einer matUPD wird die Trisomie-Rettung diskutiert.
Hierbei wird ein Non-Disjunction-Fehler in der Meiose I oder II korrigiert, indem aus
einer trisomischen Zygote ein Chromosom entfernt wird. Non-disjunction-Fehler wur-
den mit fortgeschrittenem miitterlichem Alter in Verbindung gebracht. Hinweisend fiir
diesen Mechanismus sind Félle, in denen eine Mosaik-Trisomie zusétzlich zu einer uni-
parentalen Disomie im Gewebe oder in der Plazenta nachgewiesen wurde. In Bezug
auf das PWS wurden bisher acht Félle veroffentlicht, in denen eine Mosaik-Trisomie 15
(MT15) in fetalem Gewebe oder Blut von Betroffenen mit matUPD festgestellt wurde.
Nur in zwei Féllen wurde eine MT15 aus peripheren Blutproben nachgewiesen. Laut
Literatur wird bei Betroffenen mit gleichzeitiger MT15 und matUPD 15 ein schwe-
rerer Phanotyp diskutiert. Diese Arbeit beschreibt den zweiten dokumentierten Fall
eines lebend geborenen mannlichen Kindes mit matUPD bei PWS, bei dem zusatz-
lich eine M'T15 im peripheren Blut nachgewiesen werden konnte. In Anlehnung an den
beschriebenen Fallbericht wurden weitere Betroffene mit miitterlicher UPD und véter-
licher UPD auf das Vorhandensein einer MT15 untersucht, unter der Annahme, dass

das Vorkommen einer zusatzlichen MT15 hoher sein konnte als bisher berichtet.

Methoden: Fiir die genetischen Analysen wurden Lymphozyten aus dem peripheren
Blut des acht Tage alten Kindes entnommen. Zunéchst wurden eine Whole-Exome-
Sequenzierung und eine methylation-specific multiplex ligation-dependent probe am-
plification (MS MLPA) durchgefiihrt. AnschlieBend wurde eine Trio-Genotyp-Analyse
(vom Saugling und beider Elternteile), unter Verwendung eines single nucleotide po-
lymorphism (SNP)-Arrays, durchgefithrt. Die zytogenetische Analyse erfolgte anhand
einer Blutprobe, als das Kind 16 Monate alt war. Im Rahmen der retrospektiven Studie
wurden mit PWS und Angelman-Syndrom diagnostizierte Probandinnen und Proban-
den mit einem auffalligen Methylierungsmuster am Chromosom 15 kontaktiert, wo-
durch 4 Probandinnen und Probanden in die Studie eingeschlossen werden konnten
(3x maternale UPD und 1x paternale UPD). Bei diesen wurden periphere Blutproben
mithilfe von SNP-array-Analysen und klassischer Zytogenetik auf das Vorhandensein
einer MT15 untersucht.



Ergebnisse: In der genetischen Diagnostik des Kindes zeigte die MS MLPA eine Hy-
permethylierung in der kritischen Region von Prader-Willi auf Chromosom 15 sowie
eine normale Kopienzahl, wodurch eine Deletion ausgeschlossen werden konnte. Trio-
Genotyp und SNP-Array ergaben eine vollstandige heterodisomische matUPD 15 sowie
eine geringgradige MT15 (ca. 10 %). Die zytogenetische Untersuchung ergab einen nor-
malen ménnlichen Karyotyp ohne Anzeichen einer Trisomie. Die Mutter des Kindes ist
eine 38-jahrige Erstgebarende. Klinisch weist das Kind einen relativ milden Phéano-
typ auf und zeigt bisher eine fiir das PWS altersgerechte Entwicklung ohne schwere
kongenitale Fehlbildungen. In der retrospektiven Studie konnte bei den vier Proban-
dinnen und Probanden keine MT15 festgestellt werden, weder durch die zytogenetische
Analyse noch durch den SNP-Array.

Diskussion: Der Fallbericht liefert weitere Belege dafiir, dass die Trisomie-Rettung
nach Meiosefehlern der primare Mechanismus bei der Entwicklung einer matUPD 15
ist. Aulerdem zeigt sich auch in diesem Fall ein Zusammenhang einer matUPD mit
erhohtem miitterlichem Alter. Die klinischen Erkenntnisse im aktuellen Fall deuten
zudem darauf hin, dass Betroffene mit geringgradiger MT15 und matUPD 15 im pe-
ripheren Blut nicht zwangslaufig einen schwereren PWS-Phanotyp aufweisen miissen.
Zusétzlich untermauert der Fallbericht die Wirksamkeit der SNP-Array-Analyse zur
Erkennung einer MT15. Diese Beobachtung aus der aktuellen Arbeit stiitzt die Emp-
fehlung einer Array-Untersuchung bei zukiinftigen Fallen mit UPD 15 zur Detektion
einer moglichen MT15. Dies ist erforderlich, um in Zukunft die tatsachliche Haufigkeit
einer MT15 bei UPD 15 sowie phéanotypische Merkmale bei Betroffenen bestimmen zu

konnen



Abstract

Introduction: Maternal uniparental disomy (matUPD) has been identified as the
molecular cause of 36% of the cases with Prader-Willi Syndrome (PWS). Trisomic
rescue is discussed as the primary mechanism in the development of matUPD, which
corrects a non-disjunction error in meiosis I or II by discarding one chromosome of a
trisomic zygote. These non-disjunction errors have been linked to advanced maternal
age (AMA). Evidence for this mechanism was provided by the detection of mosaicism
for trisomy in affected individuals with uniparental disomy (UPD) or placental tissue.
For PWS, eight cases have been published so far, detecting mosaic trisomy 15 (MT15)
in fetal tissue or blood of individuals with matUPD. Only in two of the cases MT15 has
been detected in peripheral blood samples. According to the literature, a more severe
phenotype has been discussed for individuals with concurrent MT15 and matUPD 15.
This thesis presents the case report of the second documented case of a live-born infant
with matUPD in PWS, in which M'T15 was found in peripheral blood. Consistent with
this finding, further matUPD and paternal uniparental disomy (patUPD) cases were
examined for the presence of M'T15, under the assumption that its occurrence might

be higher than previously reported.

Methods: Genetic testing was performed on the infant’s lymphocytes extracted
from peripheral blood at eight days of age. Methylation-specific multiplex ligation-
dependent probe amplification (MS MLPA) was performed initially. Subsequently, a
trio genotype analysis (infant and both parents) was performed using single nucleotide
polymorphism (SNP) array. Cytogenetic analysis was performed at 16 months of age.
The performed retrospective study involved surveying individuals with a previous di-
agnosis of PWS and Angelman Syndrome (AS) with an abnormal methylation on
chromosome 15, resulting in the inclusion of four probands (three with matUPD 15
and one with patUPD 15). Peripheral blood samples were analysed for the presence of
the MT15 utilising SNP array and classical cytogenetics.

Results: MS MLPA indicated hypermethylation in the Prader-Willi critical region
on chromosome 15 and a normal copy number, ruling out a deletion. Trio-genotype

and SNP array yielded a complete heterodisomic matUPD 15 as well as a low-grade



(approximately 10%) MT15. Cytogenetic analysis demonstrated a normal male kary-
otype, with no indication of trisomy. The boy was born to a 38-year-old primiparous
woman and presented with a relatively mild phenotype. He presented age-appropriate
development for PWS, with no severe congenital anomalies. In the retrospective study,
MT15 was not identified in any of the four probands, either by cytogenetic analysis or
by SNP array.

Discussion: The case report provides further evidence for a trisomic rescue after
meiotic errors being the primary mechanism in the development of matUPD 15. A
link between AMA and matUPD was also present. It also demonstrates that infants
with MT15 and matUPD 15 found in peripheral blood may not present with a more
severe phenotype or congenital anomalies, as previously suggested in the literature.
This finding further supports the efficacy of SNP array analysis in detecting MT15.
The current case report supports the recommendation for additional array analysis in
future UPD 15 cases to detect a possible MT15. This is required to determine the
actual frequency of MT15 in UPD 15 and further phenotypic characteristics in affected

individuals in the future.
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Chapter 1

Introduction

1.1 Prader-Willi Syndrome

The Prader-Willi Syndrome (PWS), also known as Prader-Labhart-Willi Syndrome,
first described by Prader, Labhart and Willi in 1956 [1], is a rare contiguous gene
syndrome associated with a parent-of-origin effect [2] due to genetic imprinting in the
chromosomal region 15q11.2-q13. Some genes in this region on chromosome 15 are
subject to maternal genetic imprinting and epigenetically inactivated through methy-
lation on the maternal allele [3]. Therefore, these genes are only expressed on the active
paternal allele. A loss of the paternal Prader-Willi critical region (PWCR) and sub-
sequent loss of gene expression leads to the PWS specific phenotype [4]. Loss of gene
expression may happen through different genetic mechanisms, mainly through 15q11.2-
q13 paternal deletions, maternal uniparental disomy (matUPD) and imprinting centre
defects [3].

The syndrome appears with an estimated prevalence of 1 in 10000 to 1 in 30000 and is a
complex disorder affecting multiple systems of the body. Severe hypotonia, poor suck,
and feeding difficulties are distinctive symptoms appearing in early infancy. Other
characteristic features include hypogonadism with subsequent genital hypoplasia, hy-
perphagia and obesity in early childhood, phenotype-specific behavioural problems and
distinct facial features as well as a short stature due to growth hormone (GH) deficiency.
There may also be a developmental delay or mild intellectual disability associated with
PWS [3].
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1.1.1 Clinical presentation

Clinical presentations in PWS are complex and vary at different ages of the individuals

3].

Obesity and nutritional phases: A hallmark of this syndrome is severe obesity
and disordered eating with phases from feeding difficulties in infancy to hyper-
phagia in adolescence to adulthood. This can be categorised into 5 phases with 2
sub-phases in phases 1 and 2, as shown in Table 1. According to Miller et al. [5],
most individuals with PWS go through phases 1 to 3, but only a small number
of those transition to phase 4 in adulthood and experience improvement in their
appetite control.

Obesity is also one of the major complications of this syndrome and predis-
poses individuals to develop serious metabolic diseases often at a young age.
This includes type 2 diabetes, dyslipidemia, and cardiovascular events [6]. The
mechanisms involved in the development of obesity are complex and believed
to be caused by hyperphagia, alterations in metabolic hormones that regulate
food intake and decreased energy expenditure [6]. The proposed cause for the
hyperphagia that appears in phase 3, starting at approximately 8 years, is a hy-
pothalamic abnormality that results in the lack of feeling full and the expression
of food-seeking behaviours, which may manifest in food hoarding and stealing.
Individuals with PWS also have less muscle mass in comparison to unaffected
individuals and show less overall activity, leading to decreased resting energy ex-
penditure. Consequently, the body needs fewer calories, which, in combination

with hyperphagia, further contributes to obesity [3].

Table 1: Clinical characteristics across nutritional phases

Phase Median Age Clinical Characteristics of Nutritional Phases

la/b

2a/b

Prenatal to birth Decreased fetal movements and lower birth weight than siblings.

0 — 25 months Hypotonia at birth, weak cry and difficulty feeding.
Improvement and growing appetite by the 9th month.

2.1 — 8 years Turning point in weight chart with disproportionate weight gain,

increasing appetite and interest in food by the age of 4.5 years.
8 years — adulthood Hyperphagic phase with no feeling of fullness and high weight gain.

Adulthood Appetite is no longer insatiable and may vary.
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« Hypotonia: In addition to obesity, one of the most frequent symptoms across
all PWS cases is hypotonia at birth, with a prevalence of 95-100% [3]. In compar-
ison, the prevalence of PWS in all infants with hypotonia is about 10% and the
syndrome should therefore be considered as a differential diagnosis in infantile
hypotonia [7]. The origin of hypotonia in PWS is in the central nervous system
and is associated with dysphagia, lethargy, poor suck, and poor appetite, which
result in low weight and decreased weight gain in affected individuals during in-
fancy. Although this hypotonia improves over time, adults often remain mildly
affected by this symptom, characterised by decreased muscular tone and reduced

muscle mass [3, 4].

o Endocrine manifestations: Hypothalamic dysfunction is a key feature in the
cause of many endocrine manifestations that are part of the PWS specific phe-
notype. The main endocrine dysfunctions affect the GH, gonadal hormones,
thyroid hormones, as well as glucose metabolism and the corticotropin system.
In the context of gonadal hormone deficiency, both sexes are frequently affected
by hypogonadism, which in most cases manifests as both peripheral and central
hypogonadism or peripheral hypogonadism only. In boys, this is characterised
by cryptorchidism in 92.7 - 100% of cases and in girls by hypoblastic labia mi-
nora. Hypogonadism also impacts pubertal development with a late start and
incomplete puberty. Premature growing of pubic hair may also appear in some
individuals [8].

