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Summary

SUMMARY

This PhD thesis work was aimed towards a better understanding of the clinical
spectrum, and the genetic and molecular basis of Johanson-Blizzard syndrome (JBS, MIM
#243800) and Adams-Oliver syndrome (AOS, MIM #100300), two distinct congenital
malformation syndromes that are linked by the occurrence of scalp defects as part of
both disorders. By investigating 71 patients with variable phenotypes, this study could
further delineate ]BS as a genetically homogeneous disease caused by mutations of the
UBR1 gene (MIM *605981), encoding for a ubiquitin ligase of the N-end rule pathway. By
utilising Sanger sequencing and a self-designed multiplex ligation-dependent probe
amplification analysis, the mutation detection rate reached 97.5% in patients with this
recognisable phenotype. The mutations are distributed among the whole UBR1 protein,
with clustering of missense mutations in domains of known and unknown function. In
patients with a molecularly proven UBR1 defect, the symptoms exocrine pancreatic
insufficiency, hypo-/aplasia of alae nasi, and oligodontia of permanent teeth emerged as
the major clinical criteria. Assessment of genotype-phenotype correlations revealed that
biallelic truncating mutations were statistically associated with a more severe
phenotype when compared to patients with at least one non-truncating allele, but intra-
and interfamilial variability prohibits a precise prediction of severity of symptoms on
the basis of the mutation type.

For AOS, which is characterised by congenital scalp and terminal transverse limb
defects and variably associated with cardiovascular and neurological anomalies, no gene
was known at the start of this thesis, but research efforts by different groups have
meanwhile revealed a wide genetic heterogeneity: the genes DOCK6 (MIM *614194) and
EOGT (MIM *614789) have been associated to autosomal recessive AOS, while mutations
of ARHGAP31 (MIM *610911), RBP] (MIM *147183), NOTCH1 (MIM *190198), and DLL4
(MIM *605185) have been discovered in patients with autosomal dominant AOS.
Molecular genetic investigations performed in our AOS patient cohort as part of a joint
effort with two European partners could contribute to the identification of two novel
genes for autosomal dominant AOS by this consortium, namely NOTCHI and DLL4.
NOTCHI mutations emerged as the most frequent underlying genetic cause for AOS in
our cohort (30% of cases). Studies that were part of this thesis could particularly expand
the mutational spectrum and delineate specific phenotype associations of NOTCH1-
related AOS. Frequent cardiovascular involvement and reduced penetrance of the
phenotype were evident in affected families. Resequencing of the DOCK6 gene, for which
mutations had previously been described in only five families, identified ten new
families with mutations in this gene. Evaluating the clinical data disclosed a highly
penetrant association of this genetic subtype of AOS with neurodevelopmental and
ocular anomalies. Nevertheless, a mutation detection rate of 45% in our AOS cohort
when sequencing the six known AOS-associated genes suggests further genetic
heterogeneity.

The known functional roles of AOS genes in NOTCH1 signalling and cytoskeleton
regulation support disturbed angiogenesis as the underlying pathomechanism in AOS. A
hypothesis how impaired protein degradation underlying JBS might be linked to
NOTCH1 signalling is presented and provides a hint to a possible common mechanism
for the development of scalp defects in both syndromes.
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Zusammenfassung

ZUSAMMENFASSUNG

Das Ziel der vorliegenden Arbeit war es, ein besseres Verstandnis der klinischen,
genetischen und molekularen Grundlagen des Johanson-Blizzard-Syndroms (JBS, MIM
#243800) und des Adams-Oliver-Syndroms (AOS, MIM #100300) zu erlangen. Diese
beiden seltenen, genetisch bedingten Fehlbildungssyndrome verbindet das Auftreten
von angeborenen Skalpdefekten. Die Anndherung iiber die beiden klinisch distinkten
Erkrankungen stellte in Aussicht, mogliche gemeinsame molekulare Pathomechanismen
zu identifizieren. Durch die Untersuchungen an 71 Patienten mit variablen Phanotypen
im Rahmen dieser Studie konnte das JBS als genetisch homogene Krankheit bestatigt
werden, wobei ausschliefdlich Mutationen des UBR1-Gens (MIM *605981), welches eine
Ubiquitin-Ligase des N-end rule Signalweges codiert, als ursachlicher Defekt gefunden
wurden. Unter der Verwendung von Sanger-Sequenzierung und einer selbst
entworfenen ,multiplex ligation-dependent probe amplification” (MLPA)-Analyse
konnte eine Mutationsdetektionsrate von 97,5% bei Patienten mit dem typischen Bild
des JBS erreicht werden. Die mit JBS assoziierten UBRI-Mutationen sind tliber das
gesamte UBR1-Protein verteilt, wobei sich einige der Missense-Mutationen in Domdnen
mit bekannter und unbekannter Funktion gruppieren. In Patienten mit
molekulargenetisch nachgewiesenem UBRI-Defekt konnten die Symptome exokrine
Pankreasinsuffizienz, Hypo- oder Aplasie der Nasenfliigel, sowie Oligodontie des
bleibenden Gebisses als klinische Hauptmerkmale und obligatorische Kriterien fiir das
JBS herausgearbeitet werden. Auswertung von Genotyp-Phanotyp-Korrelationen ergab,
dass biallelisch trunkierende Mutationen statistisch gesehen haufiger mit einem
schwerer ausgepragten Phanotypen assoziiert sind als Patienten mit wenigstens einem
nicht-trunkierten Allel; jedoch verbietet die beobachtete intra- und interfamilidre
Variabilitat eine prazise Vorhersage des Schweregrades der Symptome allein auf Basis
des Mutationstyps.

Fir das AOS, welches durch angeborene Skalpdefekte und terminale transversale
Extremitiatendefekte, sowie durch variabel auftretende Kkardiovaskulare und
neurologische Anomalien charakterisiert ist, waren zu Beginn dieser Arbeit noch keine
Gene bekannt. Forschungsanstrengungen verschiedener Arbeitsgruppen haben
mittlerweile eine breite genetische Heterogenitit gezeigt: die Gene DOCK6 (MIM
*614194) und EOGT (MIM *614789) wurden mit autosomal-rezessivem AOS in
Verbindung gebracht, wahrend Mutationen von ARHGAP31 (MIM *610911), RBP] (MIM
*147183), NOTCH1 (MIM *190198) und DLL4 (MIM *605185) in Patienten mit
autosomal-dominantem AOS gefunden wurden. Molekulargenetische Untersuchungen
unserer AOS-Patientenkohorte im Rahmen einer Kollaboration mit zwei europaischen
Partnern konnten zur Identifizierung zwei neuer Gene fiir autosomal-dominantes AOS
beitragen, genauer NOTCH1 und DLL4. Mutationen im NOTCH1-Gen wurden in 30% der
Patienten unserer Kohorte nachgewiesen und stellten sich hier als die haufigste
genetische Ursache fiir AOS heraus. Die genetischen Untersuchungen im Rahmen dieser
Doktorarbeit konnten bei NOTCHI-assoziiertem AOS das Mutationsspektrum erweitern
und den spezifischen Phanotyp weiter abgrenzen. In den betroffenen Fallen wurde
haufig eine kardiovaskuldre Beteiligung, sowie reduzierte Penetranz des Phanotyps
festgestellt. Eine Resequenzierung des DOCK6-Gens, in welchem vorhergehend nur in
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Zusammenfassung

finf Familien eine Mutation gefunden wurde, konnte in zehn weiteren Familien
Mutationen dieses Gens identifizieren. Auswertung der klinischen Daten zeigte bei
diesem genetischen Subtyp des AOS eine hochpenetrante Assoziation mit
neurologischen und okuldren Entwicklungsstérungen. Dennoch konnten nur 45% der
Falle aus unserer AOS-Patientenkohorte durch die Sequenzierung der sechs bekannten,
AOS-assoziierten Gene gelost werden; dieses spricht fiir eine weitere genetische
Heterogenitat des Syndroms.

Die AOS-Gene haben bekannte funktionelle Rollen im NOTCH1 Signalweg und in der
Regulierung des Zytoskelettes, was zu der Annahme passt, dass eine gestorte
Angiogenese der zugrundeliegende Pathomechanismus beim AOS ist. Tatsachlich
handelt es sich bei den typischen klinischen Defekten beim AOS um Lasionen, die
vaskuldaren Disruptionen entsprechen. Die vaskuldre Pathogenese gilt vermutlich auch
fir die Skalpdefekte beim ]BS. Vorgestellt wird eine neue Hypothese iliber einen
moglichen Zusammenhang zwischen gestorter Proteindegradation, welche beim ]JBS
ursdchlich ist, und dem NOTCH1-Signalweg als gemeinsamer Mechanismus bei der
Entstehung von Skalpdefekten in beiden Syndromen.
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1 INTRODUCTION

Aplasia cutis congenita (ACC) comprises a clinically and etiologically heterogeneous
group of inborn skin defects. The congenital absence of skin is most commonly
restricted the scalp vertex; underlying structures, such as skull and dura, may also be
affected. Classification of ACC was attempted by several authors. The classification by
Frieden [1986] is the most frequently applied one; he classified ACC into nine groups
characterised by the localisation and pattern of ACC, associated anomalies, and mode of
inheritance (Table 1.1). The causes underlying ACC are heterogeneous, including several
exogenous factors, such as prescribed drugs like methimazole and carbimazole
[Dutertre et al, 1991], fetus papyraceus [Lemke et al, 1993] and/or placental
infarcts/anomalies [Levin et al., 1980], amniotic band disruptions [Higginbottom et al.,
1979], or congenital infections with Herpes simplex [Harris et al, 1986] or varicella
[Baillie, 1983]. Scalp defects are assumed to be the result of incomplete vascularisation
and ectodermal growth defects. Genetic causes may vary from chromosomal
aberrations, such as trisomy 13 (Patau syndrome) and deletion 4p- (Wolf-Hirschhorn
syndrome) to monogenic point mutations that were detected in Johanson-Blizzard
syndrome (JBS, MIM #243800) or Adams-Oliver syndrome (AOS, MIM #100300). The
majority of ACC cases represent sporadic occurrence without involvement of other
anomalies [Demmel, 1975; Frieden, 1986]. In familial cases, autosomal dominant
inheritance is more common, but autosomal recessive inheritance has also been
documented in families with scalp defects. This work was focused on two monogenic

syndromic types of scalp defects, namely AOS and JBS.

Table 1.1: Classification of aplasia cutis congenita (ACC).
Adapted from [Frieden, 1986].

Group | Description
1 Scalp ACC without multiple anomalies
Scalp ACC with associated limb anomalies
Scalp ACC with associated epidermal and organoid nevi
ACC overlying embryologic malformations
ACC with associated fetus papyraceus or placental infarcts
ACC associated with epidermolysis bullosa
ACC localised to extremities without blistering
ACC caused by specific teratogens
ACC associated with malformation syndromes
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A classification exclusively for ACC of the scalp is shown in Table 1.2. It was
established by Silberstein et al. in 2014 and is based on size of the defect, affected layers,

and involvement of veins.

Table 1.2: Proposed classification for aplasia cutis congenita of the scalp.
Adapted from [Silberstein et al., 2014]

Type | Size of defect | Layers involved Involvement of veins
Intact epidermis without skin appendages

0 Any (scarred, hairless area on the scalp) No

I <15 cm? Skin defect, no skull bone defect No

11 >15 cm? Skull bone defect, exposed dura No

I Any, Skin anq skul.l defect with exposed dura Enlarged exposed veins
usually large | and sagittal sinus

v Any, Skin, skull, and dura defect with brain Any, usually with
usually large | exposure enlarged exposed veins

1.1 SYNDROMIC SCALP DEFECTS

Aplasia cutis congenita of the scalp can occur as a non-syndromic single defect or in
a syndromic context. Inborn syndromic scalp defects were described in a small
proportion of inherited diseases. In Johanson-Blizzard syndrome, the congenital scalp
defects can usually be classified as group 9, according to Frieden [1986], and as types 0
and [, according to Silberstein et al. [2014]. They are associated with exocrine pancreatic
insufficiency (EPI), oligodontia of permanent teeth, and hypoplasia of alae nasi. About
two thirds of the JBS patients present with ACC of the scalp [Zenker, 2008]. Adams-
Oliver syndrome is characterised by ACC of the scalp and terminal transverse limb
defects (TTLD); therefore, it is classified as group 2 (Table 1.1). Severity of the skin
defect can vary from type O to IV intensity (Table 1.2). In both, JBS and AOS, midline
scalp defects presumably caused by incomplete vascularisation were described (Figure
1.1). When associated with anomalies of the breast and external ear, aplasia cutis
congenita of the scalp is an indication of scalp-ear-nipple syndrome (MIM #181270),
which is also called Finlay-Marks syndrome. Another entity including ACC together with
skull defects and eye abnormalities is called Knobloch syndrome (MIM #267750). In
oculoectodermal syndrome (MIM %600268), a combination of ACC and epibulbar
dermoids is described. Encephalocraniocutaneous lipomatosis (MIM %613001) is a
related disorder characterised by ocular and central nervous system anomalies in
combination with skin lesions that can include scalp defects. Focal dermal hypoplasia

(MIM #305600), which is also called Goltz syndrome or Goltz-Gorlin syndrome, is a
2
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syndromic form of ectodermal dysplasia that also can include scalp lesions. The skin
defects in this syndrome are characterised by missing dermis with intact epidermis.
Together with other symptoms, scalp defects can also be seen in Pdtau syndrome.

Congenital scalp defects are an occasional symptom in several other genetic
syndromes such as Wolf-Hirschhorn syndrome (MIM #194190), Fryns syndrome
(MIM %229850), and Opitz syndrome type II (MIM #145410).

Figure 1.1: Variability of midline scalp defects.
(A) 13-year-old girl with JBS. (A1) Healed scalp defect at the border between frontal and vertex region.
(A2) Additional hairless spot in same patient located at parietal-occipital region. (B) 1-month-old female
AOS patient with aplasia cutis of the occiput. (C) Baby boy with AOS showing large scalp defect and
underlying bony defect spanning from parietal to vertex region.

1.2 JOHANSON-BLIZZARD SYNDROME (JBS)

Johanson-Blizzard syndrome is a clinically distinct, autosomal recessively inherited
congenital malformation syndrome. The clinical hallmarks of this multisystem disorder
are nasal wing hypo-/aplasia and EP], the later one being typically present at birth or
manifesting in early infancy. Hearing impairment, ACC of the scalp, dental defects,
hypothyroidism, cognitive impairment of variable degree, short stature, and urogenital
and anorectal malformations are additional common features of the syndrome [Zenker,
2008]. The eponymic name of this condition goes back to Ann Johanson and Robert
Blizzard, who in 1971 described three unrelated girls affected by congenital aplasia of
the alae nasi, deafness, hypothyroidism, dwarfism, absent permanent teeth, and
malabsorption. Since then, more than 60 cases of this entity have been reported. The
birth prevalence of JBS in Europe has been estimated to be approximately 1:250,000
[Zenker et al., 2005].
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Autosomal recessive inheritance was suggested by Schussheim et al. [1976] due to
parental consanguinity in their case. Further cases with parental consanguinity, affected
siblings born to unaffected parents, and gender independent occurrence strengthened
this assumption. The molecular basis of |BS was discovered by Zenker et al. [2005], who
reported homozygous and compound-heterozygous mutations of the UBR1 gene (MIM

*605981) as the underlying cause in ]BS patients.

1.2.1 THE E3 UBIQUITIN LIGASE UBR1

The human UBR1 gene is located on chromosome 15q15.2. It spans 163 kb and
contains 47 exons (Figure 1.2A) that encode for a protein called ubiquitin protein ligase
E3 component N-recognin 1 with a total length of 1749 amino acids. No functional
protein isoform variants are known. The UBR1 protein contains two zinc finger motifs, a
UBR box and a cysteine- and histidine-rich RING-H2 domain (Figure 1.2B) [Kwak et al,,
2004; Kwon et al., 1998; Xie and Varshavsky, 1999].

A
< 163 kb

B L [[] []] Ll L]

UBR ClpsS 1l BRR RING Vi

Figure 1.2: UBR1 overview.

(A) Exon-intron structure of the UBRI gene spanning about 163 kb including 47 exons [Ensembl
GRCh38.p2]. (B) UBR1 protein with its conserved domains. The protein contains several distinct regions,
such as the UBR box (green), a highly conserved substrate-binding domain. The ClpS region (yellow)
shows sequence similarity to prokaryotic ClpS which is an accessory subunit for recognition of degrons by
the ATP-dependent protease CIpAP [Zeth et al, 2002]. Region III (orange) denotes a sequence that is
highly conserved among UBR1 and UBR2 in different species but the function of which is unclear. The
conserved region VI (blue) largely overlaps with a domain that is believed to function in regulation of
protein activity by covering or exposing protein binding domains (autoinhibitory domain) [Tasaki et al.,
2012]. The basic residue-rich region (BRR, pink) has been found in yeast ubr1 for binding to rad6 [Kwon
et al,, 1998; Xie and Varshavsky, 1999]. The RING domain (purple) is a cysteine- and histidine-rich region
that is present in several E3 Ub ligases [Kwon et al., 2001; Kwon et al., 2003; Xie and Varshavsky, 1999].

UBR1 represents one of at least four E3 ubiquitin (Ub) ligases of the N-end rule
pathway, an evolutionary conserved and ubiquitously expressed intracellular
proteolytic pathway involved in ubiquitin-mediated degradation of many proteins
(Figure 1.3). Specifically, this N-end rule relates the stability of a protein to the identity
of its N-terminal amino acid [Bachmair et al, 1986; Varshavsky, 1996]. Degrons

(primary degradation signals) have destabilising N-terminal residues that are
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recognised by N-recognins (E3 Ub ligases) in the N-end rule pathway. Those
destabilising N-terminal residues can be divided into three distinct subsets: primary,
secondary, and tertiary (Figure 1.3). Tertiary and secondary destabilising residues
require modifications prior to degradation. The tertiary destabilising residues Cys, Asn,
and GIn are oxidised or deamidised (by specific N-terminal amidases) to become
secondary destabilising residues, namely oxidised Cys, Asp, and Glu. Those secondary
destabilising residues are then arginylated by the Arg-tRNA protein transferase ATEL.
The three arginylated residues, plus Arg, Lys, and His (basic residues) form the group of
type 1 primary destabilising residues, which are recognised by the UBR box of all N-
recognins (UBR1/2/4/5). On the other hand, the bulky hydrophobic residues Leu, Phe,
Trp, Tyr, and Ile are type 2 primary destabilising residues and are recognised by the N-
terminal domain that is only existent in UBR1 and UBR2 [Tasaki et al., 2005].

Tertiary Secondary Primary
N-O—=—=>D-O D-Olr
E =@l Proteasomal
Q_O % E _O p degradation
peamidat R-O e
K _O UBR1/2/4/5
L-O;
F-O)
W-COlp
C ) e
T O 2 Short
A peptides

Figure 1.3: The mammalian N-end rule pathway.
N-terminal residues are indicated by single-letter abbreviations for amino acids. Yellow ovals denote the

» o«

remaining portion of a protein substrate. “Primary”, “secondary”, and “tertiary” denote mechanistically
distinct subsets of destabilizing N-terminal residues. NO, nitric oxide; O, oxygen; NTAN1, Asn-specific N-
terminal amidase; NTAQ1, Gln-specific N-terminal amidase; C*, oxidised Cys; ATE1, Arg-tRNA protein
transferase. Adapted from [Tasaki et al., 2005] and [Zenker, 2008].

In a next step, the proteins carrying N-terminal primary destabilising residues are
ubiquitylated by the E3 Ub ligases UBR1/2/4/5. The ubiquitin-proteasome system
regulates degradation of intracellular proteins. Ubiquitin mediates selective proteolysis
through its enzymatic conjugation to proteins that contain degrons. Thereby, those
proteins are marked for degradation of the 26S proteasome [Varshavsky, 2012]. Figure

1.4 schematically shows this process in eukaryotes.
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Figure 1.4: The ubiquitin-proteasome system in eukaryotes.
Initially, ubiquitin (Ub) is bound to E1 (Ub activating enzyme) in an ATP-requiring step. Subsequently, this
Ub can be transferred to E2 (Ub conjugating enzyme). E2 then complexes with E3 (Ub ligating enzyme)
and a substrate (S); in this conformation the Ub can be transferred to the substrate. By repeating this
process, poly-Ub chains can be formed adjacent to the substrate. The specific length of those chains
determines degradation of the substrate by the 26S proteasome.
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The regulated degradation of specific proteins through the N-end rule pathway is
involved in selective elimination of misfolded proteins, regulation of DNA repair,
segregation of chromosomes, G protein signalling, regulation of meiosis and apoptosis,
and many more (summaries by [Hwang et al., 2011; Tasaki et al., 2012; Varshavsky,
2011, 2012]). However, the full spectrum of its complex biological functions is still not
well understood.

Today, over 400 Ub ligases are known and only a minority is involved in the N-end
rule pathway. As they regulate many processes, there are, besides ]BS, further diseases
that are related to defective Ub ligases. For example, mutations in UBE3A (MIM
*601623), which also functions as a transcriptional corepressor, account for
approximately 25% of patients with Angelman syndrome (MIM #105830); the
remaining 75% are caused by three other mutational mechanisms [Kishino et al., 1997].
The gene VHL (MIM *608537) encodes two protein products. Mutations in this gene can
cause von Hippel-Lindau syndrome (MIM #193300) and several other inherited
cancer forms [Nordstrom-O'Brien et al, 2010]. An autosomal recessive form of
Parkinson disease (juvenile type 2, MIM #600116) is caused by mutations in the
parkin gene (PARK2, MIM *602544) [Yoshii et al, 2011]. Another well-known gene,
namely BRCA1 (MIM *113705), also encodes for an E3 ubiquitin ligase. Mutations in this
gene were associated to familial breast-ovarian cancer (MIM #604370) and a form of

pancreatic cancer (MIM #614320) [Miki et al., 1994].
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1.2.2 EXOCRINE PANCREATIC INSUFFICIENCY (EPI)

The pancreas is a gland with dual functions, both in the endocrine and exocrine
system (Figure 1.5). The endocrine part consists of the Islets of Langerhans producing
several hormones, including insulin, glucagon and somatostatin that play a role in
glucose metabolism. The exocrine portion of the pancreas is composed of duct cells and
acinar cells, forming acini. The acinar cells produce secretory granules containing
zymogenes that are released into the pancreatic duct system. In the duodenum these
precursor proteins are subsequently activated to digestive enzymes classified as
protease (trypsinogen, chymotrypsinogen), lipase and amylase. They play an essential

role in digesting proteins, fat and starch.

Endocrine Faneregtie duat Exocrine
Islets of Langerhans \ Acini
Insulin Protease
Glucagon Lipase
Somatostatin Pancreas Amylase
Regulation of blood sugar Duodenum Digestion of food

Figure 1.5: Endocrine and exocrine function of the human pancreas.

In EPI, a lack of the above mentioned exocrine digestive enzymes causes
malabsorption of nutrients leading to diarrhea, malnutrition, and vitamin deficiencies.
Further consequences include generalised edema and anemia. Patients require a lifetime
treatment with supplements replacing the lacking enzymes.

Patients with ]BS present with insufficiency of the exocrine pancreas as a consistent
feature with neonatal or infantile onset [Zenker et al., 2005]. As UBR1 is the gene
mutated in |BS, one has to suggest a critical role of the UBR1 protein in either
development or maintenance of acinar cells [Zenker et al.,, 2006]. Autopsy findings in JBS
cases revealed a selective defect of acinar tissue, whereas islets of Langerhans and ducts
are quite well preserved [Daentl et al., 1979; Moeschler et al., 1987; Vanlieferinghen et
al., 2001], but the precise pathogenesis of the acinar cell loss remains elusive [Zenker et
al., 2006]. There is evidence that the destruction of pancreatic tissue in JBS is caused by
inflammatory acinar cell damage, which resembles a severe destructive pancreatitis of
intrauterine onset; this may implicate UBR1 in the defence of acinar cells against
noxious stimuli [Zenker et al., 2006]. Compared to patients with cystic fibrosis (MIM
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#219700), the bicarbonate secretion in patients with JBS is much less impaired [Jones et
al., 1994]. Diabetes is an occasional finding in JBS and seems to develop during the
teenage years which might be due to a progressive course of the pancreatic destruction
[Zenker et al., 2006].

Pancreatic insufficiency can be acute or chronic and may be seen sporadically or in a
familial background. Several diseases with congenital or early childhood onset EPI have
been reported. Acquired EPI can be caused by malnutrition, juvenile tropical
pancreatitis (additionally associated with SPINK1 mutations), congenital viral infections,
chronic enteropathy, surgical excision, or chronic pancreatitis [Durie, 1997]. EPI is a
frequent symptom in Johanson-Blizzard syndrome. It can also be seen in other
genetically determined diseases and without any genetic background. Pancreatic
agenesis is a rare malformation and leads to congenital endocrine and exocrine
pancreatic insufficiency [Winter et al.,, 1986]; this disease can be caused by mutations in
the PDX1 gene [Schwitzgebel et al.,, 2003] and has an incidence of less than 1:1,000,000
live births. Pancreatic agenesis and congenital heart defects (MIM #600001) is a
very rare syndrome in which endocrine and exocrine pancreatic insufficiency is a
consistent feature caused by complete absence or marked hypoplasia of the pancreas
[Lango Allen et al, 2012]. In 86% of patients with Shwachman-Bodian-Diamond
syndrome (MIM #260400) steatorrhea caused by pancreatic insufficiency is present
[Ginzberg et al., 1999]. The insufficiency is induced by extensive fatty replacement of
pancreatic acinar tissue. It was reported that 50% of the patients can become
pancreatic-sufficient with normal fat absorption later in life [Dror and Freedman, 2002].
Another inherited disease with a high frequency of EPI (approximately 85%, [Kerem et
al,, 1989]) is cystic fibrosis, where the symptoms are caused by mutations in the genes
of an ion channel. Frequency is estimated to be between 1:8,000 and 1:10,000. In
patients with nephropathic cystinosis (MIM #219800), pancreatic endocrine and
exocrine insufficiency develops later in life; the disease has an incidence of 1:100,000 to
1:200,000 live births. In Pearson marrow-pancreas syndrome (MIM #557000) the
exocrine pancreatic dysfunction is caused by fibrosis of the pancreas. Generalised
pancreatic insufficiency was also documented in patients with enterokinase deficiency
(MIM #226200). Hereditary syndromes with a rare frequency of EPI are Alagille
syndrome (MIM #118450), hereditary pancreatitis, and maturity-onset diabetes of
the young, type VIII (MIM #609812).
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1.2.3 HYPOPLASIA OF ALAE NASI

The formation of a human nose starts during the fourth week of gestation, when
several swellings appear on the fetal face [Castillo, 1994]. Hypo- or aplasia of the nasal
wings is another consistent feature in JBS. The manifestation ranges from subtle, near to
normal hypoplasia of the nasal wings to complete aplasia or even facial clefting
involving the nose. Figure 1.6 exemplarily shows three patients with a-/hypoplasia of

alae nasi.

Figure 1.6: Underdeveloped alae nasi in three JBS patients from our cohort.
(A) Male patient aged 5 months with aplasia of alae nasi [Almashraki et al., 2011]. (B) Propositus aged 22
years with hypoplastic nasal wings [Sukalo et al.,, 2014a]. (C) Girl aged 3 years presenting with subtle
hypoplasia of alae nasi [Atik et al., 2015]. Reprinted with permissions from Baishideng Publishing Group,
John Wiley and Sons, and Elsevier.

There are only a few syndromes that show a nasal phenotype that may be
reminiscent of the one seen in JBS patients. Oculodentodigital dysplasia is associated
with hypoplasia of alae nasi, besides of variable involvement of the eyes, dentition, and
fingers; the nasal phenotype in this syndrome has also been described as prominent
columella with thin anteverted nares. Cases of tricho-rhino-phalangeal syndrome
type 1 (MIM #190350) were described to have narrow alae nasi, prominent nasal tip,
and pear-shaped nose with high philtrum [Giedion, 1966] that can look like the nasal
wing hypoplasia described in JBS. Da-Silva [1991] described 73 individuals from two
large multigenerational clans with Waardenburg syndrome type 1 (MIM #193500)

and associated hypoplasia of the nasal wings.
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1.2.4 OLIGODONTIA

Selective tooth agenesis (MIM # 106600) without associated systemic disorders can
be divided into two types: oligodontia, defined as agenesis of six or more permanent
teeth, and hypodontia, defined as agenesis of less than six teeth [Pirinen et al., 2001].
The amount of missing teeth in both cases does not include absence of third molars.
Absence of all permanent teeth is termed anodontia. There are many syndromes
associated with the partial absence of teeth. The agenesis may affect the deciduous
dentition, permanent dentition, or both. In JBS, oligodontia of permanent teeth is a

constant observation (Figure 1.7), but often not diagnosed until primary school age.

Figure 1.7: Oligodontia of permanent teeth in a patient from our JBS cohort.
A female |BS patient aged 13 years had well documented oligodontia. Pictures show dental status in
frontal view, upper jaw, lower jaw, and x-ray imaging of jaw and teeth. The patient has complete absence
of permanent teeth and is also missing several deciduous teeth. Dental reconstruction is planned.

Several forms of selective tooth agenesis include oligodontia and hypodontia of
permanent teeth. Also in many forms of ectodermal dysplasia, abnormal or missing
teeth were reported [Cluzeau et al., 2011]. By examining the dentition of seven patients
with Wolf-Hirschhorn syndrome, it was suggested that oligodontia may be a common
symptom, although previously not well-documented in this disease [Nieminen et al.,
2003]. In Weyers acrodental dysostosis (MIM #193530) and an allelic disorder called
Ellis-van Creveld syndrome (MIM #225500), missing teeth have been documented. It
was postulated that mutations of the WNTI0A gene are responsible for hypo-/
oligodontia of permanent teeth in Schopf-Schulz-Passarge syndrome (MIM #224750)
and odontoonychodermal dysplasia (MIM #257980) [Bohring et al., 2009]. The
Coffin-Lowry syndrome (MIM #303600), an X-linked mental retardation syndrome,
can also be associated with hypodontia. Further very rare inherited diseases with
oligodontia or hypodontia of permanent teeth are Hay-Wells syndrome (MIM
#106260), dominant deafness-onychodystrophy syndrome (MIM %124480),
Axenfeld-Rieger syndrome type 1 (MIM #180500), frontometaphyseal dysplasia
(MIM #305620), trichodental dysplasia (MIM 601453), and several forms of

hypomyelinating leukodystrophy.
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1.3 ADAMS-OLIVER SYNDROME (AOS)

The Adams-Oliver syndrome, first described by Adams and Oliver in 1945, is a
clinically and genetically heterogeneous disorder characterised by the association of
ACC and TTLD. The congenital skin defects are mostly restricted to the scalp,
predominantly to the scalp vertex, with or without underlying bony defect. They may
range from small, hairless patches on the head to massive skin defects spanning the
whole scalp. Limb defects can be very subtle, such as brachydactyly or hypoplastic nails,
but also include amputation defects of fingers, toes, hands, feet, or even parts of the arms
and legs. These anomalies have to be distinguished from such limb defects that can be
caused by exogenous factors (including amniotic band disruptions, medication or drug
intake, and prenatal infections).

Several further symptoms have been described, such as congenital heart defects
(CHD; 20%), cutis marmorata telangiectatica congenita (CMTC; 20%), and vascular and
neurological abnormalities [Snape et al., 2009]. The incidence of AOS was estimated to 1
in 225,000 live births [Adams and Oliver, 1945]. According to Snape et al. [2009], the
presence of two major features is considered sufficient for a diagnosis of AOS (Table
1.3). Autosomal dominant, as well as autosomal recessive inheritance has been
documented, the later one with a more complex phenotype frequently including ocular
and neurological anomalies. Many sporadic cases have been recorded. Variable
expression even within the same family has been described in literature [Kuster et al.,

1988; Lin et al., 1998; Verdyck et al., 2003].

Table 1.3: Features for clinical diagnosis of AOS.
[Snape et al,, 2009]

Major features Minor features

Terminal transverse limb defects | Cutis marmorata telangiectatica congenita
Aplasia cutis congenita Congenital cardiac defect

Family history of AOS Vascular anomaly

Limb defects and CMTC are discussed in detail below (chapters 1.3.1 and 1.3.2).
There is a wide variation in cardiac anomalies described in AOS, including tetralogy of
Fallot, atrial septal defect (ASD), ventricular septal defect (VSD), aortic coarctation, valve
abnormalities, hypoplastic left and right ventricles, double outlet right ventricle, and
patent ductus arteriosus (summary by [Snape et al., 2009]). In AOS patients, also a wide

range of vascular defects was described, but the majority of these findings were CMTC or
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pulmonary hypertension. Also the neurological abnormalities were variable, including
developmental delay and mental retardation, microcephaly, epilepsy, cortical dysplasia,
and intracranial calcifications (summary by [Snape et al.,, 2009]). Taking all mentioned
symptoms into consideration, Snape et al. [2009] hypothesised that defects of

vasculogenesis may underlie this disorder.

1.3.1 TERMINAL TRANSVERSE LIMB DEFECTS (TTLD)

Congenital limb abnormalities can be uni- or bilateral, restricted to the upper or
lower limbs, or affect all four limbs. The prevalence is estimated to less than 6:10,000
live births [Froster-Iskenius and Baird, 1989]. The etiology of these defects is very
complex, involving chromosomal abnormalities, single gene disorders, intrauterine
factors, vascular events, maternal diseases and exposures, but many cases remain
unsolved (summary by [Ermito et al,, 2009]). Terminal transverse limb defects describe
the absence of a distal structure of the limb with proximal structures being more or less
normal [EUROCAT, 2004]. They may be isolated or associated with other anomalies. A
classification of subtypes was established by EUROCAT, the European surveillance of

congenital anomalies (Table 1.4).

Table 1.4: Subtypes of terminal transverse limb defects.
Adopted from [EUROCAT, 2004].

Subtype Description

1. Amelia Total absence of the extremities

2. Hemimelia Total absence of the forearm and hand or of foreleg and foot
3. Acheiria Absence of hand

4. Apodia Absence of foot

5. Adactyly Absence of digits

6. Ectrodactyly | Total or partial absence of phalanx

In AOS, limb defects include amputations, syndactyly, brachydactyly, and
oligodactyly [Stittrich et al.,, 2014]; Figure 1.8 shows varying degrees of TTLD in AOS
patients. Hemimelia (TTLD Subtype 2, see Table 1.4) is the most severe subtype of TTLD
documented so far [Adams and Oliver, 1945]. Disturbance of vascular genesis is

supposed to be the underlying reason for TTLD in AOS [Swartz et al., 1999].
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Figure 1.8: Phenotypic spectrum of limb defects in AOS patients.
(A) Patient from literature [McGoey and Lacassie, 2008]. (A1) Upper limbs with bilaterally short forearms,
four rudimentary digits on the right, and five on the left. (A2) Lower limbs with near to total adactyly. (B)
Patient 3.1 in Sukalo et al. [2015]. (B1) Amputation defects of fingers (right hand clenched). (B2)
Shortened toes of left foot, amputation defects of right toes and missing nails. (C) Patient 2.1 in Sukalo et
al. [2015]. (C1) Short fingers with narrowing tips, clinodactyly of 5t digit. (C2) Stubby toes with partial
syndactyly 2-3. Reprinted with the permission from John Wiley and Sons.

Similar distal limb defects were reported in two further congenital diseases that are
also presumed to result from vascular defects. Poland syndrome (MIM %173800)
comprises unilateral absence or hypoplasia of the pectoralis muscle and a variable
degree of ipsilateral hand and digit anomalies. This can also be a part of another
syndrome, such as Moebius syndrome (MIM %157900), which is characterised by
congenital facial palsy with impairment of ocular abduction and orofacial dysmorphism.
In about one third of the patients with Moebius syndrome, limb deformities, including
the full picture of Poland syndrome, are observed. Many other genetic entities with limb
defects are known, but terminal location of these defects is typically seen in the three
syndromes mentioned above.

A frequent non-genetic reason of TTLD is the amniotic band disruption complex
(MIM %217100). Early amniotic ruptures are supposed to mainly cause stillbirths,
whereas later ruptures result primarily in limb malformation [Higginbottom et al,,
1979]. The effects of amniotic banding can vary from circumferential grooves to whole-

limb amputation defects, predominantly asymmetrical.

13



Introduction

1.3.2 CUTIS MARMORATA TELANGIECTATICA CONGENITA (CMTC)

The term livedo reticularis describes a condition of dilated capillary blood vessels
where stagnation of blood causes mottled skin colouration. Cutis marmorata refers to
temporary livedo caused by a normal physiological response after exposure to cold and
is common in infants and also often seen in adults. In contrast, cutis marmorata
telangiectatica congenita is a rare inborn vascular disorder characterised by persistent
mottling of the skin. It can occur as an isolated finding (MIM 219250) or in the context of
inherited syndromes, often together with other (cardio-) vascular defects. Associated
anomalies - particularly minor defects - were noted in 80% of the patients [Devillers et

al,, 1999]. Figure 1.9 shows the appearance of CMTC in three AOS patients.

Figure 1.9: CMTC in AOS patients from literature.
(A) 4-year-old female [Maniscalco et al., 2005]. (B) 7-month-old propositus (patient 1 from [Patel et al,,
20041]). (€) 1-month-old baby boy (patient 2 from [Patel et al., 2004]). Reprinted with the permission from
John Wiley and Sons.

In the proper meaning of the word, CMTC was only documented in two syndromic
contexts. In Adams-Oliver syndrome, the CMTC is a minor feature and seen in around
20% of the patients [Snape et al., 2009]. Additionally, the patients often suffer from CHD
which can also be caused by abnormal vascularisation. The megalencephaly-capillary
malformation-polymicrogyria syndrome (MIM #602501) is a syndromic entity that,
besides other characteristics, frequently includes vascular malformations. It has a
prevalence of less than 1 in 1,000,000 and is also called macrocephaly-cutis marmorata
telangiectatica congenita.

Vascular cutaneous anomalies that may resemble CMTC were reported in some
other hereditary diseases. The Sturge-Weber syndrome (MIM #185300) commonly
presents with facial cutaneous vascular malformations, also called port-wine stains. This
syndrome can be caused by somatic mosaic mutations in the GNAQ gene; the same gene

is mutated in congenital capillary malformations (MIM #163000) which has similar
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symptoms. Patients with Klippel-Trenaunay-Weber syndrome (MIM %149000) show
vascular malformation in limbs also described as large cutaneous hemangiomata, which
are associated with overgrowth of the affected limb. The Bockenheimer's syndrome is
characterised by venous malformation on the extremities. Congenital malformations of
the capillary blood vessels can occasionally be seen in Cornelia de Lange syndrome
(type 1, 4, 5), Coffin-Siris syndrome (MIM #135900), and Coffin-Lowry syndrome
(MIM #303600).

1.3.3 AUTOSOMAL DOMINANT TYPES OF AOS

At the beginning of this study, in 2010, no genes related to AOS were known. Since
then, identification of AOS-associated genes had a rapid progress. This study was
involved in detection of new AOS genes. Due to systematic reasons, the six genes that are
known today are already included in this introduction to describe the fundamental
principles of the related proteins and pathways.

The first mutations associated with AOS were described in ARHGAP31 (MIM
*610911) [Southgate et al., 2011]. This gene is located at 3q13.32-q13.33. It contains 12
exons and is translated into a protein of 1,444 amino acids in length (Figure 1.10).
ARHGAP31 encodes a protein called Rho GTPase-activating protein 31. Rho GTPases can
cycle between inactive GDP-bound and active GTP-bound forms which is used to
regulate a variety of cellular functions, such as proliferation and cytoskeletal dynamics.
The cycling is regulated by guanine nucleotide exchange factors and GTPase-activating
proteins (GAPs). ARHGAP31 is a GAP for the Rho GTPases CDC42 (MIM *116952) and
RAC1 (MIM *602048), which have an established role in the organisation of the actin
cytoskeleton [Tcherkezian et al., 2006]. The genetic subtype is determined as AOS1
(MIM #100300).
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Figure 1.10: ARHGAP31 = Rho GTPase-activating protein 31.
(A) Exon-intron structure showing 12 exons [Ensembl, GRCh38.p2]. (B) Domains of the ARHGAP31
protein; adapted from [Southgate et al,, 2011]. The RhoGAP domain is essential for GTPase-activation,
whereas the proline-rich domains are sites of phosphorylation.
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Hassed et al. [2012] identified mutations in RBPJ (MIM *147183) to cause another
form of autosomal dominant AOS (AOS3, MIM #614814). The RBPJ gene is located at
4p15.2 and has several protein coding transcript variants (Figure 1.11A). It encodes the
recombination signal binding protein for immunoglobulin kappa ] which acts as the
primary transcriptional regulator for Notch receptors, and thus plays a role in the Notch
signalling pathway which regulates gene expression for specification of cell fate in
diverse tissues during development. Two different missense mutations were found to

segregate with autosomal dominant AOS in two kindreds [Hassed et al.,, 2012].
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Figure 1.11: RBP] = recombination signal binding protein for immunoglobulin kappa J.
(A) Exon-intron structure of the transcripts RBPJ-001, -002, and -003. [Ensembl, GRCh38.p2]. (B)
Domains of the RBP] protein (isoform 1, NP_005340.2), adapted from NCBI. LAG1 (DNA binding domain):
47-178 [Kovall and Hendrickson, 2004]; BTD (Beta-trefoil DNA-binding domain): 179-328 [Kovall and
Hendrickson, 2004]; IPT (Ig-like, plexins, transcription factors): 350-446 [Iso et al.,, 2003].

Another autosomal dominant genetic subtype, AOS5 (MIM #616028), is related to
heterozygous mutations of NOTCH1 (MIM *190198). This gene is located at 9q34.3.
Intron-exon structure and protein domains are displayed in Figure 1.12. NOTCH1
encodes a single-pass transmembrane receptor that plays a key role in the Notch
signalling pathway. The extracellular domain contains 36 EGF (epidermal growth
factor)-like repeats and three Lin-12 NOTCH repeats (LNRs). A transmembrane domain
separates this part from the intracellular domain, which consists of an RBP-Jk-associated
molecule (RAM), several ankyrin repeats (ANK), a transactivation domain (TAD), and a
PEST motif that is rich in proline, glutamic acid, serine, and threonine. In 2005, Garg et
al. identified NOTCHI mutations as the underlying reason for aortic valve disease-1
(MIM #109730). Nearly 10 years later this gene was also found to cause AOS with
congenital cardiac defects when Stittrich et al. [2014] detected five different NOTCH1
mutations in five unrelated AOS families. A connection between NOTCH1 and AOS with

cardiac defects has already been postulated in 2008 [Digilio et al., 2008].
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Figure 1.12: NOTCH1 = homolog of Drosophila Notch 1.
(A) Exon-intron structure showing 34 exons [Ensembl, GRCh38.p2]. (B) Domains of the NOTCH1 protein,
adopted from [Southgate et al,, 2015]. EGF, epidermal growth factor; LNR, Lin-12/Notch repeats; TM,
transmembrane domain; RAM, RBP-Jk-associated molecule; ANK, ankyrin repeats; TAD, transactivation
domain; PEST, peptide sequence that is rich in proline, glutamic acid, serine, and threonine.

