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Abstract

Cornelia de Lange Syndrome (CdLS) is a monogenic, heterogeneous, congenital disorder. Its
main features are intellectual and developmental delay, failure to thrive and skeletal
abnormalities. It displays a wide phenotypic range and has a significant phenotypic overlap
with other conditions resulting in multiple differential diagnoses.

To date, mutations in five genes have been reported to cause CdLS, accounting for 70% of
clinically diagnosed patients. These genes are involved in the cohesin pathway. The
remaining 30% of cases could either harbour a mutation in another gene, potentially also in
the cohesin pathway, in a regulatory region or patients with a less classical phenotype could
have been misdiagnosed owing to the broad phenotypic spectrum. Currently no molecular
studies have been carried out on patients with CdLS in South Africa and thus the molecular
cause of this disease is unknown in this population. This study aimed to use a targeted next
generation sequencing technique to study the molecular aetiology of CdLS in South African
patients and families. By adopting this technique, we were able to study multiple genes
simultaneously to elucidate the mutation profile of this condition in a South African setting.
Our gene panel included the five known causal genes as well as genes implicated in the

differential diagnoses and other genes involved in the cohesin pathway.

Out of the 14 patients that underwent targeted sequencing, putative disease-causing mutations
were identified in eight. These were classified as pathogenic using the ACMG guidelines in
addition to other bioinformatic tools and databases. Four of these mutations were small
deletions, one was a single base pair duplication, one was a splice site mutation and two were
missense mutations. The phenotypes of these eight patients correlated in severity in
accordance with other genotype-phenotype studies that have been conducted in the past.
Seven of the mutations were identified in the NIPBL gene, the most commonly mutated gene
in CdLS. The remaining mutation was identified in STAGL. At the time of designing the
targeted gene panel, no mutations had been identified in STAG1 in humans. This gene is

involved in the cohesin pathway and was only suspected to be involved in CdLS.

This study provides novel insights into the mutation profile of CdLS in South African
patients. Studies such as this can inform the development of diagnostic techniques involving
next generation sequencing panels as well as offering testing options for patients with CdLS
in South Africa.
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Preface

The initial project design was a PhD looking into mutation profiles of Kabuki Syndrome,
Rasopathies and Cohesinopathies as national genetic testing is not currently available for
these conditions. However, after intra-departmental discussions, it was decided to separate
the single project into three projects falling under a single working group. Subsequent
changes were made to the study design and the resulting projects consisted of two MSc
projects looking at mutation profiles of Facial Dysostosis Syndromes and Cornelia de Lange-
like phenotypes respectively, and one PhD project examining the mutation profile of
RASopathies. Thus, the FRASC working group was formed consisting of clinical geneticists,
senior researchers and students. The clinical geneticists included Prof Amanda Krause, Dr
Candice Feben and Dr Careni Spencer. The senior researchers included Prof Zané Lombard,
Dr Robyn Kerr and Dr Nadia Carstens. The students consisted of Ms Maria Mudau, Ms
Patracia Nevondwe and myself. The diagram below summarises the FRASC working group
and how everyone was involved — Dr Nadia Carstens headed up the working group, each
student is indicated in bold underneath their respective disease of interest and the supervisors
for each student are indicated below the students’ names. Dr Nadia Carstens was also a

supervisor to each student.

Dr Nadia Carstens

FRASC

| |
Cornelia de

Facial Dysostosis RASopathies

Syndromes Lange Syndrome
Patracia Nevondwe (MSc) Maria Mudau (PhD) Heather Seymour (MSc)
Dr Careni Spencer Prof Amanda Krause Dr Candice Feben
Dr Robyn Kerr Prof Zane Lombard

Each student utilized the same methodology and therefore one gene panel was used to
incorporate the genes of interest for all three projects. Library preparation was carried out
independently by each student, however, library pooling and subsequent sequencing was
occasionally completed as a group to reduce the costs involved in the FRASC research group.
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1. Introduction

1.1.Cornelia de Lange Syndrome

Cornelia de Lange syndrome (CdLS), also known as Brachmann de Lange syndrome, is a
heterogeneous, monogenic condition. It was first described in reports by Dutch anatomists,
Willem and Gerardus Vrolik (Vrolik, 1849), then by the German physician, Winfried Robert
Clemens Brachmann (Brachmann, 1916), and finally by the Dutch paediatrician, Cornelia de
Lange (De Lange, 1933), after whom the condition was named. Currently, the prevalence of
CdLS is estimated at 1.6-2.2:100 000 in European populations (Barisic et al., 2008);
however, there are no studies reporting the prevalence of this disorder in other population

groups.