Deficiency of GH leads to the characteristic short height of individuals affected
by PWS [4]. Without GH replacement, the average height of females is 148 cm

and 155 cm in males [9].

o Developmental delay and cognition: In general, the development of children
with PWS is delayed, but this delay may vary from case to case. These children
take approximately twice as long to develop motor skills and reach milestones
compared to their peers. Sitting is typically described as happening at 12 months
and walking at 14 months. Development slows down over time, and weight gain
and obesity also affect further motor development in older children [10]. Loss
of expression of genes in the region 15q11-q14 has been linked to an affection of
social and intellectual cognition. Even though the scores obtained in intelligence
quotient (IQ) tests have a wide range, some individuals affected by PWS can reach

normal IQ scores. The genetic impact on cognition seems to vary in relation to
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the specific genetic subtype [11]. Delay in language development has also been

described in PWS, as well as overall impaired language ability [10].

« Behavioural symptoms: Aside from the above-mentioned hyperphagia and
food-seeking behaviours, other key behaviours in individuals with PWS are tem-
per outbursts, anxiety, obsessive-compulsive behaviours, rigidity in routines and
thinking, as well as social cognition deficits. Since many individuals with PWS
show more than one key behaviour, and the behaviours may also overlap, it is not
easy to categorise them. This is further complicated by the symptoms of mental
health disorders that may also overlap with the behavioural features in PWS[12].
These compulsive behaviours and anxiety have been shown to even arise in early
childhood at median ages from 3 years (compulsive behaviours) to 8 years (anxi-
ety). Anxiety in general and in relation to food is a pervasive issue for individuals
with PWS, and a higher frequency of other psychiatric conditions has been ob-

served in association with it[13].

o Psychiatric disorders: Mental health disorders in PWS are very common,
with one study stating that 89% of their testing cohort, consisting of 53 indi-
viduals with PWS, had at least one psychiatric diagnosis. Common psychiatric
diagnoses are disruptive behaviour disorders, obsessive compulsive disorder and
skin picking. Some individuals also showed general anxiety disorder, attention
deficit hyperactivity disorder and psychotic disorder. Though the study did ob-
serve an effect of gender in relation to psychiatric diagnosis, there seems to be no

association between genetic subtype and psychiatric diagnosis [14].

o Characteristic facial features: Distinct facial features in PWS have been
described. These include a small bifrontal diameter, palpebral fissures shaped
like an almond, a thin nasal bridge and thin upper vermilion, as well as a mouth

with down-turned corners [4].

« Differences in phenotypes: Even though differences in the symptoms of PWS
depending on the underlying molecular cause have been described, no clear and
consistent genotype-phenotype correlations have been established. A large study
from 2024 found that individuals with a deletion had higher rates of hypopigmen-
tation, obesity, hyperphagia and delay in language development in comparison to

the non-deletion group [15]. A higher risk of epilepsy in PWS with deletions has
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also been described in multiple studies [13, 15, 16]. Individuals with matUPD

are described as having a higher expressive language ability [17].

1.1.2 Genetic background

In this section, the Prader-Willi critical region (PWCR) on chromosome 15 and the
effect of imprinting are described, as well as the various genetic mechanisms that lead
to PWS, which is of great interest to this thesis.

PWS belongs to the imprinting disorders and is caused by loss of function of the
paternally expressed genes in 15q11.2-q13. Other imprinting disorders, for example,
are Beckwith-Wiedemann syndrome and AS, with AS also being of particular interest
for this thesis since the same genetic region as in PWS is affected. In contrast to PWS,

AS arises through loss of function of the maternally expressed gene UBE3A in neuronal

cells [18].

1.1.2.1 Imprinting

Genomic imprinting is a part of epigenetic regulation and refers to the mechanism by
which one copy of a gene is silenced on either the maternal or paternal allele, thereby
preventing it from being actively transcribed. The imprinted regions, mostly found on
autosomes, are already specifically determined in the germline during gametogenesis
[19]. By 2018, over 200 imprinted human genes had been identified, accounting for
less than 1% of all genes, with some playing a crucial role in multiple physiological
functions and growth [20]. Most of the imprinted genes are located in just a few specific
gene clusters. These imprinted gene clusters contain approximately 1-2 kilobases (kb)
long imprinting control regions (ICRs), which control the expression of neighbouring
genes within the cluster. A balanced expression of both parental chromosomes, and
consequently of imprinted genes, is imperative for normal physiological function, since
the loss of one allele may result in an imprinting disorder [19], such as those described

above.

A fact that makes genomic imprinting even more complex is that certain genes are
expressed differently in specific tissues. While one gene may be expressed biallelically,
meaning on both the paternal and maternal allele, in one tissue, it may only be ex-

pressed maternally in another tissue. This expression in a specific tissue may also
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change during development, with genes being biallelically expressed during embryoge-

nesis but then only monoallelically expressed during adulthood [21].

The molecular mechanism behind genomic imprinting is quite complex, with the two
main mechanisms being Deoxyribonucleic acid (DNA) methylation and histone modifi-
cation. Both DNA methylation and histone modification are key mechanisms in epige-
netics and affect transcription, replication and recombination of chromosomes without
changing the nucleotide sequence. In humans, methylation happens after DNA repli-
cation and occurs almost exclusively on cytosine in the sequence 5'CpG-3‘, which is a
dinucleotide sequence consisting of cytosine-phosphate-guanine. These sequences are
often found in multiple copies near promoter regions of genes and are called cytosine-
phosphate-guanine islands (CPG islands). The CPG islands are usually unmethylated.
Methylation of the CPG islands leads to silencing of neighbouring promoter regions

and therefore to loss of expression of genes [19].

The ICR of imprinted regions contains CPG islands, which have different methylation
patterns on the maternal and paternal alleles. These differences in methylation play
an important role in the regulation of gene expression. Histone modification follows
exactly the methylation pattern of the ICR, resulting in the formation of transcrip-
tionally inactive heterochromatin on the methylated allele and active euchromatin in
the unmethylated allele. Consequently, the methylated allele is silenced, whilst the

unmethylated allele is transcriptionally active in an imprinted region [19].

In case of PWS, the imprinted area causal to the phenotypic changes when the pa-
ternally expressed genes are lost, is located on the proximal arm of chromosome 15 in
the region 15q11.2 - q13. This region contains differently imprinted areas with both

maternally and paternally imprinted genes [3].

Figure 1 shows a map of this 15q11.2 - q13 region, including the specific critical regions
for PWS and AS. As seen on this map, several genes (MKRNS3, MAGEL2, NDN,
PWRNI1, NPAP1, SNURF-SNRPN, IPW and small nucleolar RNA (snoRNA) genes
are localised here and only paternally expressed in humans [3].

Since PWS is a contiguous gene disorder, the loss of multiple genes is thought to
be responsible for the phenotypic spectrum in PWS [3]. Even though the complete
PWS phenotype cannot be pinpointed to loss of expression of one specific gene, the
limited deletion of the SNORD116 region has been shown to present typical features
of PWS and consequently seems to be a main aetiological factor in the expression of
the phenotype in PWS [22]. The SNORD116 region is part of the snoRNA cluster in
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the PWCR and consists of approximately 24 copies. These snoRNAs play a part in
the alternative splicing in the modification of mRNA [3].

In contrast, AS results from the loss of expression of the maternally inherited UBE3A.
This gene encodes for an ubiquitin-protein ligase, which is biallelically expressed in
most tissues. One exception is the human brain, where it is only maternally expressed.
Despite the identification of the UBFE3A gene being causal for the AS phenotype,
the regulation of this gene and the underlying mechanisms leading to neurological

symptoms are still unknown [19].

The regulation of the imprinting in both syndromes (through methylation of ICRs, as
described above [19]) is controlled from the same site. This site in region 15q11-q13
consists of two components, one for AS and one for PWS and is often referred to as

imprinting center (IC) [3]. The IC is marked on Figure 1.

PWS/AS Region: 15q11.2-q13

I Biparentally expressed

I Paternally expressed

PWS Region AS I Maternally expressed
Region
&
SR
& X )
Ry D © o
LY. «§§ g S g o"g)
& > 5
Centromer TS &8 S 55 & & 5 N Telomer
FIIWII*
w v J

snoRNA genes

l Type 2 Deletion

1 Type 1 Deletion

Figure 1: Simplified overview of the area 15q11.2 - q13.3 containing the 2.5 megabases
(mb) long PWS/AS region. The map is adapted from Driscoll et al. [3]. In orange,
the figure shows the genes located in the PWCR that are maternally imprinted and
therefore only expressed paternally. These are MKRN3, MAGEL2, NDN, PWRNI,
NPAP1, SNURF-SNRPN, as well as a cluster of snoRNA and IPW. There are multiple
copies of SNORD116 and SNORD115, which are not shown in the map. The gene
UBES3A, which is associated with AS, is only expressed on the maternal allele in certain
tissues, and is shown in blue. The genes that are not imprinted and therefore expressed
biparentally are shown in green. The IC contains an “AS-critical® (maternal) and
a “PWS-critical* (paternal) component and is located in the 5 region of SNURF-
SNRPN. The map also shows the most common deletion breakpoints (BP) in PWS
and AS, with type 1 deletions spanning from BP1 to BP3 and type 2 deletions spanning
from BP2 to BP3 [3].
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1.1.2.2 Paternal deletion (15q11.2-q13 deletion)

Loss of function of the paternally expressed genes in 15q11.2-q13 may happen through
different molecular causes, as demonstrated in Figure 2. The most common one is a
microdeletion of the paternal PWCR allele. Microdeletions account for approximately
60% of all PWS cases [23] and most commonly happen between the proximal breaking
point (BP) BP1 or BP2 and the distal BP3 [3]. As seen in Figure 1, the approximately
6 Mb type 1 deletion stretches from BP1 to BP3, while the shorter 5 Mb type 2 deletion
stretches from BP2 to BP3 [3]. Breakage at these specific points is thought to result
from unequal alignment of repeated DNA sequences, known as low copy repeats near
the breakpoints during homologous recombination in meiosis [24], called non-allelic
homologous recombination (NAHR) [25].

There are 4 genes (NIPA1, NIPA2, CYFIP1, GCP5) located between BP1 and BP2,
which are missing in type 1 deletions, in contrast to type 2 deletions. It is suggested
that these additional deleted genes are involved in the differences between individuals
with type 1 deletion and those with type 2 deletion. These differences include a lower
intellectual ability and compulsive behaviour [26].

In 2018, the largest cohort study of molecular classes in PWS revealed that among
individuals with deletions, 38.9% had a type 1 deletion and 54.6% had a type 2 deletion.
Only 6.6% had an atypical deletion, which is either smaller or larger than the two

common deletions mentioned above [23].

1.1.2.3 Maternal uniparental disomy)

Following 15q11.2-q13 deletion, maternal uniparental disomy (matUPD) is the second
most common genetic mechanism causal to PWS and the main mechanism of interest
for this thesis. According to the largest cohort study from 2018, matUPD was identi-
fied as the genetic cause in 36% of the individuals [23]. UPD is characterised as both
copies of a chromosome originating from one parent, with either both being inherited
maternally (matUPD) or paternally (patUPD) [27]. It was first described as a genetic
concept by Engel in 1980 [27] and first associated with a genetic disease in PWS in
1989 [28]. As demonstrated in Figure 2, both chromosomes in matUPD in PWS are
inherited from the mother. The absence of gene expression of the maternally imprinted
genes in the PWCR thus results in the clinical manifestations of PWS [28].

UPD may be further categorised into complete heterodisomy, complete isodisomy and
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heterodisomy /isodisomy (segmental UPD). In complete heterodisomy, both homolo-
gous chromosomes of one parent are inherited, while in isodisomy, there are two iden-
tical copies inherited from one homologue of a parent, therefore showing the same
polymorphic loci. Segmental UPD results from prior crossing-over [29]. The types of
UPD are illustrated in part II of Figure 3.

According to the largest cohort study mentioned above in Section 1.1.2.2, in 185 indi-
viduals diagnosed with matUPD, approximately 60% showed maternal segmental UPD,
30% showed heterodisomy and 13% showed isodisomy, with the remaining not being
able to be determined because of a lack of genetic material to be analyzed [23]. This

concludes that segmental UPD is the most common category found in matUPD 15.

Several mechanisms are possible for the development of UPD, with them often being
some sort of rescue mechanism to avert lethal abnormalities in developing fetuses [30].
In discussion are monosomic rescue, trisomic rescue, gamete complementation and
post-fertilisation error. While monosomic rescue and post-fertilisation error may only
produce isodisomy, both isodisomy and heterodisomy may arise from trisomic rescue
and gamete complementation [31]. The exact mechanism in discussion for the arising

of matUPD due to meiotic errors will be described further in Section 1.2.

1.1.2.4 Imprinting defects

Imprinting defects are the rarest cause of PWS and are composed of microdeletions in
the imprinting centre and imprinting defects by epimutation. These imprinting defects
account for about 4% of all PWS cases [23]. In diagnostics, individuals with this genetic
cause show a maternal methylation pattern of the PWCR but no 15q11.2-q13 deletion
or maternal UPD [3]. In the case of imprinting center deletions (ICD), the deletions
affect the PWS shortest region of deletion overlap (PWS SRO), which includes the
promoter for the SNRPN gene and is the critical region responsible for controlling
imprinting [33]. Individuals with imprinting defects by epimutation show the same

maternal methylation pattern but without any detectable deletion in the ICR [3].