The latest discovery in this field is the DLL4 gene (MIM *605185), that was reported
by Meester et al. in 2015. AOS6 (MIM #616589) has been assigned to this genetic
subtype. This gene is located at 15q15.1 and contains 11 coding exons (Figure 1.13). The
delta-like 4 protein is known to be a transmembrane ligand for Notch receptors and
plays an essential role in vascular development and angiogenesis. The expression is
restricted to endothelial cells, to arteries and capillaries in particular [Suchting et al.,
2007].
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Figure 1.13: DLL4 = delta-like 4.
(A) Exon-intron structure showing 11 exons [Ensembl, GRCh38.p2]. (B) Exons and domains of the DLL4
protein, adapted from [Meester et al., 2015].

1.3.4 AUTOSOMAL RECESSIVE TYPES OF AOS

Patients with AOS from families suggesting autosomal recessive inheritance were
frequently found to have a more complex phenotype compared to sporadic patients or
those with autosomal dominant inheritance. In a large scale literature review, Snape et
al. [2009] summarised that 32% of the patients with a supposed autosomal recessive
mode of inheritance had neurological involvement, and 22% presented with
developmental delay. Additionally, a significant proportion of these patients were noted

to have ocular anomalies.
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Shaheen et al. [2011] identified mutations in DOCK6 (MIM *614194) to cause
autosomal recessive AOS (A0S2, MIM #614219). DOCK6 is located at 19p13.2 and
encodes a protein called dedicator of cytokinesis 6, an atypical guanine nucleotide
exchange factor (GEF) that functions as a GEF for CDC42 and RAC1 [Miyamoto et al,,
2007]. Therefore, DOCK6 has a role in remodelling of the actin cytoskeleton.
Chromosomal location, exon-intron structure and protein domains of DOCK6 are

displayed in Figure 1.14.
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Figure 1.14: DOCK6 = dedicator of cytokinesis 6.
(A) Exon-intron structure showing 48 exons [Ensembl, GRCh38.p2]. (B) Domains of the DOCK6 protein,
adapted from [Sukalo et al., 2015]. DHR, DOCK-homology region.

Mutations of EOGT (MIM *614789), which is located at 3p14.1, were also associated
to autosomal recessive AOS (AOS4, MIM #615297) [Shaheen et al, 2013]. The EGF
domain specific O-linked N-acetylglucosamine transferase EOGT is essential for
posttranslational modification of specific molecules, including NOTCH1 [Sakaidani et al,,
2012]. By glycosylating a subset of extracellular EGF-domain-containing proteins, it
plays a role in regulation of intracellular signalling, endocytosis, transcription, and
protein stability [Sakaidani et al., 2012]. Impaired O-GIcNAc transferase function of the
EOGT protein leads to a lack of O-glycosylated NOTCH1 and thus impairs the canonical
Notch signalling pathway. Figure 1.15 shows exon-intron structure of the EOGT gene and

known functional domains of the encoded protein.
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Figure 1.15: EOGT = EGF domain-specific O-linked N-acetylglucosamine transferase.
(A) Exon-intron structure showing 15 coding exons of isoform EOGT-002. An alternative last exon is
included in EOGT-203. (B) Domains of the EOGT protein, adapted from [Ogawa et al, 2015]. ER,
endoplasmic reticulum; DXD, amino acid sequence that is invariant among glycosyltransferases (D,
aspartate; X, any residue; D, aspartate).
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1.4 AMS

The aim of this study was to further elucidate the genetic and molecular basis of two
syndromic conditions with congenital scalp defects as a clinical feature, ]BS and AOS.

In a prospectively recruited cohort of patients with JBS, the known gene UBRI was
analysed to expand the mutational spectrum and to establish possible genotype-
phenotype correlations. Furthermore, functional characterisation of UBR1 mutations
should be investigated. Identification of new candidate genes for JBS was a secondary
goal, provided that UBRI mutation-negative patients with this phenotype were
observed.

Another major aim was regarding the genetic basis of AOS, which was completely
unknown at the start of this project. Genetic heterogeneity of AOS was assumed because
of different inheritance patterns and the known clinical variability. Our large cohort of
AOS cases should serve for identification of novel genes as well as confirmation of the
significance of newly published genes, including also the evaluation of mutational
spectrum, functional consequences of mutations, and genotype-phenotype correlations.

Based on a more detailed understanding of the molecular pathogenesis of both
investigated hereditary syndromes, ]BS and AOS, we expected to gain more insights into
the complex pathophysiology of congenital scalp defects, the clinical symptom that is
shared by these otherwise distinct syndromes. This knowledge was supposed provide a

possible clue for other hereditary syndromes with scalp defects.
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2 MATERIAL AND METHODS

2.1 PATIENTS

Patients with a suspected diagnosis of JBS were evaluated with a standardised
clinical checklist submitted by the referring clinician. Moreover, clinical photographs
were reviewed by an experienced clinical geneticist (M.Z.). Inclusion criteria were
relatively soft to possibly discover UBR1-related phenotypes beyond the previously
known phenotypic spectrum of JBS and/or delineate new clinical entities or subtypes.
Patients with at least one of the following symptoms were included in the expanded ]BS
cohort: syndromic scalp defects, and/or pancreatic insufficiency, and/or facial
anomalies that were recognised as JBS-like. According to the clinical phenotype, this
heterogeneous study population included 71 individuals that were classified into three
major categories:

- patients with a phenotype typical or suggestive of ]BS (n=24)

- patients with nosologically undefined phenotypes only partially overlapping

with JBS (n=33), and

- patients with isolated EPI (n=14).

Prior to this study, 88 index patients were genetically analysed in the Zenker lab within
the JBS project. A mutation of the UBR1 gene was detected in 35 of those families,
including 13 families that were initially published by Zenker et al. [2005]. In addition to
the 71 novel patients that were investigated within this PhD study, the 35 previously
identified UBR1-positive families were included in analyses that were performed within
the scope of this PhD study (functional analyses, systematic in silico evaluation, analyses
of genotype-phenotype correlation).

The study was approved by the Ethics Board of the Medical Faculty of the University
of Erlangen (processing number 2417). Informed consent was obtained from all patients

or parents.

The large heterogeneous AOS study cohort from Magdeburg consisted of 53 patients
from 43 unrelated families, including 33 index patients with clinically determined AQS,
nine index patients with only ACC and one case that has been previously published as a

variant of AOS with cognitive impairment, but without scalp defect [Brancati et al., 2008]
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(Table D.1). Additionally, patient cohorts from our collaboration partners in London and
Antwerp were included in this project. Parental consanguinity and/or the presence of
multiple affected children of clinically unaffected parents were regarded as possible
indicators of autosomal-recessive inheritance. Parent-child transmission of the
phenotype within a family suggested autosomal-dominant inheritance. The study was
approved by the institutional review boards of the participating centres, University of
Magdeburg/Erlangen, Guy’s and St Thomas’ Hospitals London, and University of

Antwerp. Written informed consent was obtained from the patients and/or the parents.

2.2 MATERIAL

All chemicals and reagents, antibodies, commercially available kits and buffers and
solutions, instructions for preparation of buffers and solutions, consumables, laboratory
equipment, software, online tools, and oligonucleotides used in this study are listed in

Appendix A (material) and Appendix B (oligonucleotides).
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2.3 METHODS

Figure 2.1 diagrams a flowchart of the major methods used in this study.

Patient

1 LCL culture ]
Blood/. » Protein

Saliva

WGA +
CDNA
RNA Western Blot

KT—PCR
v

MLPA PCR « cDNA

l Gel electrophoresis — Extraction

Purification
Fragment ' —\

Sequencing reaction  pcr — Sequencing

analysis

l ICIean-up
Sequencing
Analysis l
Analysis

Figure 2.1: Flowchart of major methods.
LCL, lymphoblastoid cell line; WGA, whole genome amplification; PCR, polymerase chain reaction;
RT-PCR, reverse transcription PCR.

2.3.1 DNA EXTRACTION

Several methods were applied to extract DNA from human EDTA blood. The
chemagic DNA Blood Kit special was used on the chemagic Magnetic Separation
Module I with blood volumes of 3 ml or 7 ml. DNA extraction with the help of magnetic
beads was carried out in accordance with the manufacturer’s instructions; the resulting
DNA pellets were dissolved in elution buffer. The second automated method to extract
DNA from whole blood samples applied in our lab was performed on the QIAcube
robotic workstation in combination with the QIAamp DNA Blood mini Kit; the DNA
collected from blood was dissolved in appertaining elution buffer. For manual column-
based purification and/or to improve concentration and pureness of externally
extracted DNA samples, we applied the QIAamp DNA mini Kit; final volume was
dependent on the aim of this procedure.
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In some patients collection of saliva samples was performed as an alternative source
of genomic DNA. These samples were collected and shipped with the help of
oragene-DNA collection kits (0G-250 and OG-500; OG-575 for assisted collection). DNA
was extracted from the saliva-buffer mixture with the help of prepIT-L2P following the
manufacturer’s protocol. These procedures were routinely performed by the technical

staff.

2.3.2 RNA EXTRACTION

RNA from whole blood samples was collected with the help of the PAXgene Blood
RNA system. The PAXgene Blood RNA Tubes contain a buffer that stabilises RNA in
whole blood samples at room temperature for a period of 3 days, which is enough to
ship the samples within Germany. Shipping from abroad is also possible, but the samples
have to be cooled or frozen (RNA stability: 3 days at 18-25°C, 5 days at 2-8°C, >1 year at
-20°C). Nucleic acid purification was performed with the PAXgene Blood RNA Kit
according to the manufacturer’s instructions. RNA samples were stored at -20°C.

For extracting total RNA from human lymphoblastoid cell lines (LCLs), the RNeasy
Mini Kit was used. This column based spin technology was applied according to the

manufacturer’s instructions. RNA samples were stored at -20°C.

2.3.3 DETERMINATION OF DNA QUALITY AND QUANTITY

DNA quality was tested on an agarose gel (1% w/v) by applying 2 pl of the DNA
sample mixed with 3 pl loading dye (see also chapter 2.3.11 Gel electrophoresis). The
1 kb Plus DNA Ladder was used as a size standard. The electrophoresis system was set
at 100 V - 125 V and ran for 30 min to separate DNA fragments of different lengths. A
long smear of bands represents the desired product of differently sized DNA fragments.

The NanoDrop 2000/2000c UV-Vis spectrophotometer and associated software was
used for measuring the concentration of nucleic acid solutions. Blank values were
adapted to the solvent of each sample (ddH20 (ultra-pure), TE buffer, elution buffer) and

compared to 2 ul of the DNA sample. Baseline correction was adjusted to 340 nm.
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2.3.4 PRIMER DESIGN

Oligonucleotides to prime the PCR and sequencing reactions were designed with the
help of Primer3 version 4.0.0. The DNA sequences of the gene of interest were extracted
from RefSeq sequences from UCSC Genome Browser, assembly GRCh37/hg19 for whole
genomic sequence and Ensembl to determine the position of exons. In the UCSC Genome
Browser, common SNPs (dbSNP built 138 or 142) were displayed to avoid placing a
primer over a common SNP. NCBI transcript numbers and specifications are listed in the
Appendix B, together with the sequences of all oligonucleotides used in this study.
Optimal amplicon length was <550 bp, primers were desirably located 50 bp from the
interesting region (relevant in Sanger sequencing). These rules did not apply for special
applications, such as long-range PCR, cDNA sequencing and others. Primer length was
set at 18-25 bases, melting temperature was 57-61°C and GC content was 40-60%. When
the software was unable to design primers, the settings and desired locations were
softened. The resulting oligonucleotide sequences were blasted on the UCSC Genome
Browser and checked with the UCSC in silico PCR tool to verify specificity. Primers were
ordered from Thermo Fisher Scientific (Ulm, Germany) and diluted to 100 pmol/pl

(stock solution) or 2.5 pmol/pl (working solution for standard PCR and sequencing).

2.3.5 POLYMERASE CHAIN REACTION (PCR)

The PCR, a technique for targeted DNA amplification, was invented by Kary Mullis in
1983. The principle is based on cyclic changes of different temperatures to promote
enzymatic amplification of specific DNA fragments; this specificity is determined by the
applied primers.

Amplification of defined DNA fragments was realised by using the recombinant Taq
DNA Polymerase kit and several further ingredients, as listed in Table 2.1. For DNA
samples of low concentration or degraded DNA, Platinum Taq DNA polymerase was
utilised with the same conditions. The reactions were either performed in 96-well PCR

plates, 8 well strips, or in 0.2 ml single tubes.
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Table 2.1: Standard PCR reagents.

Reagents Volume
ddH,0 5.6 ul
Rxn Buffer (10x) 2.0 ul
dNTPs (2 mM) 2.0l
Forward primer (2.5 pmol) 2.0 ul
Reverse primer (2.5 pmol) 2.0 ul
MgCl, (50 mM) 0.6 ul
DMSO (100%) 1.0l
Betaine (5 M) 4.0l
Taq DNA polymerase (5 U/ul) 0.1l
DNA (50 ng/ul) 0.7 ul

Final volume 20 ul

For standard PCR reactions, a touchdown program was used (Table 2.2) on either
the Applied Biosystems 2720 Thermal Cycler or the VWR DuoCycler. Annealing
temperatures ranged from 65°C in the beginning to 55°C for the 33 final cycles in order
to cover a wide span of different melting temperatures. For amplicons with a suspected

length of >750 bp, the elongation duration was adjusted (~ 01:00 min per 1 kb).

Table 2.2: Standard PCR conditions (touchdown).

Temperature | min:sec | Step Cycles
94°C 03:00 | Initial denaturation 1
94°C 00:30 | Denaturation
65°C 00:45 | Annealing 2
72°C 00:45 | Elongation
94°C 00:30 | Denaturation
63°C 00:45 | Annealing 2
72°C 00:45 | Elongation
94°C 00:30 | Denaturation
61°C 00:45 | Annealing 2
72°C 00:45 | Elongation
94°C 00:30 | Denaturation
59°C 00:45 | Annealing 2
72°C 00:45 | Elongation
94°C 00:30 | Denaturation
57°C 00:45 | Annealing 2
72°C 00:45 | Elongation
94°C 00:30 | Denaturation
55°C 00:45 | Annealing 33
72°C 00:45 | Elongation
72°C 10:00 | Final elongation 1
10°C 0 Final hold 1
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2.3.6 REVERSE TRANSCRIPTION PCR (RT-PCR)

Synthesis of first-strand cDNA from purified RNA was performed with the
SuperScript Il Reverse Transcriptase kit, with the addition of Oligo(dT)12-18 Primer and
pd(N)s Sodium Salt (random hexamers). All steps were performed on ice (if not
indicated differently) and only nuclease free plastic ware and RNase free ddH20 were

used. Reagents and volumes are listed in Table 2.3, reaction conditions in Table 2.4.

Table 2.3: Reagents for reverse transcription PCR.

Reagents Volume
Oligo(dT)1g-20 Primer (0.5 pg/pl) | 0.5l
pd(N)s Sodium Salt (0.2 pg/ul) 1.0l
dNTPs (10 mM) 1.0 ul
RNA (1 pg)
ddH-,0, RNase free 10.5ul

5 min at 65°C
incubate on ice for 21 min

First-Strand Buffer (5x) 4.0 pl
Dithiothreitol DTT (0.1 M) 1.0l
1 pl RNase out (40 U/ul) 1.0l
1 pl Superscript I1I (200 U/pl) 1.0l

Final Volume 20 pl

Table 2.4: Temperature protocol for reverse transcription PCR.

Temperature | min:sec | Step
25°C 05:00 | Random primer incubation
50°C 60:00 | Incubation
70°C 15:00 | Heatinactivation
4°C 00 Final hold

The quality of resulting cDNA was evaluated in a standard PCR approach (see
chapter 2.3.5) using GAPDH control primers (Table B.2.5) and gel electrophoresis (see
chapter 2.3.10). As positive control, RNA gained from human placenta was utilised. The
cDNAs were stored at -20°C only in post PCR surroundings to prevent contamination of
other reactions.

For cDNA amplification, the same ingredients and programs as for regular PCR
(chapter 2.3.5) were used, but the primers were preferably designed to span exon-exon

boundaries to prevent amplification of genomic DNA (Appendix B.2).
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2.3.7 PCR AMPLIFICATION OF GC-RICH TARGETS

Material and Methods

For amplification of difficult DNA templates with high GC content and/or repetitive

sequences, the GC-RICH PCR System (Table 2.5) was used according to the

manufacturer’s instructions (Table 2.6). Volume of each reaction was reduced to half of

the recommended value. This PCR system contains a mixture of Tag DNA polymerase

and a proofreading polymerase for high quality performance.

Table 2.5: Reagents for GC-rich PCR amplification.

Reagents Mix 1 Mix 2
ddH»0 9ul 2 ul
dNTPs (10 mM) 1pl -
GC-RICH Reaction Buffer (5x) - 5ul
Betaine (5 M) 2.5l -
Forward primer (5 pmol/pl) 2 ul -
Reverse primer (5 pmol/pl) 2ul -
DNA (50 ng/ul) 1pl -
GC-RICH Enzyme Mix - 0.5 ul

Final volume 17.5pl | 7.5l

Table 2.6: Cycling conditions for GC-rich PCR amplification.

Temperature | min:sec | Step Cycles
94°C 05:00 | Initial denaturation 1
94°C 00:30 | Denaturation
60°C 00:30 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
59°C 00:30 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
58°C 00:30 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
57°C 00:30 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
56°C 00:30 | Annealing 32
72°C 01:00* | Elongation
72°C 10:00 | Final elongation 1
10°C e Final hold 1

* (+ 5 sec per cycle)
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2.3.8 MuLTIPLEX PCR

Material and Methods

To prove the presence - or absence - of specific DNA segments, multiplex PCR is

adequate, because one can compare various amplicons within the same reaction. The

Multiplex PCR Kit contains a ready-to-use mix of HotStarTaq DNA Polymerase, Multiplex

PCR Buffer with MgCl; and dNTP mix. Apart from the DNA, a 10x primer mix has to be

added (Table 2.7). This mix contains 1 pl of each forward and reverse primer (100

pmol/ul), filled to 50 pl with TE buffer. Touchdown PCR is recommended (Table 2.8), as

different primer pairs are used in a single reaction. The final volume indicated by the

supplier is 50 pl, but using half of this reaction volume was enough for all applications

within this study.

Table 2.7: Reagents for multiplex PCR.

Reagents Volume p2)
QIAGEN Multiplex PCR Master Mix (2x) 25 ul 12.5 ul
Primer Mix (10x) 5ul 2.5ul
ddH,0 18 ul 9 ul
DNA (50 ng/pl) 2ul 1pl
Final volume 50 ul 25 ul

Table 2.8: Cycling conditions for multiplex PCR.

Temperature | min:sec | Step Cycles
95°C 15:00 | Initial denaturation 1
94°C 00:30 | Denaturation
65°C 01:00 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
63°C 01:00 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
61°C 01:00 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
59°C 01:00 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
57°C 01:00 | Annealing 2
72°C 01:00 | Elongation
94°C 00:30 | Denaturation
55°C 01:00 | Annealing 31
72°C 01:00 | Elongation
72°C 10:00 | Final elongation 1
10°C ) Final hold 1
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2.3.9 LONG-RANGE PCR

For amplifying DNA fragments from 5 kb to 25 kb, the Expand Long Range dNTPack
was used (Table 2.9). The buffer with MgCl; and the dimethyl sulfoxide (DMSO) were
incubated at 37°C for 10 min to dissolve precipitates that might have formed during
storage. To protect the polymerase that is included in the Expand Long Range Enzyme
mix, denaturation should be as short and as low tempered as possible (Table 2.10),
which recommends low GC-contents of the primer target sequence (45-65%). Again, half

of the recommended reaction volume was sufficient for my experiments.

Table 2.9: Reagents for long-range PCR.

Reagents Volume b2
ddH,0 143 | 715ul
Buffer with MgCl, (5x) | 10.0 pl 5.0 ul
dNTP-Mix (10 mM) 2.5 ul 1.25 ul
FP (2.5 pmol) 5.0 ul 2.5ul
RP (2.5 pmol) 5.0 ul 2.5ul
DMSO 2.5l 1.25 ul
Enzyme-Mix 0.7 ul 0.35 ul
DNA (50 ng/pl) 10.0 pl 5.0 ul

Final volume 50 ul 25 ul

Table 2.10: Cycling conditions long-range PCR.

Temperature | min:sec | Step Cycles
92°C 02:00 | Initial denaturation 1
92°C 00:10 | Denaturation
65°C 00:15 | Annealing 2
68°C # Elongation
92°C 00:10 | Denaturation
63°C 00:15 | Annealing 2
68°C # Elongation
92°C 00:10 | Denaturation
61°C 00:15 | Annealing 2
68°C # Elongation
92°C 00:10 | Denaturation
59°C 00:15 | Annealing 2
68°C # Elongation
92°C 00:10 | Denaturation
57°C 00:15 | Annealing 2
68°C # Elongation
92°C 00:10 | Denaturation
55°C 00:15 | Annealing 25
68°C #* Elongation
68°C 17:00 | Final elongation 1
10°C 0 Final hold 1

# (1 min per 1 kb), * (+20 sec per cycle)
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2.3.10 GEL ELECTROPHORESIS

Separation of DNA fragments was accomplished using one-dimensional agarose gel
electrophoresis. Analytic agarose gels (2% w/v) were prepared in 1x TBE buffer in an
Erlenmeyer flask. The solution was heated in a microwave oven for 2-3 min; a magnetic
swirl bar prevented over boiling. Ethidium bromide was added to a final concentration
of 0.1 pg/ml and the mixture was cooled down to <60°C on a magnetic stirrer.
Afterwards, the agarose solution was poured in a sealed gel tray (7x8 cm or 12x14 cm)
with combs (6-12 teeth for small gel, 12-24 teeth for large gel). Solidification at room
temperature took about 10-20 min. The gel was covered with 1x TBE buffer in a
PerfectBlue Gel System chamber. PCR product (5 pl) was mixed with loading dye (3 pl)
and pipetted into the wells of the gel. A 100 bp DNA Ladder was used as length standard.
For analysing multiplex PCR approaches, 2% w/v agarose gels, 10 ul PCR product, 5ul
loading dye and 100 bp DNA Ladder were used. For analysing long-range PCR products,
1% w/v agarose gels, 5-10 pl PCR product, 3-5 pl loading dye and 1 kb Plus DNA Ladder
were used.

The gels were run at ~100 V (special approaches: 80-150 V) for 15-30 min (special
approaches up to 150 min). Visualisation was realised with a UV transilluminator, a

DevisionDBox system, and DeVision G software.

2.3.11 PCR PRODUCT PURIFICATION

For performing further steps, the PCR products were purified in two different ways.
When samples were designated for regular Sanger sequencing, AMPure purification was
used. The samples were processed with magnetic bead-based technology with the help
of Agencourt AMPure and the Biomek NXP Laboratory Automation Workstation. Per 1 pl
PCR product, 1.8 pl magnetic beads solution was added. Pipetting up and down helps to
bind the DNA strands to the beads, then the mixture was transferred to a 96-well PCR
plate that was located on a SPRIPlate 96R ring magnetic plate. The beads with DNA
fragments were attached to the well by magnetism and washed with 70% ethanol. The
DNA fragments were separated from the beads by eluting in ddH20 and transferred to
another 96-well PCR plate. The underlying principle of this technique is called solid

phase reversible immobilisation (SPRI).
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When aiming for only a fraction of a mixed PCR product (e.g. multiplex PCR), a single
band can be sliced off the agarose gel and extracted separately. For this purification
procedure, the DNA Gel Extraction Kit or the MinElute Gel Extraction Kit was used as

indicated by the manufacturers.

2.3.12 CYCLE SEQUENCING REACTION

In 1977, Frederick Sanger developed a method of DNA sequencing that is based on
the selective inclusion of labelled ddNTPs during in vitro DNA replication that causes
termination of the chains. This Sanger sequencing approach needs a DNA template,
selected primers, a DNA polymerase and the fluorescently labelled ddNTPs, the two
latter ones are included in the BigDye Terminator v3.1 Cycle Sequencing Kit. Of the
purified PCR product, 0.5 ul were used by default. If the bands showed a very high or low
concentration of PCR products, 0.25 pl to 1.0 pl of the purified PCR product were
appropriate. Thermal cycling was performed on the Veriti 96-Well Fast Thermal Cycler
in semi-skirted MicroAmp Fast 96-Well Reaction Plates or MicroAmp Fast Reaction
Tubes. Volumes of ingredients and cycling conditions are displayed in Table 2.11 and
Table 2.12. Routinely, unidirectional sequencing was performed to save time and money.
When specific amplicons did not result in an unambiguously non-pathogenic sequence,
or when mutations were detected, the complimentary strand was also sequenced. In

Appendix B.1, the primers used for this special application are indicated with asterisks.

Table 2.11: Cycle sequencing reagents.

Reagents Volume
ddH-0 2.7 ul
Sequencing Buffer (5x) 1.0 ul
BigDye Terminator 0.2 pl
Primer (2.5 pmol) 0.6 pl
PCR product (purified) 0.5l

Final volume 5.0 ul

Table 2.12: Standard cycle sequencing conditions.

Temperature | min:sec | Step Cycles
96°C* 00:10 | Denaturation
55°C 00:10 | Annealing 26
60°C 01:00 | Elongation
10°C o Final hold 1

*98°C if high melting temperatures were expected
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2.3.13 SEQUENCING REACTION CLEAN-UP

Dye terminators (ddNTPs) were removed with the help of SPRI technology using the
Agencourt CleanSEQ system on the Biomek NXP Laboratory Automation Workstation.
The sequencing reaction product was mixed with CleanSEQ solution and 85% ethanol,
incubated for 7 min and transferred to a 96-well optical plate that was located on the
SPRIPlate 96R ring magnetic plate. This magnet binds the beads and the attached DNA
fragments to the wall of each well. All other ingredients were washed off with 85%
ethanol. The remaining fluorescently labelled fragments were air dried and eluted in

ddH:0.

2.3.14 SEQUENCE ANALYSIS

Separation and base-calling of the purified Sanger sequences was performed on an
ABI3500xL capillary sequencer. The ddNTP labelled fragments were electrophoretically
separated in a capillary filled with a POP-7 Performance Optimised Polymer. Lasers
within the sequencing machine detect the four fluorochromes that resemble the four
ddNTPs and 3500 Data Collection Software records this data in an electropherogram.
For fragments smaller than 500 bp, the run module “RapidSeq50_POP7” was used, for
larger fragments the run module “FastSeq50_POP7” was used.

Subsequent computational sequence analysis was carried or with the help of the
Sequence Pilot software (v4.2.1, built 506). This software aligns the reference sequences
(uploaded from Ensembl) to the generated sequences and highlights differences. For
viewing and editing the raw data, Sequencing Analysis software v5.4 was used. Chromas
Lite (2.01) was the program of choice to display a neat electropherogram without

automated edits or comparisons.

2.3.15 WESTERN BLOT

CELL PREPARATION AND PROTEIN ISOLATION: LCLs were established by in vitro
transformation of human lymphocytes from heparin blood samples via Epstein Barr
Virus according to established protocols [Neitzel, 1986]. This procedure was performed
by the cytogenetic division of the Institute of Human Genetics Magdeburg (Dr. M. Volleth

and colleagues).

32



Material and Methods

The non-adherent LCLs were cultivated in a 50 ml cell culture flask and when
enough cell material was grown, they were decanted into a lidded centrifuge tube. To
separate cells from medium, the tube was centrifuged for 7 min at 1.000 rpm. Then the
supernatant was removed and the cells were washed with 1x PBS. After swirling gently,
the tube was again centrifuged for 7 min at 1.000 rpm with subsequent removal of the
supernatant. These cell pellets can either be directly processed or stored at -20°C (short
term) or -80°C (long term).

The first step of protein isolation from the pelleted LCLs is to add 100-300 ul RIPA
buffer with protease inhibitor. By careful pipetting, the mixture was homogenised and
subsequently put on a rocker for 30 min while chilled on ice. Centrifugation at 12.000 x g
for 1 hour at 4°C forced the lysed cell compartments to form a pellet, whereas the

proteins stayed solved in the supernatant and were carefully removed into another tube.
BRADFORD MICRO ASSAY: To prepare the Bradford micro assay, a Protein Standard I
Bovine Plasma Gamma Globulin solution was diluted to 1 mg/ml and used to prepare a

dilution series (Table 2.13).

Table 2.13: Standard protein dilution series.

# | Protein solution [1mg/pl] H,0 Concentration
1 - 1000 pl 0 ng/ul
2 1ul 999 ul 1 ng/pl
3 2 ul 998 ul 2ng/ul
4 5ul 998 ul 5ng/ul
5 10 pl 990 pl 10 ng/ul
6 15 pl 985 ul 15 ng/ul
7 20 ul 980 ul 20 ng/pl
8 25 ul 975 ul 25 ng/ul

Of the patients’ protein solutions, dilutions to 1:100, 1:200 and 1:500 were made. In
a 96-well flat bottom transparent microplate, 50 pl Bradford reagent was mixed with
200 pl of the diluted protein samples and incubated at room temperature for 10 min.
Triplicates of protein standard and patients’ protein solutions were made (Table 2.14)
and measured in a M200 microplate reader with the help of TECAN Magelan Software
(equipment of the Institute of Biochemistry Magdeburg). The values of the standard
protein were then used to generate a calibration curve that helped to determine the

protein concentrations of the patients’ samples.
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Table 2.14: Dilution series Bradford micro assay.

4 5 6 7 8 9 10 11 12

S1(1:100) | S1q1:100) | Siqa:100) | Siqr:200) | Siqr:200) | Siqr:200) | Siqa:s00) | Siqrisoo) | Siqiison)

S2(1:100) | S2(1:100) | S2q1:100) | S2(1:200) | S2q1:200) | S2q1:200) | S2qi:500) | S2¢1:500) | S2(1:500)

S3(1:100) | S31:100) | S3(1:100) | S3(1:200) | S31:200) | S3(1:200) | S31:500) | S3a:500) | Sz(a:500)

Sa1:100) | Sar:100) | Sar:100) | Saqi:200) | Saqr:200) | Saqr:200) | Saiso0) | Saqaisoo) | Saqiison)
Ss1:100) | Ss(1:100) | Ss:100) | Ss1:200) | Ss(1:200) | Ss(1:200) | Ss(i:500) | Ss(a:500) | Ss(a:500)
Se(1:100) | Se(1:100) | Se(1:100) | Se(1:200) | Se(1:200) | Se(1:200) | Se(i:500) | Se(i:500) | Se(i:500)

(T m g 0| >

o |No|n s W[ =
I BN (S IFN [T SN [ X
o (N|ov v [N w

PROTEIN SEPARATION (SDS-PAGE): To produce comparable protein bands, the same
amount of proteins of each patient and control has to be used. All samples were diluted
to a concentration of 50 pug in 15 pl. The protein solutions were mixed with the same
amount of 2x Laemmli buffer with -mercaptoethanol and heated to 95°C for 5 min. For
separating the proteins, either a self-made SDS-PAGE (sodium dodecyl sulphate
polyacrylamide gel electrophoresis) gel, or a commercially available gel (see Table 2.15
and Appendix A) was used with appropriate running buffer (Table A.5). The samples
were pipetted into the stacking gel slots, 10 pl protein marker were used as a size
standard. When running one gel in the Tetra Cell, 150-200 V was supplied for 25-45 min.

Then the gel was equilibrated in transfer buffer for approximately 30 min.

Table 2.15: SDS gel ingredients.

Reagent Running gel (10%) | Stacking gel (5%)
H,0 3.4 ml 3.4 ml
Acrylamide 3.3ml 830 ul
Tris buffer 2.5 ml2 630 plP
10% SDS 100 pl 50 ul
10% APS 100 pl 50 ul
TEMED 10 pl 5ul
Final volume 10 ml 5ml

aTris 1.5 M, pH 8.8; Tris 1 M, pH 6.8
SDS, sodium dodecyl sulphate; APS, ammonium persulfate; TEMED, tetramethylethylenediamine

PROTEIN TRANSFER (WESTERN BLOTTING): Tank blotting was performed for 3 hours at
100 mA to a nitrocellulose membrane. Afterwards, the membrane was cleansed in
washing buffer. Blocking was performed with the appropriate buffer for 30 min on a
rocker.

The primary antibody UBR1-1 (rabbit polyclonal antibody to mouse Ubrl) was
dissolved 1:250 in the 4% blocking buffer and incubated overnight on a rocker. The

membrane was then washed three times with TBST 0.1% and incubated for 1 hour with
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the secondary antibody (Goat Anti-Rabbit IgG, HRP conjugate) diluted 1:5,000 in

blocking buffer. Immunoblotting for $-actin served as a loading control.

CHEMILUMINESCENT PROTEIN VISUALISATION: The Visualizer Western Blot Detection Kit
was used for fluorescent visualisation of the desired proteins. Working solution was
prepared according to manufacturer’s instructions and incubated with the membrane
for 5 min while protected from light. The membrane was then adhered to a glass slide,
wrapped in cling and fixed on a radiographic film in the darkroom. After 10 min
exposure, the film was developed for 4 min, fixed for 10 min and washed with distilled
H20 for 30 min. Alternatively, the film was developed with the help of an AGFA x-ray
developing machine (equipment of the Institute of Biochemistry Magdeburg).

2.3.16 WHOLE GENOME AMPLIFICATION

For replication of DNA samples with low volume and/or concentration, the
GenomiPhi V2 DNA Amplification Kit was used, according to the manufacturer’s

instructions. The products were tested in a regular PCR with a reliable primer pair.

2.3.17 MULTIPLEX LIGATION-DEPENDENT PROBE AMPLIFICATION (MLPA)

MLPA is a method for relative quantification of nucleic acid fragments and can help
to detect copy number differences caused by duplications and deletions of whole
chromosomes, complete genes, or even a single exon. The underlying mechanism is the
quantification of PCR amplification products from variably-sized oligonucleotides
(optimum between 100 and 140 nt) that were generated by ligation of pairs of specific
probes after binding to complementary DNA targets. Unique probes (Appendix B.3)
were designed for every single exon of the UBR1 gene, pooled into five probemixes
(Table 2.16) and utilised with the DNA of clinically unambiguously identified JBS
patients that lacked at least a mutation on one allele.

The original probe design had been carried out by S. Bauhuber (Erlangen), but
application and further improvement was part of this work. Support was given by MRC-
Holland who provide a tutorial for synthetic probe design on their homepage

(https://www.mlpa.com and [Schouten et al., 2002]).
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PROBEMIX PREPARATION: The UBRI gene contains a total of 47 exons, creating the
need of 47 MLPA probes to cover all exons. In the SALSA MLPA P200 Human DNA
reference-1 probemix, the Q-fragments (DNA quantity control) are located at <82 nt; the
reference probes have a size of 173 nt and longer. So theoretically, the self-designed
synthetic probes can have a size from 88-169 nt (the minimum probe length is 88 nt and
the distance to another peak has to be at least 4 nt). The manufacturer gives a limit of 11
synthetic probes per probemix. Additionally, longer probes tend to create weaker
signals and the price of a single oligonucleotide increases with its length. Therefore the
47 UBR1 probes were divided into five probemixes named UBR1-A, UBR1-B, UBR1-C,
UBR1-D, and UBR1-E (Table 2.16). The size ranges between 88 nt and 128 nt. Each
left/right probe oligonucleotide (LPO/RPO) contains a primer binding site (PBS) and
left/right hybridising sequence (LHS/RHS). After several tests, some probes were re-
designed and concentration of each probe was adjusted, aiming for a more
homogeneous distribution of the peaks; the final composition of the probemixes can be
seen in Table 2.16.

The oligonucleotides were ordered at metabion GmbH (Planegg-Martinsried,
Germany), diluted to 100 pmol/pul in ddH20 and stored at -20°C. Working solution of
each oligonucleotide was prepared with a final concentration of 1 pmol/ul. Of each LPO
and RPO, the volume listed in Table 2.16 was filled up with TE to obtain a final volume of
200 pl of each probemix.

Table 2.16: UBR1 synthetic probemixes.
Distribution of exons and pipetting scheme.

Probemix A Probemix B Probemix C Probemix D Probemix E
nt | Exon ul Exon ul Exon ul Exon ul Exon ul
88 - - - - 23 0.8 39 0.8 -
96 10 0.8 27 0.8 29 0.8 30 0.8 41 0.8

100 03 0.8 21 0.8 31 0.8 36 0.8 42 0.8

104 07 1.0 16 0.8 24 0.8 33 0.8 34 0.8

108 17 0.6 25 2.4 32 0.8 40 0.8 47 0.8

112 01 0.6 26 0.8 28 0.8 35 1.6 43 0.8

116 02 2.4 05 1.0 19 0.8 22 0.8 46 0.8

120 06 0.6 08 1.0 11 0.8 37 0.8 44 0.8

124 04 2.0 09 1.0 12 0.8 14 1.0 45 1.0

128 13 0.8 15 1.6 38 0.8 18 0.6 20 0.8
TE - 180.8 - 179.6 - 184.0 - 182.4 - 185.2
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DNA SAMPLE PREPARATION: When performing an MLPA approach, at least three
control DNAs have to be included for every probemix. Those reference samples were
tested negative for copy number abnormalities in a CytoScan HD Array. All DNA samples
(patients and controls) were diluted in ddH20 to a final concentration of 20 ng/ul; this

equals a total amount of 100 ng DNA in each reaction with a volume of 5 pl.

1) Denaturationl 5 min @ 98°C

+ Probemix 6) Analysis T
2) Hybridisation | 1 min @ 95°C
16-18 h @ 60°C

Cuwstw s AL

Target DNA
+ Ligase SiFd
3) Ligation 15 min @ 54°C 5b) uorescence
5 min @ 98°C detection

+ Polymerase

4) MLPA-PCR + Labeled primers
35 PCR cycles

F
5a) ragmt.ant T+ Size standard
analysis

Figure 2.2: MLPA procedure.
PBS, primer binding sequence; LHS, left hybridising sequence; RHS, right hybridising sequence.

DENATURATION: In 200 pl reaction tubes, 5 pl DNA (20 ng/pl) was heated for 5 min at
98°C in the iCycler. This initial denaturation procedure separates the DNA double
stranded helix to single strands that are accessible for the probes (Figure 2.2). After this

heating step, the thermocycler pauses at 25°C for performing the next step.

HYBRIDISATION: While heating the DNA samples, a hybridisation mastermix was
prepared for each of the probemixes, containing 1 pl reference probemix P200, 0.5 pl
UBR1 self-designed probemix (either A, B, C, D, or E), and 1.5 pl SALSA MLPA buffer per
sample. This mastermix was vortexed thoroughly before dispensing 3 pl to each tube.

When re-starting, the thermocycler heated to 95°C for 1 min followed by cooling to 60°C.
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This hybridisation step was performed overnight because the LPOs and RPOs need 16-

18 hours for efficient hybridising to their target sequence.

LIGATION: The next morning, a ligase mastermix was prepared on ice containing 3 pl
Ligase buffer A, 3 pl Ligase buffer B, and 25 pl ddH20 per sample. After thoroughly
vortexing these ingredients, 1 pl ligase per sample was added and the mastermix was
carefully mixed by pipetting up and down. The thermocycler paused at 54°C, and 32 pl of
the ligase mastermix were added to each tube. At 54°C for duration of 15 min, the LPO
and RPO that have already hybridised to the DNA targets and are adjacent to each other,
were ligated to form a probe of the desired length (Figure 2.2 and Appendix B.3).
Afterwards, the ligase was inactivated for 5 min at 98°C, followed by cooling the samples

down to 20°C. During this period, PCR mastermix was already prepared on ice.

MLPA-PCR: The PCR mastermix contained 2 pl SALSA PCR primer mix
(fluorescently labelled primers that bind to the primer binding sequences of the probes),
7.5 ul ddH20, and 0.5 pl SALSA polymerase per sample and was distributed to new 200
ul tubes with the amount of 10 pl per tube. The samples that underwent the ligation
before can be further processed when the cycler reaches 20°C; 20 pl of those samples
were added to the PCR mastermixes in the new tubes at room temperature. The
following PCR reaction included 35 cycles (denaturation: 95°C for 30 sec, annealing:
60°C for 30 sec, elongation: 72°C for 60 sec) followed by a final elongation (72°C for 20
min) and was cooled down afterwards to 20°C. During this reaction, the probes were
exponentially amplified; their amount depended on the availability/quantity of the

target sequence during the hybridisation step.

FRAGMENT ANALYSIS: The PCR products were diluted 1:3 with ddH20, then 0.5 pl of
the dilution was mixed with 10 pl Hi-Di Formamide and 0.1 pl GeneScan 500 LIZ dye
Size Standard. This mixture was heated to 98°C for 2 min and chilled on ice. The samples
were injected to a 3500xL Genetic AnalyZer using the standard program MLPA_POP7xl.
Gel electrophoresis within the capillaries of the sequencer separated the probes by
length and detection was possible due to the fluorescently labelled primers that were
included in the PCR. Analysis of the obtained electropherograms was performed with JSI

Sequence Pilot software.
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EVALUATION OF RESULTS: When using the JSI Sequence Pilot software, specific exons
can be assigned to the peaks in the electropherogram that was generated during
fragment analysis on the 3500xL Genetic AnalyZer. By comparing the peak area of each
patient to those of the controls, one can detect deletion or duplication of exons, which is

displayed in a bar chart.

2.3.18 MICROSATELLITES

Genotyping of polymorphic microsatellites with the help of PCR fragment length
analysis is a helpful tool to determine (I) zygosity around a genetic locus, (II) maternal
contamination of fetal DNA samples, and (III) for paternal testing that can be relevant
for the possibility of de novo mutations.

The technique includes a standard PCR amplification of 250-500 bp fragments
encompassing the microsatellite with specific primers. One of the primers is marked by
a fluorescent dye allowing the analysis of fragment length by capillary gel
electrophoresis after denaturation of the diluted amplification product with Hi-Di
Formamide. A GeneScan 600 LIZ dye Size Standard v2.0 was added for calibration.
Analysis was performed on the 3500xL Genetic AnalyZer (Fragment Analysis
50_POPxl_1). Interpretation of results was done with the GeneMapper software.