CdLS presents with a variable phenotype with features ranging from mild to severe
developmental- and intellectual delay and physical abnormalities. These physical
abnormalities include both craniofacial and limb abnormalities (Jackson et al., 1993) (Figure
1.1.). The diverse nature of this heterogeneous phenotype can be attributed to inter- and
intragenic variability (Mannini et al., 2013), which will be discussed in the sections that
follow. The most commonly observed phenotypes in patients with CdLS are summarized in
the following categories: facial features; sensory development; skeletal anomalies; genitalia;
neurodevelopment; cardiac anomalies and the gastrointestinal system. Table 1.1 has been
adapted from an inhouse clinical tick sheet used to diagnose patients with CdLS (Appendix
A.l). Patients with CdLS will have some but not necessarily all the following phenotypes
(the most common being coarse facial features, synophrys, hirsutism, intellectual delay and

limb deformities).



Table 1.1. Summary of the typical phenotypic features of patients presenting with Cornelia de Lange syndrome.

Facial features

Coarse facial features

Brachycephaly

Down slanted
palpebral fissures

Ptosis

Synophrys

Curly eyelashes

Down turned mouth

Skeletal anomalies

Micromelia (upper limbs)

Oligodactyly

Clinodactyly

Elbow contractures

Transverse palmar crease

Kyphosis (spine)

Scoliosis

Long philtrum

Cleft palate

Widely spaced teeth

Depressed nasal bridge

Genitalia

Undescended testes

Small penis

Hypospadias

Hypoplastic labia minora

Anteverted nares

Short neck

Low posterior hairline

Neurodevelopment

Mild to severe intellectual delay

Hypertonia

Autism spectrum disorder

Low set ears

Posteriorly rotated ears

Cardiac anomalies

Atrial septal defect

Ventricular septal defect

Hirsutism Aortic stenosis
Sensory Myopia Pulmonary stenosis
development

Strabismus

Hearing loss — Gastrointestinal Malrotation

conductive and
sensorineural

system

Gastro-oesophageal reflux
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Figure 1.1. A patient with a classical Cornelia de Lange phenotype (Boyle et al. 2014). The classical facial features and
upper limb abnormalities can be clearly seen in the figure.

1.2.Genetics and pathology of Cornelia de Lange Syndrome

CdLS expresses wide phenotypic variability and as such, a number of differential diagnoses
exist. This presents a need for molecular confirmation by means of genetic testing,
particularly in those patients with an atypical phenotype. It is therefore imperative to
understand the genetics and molecular biology of CdLS.

1.2.1. Cohesin pathway / complex

CdLS falls within the spectrum of a larger group of diseases termed ‘cohesinopathies’. These
disorders arise as a result of mutations in genes forming part of the cohesin protein complex
(Figure 1.2.). This protein complex forms a ring-like structure that encircles the DNA strand
and is comprised of four subunits: SMC1 and SMC 3 (Structural Maintenance of
Chromosome 1 and 3), and SCC1 and SCC3 (Sister Chromatid Cohesion 1 and 3, SCC1 -
also referred to as RAD21 cohesin complex component and SCC3 - also referred to as
Stromal antigen 1 and 2 (STAGL1 and STAG2). There is also a large number of regulatory
proteins that aid in the functioning and organisation of the cohesin protein complex. These
include, NIPBL (Nipped B Like) and SCC4 (Sister Chromatid Cohesion 4), which aid in
loading the cohesin complex onto the DNA. The proteins ESCO2 (Establishment of Sister
Chromatid Cohesion N-Acetyltransferase 2) and HDACS8 (Histone Deacetylase 8) assist the
loading and dissociation of the complex through acetylation and deacetylation respectively.
The PDS5 (Precocious Dissociation of Sisters 5) complex, made up of PDS5A and PDS5B, is



responsible for the maintenance of the cohesin complex, as well as assisting in dissociation
(reviewed by Barbero, 2013).

sues M

SCC4

HDACS8

PDS5A | PDS5B

Figure 1.2. Diagram representing the cohesin protein complex and selected regulatory proteins (adapted from Barbero,
2013). SMC1, SMC3, RAD21 and STAG1/2 comprise the main protein complex which encircles the DNA strand. The
regulatory proteins include NIPBL and SCC4 (which aid in the loading of the cohesin onto the chromosomes), ESCO2 and
HDACS (which facilitate the loading and dissociation of the complex via acetylation or deacetylation respectively) and the
PDS5 complex (which is responsible for the maintenance of the protein complex and also assists in its dissociation).