The differentiation of these two mechanisms is critical since an ICD has a risk of
recurrence. The children of a man with an ICD on the maternal allele, which is silently
inherited by his mother, have a 50% chance of inheriting the faulty allele and developing
PWS [34]. This stands in contrast to most PWS individuals with 15q11.2-q13 deletion

or maternal UPD being de novo events [3].
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Molecular causes of PWS on chromosome 15
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Figure 2: Molecular causes of PWS (illustration adapted from Hassan et al. [32]). This
figure provides a simplified representation of the molecular causes on chromosome 15
that lead to the phenotypic changes in PWS. Deletion of the PWCR on the paternal
chromosome is the most common cause of PWS (60%), followed by matUPD (36%)
and imprinting defects (4%). Each of the molecular causes leads to a loss of expression
of the maternally imprinted genes [23] as marked in the illustration.
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1.1.3 Diagnostics

The clinical diagnosis of PWS is challenging due to the absence of distinct clinical
features and symptoms, which may also manifest differently depending on the individ-
ual’s age. To reduce misdiagnosis, clinical consensus criteria for PWS were established
in 1996 [35]. Today, with definitive molecular testing available, it is suggested that
these criteria should only be used to raise suspicion that PWS may be present, as the
criteria are too strict to ensure the identification of all individuals relevant for testing.
Irrespective of the criteria, all infants with hypotonia and poor suck are recommended
for testing, as are children with additional developmental delay and excessive eating.
In adolescents and adults, testing is recommended in individuals with excessive eat-
ing/central obesity, cognitive impairment and hypogonadism or behavioural problems

typical for the syndrome [36].

Molecular genetic testing and analysis of the methylation status of the critical region
for PWS and consequently AS is the most sensitive approach to diagnosing both syn-
dromes and is recommended as the initial step in diagnostics. For analysis of the
methylation status, methylation-specific polymerase chain reaction (MS PCR) and MS
MLPA are possible tools. While MS PCR only detects the methylation status at
one specific genetic locus, MS MLPA detects the methylation status at multiple loci
across the critical region and also assesses genomic dosage and copy number varia-
tions (CNV). This complementary assessment of genomic dosage provides additional

knowledge about the underlying molecular causes [37].

According to Driscoll et al. [3], oligo-small nucleotide polymorphism combination array
(OSA) should also be used as a diagnostic tool alongside methylation analysis, as this
array will provide additional information about deletions and chromosomal abnormal-
ities. In addition, isodisomy (segmental and complete) in case of UPD may also be

detected through the use of SNP microarray.

Since MS MLPA is often the preferred tool in testing for the methylation status [37],
this method will be further described.

1.1.3.1 Methylation-specific MLPA

The multiplex ligation-dependent probe amplification (MLPA) was first described in

2002 as a fast, easy-to-use, and sensitive method to detect copy number variants not
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only in chromosomal sequences but also in single exons. The method uses ligation-
dependent polymerase chain reaction (PCR) as a basis and can analyse multiple target

sequences at once, while requiring only small DNA samples [38].

The methylation-specific multiplex ligation-dependent probe amplification (MS MLPA)
is a variation of the classic multiplex ligation-dependent probe amplification (MLPA).
This method enables the identification of copy numbers and the evaluation of methy-
lation status. This is achieved by dividing the reaction into two parts after the probes
are ligated to the sample DNA. One reaction is used to detect the copy numbers, while
the other reaction is used to detect the methylation status. For the detection of the
methylation status, the MS MLPA contains probes that have a recognition site for a
methylation-sensitive endonuclease (Hhal). This endonuclease will not cut the probe-
sample DNA if the recognition site is methylated, leading to the amplification of the
fragment during PCR. Unmethylated recognition sites will be cut and, therefore, not
amplified. Through the analysis of these amplified fragments and a comparison of the
test sample with the reference sample, the methylation status of the test sample can

be determined [39].

Complete methylation or hypermethylation in the PWS region indicates PWS, while
hypomethylation or no methylation at all is suspicious for AS. The kit, mostly used
in diagnostics for PWS/AS contains probes specific to the critical region of both syn-
dromes on chromosome 15, as well as methylation-sensitive probes and control probes.
As for the genetic causes, 15q11-13 deletions and even ICD can be confirmed with this
method. In contrast, it is not possible to differentiate between UPD or an imprinting
centre defect. Therefore, additional testing is needed if an abnormal methylation pat-
tern is detected in MS MLPA [37]. This additional testing may be performed as DNA
polymorphism testing of both the individual and the parents [3]. One option for this
is a CytoSNP-Array, which will be explained further in Subsection 1.3.3.

1.2 Trisomic rescue as the basis of matUPD and
mosaic trisomy 15
Trisomic rescue has been discussed as the primary mechanism in the development of

matUPD in PWS since a correlation between a meiotic origin of UPD and trisomic

cells in placental tissues was found [40]. This has been further connected by multiple
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cases published, in which trisomic cell lines in placental tissue were present in children
with PWS and confirmed matUPD [41, 42], which will be further elaborated in Section
1.5.

The prerequisite for the trisomic rescue mechanism is an error in meiosis that leads
to the formation of a trisomic zygote. The subsequent mitotic loss of one of the
three chromosomes of the zygote is then considered a trisomic rescue. This trisomic
rescue may result in UPD if both chromosomes from only one parent are retained [30].
Furthermore, trisomic rescue may lead to mosaic trisomy in the placenta or certain
tissues in the fetus [43], which will be further discussed in Section 1.3. The possible
outcomes of trisomic rescue after meiotic errors (trisomic cell lines, matUPD, and

“normal“ disomy) are shown as an overview in part I of Figure 3.

The basis for the development of matUPD in case of PWS are segregation errors
happening in female meiosis. Depending on the timing of these errors happening,

during meiosis I or II, a heterodisomic or isodisomic UPD arises [29].

Meiosis in humans consists of two cell division cycles, meiosis I and meiosis II, with
the ultimate goal of producing haploid gametes for reproduction. After initial DNA
replication, meiosis I begins with two homologous chromosomes, each consisting of two
sister chromatids (2n, 2¢). These homologues then segregate and are each transferred
to a cell (In, 2¢). Meiosis I is a complex process, as genetic recombination occurs be-
fore segregation, where parts of the chromatids of homologous chromosomes exchange
genetic material through crossing over. Division of the cells in meiosis II then pro-
ceeds similarly to a normal mitotic division and produces haploid gametes (1n, 1c) by

segregation of the sister chromatids [45].

Errors in the segregation of the homologous chromosomes or chromatids may occur
through non-disjunction. This results in an unequal distribution of the genetic mate-
rial in the gametes [44], which is also illustrated in part II of Figure 3. Here, it can be
seen that in non-disjunction happening during meiosis I, both homologues are trans-
ferred to one cell, while in non-disjunction during meiosis II, both sister chromatids

are transferred to one cell.

As seen in part II of Figure 3, complete heterodisomy may be the result of a non-
disjunction error in Meiosis I with no recombination of the chromatids, leading to two
distinct sets of alleles spanning the entire length of the chromosome. Meaning the child
receives both alleles of the mother. Meiosis II segregation then proceeds normally and

subsequent fertilisation results in trisomy, where two chromosomes are inherited from
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I) Mechanism of trisomic rescue after meiotic error

disomic haploid
? gamete J gamete

I ()
\ /

trisomic zygote ' trisomic

/ \}rescue
- W, X

trisomic rescue normal disomy
cell line "
matUPD
{ 1) Different types of matUPD due to meiotic errors \
a) b) c)
Xx no recombination XX no recombination & recombination
meiosis | meiosis |
/ \ non-disjunction / \ / \ non-disjunction
X X X X meiosis Il non XX
/ \ meiosis || / \ disjunction / \ meiosis Il

disomic \ / haploid disomic \ / haploid diploid \ /haploid
Q

Q gamete J gamete @ gamete J gamete & gamete

gamete
"' trisomic zygote ' ' ' trisomic zygote ' ' ' trisomic zygote

1("}\ trisomic l(L eEE l(L trisomic

rescue rescue rescue

Heterodisomic matUPD Isodisomic matUPD Segmental matUPD

Figure 3: (I) Overview of the outcome of trisomic rescue happening after a meiotic
error in a female gamete. If a disomic female gamete is fertilised by a normal haploid
male sperm, a trisomic zygote may result. The trisomic rescue would result in the
mitotic loss of one chromosome during the early mitotic divisions of the zygote and,
if successful, result in a normal disomic zygote. If the paternal chromosome is lost,
matUPD arises. A trisomic cell line may also persist [30].

(IT) NNustration of the meiotic errors leading to matUPD before trisomic rescue [adapted
from [44]]: a) complete heterodisomic matUPD arises from meiosis I non-disjunction,
following normal meiosis II segregation and loss of the paternal chromosome. b) In
complete isodisomic matUPD meiosis I segregation of the homologous chromosomes
happens normally, but non-disjunction of the sister chromatids in meiosis II leads to
a trisomic zygote. c) illustrates segmental matUPD which arises due to recombina-
tion (crossing over) happening before non-disjunction errors in either meiosis I or II,
according to the mechanisms described before. For demonstration, only meiosis I non-
disjunction is illustrated.
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the mother and one from the father. During the process of trisomic rescue, one of the
chromosomes is degraded to obtain a disomic cell line. If both chromosomes from the
mother are retained matUPD results [29].

Complete isodisomy, on the other hand, may result from a non-disjunction error in
meiosis 11, with both chromosomes being identical copies of one maternal chromosome.
As with heterodisomy, in complete isodisomy, there is also no recombination happening
before segregation and therefore both chromosomes show the same polymorphic loci
along the entire length [29].

In case of recombination taking place before the non-disjunction event in either meio-
sis I or II, both heterodisomy and isodisomy may appear as segmental UPD. In this
case, some segments of the individuals’ chromosomes are identical, showing the same

polymorphisms, while other parts do not [29].

Advanced maternal age (AMA) and a higher likelihood of matUPD in PWS have been
linked multiple times. It is assumed that the occurrence of non-disjunction events in
meiosis increases with maternal age [9, 23, 46]. Additionally, a systematic review of the
literature on mosaicism for autosomal trisomies revealed that the percentage of AMA is
higher in individuals with UPD 15 compared to those with biparental inheritance (BPI).
In individuals with BPI of chromosome 15, 78% of cases were associated with AMA,
compared with 87% in UPD. Overall, they found a significant (p=0.0026) difference
with 78% of UPD cases to be associated with AMA versus 48% of the cases with BPI
for all chromosomes analysed (7, 14, 15, 16). Therefore, it also raises the question of a

supposed preferential disposal mechanism for one inherited chromosome [47].

1.2.0.1 Other possible mechanisms in the formation of matUPD

MatUPD in PWS may also arise in a small percentage due to a post-zygotic error, in
which the initial error is paternal and therefore not associated with higher maternal
age. In this case, the female gamete is normal and fertilised by a nullisomic sperm,
followed by mitotic duplication of the maternal chromosome. The arising matUPD
would then be isodisomic, as the second chromosome is a copy of the inherited maternal
chromosome. In contrast to PWS, in AS the post-zygotic error would be associated
with advanced maternal age [48].

This mechanism of formation of matUPD in PWS was hypothesised in cases in which
mosaicism of isodisomic matUPD cells and euploid cells was able to be detected via
SNP array [49, 50].
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1.3 Mosaicism

Mosaicism in genetics refers to the simultaneous presence of more than one cell line in
humans or a certain tissue. Not all cells in the human body are genetically alike due to
post-zygotic mutations, which are then multiplied by mitosis, generating cellular lines
with variations in their genetic material. Depending upon the timing of the mutation
event during development, mosaicism can affect the whole body or just certain tissues
[45].

In chromosomal mosaicism, some cell lines exhibit a loss or gain of a chromosome,
rendering them aneuploid [45]. This can be further categorised into general mosaicism,
originating from an early error in mitosis, where mosaicism is present in the whole
organism, and confined mosaicism. In confined mosaicism, the aneuploidy only affects

a certain tissue in the body [43].

A topic relevant for this thesis is confined placental mosaicisim (CPM), in which ane-
uploidies and mosaicism might be found in placental tissue but not in human tissue
[51]. Trisomies of multiple chromosomes in CPM, including chromosome 15, are as-
sociated with structural anomalies of the fetus as well as fetal growth restriction, low
birth weight and preterm birth of babies. Although these findings have been associated
with CPM, structural fetal anomalies may also be due to undetected chromosomal mo-
saicism in the fetus, which may not be found if the percentage of mosaicism is low in

the examined tissue [52].

1.3.1 Development of mosaicism

Mosaicism may develop from mitotic or meiotic errors leading to aneuploidy (trisomy
or monosomy) and, as mentioned above, may express itself differently depending on

the timing of the error occurring [43].