The AmpF#STR Identifiler Plus PCR Amplification Kit is a commercial multiplex kit
for simultaneous amplification and analysis of 16 polymorphic microsatellites. Within
this work, it was used for verification of relationships in the evaluation of de novo

mutations; it was used according to the manufacturer’s instructions.
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2.3.19 EVALUATION OF SEQUENCE VARIANTS AND NOMENCLATURE

In order to evaluate the possible pathogenicity of observed sequence variants we
used databases and various online prediction tools. For splice site prediction the

following bioinformatics tools were utilised:

e BDGP (Berkeley Drosophila Genome Project), [Reese et al., 1997]
version 0.9, last updated 28 July 2014
Human or other, minimum scores for splice sites: 0.1

e NetGeneZ [Brunak etal,, 1991]

version 2.42, Human

Missense mutations were rated using the following tools:

e PolyPhen-2 (Polymorphism Phenotyping v2), [Adzhubei et al., 2010]
version 2.2.2

e SIFT Human Protein (Sorting Intolerant From Tolerant), [Kumar et al., 2009]
via PROVEAN (Protein Variation Effect Analyzer v1.1.3)

e MutPred (Mutation Prediction), [Li et al., 2009]
last modified 02 Feb 2014

¢ GERP (Genomic Evolutionary Rate Profiling), [Cooper et al., 2005]
hg19

Variants of interest were checked regarding their appearance/frequency in EXAC
Browser version 0.3 beta (Exome Aggregation Consortium) [Lek et al., 2016], dbSNP
build 142 (Single Nucleotide Polymorphism database) [Sherry et al, 2001], and TGP
(1000 Genomes Project) [Abecasis et al., 2012]. The EXAC Genome Browser aggregates
genotype data of 60,706 unrelated individuals, independent of the phenotypes.
Therefore pathogenic mutations for rare recessive disorders such as JBS may occur in
this database at a low frequency for a heterozygous allele, but even a single homozygous
annotation would not completely exclude a variant as disease-causing mutation. The
dbSNP database also comprises polymorphisms and pathogenic variants, but the effects
of the variants are displayed, if known. Protein conservation across species was checked
by Standard Protein BLAST (Basic Local Alignment Search Tool, Database: Reference
proteins (refseq_protein), Algorithm: blastp (protein-protein BLAST)) [Altschul et al,,
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1990] and/or ClustalW2 version 2.0.12 [Larkin et al., 2007]. Segregation of the variants
across family members was checked if appropriate material was available. Designation
of mutations follows the guidelines of the Human Genome Variation Society (last
modified March 2014) [den Dunnen and Antonarakis, 2000] and was verified by
Mutalyzer Version 2.0 beta-24 [Wildeman et al.,, 2008]. Designation of protein coding
genes was verified by using the HGNC homepage (HUGO (Human Genome Organisation)
Gene Nomenclature Committee) [Gray et al, 2016]. Links to all utilised tools are
tabulated in Table A.9 (see Appendix A) and the predicted results are listed in
Appendix C.

2.3.20 LEIDEN OPEN VARIATION DATABASE (LOVD)

An online database was set up for all mutations in the UBRI gene
(http://databases.lovd.nl/shared /variants/UBR1), as well as all available phenotype
data of patients that were clinically and molecularly ascertained to have ]BS
(http://databases.lovd.nl/shared/individuals/UBR1) [Sukalo et al, 2014a]. The
database was created on the Leiden Open Variation Database system, LOVD 3.0 build 08
[Fokkema et al., 2005; Fokkema et al., 2011]. The columns for JBS phenotype data were
customised with the help of Ivo Fokkema.

Another database was established for mutations and unclassified variants detected
in DOCK6 (http://databases.lovd.nl/shared/variants/DOCK6) and the corresponding
phenotype datasets (http://databases.lovd.nl/shared/individuals/DOCK6) [Sukalo et al.,
2015].
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3 RESULTS

3.1 UBRI1 AND JOHANSON-BLIZZARD SYNDROME

A total of 71 index patients from unrelated families participated in this part of the
study (see chapter 2.1). In the following, 24 newly ascertained families (by applying
Sanger sequencing and MLPA analysis) with phenotypes classified as typical or
suggestive JBS are referred to as families JBS-36 to JBS-59. Thirty-five previously
published families with JBS and UBRI mutations (ascertained in the Zenker lab) are
referred to as JBS-1 to JBS-35 and their data are included in the analysis of the UBR1

mutation spectrum and genotype phenotype correlations.

3.1.1 SANGER SEQUENCING OF THE UBR1 GENE

Within this thesis, Sanger sequencing of the entire coding region and adjacent
intronic sections of the UBRI gene was carried out in a total of 71 samples from index
patients with a phenotype typical or suggestive of ]BS (n=24), nosologically undefined
phenotypes only partially overlapping with JBS (n=33), and isolated EPI (n=14). In 22
families, all with a phenotype classified as typical or suggestive ]BS, likely causative
UBR1 mutations could be confirmed by applying a conventional Sanger sequencing
approach. No mutations of the UBRI gene were detected in patients with atypical
phenotypes or isolated EPI.

The UBR1 mutations detected by conventional sequencing within the 22 families
comprised 20 novel ones. Further experimental analyses performed for mutation
detection or more in-depth examination are described below (MLPA, Western Blot,
cDNA analysis). Mutation and phenotype data from UBR1-positive ]BS families identified
in the Zenker lab prior to (JBS-1 to JBS-35) and during (JBS-36 to JBS-49) my work were
published as a Mutation Review comprising 61 affected individuals from 50 families
[Sukalo et al., 2014a]. All patients included in this publication plus new 10 patients (JBS-
50 to JBS-59) with ]BS identified since then will be evaluated in the following chapters.

Sequence changes that were detected by conventional Sanger sequencing of all
coding exons and flanking intronic regions (+/- 20 bp) and classified as disease-causing

mutations are listed in Table 3.1. Sequence changes were generally classified as

42



Results

causative mutations, if they (I) produce a premature stop codon, (II) affect the highly

conserved nucleotides -1, -2, +1, +2, near splice site junctions or if they (III)

delete/substitute a conserved amino acid and were observed in combination with the

presence of a mutation on the second allele (see also Table 3.6). As an exception to this

rule we classified nine intronic changes as pathogenic mutations that do not affect the

invariant positions of the splice sites (for further evaluation of splicing effects see

chapter 3.1.2). Pathogenicity of all variants was checked with MutationTaster. Missense

Mutations were additionally rated using PolyPhen-2, SIFT, GERP, and MutPred; protein

alignment was created using Clustal W2 and BLOSUM62-Matrix (Appendix C.1). For in

silico prediction of hypothesized splice site mutations, NetGene2 and BDGP were used

(Appendix C.2).
Table 3.1: UBR1 mutations identified in patients with ]JBS.

Location l:rtzl:;til;lne Predicted effect2 Ii?lglsll)y Initial publication
Intron 01 c.81+1G>A r.spl.? p.? 58 [Corona-Rivera etal, 2016]
Intron 01 c.81+2dupT r.spl.? p.? 34 [Sukalo et al,, 2014a]
Intron 01 ¢.81+5G>C r.spl.? p.? 23 [Alkhouri et al.,, 2008]
Exon 03 €.364G>C p.V122L 18 [Hwang et al., 2011]
Exon 03 ¢.380G>T p.C127F 40 [Sukalo et al.,, 2014a]
Exon 03 c.407A>G p.H136R 6 [Zenker et al,, 2005]
Exon 04 c.477delT p.G160Afs*5P 10 [Zenker et al., 2005]
Exon 04 c.497A>G p.H166R 31,53 [Sukalo et al., 2014a]
Intron 04 ¢.529-13G>A p.N177Lfs*10 20, 47 [Godbole et al., 2013]
Exon 05 c.650T>G p.L217R 39 [Sukalo et al., 2014a]
Intron 05 | ¢.660-2_660-1delAG r.spl.? p.? 8,41 [Zenker et al., 2005]
Exon 06 €.753_754delTG p.C251* 11 [Zenker et al., 2005]
Exon 07 ¢.857T>G p.1286R 17 [Sukalo et al.,, 2014a]
Exon 08 c.950T>C p.L317P 33 [Liuetal, 2011]
Intron 09 c.1094-13A>G p.G365Efs*2¢ 14 [Sukalo et al., 2014a]
Intron 09 c.1094-12A>G r.spl.? p.? 13 [Zenker et al., 2005]
Exon 10 c.1166_1177del12 p-A389_F392del 36 [Sukalo et al,, 2014a]
Exon 11 c.1258C>A p.Q420K 51 -

Exon 11 ¢.1280T>G p.L427R 54 [Atik et al,, 2015]
Exon 13 c¢.1507C>T p-R503* 15,32 [Hwang et al, 2011]
Exon 13 c.1537C>T p-Q513* 1,2,43 [Zenker et al., 2005]
Exon 14 c.1648C>T p.Q550* 3 [Zenker et al., 2005]
Exon 15 c.1688C>A p.A563D 22,24 [Sukalo et al., 2014a]
Exon 15 ¢.1759C>T p.Q587* 4 [Zenker et al., 2005]
Exon 16 c.1886C>G p.S629* 28 [Sukalo et al., 2014a]
Intron 16 ¢.1911+14C>G p.E638Vfs*29 9 [Sukalo et al.,, 2014a]
Exon 17 | ¢.1979_1981delTTG p.V660del 23 [Alkhouri et al.,, 2008]
Exon 17 c.1993C>T p.R665* 17 [Sukalo et al.,, 2014a]
Exon 18 c.2034C>A p.Y678* 31 [Sukalo et al.,, 2014a]
Exon 19 c.2098T>C p.S700P 38 [Almashraki et al., 2011]
Intron 20 €.2254+2T>C r.spl.? p.? 6 [Zenker et al., 2005]
Exon 21 c.2260C>T p.-R754C 36 [Sukalo et al.,, 2014a]
Exon 21 c.2261G>A p.R754H 45 [Sukalo et al.,, 2014a]
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Location l:;lt(::;til(:ine Predicted effect2 Ii?glsll)y Initial publication
Exon 21 | ¢.2294_2296delAAG p.E766del 21 [Sukalo et al,, 2014a]
Exon 21 c.2311_2312delGA p-E771Nfs*8 57 -

Exon 21 ¢.2319dupT p-H774Sfs*6 18 [Hwang et al., 2011]
Intron 21 ¢.2379+1G>C r.spl.? p.? 5 [Zenker et al., 2005]
Intron 21 c.2380-1G>A r.spl.? p.? 44 [Sukalo et al., 2014a]
Intron 22 c.2432+5G>C r.spl.? p.? 54 [Atik et al,, 2015]

Exon 24 c.2546_2547insA p-M8491fs*134 9 [Zenker et al., 2005]

Exon 25 c.2598delA p.PB67Hfs*12e 12 [Zenker et al., 2005]

Exon 25 c.2608G>T p.E870* 41 [Sukalo et al., 2014a]
Intron 26 c.2839+5G>A p.R914Dfs*7* 19, 25,55 [Elting et al., 2008]

Exon 29 ¢.3055C>T p.R1019* 56,58,59 | [Corona-Riveraetal., 2016]

Exon 30 ¢.3304C>G p.Q1102E 15 [Hwang et al., 2011]

Exon 30 ¢.3328G>T p.E1110* 49 [Sukalo et al.,, 2014a]

Exon 33 c.3682C>T p.Q1228* 30 [Sukalo et al.,, 2014a]

Exon 33 c.3694delC p.L1232Wfs*17 27 [Sukalo et al., 2014a]

Exon 33 c.3724A>G p-R1242G 21 [Sukalo et al.,, 2014a]

Exon 33 c.3745dupA p.R1249Kfs*4 48 [Sukalo et al,, 2014a]

Exon 34 ¢.3835G>A p.G1279S 8 [Zenker et al., 2005]
Intron 35 €.3998-1G>C p.E1333 G1337del 16 [Sukalo et al., 2014a]

Exon 37 c.4093C>T p.Q1365* 39 [Sukalo et al., 2014a]

Exon 38 c.4188C>A p.C1396* 35 [Fallahi et al., 2011]

Exon 38 c.4193delT p.L1398Rfs*3 42 [Sukalo et al., 2014a]

Exon 39 c4277C>T p.P1426L 33 [Liuetal, 2011]

Exon 39 c.4280C>T p.S1427F 27 [Sukalo et al.,, 2014a]

Exon 39 c.4291T>C p.S1431P 29 [Sukalo et al.,, 2014a]

Exon 41 c.4524T>A p.Y1508* 26 [Sukalo et al.,, 2014a]

Exon 45 c.4927G>T p.E1643* 7 [Zenker et al., 2005]

Exon 45 c.4942delG p.E1648Kfs*21 16 [Sukalo et al.,, 2014a]

Exon 45 c.4981G>A p.G1661R 46 [Singh et al,, 2014]

Exon 46 ¢.5080G>T p.E1694* 34 [Sukalo et al.,, 2014a]
Intron 46 ¢.5109-3A>G p-R1704Gfs*26 28 [Sukalo et al.,, 2014a]

Exon 47 c.5135_5144del10 p.R1712Lfs*14 37 [Sukalo et al,, 2014a]

aJtalic letters indicate that the effect of splicing mutations was demonstrated on mRNA level
b-dDenominations of these previously published mutations were corrected according to current guidelines
[den Dunnen and Antonarakis, 2000] (Human Genome Variation Society homepage last modified March
2014): bpreviously published as T159fsX164; cpreviously published as p.V365Efs*2; dpreviously published
as M849fsX861; epreviously published as P866fsX878; fpreviously published as p.R947Dfs*7. Mutation
nomenclature refers to GenBank reference sequence NM_174916.2. Nucleotide numbering reflects cDNA
numbering with +1 corresponding to the A of the ATG translation initiation codon in the reference
sequence, according to journal guidelines (www.hgvs.org/mutnomen). The initiation codon is codon 1.

The mutations listed in Table 3.1 were detected in patients with an unambiguous
JBS phenotype as either homozygous or compound-heterozygous sequence changes
with two exceptions where only one disease-causing allele could be identified (families
JBS-24 and ]BS-26). A total of 65 different mutations were detected by Sanger
sequencing in 60 independent JBS families (Table 3.1). In the 120 disease-associated
alleles, 35 harboured nonsense mutations (29.2%), 30 missense mutations (25.0%), 28
splice site mutations (23.3%), 16 frameshift mutations (13.3%), and three small in-

frame deletions (2.5%). On eight alleles (6.7%) of this joint cohort no mutation could be
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detected by applying Sanger sequencing. This was regarding five families, two with
heterozygous UBRI mutations only detected by Sanger sequencing (JBS-24, ]BS-26) and
three where no mutation could be detected at all (JBS-50, JBS-52, ]BS-60). These samples
were subsequently analysed by MLPA analysis and, if appropriate material was
available, RNA and/or the UBR1 protein were analysed (see below).

All sequence changes listed in Table 3.1 were not found in over 200 control alleles
from a multi-ethnic cohort sequenced for UBR1 in our lab, who did not have a clinical
diagnosis of |BS. In 36 families from which multiple affected individuals or unaffected
siblings were available for testing, segregation of the mutations with the phenotype
could be confirmed.

Table 3.1 contains eight recurrent mutations that were observed in more than one
family. For some of them, the origin of the affected families suggested a common ethnic
background, but other families with the same mutation did not obviously share a
common background making it possible that the same changes had emerged
independently. The mutation p.GIn513* was detected in four patients from three
families of Costa Rican origin (JBS-1, JBS-2, JBS-43), suggesting a common ancestry /
founder mutation in this population [Corona-Rivera et al., 2016; Sukalo et al., 2014a].
The missense mutation p.Ala563Asp was detected in a patient from England (family JBS-
24) and in family JBS-22 (case report by [Reichart et al., 1979]) from Germany. The
German family originated from Lower Saxony, giving hint to a possible common
ancestor. The splice site mutation c.2839+5G>A was initially described in two families
(JBS-19, JBS-25) from Turkey and Iran [Elting et al.,, 2008]. The authors speculate that
this might be a founder mutation in that region. Since then, the mutation was again
detected in homozygous state in a family of Turkish origin (JBS-55). The missense
mutation p.His166Arg was detected in compound-heterozygosity with a nonsense
mutation in patient from family JBS-31, and homozygous in a patient from family JBS-53.
The patients’ families had a Brazilian/Ukrainian and a Turkish background, respectively.
Another mutation (¢.529-13G>A) was detected in families from Guatemala (JBS-20) and
India (JBS-47). Both index girls were homozygous carriers of this splice site mutation. A
further mutation affecting the acceptor splice site, namely c.660-2_660-1delAG, was also
detected in two independent families with no obvious common background. The patient
from family JBS-8 from Germany was compound-heterozygous for the mentioned splice

site mutation and a missense mutation; a patient of Mexican origin (family J]BS-41) had a
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nonsense mutation on the second allele. The truncating mutation p.Arg503* was
detected in compound-heterozygosity with a missense mutation in a Portuguese patient
(family JBS-15) and homozygous in three siblings from an Arab family (JBS-32). For each
of these mutations there is no clear evidence for a common ethnic background of the
carriers. Therefore, independent development of the same mutation in different traits
cannot be excluded. The last recurrent mutation (p.Argl019*) was detected in three
unrelated families. Two patients from Turkey were homozygous carriers of this
mutation (families JBS-56 and JBS-59) and a Mexican patient (family JBS-58) was
compound-heterozygous for the mentioned mutation together with a splice site
mutation on the other allele. The families from Turkey might have a common ancestor,
whereas the mutation in the Mexican patient supposedly has developed independently.
The mutations detected in this study and before
(http://databases.lovd.nl/shared/variants/UBR1, see also Figure 3.1) plus the clinical
data of the molecularly verified JBS cases

(http://databases.lovd.nl/shared/individuals/UBR1) were entered to LOVD.

Effect > Exon > DNA change (cDNA) Z= Published as 7> RNA change 2 Protein &3
+2/+2 01i c.81+2dup = r.spl? p.?

+2/+7 01i c.81+5G=C WS145G=C r.spl? p.?

+7/+7 03 c.364G=C - r.(?) p.(Vall22Leu)

+2/+7 03 c.380G=T = r.(?) p.(Cys127Phe)

+2/+7 03 c.407A=G = r.(?) p.(His136Arg)

+72/+7? 04 c.477delT = r.(?) p.(Gly160Alafs*5)

+2/+7 04 C.A9TAG = r.(?) p-(His166Arg)

Figure 3.1: LOVD entries for UBR1 mutations.

3.1.2 SPLICE SITE MUTATIONS OF THE UBR1 GENE

Altered RNA splicing can usually be assumed for mutations affecting the highly
conserved intronic nucleotides -1, -2, +1, +2, near the exon junction sites. This only
applies to six of the 15 splice site mutations that were detected in the UBRI gene.
Consequently, nine intronic changes that do not affect the invariant positions of the
splice site were classified as pathogenic mutations. Eight of these variants were
predicted in silico to abrogate the authentic splice site or create an ectopic splice site

that reaches higher scores than the authentic site (BDGP and NetGene2, see Table C.2.1).
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The effect of five of these mutations on RNA splicing could be confirmed by studies on
the patients’ mRNA in all cases, including that one without pathogenic prediction by
BDGP (Figure 3.2). Additionally, a splice site mutation affecting the highly conserved
nucleotide at position -1 in intron 35 (¢.3998-1G>C) was analysed on RNA level and a
deletion of five amino acid residues without frameshift was demonstrated. The
predicted effects of splice site mutations are displayed in Table 3.1 in italic letters. Table
3.2 summarises nomenclature for the splice site mutations that could be investigated on

RNA level.

Table 3.2: UBR1 splice site mutations that were investigated in cDNA.

DNA RNA Protein (predicted) | Family
¢.529-13G>A r.528_529insCTTTTTTATAG p-N177Lfs*10 }ggig
c.1094-13A>G | r.1093_1094insAATAATCTATAG p-G365Efs*2 JBS-14
¢.1911+14C>G | r.1912_1913insTAAGTGATTCTAG p.E638Vfs*29 JBS-09
c.2839+5G>A r.2740_2839del p.A914Dfs*7 }gg:;g
€.3998-1G>C r.3999_4013del p-E1333_G1337del JBS-16
¢.5109-3A>G r.5108_5109insAG p-R1704Gfs*26 JBS-28

An overview of all detected splice site mutations, RNA analysis results, and in silico
prediction of their pathogenicity (BDGP and NetGene2) is listed in Appendix C, Table
C.2.1. Furthermore, Figure 3.2 shows electropherograms of splice site mutations
generated from cDNA samples to illustrate the effects of those mutations on mRNA level;

utilised primers are listed in Table B.2.1.

Continued legend to Figure 3.2: Electropherograms of UBR1 splice site mutations.

(A) Wild type shows correct junction of exon 4 (blue box) and 5 (green box). In the cDNA the patient from
family JBS-20, an intronic part of 11 nucleotides (pink box) remained in-between those exons causing a
frameshift and premature stop codon (p.Asn177Leufs*10). (B) Regular junction of exons 9 (blue box) and
10 (green box) compared to cDNA sequence of the patient from family JBS-14. Twelve nucleotides of
intron 9 (pink box) remain in the sequence due to incorrect splicing and cause a premature stop codon
resulting in a truncated protein. (C) Frameshift mutation p.Glu638Valfs*29 was demonstrated in cDNA
derived from RNA of the patient from family JBS-9. The splice site mutation causes an intronic part of 13
nucleotides (pink box, intron 16) to remain in-between exon 16 (blue box) and 17 (green box) which leads
to frameshift and premature stop codon. (D) A premature stop codon is also caused by the c.2839+5G>A
splice site mutation in family JBS-19. The blue box indicates exon 25, the green box exon 26, which is
completely missing in the mutated cDNA, and the yellow box represents exon 27. Although the mutation is
homozygous, residual wild type allele due to functioning of the original splice site can be seen. Elting et al.
[2008] speculate that the nearly even level of peaks is caused by rapid degradation of the mutated mRNA.
Both families (JBS-19 and JBS-25) with this mutation show a relatively mild JBS phenotype. (E) The wild
type sequence shows correct junction of exon 35 (blue box) and exon 36 (green box). Red letters indicate
the five amino acid residues that are missing at the beginning of exon 36 in the mutated sequence derived
from the patient from family JBS-16. (F) The splice site mutation in the patient from family JBS-28 causes
two intronic nucleotides of intron 46 (pink box) to remain in-between exon 46 (blue box) and exon 47
(green box) and subsequently causes the frameshift mutation p.Arg1704Glyfs*26. #allele specific RT-PCR;
wt, wild type; mut, mutated.
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€.529-13G>A p.N177Lfs*10 homozygous

Wt[AAA GAG|AAT TCA CGC TGT CCG TTG AAT GAA GAG GTA|
K E N S R C P L N E E V
175 176 177 178 179 180 181 182 183 184 185 186
MUt[AAA GAG|ctt ttt tat ag]A ATT CAC GCT GTC CGT TGA|
K E L F Y R I H A V R X
\ N “,\“ | “ M\ \ [\ \ ‘ \ “/\\ N N\ "l/'\\' N/ \ N\
/ V YV YV VUV YVVVYNV VYV Y YV / \ V \
B ¢.1094-13A>G p.G365Efs*2 homozygous
Wt[TAT AAA GGT GCC CGT AAG ATC CTT CAT GAA TTG ATC|
Y K G A R K I L H E L I
363 364 365 366 367 368 369 370 371 372 373 374
MUt[TAT AAA Gaa taa tct ata g|GT GCC CGT AAG ATC CTT|
Y K E X R
/\ \ / /\ AVAW A /\. AN \
C ¢.1911+14C>G p.E638Vfs*29 heterozygous*
Wt[TCT TTT [GAG GAC TTT CAA GTA GAG GTA CTA GTG GAA]
S F E D F ©Q V E V L V E
636 637 638 639 640 641 642 643 644 645 646 647
MUut|TCT TTT [gta agt gat tct aJGA GGA CTT TCA AGT AGA]
S ¥ vV S D § R G L § S R
N/ V[ AW VAANANAA A
\ ¥ X y \\ \ /\ A YV Y \\ /\/ \\ / \ \ \“ / \‘ A /‘/ )&
D €.2839+5G>A p.A914Dfs*7 homozygous
Wt[CAA ATG[GCT TTT CAT ATT CTG GCA TTG GGT TTA CTA]
9 M A F H I L A L G L L
912 913 914 915 916 917 918 919 920 921 922 923
MUt[CAA ATG [GAT TGG GAA GTT CAG CCA TGA ATA TAC AAA|
Q M) D W E V Q0 P X
\ VRVARWAVAY, AOATATE A . P L
S\ \[ \/\ \ ; [\ 'RYAY, \
X VY VY YAAN POV Y // WY YAAAR oo
E €.3998-1G>C p.E1333_G1337del heterozygous
Wt[GCA ATT GAA AAT CTA TTG GGA GAT GAA GGA AAA CCT]|
A I E N L L G D E G K P
1331 1332 1333 1334 1335 1336 1337 1338 1339 1340 1341 1342
Mut|GCA ATT GAT GAA GGA AAA CCT CTG TTT GGA GCA CCT|
AT D E G K P L F G A P
| ‘\ N J\ / /\ p \ ,"A‘ A\
[ \l“‘ \ \[ \/ \ AN \/\ /\ ./\ \.'ﬁ,\ / //‘\\( A //\ ”’/ \\J\\ NAVAY u\“/\‘
F ¢.5109-3A>G p.R1704Gfs*26 heterozygous*
Wt[GGC CTG AAIG AGG GGC AAC CCC CTT CAT TTA TCT CGT|
G L K R G N P L H L
1701 1702 1703 1704 1705 1706 1707 1708 1709 1710 1711 1712
MUut[GGC CTG AAla g|GA GGG GCA ACC CCC TTC ATT TAT CTC|

A AVATAVAVAVAVAYAVAVATAY

L K G G A T P F I Y L

N N A

vV \ /\/\ VERVARY,

Figure 3.2: Electropherograms of UBR1 splice site mutations.
Patients’ cDNA was gained from RT-PCR that was performed with RNA extracted from lymphoblastoid
cells. Capital letters indicate exonic regions, intronic regions are written in lower case letters. Wild type
cDNA sequence (wt) and amino acid residues are compared to the mutated cDNA sequences (mut) and
subsequent amino acid residues. Legend continued on previous page.
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3.1.3 MISSENSE MUTATIONS OF THE UBR1 GENE

While in the initial publication most JBS-associated alleles were carrying nonsense,
frameshift and splice site mutations, a total of 20 different missense mutations were
detected in our extended ]BS cohort. All variations predicting missense changes were
carefully and systematically evaluated in order to collect arguments supporting or
challenging their pathogenic significance. Pathogenicity of missense variants was
evaluated with the help of various online in silico prediction tools (MutationTaster,
PolyPhen-2, SIFT, GERP, and MutPred). The evolutionary conservation of the affected
amino acid residues and in silico prediction scores are shown in Appendix C.1.1.

All missense alleles were observed in a single family only, except for the mutations
p.His166Arg (JBS-31 and JBS-53) and p.Ala563Asp (JBS-22 and JBS-24). In nine cases the
missense change was in compound heterozygosity with a bona fide mutation on the
second allele (JBS-6, -8, -15, -17, -18, -27, -31, -39, -54), in eight families (JBS-22, -29, -38,
-40, -45, -46, -51, -53) the missense mutation was homozygous in the patients, and one
patient (family JBS-33) had two different missense mutations. In family JBS-24, only a
heterozygous missense mutation was detected, but the same mutation was found
homozygous in another family (JBS-22).

All 20 missense mutations were checked regarding their occurrence and frequency
in the online databases ExAC Genome Browser and dbSNP. Seventeen of the 20 missense
changes rated as pathogenic mutations detected in the UBRI gene were not listed in
either of the databases and none of those missense mutations was detected in a
homozygous state, according to ExAC. Of the three missense variants that were existent
in dbSNP, none was classified as benign. Two of those variants were additionally
included in the EXAC database, both with an allele frequency below 0.002%.

Unfortunately, there is no general test available to analyse functional defects of
mutant UBR1 proteins. Only three missense mutations could be further investigated

functionally in a yeast model (see chapter 3.1.8)

3.1.4 LARGER GENOMIC DELETIONS AND DUPLICATIONS OF THE UBR1 GENE

In three patients with a clinically obvious JBS phenotype, we were not able to detect
mutations of the UBR1 gene by Sanger sequencing (families JBS-50, JBS-52, JBS-60), and

in another two families, we were only able to detect one heterozygous mutation (JBS-24
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and ]BS-26). Those patients were additionally analysed by self-designed MLPA of the
UBR1 gene to detect deletions or duplications of one or more exons. All larger
deletions/duplications of the UBR1 gene that were detected through MLPA analysis are
listed in Table 3.3.

Table 3.3: Larger deletions and duplications in the UBR1 gene.

Location Nucleotide alteration | Predicted effect | Family
Exon 12 c.1282-?_1439+?del p.A428Vfs*20 JBS-50
Exon 26-29 €.2740-?_3209+?del p.-A914Hfs*6 JBS-52
Exon 30 ¢.3210-?_3415+?dup p.E1139Afs*27 | JBS-52
Exon 45-47 c.4836-?_5250+?del p.? JBS-26

Figure 3.3 shows the result of MLPA analysis in the proposita from family JBS-26,
demonstrating a heterozygous deletion of exons 45-47. By Sanger sequencing, a
p.Tyr1508* nonsense mutation had been detected heterozygous in this patient and her
mother. The heterozygous deletion of exons 45-47 was not detected in the maternal
sample. A paternal DNA sample was not available to confirm the presumed inheritance

of the deletion from the father.
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Figure 3.3: MLPA results of probemix UBR1-E.
Probemix UBR1-E contains probes for exons 20 (128 nt), 34 (104 nt), 41 (96 nt), 42 (100 nt), 43 (112 nt),
44 (120 nt), 45 (124 nt), 46 (116 nt), and 47 (108 nt). Purple bars represent the mean probe signal for
three control DNAs, green bars represent the probe signal of the patient (family JBS-26). The blue bars
indicate a heterozygous loss of exons 45-47 in the patient; the signal of the patient is about 50% lower
compared to the control probe signal. The patient was previously detected to harbour a p.Tyr1508*
nonsense mutation on the maternal allele.

The index patient from family JBS-50 was included in this study with an
unambiguous clinical diagnosis of ]BS. Sequencing revealed no mutations but
amplification of exon 12 was extremely difficult and a weak amplification could only be
achieved in one of several attempts (retrospectively, this could be a DNA

contamination). A specific MLPA probemix containing exons 10, 11, 12, and 13 (UBR1-F)
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was designed for analysis of this patient, indicating a homozygous deletion of exon 12
(Figure 3.4A and B). To demonstrate the deletion of exon 12 with an independent
method, multiplex PCR was performed (Figure 3.4C), where the patient consistently
showed no band at the expected size for exon 12 (547 bp). Long-range PCR with the
forward primer for exon 11 and reverse primer for exon 13 (expected product size
8,366 bp), with the forward primer for exon 12 and reverse for exon 13 (expected
product size 6,910 bp), and regular PCR with the forward primer for exon 11 and
reverse for exon 12 (expected product size 2,003 bp) did not result in a PCR product for
JBS-50.1 (data not shown). Unfortunately, verification of the heterozygous exon 12

deletion by MLPA on parental samples was not possible.
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Figure 3.4: Analysis of the index patient from family JBS-50.
(A) MLPA result Probemix UBR1-F containing probes for exons 10-13. Patient shows homozygous
deletion of exon 12. (B) Composition of probemix UBR1-F. (C) Multiplex PCR: no band at 547 bp for the
patient, equalling no adequate binding sites for the utilised primers for exon 12; control shows expected
PCR products. E, exon(s); TE, Tris/EDTA buffer; C, control; P, patient.
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In a patient from family JBS-52 Sanger sequencing also did not detect any mutation.
By MLPA analysis, a heterozygous deletion of exons 26-29 of paternal origin was found,
while the probe for exon 30 indicated an increased dosage in the patient and in the
mother (Figure 3.5A). A PCR approach using a primer combination spanning exons 26-
29 with cDNA as a template (forward primer located in exon 25 and reverse primer
located at the exon-exon boundary between exon 30 and 31, see Table B.2.2 in Appendix
B) showed a shorter fragment resulting from the exon 26-29 deletion in the patient and
the father as well as an elongated fragment at ~1.000 bp in the patient and his mother
(Figure 3.5B). Gel extraction of this band and subsequent Sanger sequencing failed in
several attempts for unexplained reason. Next, an allele specific PCR where only the
maternally inherited allele is amplified was performed (Figure 3.5C). This was
accomplished by placing the forward primer directly into the region that is deleted on

the paternal allele (Figure 3.5D). Sequencing of this fragment finally confirmed the
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duplication of exon 30 in the patient and his mother. Figure 3.5E displays the

constellation of alleles in family JBS-52.
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Figure 3.5: Analysis of family JBS-52.

(A) MLPA results for family JBS-52. The image combines results of interest from probemixes UBR1-B, -C,
and -D. A customised probemix for this family could not be generated because the probes for the exons of
interest have overlapping sizes. (B) PCR on cDNA with a primer combination (UBR1_e26_RTf and
UBR1_RT_30R, see Table B.2.2) spanning exons 26-29. The small fragment at 354 bp represents the allele
lacking four exons in the patient and his father. Wild type allele is seen in the father, mother and control at
824 bp. An additional band at 1030 bp representing the exon 30 duplication was visible in the samples
derived from the patient and his mother. (C) Allele-specific PCR to generate a PCR product of the patient
only containing the expanded allele. Forward primer UBR1_C28F and reverse primer UBR1_RT_30R were
used. This product was then subjected to Sanger sequencing. (D) Position of primers in allele specific PCR
indicated by arrows. (E) Visualisation of exon arrangement in family JBS-52. E, exon; P, patient; F, father;
M, mother; C, control; @, blank.

In a patient who was previously detected to carry the missense mutation
p.Ala563Asp on one allele of the UBR1 gene (family JBS-24), no further mutation could
be detected by MLPA analysis. This patient is described in detail in chapter 3.1.7. The
index patient from family JBS-60, in whose DNA no mutation was detected at all, is also

commented on below in the same chapter.
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3.1.5 SNPS AND UNCLASSIFIED VARIANTS OF THE UBR1 GENE

Besides the above mentioned mutations, further variants were detected in
individuals with ]JBS and other phenotypes. Some of these could be classified as
polymorphisms and other remained unclassified. All variants detected in the UBR1 gene
were checked regarding their frequency and homozygosity in ExAC (Table 3.4), and with
various missense (Appendix C.1) and splice site (Appendix C.2) mutation prediction
tools.

Unclassified variants with an allele frequency of 1% or higher at EXAC database
were considered as benign, given a low overall frequency of ]BS. Silent mutations were
checked for any possible influence on splice sites (Table C.2.2) and found to have no
significant impact on correct splicing. This is also true for the intronic variants listed
below. After applying the mentioned exclusion criteria, five unclassified missense
variants are remaining (highlighted in yellow in Table 3.4). The serine to glycine
substitution p.Ser405Gly was found heterozygous in one patient with isolated EPI and
his unaffected father and sister. In all three of them, the p.Gly1264Glu variant was also
detected heterozygous, thus indicating that the two sequence alterations are located on
the same allele. The online prediction tools PolyPhen-2 and SIFT (see Table C.1.2)
predict both variants to be benign and tolerated, respectively.

The p.lle778Thr missense variant was detected heterozygous in a patient with an
unclassified syndromic disorder comprising suspected pancreatic insufficiency
(marginal decreased elastase I values in faeces), CHD and cognitive impairment. No
further sequence changes were detected when screening the UBR1 gene. In silico
prediction rated this variant as probably damaging (PolyPhen-2) and damaging (SIFT).
Although the phenotype did not fulfil the criteria for a definite clinical diagnosis of JBS,
we cannot exclude any contribution of this variant to the phenotype.

The p.Thr1097Met missense variant is predicted to be probably damaging
(PolyPhen-2) or damaging (SIFT). It was detected heterozygous in a patient in whom
again no further mutations or unclassified variants of the UBR1 gene were detected by
Sanger sequencing. This patient was documented to have fat malabsorption, growth
hormone deficiency, and extensive epiphyseal/metaphyseal dysplasia.

The arginine to glycine substitution p.Arg1612Gly was detected in three patients
from our cohort. It was found heterozygous in a mother of a child with suspected ]BS (of

whom no DNA was available), in a patient with isolated EPI, and homozygous in a |]BS
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patient who additionally carries a homozygous frameshift mutation in the UBR1 gene.
Furthermore, this variant is rated as benign and tolerated, respectively, by the applied

online prediction tools.

Table 3.4: SNPs and unclassified variants of the UBR1 gene.

. Nucleotide Predicted | Frequency | Frequency | Homoz.
Location alteration effect our cohort ExAC ExAC dbSNP
Exon 02 c.264G>A p.E88E 0.34% 0.07909% 1 rs142558660
Exon 07 c.819G>A p.A273A 0.33% - - rs371383925
Intron 07 c.862-18C>T - 83.01% 86.26% 45133 rs4924704
Intron 08 | ¢.985+16G>A - 0.65% 0.09754% - rs199817804
Exon 11 c.1213A>G p.S405G 0.33% 0.3226% 3 rs77360687
Exon 21 c.2333T>C p.1778T 0.33% 0.0008237% = =
Exon 25 c.2695A>G p.I899V 2.92% 1.944% 32 rs35069201
Exon 30 c.3290C>T p.-T1097M 0.33% 0.06920% 1 rs142285781
Exon 34 c.3791G>A p.G1264E 0.34% 0.3428% 1 rs139408969
Exon 35 c.3873G>A p-K1291K 0.33% 0.1576% - rs149097306
Intron 36 c.4054-4C>G - 0.34% 1.291% 23 rs138963231
Intron 38 | ¢4219-11T>G - 0.66% - - -
Exon 39 c.4242A>G p.P1414P 0.33% 0.001693% - -
Exon 42 c.4642A>G p.T1548A 9.43% 6.380% 328 rs3917223
Intron 42 | c.4700+12A>G - 83.65% 86.42% 45290 rs2054389
Exon 44 c.4834A>G p.R1612G 1.32% 0.5484% 2 rs78948790
Exon 47 ¢.5205A>G p.Q1735Q 4.87% 4.804% 217 rs16957277
Variants that are highlighted in yellow are commented on in detail in the text above. Homoz., homozygous

appearance.

3.1.6 DISTRIBUTION OF MUTATIONS ALONG THE UBR1 PROTEIN

Distribution of all detected mutations in UBR1 is illustrated in Figure 3.6. Non-
truncating mutations are represented by green (missense mutations) and yellow (small
in-frame deletions) circles. Some clustering of those mutations can be seen at the UBR
box (green), a highly conserved substrate-binding domain; the missense mutations
p.Val122Leu, p.Cys127Phe, and p.His136Arg are located within this domain. In the other
domains that are known today, no clustering of non-truncating mutations was seen.
Notably, a 107 amino acid residues spanning part of the protein that is not denoted as a
specific functional domain, so far, comprises five non-truncating mutations (p.Val660del,
p.Ser700Pro, p.Arg754Cys, p.Arg754His, p.Glu766del). Also three further missense
mutations p.Pro1426Leu, p.Ser1427Phe, and p.Ser1431Pro are located very close to
each other and might indicate an unknown functionally relevant domain of the UBR1

protein.
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Figure 3.6: UBR1 protein with its conserved domains and distribution of mutations.
Functional domains and conserved regions of the UBR1 protein are highlighted according to Figure 1.2.
Mutations are presented as circles, triangles, and bars. Green circles, missense mutations (20); yellow
circles, small in-frame deletions (3); red circles, nonsense mutations (17); black circles, frameshift
mutations (10); red triangles, splice site mutations (15); blue bars, whole exon deletions/duplications (4).
A total of 69 mutations are shown in this figure. Several of the missense mutations are clustered at the
UBR box and in a region between RING and region VI that has not been described as a functional domain
so far. Figure adapted from [Sukalo et al,, 2014a]. For explanation of domains see chapter 1.2.1.

3.1.7 JBS PATIENTS LACKING UBR1 MUTATIONS

The study cohort subjected to UBRI1 analysis was clinically heterogeneous and
included patients with a clear diagnosis of ]BS, as well as patients with nosologically
undefined phenotypes only partially overlapping with JBS and patients with isolated EPI.
In the patients belonging to the latter two categories none could be clearly explained by
disease-causing UBRI-mutations. In contrast, only in two cases with a convincing clinical
JBS phenotype we were not able to detect biallelic mutations with the combined
approach of Sanger sequencing and MLPA analysis. One patient had only one
heterozygous mutation (family JBS-24), and in another patient we were not able to
detect any mutation on the UBR1 gene (family ]BS-60).

The patient from family JBS-24 was a woman aged 37 years with a mild
manifestation of JBS. She had hypoplastic alae nasi, EPI treated with enzyme
supplements, and oligodontia of permanent teeth. Additionally, prenatal growth
deficiency and short stature were documented. She had progressive hearing loss and
was supplied with hearing aids. At the age of 18 years, diabetes mellitus was diagnosed.
Her IQ was not formally assessed, but according to her attending physician she had a
mild-to-moderate cognitive impairment with delay of speech and motor skills in early
childhood. At the age of 36 years, after two previous miscarriages, she gave birth to a
healthy boy. Sanger sequencing detected a heterozygous missense mutation
(p-Ala563Asp) in the patient’s UBR1 gene, but no mutation of the second allele was
detected by applying MLPA analysis. Notably, by investigating the point mutation in her
cDNA, significant underrepresentation of the second allele (wild-type for the mutation)
was demonstrated (Figure 3.7). This suggests that a reduced expression or increased
degradation of the UBR1 allele that does not carry the known mutation, probably due to

a mutation that could not be detected so far. These findings indicate an unidentified
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genetic mechanism leading to defective UBR1 expression from this allele. A mutation in
the promoter or intronic regions as well as larger genomic deletions/duplications or
rearrangements could be the explanation. Reduction of the UBR1 protein in this patient
was proven by immunoblotting (Figure 3.8, lane 2). Taken together, these data suggest

that the disease in this patient was indeed caused by UBR1 deficiency.
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Figure 3.7: Electropherograms showing the mutation c.1688C>A (p.Ala563Asp).
Sequence traces obtained from the analysis of genomic DNA (gDNA) derived from lymphocytes of a
patient from family JBS-24 are compared with mRNA derived from a LCL from this patient and a normal
genomic control. Mutation c.1688C>A (p.Ala563Asp) was detected heterozygous in this patient; on the
second allele no mutation could be detected. In the mRNA sample the wild type allele at position c.1688 is
significantly underrepresented. Reproduced from [Sukalo et al,, 2014a] with permission from John Wiley
and Sons.
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Figure 3.8: UBR1 immunoblotting (1).