The cohesin complex has a wide range of roles including the cohesion of sister chromatids
during cell division, assisting in DNA repair and regulating gene expression (reviewed by
Pezic, Weeks and Hadjur, 2017). These are the processes which are deleteriously affected in
CdLsS.

1.2.1.1. Sister chromatid cohesion

Sister chromatid cohesion is the process whereby sister chromatids are held together for
various phases of the cell cycle allowing for processes to take place where close proximity is
needed between sister chromatids. A study carried out in 1998 showed that the cohesion of
sister chromatids remained unaffected at interphase in an environment depleted of cohesin
proteins (SMC family) (Losada, Hirano and Hirano, 1998). However, upon entry of the
mitotic phase of the cell cycle, the sister chromatids no longer remained tightly associated

with each other. Additionally, they observed that the most common chromosomal

4



abnormality in a cohesin-depleted environment was double stranded DNA breaks, alluding to
an additional role of cohesin in the cell. This study grouped SMC1 and SMC3 as cohesin
proteins responsible for the cohesion of sister chromatids after DNA replication during the
mitotic phase. They then grouped SMC2 and SCM4 as condensins, as they are the key
proteins from the cohesin protein complex involved in the condensation of chromatids in

preparation for mitosis (Hirano and Mitchison, 1994; Kimura and Hirano, 1997).

1.2.1.2. DNA repair

Sjogren and Nasmyth, (2001) decided to test, and subsequently accept, the hypothesis that the
cohesion of sister chromatids is essential for post-replicative double stranded DNA repair.
They utilised the idea that double stranded DNA breaks require an undamaged copy to be
used as a template for repair. They then tested this by subjecting cells with mutated cohesin
components to y-radiation to inflict double stranded breaks. The results showed that poorly
associated sister chromatids showed markedly less DNA repair, whereas the sister chromatids
that were associated strongly due to the presence of cohesin were able to repair the double
stranded breaks. They concluded that it is the association of sister chromatids facilitated by
cohesin and not cohesin itself that aids in double stranded DNA break repair.

Another study by Lightfoot et al., (2011) demonstrated how the lack of cohesin not only
impaired joining of sister chromatids, and thus lack of double stranded DNA repair, but also
that in the absence of cohesin, the cell no longer releases an apoptotic response at the
pachytene checkpoint during meiosis. This implicates cohesin in DNA damage checkpoints

as well.

1.2.1.3. Regulation of gene expression

A study carried out by Rollins, Morcillo and Dorsett, (1999) on Drosophila melanogaster
(fruit flies) aimed to investigate long range gene activation i.e. enhancer-promoter
communication. By studying the inhibitory effects of Nipped-B mutants (Drosophila
homologue of NIPBL in humans) on promoter-enhancer communication, they showed the
essential structural role Nipped-B plays. Further studies have elucidated the same role of
NIPBL and the cohesin pathway in yeast and humans (Dorsett, 1999; Liu et al., 2009;

5



Dorsett, 2007). Genome-wide analysis of transcription in 16 patients with CdLS has shown
dysregulated gene expression and, after validating these findings in an additional 101

patients, can even correlate this dysregulation to phenotypic severity (Liu et al., 2009).

These roles are critical in cell function and development and it is evident that mutations in
any one of the genes involved, affecting protein function, will have serious downstream

consequences.

1.2.2. Genes involved in Cornelia de Lange Syndrome

Due to the condition’s heterogeneous nature, CALS can be inherited in either an autosomal
dominant or X-linked manner depending in which gene a mutation is present. Causal
mutations have been identified in five genes thus far: NIPBL, RAD21, SMC1A, SMC3 and
HDACS8 (reviewed by Barbero, 2013). The mutations identified in these genes have
predominantly been small mutations i.e. frameshift, nonsense or splice site mutations which
are predicted to lead to truncated proteins or a loss of function (reviewed by Mannini et al.,
2013) (Table 1.2.). Somatic mosaicism in NIPBL, although it is rare, has been described to

contribute to the disease as well (reviewed by Kline et al., 2018).