A meiotic error in a zygote being corrected during the cleavage stage, a stage of rapid
mitotic division of the zygote after fertilisation, may produce abnormal aneuploid cells
and result in mosaicism. In case of trisomic cells, correction via trisomic rescue may

happen, which was already described in Section 1.2.

Following trisomy and trisomic rescue, there are two scenarios possible: (I) The fetus
may develop from the rescued diploid cells and the abnormal cells will be isolated

in the trophoblast, which further contributes to the development of the placenta and
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From meiotic error to mosaicism
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Figure 4: Development of mosaicism from meiotic errors, adapted from Taylor et al.
[43]. Non-disjunction during meiosis leads to the formation of an aneuploid zygote
(2n+1). Correction via trisomic rescue during the cleavage stage may result in (I)
mosaicism in only the trophoblast or (II) mosaicism in both the trophoblast and inner
cell mass.

produces CPM. Or (II) the trisomic cells are not isolated and the trophoblast and inner
cell mass, further forming the embryo, will both show mosaicism [43]. Both scenarios

are demonstrated in Figure 4.

For mitotic errors, the timing of the error plays a major role. An error in the first
to second division during cleavage may lead to mosaicism throughout all embryonic

tissues, whereas it might be confined, if it occurs later in development [43].

Chromosomal mosaicism in the preimplantation stage of a zygote appears to be quite
common, especially in in vitro fertilization (IVF), with a systematic review finding that
up to 73% of preimplantation embryos after IVF were mosaic. In addition, the results
showed that these mosaic embryos, consisting of diploid and aneuploid cell lines, are
viable, supporting the theory that there appears to be a selection bias against aneuploid

cells during development [53].

1.3.2 Prenatal testing for trisomies and mosaicism

For the detection of chromosomal abnormalities, including trisomies and mosaicism,
there are two invasive procedures in prenatal testing: chorionic villus sampling (CVS)
and amniocentesis. CVS may be performed earlier (10 - 11 weeks) in pregnancy than

amniocentesis (from 14th weeks). In CVS, cytotrophoblasts and mesodermal fibrob-
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lasts are obtained and used for a short-term culture and a long-term culture. In am-
niocentesis, trophoblasts, fibroblasts and epithelium can be extracted from amniotic
fluid and cultured [54].

Since there is a high likelihood of detection of mosaicism in short-term culture in CVS,
both cell types should be analysed [54]. Mosaicism in cytotrophoblasts resembles pla-
cental mosaicism and may only be secondarily developed and confined to the placenta
and not necessarily found in the fetal tissue [55].

In reference to CVS, approximately 1-2% of the samples show mosaicism, mostly con-
sisting of disomic and trisomic cell lines, with only 13% of the abnormal cell lines
being true fetal mosaicism. True fetal mosaicism hereby refers to the confirmation of
the mosaicism through amniocentesis and detection of abnormal cell lines in amniotic
fluid, since amniotic fluid contains fetal cells and not only placental tissue [56].
Karyotyping via culture is still the recommended screening tool in patients when chro-
mosomal aneuploidy is suspected during pregnancy, to provide assessment of fetal risk.
For diagnostic purposes chromosomal microarray analysis (CMA) is commonly pre-
ferred [55].

For karyotyping, G-banding with Giemsa staining has been the gold standard for many
years and referred to as “classical” or “conventional® karyotyping. For this method,
the chromosomes are treated with a proteolytic enzyme and then stained, resulting
in light and dark bands on the chromosomes. One band consists of approximately
7.5 Mb. In chromosomes obtained from metaphase, a band resolution of up to 400
bands is possible, whereas in high-resolution banding, a resolution of 550 - 850 bands
may be achieved. For this, the chromosomes are obtained in prometaphase. The band

resolution plays an important role in detecting possible structural aberrations [57].

1.3.3 CytoSNP-Array in the detection of mosaicism

Historically, the detection of aneuploidies and mosaicism was conducted cytogeneti-
cally by classical karyotyping, as described above. However, even with high-resolution
karyotyping using fluorescence in situ hybridization (FISH), these techniques only offer
a limited resolution for detecting duplications and deletions. This has been improved
by the introduction of CMA, which encompasses array-based techniques that analyse
CNYV in chromosomal material, offering higher resolution and an easier approach than

classical karyotyping [58]. CNVs hereby refer to copy number gains or losses of certain
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DNA sections, which are already formed in the germline [59].

CMA as a general term refers to array based comparative genomic hybridization
(aCGH) and SNP arrays. While aCGH compares the individuals DNA with a con-
trol sample, in SNP arrays, polymorphic markers for specific sites on the DNA are
used [58].

These SNPs play a part in the variability of the human genome and are spread all over
our DNA. As the name already suggests, the polymorphism only affects one nucleotide,
which may differ in individuals. Some SNPs are more common than others, with
common SNPs occurring in more than 5% of all humans and rare SNPs occurring in
less than 5%. SNPs are found on average approximately every thousand base pairs and

are an ideal DNA marker for genetic analysis [19].

With the use of these polymorphisms as markers, SNP arrays can detect regions of
homozygosity (ROHs) in addition to aneuploidies and CNVs, by simultaneously pro-
viding information about the genotype and the number of alleles being present at each
SNP locus analysed [59]. Information about the genotype may be presented as ho-
mozygous, heterozygous, or hemizygous. In homozygosity, both alleles are the same;
in heterozygosity, the alleles are different, and hemizygosity refers to only one allele
being present at the locus [60].

ROHs are contiguous regions in the genome of homozygous genotypes that are present
in the germline of an individual [59]. For instance, a SNP array may be utilised to
diagnose an isodisomic UPD, as this area appears as a ROH, since both copies of
the chromosome are identical. Heterodisomy can also be detected using SNP array

analysis, but only after comparison with the DNA of the parents [61].

Information about the number of alleles at the SNP loci enables the method to also
detect the gain and loss of chromosomal material, such as aneuploidies and mosaicism.
Conlin et al. [61] demonstrated that the detection of mosaicism through SNP array is
more sensitive than traditional karyotyping, with the detection limit of mosaicism being
approximately 5% in their study, which is even lower than estimated in previous studies
(10-20%). It also eliminates a possible bias from traditional karyotyping, as many cells
in interphase and metaphase can be studied [61]. In traditional karyotyping, a limited
number of cells are studied only in metaphase. Izumi et al. [49] confirmed the use of
SNP array and suggested it to be the ideal tool for the detection of imprinting disorders,

as it will sufficiently detect low-level mosaicism. They subsequently published the first
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case of mosaic trisomy 15 cells found in peripheral blood in a live-born individuals with
matUPD in PWS.

In cases of mosaic trisomy, the SNP array technology allows the number of different
haplotypes to be determined. This also helps to clarify the chromosome constellation
[61].

1.4 Trisomy 15 versus mosaic trisomy 15 phenotype

1.4.1 Trisomy 15

The most common and clinically relevant aneuploidies are trisomies and monosomies,
with trisomies having three copies of one chromosome and monosomies missing one
copy [62]. Approximately 35% of spontaneous abortuses show trisomy or monosomy,
making aneuploidies the leading cause of miscarriage, with most aneuploid pregnancies
not making it to term [63]. There is no single cause to be found for the occurrence of
aneuploidy, but a multi-step process is under discussion, with advanced maternal age
being involved in many of the errors happening [63]. Except for complete trisomy of
chromosomes 13, 18 and 21, all other autosomal trisomies are only compatible with life
if genetic mosaicism is present. On the other hand, complete monosomies of autosomes

are not viable in fetal or embryonic development [62].

1.4.2 Mosaic trisomy 15 phenotype

Trisomies have been shown to be the most common chromosomal aberration in sponta-
neous miscarriages [64], of which 7.6% account for trisomy 15. Even though complete
trisomy of chromosome 15 is described as non-viable in most literature, two cases of
live-born infants with trisomy 15 have been reported, with both babies showing multi-

ple congenital abnormalities and both dying on day 4 after birth [65, 66].

In contrast, several cases of live-born infants with MT15 have been published so far
[67-69]. A clear characteristic phenotype has not yet been described for these indi-
viduals. However, many exhibit similar features and congenital anomalies. The most
common are congenital heart defects and distinct facial features. As for facial features,

a broad nasal bridge, upturned nasal tip, large nose, small mouth or micrognathia/ret-
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rognathia and abnormalities of the ears have been described. Other findings include
intrauterine growth restriction (IUGR), genital anomalies like an anteriorly placed anus

and hypoplastic labia majora or scrotum, digit anomalies and brain anomalies [67, 68].

A correlation between the level of MT15 found in cultured amniocytes from amnio-
centesis and abnormal fetal outcome has been indicated as well, with a lower level of
MT15 being in favour of a better fetal outcome and fewer congenital anomalies. In
addition, in prenatal diagnosis, abnormal ultrasound associated with MT15 may be

IUGR, congenital heart defects and oligohydramnios [70].

1.5 Mosaic trisomy 15 and matUPD in literature

Mosaic trisomy 15 and matUPD in PWS have been linked in a few publications, often
also in regards to prenatal diagnostics [71, 72].

One of the earliest documented cases was published by Cassidy et al. in 1992 [41].
In their case report, trisomy 15 cells were found in CVS during prenatal testing of a
fetus due to advanced maternal age. Subsequent molecular analysis of the child after
birth, performed due to clinical features aligning with PWS, determined matUPD 15
as the cause of the syndrome. This finding led to them proposing trisomic rescue as the
underlying mechanism, with the trisomic cells found in CVS preceding the matUPD
15.

As in the case report of Cassidy et al.[41], the presence of trisomy 15 in CVS in
association with matUPD has been detected in other cases. Since the trisomic cell
lines often only appeared in CVS but not in follow-up amniocentesis, CPM for the
MT15 was suggested [42, 73, 74]. Another interesting case was published by Roberts
et al. in 1997 [74], who found trisomy 15 cells in CVS and then retrospectively also
managed to find MT15 in placental tissue of the aborted fetus who was diagnosed with
matUPD 15. In this case MT15 was found in 46% of the placental cells studied with
FISH. They did not find any signs of MT15 in amniocytes, fetal tissue, or fetal blood
which further indicated CPM.

Adding to this, Walczak et al. [75] retrospectively also found trisomy 15 cells confined
in the placental tissue of an infant previously diagnosed with maternal heterodisomy
and PWS.
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1.5.1 Mosaic trisomy 15 found in tissue or blood alongside
matUPD 15

The simultaneous presence of PWS due to matUPD and MT15 in fetal tissue or blood
is rare, and to date, only eight cases, including five live-born, have been described in the
literature [49, 76-82]. These publications are summarised in Table 2 and Table 3. Table
2 presents genetic testing and results from cytogenetics and molecular analysis, while
Table 3 provides an overview of the phenotypic and clinical features of the published

cases.

In seven of the cases [76-82] MT15 alongside matUPD 15 was detected in fetal skin

and in only two cases [49, 78] in lymphocytes from blood samples.

Milunsky et al. [76] reported on a liveborn female infant with heterodisomic matUPD
15, who died at the age of 6 weeks. They found MT15 in amniocytes, fibroblasts
and lung tissue of the infant. The MT15 was detected in fibroblasts in cytogenetics as
well as in microsatellite analysis (MSA). No trisomy was detected in lymphocytes. The
infant exhibited multiple congenital anomalies and distinct facial features, as described

in Table 3.

In 1997, Slater et al. [77] published a case report of a fetus that was aborted, after MSA
of DNA from amniocytes showed heterodisomic matUPD 15. The MSA was performed
after MT15 was detected in the initial CVS performed due to advanced maternal age.
Amniocentesis following CVS showed a normal, unremarkable karyotype. Notably,
after determination of the pregnancy, cultured skin samples from the autopsy detected

4% MT15. The autopsy of the fetus was otherwise described as unremarkable.

Devriendt et al. [79] described a 3.3-year-old girl with MT15 found in fibroblasts, as
well as an additional cell line with trisomy X in fibroblasts and lymphocytes. The
presence of MT15 was also detected by MSA in DNA of fibroblasts. MatUPD 15
was detected in lymphocytes and described as heterodisomic. The girl was described
as having distinct facial features and congenital anomalies. They concluded that the
origins of both aneuploidies are unrelated and occurred in different stages. Further
suggesting that the trisomy 15 arose as the result of a meiotic error, while the trisomy
X arose as a postzygotic error. However, it is possible that the trisomic rescue occurred

simultaneously with the post-zygotic gain of the additional X chromosome.
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In their study of karyotype/phenotype correlations in rare mosaic trisomies, Hsu et al.
[80] included the case of an aborted fetus (XIII-8) with matUPD and MT15 found in
CVS, amniotic fluid, a skin and cord sample, as well as fetal membrane in cytogenetics.
No further information about a specific phenotype was described, only that the autopsy
revealed a narrowing of the proximal segment of the cord. Type of matUPD 15 was

also not further specified.

In 2000, Olander et al. [81] reported on a boy with matUPD 15 with a severe phenotype
in PWS, including distinct facial features and multiple congenital anomalies, which they
linked to the presence of MT15 found in cultured fibroblasts of the boy. The matUPD
15 was detected using MSA and described as isodisomic. Their case is the only one
to have isodisomic matUPD 15, raising the question whether matUPD 15 may have

developed due to a postzygotic mitotic error, in contrast to trisomic rescue.