Total proteins were extracted from LCLs, equal amounts verified by -actin staining. SDS-PAGE was
followed by immunoblotting with an antibody to human UBR1 (210 kDa) [Kwon et al., 2001]. B-actin (41
kDa) immunoblotting served as a loading control. (1) JBS-60, patient with JBS phenotype, no UBR1
mutation detected. (2) JBS-24, [p.Ala563Asp] + [?]. (3) JBS-27, [p.Leul232Trpfs*17] + [p.Ser1427Phe]. (4)
JBS-28, [p.Ser629*] + [¢.5109-3A>G]. (5) Family JBS-29, patient 1, [p.Ser1431Pro] + [p.Ser1431Pro]. (6)
Family JBS-29, patient 2, [p.Ser1431Pro] + [p.Ser1431Pro]. (7) Control sample with normal amount of
UBR1.
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In family JBS-60 a patient with a phenotype strongly similar to JBS was clinically
described by Takahashi et al. [2004]. This 5.5-year-old Japanese boy born to
consanguineous parents had all typical JBS symptoms: hypoplasia of alae nasi, low
pancreatic enzymes (trypsin and elastase) indicating EPI, and total absence of
permanent teeth. Hypoplasia of the pancreas and replacement with fatty tissue were
detected in magnetic resonance imaging (MRI) analysis. Additional symptoms linked to
JBS were a parietal scalp defect, hearing impairment, hypothyroidism, and cognitive
impairment with speech delay. He had short stature in association with growth hormone
deficiency; glucagon deficiency was also detected. Further features compatible with a
diagnosis of JBS included an abnormal hair pattern with frontal upsweep and abnormal
lacrimal canals. Tests for diabetes and cardiac involvement were negative. Sequencing of
the patient’'s UBRI gene did not reveal any mutations, and MLPA analysis was also
unremarkable. Also immunoblotting revealed normal UBR1 level (Figure 3.8, lane 1).
This is the only patient from the entire cohort who is clinically convincing but did not
show any mutation in the UBR1 gene or lack of the protein in all applied experiments. A
SNP array and microsatellite analyses were also performed, but no homozygosity at the
UBR1 locus was detected. Thus, for this patient, we found no evidence for an underlying

UBR1 defect. The next step will be exome sequencing of this patient.
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3.1.8 FUNCTIONAL ANALYSIS OF SELECTED UBR1 MISSENSE MUTATIONS

In collaboration with the group of Alexander Varshavsky (Pasadena, United States of
America) we studied the functional consequences of selected UBRI missense mutations
and their correlation with phenotypic expression. Three missense mutations observed
in patients with different degrees of clinical severity (Table 3.5) were studied in yeast

counterparts.

Table 3.5: Phenotypic spectrum in JBS with different missense mutations.
Adapted from [Hwang et al., 2011].

Family JBS-6 JBS-15 JBS-18
Facial phenotype severe moderate mild
Oligodontia + + +
Pancreatic insufficiency + + +
Hearing impairment + + -
Short stature + -
Scalp defect + + +
Cognitive impairment + -
Hypothyroidism + +
Microcephaly - na -
Congenital heart defect - - -
Intrauterine growth restriction - -
Imperforate anus + -
Genital malformation + -
Renal anomalies + -
Diabetes - - -
.H136R .R503* V122L
Genotype [c.[2p254+2T1C] [EQ1 102%] [p.[II-)I774st*]‘6]
Yeast counterpart p.H160R p-Q1224E p-V146L

These three missense mutations (p.Vall22Leu, p.His136Arg, p.GIn1102Glu) affect
positions in the UBR box that are conserved among eukaryotes (Table C.1.1) and were
therefore eligible for functional analysis in a yeast model. The Saccharomyces cerevisiae
Ubr1 counterparts were p.Vall146Leu, p.His160Arg, and p.GIn1224Glu, respectively. Low
copy plasmids that expressed either the wild-type yeast Ubrl or one of the three
mutants from the native PUBR1 promoter, were transformed into ubri1A cells that lacked
Ubrl. These cells also carried plasmids that expressed a tyrosine-f-galactosidase

(Tyr-Bgal) N-end rule reporter [Varshavsky, 2005] which serves as an Ubr1 substrate
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through its N-terminal tyrosine residue. Results of the protein degradation assay are
displayed in Figure 3.9. The yeast experiments were carried out by Cheol-Sang Hwang in

the California Institute of Technology (Pasadena, United States of America).
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Figure 3.9: Protein degradation assay.

The B-galactosidase activity was measured in yeast expressing either wild type or mutant Ubr1 together
with the Ubr1 substrate Tyr-fgal. 3-galactosidase activity is thus inversely related to Ubr1l and N-end rule
pathway function. Tyr-Bgal degradation by wild type Ubrl (red column) reduces its activity to less than
half of the level in the Ubrl-deficient state (empty vector; black column). The yeast Ubrl mutant
p-His160Arg (purple column) appears to be inactive, while p.GIn1224Glu (blue) and p.Val146Leu (green)
have marginal and intermediate capacities to degrade Tyr-Bgal, respectively. Tyr-fgal, tyrosine-§-
galactosidase. Adapted from [Hwang et al., 2011].

Additionally, UBR1 protein amounts were tested in LCLs from those three patients
and compared to cell lines from healthy controls as well as ]BS patients carrying
mutations presumably leading to a complete lack the UBR1 protein (Figure 3.10). In
lane 3 a very faint band represents an almost complete loss of the gene product for the
patient with a heterozygous missense mutation and severe phenotype (family JBS-6).
Lane 4 represents the moderately reduced UBR1 amount for the patient with
p.GIn1102Glu mutation and moderate phenotype (family JBS-15). Of the patient with
mild manifestation of the syndrome (family JBS-18) no appropriate material was

available.
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Figure 3.10: UBR1 immunoblotting (2).
Total proteins were extracted from LCLs, equal amounts verified by B-actin staining. SDS-PAGE was
followed by immunoblotting with an antibody to human UBR1 (210 kDa) [Kwon et al., 2001]. B-actin
(41 kDa) immunoblotting served as a loading control. (1) JBS-4, [p.GIn587*] + [p.GIn587*]. (2) Control
with normal amount of UBR1. (3) JBS-6, [p.His136Arg] + [c.2254+2T>C]. (4) JBS-15, [p.Arg503*] +
[p.GIn1102Glu]. (5) JBS-16, [c.3998-1G>C] + [p.Glu1648Lysfs*21]. (6) Control with normal amount of
UBR1. Adapted from [Hwang et al.,, 2011].
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3.1.9 PHENOTYPIC SPECTRUM ASSOCIATED WITH UBR1 DEFICIENCY

All patients identified with UBR1 mutations in this study and previously published
work displayed a phenotype typical or at least suggestive of ]BS, but individual
expression of the phenotype was variable. Table 3.6 summarises genotype and
phenotype data of the entire cohort of patients with UBR1 mutations ascertained in the
Zenker lab since 2005, including previously published and/or analysed cases (families
JBS-1 to JBS-35) as well as newly recruited subjects investigated in the context of this
thesis work (families JBS-36 to JBS-59). The genotype and phenotype findings in families
JBS-1 to JBS-49 were reviewed by Sukalo et al. in 2014 [Sukalo et al.,, 2014a], while
families JBS-50 to JBS-59 have been recruited subsequently. Several patients from this
study cohort were also published as case reports to describe the clinical and mutational

spectrum of this entity:

Patient JBS-38.1 was born to consanguineous parents and the first patient
described in literature with a homozygous missense mutation, namely p.Pro700Ser
[Almashraki et al., 2011]. He presented with the typical JBS symptoms plus anemia
requiring frequent blood transfusions and mild to moderate thrombocytopenia. Later,
the same homozygous missense mutation was detected in the newly born sister of the
index patient, who also exhibited the typical ]BS symptoms (Table 3.6, patient JBS-38.2).
This family was remarkable because of the association of JBS with haematological
abnormalities and the detection of a new disease-causing missense mutation.

Another case report is about a baby girl from India (JBS-47.1) with congenital
cardiac defect, secondary apnoea, and feeding difficulties with poor weight gain
[Godbole et al., 2013], all being symptoms within the JBS spectrum. When the girl was
about 7 months of age, UBR1 sequencing that was performed within this study detected
the homozygous splice mutation ¢.529-13G>A. RNA analysis of this intronic variant
demonstrated that this alteration creates an ectopic splice site resulting in an inclusion
of 11 nucleotides from intron 4 into the coding sequence; those additional base pairs
cause a frameshift that leads to a premature stop codon (see above, Table 3.2).
Nomenclature designates this mutation as p.Asn177Leufs*10. No evidence of a normally
spliced transcript could be found by RNA analysis. We therefore presume that this
mutation leads to a complete or near complete loss of function which is in line with the

classical ]BS phenotype seen in this girl.
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Our patient JBS-46.1 was reported by Singh et al. [2014] with emphasis on his
hepatic and hematologic features. Hepatic involvement presented with direct
hyperbilirubinemia and elevated hepatic enzyme levels, whereas hematologic
involvement was represented by severe anemia with the requirement of blood
transfusions. Another homozygous missense mutation (p.Gly1661Arg) of the UBRI gene
was detected in this patient.

The patients JBS-30.1 and JBS-30.2 were gender-discordant twins with the novel
UBR1 stop mutation p.Gln1228* [Quaio et al., 2014]. The female twin (JBS-30.2) died at
the age of 3 months due to refractory severe diarrhea, and no further detailed clinical
data was available. The male twin (JBS-30.1) also developed severe diarrhea but was
rescued by treatment with pancreatic enzyme supplements. His last documented
medical check-up was at 13 years of age. The UBR1 mutation discovered as part of this
study was a ¢.3682C>T nucleotide substitution that causes a premature stop codon
(p.GIn1228%).

Another ]BS patient belonging to our study cohort (JBS-54.1) was reported to have
two novel mutations of the UBR1 gene [Atik et al,, 2015]. The girl presented with a mild
phenotype and did not show any signs of cognitive impairment. Molecular analysis
revealed compound heterozygosity for the missense mutation p.Leu427Arg and a splice

site mutation at position c.2432+5G>C.

Table 3.6 summarises the genotype and phenotype data of all JBS patients whose
UBR1 mutations were molecularly verified in our group. The cohort comprises a total of
59 molecularly proven ]BS families including 73 affected individuals. Twenty-four
families were ascertained and molecularly confirmed within this doctoral thesis. In the
entire cohort, the gender ratio is nearly balanced (33 males, 40 females). The mean age
of all patients is 7.5 years, the median age 4.5 years. Of the 72 JBS patients that were
born alive, 10 were recorded to have deceased from complications that were supposed
to be related to the syndrome. Death frequently occurred during the first months of life,
most commonly secondary to EPI when enzyme supplementation was lacking or
inadequate. All patients present with aplasia or hypoplasia of the alae nasi. In some
cases, facial clefting occurs as the severe end of this congenital anomaly. Oligodontia of
permanent teeth has been observed in all patients who could be investigated regarding

this symptom and a high proportion even suffers from complete anodontia of permanent
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teeth. EPI with onset at birth or in early infancy was another consistent symptom. Of the
70 patients that could be investigated regarding EPI, all were found to have this
symptom. Hearing impairment was detected in 78% of all patients and 63% presented
with scalp defects. Short stature (below 3rd percentile, according to growth charts from
World Health Organisation and Robert Koch Institut) was documented in 62%. Cognitive
impairment ranged from borderline to severe retardation and was found in 61% of the
patients. For classification of intellectual disability we used a system introduced by
Zhang et al. [2005], as displayed in Table D.2, because formal IQ measurements were
only available from very few individuals. Hypothyroidism and microcephaly (occipital
frontal circumference below 3rd percentile, according to growth charts from World
Health Organisation and Robert Koch Institut) were apparent in 40% and 38% of the
patients. Less frequent symptoms were CHD (27%), intrauterine growth restriction
(IUGR, 25%), imperforate anus (23%), genital malformations (19%), and renal
anomalies (13%). Diabetes was diagnosed in only 9% of the patients but the lifetime risk
is probably higher because the patients can develop this symptom secondary to EPI
during their teenage years.

Several concomitant symptoms have been frequently documented in JBS patients
but were not included in this statistical analysis, as they are either secondary effects or
cannot be objectively classified. Edemas, typically of the lower extremities, are a
secondary effect due to malnutrition caused by EPI. As part of the facial dysmorphism in
JBS patients, anomalies of the hairline were seen frequently. Here, the major observation
is a frontal upsweep of the hair, called “cow-lick”, and a less frequently observed pattern
is an extension of the lateral hairline onto the forehead. Additionally, many patients
where noticed to have abnormal lacrimal canals, such as cutaneolacrimal fistulae.

In a recently published article by Corona-Rivera et al. [2016], we reported four cases
with JBS and oblique facial clefting that have not been described in detail before
(JBS-1.1, -36.1, -43.1, -58.1, Figure 3.11), and compare them to three cases from
literature (JBS-2.1, -2.2, -10.1, previously reported by [Cheung et al., 2009; Guzman and
Carranza, 1997; Jones et al., 1994; Sukalo et al., 2014a; Timoney et al., 2004; Zenker et
al,, 2005]).
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Figure 3.11: Oblique facial clefts in patients with ]BS.

(A) Patient JBS-58.1 was born to non-consanguineous Mexican parents and subsequently presented with
compound-heterozygosity for mutations in the UBRI gene, namely ¢.81+1G>A and p.Argl1019*. He had
severe facial clefting, classified as Tessier clefts types 3 and 4. (B) Patient JBS-43.1 from Costa Rica was
found to harbour the p.GIn513* homozygously. The facial clefts were classified as types 4 and 5. (C)
Another patient from Costa Rica (JBS-1.1) with the same homozygous nonsense mutation (p.Gln513*) had
bilateral severe oblique facial clefts that were classified as Tessier type 4. (D) A patient of Russian origin
(JBS-36.1) at the age of 12 years. He had incomplete oro-facial clefting on the left side classified as Tessier
types 1 and 2 that were surgically corrected during childhood. Mutation analysis of the UBR1 gene
revealed compound-heterozygosity for a deletion of four amino acid residues, namely p.Ala389_Phe392,
and the missense mutation p.Arg754Cys. Reproduced from [Corona-Rivera et al., 2016] with permission
from John Wiley and Sons.

Legend to Table 3.6: Overview of mutations and clinical data of all JBS patients. Pages 64-66.

M, male; F, female; y, year(s); m, month(s); w, week(s); d, day(s), f, deceased; TOP, termination of
pregnancy; na, no data available; H, hypoplasia; A, aplasia; C, facial clefting; NS, present but not specified;
+, present; -, not present; ID, moderate to severe intellectual disability; MID, mild intellectual disability;
BL, borderline intellectual disability; HCM, hypertrophic cardiomyopathy; TOF, tetralogy of Fallot; VSD,
ventricular septal defect; O, other anomalies; ASD, atrial septal defect; DCM, dilated cardiomyopathy; PDA,
patent ductus arteriosus; #, twins; HY, hypospadias; CR, cryptorchidism; MI, micropenis; CL, clitoral
hypertrophy / clitoromegaly; EP, epispadias; P<3, percentile below 3rd (according to growth charts from
World Health Organisation and Robert Koch Institut). References: (1) Zenker et al., 2005; (2) Guzman and
Carranza, 1997; (3) Schoner et al,, 2012; (4) Rudnik-Schoneborn et al., 1991; (5) Hwang et al,, 2011; (6)
Vanlieferinghen et al, 2001; (7) Vanlieferinghen et al., 2003; (8) Zerres and Holtgrave, 1986; (9)
Swanenburg de Veye et al, 1991; (10) Jones et al,, 1994; (11) Timoney et al,, 2004; (12) Cheung et al,,
2009; (13) Vieira et al., 2002; (14) McHeik et al., 2002; (15) Elting et al., 2008; (16) Reichart et al., 1979;
(17) Alkhouri et al,, 2008; (18) Quaio et al., 2014; (19) Liu et al, 2011; (20) Fallahi et al,, 2011; (21)
Almashraki et al, 2011; (22) Singh et al,, 2014; (23) Godbole et al.,, 2013; (24) Atik et al., 2015; (25)
Corona-Rivera et al, 2015. 2Genotypes and tabulated clinical data of families JBS-1 to JBS-49 were
published in Sukalo et al., [2014a].
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3.2 ADAMS-OLIVER SYNDROME

Sequencing of AOS and isolated ACC patients was mainly carried out within this
thesis work, but some genetic investigations on patients from our study cohort was also
performed in London, United Kingdom (collaboration partner: Laura Southgate) and
Antwerp, Belgium (collaboration partner: Wim Wuyts) within our collaboration in this
study (AOS CONSORTIUM). As a member of this consortium, our group focused on
families with apparent autosomal recessive inheritance of AOS, specifically on DOCKS,
the first gene for autosomal recessive AQOS, that was discovered in 2012 [Shaheen et al,,
2011]. We also sequenced this gene in a considerable number of DNAs from patients
with autosomal recessive and sporadic AOS from the patient cohorts of our
collaboration partners. NOTCH1 was in turn preferentially investigated in London and
the majority of RBPJ, EOGT and DLL4 sequencing was performed in Antwerp, but we also
analysed some patients in our lab and verified the mutations that were detected in
London and Antwerp, respectively.

At the beginning of this project an MD student (Felix Tilsen) who was instructed by
me performed parts of the lab work (most of the ARHGAP31 approaches and nearly half
of the DOCK6 sequencing).

Pathogenicity of all variants was checked according to the guidelines established in
chapter 2.3.19. Evaluation of missense mutations, splice site mutations and variants of

unknown significance is shown in Appendix C.

3.2.1 DOCK6é6

A major focus of our efforts was directed towards DOCK6 after its discovery as the
gene responsible for AOS (AOS2; MIM #614219) in two consanguineous Arab families
[Shaheen et al., 2011]. Due to its autosomal recessive way of inheritance, only patients
with a suspected autosomal recessive family background or sporadic patients were
included. Parental consanguinity and/or the presence of multiple affected children of
clinically unaffected parents were regarded as possible indicators of autosomal
recessive inheritance. Families with parent-child transmission of the phenotype
suggesting autosomal dominant inheritance were excluded from DOCK6 analysis.
Thirteen index patients with autosomal recessive pattern of inheritance or
consanguineous parents, and 26 sporadic cases from our Magdeburg cohort were
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analysed (at the time of the below mentioned publication, 10 autosomal recessive
families and 18 sporadic cases were analysed). Additionally, 30 cases with a clinical
diagnosis of AOS from a cohort collected in London were included to this study. The
London cohort comprised nine autosomal recessive cases (including four patients that
had been pre-analysed by exome sequencing in London) and 21 sporadic cases. For the
data analysis and publication, the results of DOCK6 sequencing performed by our
collaborator in Antwerp in his own cohort (20 cases: 12 autosomal recessive families
and eight sporadic patients) were also included. This brought the total of unrelated
patients investigated within this joint study to 78 and resulted in the publication of the
original article “DOCK6 Mutations Are Responsible for a Distinct Autosomal-Recessive
Variant of Adams-Oliver Syndrome Associated with Brain and Eye Anomalies” in the
Journal Human Mutation [2015].

The 13 mutations detected in our patients, plus four previously published ones
[Lehman et al, 2014; Shaheen et al., 2011; Shaheen et al,, 2013], and 20 variants of
unknown significance, were collected at an online database
(http://databases.lovd.nl/shared/variants/DOCK6). Furthermore, an overview of the
clinical data of the DOCK6 mutation positive patients from our cohort (n=12) and those
from literature (n=6) [Lehman et al.,, 2014; Shaheen et al.,, 2011; Shaheen et al., 2013],
plus the data of patients with unclassified DOCK6 variants (n=18) were added to LOVD
(http://databases.lovd.nl/shared/individuals/DOCK®6). Figure 3.12 exemplarily shows
DOCK®6 variant entries.

Effect < Reported = Exon > DMA change (cDNA) <> RNA change <> Protein o
7. 1 2 c.100C=>G r.(?) p.(His34Asp)

+7/. 1 5 C.484G>T r.(?) p.(Gluls2*)

+7/. 2 7 C.788T=A r.{?) p.(val2e3asp)

-7 2 9 €.885C=T r.(=) p.(=)

+7/. 1 11 c.1245dupT r.(?) p.(Aspd16¥)

2. i i2 c.1289G=A r.(?) p.(Arg430His)

+7/. 1 12 c.1296_1297delinsT r.{?) p.(GIn434Argfs*21)

+7/. 1 12 c.1358C>T r(?) p.(Thr453Met)

Figure 3.12: LOVD entries for DOCK6 variants.
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MUTATIONS OF THE DOCK6 GENE

Among 78 unrelated families selected for DOCK6 analysis, a total of 10 families were
molecularly confirmed with AOS2. The mutations observed in these 10 families included
nonsense (n=1), missense (n=4), frameshift (n=4), and splice site mutations (n=3), as
well as one larger intragenic deletion-insertion resulting in deletion of exons 42 to 47.
The latter was identified through the failure to amplify the terminal exons by PCR and
confirmed by focused MLPA and breakpoint sequencing (analysis performed in
Antwerp, data not shown). Eleven of these 13 mutations were novel and two have been
previously described [Shaheen et al., 2011; Shaheen et al., 2013] (Table 3.7). Seven index
patients had homozygous mutations consistent with known parental consanguinity in
these families, while the remaining three had compound heterozygous changes.

Table 3.7 summarises all mutations detected in the patients from Magdeburg,

London, and Antwerp.

Table 3.7: Mutations in the DOCK6 gene that are related to AOS.

Location zilt(:::ttil(:i: Predicted effect2 1(7:13;13’ References
Exon 05 c.484G>T p.E162* 8 [Sukalo et al., 2015]
Exon 07 c.788T>A p.V263D 6 [Sukalo et al., 2015]
Exon 12 ¢.1296_1297delinsT p.Q434Rfs*21 3 [Sukalo et al., 2015]
Exon 12 .1362_1365del p.T4555fs*24 2 [éi‘fﬁaefneétai’f_,zzoéﬂ]
Exon 17 ¢.1902_1905del p.F635Pfs*32 7 [Sukalo et al.,, 2015]
Exon 21 ¢.2520dupT p.R841SEs*6 10 [giglﬁilé’ne;ta;'l'_'zzogﬂ]
Exon 25 c.3047T>C p.L1016P 1 [Sukalo et al,, 2015]
Exon 26 c.3154G>A p.E1052K 5 [Sukalo et al,, 2015]
Intron 32 c.4106+5G>T r.spl.? p.? 7 [Sukalo et al,, 2015]
Intron 35 c.4491+1G>A p.-F1447 H1497del 2 [Sukalo et al,, 2015]
Exon 38 c.4786C>T p.R1596W 4 [Sukalo et al., 2015]
Intron 41 - | ¢.5235+205_6102-15
Intron 47 | delinsCATGGGGCTG p-2° ? [Sukalo etal, 2015]
Intron 46 €.5939+2T>(C¢ r.spl.? p.? 6 [Sukalo et al.,, 2015]

altalic letters indicate that the effect of splicing mutations was demonstrated on the mRNA level. PMMLPA
analysis revealed deletion of exons 42 to 47. <This alteration is also listed in dbSNP (rs201387914) with
unknown pathogenicity and frequency. Online tools predict destruction of the donor splice site (see Table
C.2.3). Mutation nomenclature refers to GenBank reference sequence NM_020812.3. Nucleotide
numbering reflects cDNA numbering with +1 corresponding to the A of the ATG translation initiation
codon in the reference sequence, according to mutation nomenclature guidelines
(www.hgvs.org/mutnomen). The initiation codon is codon 1.
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Of the 14 DOCK6 mutations detected in our AOS cohort (Table 3.7), only two have
been published previously. The frameshift mutation p.Thr455Serfs*24 was initially
reported in the homozygous state in a patient of Arab origin [Shaheen et al,, 2011]. In
our sporadic AOS cohort, a patient (AOS-2) from Germany was found to carry the same
mutation in compound-heterozygosity with a splice site mutation. The second recurrent
mutation, also a frameshift mutation (p.Arg841Serfs*6) was detected in two unrelated
AOS families, each with homozygosity in the affected individuals. It was initially
published by Shaheen et al. [2013] in a family of Arab background. We detected this
mutation in a patient from family AOS-10. Unfortunately, no ethnic background is
known for this patient. The ethnical background provides no indication for a common
ancestral allele in these families.

Of the four missense mutations observed in this cohort, three were homozygous in
affected children from consanguineous families (p.Leul016Pro, p.Glu1052Lys,
p.Arg1596Trp) and one (p.Val263Asp) occurred in compound heterozygosity with a
splice site mutation on the second allele. All four missense variations were classified as
likely causative mutations, as assessed by various online prediction tools (Table C.1.1).
Notably, in the consanguineous family harbouring the missense mutation p.Leu1016Pro
(family AOS-1), previous homozygosity mapping using a SNP array had demonstrated a
22 Mb stretch of autozygosity on chromosome 19 in the index patient (data not shown),
consistent with linkage to the DOCK6 locus. In one pedigree (family AOS-6), segregation
of compound heterozygosity for the missense mutation p.Val263Asp and a splice site
mutation on the second allele (¢.5939+2T>C) was confirmed in the two affected siblings
from family AOS-6. None of the four missense mutations detected in the DOCK6 gene
was listed at dbSNP or detected in a homozygous state, according to the ExXAC Genome
Browser. The mutations p.Glu1052Lys and p.Arg1596Trp were both detected once in a
heterozygous state in EXAC, equalling an allele frequency of <0.02%.

Of the three splice site mutations observed in this study, one (c.4106+5G>T) is
outside of the canonical splice site dinucleotide. Unfortunately, no appropriate material
could be obtained to prove the splicing effect on the mRNA level. However, compound
heterozygosity for this change and a frameshift mutation on the other allele was found
to segregate with the phenotype in family AOS-7. Furthermore, splice prediction tools
consistently calculated that this change presumably abrogated splice donor function at

this site (Table C.2.3), thus supporting the likely pathogenic role of this variation. The
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c.4491+1G>A splice site mutation in intron 35 causes skipping of exon 34 in the mRNA.
As displayed in Figure 3.13, the second allele carrying a frameshift mutation is
significantly underrepresented; presumably this mRNA is rapidly degraded by nonsense
mediated decay due to its anomaly. No further analyses of other patients’ cDNA could be

performed due to the lack of appropriate material.

€.4491+1G>A r.4339_4491del p.F1447_H1497del heterozygous

wt[TCC AAG[TTC CCG GAG CTG CTG TTC GAG GAG GAC ACG|
S K F P E L L F E E D T
1445 1446 1447 1448 1449 1450 1451 1452 1453 1454 1455 1456

mut|TCC AAG |[AAC TTT GCC CGT GTG AAG ATG CAG GTC ACC]

A /’\/ WA ;/\\P\ AV ‘-AM \/\A/m \ \./ \ VALY \/\/ﬁ\ A /'\/\\ A

Figure 3.13: Electropherogram of a DOCK6 splice site mutation.

Wild type cDNA sequence (wt) and amino acid residues are compared to the mutated cDNA sequence
(mut) and subsequent amino acid residues. Wild type shows correct junction of exon 34 (blue box) and 35
(green box). In the cDNA of patient AOS-2.1, the splice site mutation c.4491+1G>A destroys the donor
splice site which subsequently causes deletion of the whole exon 35 (r.4339_4491del). No frameshift is
generated, but 51 amino acid residues are predicted to be missing in the translated protein. The yellow
box represents exon 36. This alteration was detected in compound-heterozygosity in the patient, together
with the p.Thr455Serfs*24 frameshift mutation on the other allele.

DOCK6 mutations are distributed over the entire gene with no obvious clustering to
certain domains of the encoded protein (Figure 3.14). A deleterious effect on the gene
product is plausible for most of these changes, as they are predicted to lead to either a
truncated protein or nonsense-mediated mRNA decay. However, the precise functional

consequences of the novel missense mutations presented here remain to be explored.

p.(E162% p.(D416%) p.(R841Sfs*6)
p.(T4555fs*24) p.(E1052K) p.(E1494*)
| p.(R1596W)
1
l |DHR-1| | DHR-2 [
p-(V263D) | p.(F635Pfs*32) ’ p.(L1064V{s*60) c.5235+205_6102-15
p.(Q434Rfs*21) p.(L1016P) delinsCATGGGGCTG

Figure 3.14: DOCKG6 protein with known functional domains and distribution of mutations.

The protein contains two DOCK homology regions, DHR-1 and DHR-2. DHR-1 spans about 200 amino acids
at the N-terminal end of the protein, whereas DHR-2 is located towards the C-terminus and has an
approximate length of 500 amino acids [Cote and Vuori, 2002]. All currently known mutations are
displayed according to their location in the DOCK6 protein. Red represents nonsense mutations (3), black
indicates frameshift mutations (5), missense mutations are shown in green (4), splice-site mutations are
coloured in orange (4), and the blue line represents one large deletion insertion at the C-terminal end of
the DOCK®6 protein-spanning exons 42-47. Novel mutations are written in italics, others were previously
published by Shaheen et al,, [2011] and [2013] and by Lehman et al., [2014]. Reprinted from [Sukalo et al,,
2015] with the permission of John Wiley and Sons.
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SNPS AND UNCLASSIFIED VARIANTS OF THE DOCK6 GENE

In addition to the pathogenic mutations described above, we also identified 16
heterozygous DOCK6 sequence variations in our cohort, which remained as unclassified
due to either uncertain clinical significance or annotation in dbSNP (build 139) as rare
variants (minor allele frequency (MAF) <0.01 in TGP) (Table 3.8). These variants
included predicted amino acid substitutions (n=8), synonymous alterations in the
coding sequence (n=5), and intronic substitutions within 20 bp of the splice site (n=3).
None of these variations were consistently classified as disease-causing by prediction
tools. Thirteen unrelated sporadic AOS patients harboured a single heterozygous
unclassified DOCK6 variant, while two patients were found to have two or more variants.
Of these, one case had inherited both variants (p.Asn295Asn and p.Gly702Ser) from the
mother on the same allele (data not shown). Another patient was found to carry three
unclassified variants (p.Asn295Asn, p.Arg430His, c.1833-19C>G), the segregation of
which could not be studied. Notably, this patient was previously reported in the
literature as a variant subtype of AOS associated with cerebral anomalies, seizures and
severe cognitive impairment, but without ACC of the scalp [Brancati et al., 2008]. While
most of these variations are more likely to be non-pathogenic (Table C.1.4 and Table
C.2.4), we cannot fully exclude any contribution to the observed phenotype. Our
mutation screening strategy did not assess mutations of the promoter and intronic
changes. We also did not systematically screen for larger genomic deletions/
duplications. Therefore, it remains possible that additional pathogenic variants may
have been missed in this cohort and that the given figure of the contribution of DOCK6-
related disease is somewhat underestimated. However, for the DOCK6 mutation-
negative patients originating from consanguineous families, we can state that five of
them had a previous SNP array analysis showing no suggestive stretch of homozygosity
at the DOCK®6 locus (data not shown). In two out of four further subjects who had no
previous homozygosity mapping, DOCK6 sequencing revealed at least one heterozygous
SNP, whilst for two cases, sequencing results were uninformative to exclude
homozygosity at the DOCK6 locus. Thus, at least for our consanguineous families we can
conclude that genes other than DOCK6 are very likely involved in the pathogenesis of
AOS.
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Table 3.8: Unclassified variants of the DOCK6 gene.

. Nucleotide | Predicted | Frequency | Frequency | Homoz.

EOEIE alteration effect ourqcohor}; E(;AC Y ExAC Gl
Exon 02 ¢.100C>G p.H34D 0.76% 0.1247% - rs201065561
Exon 09 ¢.885C>T p.N295N 1.54% 0.8338% 8 rs146599144
Exon 12 ¢.1289G>A p.R430H 0.78% 0.3896% 1 rs143655255
Exon 12 c.1358C>T p.T453M 0.78% 0.003601% - -

Exon 13 c.1445C>T p.P482L 0.77% 0.002489% - rs557547319
Intron 16 | ¢.1833-19C>G | r.spl.? p.? 0.78% 0.3405% - rs188183013
Exon 19 c.2104G>A p.G702S 0.74% 0.6156% 2 rs199838752
Exon 23 c.2767G>A p.V923I 0.78% 0.02354% - rs143194982
Exon 30 c.3873C>T p.C1291C 0.78% 0.04477% - rs200843111
Exon 31 c.3913C>T p-R1305C 0.78% 0.8342% 9 rs112911897
Exon 37 c.4732C>T p.L1578F 0.78% 0.02393% - -

Exon 38 c.4899G>A p.L1633L 0.78% 0.2561% - rs72985308
Exon 41 ¢.5229C>A p.G1743G 0.76% 0.1046% - rs56243833
Exon 44 c.5640C>T p-H1880H 0.78% 0.1167% - rs200959822
Intron 44 | c¢.5688+9G>A | r.spl.? p.? 0.78% - - -
Intron 45 | ¢.5833-16C>G | r.spl.? p.? 1.54% 0.06603% - rs199764395

Only variants within 20 bp of the exons and MAF <0.01 (in TGP) were included.
Homoz., homozygous appearance.

PHENOTYPIC SPECTRUM ASSOCIATED WITH DOCK6 MUTATIONS

The main clinical findings of all 12 patients with DOCK6 mutations are summarised
in Table 3.9. Detailed clinical data could be obtained from 10 patients originating from
eight families. The patients’ ages ranged between one week and 20 years (median 4.3
years). All except one affected individual from these families had ACC of the scalp and
TTLD of variable expression; a patient from family AOS-7 presented only with mild
hypoplasia of toenails along with a CHD, impaired vision and mild cognitive impairment,
whereas his sister presented with classic AOS features including ACC and TTLD. Across
our DOCK6-positive cohort, the limb defects ranged from minimal hypoplasia of terminal
phalanges to severe transverse reduction defects (Figure 3.15). Hypoplasia of finger and
toe nails, cutaneous syndactyly, brachydactyly, amputation defects at the level of the
proximal phalanges, or absence of all fingers or toes were described in DOCK6 mutation
positive patients from our cohort. Notably, aside from ACC typically located on the scalp

vertex, four patients had additional areas of ACC on the abdomen.
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Figure 3.15: ACC of the scalp and TTLD of the hands.
Clinical photographs of three DOCK6-positive individuals with AOS from the Magdeburg cohort showing
areas of alopecia on the vertex resulting from aplasia cutis congenita and terminal defects of the digits of
varying severity. (A) Patient AOS-1.1. (B) Patient AOS-2.1. (C) Patient AOS-3.1. Reprinted from [Sukalo et
al,, 2015] with the permission of John Wiley and Sons.

Further associated anomalies, primarily related to the nervous system, were present
in all individuals carrying homozygous or compound-heterozygous DOCK6 mutations.
Specifically, all patients from whom sufficient data could be obtained were reported
with developmental delay or mental retardation, ranging from mild to severe (Table
3.9). A broad range of additional neurological abnormalities were reported in most
cases, including cerebral palsy, spasticity, contractures, and epilepsy. Only one patient
out of seven aged =5 years had achieved the ability to walk without support. Behavioural
abnormalities including autistic behaviour or temper tantrums were reported in two
patients. Brain MRI or CT (computed tomography) scan had been performed for seven
patients and was abnormal in all of them. The most frequent changes observed on brain
imaging included ventriculomegaly, periventricular leukomalacia/calcifications, and
hypoplasia/atrophy of the corpus callosum (Table 3.9). Images from the two affected
individuals AOS-2.1 and AOS-3.1 from our Magdeburg cohort are exemplarily shown in
Figure 3.16. Patient AOS-4.1 underwent cerebral ultrasonography at 3 months of age,
which also showed ventriculomegaly. Another patient (AOS-6.2) had previously been
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reported with ventricular dilatation, partial agenesis of the corpus callosum, and
periventricular leukomalacia on autopsy [Orstavik et al., 1995]. Where available,
measurements of head circumference were in the microcephalic range for all eight
patients. Ocular anomalies including microphthalmia, retinal detachment, and visual
impairment were reported in all patients for whom clinical information could be
obtained (exemplarily shown in Figure 3.16B3). In contrast, cardiac anomalies were

observed in only three cases (Table 3.9).

Figure 3.16: Brain imaging of AOS patients with DOCK6 mutations.

(A) Cranial MRI of patient AOS-2.1 at age 1 year: (A1) T2-weighted axial section showing enlarged lateral
ventricles and cerebral atrophy particularly affecting the frontal lobe. (A2) Contrast enhanced T1-
weighted median sagittal section illustrating thin corpus callosum and enlarged basal subarachnoid
spaces. (B) CT scan of patient AOS-3.1 at age 6 years: (B1 and B2) Axial sections showing
ventriculomegaly and periventricular calcifications. (B3) Orbital section showing right microphthalmia
with interocular hyperdensities representing retinal detachment and cystic malformation of the anterior
chamber. Reprinted from [Sukalo et al., 2015] with the permission of John Wiley and Sons.
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3.2.2 ARHGAP31

The ARHGAP31 gene was the first gene to be published in association with AOS
[Southgate et al., 2011]. ARHGAP31 mutations are responsible for a very rare autosomal
dominant from of AOS (AOS1, MIM #100300). This gene was studied in a collective of
four autosomal dominant families with AOS or isolated ACC and 24 sporadic cases. No
clear mutations were detected, but some known SNPs and unclassified variants. Table
3.10 summarises the three unclassified variants (two silent changes and a missense
mutation) with a MAF <0.01 in TGP that were detected heterozygous in one patient each.
Variants were again analysed applying the algorithms described in chapter 2.3.19. The
results are tabulated in Appendix C (Table C.1.5 and Table C.2.5). When using in silico
prediction for the missense variant p.Thr727Ile, it was rated non-pathogenic by all
employed online tools, PolyPhen-2, SIFT, MutPred, and GERP (Table C.1.5). Additionally,
this position in not even conserved in Mus musculus and it was detected in two control
DNAs by our partners in London. All three variants are predicted to not affect splicing of

the exon, according to BDGP and NetGene2 (Table C.2.5).

Table 3.10: Unclassified variants in ARHGAP31.

. Nucleotide Predicted | Frequency | Frequency
Location alteration effect our cohort ExAC A5
Exon 04 c.384G>C p.L128L 1.72% 0.1764% rs150339878
Exon 12 c.2180C>T p.T7271 1.72% 0.06215% | rs539048828
Exon 12 c.2901C>T p.L967L 1.72% 0.001659% -

Only variants within 20 bp of the exons and MAF < 0.01 (in TGP) were included.

3.2.3 RBPJ

During the course of this study, RBP] was published as a further gene associated to
autosomal dominant AOS (AOS3, MIM #614814) [Hassed et al., 2012]. This gene was
screened in 24 sporadic cases and four autosomal dominant families from our cohort
with clinically diagnosed AOS or isolated ACC or TTLD. No mutations of this gene were
identified in our cohort. The majority of the RBP] mutational screening in our patients
was performed in the lab of our collaboration partner in Antwerp, but nine cases were

sequenced in our lab. All variants detected in this gene were classified as benign.
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3.2.4 EOGT

The gene EOGT was published in 2013 as the second gene for an autosomal
recessive form of AOS (AOS4, MIM #615297) [Shaheen et al., 2013]. Autosomal recessive
families (n=13) and sporadic cases (n=16) from our AOS cohort were screened for
mutations in the EOGT gene. Sanger sequencing in this cohort was performed in
Magdeburg (n=12) and Antwerp (n=17). We detected a homozygous splice site mutation
in one of our AOS patients (AOS-11.1) which we confirmed in both parental DNA
samples in the heterozygous state. This ¢.311+1G>T splice donor mutation in intron 5 is
listed in dbSNP (rs369583084) and was detected four times heterozygous in 60,706
unrelated individuals (0.003301%; ExAC Browser). This sequence alteration is
predicted to abrogate the splice donor site of exon 5 as predicted by the splice site
prediction tools BDGP and NetGene2 (Table C.2.6).

The parents of the index patient had had a stillbirth prior to the index patient. This
male stillborn was documented to have a large scalp defect with underlying skull defect
and TTLD affecting all four limbs. Otherwise, the development was appropriate for
gestational age (31 weeks); intrauterine death was attributed to placental insufficiency.
The index patient is aged 25 years and presented with a large scalp defect and
underlying bony defect, but only very subtle limb defects were noticed (Figure 3.17).
The skull defect closed spontaneously around the age of 18 years, the scalp defect is still
visible as a large bald area on the vertex. Livedo of the hand was documented and can be

interpreted as a form of CMTC. Cognitive function appears to be normal, and a cranial CT

scan and cardiac examination did not reveal any anomalies.

Figure 3.17: Clinical pictures of a patient with EOGT-associated AOS.
(A) Baby boy with large scalp defect and underlying bony defect spanning from parietal to vertex region.
(B) Same patient with a large hairless scar on his scalp at the age of 25 years. (C) Slightly hypoplastic
terminal phalanges of fingers. (D) Feet without visible limb defects.
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3.2.5 NOTCH1

Mutations in the gene NOTCH1 were first published to cause another autosomal
dominant type of AOS (AOS5, MIM #616028) in 2014 ([Stittrich et al, 2014].
Independently, NOTCHI mutations were detected in two AOS patients by exome
sequencing performed in the lab of our collaboration partner in London. Subsequently,
the patient cohorts from Magdeburg, London, and Antwerp were screened for further
mutations in the NOTCHI1 gene. Patients with AOS and also patients with ACC were
screened for mutations within this gene. Sequencing of 17 patients from out cohort was
performed in London in the lab of our collaborator Laura Southgate, while nine patients
were screened for NOTCH1 mutations in our lab (all sporadic cases). Among the index
patients from 22 families with sporadic occurrence of AOS or ACC and four autosomal
dominant families with AOS or ACC from the Magdeburg cohort, 10 mutations were
detected (Table 3.11). Eight of the 10 mutations and the respective families were
included in the publication by Southgate et al. [2015] and two families were ascertained
since then. Missense mutations were the major type (70%). In the 10 NOTCH1 mutation
positive families from our cohort, only one splice site mutation, one nonsense mutation
and one frameshift mutation were detected. In silico prediction of the missense
mutations was performed using the above mentioned online prediction tools (chapter
2.3.19); the resulting scores and protein alignments are summarised in Table C.1.6.
Splice site prediction can be found in Table C.2.7. None of the detected mutations was
recurrent within our Magdeburg cohort, but the p.Arg448GIn missense mutation was -
besides from our patient of Greek origin (family AOS-23) - also reported in a patient
from the London cohort, originating from the United Kingdom [Southgate et al., 2015].
Also, none of the detected mutations was annotated in the dbSNP or TGP databases. In
EXAC, the variants p.Alal1740Ser (allele frequency 0.008402%) and c.1669+5G>A
(0.0008530%) were the only listed variants. Parents were analysed when appropriate

material was available (families AOS-12, -13, -14, -15, -18, -21).
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Table 3.11: Mutations in the NOTCH1 gene that are related to AOS.