1.2.2.1. NIPBL

NIPBL, the most commonly mutated gene in CdLS cases (approximately 60% of cases in
European populations have a mutation in this gene (reviewed by Mannini et al., 2013), was
first reported to cause CdLS in 2004 (Krantz et al., 2004; Tonkin et al., 2004). Krantz et al.,
(2004) used linkage exclusion mapping to identify five regions of interest with a positive
logarithm of the odds (LOD) score in nine families presenting with CdLS. Further fine
mapping and multipoint linkage analysis with more markers narrowed the region down to
chromosome 5p13.1-13.3. By carrying out mutation analysis and identifying two mutated
overlapping transcripts, they defined the gene in which these mutations were found as being
the homologue of the Nipped-B gene in Drosophila and named it NIPBL. Simultaneously,
Tonkin et al., (2004) carried out chromosome breakage analysis on patients diagnosed with

CdLS to narrow down the region for the CdLS-causing gene. Once NIPBL had been



identified, further screening was carried out to elucidate additional point mutations causing
CdLsS.

1.2.2.2. SMC1A and SMC3

In a study by Musio et al., (2006), it was hypothesized that SMC1A (located in an inactivated
region of the X chromosome) was a potential CdLS causing gene based on its involvement in
the cohesin pathway (it forms part of the cohesin core ring complex). SMC1A sequencing was
used to identify a three base pair (bp) deletion and a missense mutation in two families. One
of the families had three males diagnosed with CdLS and the other was a single de novo case.
In a later study by Deardorff et al., (2007), both SMC1A and SMC3 were screened for
mutations in a cohort of 115 CdLS patients. Similar to the previous study, the hypothesis of
SMC3’s involvement was based on its function in the cohesin’s core ring structure. An
additional 14 SMC1A mutations and a single SMC3 mutation were identified. Deardorff et al.,
(2007) observed that the patients who tested positive for mutations in SMC1A and SMC3
presented with a milder phenotype compared with patients who tested positive for a mutation
in NIPBL, and in some cases, patients may even present with intellectual disabilities
exclusively with little to no physical abnormalities. Gil-Rodriguez et al., (2015) screened
patients for SMC3 mutations and found of the 16 patients who tested positive, they too
presented with a milder phenotype compared with typical CdLS cases. However, Hoppman-
Chaney et al., (2011) presented a case study where a female patient had a multi-exon deletion
in SMC1A and presented with a severe form of CdLS. These studies present evidence for
inter- as well as intragenic phenotypic variability while also identifying additional CdLS
causal genes. Mutations in the SMC1A gene accounts for 5% of CdLS-causing mutations in

European populations (reviewed by Mannini et al., 2013).

1.2.2.3. RAD21

Deardorff et al., (2012) carried out a study whereby they utilised genome wide copy number
analysis and subsequent sequencing in a cohort of 290 patients, 101 of which presented with
classical CdLS and 189 were defined as only having an overlapping phenotype. At the time
of this study, only mutations in NIPBL, SMC1A and SMC3 had been identified as CdLS
causal genes and the cohort of 290 patients all tested negative for mutations in these three



genes. They identified RAD21, a known cohesin gene at the time, to be a potentially disease-
causing gene through their copy number analysis, where they found one patient to have a
deletion of 8924.1 (which includes RAD21). They then sequenced RAD21’s exons to identify
possible point mutations in their cohort. They observed that patients who tested positive for
RAD21 mutations appeared to have milder intellectual- and physical abnormalities compared

with other CdLS patients, further suggesting a genotype-phenotype correlation.

1.2.2.4. HDACS8

Mutations in the HDACS8 gene (which is also located on the X chromosome)were first
reported by Harakalova et al., (2012) in a family with multiple members presenting with
intellectual disabilities amongst other phenotypes. It was not until Deardorff et al., (2012)
reported the role HDACS plays in the cohesin pathway via deacetylation of SMC3, and the
subsequent sequencing of patients for HDAC8 mutations, that this gene was implicated in
CdLS. Kaiser et al., (2014) published a study that followed on from the one published by
Deardorff et al., (2012) and presented an additional 38 patients with HDAC8 mutations and

their phenotypic variability ranging from mild to severe.