Aparicio et al. [82] published the latest report in 2019, in which they described a
liveborn infant with matUPD 15 in PWS, who also showed MT15 in amniotic fluid
and cultured skin. PWS was diagnosed using MS MLPA. MT15 was also verified by
aCGH alongside cytogenetics in amniocytes. Multiple congenital anomalies had already
been detected on fetal ultrasound and the infant later showed distinct facial features,
including upslanted palpebral fissures, a thin upper lip with downturned corners of the

mouth and dysplastic, rotated ears.

The initial documentation of the presence of MT'15 in the blood of a fetus with matUPD
15 was reported by Christian et al. [78] in 1996, who included a case in their study which
had been previously published in an abstract by Rocklin et al. [83]. In amniocentesis
performed due to AMA, MT15 was detected in three separate cultures in cytogenetics,
thus leading to the termination of the pregnancy. MT15 was further found using
cytogenetic analysis in skin fibroblasts, kidney tissue, lung tissue, fetal membrane and
a blood sample obtained from the fetal cord in autopsy. MSA of amniocytes and
fibroblasts verified MT15 and heterodisomic matUPD 15 in the fetus. Other than a
two-vessel umbilical cord and malrotation of bowel found in the autopsy, no further

anomalies or phenotypic features were described.

Izumi et al. [49] then published the first case of MT15 being detected in the peripheral
blood of a live-born female infant with matUPD 15. In patient 2 presented in their
study, they found trisomic cells in cytogenetics and via SNP array. Cytogenetics yielded
a mosaicism of 2.5% (1/40 cells) and the SNP array a mosaicism of approximately 5-

10%. MatUPD was categorized as mixed iso-/heterodisomic (segmental).
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The girl presented with mild upslanted palpebral fissures and a mild adduction of the
thumbs. IUGR of the girl, breech presentation and mild hypotonia were described, but

no congenital anomalies.

Another case of interest not depicted in Tables 3 and 2, as matUPD was only suspected
but not verified, was described by Silva et al. [72]. They found MT15 cytogenetically
in CVS, amniocytes and cultured fetal skin of an aborted fetus. In SNP array, the
mosaic level was found to be between 26-29% in CVS and amniocytes, making this the
case with the highest levels of trisomy 15 found in CVS, which was not CPM. They
suspected a meiosis I non-disjunction error and matUPD, but had difficulties in the
assessment of UPD via SNP array, linking this to the high level of mosaicism in their

case.
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Table 2: Part I of the overview of cases with MT15 and matUPD in literature. De-
picting maternal age, family history, matUPD type, outcome of pregnancy (LB/AB)
and results of genetic analysis as described by the authors.

Family LB/ matUPD  Cytogenetics .
Case MA history AB Type (T15 cells detected) Molecular analysis
AF 44%
(4/9 colonies)
FB 80%
MSA:
(48] LB; (40/50 cells) N
Milunsky 32 died at gie;s;?_ Lung tissue 85% ?QB&];iT% 0 at)
et al. 1996 [76] 6 weeks Y (17/20 cells) K vp N
Lymphocytes 0% lymphocytes: matUPD
(0/100 cells)
CVS cultured 43.3%
(13/30 cells; 2 cultures)
(IT) amniocytes 0% / .
Slater 38 AB E?fjm‘ (0/3 cultures) EISA.' evtes matUPD
et al. 1997 [77] oy Cultured skin (autopsy) 4% Hocytes: m
(4/100 cells)
AF 44%
(12/27 cells; 3 cultures)
Skin FB 100%
(10/10 cells)
(I11) . (
Christian prior E(ll(():l/nlog 1(1)1(1 )70 MSA:
et al. 1996 [78] child hetero- e
37 . AB ) Lung 100% .
Case 1/ with disomy (10/10 cells acrshortaf culture & FB:
Rocklin et al. trisomy 21 S MT15 & matUPD
1994 [83] Fetal membrane 30%
(3/10 cells)
blood sample (cord) 18.5%
(35/189 cells)
Lymphocytes 0%
47, XX+415 0/35 cells MSA
v) (47, XXX 35/35 cells) I
Devriendt 42 LB E.Cf‘croj Cultured FB ;ﬁ?i?ﬁim matUPD
et al. 1997 [79)] 1Oy 47, XX+15 in 16 cells S
47, XXX in 15 cells (mat. & faint pat.)
AF 11/28 cells
V) Skin 2/10 cells e
Hsu 43 AB NFS Cord 5/10 cells DfNﬁ &?lg}t.l\‘I'FS‘
et al. 1997 [80] CVS 4/9 cells © a‘tU"PrS st
Case XIII-8 Membrane 6/10 cells m
Cultured lymphocytes 0%
(V1) 0/21 cells (age 2 days)
Iso- 0/100 cells (age 7 months)  MSA:
q(s)t;lz:illld;BOO [81] 3 LB disomy Cultured FB 13.4% matUPD
’ 5/67 cells (age 5 months)
%ZlIIIr?l Mixed Peripheral blood 2,5% SNP array:
et al. 2013 [49] 41 LB iso-/hetero- (14/41()) c;alls) 270 peripheral blood: 5-10%
Pa tie‘nt 5 disomy T15 & matUPD in most cells
(VIII) prior acrshortaf 8% ?CG.H:) tes: T15
Aparicio 35 mis- LB NFS (4/50 cells) K?énf\(ﬁ}pr °
et al. 2019 [82] carriage Cultured skin 2-3% i

(of 400 cells)
Blood and urine 0%

abnormal methylation pattern
& normal copy number

Abbreviations: maternal age (MA), liveborn (LB), abortus (AB), amniotic fluid (AF), not
further specified (NFS), fibroblasts (FB), trisomy 15 (T15), microsatellite analysis (MSA),
array based comparative genomic hybridization (aCGH)
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Table 3: Part II of the overview of cases with MT15 and matUPD described in the
literature. Depicting prenatal findings, phenotype and congenital anomalies described
by the authors.

Publication Prer‘latal Facial features Other features Congen‘ltal
findings anomalies
triangular face, relative
telecanthus, laterally .
prominent eyebrows} large high arched palate, nuchal two-vessel umbilical
anterior fontanelle l’li h fold, short sternum, cord, VSD, PDA
o . g g . widely set nipples, G
forehead, bitemporal receding : dilated coronary sinus,
hairline, epicanthal folds anteriorly placed anus, long and redundant
» ep1Ce ’ overlapping fingers with _g an
(I) short bulbous nose, broad hvponlastic nails tricuspid valve,
Milunsky IUGR and flat nasal bridge, }f sz . éase' ’ choroid plexus cyst,
et al. 1996 [76] upturned nasal tip with excess ) 5 small grade I intra-
anteverted nostrils, long on all extremities, ventricular haemorrhage
philtrum, small ln(;uth and overlapping toes bilaterally, some
R . and broad halluces, . ¢
tongue, micrognathia, S calcification of the
- hypermobile joints, . .
low set posteriorly angulated . . lenticular striate vessels
ears, bilateral helical ear pits 13 ribs bilaterally
ptosis
(I1) autopsy
Slater N/A N/A N/A was unremarkable
et al. 1997 [77]
(I1T) two-vessel
Christian et al. Y
1996 [78] Case 1/ N/A N/A N/A E?;Eifaili;?& bowel
Rocklin et al.
1994 [83]
clinodactyly of the S »
. . . fifth fingers, internal VSD, bl(.’prld a ortic
(Iv) bilateral epicanthic folds, . valve, mild peripheral
. strabismus of the left eye, .
Devriendt N/A downturned mouth, . . pulmonary stenosis,
. . sticky saliva, small external . .
et al. 1997 [79] poor facial expression R . horseshoe kidneys with
genitalia, anteriorly placed .
anus. small hands vesico-ureteral reflux
(V) narrowing of proximal
Hsu et al. IUGR N/A N/A
1997 [80] segment of cord
Case XIII-8
low-set posteriorly angulated
ears with slight under folding .
bizzﬁtatm of the superior helices, Efijggﬁgj dp:;:t“:sj VSD, PDA, PFO,
P ot " prominent nasal bridge, short h lastic scrot ’ prominent
(VI) premature horizontal palpebral fissures, ypoplastic serotux, subarachnoid
contractions, . . . small penis with chordee,
Olander olico- ptosis, micrognathia, ineuinal hernias spaces over the
et al. 2000 [81] 8 . long philtrum, small mouth lnguimal aetmas, fronto-temporal and
hydramnios, . single palmar creases, . -
. at 8 months mild upslant . parieto-occipital
unilateral generalized brachydactyly .
pyelactasis of the palpebral fissures with slightly tapered fingers 200>
pyelactas & a more prominent chin SHghLly tap Or8
(VH). IUGR . bilateral mild adduction
Izumi breech mild upslanted of thimbs
et al. 2013 [49] resentation palpebral fissures mild hy; 07tonia _
Patient 2 p P
. brachycephaly, .
(VIII) multiple oo SRR hypotonia,
Aparicio congenital upslanted palpebral fissures, right cryptorchidism, ASD, VSD, PDA,

et al. 2019 [82]

anomalies on
fetal scan

thin upper lip with downturned
corners of the mouth,
dysplastic rotated ears

three deep horizontal
palmar creases on hands

vesico-ureteral reflux
grade II

Abbreviations:

not available (N/A), ventricular septal defect (VSD), atrial septal defect
(ASD), patent foramen ovale (PFO), patent ductus arteriosus (PDA)
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1.6 Aim of this thesis

In reference to the existing literature described above, it is of great interest to pub-
lish similar cases, to delineate a possible phenotype for individuals that present with
matUPD in PWS and MT15. This includes how individuals differ in clinical findings
and outcomes compared to those presenting only with PWS and no MT15. It may
also yield important information for prenatal testing, as a common severe phenotype
in individuals with this condition may alter how the prenatal finding of MT15 cells is

interpreted in the context of fetal outcome.

At the same time, each new report provides possible new insights into the mechanisms
that lead to the formation of the MT15 in these cases. Additionally, most of the cases
[76-79, 81] were described before the year 2000, using classical cytogenetics, such as
karyotyping, as tools to analyse the samples, and further using MSA for molecular
analysis. In only the latest two cases, [49, 82], array-based technology was used in the
genetic analysis, making the current case report in this thesis even more interesting as

a SNP array was used.

This new possibility of genetic analysis also raises the question of whether many of
the case reports did not find MT15 in blood lymphocytes, because the testing was
not sensitive enough. If trisomic rescue is one of the primary mechanisms for the
development of matUPD in PWS as well as patUPD in AS, then it would be expected
that a greater number of individuals would carry low-level MT15 in tissue or blood.

This finding contrasts with the relatively limited number of published cases to date.

For this reason, in addition to the case report, a retrospective study was conducted to
investigate possible low-level MT15 in lymphocytes of individuals with known matUPD
15 or patUPD 15.
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Materials and methods

2.1 Case report

Information for the case report was obtained from the medical reports from the mater-
nity clinic and the Diagnostic and Research Institute (DR Institute) of Human Genetics
at the Medical University of Graz, Austria. Two follow-up interviews with the parents
of the boy were also conducted via online call when the infant was approximately 7

months old and 27 months old. The family consented to the publication of this case.

Initial genetic testing was performed at the DR Institute of Human Genetics of the
Medical University of Graz. DNA was isolated from peripheral blood lymphocytes of
the boy at eight days of age. The blood was sampled in EDTA tubes.

Phenotypic screening via next-generation sequencing (NGS) was performed using
whole-exome sequencing (WES) and trio-HPO analysis. Following human phenotype
ontology (HPO) terms were used: Neonatal hypotonia HP:0001319, Neonatal respira-
tory distress HP:0002643, Hydronephrosis HP:0000126, Soft, doughy skin HP:0001027,
Poor Suck HP:0002033.

For specific analysis of the PWS/AS locus, a MS MLPA was performed, using the
MLPA SALSA Kit ME028D1 kit from MRC-Holland B.V. (Amsterdam, The Nether-
lands). The analysis of the DNA was conducted according to the established general

protocol.

For further specification, a trio genotype analysis using the Infinium CytoSNP-850K
BeadChip from Illumina, Inc. (San Diego, CA, USA) was performed on both the boy
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and the parents’ blood. The array was conducted according to the manufacturer’s

protocols and scanned using the NextSeq 550.

Karyotyping of the index patient’s peripheral blood was performed at approximately 16
months of age to detect trisomic cells. 14 metaphases from cultured lymphocytes were
analysed using a 550-band resolution, following accredited methods according to ISO
15189. Repeated analysis with SNP array could not be performed as only peripheral

blood in heparin tubes was available.

2.2 Retrospective study

The study design was submitted to the ethics committee of the Medical University of
Graz (EK No. 1050/2024) and approved. For the retrospective study, genetic data
of individuals diagnosed with PWS and AS at the DR Institute of Human Genetics
of the Medical University of Graz were surveyed. Individuals with proven UPD or an

abnormal methylation pattern on chromosome 15 were included.