Location Nucleotide Predicted Family Reference
alteration effect2 (AOS-)

Exon 07 c.1220C>G p.P407R 15 [Southgate et al., 2015]
Exon 08 c.1343G>A p.R448Q 19 [Southgate et al., 2015]
Exon 08 ¢.1345T>C p.C449R 14 [Southgate et al., 2015]
Exon 08 c.1367G>A p.C456Y 18 [Southgate et al., 2015]
Exon 08 c.1393G>A p.A465T 20 -

Intron 10 | c.1669+5G>A | p.F520_G557del 21 -

Exon 25 c.4120T>C p.C1374R 12 [Southgate et al., 2015]
Exon 26 c.4663G>T p.E1555* 13 [Southgate et al., 2015]
Exon 26 ¢.4739dupT p.M1580Ifs*30 16 [Southgate et al., 2015]
Exon 28 ¢.5218G>T p-A1740S 17 [Southgate et al., 2015]

aJtalic letters indicate that the effect of splicing mutation was demonstrated on the mRNA level.

Figure 3.18 illustrates the location of observed mutations relative to functional
domains of the NOTCH1 protein. Six missense mutations and one donor splice site
mutation are located within the extracellular domain composed of 36 EGF-like repeats.
The missense mutations p.Pro407Arg, p.Arg448Gln, p.Cys449Arg, p.Cys456Tyr, and
p.Ala465Thr are clustered in EGF-like repeats 10 to 12. The splice site mutation
c.1669+5G>A affects an exon located in EGF-like repeats 13 and 14. Furthermore, the
missense mutation p.Cys1374Arg is located more C-terminally in the EGF-like repeats
domain. The only observed missense mutation localised outside of the EGF-like repeats
is p.Ala1740Ser; this amino acid substitution affects the transmembrane domain of the
NOTCH1 protein and has a less clear effect on the structural integrity of the receptor,
when compared to the other missense mutations [Southgate et al., 2015]. The nonsense
mutations p.Glu1555* and p.Met1580Ilefs*30 are located at the C-terminal end of the
extracellular domain. These mutations either lead to degradation of the mutant mRNA
through nonsense mediated mRNA decay, which is more likely, or result in a truncated

protein where the intracellular domain is missing.
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Figure 3.18: NOTCH1 protein with functional domains and distribution of mutations.
Schematic of the NOTCH1 protein highlighting the critical functional domains. Missense mutations are
written in green, truncating and splice site mutations are written in red type. EGF, epidermal growth
factor; LNR, Lin-12/Notch repeats; TM, transmembrane domain; RAM, RBP-Jk-associated molecule; ANK,
ankyrin repeats; TAD, transactivation domain; PEST, peptide sequence that is rich in proline, glutamic
acid, serine, and threonine. Adapted from [Southgate et al., 2015].

The unpublished splice site mutation c¢.1669+5G>A that was detected in family
AOS-21 was evaluated in detail as shown in Figure 3.19. Sequencing of both parents
revealed that the mutation was inherited from the father (Figure 3.19A). In silico
prediction was ambiguous; BDGP predicted total loss of the donor splice site, whereas in
NetGene2 no difference was seen when comparing wild type and mutated allele. The
father was, so far, not diagnosed to have AOS. Detailed re-evaluation did not detect a
scalp or limb defect, but CMTC had been recorded at birth; echocardiography did not
reveal any anomalies. To prove a possible effect on mRNA splicing, RT-PCR experiments
were performed on paternal material. Gel electrophoresis of the PCR-amplified cDNA
fragment showed two bands representing the normal product and an abnormal
fragment shortened by approximately 100 bp (Figure 3.19B). Sequencing confirmed
skipping of exon 10 (Figure 3.19D). As both bands are nearly equal in intensity, we
suggest that the mutated splice site is not working and therefore the majority of mRNA
produced from this allele is missing exon 10. This assumption is supported by the
electropherograms shown in Figure 3.19D where the overlying peaks (caused by the

heterozygous deletion of exon 10) have nearly the same height (Figure 3.19D).
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Figure 3.19: Analysis of a splice site mutation in NOTCH1.

(A) Electropherograms of family AOS-21 showing the splice site mutation c.1669+5G>A on genomic DNA
level. In the shown sequence, capital letters indicate exonic regions, intronic regions are written in lower
case letters. (B) Gel electrophoresis of paternal cDNA gained from RT-PCR that was performed with RNA
extracted from blood with the help of the PAXgene system. The two bands represent a wild type allele
(same as in the control) and a shorter fragment missing approximately 100. (C) Position of RT primers
(NOTCH1_CO8F and NOTCH1_C12-13R), relative exon sizes and location of the deletion. (D) Wild type
cDNA sequence (wt) and amino acid residues are compared to the mutated cDNA sequences (mut) and
subsequent amino acid residues. Wild type shows correct junction of exon 9 (blue box) and 10 (green
box). In the cDNA of patient AOS-21.2, the splice site mutation c.1669+5G>A completely destroys the
donor splice site which subsequently causes deletion of the whole exon 10 (r.1556_1669del). No
frameshift is generated, but 38 amino acid residues are predicted to be missing in the translated protein.
The yellow box represents exon 11. P, patient; M, mother; F, father; C, control.

Q

A total of 16 individuals from 10 families were identified with NOTCH1 mutations.
Ten out of 16 were found to have a scalp defect (63%), including five individuals with an
underlying bony defect (31%). Twelve had TTLD (75%), including one patient (6%)
with TTLD restricted to the hands and five patients (31%) with TTLD restricted to the
feet. Thirteen patients had a cardiac examination, of which six (46%) showed a CHD.
Those defects included VSD, ASD, aortic stenosis, and other. CMTC was documented in
39% of the patients (6/16). Additional features were epilepsy, hepatosplenomegaly and
portal hypertension, missing portal vein, bilateral cryptorchidism, and other. Figure 3.20
exemplarily shows scalp defects and TTLD of NOTCHI-mutated patients AOS-12.1,

AOS-14.1, and AOS-16.1.
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Figure 3.20: Clinical features of AOS patients with NOTCH1 mutations.
(A) Patient AOS-12.1 at age 2.8 years. (A1) Residual skin defect after multiple operations of a large scalp
ACC. (A2) Minor hypoplasia of terminal phalanges of toes. (A3) Normal fingers. (B) Patient AOS-14.1 as a
newborn. (B1) Large scalp defect involving the underlying bone. (B2) Hypoplasia of terminal phalanges of
both feet. (C) Patient AOS-16.1 at age 14.7 years. (C1) Small area of alopecia marking a healed skin defect.
(C2) Hypoplasia of terminal phalanges and nails of the left foot. (C3) Normal fingers. Adapted from
[Southgate et al.,, 2015].

Table 3.12 summarises genotype and phenotype of all 16 individuals from 10
families with a NOTCH1 mutation from our cohort. No gender preference can be seen.
Scalp and limb defects seem to be the most frequent symptoms, but one has to keep in

mind that these anomalies were the inclusion criteria for this study.
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The mutations p.Cys449Arg (family AOS-14) and p.Cys456Tyr (family AOS-18) were
not detected in the parental DNA samples. The indicated relationships were confirmed
by genotyping of 16 highly polymorphic microsatellites (AmpF#STR Identifiler Plus PCR
Amplification Kit), thus attesting these mutations to be de novo. In four families (AOS-12,
-13,-15, -21) inheritance from one of the parents was demonstrated, and in another four
families (AOS-16, -17, -19, -20) analysis of inheritance was not possible due to a lack of
appropriate material.

The pedigrees of all 10 families from our cohort that were found to have a NOTCH1
mutation are shown on the following page in Figure 3.21. In family AOS-12 investigation
of relatives of the index patients revealed several instances familial transmission of the
mutation by individuals showing only minor or no symptoms of AOS. The index patient
(III-2) presented with a large scalp defect and underlying skull defect, mild TTLD of the
toes, and was reported with marbled skin at birth, representing a full-blown picture of
AOS. No CHDs were detected in this family. The father (II-4) is an apparently unaffected
carrier of the p.Cys1374Arg mutation, just like the paternal grandfather (I-1). Thorough
clinical investigation showed mildly shortened toes in the index patient’s uncle (II-3)
with small nails, what can be considered as a minimal sign of AOS. Hence, family AOS-12
exemplarily represents intrafamilial variability and reduced penetrance of the
phenotype.

In family AOS-13, the index patient had ACC, TTLD, and CHD, whereas the mother
who was also found to harbour the familial p.E1555* NOTCHI mutation was only
reported to have aortic regurgitation and AOS. The index patient from family AOS-21
presented with AOS including ACC, TTLD, CHD and CMTC; the father, also carrying the
familial splice site mutation ¢.1669+5G>A, was thoroughly investigated, but no AOS-
associated symptoms were detected, besides a CMTC that had been reported at birth.
The missense mutation p.P407R was detected in a mother and son in family AOS-15. The
child had ACC and TCC, but the mother appeared to be an unaffected carrier of this
mutation (Figure 3.21).

The genotypes and clinical data of families AOS-12 to AOS-19 were published
together with three further families with NOTCHI mutations in the original article
“Haploinsufficiency of the NOTCH1 Receptor as a Cause of Adams-Oliver Syndrome With
Variable Cardiac Anomalies” [Southgate et al., 2015].
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Figure 3.21: Pedigrees of AOS families with NOTCH1 mutations.
All 10 families with NOTCH1 mutations are displayed. Reduced penetrance and variable expression can be
seen, especially in the pedigree AOS-12. +, wild type allele; -, mutated allele. Index patients are marked by

red arrows.
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3.2.6 DLL4

The latest gene that was published as responsible for AOS was DLL4 (AOS6,
MIM #616589) [Meester et al., 2015]. By whole exome analysis, our collaboration group
from Antwerp identified DLL4 as a new candidate gene for autosomal dominant AOS.
Two families with suspected autosomal dominant inheritance of AOS or isolated ACC
and two sporadic cases were Sanger sequenced at our lab; another index from a family
with suspected autosomal dominant inheritance plus six sporadic cases from our
Magdeburg cohort were analysed in Antwerp by Sanger sequencing or next generation
sequencing of a custom-made AOS panel; no mutations were detected in our patients.
Meester at al. [2015] screened a total of 91 families affected with AOS or isolated ACC,

and identified nine heterozygous variants in the DLL4 gene.
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4 DISCUSSION

4.1 JOHANSON-BLIZZARD SYNDROME

Within this study, a broad range of UBRI mutations was detected in JBS patients. In
the complete cohort of 60 families with JBS that were genetically analysed during and
prior to my thesis work, 117 mutations were detected on 120 UBR1 alleles, which equals
a mutation detection rate of 97.5%. By applying conventional Sanger sequencing, 112
mutations (93.3%) were detected; MLPA analysis added another five mutated alleles
(4.2%). Mutation types and their frequencies are displayed in the pie chart in Figure 4.1.
This mutational spectrum is typical of autosomal recessively inherited diseases with loss
of function mutations. Overall, many truncating mutations were detected (42.5%), and
these were distributed across the whole gene. The missense mutations (25%) were
clustered in known functional domains (UBR box) but apparent clustering was seen also
in domains of hitherto unknown functional relevance. The broad mutational spectrum
includes mostly private mutations; only eight recurrent mutations were detected in the

UBR1 gene, with the minority of them being assigned to common ancestor alleles.

Types of UBR1 mutations
within 120 patient alleles

M nonsense mutation

M missense mutation

7% splice site mutation

B frameshift mutation

m whole exon deletion/duplication
small in-frame deletion

unsolved

Figure 4.1: Mutational spectrum in the UBR1 gene.

Comparison of the 13 |JBS families (JBS-1 to JBS-13) described by Zenker et al.
[2005] with those identified during my thesis work (JBS-36 to JBS-59) reveals significant
differences in the mutational spectrum. The major types of mutations seen in the 26

alleles of families JBS-1 to JBS-13 are nonsense (46%) and splice site (27%) mutations.
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These mutation types were only seen in 23% and 19% of the 48 alleles of families
JBS-36 to JBS-59. On the other hand, missense mutations accounted for 31% of the
mutated alleles in JBS-36 to ]BS-59, whereas only 8% of the alleles from families JBS-1 to
JBS-13 harboured a missense mutation of the UBRI gene. These discrepancies can be
explained by the different inclusion criteria applied when recruiting the patients.
Identification of the UBR1 gene in 2005 was accomplished in patients with a severe
manifestation and full-blown spectrum of ]BS symptoms, whereas the inclusion criteria
for retrospectively recruited patients were softened to possibly discover UBR1-related
phenotypes beyond the previously known phenotypic spectrum of JBS and/or delineate
new clinical entities or subtypes. These differences in the clinical manifestation and
mutational spectrum are consistent with the identified genotype-phenotype correlation
which is described in detail in chapter 4.1.2.

The results gained prior to and during my thesis work suggest, that JBS is a
genetically homogeneous disease only caused by mutations of the UBR1 gene. This could
still be true considering the mutation detection rate of 97.5%. The few unsolved alleles
may carry mutations located in intronic or promoter regions, or larger deletions or
duplications that were not detected with the available methods. In fact, in patients with
a clear JBS phenotype, only three alleles remained without a UBRI mutation after
sequencing and MLPA. This included one patient where a mutation could be identified
on only one allele (JBS-24.1) and another one with completely normal sequencing and
MLPA results (JBS-60.1):

In patient ]BS-24.1 a missense mutation was detected on one allele; the second allele
remained unsolved in sequencing and MLPA approaches. Presumably this individual
harbours a mutation on the second allele that could not be identified due to
methodological limitations. Overrepresentation of the allele carrying the p.Ala563Asp
mutation was demonstrated on mRNA-level, thus suggesting instability of the mRNA
produced from the allele assumed to harbour the unidentified mutation. Additionally,
immunoblotting revealed clearly decreased expression of the UBR1 protein.

On the other hand, patient JBS-60.1 [Takahashi et al, 2004], who definitely
displayed all major and additionally some minor JBS symptoms, raises doubts regarding
the hypothesis of genetic homogeneity in |BS. Extensive experiments, including Sanger
sequencing, MLPA analysis, linkage analysis, and immunoblotting of the UBR1 protein

did not reveal any hints to a mutation of the UBR1 gene or deficiency of the protein
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product. Exome or genome sequencing in this patient may reveal a new candidate gene
for ]BS. However, we currently do not have any additional |]BS patients with unsolved

genetic etiology to confirm a new candidate.

4.1.1 PHENOTYPE ASSOCIATED WITH UBR1 DEFICIENCY

Phenotype data from 73 affected individuals with a confirmed UBR1 defect could be
reviewed and analysed in this study. All individuals carrying homozygous or compound
heterozygous UBRI mutations as well as the individual in whom the mutation could only
be identified on one allele had a clear clinical diagnosis of JBS. We did not find any
evidence for a contribution of mutations in this gene to other phenotypes partially
overlapping with JBS such as isolated EPI in children or other types of syndromic scalp
defects. However, the clinical expression of the syndrome and of individual
manifestations showed wide variation. This variability appeared to be more pronounced
between than within families. All 70 patients with a proven UBR1 defect and of whom
the data was available were affected by clinically apparent EPI leading to failure to
thrive. Manifestation of this symptom was documented within the first year of life, in the
vast majority shortly after birth. All patients who were followed up for long term had a
need of permanent pancreatic enzyme supplementation. As a second highly consistent
anomaly, all patients displayed anomalies of the nasal wings that ranged from quite

subtle hypoplasia to complete aplasia of the nasal wings (Figure 4.2).

Figure 4.2: Broad range of underdeveloped alae nasi in ]BS patients.
These patients are from our JBS cohort and were tested positively for UBRI mutations. (A) Subtle
hypoplasia. (B) Hypoplasia. (C) Severe hypoplasia. (D) Aplasia. (E) Aplasia with facial clefting, surgically
corrected.
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In some cases the nasal wing defects were associated with more severe lateral facial
clefting. A recent publication has been dedicated to this aspect [Corona-Rivera et al,
2016]. It the reported patients, the facial clefts vary in the clefting lines from types 2 to 6
of Tessier’s classification [Tessier, 1976], but in all cases the nasal wings are involved.
Remarkably, out of the seven |BS patients with facial clefting, four had the same
homozygous nonsense mutation (p.GIn513*) and were of Latin-American descent.
Oblique facial clefting mostly occurs as rare sporadic cases and has an incidence ranging
from 0.75 to 5.4 per 1,000 common clefts [van der Meulen, 1985]. Carefully reviewing all
previously published cases - with and without molecular confirmation - a total of
approximately 100 JBS patients have been published so far (see also discussion, chapter
4.1.5). Subsequently the frequency of oblique facial clefts in JBS is estimated to 5-10%.
Our observations and review published by Corona-Rivera et al. [2016] emphasises that
extensive facial clefting might be the severe end of the spectrum of facial malformations
occurring in JBS. Although four out of seven patients originate from Costa Rica and share
the same nonsense mutation (p.GIn513*), no obvious genotype-phenotype correlation
could be identified, because the other patients have another genetic and ethnic
background. Anomalies of secondary dentition (anodontia, oligodontia) were also
present in all patients on whom appropriate information of the dental status was

available (36 out of 73 patients).

Based on these data gained from our cohort of 73 JBS patients with UBRI mutations
we propose the following clinical criteria for the diagnosis of |BS:

1. EPI with onset in infancy (by the end of the first year of life)

2. Nasal wing hypoplasia/aplasia

3. At least one of the following: sensorineural deafness, scalp defect,

hypothyroidism, or imperforate anus.

4. Hypodontia of permanent teeth
For clinical diagnosis of ]BS criterion 1 (EPI) plus two out of the three other criteria
(2-4) are required. When applying these criteria to the cohort we oversee, 99% of
patients with a confirmed UBR1 defect would have been classified as having JBS. The
only exception is patient JBS-54.1 who has a very mild manifestation of symptoms [Atik
et al., 2015]. The girl aged 3 years was documented to have EPI and hypoplastic alae

nasi, but the permanent teeth were not erupted so far and no roentgenographic imaging
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was performed. She was documented to have no further symptoms that have been
associated to ]BS so far.

Vice versa, only one patient (JBS-60.1) fulfils those clinical criteria but was not
found to harbour a UBRI mutation (by Sanger sequencing and MLPA) or UBR1
deficiency (by immunoblotting).

4.1.2 GENOTYPE-PHENOTYPE CORRELATIONS

In order to determine to what extent the UBR1 genotype may contribute to the
variability of the clinical expression, we compared the group of patients with biallelic
truncating (nonsense, frameshift) mutations (group 1; n=26) to those with a
non-truncating mutation (missense or small in-frame deletion) on at least one allele
(group 2; n=23), assuming that truncating mutations most likely lead to complete lack of
a functional UBR1 protein, while non-truncating mutations may in some cases retain
some residual protein function. Biallelic splice site mutations were excluded from this
evaluation because we cannot predict the exact impacts of those pathogenic variants.
Besides the highly consistent symptoms of EPI and hypodontia, this comparison
revealed gradual differences in other aspects of the disease (Figure 4.3). Regarding the
facial phenotype, it was observed that milder expression of nasal wing hypoplasia was
significantly associated with the presence of at least one non-truncating allele, whereas
facial clefting and complete aplasia of the alae nasi were typically found in patients with
biallelic truncating alleles. Patients with two biallelic truncating mutations constantly
presented with hearing impairment (100%) and cognitive impairment (100%), and
frequently with short stature (88%), whereas individuals of the group with non-
truncating mutations showed these features in a significantly lower frequency: 44%,
39% and 50%, respectively (Figure 4.3). Several other symptoms were also seen at a
higher frequency in group 1, although the differences did not reach statistical
significance due to a lower overall prevalence. Those included microcephaly (45% in
group 1 vs. 33% in group 2), heart defects (33% vs. 13%), imperforate anus (32% vs.
13%), genital malformations (24% vs. 9%) and diabetes (14% vs. 5%). The clinical data
collected for the study does not allow to exclude that some of the observed differences
(e.g. in stature, head growth) might at least in part be secondary to nutritional aspects

related to the severity of pancreatic dysfunction. Scalp defects, hypothyroidism, I[UGR
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and renal anomalies had an almost equal distribution in both groups. The most evident
difference was related to the mental status of the patients. In group 1, all patients had
some degree of cognitive impairment, with half of them classified as having moderate to
severe intellectual disability, whereas in group 2 more than half of the individuals were
reported to have intellectual abilities within the normal range. Together, these findings
suggest that at least some of the non-truncating mutations might represent
hypomorphic alleles. Different levels of residual function have indeed been
demonstrated for three missense mutations examined in a yeast model [Hwang et al,,
2011]. However, there is currently no method available to easily assess the function of
mutant UBR1 proteins. The data also suggest that the minimal requirements for UBR1
function vary between different cells/tissues. While some residual UBR1 protein
function seems to be sufficient for rescuing the brain function, it is insufficient to
prevent pancreatic insufficiency, oligodontia and nasal wing hypo-/aplasia.

Although this analysis provides evidence for a significant impact of the genotype on
phenotypic expression of ]BS, intrafamilial clinical variability between siblings carrying
the same mutations can be observed. For example, patient JBS-19.1 was reported to
have - besides the obligate |BS symptoms - diabetes, hearing impairment and a serious
congestive cardiomyopathy whereas her older sister (JBS-19.2) did not exhibit any of
these symptoms [Elting et al., 2008]. Patients ]BS-22.1 and -22.2 [Reichart et al., 1979]
were sisters with the same homozygous missense mutation. Both were reported to have
a relatively mild phenotype, but there were differences in mental and hearing abilities.
In another family (JBS-4) one affected child had severe lethal urogenital malformations
while the older brother had no such anomalies [Schoner et al,, 2012]. Taking this into
account, it is obvious that the UBRI genotype alone cannot explain all the phenotypic
variability. The existence of unlinked genetic or non-genetic modifiers or stochastic
factors has to be assumed, but their nature as well as their possible impact on the
phenotype is currently unknown.

On the severe end of the spectrum of facial malformations, lateral facial clefting was
observed in several individuals, notably in four patients from three Costa Rican families
(JBS-1, -2, -43) with the same homozygous nonsense mutation p.Arg513* It was
speculated that this may rather be an effect of genetic background than directly
correlated with this specific UBR1 genotype, giving the possibility of an unidentified
genetic modifier in JBS [Corona-Rivera et al., 2016; Sukalo et al., 2014a].
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Figure 4.3: Genotype-phenotype correlation in JBS patients.
Comparison of clinical data derived from 26 |BS patients with biallelic truncating mutations (black bars)
and 23 patients with at least one non-truncating mutation (grey bars). Symptoms showing significant
differences (P<0.05 in Fisher’s exact test) between those two groups are marked with asterisks. P<3,
percentile below 3rd (according to growth charts from World Health Organisation and Robert Koch
Institut); IUGR, intrauterine growth restriction.

Additionally, it is reasonable that microcephaly and hypothyroidism are correlated
with cognitive abilities of the JBS patients. Of the patients with data for head
circumference and cognitive abilities, all six patients with microcephaly were also found
to have impaired intellectual functioning; vice versa, all 11 patients with normal
intellectual abilities did not have a head circumference in microcephalic range (Table
3.6). Fifteen out of 17 patients with documented hypothyroidism were reported to have
intellectual disability of varying degree, which equals 88%. On the other hand, only two
out of 16 patients (12.5%) with cognitive abilities within the normal range were
reported to have hypothyroidism. It is well known that hypothyroidism occurring in
infancy has a negative impact on brain development, and only immediate and efficient

treatment is able to prevent severe intellectual deficits.
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4.1.3 PATHOPHYSIOLOGY OF JBS

So far, the pathophysiology of ]BS has not been studied sufficiently. The biological
mechanism affected in JBS, namely the N-end rule pathway, regulates degradation of
intracellular proteins and subsequently their half-life [Varshavsky, 1996]. Therefore, the
JBS-associated UBR1 defect is supposed to lead to an inadequate overexpression of
several proteins, which probably causes pathogenetic effects in particular cells [Zenker,
2008]. It is possible that different proteins that are involved in the pathogenesis of
specific tissues and organs might be affected, having in common only that they are
targets of the N-end rule pathway [Zenker, 2008]. Therefore, the analysis of
pathophysiological mechanisms is challenging and requires appropriate cell or tissue
models.

Some of the symptoms commonly seen in JBS seem to result from early defects of
organ development; this type of development anomalies includes defects of nasal wings
and scalp, imperforate anus, genitourinary and heart anomalies and defects of dental
anlages. However, there is also evidence that other organ manifestations do not result
from disturbed primary development, but instead are the consequence of destructive
and potentially progressive processes occurring beyond organogenesis, including EP],
hearing loss, and hypothyroidism. Autopsy findings in pancreatic tissues of JBS fetuses
suggested that the EPI in |BS is caused by an early-onset destruction of the exocrine part
of the pancreas [Zenker et al., 2005; Zenker et al., 2006]. Observation of a very young
patient with seemingly intact pancreatic function [Al-Dosari et al, 2008] further
supports the hypothesis of a progressive decay of acinar tissue as the cause of impaired
exocrine pancreatic function. Additional evidence for an ongoing destruction of the
pancreas is given by the late onset of diabetes [Zenker et al., 2006] which has been
documented during the teenage years in four ]JBS patients from our cohort
(JBS-10.1, -24.1, -28.1, -32.2). Zenker et al. [2006] postulated that UBR1 plays a critical
role in maintaining the integrity of acinar cells and that the destruction of pancreatic
tissue in JBS is caused by necrotic acinar cell loss [Zenker et al., 2006]. Identification of
the underlying molecular mechanisms has to play a role in future research on JBS and

UBRI1.
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4.1.4 MOLECULAR GENETIC ANALYSIS OF THE UBR1 GENE IN DIAGNOSTICS

The implications of the experience gathered within this study for the application of
UBR1 analysis in a clinical diagnostic setting have been summarized in the Clinical Utility
Gene Card by Sukalo et al. to help clinicians with the diagnosis and to discuss the
relevance of mutation testing in the UBRI gene [Sukalo et al., 2014b]. Sequencing of
coding exons of the UBR1 gene and adjacent intronic sections (splice sites) and - if
necessary - complemented by MLPA analysis for exon deletions/duplications, is useful
to confirm a clinical diagnosis of ]BS. Families with proven UBRI mutations can be
offered prenatal and carrier testing. As clinical signs of JBS are usually present from
birth, the genetic test, even in young children, is to be considered diagnostic and not
predictive.

The clinical specificity (proportion of negative tests if the disease is not present) of
UBR1 testing is 100%. On the basis of current experience gathered in this project, it can
be excluded that a healthy individual carries disease-causing UBRI mutations on both
alleles. The positive clinical predictive value (life-time risk of developing the disease if
the test is positive) of UBR1 testing is also 100%, because penetrance of the disease is
complete, and in all known cases symptoms had been present from birth. There is,
however, considerable variability in the clinical expression with a larger interfamilial
than intrafamilial variability. Because genotype-phenotype correlations are only
tentative, genotype-based predictions regarding severity of the disease are very limited.

In the vast majority of patients, the clinical picture is very clear and distinctive. Stool
tests (fat excretion and fecal elastase determination) and imaging by ultrasound/CT may
be required to substantiate EPI. Furthermore, audiometry, blood tests of thyroid
hormones and dental x-rays are helpful to corroborate the diagnosis. Genetic testing,
however, is the only diagnostic tool that provides a definite diagnosis, and thus cannot
be replaced by alternative methods in cases where some uncertainty remains about the
clinical diagnosis (especially in patients with mild symptoms). Moreover, identification
of the causative mutations in a family is the precondition for carrier identification or
early prenatal testing.

As treatment of JBS is purely symptomatic, all therapeutic measures mainly depend
on the individual clinical problems and not on the genetic test result. Treatment should
include pancreatic enzyme replacement and dental surgery. Further therapeutic

treatment includes - in necessary - hearing aids, surgery for correction of congenital
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malformations,  thyroid  hormone  substitution, special education, and
controls/regulation of the blood sugar level. Multidisciplinary follow-up covering all the
health issues known in JBS has to be recommended. Since known genotype-phenotype
correlations are only tentative, results of genetic testing are unlikely to modify the
prognosis. However, the molecular test is essential to confirm the clinical diagnosis and
for accurate genetic counselling of the families concerned. The possibility of molecular
carrier enables more precise genetic risk assessment in family members.

The result of the molecular genetic test may have no immediate medical
consequences for the affected individuals and their families, but having a positive
molecular genetic diagnosis will influence genetic counselling and may influence
reproductive decisions. It is likely that relatives will consider genetic counselling and
carrier testing to assess their own risks. Patients themselves may benefit from the
confirmation of a diagnosis that is not certain on a clinical basis alone in that
unnecessary additional diagnostic tests can be saved. Moreover, possible symptoms that
might occur during the course of the disease, such as oligodontia of permanent teeth,
hypothyroidism, hearing impairment or diabetes are more likely to be detected early, if

the diagnosis is clear.

4.1.5 CRITICAL REAPPRAISAL OF THE LITERATURE

In the light of the experience gathered within this project, a critical review of the
literature on JBS and ]BS-like phenotypes was performed. Obviously, there are published
cases that are erroneously classified as ]BS but they are cited in the literature again and
again, leading to blurring of the characteristic ]BS phenotype. This critical review
includes case reports of patients suggested to have ]JBS without a molecular
confirmation, as well as earlier reported patients that were retrospectively classified as
probable JBS cases and cited as such in the literature.

Retrospectively, a case reported by Morris and Fisher in 1967 seems to be the first
article to describe this entity. The reported patient presented with symptoms that are
indicative of JBS, namely trypsinogen deficiency, imperforate anus, poor weight gain,
delayed motor development, and a “beak-like”, small nose. The published facial
photographs are typical for JBS. There are some earlier reports that have frequently

been cited in reviews on ]BS, including the description of individuals with fatty
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replacement of the pancreas [Lumb and Beautyman, 1952], “somewhat depressed” nasal
bridge [Berger and Klempman, 1965], trypsinogen deficiency disease [Townes, 1965], or
pancreatic insufficiency [Grand et al., 1966], but the data provided in these reports are
insufficient to clearly support the diagnosis of ]BS in the described individuals. Table D.3
sums up all published cases that were available for literature review.

A total of 91 cases primarily or retrospectively classified as ]BS were extracted from
78 articles published by April 2016 (for references see Table D.3; the large cohort
published by Sukalo et al. [2014a] was not included), some of the individuals being
described in more than one article and some articles describing more than one case. Of
those 91 patients published as JBS or cited in the literature as probable JBS cases, 60
cases have sufficient documentation of the phenotype and fulfil the clinical criteria of ]BS
(as defined above), 31 of them having also a molecular confirmation. In 13 individuals
the classification remained ambiguous due to a lack of important clinical details.
Eighteen patients published as probable JBS do not meet our clinical criteria of JBS and
most likely have a different diagnosis. Within this study, there was an opportunity to
perform UBRI1 testing in four of those patients, confirming the absence of UBRI
mutations. A summary with all references to those data is provided in Appendix D, Table
D.3.

Interestingly, even in the last 10 years, when UBR1 testing was already available, six
publications can be found presenting five patients that, in my experienced opinion, do
definitely not have ]BS [Barroso et al., 2010; Ellery and Erdman, 2014; Kaba et al., 2013;
Ramos et al., 2010; Santhosh and Jethmalani, 2013; Sudarshan et al., 2010]. I contacted
most of them and offered a UBRI molecular testing on a research basis, but none of the
authors was interested. The clinically atypical patient published by Kaba et al. [2013]
had even been investigated in our lab before and was molecularly confirmed to have no
detectable UBRI mutation. Nevertheless, this patient was published as a case of ]BS in a
Turkish journal. In general, this careful review demonstrates that many of the literature
reports claiming an “expansion of the JBS spectrum” are describing cases in which the
diagnosis ]BS has to be challenged. This in turn underlines the hypothesis that JBS (I) is a
molecularly homogenous disease, (II) is clinically variable but only within a certain
spectrum, and (III) additional symptoms occur rarely and may not directly be linked to
the disease. Consequently, individuals with atypical ]BS and/or a novel symptom that

has not been described previously should undergo analysis of the UBR1 gene.
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4.2 ADAMS-OLIVER SYNDROME

4.2.1 GENETIC BASIS OF AOS

At the beginning of this study, no genes were associated to this disease. As a
member of the collaborative AOS CONSORTIUM that includes partners in Magdeburg,
London, and Antwerp, we could contribute to the identification of two new genes that
are associated to autosomal dominant inherited AOS [Meester et al., 2015; Southgate et
al., 2015]. Furthermore, the phenotype associated to mutations in the DOCK6 gene was
delineated and the mutational spectrum was extended as part of the research that was
done for this doctoral thesis [Sukalo et al., 2015].

Since 2011, six genes were published in association with AOS. Recessive types of
this syndrome can result from mutations in the genes DOCK6 (MIM *614194; AOS2, MIM
#614219 [Shaheen et al,, 2011]) or EOGT (MIM *614789; AOS4, MIM #615297 [Shaheen
et al, 2013]), whereas autosomal dominant types can be caused by mutations in
ARHGAP31 (MIM *610911; AOS1, MIM #100300 [Southgate et al.,, 2011]), RBP] (MIM
*147183; AOS3, MIM #614814 [Hassed et al., 2012]), NOTCH1 (MIM *190198; AOSS5,
MIM #616028 [Stittrich et al., 2014]), or DLL4 (MIM *605185; AOS6, MIM #616589
[Meester et al., 2015]). Figure 4.4 tabulates the chronology of publications about genes
associated with AOS.

2011 »| ARHGAP31 mutations cause autosomal dominant AOS [Southgate et al., 2011]
»| DOCK6 mutations cause autosomal recessive AOS [Shaheen et al., 2011]

2012 | RBPJ mutations cause autosomal dominant AOS [Hassed et al., 2012]

2013:EGT mutations cause autosomal recessive AOS, new mutations in DOCK6 [Shaheen et al., 2013]
2014 >| New mutations in EOGT [Cohen et al., 2014]

»| New mutations in ARHGAP31 [Isrie et al., 2014]
NOTCH1 mutations cause autosomal dominant AQS [Stittrich et al., 2014]

New mutations in DOCK6 [Lehman et al., 2014]

2015 > | New mutations in DOCK6 [Sukalo et al., 2015]
NOTCH1 mutations cause autosomal dominant AQOS [Southgate et al, 2015]

DLL4 mutations cause autosomal dominant AOS [Meester et al., 2015]

v v v

v v »

Figure 4.4: Timeline of publications of genes associated with AOS.
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4.2.2 AOS MUTATION DETECTION FREQUENCY

The Magdeburg cohort comprised 33 AOS index cases, including 10 families with
suggested autosomal recessive inheritance (for criteria see chapter 2.1), 21 sporadic
cases, and two families with an autosomal dominant inheritance pattern. Moreover,
isolated ACC was seen in three families with suggestive autosomal recessive inheritance,
in four sporadic cases, and in two families with parent-child-transmission of the
phenotype, suggesting autosomal dominant inheritance. Additionally, a single sporadic
case with TTLD but without ACC was analysed (Table D.1). In the 10 families with
presumed autosomal recessive inheritance of AOS, we found three index patients to
carry biallelic DOCK6 mutations and one patient with a homozygous splice site mutation
of the EOGT gene. Among the sporadic AOS cases, nine NOTCHI mutations were
detected, and one patient turned out to have autosomal recessive, DOCK6-related AOS.
One patient that was initially classified as a case of sporadic ACC had a NOTCH1
mutation; clinical re-evaluation revealed subtle limb anomalies, and therefore this
patient was reclassified to have AOS. Also some of the cases that were initially classified
as sporadic AOS cases were reclassified as familial AOS with autosomal dominant
inheritance, because relatives also carrying the familial mutation were subsequently
found to have subtle signs of AOS. When including all cases of AQS, isolated ACC, and
isolated TTLD, 15 out of 43 cases (35%) were explained by mutations in four of the six
known AOS genes. When restricting the calculation to the 33 AOS cases (including the
reclassified ACC case), we were able to detect AOS-associated mutations in 45% of the
index patients (Figure 4.5). Due to our focus on DOCK6 analysis within the AOS
CONSORTIUM, the Magdeburg cohort has a bias towards autosomal recessive AOS
families and thus does not represent a random AOS cohort. However, the overall
mutation detection rate of less than 50% points towards additional genetic

heterogeneity of this syndrome.

Clinically determined AOS
(n=33)

B NOTCH1

m DOCK6

W EOGT
unsolved

Figure 4.5: AOS mutation detection frequency in our Magdeburg cohort.
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4.2.3 MUTATION SPECTRUM AND GENOTYPE-PHENOTYPE CORRELATIONS

ARHGAP31

Table 4.1 summarises the major symptoms as seen in AOS of six different genetic
etiologies. Patients with ARHGAP31 mutations appear to be quite mildly affected,
compared to others AOS types, but only three families have been published, so far [Isrie
et al, 2014; Southgate et al, 2011]. ARHGAP31 mutation carriers show a significant
variability and reduced penetrance of ACC and TTLD [Southgate et al., 2011]. Scalp
defects were reported in less than 50% of the patients and limb defects were seen in a
large variety ranging from unaffected mutations carriers to adactyly [Isrie et al., 2014;

Southgate et al,, 2011].

DOCK®6

Studies performed within this PhD thesis focused particularly on genotype-
phenotype correlations in DOCK6-associated AOS (AOS2). After the initial identification
of DOCK6 mutations in two families with autosomal recessive inheritance of AOS
[Shaheen et al., 2011] and subsequent description of three additional families [Lehman
et al,, 2014; Shaheen et al,, 2013], we could identify DOCK6 as the responsible gene in 10
new families from a study cohort consisting of 78 unrelated index patients (47 sporadic
cases and 31 cases with a pedigree constellation suggestive of autosomal recessive
disease transmission). DOCK6 mutations included nonsense, frameshift, missense, splice
site changes, as well as one larger intragenic deletion-insertion resulting in deletion of
exons 42 to 47, and are likely to confer loss of function of the gene product. Taking
together mutations from previous reports and the newly identified ones from this study,
it can be shown that DOCK6 mutations are distributed over the entire gene with no
obvious clustering to certain domains of the encoded protein.

The most striking phenotypic attribute of DOCK6-related AOS in our cohort is the
strong association with important neurodevelopmental and ocular anomalies. The
pattern of neurological impairment and most of the reported morphological changes
(microcephaly, ventricular dilatation, periventricular calcifications, cortical changes)
[Lehman et al., 2014; Shaheen et al., 2011; Shaheen et al., 2013; Sukalo et al.,, 2015] are
suggestive of a disruptive vascular pathogenesis rather than a primary maldevelopment
of the brain. Lesions classified as calcifications according to density analysis of MRI and

CT images, may represent primary calcifications but can in fact also have resulted from
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previous microbleeds. Likewise, the main ocular anomalies observed in our DOCK6-
positive patients (microphthalmia and retinal detachment) are compatible with a
disruptive vasculogenesis. The high prevalence of brain and eye abnormalities as well as
the pattern of cerebral and ocular involvement is in line with previous case reports
[Lehman et al., 2014; Shaheen et al., 2011; Shaheen et al.,, 2013]. However the data on
the previously reported patients do not provide specific details to definitely state that
brain involvement is a constant feature in AOS type 2. While DOCK6 mutations are
generally a rare cause of AOS, in our cohort they accounted for 8/25 (32%) cases
presenting with major neurodevelopmental defects and for 9/19 (47%) cases with
documented brain abnormalities. Taken together, these data suggest that DOCK6
mutations are particularly responsible for a variant of AOS characterized by ACC, TTLD
plus cerebral and ocular abnormalities. The existence of such a variant was postulated
nearly 20 years ago on the basis of an observation of recurrence of AOS symptoms and
brain defects in two siblings [Orstavik et al., 1995]. Our study could confirm that DOCK6
is indeed the gene responsible for the disease in this family (AOS-6). The strong
association of DOCK6 mutations with anomalies of the brain and eye implies that
deleterious effects on vasculature caused by DOCK6 deficiency also affect these
particular structures. In their clinical review on AOS, Snape et al. concluded that
abnormal brain and ocular findings are more common in autosomal recessive AOS
[Snape et al., 2009]. It is becoming clear that the individuals with DOCK6 mutations

account for a substantial part for this observation.

EOGT

By contrast, among 20 patients with EOGT mutations that were reported in
literature, only two were reported to have brain anomalies and no abnormal ocular
findings were reported in any subject [Cohen et al., 2014; Shaheen et al.,, 2013]. A total of
11 families (at least three of them being related) have been diagnosed with EOGT-
associated AOS, so far, but only three different mutations were detected in this gene
[Cohen et al.,, 2014; Shaheen et al,, 2013]. The patients with the major p.Gly359Aspfs*28
mutation were found to exhibit scalp defects of variable extend, sometimes with
underlying skull defects, and minor limb defects (nail deformities, syndactyly), whereas
the limb defects in patients with other EOGT mutations also included absent phalanges.
A minority of those patients (n=3) was reported to have a CHD. We could ascertain EOGT

mutation-associated AOS4 only in a single family from our cohort. The affected
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individual had a large scalp defect with underlying bony defect, mild CMTC, but only
subtle limb defects were detected. Cognitive functions were classified within the normal
range, and cranial CT and cardiac examination showed no anomalies. These clinical
findings are in line with those described in the literature [Cohen et al.,, 2014; Shaheen et
al, 2013] and corroborate the significant phenotypic differences between the two

known recessive types of AOS.

RBPJ

The lack of a mutation in the RBPJ gene in our cohort is consistent with a suspected
low frequency; only two families have been described to have RBP] mutations until now
[Hassed et al., 2012]. The limited dataset does not allow to establish genotype-
phenotype correlations. The intelligence may sometimes be affected (3 out of 6 reported
cases with clinical data), while structural brain anomalies and heart defects were not

reported.