Table 1.2. Types of mutations identified in CdLS cases in the 5 known causal genes as of 2013 (adapted from Mannini et al.,
(2013), n=311

Type of mutation | Number of mutations identified % each type of
mutation accounts for
NIPBL SMC1A | SMC3 RAD21 HDACS
Missense 67 19 | - 2 4 29.5%
Nonsense 43 | - - - 1 14%
Small deletions 71 5 1]- - 25%
Small insertions 33 - - - - 10%
Small Indels 2 |- - - - 1%
Splicing 43 | - - - - 14%
Regulatory 2 |- - - - 1%
Gross deletions 16 | - - 1]- 5%
Translocations 1]- - - - 0.5%

As is evident, inter- and intragenic variability, and possibly mosaicism, plays an important
role on the phenotypic outcome of patients with CdLS. To date, a wide variety of types of
mutations have been reported including nonsense, missense and splice site mutations; small

and large insertions and deletions as well as large genomic rearrangements (Table 1.2.). Upon




carrying out a phenotype-genotype correlation study, Mannini et al., (2013) concluded that
truncating mutations found in NIPBL result in a more severe phenotype while missense and
in-frame deletions found in NIPBL and SMC1A/SMC3 result in a milder form of the disease.
Interestingly, mutations found in the HEAT domain of the NIPBL protein result in a severe
phenotype as well, including missense and in-frame deletions thus proving not only are the

type of mutations and genes important, but also the protein domain in which they are found.

The vast majority of mutations within the five causal genes occurs de novo. The severity of
the disease clearly results in reduced reproductive fitness (Jackson et al., 1993). There are,
however, a few familial cases where a parent is very mildly affected and harbours a disease-

causing mutation which is unique to each family. (Krantz et al., 2004; Zhang et al., 2009).

Mutations in the five genes only account for approximately 70% of CdLS cases and the
causative genes and mutations contributing to the remaining 30% are yet unknown (reviewed
by Mannini et al., 2013).

1.2.3. Other candidate cohesin genes implicated in Cornelia de Lange Syndrome

Considering only approximately 70% of CdLS cases receive a molecular diagnosis, many
studies have been carried out to elucidate the disease-causing variants in the remainder of
patients. Studies by Zhang et al., (2007, 2009) implicate PDS5A and PDS5B (Cohesin
Associated Factor A and B respectively) in CdLS in mice showing a CdLS-like phenotype.
They initially created a PDS5B-deficient mouse model and observed a phenotype resembling
features of CdLS: including a cleft lip, short limbs and congenital heart defects (2007). In
2009, they went on to create a PDS5A-deficient mouse model and also observed features
similar to those observed in human patients with CdLS and similar to the PDS5B mouse
model: congenital heart defects, cleft palate and growth retardation. Based on these two
mouse models, they concluded that PDS5A and B could be potential candidate genes for the
30% of molecularly undiagnosed CdLS patients. They then carried out PDS5A and B
sequencing on 114 patients with CdLS who had previously tested negative for mutations in
NIPBL, SMC1A and SMC3. They identified a familial CdLS case where three siblings were
clinically affected with CdLS (two of whom had passed away, - DNA was only available for
one of the deceased siblings) while the parents and the other sibling were clinically

unaffected. Although it was noted that three siblings and the father shared the same
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deleterious mutation R1292Q, only two of the siblings who shared the same maternal PDS5B
allele were affected with CdLS (Figure 1.3.). Since the mutation was found in the unaffected
parent and unaffected sibling, they suggested that the CdLS phenotype was inherited in an
autosomal recessive manner. There was potentially another deleterious mutation on the
maternal allele shared by the affected siblings that went undetected in the sequencing to

account for the unique inheritance pattern.

[ O e
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S

Figure 1.3. Family pedigree from Zhang et al (2009) study where they screened 114 patients for PDS5A and B mutations.
One familial case was observed to have a PDS5B mutation present (represented by the red fraction or red dot in the square
or circle). Affected siblings are represented by red fractions while carriers of the mutation are represented by a red dot.