As the institute only covers genetic testing and counselling for three federal states in
Austria and the syndromes are quite rare, only ten individuals fit these criteria. The
individuals had an age range of 2 to 35 years. Of the ten individuals, nine were diag-
nosed with PWS and one with AS. Contact information of the individuals’ families was
obtained from the institute’s database. As some individuals were initially diagnosed a
few years ago and stored on an outdated IT system, there was often limited contact

information available.

Six families were contacted by phone and two families by post, as there was no telephone
number on file. Two families were unable to be contacted, as their contact information
was no longer up to date.

In two cases, the individuals had already passed away and one of the families contacted
postally did not respond. In the end, four families agreed to participate in the study,
three probands with PWS and one with AS. The information and declaration of consent

for the study were sent out by mail and an appointment at the institute was scheduled.

The families of probands 1 and 2 came to the institute in person for further counselling
and to sign the consent form. Further information about the proband’s health infor-
mation and a phenotype evaluation was conducted. The families of probands 3 and 4

sent in the signed consent form.
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For the study, additional blood sampling of the probands and their respective fathers
or mothers was required in some cases, if there was no or insufficient material left from
the initial testing at the institute.

Peripheral blood was obtained from proband no. 2 and their respective mother, as well

as from the mother of proband no. 1.

A cytogenetic study of the individual’s blood, collected in Na-heparin tubes, was per-
formed. For karyotyping, blood was used from the initial diagnostics at the institute
for patient 3. For patient 2, the blood was obtained specifically for the study at the
age of 25. In the case of proband no. 1, no peripheral blood for cytogenetics was
obtained, as the proband is quite young and the team decided against additional blood
drawing. In proband 2, 30 metaphases were analysed from cultured lymphocytes, and
in proband 3, 20 metaphases were analysed using a 550-band resolution, following
accredited methods according to ISO 15189.

A SNP array was performed on peripheral blood from the probands and their respective
parent using the Infinium CytoSNP-850K BeadChip from Illumina, Inc. (San Diego,
CA, USA). The array was conducted according to the manufacturer’s protocols and
scanned using the NextSeq 550. Genetic material of the probands was used from the
initial work-up at diagnosis. Results from the probands and parents were compared
for the detection of UPD type. Results of the probands were analysed for the presence
of MT15.
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Results

3.1 Case report

The centre of this thesis is the index patient, who is a male infant. The mother was 38
years old at birth. The medical history of the mother was unremarkable. The boy was
conceived with intracytoplasmic sperm injection (ICSI) and was the first pregnancy
and child of the mother. One younger sibling was born after the index patient to the

parents. The child was conceived naturally and healthy.

A vanishing twin was ablated using radio-frequency in the second trimester. The
remainder of the pregnancy and further testing with a non-invasive fetal trisomy test

and fetal ultrasound were unremarkable.

The boy was born prematurely via cesarean section at gestational age 3543, after
hospitalisation of the mother due to vasa praevia and mild vaginal bleeding.

He was small for gestational age (SGA) with a birth weight of 2090g, body length
of 46cm and head circumference of 33cm. Upon birth, he expressed a weak cry and
hypotonic muscle tone as well as bradycardia (50-100 beats/min). Initially, bag-mask
ventilation was required and the boy was adapted to nasal continuous positive airway
pressure (CPAP) after spontaneous breathing became more regular. An APGAR Score
of 6/8/9 was assigned, and he was transferred to the neonatal intensive care unit at
minute 10 after birth.

Caffeine was administered parenterally to stimulate spontaneous breathing, as well as

fluid substitution. Hypotonic muscle tone persisted in the intensive care unit and the
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boy showed low suck and dysphagia. A gastric tube was placed to administer nutrition.
Weight gain under enteral nutrition was satisfactory and the boy gained his initial birth
weight back on day 7 after birth. Sufficient swallowing was achieved by day 9 and nasal
CPAP could be stopped on day 10. He received phototherapy from day 3 to day 5 due
to hyperbilirubinemia.

The boy was transferred from the intensive care unit to the general ward on day
9 and was discharged to home care on day 26 after birth. Due to the persistent
muscular hypotonia and difficulties swallowing, further genetic and metabolic testing

was recommended.

3.1.1 Clinical findings

The boy was described as having a fleeing chin and low-set ears. Contractures of the

third phalanx on both sides were described. He also presented with ankyloglossia.

Ultrasound of the kidneys revealed a grade 2 hydronephrosis on the right kidney and
a grade 1-2 hydronephrosis on the left kidney. Cranial ultrasound showed a slightly
larger left lateral ventricle but was otherwise unremarkable. Initially, echocardiography
detected an atrial septal defect (ASD) of the secondary type with left-to-right shunt.
On check-up before discharge, it was described as a physiological patent foramen ovale
(PFO) with left-to-right shunt. Upon birth, undescended testes were present with low

inhibin B blood levels, but testes were confirmed to be located intra-abdominally.

At approximately 7 months, a follow-up with the family revealed no further health
issues for the boy. The contracture of the 3rd phalanx on the right hand had improved.
The parents described the boy as having hypermobile joints and having lower muscle

tone.

At the second online call, when the boy was 27 months, the family again reported no
further health issues. The previously diagnosed hydronephrosis grade 2 of the right
kidney was downgraded to grade 1. Follow-up echocardiography of the heart revealed
normal cardiac function. The contracture of the 3rd phalanx was barely noticeable
anymore, according to the parents. The undescended testis were surgically lowered at
the age of 16 months. The parents reported that the boy still expressed hypermobile
joints at nearly two years, especially the ankles, and that muscular hypotonia was still
present. A previously diagnosed scoliosis of the spine also seemed to have improved

with the help of a torso brace.
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3.1.2 Development

At the 7-month follow-up, the family reported that the boy no longer needed a gastric
tube for feeding. GH treatment was started at 4 months of age. At this age, his parents
described him as a calm and alert baby, and he was already searching for eye contact.

During the video call, the boy appeared to be aware of the video picture.

The boy began to sit independently at 15 months of age, started to stand at around
18 months and started walking with an aid at approximately 22 months. He began
crawling at around 20 months. Before crawling, he slid around on his belly. The
parents have stated that the child’s fine motor skills, such as grasping, have never been

a cause for concern.

At 27 months, according to parental report, the boy demonstrated a relatively high
level of verbal output. However, his speech is unintelligible, lacking semantic context.
He could express “Mama“ and “Papa“ as words and used these semi-frequently. His
weight was 10.4 kilograms (under the 3rd percentile), and his height was 86 centimetres

(25th percentile). Over the last year, he had gained only 1 kilogram of body weight.

As a consequence of his underweight status, he continued to receive supplemental food
at the time of the second follow-up. The parents reported that a slowly increasing
appetite had been observed over the preceding weeks. He had always had an interest
in food and wanted to eat everything he saw. But he usually did not finish the food

given to him.

3.1.3 Genetic analysis

Referral to the Genetics Department of the Medical University of Graz was under the
suspicion of PWS and “floppy infant“. At this point, the boy was 8 days old. The
phenotypic screening with WES and comparison with the parents’ exome data did not
reveal any disease-causing sequence or copy number alteration that is clearly associated

with the phenotype.

Initial CNV analysis performed with MS MLPA revealed a normal CNV at the anal-
ysed regions, with no apparent deletion detected. Results of the analysis can be seen
in Figure 5. The methylation analysis indicated an altered methylation status with
hypermethylation of the SNPRN and MAGELZ2 locus in the PWCR, as seen in the
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methylation results illustrated in Figure 6.

A normal CNV ratio and hypermethylation at these loci are consistent with matUPD
or an imprinting defect in PWS [37].

Subsequent trio-genotype analysis of the index patient and both parents via SNP ar-
ray revealed maternal uniparental heterodisomy as the molecular cause. Additionally,
a low-grade (approximately 10%) mosaic trisomy 15 was detected in the blood sample.
SNP array results are demonstrated in Figure 7, as well as in the close-up version of

chromosome 15 in Figure 8.

A follow-up cytogenetic study of the peripheral blood of the index patient at the age
of 16 months showed an unremarkable male karyotype in all 14 metaphases without

apparent mosaic trisomy, as seen in figure 9.

To date, this case presents the second live-born infant with matUPD in PWS and an

additional mosaic trisomy 15 detected in a blood sample.
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232 MAGEL2-1 [Hha 15q11.2  15-021,444430 14520 58407 1,05 0,04 = 32 006 -
427 NDN-1 15911.2  15-021,482500 9413 47468 1,01 005 = 37 0,16 -
288 SNRPN-U1B 15q11.2  15-022,620030 13343 60194 1,02 0,04 = 41 0,07 -
239 SNRPN-U1B 15911.2  15-022,626090 15222 58767 1,08 0,04 = 32 0,01 -
278 SNRPN-Intr.u2 15911.2  15-022,690990 12069 52041 0,99 0,03 = 38 005 -
270 SNRPN-Intr.u2 15q11.2  15-022,703340 11198 46660 1,02 0,07 = 39 007 -
256 SNRPN-u5 15q11.2  15-022,716730 13306 53012 1,05 0,05 = 29 000 -
391 SNRPN-u5 15911.2  15-022,717340 9567 44772 1,03 0,04 = 25 004 -
250  SNRPN-Intr.2 159112 15-022,751120 14886 59803 0,92 0,06 = 25 006 -
178 SNRPN-Intr.2 15q11.2  15-022,751230 13391 53932 0,97 0,04 = 33 007 -
190 SNRPN-Intr.2 15q11.2  15-022,751490 11878 43759 1,03 0,04 = 20 0,01 -
142 SNRPN-Intr.2 15911.2  15-022,751790 17262 65340 1,13 0,03 >> 27 0,01 -
333 SNRPN-Intr.2 15911.2  15-022,752250 11145 49299 1,03 0,05 = 30 003 -
443 SNRPN-Intr. 2 15911.2  15-022,752910 10251 51540 1,06 0,07 = 27 000 -
294 SNRPN-3 15911.2  15-022,764260 11168 48490 0,99 0,03 = 35 0,04 -
409 SNRPN-7 15911.2  15-022,772570 10583 51181 1,09 0,07 = 29 0,07 -
214 SNRPN-HB2-85-  15911.2  15-022,848260 15549 58844 108 006 = 30 0,01 -
472 SNRPN-HB2-85-  15q11.2  15-022,872670 11530 61392 1,07 0,04 = 39 008 -
326 SNRPN-HB2-85-  15911.2  15-022,888560 12283 53333 1,03 005 = 38 003 -
355 UBE3A-10 15911.2  15-023,136410 11009 48146 1,14 0,05 >> 33 003 -
301 UBE3A-5 15911.2  15-023,156690 11838 51729 1,06 0,04 = 38 000 -
160 UBE3A-4 15911.2  15-023,167750 16164 59887 1,12 0,04 >> 36 0,01 -
195 UBE3A-3 15q11.2  15-023,171930 14744 61246 1,03 0,04 = 34 0,10 -
373 UBE3A-2 15911.2  15-023,201690 10701 48820 1,09 0,05 = 29 005 -
184 UBES3A-1 [Hhal] 15911.2  15-023,235200 14027 52024 0,99 0,05 = 30 0,01 -
364 ATP10A-15 15q12 15-023,487970 11257 52964 1,06 005 = 40 0,10 -
226 ATP10A-1 15q12 15-023,659920 14112 57908 099 003 = 33 008 -
220 GABRB3-9 15q12 15-024,344260 13882 54578 104 004 = 35 003 -
382 GABRB3-7 15912 15-024,363900 10665 50475 1,11 004 = 35 003 -
137 OCA2-23 15913.1  15-025,763720 14247 54188 1,13 0,05 = 31 000 -
317 OCA2-3 15913.1  15-025,950780 13039 57975 1,08 0,04 = 37 0,01 -
202 APBA2-14 15q913. 15-027,196760 14068 54854 1,13 0,04 >> 27 0,01 -
461 ESCO2-1 [Hhal 08p21. 08-027,687960 6753 34706 095 005 = 27 012 -
342 SLCYA2-2 [Hha 02q12. 02-102,640690 10270 45399 096 0,05 = 24 016 -
400 Reference C/M 01g23. 01-158,359720 10357 48660 1,04 0,05 = 26 0,01 -
310 Reference C/M 04912 04-055,299410 10878 45732 0,99 0,05 = 33 002 -
244 Reference C/M 05p15.2  05-013,819150 14367 55419 1 004 = 25 002 -
129 Reference C/M 05g31.1  05-132,037620 14631 56252 1 004 = 33 0,02 -
347 Reference C/M 06024.3 06-148,911520 9587 41866 0,98 0,04 = 37 0,13 -
481 Reference C/M 08p21.3  08-022,931360 8615 45311 0,97 0,05 = 29 006 -
452 Reference C/M 10p11.21 10-034,711760 11173 58151 1,04 0,05 = 36 0,04 -
264 Reference C 10926.13 10-123,236840 13032 50611 0,98 0,03 = 30 003 -
166 Reference C/M 11924.2  11-125,002870 14227 52140 1,03 0,05 = 32 005 -
208 Reference C/M 12913.11 12-046,657490 12651 47278 0,99 0,03 = 26 003 -
148 Reference C/M 17912 17-032,463020 15522 57121 1 005 = 31 0,07 -
Median value all probe values: 12283 52041 1,03 0,04 32 0,03