NOTCH1

While this PhD thesis study was in progress, mutations in NOTCH1 were discovered
to cause autosomal dominant AOS. This was first published by a competing group
[Stittrich et al., 2014] who reported five families with five different NOTCHI mutations.
NOTCH1 was independently identified through exome sequencing by our collaboration
partner in London, and our patients were subsequently studied as a replication cohort
by targeted sequencing. The resulting joint publication by Southgate et al. [2015] added
another 11 independent families (including eight families from our Magdeburg cohort)
with nine different mutations of the NOTCH1 gene, all of them not described before.
Again - like already described for the DOCK6 gene - we were able to confirm and
delineated the genotype-phenotype correlations in NOTCH1-associated AOS, namely its
particular association with cardiovascular anomalies. The most frequent cardiovascular
defects observed in our NOTCHI-positive cohort were aortic regurgitation, aortic valve
stenosis, coarctation of the aorta, parachute mitral valve, and VSD. Noteworthy, two
patients that have previously been reported clinically [Franchi-Abella et al., 2014; Girard
et al, 2005] showed unusual vascular anomalies of the portal vein with
hepatosplenomegaly and portal hypertension. The mutations detected in these patients
(p-Cys456Tyr and p.Arg448Gln) are located close to the missense mutations
p.Cys449GIn (AOS-14.1) and p.Ala465Thr (AOS-20.1), all within the EGF-like repeats 11
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and 12 of the NOTCH1 protein. Interestingly, also the other two patients carrying
mutations at this particular site showed major vascular defects. Patient AOS-14.1 had
truncus arteriosus; she died early in life and no autopsy was performed. Patient
AOS-20.1 was reported to have a missing portal vein. Moreover, another patient from
our partner’s cohort (patient 5-II:1 in Southgate et al. [2015]) who also carried the
p.Arg448GIln missense mutation was operated for Fallot tetralogy in infancy and at
5 years of age portal vein thrombosis and portal hypertension were documented. These
observations suggest the EGF-like repeats to play an essential role in NOTCH1
functioning, especially regarding vasculogenesis. They expand the spectrum of NOTCH1
mutation-associated vascular defects and point at portal vein anomalies as another
hotspot of NOTCH1-related disturbance of vasculogenesis. Already in 2005, Garg et al.
had identified two mutations of the NOTCHI gene in two families with aortic valve
disease. Isolated cardiac valve anomalies as reported in these families may represent the
mild end of the spectrum caused by NOTCH1 mutations, whereas the NOTCH1-associated
AOS is a more severe and complex phenotype with heart defects, ACC, and TTLD.
Incomplete penetrance of the phenotype and intra- and interfamilial variability of the
symptoms seems to be characteristic for NOTCH1-related (cardio)vascular disease.
Interestingly, based on the similarity of cardiovascular abnormalities, NOTCHI1 had
already been proposed as a candidate gen for dominant AOS with heart defects in 2008
[Digilio et al., 2008], but could not be verified on molecular level by that time. Taken
together, NOTCH1 mutation-associated AOS5 can be clinically distinguished from the
other types by frequent cardiovascular involvement in addition to scalp defects and mild
to moderate limb defects [Southgate et al., 2015]. Cognitive impairment has not been

described for patients with NOTCH1 mutations.

DLL4

The most recently published gene for an autosomal dominant form of AOS, namely
AOS6, is the DLL4 gene. Meester et al. [2015] report nine patients that either have
isolated ACC or AOS including ACC, mild TTLD, and sometimes heart defects. Patients
with suggested autosomal dominant inheritance of AOS and ACC, and sporadic cases
from our Magdeburg cohort were also screened for mutations in the DLL4 gene within

the frame of this publication, but no mutations were detected.
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In summary, the phenotype associations commented on above indicate that
particular AOS-associated symptoms (such as involvement of central nervous system,
ocular anomalies, CHD) can give a hint to the underlying gene (see also Table 4.1).
However, the clinical variability within the genetic subtypes of AOS is considerable and
their phenotypic spectra are grossly overlapping. Confirmation of the underlying gene
can only be achieved by genetic testing. Adams-Oliver syndrome has emerged as an
exceedingly heterogeneous disease where many cases still remain unsolved (55% in our

Magdeburg AOS cohort), thus suggesting the existence of additional causative genes that

may be disclosed in the near future.

Table 4.1: Appearance of typical symptoms in AOS subtypes.

Gene OMIM | Inh. | ACC | TTLD | CHD | CNS 0ocC Reference
ARHGAP31 AOS1 AD 0 0 - - - [Southgate et al., 2011]
DOCK6 AOS2 AR + + - + + [Shaheen et al., 2011]
RBP] AOS3 AD o o - o - [Hassed et al., 2012]
EOGT AO0S4 AR + 0 0 - - [Shaheen et al,, 2013]
NOTCH1 AOS5 AD + 0 + - - [Stittrich et al,, 2014]
DLL4 AOS6 AD + 0 0 - - [Meester et al., 2015]

OMIM, Online Mendelian Inheritance in Man; Inh., mode of inheritance; ACC, aplasia cutis congenita; TTLD,
terminal transverse limb defects; CHD, congenital heart defects; CNS, central nervous system involvement;
0C, ocular anomalies; +, frequent; 0, occasional; -, no association assumed.
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4.2.4 AOSPATHWAYS

The so far known six genes for AOS point towards two major functional pathways
involved in the molecular pathogenesis of AOS: the ARHGAP31/DOCK®6 regulatory circle
and the NOTCH1 signalling pathway; the latter one also including the proteins RBP]J,
EOGT and DLL4.

THE ARHGAP31/DOCK6 REGULATORY CIRCLE

The proteins DOCK6 and ARHGAP31 are linked via the Rho GTPases CDC42 and
RAC1. DOCK6 (dedicator of cytokinesis 6) functions as a guanine nucleotide exchange
factor for the small G proteins RAC1 and CDC42. DOCK6 can activate these by catalysing
an exchange of bound GDP by GTP (Figure 4.6). Rho GTPases like Racl and Cdc42 are
involved in the regulation of cell division, survival, and migration, and are known to be
of critical importance in regulation of the actin cytoskeleton [Etienne-Manneville and
Hall, 2002; Vega and Ridley, 2008]. This links DOCK6 to a role in reorganisation of the
actin cytoskeleton. A siRNA induced Docké knockdown in N1E-155 cells (murine
neuroblastoma cell line) results in a decrease of active Racl and Cdc42 [Miyamoto et al.,
2007]. The DOCK6 mutations detected in autosomal recessive AOS cases probably cause
a loss of function and are therefore supposed to diminish the activation of RAC1 and
CDC42.

ARHGAP31 (Rho GTPase activating protein 31) is a GAP (GTPase activating protein)
for the Rho GTPases CDC42 and RAC1 [Tcherkezian et al., 2006]. Mutations in
ARHGAP31 have been proposed to cause a gain of function, based on the finding that
mutant transcripts are stable and increase the ARHGAP31 activity in vitro [Southgate et
al, 2011]. Just like DOCK6, ARHGAP31 regulates the Rho GTPases RAC1 and CDC42
(Figure 4.6). It acts as a GTPase-activation protein for small GTPases. Thus, its normal
function is to reset activated RAC1 and CDC42 into the inactivated state. Accordingly,
gain-of-function mutations in ARHGAP31 reduce the availability of active CDC42 and is
assumed to have similar consequences on actin cytoskeleton regulation as loss of DOCK6

function [Southgate et al., 2011].
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Figure 4.6: Regulatory circle of ARHGAP31 and DOCKa®.

Interaction of the proteins ARHGAP31 and DOCK6 with the Rho GTPases CDC42 and RAC1. By cleavage of
a phosphate residue from bound GTP, ARHGAP31 inactivates CDC42 and RAC1. Gain-of-function
mutations in ARHGAP31 result in a decrease of active Rho GTPases and accumulation of inactive forms.
DOCK®6 catalyses an exchange of CDC42/RAC1-bound GDP by GTP and subsequently transfers the Rho
GTPases into an active state. Loss-of-function mutations in DOCK6 (green arrows) have the same effect as
the above mentioned gain-of-function mutations in ARHGAP31 (blue arrows). GTP, guanosine
triphosphate; GDP, guanoside diphosphate; GAP, GTPase activating protein; GEF, guanine nucleotide
exchange factor.

THE NOTCH1 SIGNALLING PATHWAY

All the other four genes that were associated to AOS so far (DLL4, EOGT, NOTCH]1,
RBPJ) are part of the canonical Notch pathway (Figure 4.7). This pathway is involved in
many different cellular processes, including cell-fate determination and neural and
hematopoietic stem cell differentiation [Chillakuri et al., 2012; Luca et al., 2015]. Notch
pathway members, particularly Notchl, also have an established role in the
development of the cardiovascular system [High and Epstein, 2008]. In mammals,
canonical signalling through the Notch family is stimulated by ligand binding at the cell
surface. After stimulation of the Notch pathway by extracellular ligand binding, which
initiates cleavage of the intracellular NOTCH1 component NICD (Notch intracellular
domain), the NICD is released into the signal-receiving cell, where it complexes with
RBP] and further proteins. This complex binds to the promoter and significantly
increases the transcriptional rate of the target genes HEY1 and HES1. NOTCH1 mutations
are predominantly missense mutations located within EGF domains of the receptor; the
majority of them is supposed to potentially perturb function by disrupting the tertiary
structure and affecting Ca2+-binding (which is essential for the maintenance of NOTCH1
function) and ligand interaction [Southgate et al., 2015].

Mutations in the DLL4 gene were just recently associated with an autosomal
dominant form of AOS [Meester et al,, 2015]. DLL4 is one of the canonical ligands of

NOTCH1. The corresponding protein was linked to vasculo- and angiogenesis before [Liu
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et al., 2003]. Expression of DLL4 is limited to endothelial cells, particularly arteries and
capillaries [Suchting et al,, 2007]. Glycosylation of NOTCH1 by EOGT is an essential
posttranslational modification for executing its function in the signalling pathway. EOGT
glycosylates NOTCH1 by binding O-GlcNAc (O-linked N-acetylglucosamine) to serine and
threonine residues. Homozygous or compound-heterozygous mutations of the EOGT
gene are supposed to impair correct glycosylation of NOTCH1 and therefore also impair
signalling of the Notch pathway. RBP] is the principal DNA-binding partner of the
NOTCH1-NICD and coordinates transcription of target genes through the assembly of
protein complexes containing coactivators [Hassed et al., 2012]. Mutations in RBP] may
decrease the binding affinity to the promoters of the target genes, which presumably
results in a disturbed regulation of the genes that are located downstream of this
complex [Hassed et al., 2012].

Based on these functional interconnections, it is assumed that mutations in all of
these four genes perturb NOTCH1 signalling; this assumption was substantiated by the
demonstration of decreased HEY1 and HES1 gene expression in cells expressing mutant

NOTCH1 [Southgate et al.,, 2015].
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Figure 4.7: Simplified schematic of the canonical Notch signalling pathway.

The EGF (epidermal growth factor) domain of NOTCH1 is glycosylated (G) by EOGT. Activation of the
Notch signalling cascade is initiated by the binding of a ligands (here DLL4) through direct contact of
adjacent cells. This ligand activation leads to cleavage and release of NICD (Notch intracellular domain),
which translocates to the nucleus to form an active transcriptional complex with RBP], mastermind
(MAML) and transcriptional coactivators (CoA) to initiate transcription of the downstream genes HEY1
and HES1. In the absence of Notch activation, RBP] complexes with co-repressor proteins (CoR) to repress
transcription of downstream genes. Adapted from [Southgate et al.,, 2015].

—
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The regulatory circle of ARHGAP31 and DOCK®6 has not been directly linked to the
NOTCH1 signalling pathway, so far. A connection between the Notch signalling pathway
and the small Rho GTPases Racl and Cdc42, that are affected by the ARHGAP31/DOCK6
regulatory circle, was demonstrated in the control of dendritic development in
Drosophila [Redmond and Ghosh, 2001]. Furthermore, Rac1 is suggested to be the main
regulator of genes that are associated to radiation-resistant head and neck squamous
cell carcinoma cell lines, also including Notch1.

Summarising, a considerable genetic heterogeneity is seen in AOS; thus, this
syndrome may represent a cluster of disorders of phenotypes with a related cause
[Southgate et al, 2015]. Shaheen et al. [2013] propose to classify AOS as an actin
cytoskeletopathy. Furthermore, the term “NOTCH1 signalopathy” seems appropriate for
patients with mutations in the four genes that are involved in the canonical Notch

signalling pathway.

4.2.5 COMMON MECHANISMS UNDERLYING SYNDROMIC SCALP DEFECTS

We could show that JBS is genetically homogeneous, and its clinical manifestations
are probably caused by pleiotropic effects of impaired intracellular protein degradation
due to a defective N-end rule pathway. AOS instead, can be related to dysfunctional actin
cytoskeleton regulation and impaired NOTCH1 signalling. Possible interconnections
between the molecular pathogenesis underlying these two disorders could open up a
more comprehensive view on the pathophysiology of congenital scalp defects, the
shared clinical feature of AOS and ]BS, and thereby could provide new insights into the
physiology of vasculogenesis. A hypothetical connection between NOTCH1 and the
N-end rule pathway is shown in Figure 4.8. For the cleavage of the NICD from the
NOTCH1 receptor into the signal-receiving cell, there are four known possible cleavage
sites at four consecutive peptide bonds, thus generating four NICD isoforms that differ
just in the most N-terminal amino acids (Table 4.2).

Table 4.2: List of NICDAC species generated in the cell-free assay.
[Tagami et al., 2008]

NICD type Protein sequence Molecular mass
NICD-V(AC) V1744 LSRKRRRQHGQLWFPEGFKVSEAEQKLISEEDL 4210 Da
NICD-L(+1)(AC) | LLSRKRRRQHGQLWFPEGFKVSEAEQKLISEEDL 4111 Da
NICD-L(+2)(AC) | LSRKRRRQHGQLWFPEGFKVSEAEQKLISEEDL 3998 Da
NICD-S(+3)(AC) | SRKRRRQHGQLWFPEGFKVSEAEQKLISEEDL 3885 Da

109



Discussion

NICD-V(AC) with a valine residue at the N-terminus is the most stable variant with a
half-life period of 100 hours. The smaller cleavage isoforms NICD-L(+1)(AC), NICD-
L(+2)(AC), and NICD-S(+3)(AC) with N-terminal leucine or serine have significantly
shorter half-life periods, namely 5.5 hours (+1, +2) and 1.9 hours (+3), consistent with
the N-end rule [Gonda et al., 1989; Tagami et al., 2008]. The specific NICD types are
known to have different efficiencies regarding transcriptional activation and may
compete among each other for binding to the transcriptional complex with RBP],
mastermind (MAML), and coactivators. When attached to this complex and bound to the
specific promotor, the NICD-V(AC) type generates the highest transcription rate of the
downstream genes (especially HES1 and HEY1), compared to the other NICD species
(Figure 4.8) [Tagami et al., 2008].

UBR1, the JBS-associated gene, plays an important role in the N-end rule pathway,
by recognising the N-terminal amino acid of a protein, and affecting their degradation
efficiency [Varshavsky, 1996, 2012]; thereby, the half-life period of a protein is
determined. If it is true that the N-end rule pathway is regulating the half-life of NICD
isoforms carrying N-degrons via UBR1, a defect of UBR1 could in turn lead to shifted
proportions of NICD types. NICD isoforms with destabilising N-degrons (L and S) could
achieve significantly increased half-lives under conditions of an impaired N-end rule
pathway. Overrepresentation of these NICDs, which have been reported to induce much
weaker intracellular Notch signal transmission than NICD-V [Tagami et al., 2008], may
cause competition with the physiologically more stable NICD-V for binding to the
transcriptional complex. The resulting competitive inhibition of NOTCH1 signalling
might have similar effects as heterozygous loss-of-function mutations in the genes
NOTCH1 or DLL4, eventually causing decreased transcription of target genes such as
HES1 and HEY1, which has already been experimentally verified for AOS-associated
NOTCH1 mutations [Southgate et al, 2015]. Proving this connection in functional
experiments will be the subject of future research.

Through the identification a common mechanism underlying AOS and ]BS, further

candidate genes for syndromic or isolated scalp defects could also emerge.
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Figure 4.8: Hypothetical connection between Notch signalling and the N-end rule pathway.

(A) S3-cleavage of the NICD (Notch intracellular domain) from the NOTCH1 receptor at four possible
cleavage sites generates four NICD isoforms with different N-terminal amino acids. When stable NICD-V
binds to the transcriptional complex with RBP], MAML (mastermind), and CoA (transcriptional
coactivators), the highest transcription rate of downstream genes (HESI and HEY1) is generated, leading
to a substantial Notch signalling. The unstable isoforms NICD-L and NICD-S have a low transcription rate
and only generate a weak Notch signal when bound to the transcriptional complex. The unstable isoforms
are degraded via the N-end rule pathway. (B) An impaired N-end rule pathway (due to defective UBR1, for
example) results in an equilibrium shift towards abundance of NICD isoforms with weaker transcriptional
activity (NICD-L and NICD-S) which then compete with the NICD-V for binding to the transcriptional
complex. This competitive inhibition of NOTCH1 signal transmission leads to weak Notch signalling.
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5 CONCLUSIONS

This PhD thesis work has significantly contributed to the understanding of the
genetic and molecular basis of two syndromic conditions, ]BS and AOS, which are linked
by the occurrence of scalp defects as part of both syndromes. |BS was further delineated
as a genetic homogeneous disease. EPI, hypo-/aplasia of alae nasi, and oligodontia of
permanent teeth were determined as the major clinical criteria for this syndrome.
Genotype-phenotype correlations were demonstrated by comparing the clinical data of
parents with biallelic truncating mutations to those with at least one non-truncating
mutation.

In patients with AOS, a wide genetic heterogeneity was assumed, detected, and
verified. Resequencing of the DOCK6 gene yielded to extension of the mutational
spectrum and to further delineation of the phenotype associated to this gene. Novel
genes were assigned to autosomal dominant AOS, namely NOTCH1 and DLL4. For the
NOTCH1 gene we could also expand the mutational spectrum and delineate the
phenotype. Nevertheless, 55% of the patients from our cohort were not found to
harbour a mutation in the six AOS-associated genes, underlining the genetic
heterogeneity of the disease and giving the necessity for further research towards new
candidate genes for this syndrome.

The results of this study support the growing evidence of disturbed angiogenesis
being the underlying mechanism in the pathogenesis of AOS. The scalp defects seen in
JBS are also supposed to emerge from a defect in vasculogenesis, giving a hint to a
possible common mechanism for the development of scalp defects in both syndromes. A
hypothetical pathogenetic link between J]BS and AOS has to be evaluated in future

research.
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APPENDIX A: MATERIAL

Table A.1: Chemicals and reagents

Product

Company

1 Kb Plus DNA Ladder, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

100 bp DNA Ladder, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Acrylamide (2x)

SERVA Electrophoresis GmbH; Heidelberg,
Germany

Agencourt AMPure XP

Beckman Coulter; Brea, CA, USA

Agencourt CleanSEQ

Beckman Coulter; Brea, CA, USA

Ammonium persulfate (APS)

SERVA Electrophoresis GmbH; Heidelberg,
Germany

-mercaptoethanol 299.0%

Sigma-Aldrich Corporation; St. Louis, MO, USA

Betaine solution 5M, PCR reagent

Sigma-Aldrich Corporation; St. Louis, MO, USA

Boric acid 299.8% Carl Roth GmbH + Co. KG; Karlsruhe, Germany
Blotting Grade Blocker Non-Fat Dry Milk Bio-Rad Laboratories Inc.; Hercules, CA, USA
Bradford reagent Sigma-Aldrich Corporation; St. Louis, MO, USA

CompleteMini Protease Inhibitor Cocktail

F. Hoffmann-La Roche AG; Basel, Switzerland

Conditioning Reagent, 3500 Series, Applied
Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Descosept AF

Dr. Schumacher GmbH; Melsungen, Germany

Dimethyl Sulfoxide (DMSO)

Merck KGaA; Darmstadt, Germany

DNA-ExitusPlus IF

AppliChem GmbH; Darmstadt, Germany

Ethylenediaminetetraacetic acid (EDTA) 299%

Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Ethanol 70%, 85%, 100%

Zentralapotheke Universitatsklinikum
Magdeburg; Germany

Ethidium bromide 1%, in H,0

Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Ficoll 400

Pharmacia Fine Chemicals; Uppsala, Sweden

GeneScan 500 LIZ dye Size Standard, Applied
Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

GeneScan 600 LIZ dye Size Standard v2.0, Applied
Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Hi-Di Formamide, Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Hydrochloric acid (HCI) 5M

Sigma-Aldrich Corporation; St. Louis, MO, USA

Incidin Foam

Ecolab Inc.; Saint Paul, MN, USA

Orange G

Chemapol; Prague, Czech Republic

POP-7 Performance Optimized Polymer, 3500 Series,
Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

ProSieve QuadColor Protein Marker (4.6-300 kDa)

Lonza Group AG; Basel, Switzerland

Protein Standard I Bovine Plasma Gamma Globulin,

Bio-Rad Laboratories Inc.; Hercules, CA, USA

Lyophilized

RNase free H,O QIAGEN; Hilden, Germany

RNaseOUT, invitrogen Thermo Fisher Scientific Inc.; Waltham, MA, USA
SALSA MLPA reagents MRC-Holland; Amsterdam, The Netherlands

Sodium chloride (NaCl) >99.8%

Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Sodium dodecyl sulphate (SDS)

Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Tetramethylethylenediamine (TEMED)

SERVA Electrophoresis GmbH; Heidelberg,
Germany

Tris(hydroxymethyl)aminomethane

Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Tween20

USB Corporation; Cleveland, OH, USA

UltraPure Agarose, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA
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Table A.2: Antibodies

Antibody Specificity

Company

Anti-UBR1-1

rabbit polyclonal antibody to mouse Ubr1l

[Kwon et al., 2001]

Anti-rabbit

goat anti-rabbit IgG, HRP conjugate

Merck KGaA; Darmstadt, Germany

Anti-B-actin

mouse monoclonal antibody to human (-actin

Sigma Aldrich, St. Louis, USA

Anti-mouse

goat anti-mouse IgG, HRP conjugate

Merck KGaA; Darmstadt, Germany

Table A.3: Kits

Product

Company

AmpF#STR® Identifiler Plus PCR Amplification Kit,
Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

BigDye Terminator v3.1 Cycle Sequencing Kit,
Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

chemagic DNA Blood Kit special

PerkinElmer chemagen; Baesweiler, Germany

DNA Gel Extraction Kit

Merck Millipore Corporation; Darmstadt, Germany

dNTP Set (100 mM), invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Expand Long Range dNTPack

F. Hoffmann-La Roche AG; Basel, Switzerland

GC-RICH PCR System

F. Hoffmann-La Roche AG; Basel, Switzerland

illustra GenomiPhi V2 DNA Amplification Kit

GE Healthcare Life Sciences; Little Chalfont, UK

MinElute Gel Extraction Kit

QIAGEN; Hilden, Germany

Multiplex PCR Kit

QIAGEN; Hilden, Germany

Oligo(dT)12-1s Primer, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

oragene-DNA collection kits

DNA Genotek Inc.; Kanata, ON, Canada

PAXgene Blood RNA Kit

PreAnalytiX GmbH; Hombrechtikon; Switzerland

pd(N)e Sodium Salt

GE Healthcare Life Sciences; Little Chalfont, UK

Platinum Taq DNA Polymerase, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

prepIT-L2P

DNA Genotek Inc.; Kanata, ON, Canada

QIAamp DNA Blood mini Kit

QIAGEN; Hilden, Germany

QIAamp DNA mini Kit

QIAGEN; Hilden, Germany

RNeasy Mini Kit

QIAGEN; Hilden, Germany

SuperScript Il Reverse Transcriptase, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Taq DNA Polymerase, recombinant, invitrogen

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Visualize Western Blot Detection Kit; rabbit/mouse

Merck KGaA; Darmstadt, Germany

Table A.4: Commercial buffers and solutions

Product Company

Apode Buffer Container, 3500 Series, Applied Thermo Fisher Scientific Inc.; Waltham, MA, USA
Biosystems

Cathgde Buffer Container, 3500 Series, Thermo Fisher Scientific Inc.; Waltham, MA, USA
Applied Biosystems

Developer G153 AGFA HealthCare; Mortsel, Belgium

Gibco PBS, 10x, pH 7.4 Thermo Fisher Scientific Inc.; Waltham, MA, USA
Low EDTA TE Buffer Affymetrix; Santa Clara, CA, USA

Pierce LDS Sample Buffer, Non-Reducing (4X)

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Pierce RIPA Buffer

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Pierce Tris-HEPES-SDS Buffer (20x)

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Pierce Western Blot Transfer Buffer, 10x

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Rapid Fixer G354

AGFA HealthCare; Mortsel, Belgium
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Table A.5: Preparation of customised buffers and solutions

Blocking buffer (4%)
TBS buffer (1x) 10 ml
Non-fat dry milk 04g
Tween20 10 pl
Total volume ~10ml
Developing solution
H;O0, distilled 1250 ml
Solution A (Developer G153A) 1000 ml
Solution B (Developer G153B) 250 ml
Total volume 2500 ml
Fixing solution
HO0, distilled 2000 ml
Fixing Solution (Rapid Fixer G354) 500 ml
Total volume 2500 ml

Laemmli buffer (2x) with 10% f3-mercaptoethanol

Lithium dodecyl sulfate (LDS) sample buffer (4x) 50 pl

[3-mercaptoethanol 10 pl

H»0, distilled 40 ul

Total volume 100 pl
Loading dye

Ficoll 400 75g

EDTA 1ml

fill up with ultra-pure H,0 | to 50 ml

add a very small amount of Orange G

centrifuge 5 min at 3,000 rpm, use supernatant

Running buffer (1x)
Tris/HEPES/SDS Buffer (20x) 50 ml
H,O0, distilled 950 ml
Total volume 1000 ml
TBE buffer (5x)

Tris base 54g
Boric acid 275¢g
EDTA (0.5 M) 20 ml

adjust pH with 5N hydrochloric acid HCI to 8.3

fill up with distilled H,0 | to 1000 ml

TBS buffer (10x)

Tris base (Formula weight 121.1 g) 24 g
Sodium chloride NaCl (Formula weight 58.4 g) 88g
H-0, distilled 900 ml

adjust pH with 5N hydrochloric acid HCl to 7.6

fill up with distilled H,0 | to 1000 ml

Washing buffer (TBST 0.1%)

TBS buffer (1x) 10 ml
Tween20 10 pl
Total volume ~10ml
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Table A.6: Consumables

Product Company

Greiner Bio-One International GmbH;

96-well fl m transparent micropl .. .
6-well flat bottom transparent microplate Kremsmiinster, Austria

96 Well Multiply PCR plate, neutral Sarstedt AG & Co; Niimbrecht, Germany

96-Well PCR Plate, non-skirted 4titude Limited; Wotton, UK

Acetate Foil for 96Well Plate Sarstedt AG & Co; Niimbrecht, Germany

Biomek AP 96 P250 Tips Beckman Coulter; Brea, CA, USA

Biopak Polisher Merck Millipore Corporation; Darmstadt, Germany

Greiner Bio-One International GmbH;

CELLSTAR Standard Suspensionskulturflaschen i :

Kremsmiinster, Austria
CL-XPosure Film, 5 x 7 inches Thermo Fisher Scientific Inc.; Waltham, MA, USA
Cling film Carl Roth GmbH + Co. KG; Karlsruhe, Germany
Combitips advanced, 0.1 ml, 0.2 ml eppendorf AG; Hamburg, Germany
Combitips plus, 0.5 ml, 1.0 ml eppendorf AG; Hamburg, Germany
Disposable Scalpel stainless steel 10 FEATHER Safety Razor Co., Ltd.; Osaka, Japan
Filter Tips and Filter Tips wide-bore; 200 ul, 1.000 pl | QIAGEN; Hilden, Germany
High Density Paper K65HM-CE Mitsubishi Electric Corporation; Tokyo, Japan
Kimtech Science precision wipes Kimberly-Clark Corporation; Inving, TX, USA
MaiMed solution PF, nitrile gloves MaiMed GmbH; Neuenkirchen, Germany
MicroAmp 8-Cap Strip, Applied Biosystems Thermo Fisher Scientific Inc.; Waltham, MA, USA

MicroAmp Fast 96-Well Reaction Plate (0.1 mL),

. . Thermo Fisher Scientific Inc.; Waltham, MA, USA
Applied Biosystems

MicroAmp Fast Reaction Tubes (8 Tubes/Strip), Thermo Fisher Scientific Inc.; Waltham, MA, USA

Applied Biosystems

MlcroAmp Optical 96-Well Reaction Plate, Applied Thermo Fisher Scientific Inc.; Waltham, MA, USA

Biosystems

Multiply-pStrip Pro 8-strip Sarstedt AG & Co; Niimbrecht, Germany

Nitrocellulose Membrane Amersham Pharmacia Biotech; Little Chalfont, UK

PAGETr Precast Gel 4-12% Lonza Group AG; Basel, Switzerland

Parafilm “M” Pechiney Plastic Packaging; Menasha, WI, USA

PAXgene Blood RNA Tubes PreAnalytiX GmbH; Hombrechtikon; Switzerland

PCR SingleCap, 8er-SoftStrips, 0.2 ml, domed cap Biozym Scientific GmbH; Hessisch Oldendorf,
Germany

PCR SoftTubes, 0.2 ml, domed cap Biozym Scientific GmbH; Hessisch Oldendorf,
Germany

Pipette tips eppendorf AG; Hamburg, Germany

0.1-10 pl, 0.1-20 pl long, 1-200 pl, 2-200 pl, Sarstedt AG & Co; Niimbrecht, Germany

50-1000 ul, 200-1000 pl Gilson Inc.; Middleton, WI, USA

Reaction tubes with lids eppendorf AG; Hamburg, Germany

(1.5 ml, 2.0 ml) Sarstedt AG & Co; Niimbrecht, Germany

Reagent and centrifuge tubes

(15 ml, 50 ml) Sarstedt AG & Co; Niimbrecht, Germany

Sekuroka disposable bags, autoclavable Carl Roth GmbH + Co. KG; Karlsruhe, Germany

Serological pipettes, plugged

5 ml, 10 ml, 25 ml Sarstedt AG & Co; Niimbrecht, Germany

TGX Precast Gel 4-15% Lonza Group AG; Basel, Switzerland
Thermowell Sealing Mats, 96 well Corning Inc; Corning, NY, USA
Tube with screw cap (2 ml) Sarstedt AG & Co; Niimbrecht, Germany
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Table A.7: Laboratory equipment

Product

Company

8-channel pipet m10, 0.5-10 pl

Biohit Oyj; Helsinki, Finland

2720 Thermal Cycler, Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

3500xL Genetic AnalyZer, Applied Biosystems

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Agencourt SPRIPlate 96R ring magnetic plate

Beckman Coulter; Brea, CA, USA

Airstream PCR Cabinets

ESCO Technologies Inc.; St. Louis, MO, USA

Autoclave VX-150

Systec GmbH; Linden, Germany

Biomek NXP Laboratory Automation Workstation

Beckman Coulter; Brea, CA, USA

chemagic Magnetic Separation Module I

PerkinElmer chemagen; Baesweiler, Germany

Compressor 2x4-40

JUN-AIR; Benton Harbor, MI, USA

Cooling and heating block CHB-202

biostep; Jahnsdorf, Germany

Devision DBox

Decon Science Tec GmbH; Hohengandern, Germany

E143 Electrophoresis Power Supply

Consort bvba; Turnhout, Belgium

Electrophoresis accessories
(gel trays, combs, casting chambers)

PeqgLab; Erlangen, Germany

Erlenmeyer flask 500 ml, SIMAX

Kavalierglass Co.Ltd; Prague, Czech Republic

Freezer and fridges

Liebherr; Bulle, Switzerland
Robert Bosch GmbH; Gerlingen, Germany

Heraeus Labofuge 400

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Heraeus Pico 17 Centrifuge

Thermo Electron Corporation; Waltham, MA, USA

Heraeus Oven

Thermo Fisher Scientific Inc.; Waltham, MA, USA

Ice machine ZBE 30-10

Ziegra Eismaschinen GmbH; Isernhagen, Deutschland

iCycler

Bio-Rad Laboratories Inc.; Hercules, CA, USA

inoLab pH meter

WTW Wissenschaftlich-Technische Werkstatten
GmbH; Weilheim, Germany

M200 microplate reader

Tecan Group Ltd.; Mdnnerdorf, Switzerland

Magnetic stirrer IKAMAG RCT

IKA Werke GmbH & Co. KG; Staufen, Germany

Masterflex Console Drive

Cole-Parmer; Vernon Hills, IL, USA

Masterflex Easy-Load II

Cole-Parmer; Vernon Hills, IL, USA

Masterflex PharMed Tubing 24/36

Cole-Parmer; Vernon Hills, IL, USA

Measuring cylinder 100 ml, plastic

VITLAB GmbH; Grossostheim, Germany

Measuring cup 2000 ml, plastic

VITLAB GmbH; Grossostheim, Germany

Microwave oven R-939 IN

Sharp K.K,; Osaka, Japan

Milli-Q Reference Water Purification System

Merck Millipore Corporation; Darmstadt, Germany

Mini-PROTEAN Tetra Cell

Bio-Rad Laboratories Inc.; Hercules, CA, USA

Mini-PROTEAN trans-blot cell

Bio-Rad Laboratories Inc.; Hercules, CA, USA

MiniSpin

Eppendorf; Hamburg, Germany

Multipette plus/stream

Eppendorf; Hamburg, Germany

NanoDrop 2000/2000c UV-Vis
spectrophotometer

Thermo Fisher Scientific Inc.; Waltham, MA, USA

PerfectBlue Gel System Mini S/L

PeqLab; Erlangen, Germany

pipetus-akku

Hirschmann Laborgerdte GmbH & Co. KG; Eberstadt,
Germany

PowerPac Basic Power Supply

Lonza Group AG; Basel, Switzerland

Precision scale PE] 4200-2M

Kern & Sohn GmbH; Balingen, Germany

QIAcube robotic workstation

QIAGEN; Hilden, Germany

Reagent bottle with screw cap, SIMAX; 250 ml,
500 ml, 1000 ml

Kavalierglass Co.Ltd; Prague, Czech Republic

Refrigerated centrifuge 3K 12

Sigma Laborzentrifugen GmbH; Osterode am Harz,
Germany

Roll mixer RM5

Karl Hecht Assistent GmbH; Altnau, Switzerland

Single channel pipets

Gilson Inc.; Middleton, WI, USA
eppendorf AG; Hamburg, Germany

Spinbar Magnetic Stirring Bars

Sarstedt AG & Co; Niimbrecht, Germany

Swivel mixer DESAGA SM1

Sarstedt AG & Co; Niimbrecht, Germany

Thermal Printer P93D

Mitsubishi Electric Corporation; Tokyo, Japan
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Product

Company

Thermomixer compact

eppendorf AG; Hamburg, Germany

UV Transilluminator Decon Science Tec GmbH; Hohengandern, Germany
V.er1t1 96-Well Fast Thermal Cycler, Applied Thermo Fisher Scientific Inc.; Waltham, MA, USA
Biosystems

Vortex Genie 2 Scientific Industries, Inc.; Bohemia, NY, USA

VWR Duo Cycler VWR International, Radnor, PA, USA

X-Ray Film Processor

AGFA HealthCare; Mortsel, Belgium

Table A.8: Software

Software Company

3500 Data Collection Software | Applied Biosystems; Waltham, MA, USA

Biomek software Beckman Coulter; Brea, CA, USA

chemagic MSM 1V5106 PerkinElmer chemagen; Baesweiler, Germany
Chromas Lite Technelysium Pty Ltd; South Brisbane, Australia
DeVision G Decon Science Tec GmbH; Hohengandern, Germany
GeneMapper Applied Biosystems; Waltham, MA, USA
GenLAB7 projodis medical; Butzbach, Germany

Microsoft Office Microsoft Corporation; Redmond, WA, USA
NanoDrop 2000/2000c Thermo Fisher Scientific Inc; Waltham, MA, USA
Raw probe MRC Holland; Amsterdam, The Netherlands
Sequence Pilot JSI medical systems GmbH; Ettenheim, Germany
Sequencing Analysis Applied Biosystems; Waltham, MA, USA

TECAN Magelan Software Tecan Group Ltd.; Mdnnerdorf, Switzerland

Table A.9: Online tools

Online tool

Homepage

1000 Genomes Project

http://www.1000genomes.org

Berkeley Drosophila Genome Project

http://www.fruitfly.org

Clustal Omega

http://www.ebi.ac.uk/Tools/msa/clustalo

ClustalWw?2

http://www.ebi.ac.uk/Tools/msa/clustalw2

dbSNP

http://www.ncbi.nlm.nih.gov/SNP

Ensembl Genome Browser

http://www.ensembl.org/index.html

ExAC Browser

http://exac.broadinstitute.org

GeneCards

http://www.genecards.org

Genomic Evolutionary Rate Profiling

http://mendel.stanford.edu/SidowLab
/downloads/gerp/index.html

HUGO Gene Nomenclature Committee

http://www.genenames.org/

Human Genome Variation Society

http://www.hgvs.org/mutnomen/

Leiden Open Variation Database 3.0

http://www.lovd.nl/3.0/home

Mutalyzer https://mutalyzer.nl/

MutationTaster http://www.mutationtaster.org
MutPred http://mutpred.mutdb.org

NCBI http://www.ncbi.nlm.nih.gov

NCBI BLAST http://blast.ncbi.nlm.nih.gov/Blast.cgi
NCBI PubMed http://www.ncbi.nlm.nih.gov/pubmed
NetGene2 http://www.cbs.dtu.dk/services/NetGene?2
Online Mendelian Inheritance in Man | http://www.omim.org

Orphanet http://www.orpha.net

PolyPhen-2 http://genetics.bwh.harvard.edu/pph2
Primer3web 4.0.0 http://primer3.ut.ee

SIFT (via PROVEAN) http://provean.jcvi.org/index.php
STRING http://string-db.org

UCSC Genome Browser

https://genome.ucsc.edu/index.html
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Appendix B: Oligonucleotides

B.1 PCR AND SEQUENCING PRIMER

Table B.1.1: UBR1 standard primer.

Exon | Name Sequence (5-3) Amplicon
1 UBR1_EO01F* gaagccactcctcgagtctg 400 b
UBR1_EO1R agacttggctggcagaaatg p
2 UBR1_EO02F* ggtggtatgtgagcagttgce 535
UBR1_EO02R tgggtcacacagcaagactc p
3 UBR1_E0Q3F* ggtcaaggcccaaagttatg 510b
UBR1_EO3R tttctgtaaagcaacacacatcc p
4 UBR1_EO4F ttttcgcacactttgcaatc 543 b
UBR1_E04R* aaaacagcagggttctaactgg p
5 UBR1_E04F ttcattcctggacgatgttyg 550 b
UBR1_EO5R* ggatgagaggctgctaggtc p
6 UBR1_EO6F cccacaggttggaaactacacag 361b
UBR1_E06R* gagaggatggtcagacctagcac p
748 UBR1_E07+08F* | gagctcattaagtctttgggctac 645 b
UBR1 _E07+08R | gcaaccctgaaaattaatcaaag p
9 UBR1_EQ9F cactgtgagaggctgaggtg 442 b
UBR1_EQ9R* aaagacaacatccctgggttt p
10 UBR1_E10F* ggaggggtgcagaaaaagag 433 bp
UBR1_E10R agggccaagaacaaacttttgac
11 UBR1_E11F tttttgctgatcataatatcttgce 446 b
UBR1_E11R* tcatctgcattgacgaggac p
12 UBR1_E12F* cctgtctaatgggcttggag 547 b
UBR1_E12R acgcgaggcagtaacagttc p
13 UBR1_E13F agttagctgtgacaggcttgg 558 b
UBR1_E13R* ggatctatcaaaacaggatgagtg p
14 UBR1_E14F* ttgaacccatgcattctgac 532b
UBR1_E14R tttccagggaataaacgtgtg p
15 UBR1_E15F* tgcagtgagctgtgattatgc 582 b
UBR1_E15R tgggtgggagatgagttacc p
UBR1_E16+17F* | gccaaatcaaatcgcacaag
16+17 UBR1_E16+17R cactcagtaaaatctaggaacacagg 655bp
18 UBR1_E18F* tcatcctcgctagtccettt 562b
UBR1_E18R tgttaaaagcctcggcaagt p
19 UBR1_E19F tttttgacagtcctacatgagacaa 544 b
UBR1_E19R* aaggaagggatccagaacaaa p
20 UBR1_E20F tgaggggcgtgttagagaag 583 b
UBR1_E20R* tctgtgcttttgtgaaggtga p
21 UBR1_E21F cttttgcccctctcectcacag 595 b
UBR1_E21R* tcccagatcccttaccattg p
22 UBR1_E22F cgaagttggtctcccaaaac 381b
UBR1_E22R* cccctcattctcacccttte p
23 UBR1_E23F* attgcaatggaatttttcataag 503 b
UBR1_E23R tgatgaagtccatgatgcttg p
24 UBR1_E24F ggtgatgtctggctttgtcce 472b
UBR1_E24R* gttgcccactctcaaaaacc p
25 UBR1_E25F* ggtttttgagagtgggcaac 539}
UBR1_E25R gacctgagatcttccctagetce p
26 UBR1_E26F tggtcgtgtgcacctctagtce 398 b
UBR1_E26R* tttcaggattgacaaattaaaactcc p
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Exon | Name Sequence (5-3°) Amplicon

27 UBR1_E27F cctgaaaccaattccctgag 248 bp
UBR1_E27R* aacactggaggcaagcagag

28 UBR1_E28F* ggcgtttgtcacagtcagag 545 bp
UBR1_E28R tcccgacctcaagtgatcta

29 UBR1_E29F* tgtcatgcagcctgtaatgce 380 bp
UBR1_E29R tgagttggtaatttttggtttgce

30 UBR1_E30F ccaaaatatgaagacaagtgacca 362 bp
UBR1_E30R* cccttatttccaaatgtttttca

31 UBR1_E31F tgcttggacattcctaagacag 472 bp
UBR1_E31R* gcccggccaattattacttt
UBR1_E32F* ttattggggcaaaaattcca

32 UBR1_E32R tcagccceccectcaagtaactg 488 bp

33 UBR1_E33F* ttccttececcttceccaaaaag 383 bp
UBR1_E33R tcaagaaatctgtacttgcaaacc

34 UBR1_E34F* aaaactaggcaggcatggtg 571 bp
UBR1_E34R gtagggccacagagaactgg

35 UBR1_E35F* aaccccttctagctgtgage 600 bp
UBR1_E35R accagaccaaatggcatgag

36 UBR1_E36F aagattgctgcaggtgcttt 483 bp
UBR1_E36R* cgctgtaaagtgcacatgct

37 UBR1_E37F* ctgcagctaattccgacaaac 359 bp
UBR1_E37R gcatggcttctgtaggtggt

38 UBR1_E38F* gcagccttttctcagttcag 552 bp
UBR1_E38R gaaaaaggccagaagaggag

39 UBR1_E39F* ctgctgcccttcacatttag 488 bp
UBR1_E39R aagcaggtccaagtggtctc
UBR1_E40F ggcaacaagagcgaaactct

40 UBR1_E40R* aaaactgaaactacaccccttcc 468 bp

41 UBR1_E41F tgcccggctaattcagtaga 499 bp
UBR1_E41R* atggggagaggagaagtggt

42 UBR1_E42F* tgccacccatggttttatag 365 bp
UBR1_E42R tttgccacccctttaatcag

43 UBR1_E43F tgaacctaggaggcagaagc 420 bp
UBR1_E43R* aggaaaaggacagccactcc

44 UBR1_E44F ttgggcagtttttgatctgg 364 bp
UBR1_E44R* aggagtttgaggctgcagtg

45 UBR1_E45F* tgggcatgtcagatgaagac 571 bp
UBR1_E45R ccatagtgacccccagattg
UBR1_E46F* ccaccattttccaaggtgtc

46 UBR1_E46R cggtgtctggcctcaattac 544 bp

47 UBR1_E47F* ggctccaggaacatctcaag 363 bp
UBR1_E47R acctggacatggagcaaaag

Asterisks indicate unidirectional sequencing primer. NCBI transcript number: NM_174916.2.