Another gene thought to be implicated in CdLS is STAGL. This gene’s protein forms part of
the core cohesin ring. In a study carried out by Remeseiro et al., (2012), lack of STAG1
protein in mouse models result in a phenotype similar to CdLS: reduced body size (short
stature), skeletal abnormalities and impaired lipid metabolism. Upon analysis of the function
of STAGL, it was found that STAG1 regulates the distribution of the cohesin complex at
promoter sites and affects cohesin’s gene regulatory functioning. It was also postulated that a
decrease in NIPBL may influence the loading of STAGL and thus STAGL, even if not
mutated itself, may have a role in the aetiology of CdLS. Two studies published within the
last two years have identified the first STAG1 mutations in humans with a phenotype similar
to CdLS (Lehalle et al., 2017; Yuan et al., 2018). The evidence from the studies by
Remeseiro et al. (2012); Lehalle et al. (2017) and Yuan et al. (2018) shows that STAGL1 is a
good candidate gene to investigate as a potential CdLS-causing gene inpatients who do not

have a molecular diagnosis.
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SCC4 (also known as MAU2) was studied in depth by Watrin et al., (2006) and it was
reported that SCC4 was essential in the loading of the cohesin complex onto chromatin. It
was also observed that SCC4 is conserved from yeast to humans, indicating its essential role
in the cell. Another study further elucidated that SCC4 interacts with NIPBL to facilitate the
loading of cohesin onto chromatids (Braunholz et al., 2012). In this study, the specific SCC4-
NIPBL interaction domain was mapped and mutations were induced in the SCC4-interacting
domain of NIPBL to determine the importance of this interaction. These mutations resulted in
reduced binding and subsequently reduced loading of cohesin. In the same study, Braunholz
et al., (2012) tested 184 patients with CdLS who tested negative for the known CdLS-causing
genes. No SCC4 mutations were found in this cohort but this would not exclude SCC4 from

being a causal gene, it may possibly just be very rare.

Although studies have identified mutations in the four aforementioned genes, they have not
been confirmed to cause CdLS in human patients to date (Oliver et al., 2010; Braunholz et
al., 2012; Remeseiro et al., 2012). These genes are potential causal genes in molecularly
undiagnosed patients based on mouse models or hypotheses deduced from functional studies.
Alternatively, these patients could potentially be misdiagnosed with CdLS due to the wide
range of phenotypic variability as well as CdLS having significant phenotypic overlap with

other conditions i.e. differential diagnoses.

1.3.Differential Diagnoses

Currently, a number of differential diagnoses exist for CdLS, some of which are discussed
below (reviewed by Deardorff et al., 2016). Although cases of these conditions can be
clinically distinguished from classic cases of CdLS, a wide phenotypic spectrum exists which
makes milder or atypical cases of CdLS more difficult to differentiate from other conditions.
Several diagnostic gene panels exist which test for CdLS mutations that also include some of
the below mentioned differential diagnoses. Each of these disorders have convincing
evidence of overlapping phenotypic features with CdLS and are thus good candidates to

include on a diagnostic or research gene panel (Table 1.3.).
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1.3.1. CHOPS syndrome (AFF4)

In 2015, lIzumi et al. described a previously unknown condition termed ‘CHOPS’ which they
named based on aspects of the phenotype. This is described in the paper as “C for Cognitive
impairment and Coarse facies, H for Heart defects, O for Obesity, P for Pulmonary
involvement and S for Short stature and Skeletal dysplasia”. As is evident from the
description, there is a large phenotypic overlap with CdLS and thus is considered a
differential diagnosis. CHOPS is a result of a genetic mutation in the AFF4 gene (AF4/FMR2
Family Member 4). AFF4 forms part of the super elongation complex which is responsible
for elongation during transcription in the cell (Lin et al., 2011). Interruptions in this process
may lead to dysregulation of gene expression during critical stages in embryogenesis and thus

result in the observed phenotype.

1.3.2. KBG syndrome (ANKRD11)

KBG Syndrome, named after the families originally diagnosed and reported in the literature
(Herrmann et al., 1975), is another example of a differential diagnosis for CdLS. Patients
affected with this condition present with macrodontia, intellectual and developmental delay,
short stature and skeletal and craniofacial abnormalities (Herrmann et al., 1975). KBG is a
result of mutations in the ankyrin repeat domain 11 gene (ANKRD11) which is involved in
the regulation of transcription (Zhang et al., 2004). In a study that sequenced 163 patients
clinically diagnosed with CdLS, three patients who tested negative for mutations in the five
known CdLS causal genes were seen to carry ANKRD11 mutations thus demonstrating the

phenotypic overlap between the two conditions (Ansari et al., 2014).