Figure 5: Results of CNV analysis using MS MLPA, performed on peripheral blood
from the index patient. The probes show CNV ratios within the normal range, indicat-
ing the presence of two existing copies at the analysed regions. Low-grade mosaicism
cannot be reliably detected using this method [84].
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D [nt] Gene-Exon Chr.band hg18 loc. Height Area Ratio Stdev [REF] Width d[nt] [Mut details]
436 NIPA1-3 15g11.2  15-020,612300 8600 44528 0,94 0,03 = 31 006 -
154  TUBGCP5-8 15911.2  15-020,398320 11034 41134 1,02 0,04 = 35 001 -
172 MKRN3-1 15911.2  15-021,362830 11267 43424 1,04 0,04 = 33 0,07 -
418 MAGEL2-1 15q11.2  15-021,440370 8157 41425 1,02 0,03 = 34 005 -
232 MAGEL2-1[Hha  15911.2 15-021,444430 10509 44097 0,97 0,03 >>* 33 0,12 -
427 NDN-1 15g11.2  15-021,482500 7242 37571 0,96 0,04 = 44 008 -
288 SNRPN-U1B 15911.2  15-022,620030 10742 47547 1,01 004 = 41 0,14 -
239 SNRPN-U1B 15q11.2  15-022,626090 12437 50811 1,02 0,04 = 30 002 -
278 SNRPN-Intr.u2 15q11.2  15-022,690990 9556 41310 0,99 0,03 = 35 000 -
270 SNRPN-Intr.u2 16911.2  15-022,703340 8461 35142 095 006 = 32 008 -
256 SNRPN-u5 15q11.2  15-022,716730 10806 43415 1,02 0,04 = 26 007 -
391 SNRPN-u5 15q11.2  15-022,717340 7654 35676 1 003 = 34 008 -
250 SNRPN-Intr.2 16911.2  15-022,751120 13587 53501 1,14 0,05 >>* 30 004 -
178 SNRPN-Intr.2 15q11.2  15-022,751230 12007 48050 1,72 0,04  >>* 37 0,01 -
190 SNRPN-Intr.2 15911.2  15-022,751490 10296 38901 1,08 0,04 >>* 26 002 -
142 SNRPN-Intr.2 15911.2  15-022,751790 11828 46463 0,86 0,03 >>* 28 003 -
333 SNRPN-Intr.2 16q11.2  15-022,752250 8330 38941 0,94 0,04 >>* 54 005 -
443 SNRPN-Intr. 2 15q11.2  15-022,752910 7299 36962 0,89 0,06 >>* 35 0,02 -
294 SNRPN-3 15q11.2  15-022,764260 9743 41748 1,09 0,03 = 42 006 -
409 SNRPN-7 15q11.2  15-022,772570 8060 39977 0,95 0,05 = 44 009 -
214 SNRPN-HB2-85-  15q11.2  15-022,848260 12883 49898 1,04 0,04 = 35 009 -
472 SNRPN-HB2-85-  15q11.2  15-022,872670 8701 46204 094 0,04 = 53 003 -
326 SNRPN-HB2-85-  15g11.2  15-022,888560 10094 43850 1,03 004 = 42 0,04 -
355 UBE3A-10 15911.2  15-023,136410 8128 37832 0,92 0,03 = 50 0,12 -
301 UBE3A-5 16q11.2  15-023,156690 9432 41782 1 003 = 40 003 -
160 UBE3A-4 15911.2  15-023,167750 12200 44540 0,94 003 = 32 0,01 -
195 UBE3A-3 15911.2  15-023,171930 12874 50984 1,09 0,03 = 31 009 -
373 UBE3A-2 15911.2  15-023,201690 8458 38306 0,99 0,03 = 37 003 -
184 UBE3A-1 [Hhal] 15q11.2  15-023,235200 0 0 [ 0 <™ 0 0,00 -
364  ATP10A-15 15q12 15-023,487970 8714 40555 0,97 0,04 = 47 0,10 -
226 ATP10A-1 15q12 15-023,659920 11955 49052 1,06 0,03 = 30 012 -
220 GABRB3-9 15q12 15-024,344260 11271 45946 1,02 0,03 = 34 005 -
382 GABRB3-7 15q12 15-024,363900 8151 39236 096 003 = 31 002 -
137 OCA2-23 15913.1  15-025,763720 11750 43435 1,03 0,05 = 32 000 -
317 OCA2-3 15q13. 15-025,950780 10568 47018 1,01 004 = 42 005 -
202 APBA2-14 15q13. 15-027,196760 10900 43961 097 003 = 32 0,01 -
46 ESCO2-1 [Hhal 08p21. 08-027,687960 0 0 0 << 000 -
342 SLC9A2-2 [Hha 02q12. 02-102,640690 0 0 0 <<** 000 -
400 Reference C/M 01923. 01-158,359720 8129 39088 0,98 0,03 = 47 009 -
310 Reference C/M 04912 04-055,299410 8880 39423 1,02 0,04 = 44 005 -
244 Reference C/M 05p15.2 05-013,819150 12286 48041 1,07 0,05 = 26 0,01 -
129  Reference C/M 05931.1  05-132,037620 11733 43821 1 004 = 27 006 -
347 Reference C/M 06024.3 06-148,911520 7639 34295 1 003 = 37 0,15 -
481 Reference C/IM 08p21.3 08-022,931360 6520 35194 0,95 0,05 = 43 008 -
452 Reference C/M 10p11.21 10-034,711760 8671 45451 0,97 0,04 = 34 0,14 -
264 Reference C 10926.13 10-123,236840 10694 43305 1,03 0,03 = 33 007 -
166  Reference C/M 11924.2  11-125,002870 10897 39834 0,96 0,05 = 26 0,09 -
208 Reference C/M 12913.11 12-046,657490 10305 41477 1,02 0,04 = 24 009 -
148 Reference C/M 17912 17-032,463020 12982 46523 1,05 006 = 21 000 -
Median value all probe values: 10300 43360 1 0,04 34 0,06

Figure 6: Results of the methylation analysis using MS MLPA performed on peripheral
blood from the index patient. Hhal digested probes in MAGFEL2 and SNRPN revealed
a methylation ratio close to 1.0, concordant with hypermethylation of the analysed loci
(blue dots). Note: the methylation-specific probe in UBES3A is located in a CPG island
which is always unmethylated in normal blood-derived DNA. The methylation-sensitive
probes in ESCO2 and SLC9A2 serve as digestion control probes and are also always
unmethylated (red dots).
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Figure 7. SNP array results of the index patient (a),(b) and trio-genotype analysis
including the parents (c).

(a) The Log R ratio reflects the relative amount of DNA at the SNP loci across the
entire genome. A normalised signal intensity of approximately 0.0 indicates two copies.
On chromosome 15, a slight increase in the log R ratio can be observed, indicating a
possible mosaic gain. (b) Visual indication of MT15 is confirmed by taking the B-
allele frequency into account. The B-allele frequency represents the proportions of B
alleles in relation to A alleles, thus giving information about the genotype at the SNP
loci (0.0 = AA, 0.5 = AB, 1.0 = BB). At chromosome 15, the outer B-Allele clusters
are extended (frequencies of approximately 0.0 to 0.1 and 0.9 to 1.0, respectively),
which, based on the study by Conlin et al. [61], indicates a mosaic fraction of about
10% including an additional third haplotype. (c) Trio-genotype analysis revealed a
matUPD of chromosome 15, as indicated by the pink SNP cluster (M-UPD). The
remaining autosomes show BPI.
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Figure 8: (a) Shows a close up of the Log R Ratio of chromosome 15, where a slight
increase in signal intensity can be observed. (b) In the close-up version of the B Allele
chart, a heterozygotic genotype of chromosome 15, as well as a third haplotype, can
be observed. No homozygous regions are present on chromosome 15.
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Figure 9: Karyogram of the index patient obtained from the cytogenetic analysis
performed on cultured lymphocytes at approximately 16 months of age. The karyo-
gram reveals a normal male karyotype[46, XY] with no indication of trisomy 15 in 14
metaphases examined.
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3.2 Results of the retrospective study

The retrospective study included 4 probands (case no. 1-4), three with matUPD in
PWS and one with patUPD in AS. An overview of the retrospective study is shown in
Table 4.

Table 4: Results of the retrospective study including the index patient (0) from the
case report.

Case no. Age at time UPD UPD type Cytogenetics SNP Array
of study mat/pat (MT15 present)
(years)
0 1.5 matUPD  heterodisomy normal male karyotype MT15 ~ 10%
(index patient) (14 MP; age 16 months) (age 7 days)
no indication of MT15
1 2.5 matUPD  mixed iso-/ not performed not detected
heterodisomy
2 25 matUPD  mixed iso-/ normal male karyotype not detected
heterodisomy (30 MP)
3 17 matUPD  heterodisomy normal male karyotype not detected
(20 MP)
4 12 patUPD isodisomy normal male karyotype not detected
(12 MP)

Abbreviations: metaphases (MP)

Proband no. 1 was 2.5 years old at the time of study and presented with a mixed
iso- /heterodisomic UPD. Cytogenetics were not performed and no trisomic cells could
be detected in the SNP array.

Since the proband came to the institute accompanied by his mother, an evaluation of his
phenotypic appearance and clinical findings could be performed. The boy presented
with an I[UGR during the pregnancy, as well as hypotonia at birth. Later, he also
had low suction while feeding and problems swallowing. According to his mother, his
development is approximately 6 months delayed in contrast to his older siblings. At
the time of evaluation, he could stand up with assistance.

He spent around 120 days in the hospital after his birth and also received high-flow
oxygen therapy. As far as clinical findings are concerned, the boy has cryptorchidism,

but no further congenital anomalies. He also expresses a mild strabismus from time to
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time.

Facial features observed phenotypically included almond-shaped eyes with bilateral
epicanthic folds, overall flat facial features, a thinner upper lip, and a high forehead.
According to the mother, these features may, in part, also resemble those of the father,
who is of African descent. Additionally, the boy had relatively short hands and feet,
as well as joint hypermobility, which may also be attributed to the overall hypotonia

observed in the proband. The proband already receives GH treatment.

Proband no. 2 was 25 years old at the time of study and presented with a mixed
iso-/heterodisomic UPD. Cytogenetics from blood at the age of 25 were unremarkable
and in the SNP array, no trisomic cells were detected. The male proband was only
diagnosed with PWS at the age of 12 years at the institute. Before the diagnosis,
he was considered to have feeding, growth, and regulatory difficulties. At the visit of
the proband and his family to the institute, an evaluation of his clinical features and
phenotypical appearance was performed.

According to the family, there was low fetal movement during pregnancy and he was
born with a low birth weight and hypotonia. He expressed reduced sucking strength
and required a nasogastric tube for feeding.

Developmental delay is also present in the proband. According to his parents, he began
walking at around 18 months of age. He also had a delayed speech development. Now
at the age of 25, he works at a workshop for disabled people and can count to ten,
write simple words and letters and express himself in full sentences.

As for clinical diagnosis, he does have a congenital heart defect as well as cryp-
torchidism, with the right testis already being removed surgically. He also had club
feet at birth and a hypospadia grade I. Pulmonary hypertension and intestinal neuronal
dysplasia were described in the institute’s documents. According to the family, he also
had an inguinal hernia. Strabismus is also present.

The facial features included almond-shaped eyes with bilateral epicanthic folds and a
small mouth with thin lips. His height is approximately 160cm with the use of GH and
he has relatively smaller hands and feet. At the blood drawing, a thicker skin was also

noticed.

Proband no. 3 was 17 years old at the time of study and presented with a heterodi-

somic matUPD. Cytogenetics and SNP array detected no trisomic cells.



Chapter 3. Results 41

Proband no. 4 was 12 years old at the time of study and was the only proband with
patUPD in AS. The UPD was isodisomic. Cytogenetics and SNP array detected no

trisomic cells.
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Discussion

4.1 Diagnostics

The case presented in this thesis is of particular interest, as, to the current knowledge,
this is only the second time MT15 was detected in the peripheral blood of a liveborn
infant diagnosed with matUPD in PWS. The level of mosaicism, being approximately
10%, is about the same as in the first described case in literature by Izumi et al. [49].
They proposed the level of mosaicism to be around 5-10%. Both times, in the current
case report and in the case of Izumi et al. [49], the level of mosaicism was assessed by
SNP array.