Table B.1.2: DOCK6 standard primer.

Exon | Name Sequence (5°-3) Amplicon

1 DOCK6_EO1F* gcctcctecteectaacttcee 473 bp
DOCK6_EO1R cggaaaggggttgaattggg

2 DOCK6_EO2F gccctcggectatttattte 368 bp
DOCK6_E02R* taggaccaggacaggcactc

3 DOCK6_EOQ3F* accgccctcctatttgagtt 479 bp
DOCK6_EO03R gcctctgtgaatccttctge

4 DOCK6_E04F* ggcaggacagtgctaacctt 249 bp
DOCK6_E04R gggacaatgggcagatacac

5 DOCK6_EO5F* caaacttgtctggtggagca 354 bp
DOCK6_EO5R caaggctgtttgggtcattt
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Exon | Name Sequence (5-3°) Amplicon
6 DOCK6_E06F* cccaggtgacccttagagtg 493 bp
DOCK6_EO6R tgcccaataaacactgatcg
7 DOCK6_EO7F cagggatggaaagacggtta 400 b
DOCK6_E0Q7R* tggcacttaaggattggaga p
849 DOCK6_E08+09F* | ggcctcaagagggagtgg 497 bp
DOCK6_E08+09R | gccctgattacccttcettgg
10 DOCK6_E10F* aggccaacactaacccttga 378 b
DOCK6_E10R gcgcagettcetctagettet p
11 DOCK6_E11F gaagtggacacagccaaggt 370 b
DOCK6_E11R* acagttcggccagcagag p
DOCK6_E12+13F* | ctctgctggccgaactgt
12+13 DOCK6_E12+13R | cctggcacagtaggtgctct 494 bp
14 DOCK6_E14F* agtctgccctgactacacage 398 b
DOCK6_E14R ccctttcatgcectacacacc p
DOCK6_E15+16F* | cccagcctcatgacctactce
15+16 DOCK6_E15+16R | catcgatgctgccttatgtyg 474 bp
DOCK6_E17+18F* | caataagggcgtggcatgg
17+18 DOCK6_E17+18R* | ctcccaggattgacaggaag 497 bp
19 DOCK6_E19F tcattcaccctgtgtctcca 395 bp
DOCK6_E19R* ccatcggcaactgttactca
20 DOCK6_E20F* ggacccagctttaagggaag 490 b
DOCK6_E20R gccaaagggtcacagaagac p
21 DOCK6_E21F tgatccctcaaatcctgatg 400 b
DOCK6_E21R* tggccaagttgatctcgaa p
22 DOCK6_E22F gctgagtaggaagggactgg 374 b
DOCK6_E22R* actctgctgcccagagtgac p
23 DOCK6_E23F* agggcacttccactcctctt 370 b
DOCK6_E23R ccaaagtgttgggattacagg p
24 DOCK6_E24F* aacctaccttcagcccacct 456 b
DOCK6_E24R cagcaaagtggattcctggt p
DOCK6_E25+26F | gatcttggtgagagccaagc
25+26 DOCK6_E25+26R* | gagggaaccataggagatgga 522 bp
27 DOCK6_E27F actccgtgccctgttacatce 461D
DOCK6_E27R* gtgcaacaggaatgccctat p
28 DOCK6_E28F* tgagcagagctcctgtctagce 450 b
DOCK6_E28R tccattacaggggagaaacc p
29 DOCK6_E29F gccatgagggaagacttctg 3371
DOCK6_E29R* tgagatgaatcctggccaat p
30 DOCK6_E30F tccactttgaatgagagaagtca 400 b
DOCK6_E30R* cagagtcctctgcacaaagaca p
31 DOCK6_E31F gagcacaaagaaagggatgg 360 b
DOCK6_E31R* cgcatgtgtacggtgatgat p
32 DOCK6_E32F* ttcatgcctgtgcatttctce 419b
DOCK6_E32R acaaggtttcaccgttagcecc p
33 DOCK6_E33F* gagagagctcagccatggag 296 b
DOCK6_E33R gggtcagaaatccaggtgtt p
34 DOCK6_E34F* gtgccctgtggtctctgact 316 b
DOCK6_E34R ctgggattagaggcatgagc p
35 DOCK6_E35F* acttggccaaagaggacaga 354 b
DOCK6_E35R cctcactccctgtatggttga p
DOCK6_E36+37F* | cggcaggttgagcagact
36+37 DOCK6_E36+37R | atccctgttctccecctgceac 520 bp
38 DOCK6_E38F gaggagattggctggtcctt 451D
DOCK6_E38R* gacaggatgtcgtcggagat p
39 DOCK6_E39F* ccctecgtggctgagtacct 378 b
DOCK6_E39R gctggaagggtctaggaagc p
DOCK6_E40+41F* | gctcacaagggagatgggta
40+41 DOCK6_E40+41R | gtgttcactgatggctgctg 408 bp
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Exon | Name Sequence (5-3°) Amplicon
DOCK6_E42+43F gtcctcacactcccatcctg
42+43 DOCK6_E42+43R* | gtccccaggaaacagcact 486 bp
3
44 DOCK6_E44F tgacaaagtccccagatccce 442 bp
DOCK6_E44R gaggtccgtgaaccacctt
DOCK6_E45+46F | cgactggcttcgatcagg
45+46 DOCK6_E45+46R* | taatgggaatcgggcaga 511bp
47 DOCK6_E47F acctcctattgcgggtcttt 400 b
DOCK6_E47R* tccaagctaccagcaaacat p
48 DOCK6_E48F* atgtgggctgggaggtctat 397 b
DOCK6_E48R atgtgtggatatggggcagt p

Asterisks indicate unidirectional sequencing primer. NCBI transcript number: NM_020812.3.

Table B.1.3: ARHGAP31 standard primer.

Exon | Name Sequence (5-3°) Amplicon
1 ARHGAP31_EO1F* gttcttccatcttccgatgce 347 b
ARHGAP31_EO1R gcacaggcctggaatacatta p
2 ARHGAP31_EO02F* tgaaaggaacatcacctacca 387 b
ARHGAP31 E02R | ctgccacacttccctcagtt p
3 ARHGAP31_EO03F* ttcctagggcctggagtaga 430b
ARHGAP31 E03R | ttccctcaccacgctaagat p
4 ARHGAP31_EO04F gctggagtatgagggcttga 398 b
ARHGAP31 E04R* | tgcaggtgatttggagactg p
5 ARHGAP31_EO5F* tcaatcttgacatctttccaatg 378 b
ARHGAP31 EO5R | aaatgaccacttaagccacaga p
6 ARHGAP31_EO6F tttaggagatgagccttgtge 367 b
ARHGAP31_E06R* cagcatacacacagccaaca p
7 ARHGAP31_E07F* aagaatggagggactgtgga 378 b
ARHGAP31_EO7R actgccatcttggtcctgag p
3 ARHGAP31_EO8F tcagagccattcataactgagg 459 b
ARHGAP31 EQ8R* | aacattgggagaagctgcat p
9 ARHGAP31_E0Q9F* tgggtacttaaacagcctgacc 231b
ARHGAP31 E09R | caggcatgacagcttataaagg p
10a ARHGAP31_E10aF* | cgtgtgcctgcccttact 482 b
ARHGAP31_E10aR | caaagggctcggagatgtt p
10b ARHGAP31_E10bF* | accggaacagctgaaggttt 451D
ARHGAP31_E10bR | accgcactatattgccttgce p
11 ARHGAP31_E11F* aaacagggccaggagacag 498D
ARHGAP31_E11R gtccctttggcagaaactga p
12a ARHGAP31_E12aF* | atttgctgaactggcacagg 499 b
ARHGAP31 E12aR | ttccactgttgcttgtggag p
12b ARHGAP31_E12bF* | ccctctggaggtgtggacta 4741
ARHGAP31 E12bR | acgatctcaacctccctggt p
12¢ ARHGAP31_E12cF* | agctgaagtcccaagacagce 499 bp
ARHGAP31_E12cR agagggtcagaattcctctctg
12d ARHGAP31_E12dF* | ttcgccagagccattctcta 488 b
ARHGAP31 E12dR | agggtccaagttgagggaag p
126 ARHGAP31_E12eF* | agagcagcaaggagagttca 500 b
ARHGAP31 E12eR | gctcctctccagaggetga p
12f ARHGAP31_E12fF* | ccttcatggtcaaaatgtgc 500 b
ARHGAP31 E12fR | ggggaaaggaggactgaataa p
12g ARHGAP31_E12gF* | aagcgcatgtcagagacaga 499 b
ARHGAP31_E12gR | aacgtgtgcctggaatatgg p

Asterisks indicate unidirectional sequencing primer. NCBI transcript number: NM_020754.2.
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Table B.1.4: RBP] standard primer.

Exon | Name Sequence (5-3°) Amplicon
. RBPJ_ex01lisolF gcggcgaattccagttct
0lisol RBPJ_ex01iso1R* | tgttgagaccactactgcaca 291 bp
. RBP]_ex01iso2F | cattcctcgtccccgtagta
0liso2 RBPJ_ex01iso2R* | cagacgcccgcaactttc 422 bp
. RBP]_ex01iso3F tgttacacagggtagcagcag
Oliso3 RBP]_ex01iso3R* | ctaccataaatccataaccacatct 463 bp
02 RBP]_ex02F aaaagagattttatgatgcctga 288 b
RBPJ_ex02R* gggaggagagatgagggaaa p
03 RBP]_ex03F aagcattcctctcattacagagce 290 b
RBPJ_ex03R* tgaacccagtaatagaagccatc p
04 RBP]_ex04F tttccecctattattcttcaggtttt 221b
RBPJ]_ex04R* tgcccctttetggtgaacta p
05 RBPJ_ex05F accatggccattctgagttt 346 b
RBPJ_ex05R* ggctattgaaaaggcaattttt p
RBP]_ex06F cactgccaagcagaatttcc
06 RBP]J_ex06R* ggagtgccatgccagtaac 478 bp
07 RBP]_ex07F* ttttcatgccagttcacage 391 b
RBPJ]_ex07R ccatttgaatgttgtgattttcc p
08 RBPJ_ex08F* ggcataggacaaataactgtgatg 455D
RBPJ]_ex08R ccttgaggaaggattgcttg p
09 RBP]_ex09F* atgtagggattggcaaagca 395 b
RBPJ]_ex09R cccatgaaatgaaatgatgce p
10 RBP]_ex10F* aggagcgtacttgccagaaa 387 b
RBPJ]_ex10R cattacaatcagtgccaggaaa p
11 RBP]_ex11F* aggggtgtgggtacaggag 588 b
RBPJ]_ex11R gagacaacggggtttttgaa p

Asterisks indicate unidirectional sequencing primer. To cover all coding exons, the variants
RBPJ-001, -002, and -003 (ENST00000345843, ENST00000361572, ENST00000342320), who have
differences regarding the first exon, have to be analysed (Figure 1.11B). NCBI transcript number for RBP]-

001: NM_203283.2.

Table B.1.5: EOGT standard primer.

Exon | Name Sequence (5-3°) Amplicon

04 EOGT_EO4F atacttagcccttgacccttt 444 bp
EOGT_E0Q4R* acaaccgaaaattagaattctgcc

05 EOGT_EO5F* tgttaagaaccttgagactgct 499 bp
EOGT_EO5R atggtcctggctgtttctec

06 EOGT_EO6F* tgtagtgaggcgtagttttgg 348 bp
EOGT_EO6R gggcaatagacagaaactccg

07 EOGT_EO7F* tgtgtggtttgaatgtgaggg 369 bp
EOGT_EO7R acttgggtttgggaggtcac

08 EOGT_EO8F* atcgcattgcaaagttgggt 473 bp
EOGT_EO8R gcaactgagggattcactcg

09 EOGT_EQ9F tccataggagtgtctgtacca 399 bp
EOGT_EQ9R* tgggaagttcaaattagttcaact

10 EOGT_E10F* gatgggatagaataaaacttgcttg 250 bp
EOGT_E10R tcacaacatcagagtcacaca

11 EOGT_E11F* tttaacacaggcaaattcaggt 300 bp
EOGT_E11R tcagaaatcagtggtaatggct
EOGT_E12+13F tcaagcaatgcaaaatggaga

12+13 EOGT:E12+13R* acatggtctgctgattggtgctgt 495 bp

14 EOGT_E14F* ccctgagagtggtgaaggaa 360 bp
EOGT_E14R gcataggccatcaaacttttctce

15 EOGT_E15F* tggggcctggatttgaactt 380 bp
EOGT _E15R ccttctgggcecctacaaatgce
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Exon | Name Sequence (5-3°) Amplicon
16 EOGT_E16F* ggaatgtggtttaaaatgggca 329 bp
EOGT_E16R agccttttgatgctcagaatga
17 EOGT_E17F* tcctcagtcttgtttacaaccttt 331 bp
EOGT_E17R tctttgcagcactgaagttca
18 EOGT_E18F* tggagtaactgtgactgagacc 492 b
EOGT_E18R acaacacataacaatatcctgaagg p
EOGT_E18bF* cagcctgcaccaccacac
18b EOGT_E18bR* gcttggtactgagaatcacaact 589 bp

Asterisks indicate unidirectional sequencing primer. Exons 4-18 represent isoform EOGT-002
(ENST00000383701), exon 18b is an alternative last exon in isoform EOGT-203 (ENST00000615922).
NCBI transcript number for EOGT-002: NM_001278689.

Table B.1.6: NOTCH1 standard primer.

Exon | Name Sequence (5°-3) Amplicon
01 NOTCH1_EO1F ctgagcctcactagtgectc 498 bp
NOTCH1_EO1R gatcccgggactccagaac
02 NOTCH1_EO2F agagtgcgtccggggtag 300 bp
NOTCH1_EO2R caatggcctagtgttctgtc
03 NOTCH1_EO3F ctgtgcccatgacaggttc 470 bp
NOTCH1_EO3R tcccaattacttccgggtca
04 NOTCH1_EO4F tgtggtccttcatctgccaa 640 bp
NOTCH1_EO04R atcccgccttcccaactce
05 NOTCH1_EO5F ctggagtgaggcagggga 397 bp
NOTCH1_EO5R ctagtctgcctggectgg
06 NOTCH1_EO6F gaggagtcagcccaggaag 483 bp
NOTCH1_EO6R ggcctccctgaccagaaag
07 NOTCH1_EO7F tcccaagtgtcacgggatg 441 bp
NOTCH1_EO7R acctcactgcacaccacc
08 NOTCH1_EO8F atgagtgctcgctgggtag 486 bp
NOTCH1_EO8R aagcaacccacagatgttcc
09 NOTCH1_EQ9F ggttcgtttctgtcccaagt 592 bp
NOTCH1_EO9R tcctgggaatctgaacacaa
10 NOTCH1_E10F ctcactgctggggtctgg 291 bp
NOTCH1_E10R agaccaaggtgtccatgacc
NOTCH1_E11+12F | gggccgccagtcctaagt
11+12 NOTCH1_E11+12R | cctcacccaacccctcag 567 bp
13 NOTCH1_E13F tggaaggatgtggccagaag 411 bp
NOTCH1_E13R tttctggcccatctcaagcet
14 NOTCH1_E14F attgcagacccgggagtg 383 bp
NOTCH1_E14R cctcctcatctccaagagcece
15 NOTCH1_E15F ctggggagctggagacac 600 bp
NOTCH1_E15R tcccaggcatcctgtatcett
16 NOTCH1_E16F cactctgatggcggaaagac 379 bp
NOTCH1_E16R ggtgctcccaggtcaattcce
17 NOTCH1_E17F attaggggagaggggatggt 398 bp
NOTCH1_E17R cctccctgggtgecttatgg
18 NOTCH1_E18F ctgtccccagccatgcag 480 bp
NOTCH1_E18R agggacaggtcggtacaatg
19 NOTCH1_E19F ctagggttgagcagaagggg 453 bp
NOTCH1_E19R tgctcagatccccagaaacc
NOTCH1_E20+21F ttggagtaggcccctt
20421 | \OTCHI F20421R | cotateaggt toagtttiotee | 625
22 NOTCH1_E22F gtctgacaggagcgaggg 381 bp
NOTCH1_E22R tttctggctggttcctggat
23 NOTCH1_E23F tgcagccccagacctgag 429 bp
NOTCH1_E23R gtaagagcagggcagtgaga
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Exon | Name Sequence (5'-3°) Amplicon
24 NOTCH1_E24F cctgtccaatccctgcga 399 b
NOTCH1_E24R ggtgaggaggaggatgaagg P
2524 NOTCH1_E25aF caggttagaggagagcggtyg 488 bp
NOTCH1_E25aR caggctgcagaccttgttg
2ch NOTCH1_E25bF catccgagagccccttcectac 471 bp
NOTCH1_E25bR ccctgagcagagceccttagaa
26 NOTCH1_E26F ttctaaggctctgctcaggg 669 b
NOTCH1_E26R taaagtggggagagtactgc p
27 NOTCH1_E27F tcctgactgtggegtcatg 400 b
NOTCH1_E27R ttccagaaaagccctacccc p
28 NOTCH1_E28F tgatcggtgtcatgtgaagtg 638 b
NOTCH1_E28R gtgaggatgctcggccag p
NOTCH1_E29+30F | gacctggccgagcatcct
29+30 NOTCH1_E29+30R | aggatgaaagctctcacccc 605 bp
31 NOTCH1_E31F gtggccccttgagettgg 480 b
NOTCH1_E31R gctcccagggccacgtaa p
NOTCH1_E32+33F | atctcaggagggtctcgtct
32+33 | NOTCH1_E32+433R | caggcccttgtgteccetg 580 bp
34a NOTCH1_E34aF aggttgtactgctgcttcct 621 bp
NOTCH1_E34aR caggcaggtggttgaggg
34b NOTCH1_E34bF aaggcacggaggaagaagtc 515 b
NOTCH1_E34bR cctaccatgccatgctgce p
34c NOTCH1_E34cF tgaatggtcaatgcgagtgg 570 b
NOTCH1_E34cR caggcgaggagtagctgtg p
NOTCH1_E34dF cctggcggtgcacactatt
34d NOTCH1_E34dR aaaaggctcctctggtcgg 413 bp
NCBI transcript number: NM_017617.3.
Table B.1.7: DLL4 standard primer.
Exon | Name Sequence (5°-3) Amplicon
DLL4_EO1F cagcgagaaggccaaagg
01 DLL4_EO1R cgctcgttgatgaactcctg 355bp
02 DLL4_EO2F gcactttggcagcaggtaac 485 b
DLL4_EO2R acaaggaaatctggggaggg p
03 DLL4_EO3F ttaattaaacaggctgccgce 220 b
DLL4_EO3R ccccgcectagaacagattaac p
04 DLL4_EO04F ggctgattggttggctgatc 450D
DLL4_E04R tgaccaagaagctccactgt p
DLL4_E05-06F | gaggccaggagtaggaagag
05+06 DLL4 _E05-06R | tccaggtgacgaatcggatt 476 bp
07 DLL4_EO7F gcaaacatggactgcaagga 346 bp
DLL4_EO7R aatgcctgtccatggctgta
DLL4_EO8F tacagccatggacaggcatt
08 DLL4_EO8R ccctccecctcaccagaagtcet 392bp
DLL4_E09aF aacgtgttcctggaatgggg
09a DLL4 E09aR gcccagcagtaccagcag 483 bp
DLL4_EO9bF cccttatggectttgtggge
05b DLL4 _E09bR tcccgectggectaagag 500 bp
DLL4_E10F caagaaccaccctgcagatg
10 DLL4_E10R ggacccaagagtccactgaa 346 bp
DLL4_E11F cccatcgecttecteccag
11 DLL4_E11R cacggatgccagtggagg 476 bp

NCBI transcript number: NM_019074.3.
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B.2 RT-PCR AND OTHER PRIMER

Table B.2.1: UBR1 primer for splice site analysis.
Range Name Sequence (5-3°) Location | Amplicon
UBR1_e5_RTf tggagcatttcagctttgtyg Ex2
Ex2-Ex6 UBR1_e5_RTr acgaccctctttgtcaatgg Ex6/Ex7 526 bp
UBR1_e10_RTf aaatttgctttgcgtcttgg Ex8
Ex8-Ex12 | JgR1 €10 RTr | ttcccaatttgtectggeta Ex12 478 bp
UBR1_RNA_SeqF | gcaaacccacaatatggacag Ex13
Ex13-Ex17 | (1BR1_RNA SeqR | ccatttcttegecacatete Ex17 >50bp
12614_1VS16f ctctaggacccttgctggtett | Ex15/Ex16
Ex16-Ex23 12614_wtr ctgcatatgttcagccttgce Ex23/Ex24 721bp
UBR1_e26_RTf gaattctgccctgctttcag Ex25
Ex25-EX28 | 1pR1 626 RTr | agattccgatcctgatgtyg Ex28 405 bp
UBR1_e35_RTf ggagttccattccatcctga Ex34
Ex34-Ex38 UBR1_e35_RTr taacacagcacccaccaaaa Ex38/Ex39 424 bp
29339 F gaaagcatcctgtcctctge Ex45
Ex45-Ex47 29339 R atgcagtgttgttgccagac Ex47 319 bp
Table B.2.2: UBR1 primer for analysis of family JBS-52.
Name Sequence (5-3°) Location
UBR1_5'UTRF gtttcecgettgectctgg 5'UTR
UBR1_e26_RTf gaattctgccctgetttecag Ex25
UBR1_C25R atccctteggtccacaagtt Ex25
UBR1_C28F tgtttgacacagtgaagcga Ex28
UBR1_RNA-Seq 4F | accacatcaggatcggaatc Ex28
UBR1_e26_RTr agattccgatcctgatgtgg Ex28
UBR1_C30F ggtattatcggcctgtgtcc Ex30
UBR1_RT_30R agtgggtctagggcttctcc | Ex30/Ex31
UTR, untranslated region.
Table B.2.3: DOCK6 RT-Primer.
Range Name Sequence (5-3°) Location | Amplicon
DOCK6_RT_32-33F | ggacaagaccaaggatgaaatg | Ex32/Ex33
Ex33-Ex37 DOCK6_RT_37-38R | cgggcaattctgtacatgagg Ex37/Ex38 660 bp
Table B.2.4: NOTCH1 RT primer.
Range Name Sequence (5°-3) Location | Amplicon
NOTCH1_CO8F ccagaacgacgccacctg Ex08
EX8-EX12 | NOTCH1 C12-13R | tottacacatgctecctaty | Ex12/13 | 0% PP
Table B.2.5: GAPDH RT primer.
Range Name Sequence (5'-3°) Amplicon
GAPDH_RT_EO6F | tggtatcgtggactca
Ex06-Ex07 GAPDH_RT EO7R | atgccagtgaccegtt 189 bp
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B.3 MLPA PROBES

Table B.3.1: UBRI MLPA probes

Ex | Name Sequence (5‘-3)2 Length | Mix

1 UBR1_Ex1_LP |CGGACGAGGAGGCTGGAGGTACTGAGAGGATGGAAATC 1120t | A
UBR1_Ex1 RP |AGCGCGGAGTTACCCCAGACCCCTCAGCGTCT

2 UBR1_Ex2_LP |ATTTGGAGAAGATCCAGATATTTGCTTAGAGAAATTG 116nt | A
UBR1 Ex2 RP |AAGCACAGTGGAGCATTTCAGCTTTGTGGGAGGGTTT

3 UBR1_Ex3_LP |GGATTGTGCAATTGATCCAACATGTG 100nt | A
UBR1_Ex3_RP |TACTCTGTATGGACTGCTTCCAGGACAGTGTT

4 UBR1_Ex4_LP |GTGACTGTGGAGACACAGAGGCATGGAAAACTGGCCC 124nt | A
UBR1_Ex4 RP |TTTTTGTGTAAATCATGAACCTGGAAGAGCAGGTACTATAAAAGA

5 UBR1_Ex5_LP |ctcggcttttttatagAATTCACGCTGTCCGTTGAATG 116nt | B
UBR1_Ex5_RP |AAGAGGTAATTGTCCAAGCCAGGAAAATATTTCCTT

6 UBR1_Ex6_LP |CCACGTCATATCGTCATATACAGCCTACAAAGAGCTCTTGAC 120nt | A
UBR1_Ex6_RP | TGTGAGCTCGCAGAGGCCCAGTTGCATACCACTGCC

7 UBR1_Ex7_LP |GTCGTCGGGCTGTTAAAGCGGGAGCTTATG 104nt | A
UBR1 Ex7 RP |CTGCTTGCCAGGAAGCAAAGGAAGATATAAAG

8 UBR1_Ex8_ LP |CTCTCAACATCCACTTCATGTAGAAGTATTACACTCAG 120nt | B
UBR1_Ex8 RP |AGATTATGGCTCATCAGAAATTTGCTTTGCGTCTTGGTTC

9 UBR1_Ex9_LP |GAGAATCCCTGTCTCATAAGCAGGTTAATGCTTTGGGATG 124nt | B
UBR1_Ex9_ RP |CAAAGCTTTATAAAGgtaagtagacatttgcttatgctgttt

10 UBR1_Ex10_LP | GCCCGTAAGATCCTTCATGAATTG 9%nt | A
UBR1_Ex10_RP |ATCTTCAGCAGTTTTTTTATGGAGATGGAA

11 UBR1_Ex11_LP | CAGTGATGATCATGACCAGAAGTATCTCTATAACTGCAC 120nt | ¢
UBR1 Ex11 RP | TTTCAGTTCAGATGTTTACTGTTCCTACTCGgtatgtat

12 UBR1_Ex12_LP |CTTATTGAAGAGCAGAATGTTATCTCTGTCATTACTGAAACTC 124nt| ¢
UBR1 _Ex12 RP | TGCTAGAAGTTTTACCTGAGTACTTGGACAGGAACAATA

13 UBR1_Ex13_LP | GCAAACCCACAATATGGACAGAAAGATTAAGAATGCAGTTC 128nt | A
UBR1 _Ex13_RP |CTTGAAGGTTTTCGATCTTTTTTGAAGATTCTTACCTGTATGCAG

14 UBR1_Ex14_LP | CAGGTTGGGCAACACATTGAAGTGGATCCTGATTGGGAGG 124nt | D
UBR1_Ex14 RP|CTGCCATTGCTATACAGATGCAATTGAAGAATATTTTACTCA

15 UBR1_In15_LP |ggtatatcttatgtttcctacaagtttgcagatcctgtggag 1280t | B
UBR1_In15_RP |gtagacttagtaatacatagaacaattttccactcatatttagt

16 UBR1_Ex16_LP | GTCTTCATGTACGTTTAAGCAGGCTGGGTG 104nt | B
UBR1_Ex16 RP|CTGTTTCAAGACTGCATGAATTTGTGTCTTTT

17 UBR1_Ex17_LP | GGTACTAGTGGAATATCCTTTACGTTGTCTGGTG 108nt | A
UBR1 Ex17 RP | TTGGTTGCCCAGGTTGTTGCTGAGATGTGGCG

18 UBR1_Ex18_LP | GTGCAGAGAAGAAATGTATGATAAAGATATCATCATGCTTCAG 128nt | D
UBR1_Ex18_RP|gtacctatttaaattgtttctgatatttgtgtcttcatcttce

19 UBR1_Ex19_LP |CATCTTTAATGGATCCCAATAAGTTCTTGTTACTGG 116nt | C
UBR1_Ex19_RP | TACTTCAGAGGTATGAACTTGCCGAGGCTTTTAACAAG

20 UBR1_Ex20_LP | ggttcagcgtacaggtgaCACTAATAGAAGAAATGCTTCAGGT 128nt | E
UBR1_Ex20 RP |CCTCATCTATATTGTGGgtaagattggcgcactatattctatc

21 UBR1_Ex21_LP | GAGAGAAATCATTCACTTGCTTTGCATTGAA 100nt | B
UBR1 Ex21 RP |CCCATGCCACACAGTGCCATTGCCAAA

22 UBR1_In22_LP |gtactttggatactttgtagaagctctgaagttcttgec 116nt | D
UBR1_In22_RP |tgaactcccaagaataagagtggaatacagattag

23 UBR1_Ex23_LP | GAAACCAGGTGTATCAGGC 88nt | C
UBR1_Ex23 _RP |CATGGAGTTTATGAACTAAAAGATGAA

24 UBR1_In24_LP |gactaagtttttgatcagggatattcctcatc 104nt | C
UBR1_In24 RP |tattttgcattaggtttctctagaacacaa

25 UBR1_Ex25_LP | ATTCTGCCCTGCTTTCAGCAAAGTGATTAAC 108nt| B
UBR1 _Ex25 RP |CTTCTCAACTGTGATATCATGATGTACATTCTCAG

26 UBR1_Ex26_LP | GAAGAGAAGCAACAGCTTCAAAAAGCTCCTGAAG 112nt | B
UBR1 Ex26 RP | AAGAAGTAACATTTGACTTTTATCATAAGGCTTCAA
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Ex | Name Sequence (5-3)2 Length | Mix

27 UBR1_Ex27_LP | TGAATATACAAATGCTTTTGGAAAAACTC 96 nt B
UBR1_Ex27_RP | AAAGGAATTCCCCAGTTAGAAGGCC

28 UBR1_In28_LP |gtgacattcatctctgtctttgaactttactgg 1120t | C
UBR1 In28 RP |tataagggagctactgcttttttgttaggagaaacct

29 UBR1_Ex29_LP | GAAGCTGCTAGGCTACATCGCCAG 96nt | C
UBR1 _Ex29 RP |AAGATCATGGCTCAGATGTCTGCCTTACAG

30 UBR1_Ex30_LP | GGGTCCTAAACGGGGTCCATCTGTTAC 96nt | D
UBR1_Ex30_RP | TGAAAAGGAGGTGCTGACGTGCATCCT

31 UBR1_Ex31_LP | GCCCTAGACCCACTTTTCATGGATCC 100nt | ¢
UBR1_Ex31 _RP |AGACTTGGCATATGGAACTTATACAGGAAGCT

32 UBR1_Ex32_LP | GGAGAAGAATATCTTTGCCCTCTTTGCAAATC 108nt | C
UBR1_Ex32_RP | TCTGTGCAATACTGTGATCCCCATTATTCCTTTG

33 UBR1_Ex33_LP | GAGAATGCAGATGCTCTTGCTCAACTTTTGAC 104nt | D
UBR1_Ex33_RP | CCTGGCACGGTGGATACAGACTGTTCTGGC

34 UBR1_In34_LP |gggtttattctaacagtgccttgatg 104nt | E
UBR1 In34 RP |gaaacttcttaaataaataggttaaagatgaaaact

35 UBR1_Ex35_LP | TTGAAAGTGCCACCTGATGAAAGGGATCCTCGAGTC 112nt | D
UBR1_Ex35_RP|CCCATGCTGACCTGGAGCACCTGCGCTTTCACTA

36 UBR1_In36_LP |ccaacaaggtacatgtaactcatggc 100nt | D
UBR1_In36_RP |atgccttttttcccceccacagtttattatta

37 UBR1_Ex37_LP | CATAATGGTCTGAAAGCATTAATGCAGTTTGCAGTTGC 120nt | D
UBR1_Ex37_RP | ACAGAGGATTACCTGTCCTCAGGTCCTGATACAGAAACAT

38 UBR1_Ex38_LP | GATACACCATGCCTTCTGTCTATAGATCTGTTTC 1280t | C
UBR1 Ex38 RP|ATGTTTTGgtaagtgttcagtaattttgtttaagtcactcatgttgataatt

39 UBR1_Ex39_LP | GTGGGTGCTGTGTTAGCATTCC 8snt | D
UBR1 _Ex39 RP |CATCCTTGTATTGGGATGACCCTG

40 UBR1_Ex40_LP |CTTTCTTTGCAGAAATTTCTCAATATACAAGTG 108nt | D
UBR1_Ex40 RP|Ggtgagtaacaatccattagttcagtctattgt

41 UBR1_Ex41_LP |GCATTGTTTTTCCACTATTTACTTGGGGTAAC 96 nt E
UBR1_Ex41 RP | TCCGCCTGAGGAACTGCATACC

42 UBR1_Ex42_LP | GTTCCTGCTCTTCCAGGAATATTGGGATAC 100nt | E
UBR1_Ex42_RP | TGTAAGGCCCTTGCTCCAGAGgtactat

43 UBR1_Ex43_LP | CTGTTTGAAGCAAAAAAACACCGTGGTC 1120t | E
UBR1_Ex43 RP|Aggttggttttactacttaatcctttctcectcatccacaag

44 UBR1_Ex44 LP | TTCCTGATGACTATAGCTGCCTCCTGAATC 120nt | E
UBR1_Ex44 RP|AAGCTTCTCATTTCAGgtaaggagagtgtgtatatatatgtgtgtaat

45 UBR1_Ex45_LP | GGGAAGAGGTTGGAGCTTGCATTTTTCACGCACTTCAC 124nt | E
UBR1_Ex45 RP | TGTGGAGCCGGAGTCTGCATTTTCCTAAAgtgagtagtgagtgt

46 UBR1_Ex46_LP | CAGAGAATGCCGAGTGGTCCTGGTTGAAGGTAAAGC 116nt | E
UBR1_Ex46_RP | CAGAGGCTGTGCCTATCCAGCTCCTTACTTGGATGAAT

47 UBR1_Ex47_LP | CATTTATCTCGTGAGCGGTATCGGAAGCTCC 108nt | E
UBR1_Ex47 _RP |ATTTGGTCTGGCAACAACACTGCATTATAGAAGAG

universal 5’ primer binding sequence: GGGTTCCCTAAGGGTTGGA
universal 3’ primer binding sequence: TCTAGATTGGATCTTGCTGGCAC

aJtalic letters indicate stuffer sequences. Ex, exon; nt, nucleotides.
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APPENDIX C: MUTATION ANALYSIS

C.1 MISSENSE VARIANTS

Predicted
effect

PolyPhen-2
HumVar

Table C.1.1: UBR1 missense mutations.
In silico prediction of pathogenicity and conservation of UBRI missense mutations.

SIFT

Mut
Pred

GERP

Clustal Omega alignment

p.V122L

B
(0.223)

0.88/0.73

damaging

0.004 / 2.85

0.656

5.19

SCRDCAIDPTC
SCRDCAIDPTC
SCRDCADPTC
SCRDCAIDPTC
SCRDCAIDPTC
scrRECEpPTC
cécgnﬁm
2|

SCRDCAMDPTC

LCMDCFQDSVH,
LCMDCFQRSVH
LCMDCFQISHH
LCMDCFQISES

p.C127F

PrD
(0.998)

0.14 / 0.99

damaging

0.000 / 2.85

0.973

5.15

ATDPTCVLCMD
A TDPTCVLCMD
A§DPTCVLCMD
ATDPTCVLCMD

p.H136R

B
(0.031)

0.94 /0.59

damaging

0.048 / 2.85

0.981

5.15

p.H166R

PrD
(0.988)

0.53 /0.95

damaging

0.002 / 2.85

0.710

5.18

p.L217R

PrD
(0.997)

0.27 / 0.98

damaging

0.000 / 2.85

0.450

5.59

NQN[SZ]SNSPEASPSLAKIDPENYTV

TREKESEE- - -EADEEMVE-ESDTIEEe

p.I286R

PrD
(0.987)

0.53 /0.95

damaging

0.000 / 2.85

0.801

5.79

THC [12] REMMGKT
[VRN---TS-RQTKf

p.L317P

PrD
(0.997)

0.27 / 0.98

damaging

0.002 / 2.85

0.813

5.27

EIMAHQKFALR
)2 HOKFALR
WYMAHOKFALR
WV AHORFALE
BV MAHOIFATR
GAVE

cleojgNio
-ATECRDMTPVVEKYFSNKFDKN

ST\AHONFET WS iRe Thfey S|

GSWMNKIMSYS
GSWMNKIMSYS

LGFQOEFLVRH
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Predicted | PolyPhen-2 Mut
SIFT GERP Clustal Omega alignment
effect HumVar Pred g g
PID Hs VPXDRBIS TS TTALSVOMETVPTLARHL
r . Mm PSR S TSTTALSY
(0.980) damaging Gg 471 DSETALSV
I Xt 416 pE-NEEVIENEY
p.Q420K 0.880 | 5.14 |, 407
Dm 435
0.57 /0.94 | 0.000/2.85 Sc 57
UBR2 420
Hs VPNl 1 SVOMETVPTLARHLIEEQNVI
PrD damaein VNP VRN 1S OMBTYPTLARHL IEEQNV T
(0.998) ging Gg RN 1S vOliF TVPTLARHLIEEQNVT
Xt PPN - S v TV PTLARIL TEEQNY]
p.L427R 0827 | 526 |, 414 ALSVQFTVPTLA%
Dm 442 SSAYeT jgines T EEMMIA HEGT F
0.18 /0.98 | 0.000/2.85 Sc 579
UBR2 427
PoD Hs YEW\CACDEELLLY  YKECHKAVMRC
0 : Mm XM CACDERLLLYV YKECHKAVMRC
(0.587) damaging cq 11
Xt 559
p.A563D [===================o 0,581 | 4.21 |, 550
Dm 580
0.81/0.83 | 0.001/2.84 Sc 799
UBR2 565 [EASEEKVEIE
PoD Hs WD DI IMLOIGA
o . Mm QUM DKDIIMLOIGA
damaging
(0.844) Gg PAEM DK DI IMLOIGA
Xt 696 DKDWMLQIGA
p.S700P 0.674 | 5.20 |, 677 [T
Dm 721 BRINIACIKOIKEN
0.73/0.88 | 0.002 /2.84 Sc 845
UBR2 703
D Hs 754 RGBS ENIES
T . Mm g0V TYIVGE
(0.997) damaging Gg 805 [NaleT TRV el
Xt 751
p.R754C p=========gq========-=-=+ 0853 | 526 |, 731
Dm 780
0.27 /0.98 | 0.000 /2.84 Sc 901 FIAFIYOMLTAMOlFKTFSSTLKDRRM
UBR2 764 QMvLIEVLYENR-FSEegeol--NAT
D Hs 754 RGBS ENIES
T . Mm 754 iROuRRGRYe:
(0.997) damaging Gg 805 [NaleT TRV el
Xt 751 NadHEalEC v /e
Dm 780
0.27 /0.98 | 0.000 /2.84 Sc 901 FIAFIYOMLTAMOlFKTFSSTLKDRRM
UBR2 764 QMvLIEVLYS0NR-FSEegeol--NAT
D Hs 1102 [NSSSGKISENS
r . Mm 1105 jRaeovARIeRRRe
(0.970) damaging Gg 1157 ANSAREIcAsTe
Xt 1100 PSKDAKNeHSRS
P-QI102E [=========gr=========9 0561 | 486 |, 1075 LoBiRuereremaneayo 0.0
Dm 1131 GTDDTFKEMREENCAISRGGRQ
0.60 /0.93 | 0.000/2.84 Sc 1224 Y@SEpreA#eDSSSTD----F
UBR2 1112 §VEsrE
B Hs 1242
tolerated Mmoo 1245
(0.073) Gg 1298
Xt 1241 ISGYNMMIKG
Dm 1258 P@DSEV----EIMSTLAIELG--N
0.92/0.66 | 0.246 /2.85 sc 1383 SDTLS[lB]SLMISQCQFDKAV@
UBR2 1253 N@TOQM----REISOOMKALQFLRKEE
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Predicted | PolyPhen-2 Mut .
effect HumVar SIFT Pred GERP Clustal Omega alignment
B Hs IS TLEFHSILSE
Mm 1283 ShiraaiRAha
(0.085) tolerated Gg SRR LEFHSTLSF
p.G1279S |r=mmmmmmmmdrmmm e mmm oo 0.805 | 4.85 |55 1275 0N
Dm 1299
0.91/0.67 | 0.169/2.85 Sc 1417 LSVHWANTIEMIEIABRLEKP
UBR2 1290 DE@QLPEGFRPDFRPK---TP|
PrD Hs 1426
r . Mm 1430
(0997) | damaging Gy 1482
p.P1426L |r=====m=mmdrmmm e mmm oo 0361 | 520 |5 110
Dm 1458 /
0.27/0.98 | 0.013/2.83 R CDVLKVEEQM
UBR2 —--- BciBrcTeoia
PrD Hs 1427
r . Mm 1431
(0.997) damaging Gg 1483
P.S1427F |fr=mm=mmmmmdmmm e mem oo 0340 | 520 [% 13%f
1459
0.27 /0.98 | 0.001/2.89 a2
UBR2 1433
PrD Hs 1431
r Mm 1435
(0.963) tolerated Cg 1487
P.S1431P |r======mmm e mmmmm e oo 0278 | 266 |25 10°0
0.62 /092 | 0.304/2.85 o
UBR2 1437
PrD Hs 1661 AGVCIFLKIRE
r . Mm 1669 AGVCIFLKIRE
(0.999) damaging Gg 1717 AGVAFLKIRE
Xt 1661 M
P.G1661R |p=========-=mmmmmmm - 0749 | 472 |50 1oos
Dm 1737 cc i !
0.09/0.99 | 0.000/2.85 Sc 1728 HEMTKHLNKN@FKPFGAIMIMPNS
UBR2 1667 [ENeTARTYSlsENcHRIRVER

Various online prediction tools were used to evaluate mutation effects. PolyPhen-2: score >0.909,
probably damaging (PrD); score 0.447 - 0.908, possibly damaging (PoD); score <0.446, benign (B).
HumVar output was used for Mendelian inheritance. [sensitivity/specificity], sensitivity: True Positive
Rate, the chance that the mutation is classified as damaging when it is indeed damaging; specificity: False
Positive Rate, the chance that the benign mutation is correctly classified as benign [Adzhubei et al., 2013].
SIFT: [score/median info], score: normalised probability that the amino acid change is tolerated; <0.05,
damaging; >0.05, tolerated; median information content: maximum 4.32, indicates complete conservation
at this position; minimum 0.00, indicates a position where all 20 amino acids are tolerated; ideally
between 2.75 and 3.5 [Ng and Henikoff, 2003]. MutPred: general score; ranges between 1.000
(deleterious mutation) and 0.000 (benign). GERP: ranges from 6.17 (highly conserved amino acid
residue) to -12.3 (not conserved). Clustal Omega Alignment: multiple protein alignment of human UBR1
and its orthologues; numbers indicate position of affected amino acid residue. Black shading indicates
identical amino acid residues; grey shading indicates similar residues (according to BLOSUM62 matrix).
Hs, Homo sapiens (NP_777576.1); Mm, Mus musculus (NP_033487.2); Gg, Gallus gallus (XP_421165.3); Xt,
Xenopus tropicalis (XP_002941132.2); Dr, Danio rerio (XP_009291507.1); Dm, Drosophila melanogaster
(NP_573184.1); Sc, Saccharomyces cerevisiae (NP_011700.1); UBR2 (NP_056070.1).
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Table C.1.2: UBR1 unclassified missense variants.
In silico prediction of pathogenicity and conservation of UBRI unclassified missense variants.