1.3.3. Roberts syndrome (ESCO2)

Roberts Syndrome, also known as SC Phocomelia (Herrmann and Opitz, 1977), is another
example of a cohesinopathy. It is a result of mutations in the ESCO2 gene (Vega et al., 2005)
which is involved in establishment of the cohesin complex via acetylation. The clinical
phenotype and its variability were defined in 2010 by Vega et al. This includes pre- and
postnatal growth retardation, symmetrical limb malformations (predominantly and more
severely in the upper limbs compared with the lower limbs), microcephaly, cleft lip and

palate as well as distinct facial features not unlike those observed in patients with CdLS.
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1.3.4. Wiedemann-Steiner Syndrome (KMT2A)

The gene found to be mutated in Wiedemann-Steiner Syndrome (WSS) is KMT2A (histone-
lysine N-methyltransferase 2A) (also known as MLL (myeloid/lymphoid or mixed-lineage
leukemia)) (Jones et al., 2012). As the name suggests, this gene is involved in gene regulation
by means of histone methylation. WSS, like CdLS, displays a wide phenotypic range but the
most commonly shared feature is excessive hair growth (Yuan et al., 2015). Some of the
other features of WSS include intellectual and developmental disability, short stature and
coarse facial features. In a study carried out by Yuan et al., (2015), patients that were
clinically diagnosed with WSS were found to have mutations in the CdLS-causing gene,
SMC1A. Additionally, they found KMT2A mutations in a patient clinically diagnosed with
CdLS and mutations in SMC3 and SMC1A in patients with combined features of WSS and
CdLS. This evidence makes KMT2A a likely candidate for a proportion of molecularly
undiagnosed CdLS patients who may have been clinically misdiagnosed.

1.3.5. X-linked syndromic mental retardation syndrome (TAF1)

Males presenting with intellectual disability, distinct facial features (some shared with CdLS
— long philtrum, low set ears, down slanted palpebral fissures to name a few), hypotonia and
various neurological abnormalities were grouped together as having a common condition
(O’Rawe et al., 2015). A study on 9 families with individuals with the above-mentioned
phenotype identified mutations in the TAF1 (TBP associated factor 1) gene found on the X
chromosome (O’Rawe et al., 2015). TAF1 plays a role by associating with TATA binding
proteins to make up the transcription factor Il D complex which is responsible for the

initiation of transcription.

1.3.6. Alazami-Yuan syndrome (TAF6)

Alazami-Yuan syndrome was described simultaneously by Alazami et al., (2015) and Yuan
et al., (2015) in consanguineous families from Saudi Arabia and Turkey respectively. Some
of the phenotypes described by these two papers included synophrys, short stature,
microcephaly, hirsutism, long philtrum and dysmorphic facial features, all similar to CdLS.
Yuan et al., (2015) reported on Alazami-Yuan syndrome based on its similarity with CdLS

alongside KMT2A mutations. The gene independently reported by both Alazami et al., (2015)
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and Yuan et al., (2015) was the TAF6 gene (TBP associated factor 6) which, like TAF1,

assists the transcription factor 11 D complex in initiating transcription.

1.3.7. Autosomal dominant mental retardation syndrome (SETD5)

A study carried out by Grozeva et al., (2014) identified mutations in the SETD5 gene (SET
domain-containing 5) in patients with a 3p25 microdeletion syndrome — autosomal dominant
mental retardation syndrome. The main phenotype of this syndrome is intellectual disability
with additional phenotypes that overlap with CdLS: synophrys, low set ears, skeletal
abnormalities and developmental delay (Grozeva et al., 2014). A further study carried out by
Parenti et al., (2017) looked at patients with a CdLS phenotype who tested negative for
mutations in the five known causal genes. They identified mutations in the KMT2A (WSS)

and SETD5 genes, both of which are classified as methyltransferases.

1.3.8. Coffin-Siris Syndrome (SMARCB1 and ARID1B)

Mutations in components in the SWitch/sucrose nonfermenting (SWI/SNF) complex have
been found to cause Coffin Siris Syndrome (Santen et al., 2012; Tsurusaki et al., 2012). The
resulting phenotype is intellectual and developmental delay, coarse facial features and
microcephaly, which shows an overlap with the CdLS phenotype (Parenti et al., 2017). Four
patients in a cohort with a CdLS overlapping phenotype were found to harbour mutations in
two of the genes making up the SWI/SNF complex: ARID1B (AT-rich interaction domain
1B) and SMARCB1 (SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily B, member 1) (Parenti et al., 2017). Additionally, in the same study,
Parenti et al., (2017) examined patients clinically diagnosed with Coffin Siris syndrome who
tested negative for mutations in genes comprising the SWI/SNF complex. They sequenced
the five CdLS causal genes and found one patient with a mutation in the NIPBL gene thus

strengthening the argument that Coffin Siris syndrome is a differential diagnosis of CdLS.
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Table 1.3. Differential diagnoses of CdLS, the genes involved in each condition and overlapping phenotypes with CdLS.