The genetic analysis performed in this case report, therefore, also gives an interest-
ing insight into the detection of MT15, as most cases published so far [76-81] have
primarily used classical karyotyping (G-banding) on cultured tissue for the detection
of possible mosaicism. Only the two latest cases described by Izumi et al. [49] and
Aparicio et al. [82] also performed FISH analysis for a higher resolution. Izumi et al.
[49] have already proposed that traditional chromosome analysis, used for detecting
mosaicism, is not optimal, as it may not detect low-level mosaicism, which may lead to
the underrecognition of low-level mosaicism in combination with UPD. Discrepancies
in the level of detection of mosaicism between cytogenetics and SNP array have been

described before [61, 72|, and are also present in patient 2 of Izumi et al. [49].

This discrepancy is also present in the current case, as the cytogenetics of 14 cultured

metaphase lymphocytes did not yield any trisomic cell lines.

42
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The selective growth of certain cell lines in cell cultures may be the reason for the
discrepancies in culture-based studies versus non-culture-based studies. It has been
shown that even a low level of mosaic cell lines (2%) can selectively grow in CVS
cultures, overtaking the other cell lines and thereby heavily influence the outcome [85].
Taking this into consideration, in the present case, the non-trisomic cell lines may have
overtaken the trisomic cell lines, therefore leading to the discrepancy between the non-
culture-based array analysis and culture-based cytogenetics. Chen et al. [70] further
provided a case in which the level of MT15 differed between uncultured (approximately
20%) and cultured (no mosaicism) amniocytes analysed with traditional cytogenetics
and aCGH. This led to them hypothesising that abnormal cell lines may disappear after
long-term culture, which is an interesting aspect, as long-term cultures of lymphocytes

may also be interpreted in a similar manner.

It is also important to acknowledge the potential influence of the level of mosaicism on
the observed outcomes and the likelihood of trisomic cells occurring in the analysed
sample cells. There may have been no trisomic cells present in the 14 metaphases
analysed in cytogenetics, even though mosaic cell lines are present. Statistically, with
the level of mosaicism being 10% according to the SNP array, one metaphase of the
14 metaphases should present with MT15. A small deviation from this statistical
probability can therefore easily distort the result. As the level of mosaicism is relatively
low in our case, it can be deduced that a larger sample size may have been necessary

for the detection of MT15 in cytogenetics in accordance with the SNP array results.

Furthermore, it should be noted that the follow-up cytogenetic study was performed
more than a year after the SNP array analysis, suggesting that a shift in the proportion

of trisomy 15 cells in the blood is conceivable.

As for molecular genetic analysis, the initially performed MLPA is not able to detect
low-grade mosaicism [84], which is why the MT15 detected in the SNP array is not
apparent in the MLPA results. However, individual probes even show a slightly ele-
vated signal as seen in Figure 5. These probes are marked in column [REF] with “»*.
However, a deletion in the PWCR as the cause of PWS in the patient can be reliably
ruled out with the performed MLPA.

The SNP array results and trio-genotype analysis of the index patient and the parents
yielded a heterodisomic matUPD for chromosome 15 of the index patient, as well as

the presence of a third haplotype.
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The finding of the heterodisomic matUPD in trio-genotype analysis corresponds to the
SNPs array, where heterozygotic SNPs were found across the entire chromosome 15,
as seen in image b) in Figure 7 and Figure 8. The B-Allele frequency of 0.5% hereby
demonstrates the presence of two different genotypes at the SNP loci. In the case of

isodisomy, the whole chromosome 15 would present with homozygosity.

Since the present case presented with a complete heterodisomic matUPD across the
entire chromosome 15, this is indicative of meiosis I non-disjunction without previous
recombination. For visual clarification, this would correspond to the pathway described
in part b) of meiotic errors leading to matUPD in Figure 3. The third haplotype is
indicative of the presence of MT15 with a mosaic fraction of about 10%, according to
the study by Conlin et al. [61].

This therefore provides further evidence for the theory of a trisomic rescue event oc-
curring to eliminate the trisomic cell lines that arise due to the error in meiosis. It also
provides further evidence that the SNP array is a useful method for detecting MT15
and may be performed more frequently in conjunction with MS MLPA in the diagnosis
of PWS and AS. This may lead to the discovery of additional mosaic trisomic cell lines
and increase our knowledge about possible phenotype-genotype correlations in affected

individuals.

4.2 Comparison of the current case report to the

literature

As only a few cases with the simultaneous presence of matUPD 15 and MT15 detected
in tissue or blood have been described so far (see Table 2 and 3), it is of interest to
classify the clinical and phenotypic findings in accordance with existing literature. This
is further underscored by the fact that the present case, as the case presented by Izumi
et al. [49], are a liveborn infant with a rather mild phenotype in contrast to many of
the cases that have been described before with matUPD and MT15.

Neither the present patient nor patient 2 from Izumi et al. [49] exhibited the more
severe phenotype that was previously associated with individuals with matUPD and
additional MT15. Olander et al. [81] suggested a common phenotypic class for indi-
viduals with matUPD and mosaic trisomy 15, as, according to them, they express the

most severe phenotype associated with a high incidence of congenital heart disease,
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linking the more severe phenotype to the presence of trisomic cell lines. Even though
the current case presents with congenital heart disease, it was not as severe as in other
cases. Among the previously published cases, especially ventricular septal defect (VSD)
and ASD stand out [76, 79, 81, 82]. Echocardiography of the index patient yielded an
initial ASD of the secondary type, which was later described as a PFO at discharge
from the hospital. To the current knowledge, the boy had no further complications or
limitations concerning the PFO, which would not be congruent with a severe congenital

heart disease.

Regarding congenital anomalies, the current case presented with hydronephrosis (grade
1-2) on both kidneys. Anomalies of the kidneys and renal system have been described
in two of the cases in the literature before, one with horseshoe kidneys with vesico

ureteral reflux [79] and one with vesico ureteral reflux grade II [82].

Alongside the index patient, undescended testes or cryptorchidism were present in two
further case reports [81, 82]. Although this clinical finding may be more associated
with PWS and less with the additional MT15, as cryptorchidism is described to be
present in about 80-90% of males with hypogonadism in PWS [3].

Prenatally IUGR has been described before [49, 76, 80], but was not found in the
present case, even though the boy was SGA at birth. Except for the ablation of a
vanishing twin in the early pregnancy, no further abnormal prenatal findings were
present in the current case. Previously, a breech presentation of the fetus has been

described in two cases, but was not present in the current case [49, 81].

Phenotypically, a variety of facial features have been described before, with the most
common ones being upslanted palpebral fissures, epicanthal folds, low-set posteriorly
angulated or dysplastic rotated ears and a downturned mouth [49, 76, 79, 81, 82].
The only facial features described in the index patient were a fleeing chin and low-set
ears right after birth, which is not directly in alignment with the previous reports.
Even though phenotypical features of the face were discussed with the parents, no
specific clinical evaluation of the facial features was performed. Therefore, no relevant
allocation to a distinct type of facial features can be made for the index patient.
Adding to this, many of the features described in previous cases may also fit facial
features typically found in PWS and may therefore not be directly associated with
MT15 and UPD 15 in PWS. For example, a downturned mouth and almond-shaped
palpebral fissures have also been described as part of distinct facial features in the

classic presentation of PWS [4], which was also observed in the phenotypical evaluation
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of two probands in the retrospective study. On both numbers 1 and 2, almond-shaped
eyes were noted at the phenotypical presentation. Neither showed any MT15 in genetic

analysis, only matUPD.

As in most cases described in the literature, advanced maternal age is also involved in
the current case, with the mother of the index patient being 38 years old at birth. Of
the previous cases described in Table 3 and Table 2, maternal age at birth was between
32 and 43 years. This adds to the association between advanced maternal age and a
higher likelihood of formation of chromosomal aneuploidies in women who are over 35

years at birth, also including non-disjunction errors in meiosis [86].

The relevance and difficulties of testing for matUPD 15 after the detection of MT15
in prenatal diagnostics has been discussed, especially if trisomic cell lines have been
detected in amniocentesis [70, 72]. The present case demonstrates that infants with
MT15 and matUPD found in peripheral blood may not present with a more severe
phenotype and congenital anomalies as suggested before [81]. This may also influence
the relevance of the finding of M'T15 cells in conjunction with matUPD15 in prenatal
diagnostics and further decision-making regarding a continuation of the pregnancy
versus termination. At the same time, it cannot be conducted if the MT15 in the
case report may have been present only in blood lymphocytes and not in other tissues,

therefore not leading to a more severe phenotype in this case.

An interesting aspect in the case report is also that a vanishing twin was ablated
during the second trimester. Trisomic rescue was discussed as a possible mechanism in
monozygotic twins presenting with discordant phenotypes (trisomy 13 in one twin and
mosaic-trisomy 13 in the other) [87, 88]. This phenomenon has also been described for
trisomy 18 [89] and trisomy 21 [90]. To the best knowledge no case involving trisomy
15 has been described before. However, it is possible that a similar mechanism could
have been present in the current case report. It can be hypothesised that the ablated
twin in the second trimester may also have presented with a full trisomy 15, making
it non-viable. It is evident that further information regarding the ablation and twin is
required in order to draw any conclusion. But this could be an interesting aspect for

further research in similar cases.
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4.3 Retrospective study

As the mechanism behind the arising of matUPD 15 in PWS is thought to be commonly
due to trisomic rescue, it is possible that more PWS patients with UPD 15 would
show either CPM of MT15 or MT15 in tissue or blood. This is especially the case in
heterodisomic UPD and mixed iso-/heterodisomy. In the case of complete isodisomy,

a monosomic rescue mechanism would also be possible [61].

In the retrospective study, no MT15 was found in either of the individuals with PWS
and AS. This outcome was not entirely unexpected, as only four probands were included
in the study. No difference between results in cytogenetics and SNP array was found
in three of the probands’ samples, with one proband only being analysed with SNP

array.

It is noteworthy that the result of the study can not exclude mosaicism in the analysed
probands with certainty, as the level of mosaicism may have been too low for detection
with SNP array. Additionally, a possible mosaicism may not be present in the lympho-
cytes at the time of probe sampling but could be present in other tissues or have been

present at an earlier stage in life.

In order to make a valid statement about whether MT15is present and whether there
is a difference between the cytogenetic results and the array results, various tissues
from the affected individuals would have had to be examined. However, this is not
feasible in practice. In addition, samples from CVS and amniocentesis would also be
of great interest for further studies, allowing a comparison of prenatal and postnatal

results concerning MT15.

4.4 Limitations

The limitations in the case report are primarily in the diagnostics and follow-up of
the index patient. Cytogenetics was only performed at the age of 16 months, whereas
the MS MLPA and SNP array was performed on blood obtained from the patient at
8 days of age. Therefore, a direct comparison between the results of the analysis, as
mentioned earlier, should be taken with caution, as there is a time discrepancy between
the probe materials. The level of mosaicism in blood may have changed during that

timeframe, leading to no trisomic cells being detected in cytogenetics. In addition,
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only a DNA taken from lymphocytes was analysed and no other tissues were studied.
In many of the other cases described in Table 2, skin and/or placental tissue was
also analysed. Especially, analysis of placental tissue would have been interesting to
determine whether trisomic cell lines were present. This was not possible to conduct,
since CVS was not performed during pregnancy. In conclusion, this means that MT15

could only be determined in blood in this study and not in other tissues.

The time of probe sampling is also a limitation in the retrospective study. The blood
used for the SNP array was obtained from the blood samples of when the probands
were first diagnosed with PWS or AS. This had been at different ages for each proband
and was rarely conducted directly after birth, with proband no. 2 only being diagnosed
with PWS at the age of 12 years.

Possible mosaicism in blood lymphocytes may have been reduced over time due to the
selective disadvantage of trisomic cells, making it undetectable by SNP array analysis.
This also adds to an overall detection limit of the used diagnostic tools, with the SNP
array having a detection limit of mosaicism of around 5% as demonstrated by Conlin et
al.[61]. Mosaicism levels lower than 5% may not have been detected in the retrospective
study. Ideally, the SNP array as well as cytogenetics should have been performed on

samples taken directly after birth, which was not possible in the retrospective study.

Additionally, only four probands were able to be recruited for the study, as PWS
and AS are relatively rare syndromes, and only probands with abnormal methylation
results from the institute were contacted. Therefore, the results of the retrospective
study should be interpreted with caution, as the study did not contain a sufficient

number of probands to draw a significant conclusion from it.

The case reports described in this thesis in Table 2 were found via a scoped literature
review. No systematic search was conducted. Therefore, no guarantee of completeness

can be given.

4.5 Conclusion and Outlook

Even though no additional cases with MT15 in UPD have been found in the retrospec-
tive study performed in this thesis, it is still expected that more individuals do, in fact,

have mosaicism for trisomic cell lines in accordance with the trisomy rescue theory. An
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additional future use of SNP array in the diagnosis of PWS and AS may yield a higher
detection rate of MT15 in individuals with UPD and lead to more detected cases.

At the present time, phenotypic features and congenital anomalies in published case
reports contradict each other, so that no clear statement can be drawn for the simul-
taneous presence of MT15 and matUPD in PWS. More case reports and studies are

needed to possibly delineate a clear phenotype of individuals with PWS and MT15.

The present case report of the index patient demonstrates that phenotypic changes do

not need to be more severe because of the trisomic cell lines.
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