Predicted | PolyPhen-2 Mut .
SIFT GERP Clustal Omega alignment
effect HumVar Pred 8 g
B Hs KYYKQLOKEY T DDHDREISTSITA|
Mm QLOKEYT = DDHfg
(0.003) tolerated Gg LQKEYIIDDEDP
Xt 10D
p.S405G p=========g====——=—=r 0313 | 514 |,
Dm
0.98/0.26 | 0.239/2.85 sc
UBR2
PD Hs [VTMRETTHLLC
r . Mm VEMRE TRETL.C
(0.994) damaging Gg VMREIIHLLC
Xt
pl778T [p=========g==—=—————- 0.442 | 512 | o,
Dm
0.46 /096 | 0.000/2.84 sc
UBR2
B Hs MYILRTVFERA | DTDSNLWTEGM
tolerated Him
(0.000) Gg
Xt 896
p.I899V |===mmmmmmm e 0.194 | -2.07 | 5, 876 E?
Dm 928 LNHCSLIMERELNAYERSFESH
1.00 /0.00 | 1.000/2.85 Sc 1055 AKVVYKLLQVCLEMEDSTFLNEL
UBR2 909 LCEMGEILOWRAVEHENGYAQSESY
PD Hs RGPSVTEKEVL 'CILCQEEQEVK]
r ; Mm RGPAVTEKEVL 'CILCQEEQEVK]
(0.998) damaging Gg RGPSINEKEVL ' CILCQEEQEVK]
Xt CILCQEEQEVK
p.-T1097M [=========q=========7 0458 | 4.99 |, PEBSE R CILCOEEQEVE
Dm ShgferjaNCATS
0.18/0.98 | 0.023 /2.84 Sc VEEKjvEsEprRer®eeDs S STD
UBR2 SR\ ' C I L.COEEQEVK]
Hs
B Mm
tolerated
(0.001) Gg
Xt
P.G1264E [F===================r 0.355 | 4.80 |, DGS-D-AAEKAAAPFDEGQTIAIRER
Dm DHELTTL [ 7] LsSBVVGGLAQRERS
0.99/0.09 | 0.656/2.86 Sc  ---- RAJFSH-KDVSLI----LSVHWANT
UBR2 1276 EST-ENNASTKYSEN-VDE@QLPEG
B IRV S 1.CSYLSLP NLFLLFQEYWD
U CGT N S 1. 1,C S YLSLP ' NLFLLFQEYWD)
(0.217) tolerated BN 1.CS YLSLP TNLFLLFQE YWD
Xt 1546 LEZNRESFIICIRENT T 1A
p-T1548A [F=========g========= 0.188 | 4.65 | . 1520 Lo ReETeREIRY-NROIRgeD R,
Dm 1617 FDLMEOMECEDPMEGVY|§D-MET
0.88/0.74 | 0.202 /2.85 Sc 1626 FEDTAEFVNKALK---MITEKES
UBR2 1554 FEHNSRRERIRZ N1 C| NSE
B BRSPS CT.1.NOASHF < CPRSADDERKH
USSRV IVll v SCT.1L.NQASHF “CPRSADDERKH
(0.236) tolerated Gg 1668 YSCLLNQASEF CPRSDEE@KH
Xt 1612 peSsSibBNeINS ez KR ORI
p.R1612G 0454 | 380 | o, 1:5g4
Dm 1688
0.88/0.75 | 0.107 / 2.85 Sc 1682 LNTYVTRS
UBR2 1618 FESEI NG SEEKBGGBKSRA

Various online prediction tools were used to evaluate mutation effects. For explanation of PolyPhen-2,
SIFT, MutPred, and GERP see above (Table C.1.1). Clustal Omega Alignment: multiple protein alignment
of human UBR1 and its orthologues; numbers indicate position of affected amino acid residue. Black
shading indicates identical amino acid residues; grey shading indicates similar residues (according to
BLOSUM62 matrix). Hs, Homo sapiens (NP_777576.1); Mm, Mus musculus (NP_033487.2); Gg, Gallus gallus
(XP_421165.3); Xt, Xenopus tropicalis (XP_002941132.2); Dr, Danio rerio (XP_009291507.1); Dm,
Drosophila melanogaster (NP_573184.1); Sc, Saccharomyces cerevisiae (NP_011700.1); UBR2
(NP_056070.1).
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Table C.1.3: DOCK6 missense mutations.
In silico prediction of pathogenicity and conservation of DOCK6 missense mutations.

Predicted | PolyPhen-2 Mut .
effect Hszar SIFT Pred GERP Clustal Omega alignment
PiD Hs XM PREHFGORILKCLSLKFEIET
r . Mm EM-PREHFGORILVKCLSLKFEIET
(0.998) damaging Gg7 307 KCLSLKFEIEI
Xt 263 KRLSLKFEIET
p.V263D 0.735 | 5.05 | 5, 263 ¥ KCLSLKFEIEI
Dm 271
DOCK7 267 KCLSLKFEIEI
PD Hs 1016 VRAHYKQVATR]
r : Mm 1080 VRAHYKQVATR]
(0.977) damaging Gg7 1102 TRTCREEONS SK
Xt 829
p.L1016P [r=========gr=m s 0756 | 484 |, 1033 VR KO
Dm 1052 IKTYTRVLISK
0.58/0.94 | 0.000/2.85 Ce 1027 HKYLIAFAES
DOCK7 1062 IKSCRERNSSK
PLD Hs 1052 HYVTLNLPCCP
r . Mm 1116 HYVTLNLPCCP
(0.999) damaging Gg7 1138 HYVTTNLPCRgR
Xt 865 HYVELNLPCleh
p.E1052K [=========q==========o 0.492 | 481 |, 1119 B P
Dm 1085 HEVILNL Plehy
0.09 /099 | 0.000/2.85 Ce 1063 KIomvNv e
DOCK7 1098 [QLDgLiENlT i G AURNIAeS |
Hs FEEYl 1 2 RGYQGSPDL: LTWLONMAGKH]
PrD damagin Mm ARl 1 2 RGYOGSPDL  LTWLONMAGKH|
(0.999) ging Gg7 1687 LTWLONMAGKH|
Xt 1406 LTWLONMARKH
p.R1596W 0.715 | 4.99 |, 1659 LTWLONMAGKH
Dm AR 1 214G Y QNN P DL - LTWLENMARKH
0.09/0.99 | 0.000/2.86 Ce 1560 TWLNMA&H
I0lelel WA NYHMN 1 715G Y OIS PD T, » LTWLONMAGKH

Various online prediction tools were used to evaluate mutation effects.

For explanation of PolyPhen-2,

SIFT, MutPred, and GERP see above (Table C.1.1). Clustal Omega Alignment: multiple protein alignment
of human DOCK6 and its orthologues; numbers indicate position of affected amino acid residue. Black
shading indicates identical amino acid residues; grey shading indicates similar residues (according to
BLOSUM62 matrix). Hs, Homo sapiens (NP_065863.2); Mm, Mus musculus (NP_796004.2); Gg7, Gallus
gallus DOCK7 (XP_422519.4); Xt, Xenopus tropicalis (XP_012808634.1); Dr, Danio rerio
(ENSDART00000082944, Ensembl release 82); Dm, Drosophila melanogaster (FBpp0077762.3); Ce,
Caenorhabditis elegans (F46H5.4, Ensembl release 82); DOCK7 (NP_001258929.1).

Table C.1.4: DOCK6 unclassified missense variants.
In silico prediction of pathogenicity and conservation of DOCK6 unclassified missense variants.

Predicted | PolyPhen-2 Mut .
effect HumVar SIFT Pred GERP Clustal Omega alignment
B Hs YW OV SRERSGSP/ISSRRCSSSLGY
Mm YW OVSRERSGSPISSRRESSSLGY
(0.017) tolerated Gg7 72 GQYGQLLw]
______________________ Xt 34 1S AIND Y CERIFO LB KKRGGQAS|
p.H34D 0.155 | 1.86 | o, 36 YGSPQMEEKAGAH.QP
Dm 33 JANWBJGCHLSKAMD————— PEJRCG
095/054 0532/292 Ce 35 IWHYISGLHPIHRL[10]§MMEKT
DOCK7 32 ROIBcOYEERIEoTL [ 91 HHTTH
PoD Hs 430
(0] . Mm 428
(0.512) damaging Gg7 478
Xt 430
p-R430H [========—g==———————- 0334 | 3.11 |, 431
Dm 466
0.82/0.81 | 0.031/2.99 Ce 470 -pd(23]-SBVETE (7] PVSNLPTSQ
DOCK7 438 EEgKGSSERRNSST [5]LERTTREN
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Predicted | PolyPhen-2 Mut .
effect Hszar SIFT Pred GERP Clustal Omega alignment
PrD Hs 453 H ACSFSGFRPAT LTVTNFFKQE2
damagin Mm 451 |3 LTVINFFKQEA
(0.974) sing Gg7 506 LTVINFFKQE@
______________________ Xt 452 LTVTNFFKQES
p-T453M 0303 | 415 |, 453 E LTVINFFKQEg
Dm 495 BFANVVEN|gEYET FFKQE2
0.59/0.93 | 0.001 /2.92 Ce 502 EVPENIENMPSCNf 13 T ROIC
DOCK7 466 [B-EENLT SN NRRRATIPIRONC
PD Hs VAP M1 K FLADMRR *SSLLRRLRPVT
r ; Mm VD1 FKFLADMRR °SSLLRRLRPVT
(0.991) damaging Gg7 535 [NBVISIBANEYY
Xt VE:RMND1 < FLADMRR
1O e 0416 | 442 |, VRV K FTADMRR
Dm 524 VIS THPELKES
0.50/0.95 | 0.002 /2092 Ce 531
DOCK7 495
B Hs glPBD /2.1 PGMRIV D HKGVEFSVELTA|
damagin Mm eIV 21 PGMRWV D HKGVFSVELTA|
(0.211) ging Gg7 755 g
Xt -—-
p.G702S [=======——emm———————— 0.389 | 3.62 | o, 702
Dm 747
0.88/0.74 | 0.017 / 2.85 Ce 743
DOCK7 715
B Hs 923
tolerated Hm 81
(0.029) Gg7 1009
Xt 736
p.V923] fe====mmmmmemm e mm— 0.327 | 3.53 | o, 990
Dm 959
094 /0.59 | 0.094 /291 Ce 934
DOCK7 969
3 Hs 1305
. Mm 1369
(0.259) damaging Gg7 1389 CFEYKGKKEFE—
Xt 1115 CHOMNENNYD -
p.R1305C p=========fm=——————— 0.559 | 2.50 | o, 1368
Dm 1329
0.87/0.75 | 0.001 /291 Ce ——e
DOCK7 1349
Hs SRRl <K FHOEDPEM! T DLMYRIARGY
PoD damagin Mm STV EHOEDPEM DLMYRIARGY
(0.453) ging cS WA EoY-L W (< = HOEDPEM [ I DLMYR I AGY]
Xt LK EHODPEM ! IDLMYRIAKGY
O i B 0.594 | 421 . 1641 KMKEHQEDPEM IDLMYRTARGY
Dm ARl EforE DPEM @DIMYRTARGY
0.83/0.80 | 0.023/2.86 Ce 1542 RYRBEVNSVIBYTIRSIRIOLE e
0ol AR N-PI W K = HOEDPEM L I DLMYRIAKGY]

Various online prediction tools were used to evaluate mutation effects.

For explanation of PolyPhen-2,

SIFT, MutPred, and GERP see above (Table C.1.1). Clustal Omega Alignment: multiple protein alignment
of human DOCK6 and its orthologues; numbers indicate position of affected amino acid residue. Black
shading indicates identical amino acid residues; grey shading indicates similar residues (according to
BLOSUM62 matrix). Hs, Homo sapiens (NP_065863.2); Mm, Mus musculus (NP_796004.2); Gg7, Gallus
gallus DOCK7 (XP_422519.4); Xt, Xenopus tropicalis (XP_012808634.1); Dr, Danio rerio
(ENSDART00000082944, Ensembl release 82); Dm, Drosophila melanogaster (FBpp0077762.3); Ce,
Caenorhabditis elegans (F46H5.4, Ensembl release 82); DOCK7 (NP_001258929.1).
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Table C.1.5: ARHGAP31 unclassified missense variant.
In silico prediction of pathogenicity and conservation of ARHGAP31 unclassified missense variant.

Predicted | PolyPhen-2 Mut .
effect Hszar SIFT Pred GERP Clustal Omega alignment
B Hs (XA /' TRDPANQSEE  ROGASTAASREK]
Mm 705 |AUONNSYRARANOR - - T @A T T, T DIk
(0.005) tolerated Gg 748 T;QTT———TQV——P—LFDG STERPD
______________________ Xt --— V---------—-----NELELEEEE
p.-T7271 0.228 | 238 |, --- VMEDHPCRTTF------ NEVMKHMPE
Tr 701 VAE@RISDSVTHOPPDSNEMTSLH-KD
0.97 / 0.44 0.42 / 2.87 Dm - RAAEPVKDL———QA AaaMCEsPN
AG32 1257 KIYPPSGSPEENTSTATMTYMTTTPA

Various online prediction tools were used to evaluate mutation effects. For explanation of PolyPhen-2,
SIFT, MutPred, and GERP see above (Table C.1.1). Clustal Omega Alignment: multiple protein alignment
of human NOTCH1 and its orthologues; numbers indicate position of affected amino acid residue. Black
shading indicates identical amino acid residues; grey shading indicates similar residues (according to
BLOSUMG62 matrix). Hs, Homo sapiens (NP_065805.2); Mm, Mus musculus (NP_064656.2); Gg, Gallus gallus
(ENSGALP00000024275.4, Ensembl release 82); Xt, Xenopus tropicalis (XP_012813746.1); Dr, Danio rerio
(XP_005165688.1); Tr, Takifugu rubripes (XP_011609886.1); Dm, Drosophila melanogaster
(NP_610002.1); AG32, ARHGAP32 (NP_001136157.1).

Table C.1.6: NOTCH1 missense mutations.
In silico prediction of pathogenicity and conservation of NOTCH1 missense mutations.

Predicted | PolyPhen-2 Mut .
effect Hszar SIFT Pred GERP Clustal Omega alignment
Hs AWM TCTCPSGY TG ACSQDVDECST
PrD tolerated Mm VARAl:. 1 CTCPSGYTGPACSQDVDECHL
(0.929) Gg Sl T CTCPSGYlG ACoDVDECST
Xt VA~ T C TCPEGYTG P ACNYDVDECST
p-P407R 0439 | 482 | p; VYNM". 1 CTCPGYNG ACBODVDECSL
Tr 407 HifeuNeZ TN 1e~ slenjeinanlalelch
0.67/0.91 | 0.326 / 2.87 Dm 444 ACCGYEGCSDDEC
NOTCH3 386
Hs LVE:W COCLOGY TGP CEIDVNECVSN
PrD damagin Mm VYRl COCLOGY TGP CEIDVNECHSN|
(0.917) ging Gg VEelCOCLOGYEGP CEIDVNECHSN
______________________ Xt VYN N CEocYGP CETDVNECHESN
p-R448Q 0.578 | 4.57 | o, Y3 Me!Ci3C 1.OGYYCE  CEfDENE ST
Tr 448 QEKEORENER
NOTCH3 427 LeSecRieTutes
PrD Hs VM COCT.OGYTGPR
r . Mm VM COCT.OGYTGPR
(1.000) damaging Gg 459 (cloleifielersse)z:t
Xt 448 [@N@rieleprniejaal
p.C449R 0.949 | 4.57 | o, 460 KSR e
Tr 449 [OKEORE eI
0.00 /1.00 | 0.001/2.87 D 185 ENESEErRESY
NOTCH3 428 [dSleGREFHKeIZ:N
PrD Hs VYW T GPRCE I DVNE
r . Mm YW T GPRCETDVNE
[1_000) damagmg Gg LAY S| GPRCEIDVNE
Xt 455 ACIRENuN
pC456Y ---------------------- 0994 457 Dr 476 GERCEDNE
Tr VYV C PRCEMDINE
0.00 /1.00 | 0.000/2.86 Dm 192 ESNSETNTNE
NOTCH3 435
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Predicted | PolyPhen-2 Mut .
effect HumVar SIFT Pred GERP Clustal Omega alignment
PID Hs Y3\ = CV SNPCOND TCLDQIGEFQC
r . Mm 465 |Nale TNele)fs)
(0.907) damaging Gg VRl = Cill SN PCOND
Xt VYN il SNPCOND
p-A465T [r=======—=f=m——————— 0.837 | 4.57 |, 455 (S rlaee
465 Nife |
0.69 /0.90 | 0.004 /2.86 - 265 e e
NOTCH3 444
D Hs 1374
r . Mm 1374
(0.998) damaging Gg 1384
p.C1374R |p===mmmmmmdrmm e e e 0.888 | 473 |t S
1374 @
0.18 /0.98 | 0.000/2.90 gi 1401
NOTCH3 1315
B Hs 1740 E— AAAFVLLFEVG
; Mm 1730 gL -[gSOs NaUN-N-N-NaRBaale
(0.093) damaging Gg 1749 AR-NS[el#Y Pilig
Xt 1735 AKP
p-A1740S [=========rmmm oo 0.508 | 3.71 | o, 1717 S——EVEYPV?\/LEGLA VLY
Tr 1740 -QPQOEMYPINLVLEGICMEARLE
0.91/0.68 | 0.027 /2.88 Dm 1748 GEPEN-VKYVITGIILITIALAF
NOTCH3 1647 FEPSvPRLPLICEVII@VIL-v

Various online prediction tools were used to evaluate mutation effects. For explanation of PolyPhen-2,
SIFT, MutPred, and GERP see above (Table C.1.1). Clustal Omega Alignment: multiple protein alignment
of human NOTCH1 and its orthologues; numbers indicate position of affected amino acid residue. Black
shading indicates identical amino acid residues; grey shading indicates similar residues (according to
BLOSUM62 matrix). Hs, Homo sapiens (NP_060087.3); Mm, Mus musculus (NP_032740.3); Gg, Gallus gallus
(NP_001025466.1); Xt, Xenopus tropicalis (NP_001090757.1); Dr, Danio rerio (NP_571377.2); Tr, Takifugu
rubripes (XP_003975158.1); Dm, Drosophila melanogaster (NP_001245510.1); NOTCH3 (NP_000426.2).
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C.2 SPLICE SITE ANALYSIS

Table C.2.1: UBR1 splice site mutation analysis.

Nucleotide Predicted Net
. Sequence (5’-3’) BDGP
alteration effecta Gene2
WT CCCCTCAGCGTCTGGCATCTgtaagtccctataggcaagte | 0.96 0.987
c.81+1G>A r.spl.? p.? MUT CCCCTCAGCGTCTGGCATCthaag Sacang
gtccctataggcaagtc - -
81+2dupT 12 p.? WT CCTCAGCGTCTGGCATCTgt-aagtccctataggcaagtct 0.96 0.987
C. up r.spLep.: MUT CCTCAGCGTCTGGCATCTgttaagtccctataggcaagtct 3 _
814+5G>C 12 o2 WT TCAGCGTCTGGCATCTgtaagtccctataggcaagtetett | 0.96 0.987
C L.SpLp.¢ MUT TCAGCGTCTGGCATCTgtaactccctataggcaagtetett - 0.067
WT ttgactagtatgtttttctcggettttttatagAATTCACG - 0.302
- *
€.529-13G>A | p.NI77LfS*10 | \ip trgactagtatgtttttotcagottttttatagAATTCACG 3 0.611
c.660-2_ 12 o2 WT atatatgttttttttctaacagGGAGAAAAATGAAAGATAC | 0.97 0.989
660-1delAG L.SpLep.: MUT atatatgttttttttctaac--GGAGAAAAATGAAAGATAC - -
WT tcattcccccaccctccccaaaataatctatagGTGCCCGT 0.85 0.190
- *
¢.1094-13A>G p'V365EfS 2z MUT tcattcccccaccctccccagaataatctatagGTGCCCGT - 0.020
- 0.001
1094-12A>G 12 0.2 WT cattcccccaccctccccaaaataatctatagGTGCCCGTA 0.35 0.019
c. - I.SpLep. MUT cattcccceaccetccccaagataatetatagGTGCCCGTA _ 0.020
- 0.001
WT GTCTTTTgtaagtgattctactaagtattgatttgcttata | 0.98 0971
*
¢1911+14C>G | p.G638Vfs™29 | \1yn GrorTTTotaagtgattctagtaagtattgatttgottata 091 | 0.841
0.91 0.841
22544+2T>C 12 o2 WT GTCCTCATCTATATTGTGGgtaagattaaaacacaatgttt | 0.86 0.959
C. r.spLep.: MUT GTCCTCATCTATATTGTGGgcaagattaaaacacaatgttt - 0.009
WT CCAAAAATTTACCTGAGAATgtaagtctgattttggtttta | 0.99 0.925
€.2379+1G>C r.spl.? p.? MUT CCAAAAATTTACCTGAGAATg Stote o
ctaagtctgattttggtttta - -
WT acaaaaatattgtttcaacagGAAAATAATGAAACTGGCTT - 0.077
_ 27p.?
c.2380-1G>A r.spl.? p.? MUT acaaaaatattgtttcaacaaGAAAATAATGAAACTGGCTT 3 _
243245G>C 12 0.2 WT AAGTGGCCACATTTAAgtaagtgcttaatatttatgettat | 0.99 0.993
C L.SpLep.¢ MUT AAGTGGCCACATTTAAgtaactgcttaatatttatgcttat | (.24 | 0.357
WT TATCATAAGGCTTCAAgtatgtttgagtatcactcttcaac | 0.88 0.775
*
c.2839+5G>A | p.RITADfS™7 | \yr TATCATAAGGCTTCAAGtatatttgagtateactettcaac . 0.062
3998-1G>C p-E1333_ WT tatttttttttattctttgagAAAATCTATTGGGAGATGAA | 0.34 0.246
C. ) G1337del MUT tatttttttttattctttgacAAAATCTATTGGGAGATGAA - R
- 0.801
WT tgttttttcttttttccctaaagGAGGGGCAACCCCCTTCA - 0.516
- *
¢.5109-3A>G | p.R1704Gfs*26 | \yy7 gttrtttottttttocctagagGAGGGGCARCCCCCTTCA _ _
0.99 0.607

atalic letters indicate that the effect of splicing mutations was demonstrated on mRNA level. Capital
letters indicate exonic regions, intronic regions are written in lower case letters. Red letters indicate the
altered position, blue letters denote an authentic splice site (when different from the altered position).
BDGP, Berkeley Drosophila Genome Project.
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Table C.2.2: UBR1 splice site analysis of unclassified variants.
Nucleotide Predicted Net
. Sequence (5’-3’) BDGP
alteration effect Gene2
WT GATCCAGATATTTGCTTAGAGAAATTGAAGCACAGTGGAGC - -
€.264G>A p.E8BE MUT GATCCAGATATTTGCTTAGAAAAATTGAAGCACAGTGGAGC . -
WT GGTCGTCGGGCTGTTAAAGCGGGAGCTTATGCTGCTTGCCA - -
c.819G>A P-A273A | yyr GGTCGTCGGGCTGTTAAAGCAGGAGCTTATGCTGCTTGCCA 3 .
WT TTCAAgtaagcatacctcctgtttttcttgtttctgataaa 0.99 0.852
c.985+16G>A | SpL?p? | yur rroantooe g S
gtaagcatacctcctatttttcttgtttctgataaa 0.99 0.852
WT AACTGCAGAAAGAATATATCAGTGATGATCATGACAGAAGT - 0.003
c1213A>G P-S405G | 1 AACTGCAGAAAGAATATATCGGTGATGATCATGACAGAAGT
- 0.140
WT AATCATTCACTTGCTTTGCATTGAACCCATGCCACACAGTG - -
€.2333T>C PI778T |\ AATCATTCACTTGCTTTGCACTGAACCCATGCCACACAGTG 3 B}
WT TACTGAAAAGGAGGTGCTGACGTGCATCCTTTGCCAAGAAG - 0.396
¢.3290C>T P.T1097M | i1 £ACTGAAAAGGAGGTGCTGATGTGCATCCTTTGCCAAGAAG
- 0.487
WT TCCTATTTTCTTTAATCAAGGAATGGGAGATTCTACTTTGG - 0.164
c.3791G>A P.G1264E | \yr TcCTATTTTCTTTAATCAAGAAATGGGAGATTCTACTTTGG
- 0.024
WT AAATATTCAAATAGCATCAAGGAAATGGTTATTCTCTTTGC - -
€.3873G>A P-K1291K | \yr AAATATTCAAATAGCATCAAAGAAATGGTTATTCTCTTTGC - _
WT agccatattgatgtccatttttctctcatagGTGGGTGCTG 0.74 0.983
c4219-11T>G | rspl?p? | yup oo e ;
gccatattgatgtccatttgtetetcatagGTGGGTGCTG 0.74 0.960
WT GGTGCTGTGTTAGCATTCCCATCCTTGTATTGGGATGACCC - -
c4242A>G p-P1414P | \yyr gereerereTTAGCATTCCCGTCCTTGTATTGGGATGACCE § 0.005
WT TGAATCAAGCTTCTCATTTCAGgtaaggagagtgtgtatat 1.00 0.990
C.4834A>G P-R1612G | e TGZ—\ATCAAGCTTCTCATTTCGGq oaoaatate
gtaaggagagtgtgtatat 1.00 0.977
For key see Table C.2.1.
Table C.2.3: DOCKG6 splice site mutation analysis.
Nucleotide Predicted Net
. Sequence (5’-3’) BDGP
alteration effecta Gene2
0.77 0.881
4106+5G>T 12 p2? WT CAGACCGCGTGGACAAgtaggtgtgggcaggagggtgtctg 0.15 0.341
C. +ob> r.spl.op.: MUT CAGACCGCGTGGACAAgtagttgtgggcaggagggtgtcty _ 0.895
WT agacctcctttccccttccagGACCAAGGATGAAATGGAAC 0.99 0.967
- *
c.4107-1G>C | p.T1370Mfs*19 | e agacctcctttccccttcocacGACCAAGGATGARATGGAAC B 3
4491+1G>A p.F1447_ WT AGAACTTCGAGATCGGCCACgtgagtgggggctaggaggea | 0.97 0.998
C. H1497del MUT AGAACTTCGAGATCGGCCACatgagtgggggctaggaggca - -
WT TCAAGGACTTCTGCAAGAAgtaggcgcaaaaccccccagga 0.14 0.734
€.5939+2T>C r.spl.? p.? MUT TCAAGGACTTCTGCAAGAAq Soee o
gcaggcgcaaaaccccccagga - 0.004

aJtalic letters indicate that the effect of splicing mutations was demonstrated on mRNA level. For key see

Table C.2.4: DOCKG6 splice site analysis of unclassified variants.

Table C.2.1.

Nucleotide Predicted Net
. Sequence (5’-3’) BDGP
alteration effect Gene2
WT GGGAACGCAGTGGCTCCCCCCACTCCAGCAGGCGCTGCAGC - 0.281
¢.100C>G p.H34D MUT GGGAACGCAGTGGCTCCCCCGACTCCAGCAGGCGCTGCAGC
- 0.150
WT tgtccccagATCTCGGAGAACTTCTACTTCGACCTGAACTC 0.70 0.512
c.885C>T p.N295N | o o J
gtcceccagATCTCGGAGAATTTCTACTTCGACCTGAACTC 0.68 0.405
WT AGCCTGGACAGACCGCCGCCGTCGGGGGCCCCAGGACCGGG - 0.011
.1289G>A P-R430H | \57 acccreeacaGACCGCCGCCATCGGGEECCCCAGGACCGEE - _
1358C>T T453M WT CTCTGGCTTCCGTCCAGCCACGCTAACTGTCACAAACTTCT 0.14 0.135
¢ b MUT CTCTGGCTTCCGTCCAGCCATGCTAACTGTCACAAACTTCT | 013 | 0.184
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Nucleotide Predicted Net
. Sequence (5’-3’) BDGP
alteration effect Gene2
WT CCTGGCTGACATGAGGCGCCCGTCGTCCCTGCTGCGGCGAC - -
.1445C>T P.P482L | \yr coTGGCTGACATGAGECGCCTGTCGTCCCTGCTGCGGCGAC - -
WT ccccagcccccagcagatcceccageccgattectgecagGT - -
R 71.?
€.1833-19C>G hSpL.p“ MUT ccccagcccccagcagatccgeccageccgattectgecagGT - -
2104G>A G702S WT CGGGCATGCGCTGGGTGGACGGTCACAAGGGCGTGTTCAGT - 0.040
C. p- MUT CGGGCATGCGCTGGGTGGACAGTCACAAGGGCGTGTTCAGT - 0.001
WT GGGTGGTCAGCAGCAGTGCCGTACGCGAGGCCATCCTCCAG - 0.373
c.2767G>A p.V923I MUT GGGTGGTCAGCAGCAGTGCCATACGCGAGGCCATCCTCCAG - -
WT TTGGATTTGCTGTACCTTTGCCTAGCTGCCTTTGAGTACAA - 0.042
¢.3873C>T p.C1291C | yyr TrGGATTTGCTGTACCTTTGTCTAGCTGCCTTTGAGTACAA
- 0.062
WT agGGGAAAAAGGCCTTTGAACGCATCAACAGCCTCACATTC 0.64 0.727
¢3913C>T | p.R1305C | up o0
gGGGAAAAAGGCCTTTGAATGCATCAACAGCCTCACATTC 0.62 0.700
WT ACCAGGAGGACCCTGAGATGCTCATCGACCTCATGTACAGY - -
c4732C>T p.L1578F | yu7 ACCAGGAGGACCCTGAGATGTTCATCGACCTCATGTACAGY 3 .
WT GTGGCTGAGTACCTCGCCCTGCTCGAGGACCACCGCCACCT - -
c.4899G>A p.L1633L | yyr GrGeCTGAGTACCTCGCCCTACTCGAGGACCACCGCCACCT - _
WT tcttccccacagAGTTCCGGCTGGGAGgtgagtcagecttyg - -
€.5229C>A P.G1743G | \yr tcttccccacaghGTTCCGGATGGGAGGtgagtcagectty 3 N
WT ACGCTGCTCAGCACCGACCACGCCTTCCCCTACATCAAGAC - 0.024
¢.5640C>T P.H1880H | yyr aceeracreaceacceaccarcocTTecceTacarcancac
- 0.004
WT CACCGGGAGGAGgtgggt atcctgggcctgge 0.62 0.918
¢.5688+9G>C rspl?p.? | oo CACCGGGAGGAGq 9999999 g99ect99c9gIgIg
gtgggtggcgatcctgggectggcggggg 0.62 0.918
WT atgcaggctggctcaccagtecctcetcaccccacagGGTCC 0.97 0.770
.5833-16C>G | TSPL?P? | jur orcoamaotog 7 ;
gcaggctggctcaccagtgcctctcaccccacagGGTCC 0.94 0.459
For key see Table C.2.1.
Table C.2.5: ARHGAP31 splice site analysis of unclassified variants.
Nucleotide | Predicted Net
. Sequence (5°-3’) BDGP
alteration effect Gene2
WT TGCCCTGAAGAAGGCCAACTGGCCCGAATCCAAAATGTTAT - -
c.384G>C P.L128L | \yr 76CCCTGARGAAGGCCAACTCGCCCGAATCCARAATGTTAT _ -
WT GGATCCAGCCAATCAGAGCACACAGGGGGCTTCCACAGCAG - -
c.2180C>T p.T7271 MUT GGATCCAGCCAATCAGAGCATACAGGGGGCTTCCACAGCAG - ;
WT GTTAAAAGCCAGTGGACTCTCGAGGTTCCCTCCTCCAGCAG - -
¢.2901C>T P.L967L | \yyr GTTAAAAGCCAGTGGACTCTTGAGGTTCCCTCCTCCAGCAG } 3
For key see Table C.2.1.
Table C.2.6: EOGT splice site mutation analysis.
Nucleotide | Predicted Net
. Sequence (5’-3’) BDGP
alteration effect Gene2
WT AGCTATGTCGACATGGGATGgtaagtttccatatggaatac 0.99 0.990
¢311+1G>T | r.spl?p.? | yyp AGCTATGTCGACATGGGATGEtaag o
gtttccatatggaatac - -
For key see Table C.2.1.
Table C.2.7: NOTCH1 splice site mutation analysis.
Nucleotide Predicted Net
. Sequence (5°-3’) BDGP
alteration effect Gene2
WT TGTGTGTGCACGGAAGgtgcgggctggcgcccaccagecggy 0.64 0.946
€.1669+5G>A pF520_6557d€I MUT TGTGTGTGCACGGAAGgtgcaggctggcgcccaccagcggyg - 0.946

The effect of this splicing mutation was demonstrated on mRNA level. For key see Table C.2.1.
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APPENDIX D: OTHER TABLES

Table D.1: Complete AOS cohort from Magdeburg.

autosomal . | autosomal
. sporadic . Total

recessive dominant
Families 10 21 2 33
A0S Patients 13 21 4 38
Families 3 4 2 9
ACC Patients 5 4 5 14
Families - 1 - 1
TTLD Patients - 1 - 1
Total Families 13 26 4 43
Patients 18 26 9 53

Table D.2: Classification of intellectual disability (ID).

Adapted from [Zhang et al.,, 2005].
Range Adult Child
}\IQO irgg l No intellectual disability No intellectual disability
. Attends standard school; requires Normal developmental milestones;

Borderline : . X X : . :
1Q 70-80 minor/major support; has simple minor retardation obvious during the

reading, writing, and math ability first school years

. Understands everything, including long | Developmental milestones delayed a

Mild ID . . . :
1Q 50-70 sentences; has very simple reading, few months; retardation obvious from

writing, and math ability 1-2 years
Moderate ID | Understands almost everything; makes Developmental mllestomlas delaygd

. several months; retardation obvious
1Q 35-50 use of small sentences and lots of signs
from age 1 year

Understands simple, daily sentences Developmental milestones delayed from
Severe ID . :
1Q <35 and single words; uses sentences of 2-3 | several months to 1 year; retardation

words, and many signs; walks (or less)

obvious before age 1 year (or less)
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Table D.3: Critical review of 91 JBS literature cases from 78 publications.

Reference Case Remarks JBS
1 |fatty replacement of pancreas, no further JBS symptoms | N
[Lumb and Beautyman, 1952] 2 | fatty replacement of pancreas, no further JBS symptoms | N
[Berger and Klempman, 1965] - insufficient symptoms N
[Townes, 1965] 1 tryps¥nogen def¥c¥ency d¥sease N
2 trypsinogen deficiency disease N
[Grand et al,, 1966] - incompatible facial appearance, no oligodontia N
[Morris and Fisher, 1967] - clinically confirmed Y
[Townes, 1969] i . .
[Townes and White, 1981] clinically confirmed Y
[Johanson and Blizzard, 1971] . !
[Park et al,, 1972] 1 clinically confirmed Y
[Johanson and Blizzard, 1971] g C}IEISII frlllgiecsrn(ﬁzrénr: )d Z
[Schussheim et al., 1976] - clinically confirmed Y
1 EPI uncertain (4.5y), facial clefting, dental hypoplasia ?
[Donlan, 1977] 2 EPI uncertain (3m), facial clefting, dental hypoplasia ?
[l[\]/[)(?t}; igg;fg?zll’ 119 975 1]] Z clinically confirmed Y
[Day and Israel, 1978] 8 EPI uncertain ?
[Mardini et al., 1978] - clinically confirmed Y
[Daentl et al., 1979] - clinically confirmed Y
. 1 [JBS-22.1]; clinically and genetically confirmed Y
[Reichart etal, 1979] 2 [JBS-22.2]; clinically and genetically confirmed Y
[Sismanis et al., 1979] - clinically confirmed Y
[Bresson et al., 1980] - clinically confirmed Y
. 1 EPI uncertain (3m) Y
[Helin and Jodal, 1981] > EPI uncertain (3m) v
[Motohashi et al.,, 1981] 2 clinically confirmed Y
[Baraitser and Hodgson, 1982] - EPI uncertain ?
[Moeschler and Lubinsky, 1985] o . . ”
[Kobayashi et al,, 1995] 1 at 12y: oligodontia uncertain ?
[Moeschler and Lubinsky, 1985] 2 clinically confirmed Y
[Davidai et al,, 1986] - insufficient symptoms N
[Zerres and Holtgrave, 1986] - [JBS-8.1]; clinically and genetically confirmed Y
[Moeschler et al., 1987] - clinically confirmed Y
[Ono et al.,, 1987] - clinically confirmed Y
[Szilagyi et al,, 1987] i fatty replacement oaf sgler:;; ;clzs(;sue; untypical facial N
[Kristjansson et al., 1988] ) .
[Hoffman et al,, 2007] no EPI at 4m (autopsy), negative UBRI test N
1 clinically confirmed Y
[Gould et al., 1989] - -
2 clinically confirmed Y
[Hurst and Baraitser, 1989] - clinically confirmed Y
[Sandhu and Brueton, 1989] - EPI uncertain (14d), untypical facial appearance ?
[Gershoni-Baruch et al., 1990] 1 clinically confirmed Y
[Braun et al,, 1991] 2 clinically confirmed Y
. 1 clinically confirmed Y
[Rudnik-Schoneborn etal, 1991] 2 [JBS-5.1]; clinically and genetically confirmed Y
[[Sl?;;irrllélgi)s:ilgog:t\)/(z;el:ttijﬂ 11%%11]] 3 [JBS-9.1]; clinically and genetically confirmed Y
[Trellis and Clouse, 1991] - | untypical facial appearance, oligodontia uncertain (19y) | ?
[Nagashima et al., 1993] - clinically confirmed Y
| [Jones et al.,11994-] : 1 [JBS-10.1]; clinically and genetically confirmed Y
Timoney et al,, 2004
[Cheung et al,, 2009] 2 [JBS-11.1]; clinically and genetically confirmed Y
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Reference Case Remarks
1 [IBS-2.2]; clinically and genetically confirmed
[Guzman and Carranza, 1997] 2 [JBS-2.1]; clinically and genetically confirmed

[Dumic et al., 1998]

EPI and oligodontia uncertain (18y), negative UBRI test

[Rosanowski et al., 1998]

clinically confirmed

JBS
Y
Y
N
Y
[Auslander et al., 1999] EPI uncerta%n (term%nat?on of pregnancy) Y
2 EPI uncertain (termination of pregnancy) Y
[Maunoury et al,, 1999] i EPI and oligodontia.uncertain. (19y), facial N
dysmorphism untypical
[Alpay et al,, 2000] - no EPI (10d), untypical facial dysmorphism ?
[Steinbach and Hintz, 2000] - no EPI, negative UBRI1 test N
[Vanlieferinghen et al.,, 2001] - [JBS-7.1]; clinically and genetically confirmed Y
[McHeik et al., 2002] - [JBS-16.1]; clinically and genetically confirmed Y
[Prater and D'Addio, 2002] - no oligodontia documented (29y) ?
[Vieira et al., 2002] - [IBS-13.1]; clinically and genetically confirmed Y
[Fichter et al,, 2003] - isolated EPI N
[Vanlieferinghen et al., 2003] - [IBS-7.2]; clinically and genetically confirmed Y
[Kulkarni et al., 2004] - EPI uncertain (newborn) ?
[Takahashi et al., 2004] i [IBS-60.1]; clinically confirmed, but no UBRI1-mutation v
” detected

[Al-Dosari et al.,, 2008] - no EPI (3m), but genetically confirmed Y
[Alkhouri et al.,, 2008] - [JBS-23.1]; clinically and genetically confirmed Y
. 1 [JBS-19.1]; clinically and genetically confirmed Y
[Elting etal, 2008] 2 [JBS-25.1]; clinically and genetically confirmed Y
[Barroso et al., 2010] - no EPI (18y), untypical facial dysmorphism N
[Ramos et al., 2010] - insufficient symptoms N
[Saeed et al.,, 2010] - clinically confirmed Y

[Sudarshan et al., 2010] . -
[Santhosh and Jethmalani, 2013] j insufficient symptoms N
[Almashraki et al,, 2011] - [JBS-38.1]; clinically and genetically confirmed Y
[Fallahi et al,, 2011] - [JBS-35.1]; clinically and genetically confirmed Y
[Liu etal., 2011] - [JBS-33.1]; clinically and genetically confirmed Y
[Giilas1 et al., 2011] - EPI uncertain (4m), convincing symptoms Y
1 [JBS-4.2]; clinically and genetically confirmed Y
[Schoner etal, 2012] 2 [JBS-4.1]; clinically and genetically confirmed Y
[Deutsch etal., 2013] - EPI uncertain, untypical facial dysmorphism ?
[Godbole et al,, 2013] - [JBS-47.1]; clinically and genetically confirmed Y
[Kaba et al.,, 2013] - EPI uncertain (3.5y), negative UBR1 test N
[Singh et al., 2014] - [JBS-46.1]; clinically and genetically confirmed Y
[Ibrahim, 2014] - no EPI detected (3m) ?
. 1 [JBS-30.2]; clinically and genetically confirmed Y
[Quaio etal, 2014] 2 [JBS-30.1]; clinically and genetically confirmed Y
[Ellery and Erdman, 2014] - insufficient symptoms N
[Atik et al.,, 2015] - [JBS-54.1]; clinically and genetically confirmed Y
1 [JBS-58.1]; clinically and genetically confirmed Y
. 2 [JBS-43.1]; clinically and genetically confirmed Y
[Corona-Rivera etal, 2016] 3 [JBS-1.1]; clinically and genetically confirmed Y
4 [JBS-36.1]; clinically and genetically confirmed Y

EPI, exocrine pancreatic insufficiency; y, year(s); m, month(s); d, day(s); N, no; Y, yes; ?, unsolved.
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