Differential Diagnosis Gene Some common features with CdLS

CHOPS AFF4 Coarse facial features, skeletal anomalies, short
stature, intellectual delay

KBG ANKRD11 Intellectual and developmental delay, coarse
facial features, skeletal anomalies

Roberts Syndrome ESCO2 Upper limb malformations, coarse facial features,
microcephaly

Wiedemann-Steiner KMT2A Intellectual and developmental delay, hirsutism,
coarse facial features

X-linked syndromic mental | TAF1 Long philtrum, low set ears, down slanted

retardation palpebral fissures

Alazami-Yuan TAF6 Short stature, microcephaly, hirsutism, long
philtrum

Autosomal dominant mental | SETD5 Intellectual and developmental delay, synophrys,

retardation syndrome low set ears, skeletal abnormalities

Coffin-Siris Syndrome SMARCB1 Intellectual and developmental delay, coarse

and ARID1B | facial features, microcephaly

1.4.Next Generation sequencing (NGS)

Before the era of next generation sequencing (NGS), Sanger sequencing was mainly used to
identify disease-causing mutations and molecularly diagnose patients with CdLS. However,
due to the genetically heterogeneous nature of CdLS, with five causal genes being identified
to date, in combination with the multiple differential diagnoses, it is not always the most cost-
effective approach to perform Sanger sequencing as a first line test in the diagnostic and
research process anymore. In cases like CdLS when there are multiple genes that could
potentially harbour a mutation, a diagnostic test that can examine multiple genes at once is
preferred to a single gene approach like Sanger sequencing. Sanger sequencing however, is
still the gold standard for molecular diagnostic testing examining individual genes as it has a
lower error rate than NGS (Mu et al., 2016).

Over the past few years, NGS (a high-throughput sequencing technique) has moved from the
research to the diagnostic field and has proven to have powerful diagnostic abilities (Yohe et
al., 2015; Goodwin et al., 2016). With the price of NGS decreasing, it is replacing older
techniques in diagnostic laboratories across the world. One specific application of NGS is
sequencing gene panels which are designed to evaluate a specified set of genes
simultaneously. The gene panel could potentially span a number of different disorders and
can be applied to a number of different patient samples simultaneously. This approach

decreases both time and cost involved in obtaining a molecular diagnosis and is an ideal
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solution for a heterogeneous condition like CdLS. In the South African public health sector,
NGS techniques are not yet widely adopted in a diagnostic setting. However, the use of
techniques such as gene panel testing has the potential to increase diagnostic yields, thus
benefitting the affected patient and their families, who may otherwise have had limited

testing options.

1.5.Cornelia de Lange syndrome in a South African context

The prevalence of CdLS is approximately 1.6-2.2:100 000 in European populations (Barisic
et al., 2008); however, this estimate is likely to underrepresent the number of CdLS cases as
the phenotype ranges from mild to severe and a number of differential diagnoses exist. No
epidemiological study has been carried out on South African patients suspected to have CdLS
and only a handful of case reports have previously been published on patients with African
ancestry (Ptacek et al., 1963; Cicoria, 1974; Begeman and Duggan, 1976). There is currently
no molecular data on patients with CdLS from Africa, although a vastly different mutation
profile is not expected as majority of the mutations are de novo (reviewed by Mannini et al.,
2013).

In the clinical setting, a diagnosis of CdLS is initially suspected based on the phenotype of
the patient. Ideally, molecular genetic testing would then be requested to confirm the
diagnosis in order to care for the patient appropriately and to provide them with accurate
family planning information. Currently, the state health care system, which caters for
approximately 80% of the population, offers no molecular diagnostic test to confirm a clinical
diagnosis of CdLS (E. Vorster, personal communication, 16 March 2017). The diagnosis is
thus made based on the clinical phenotype alone and often only in the patients who fall on the
more severe end of the spectrum (C. Feben, personal communication 6 March 2017).
Multiplex ligation-dependant probe amplification (MLPA) is occasionally requested to
exclude the chromosome 3q duplication syndrome - a differential diagnosis of CdLS
(Deardorff et al., 2016), but thus far has not yielded a positive result (E. VVorster, personal
communication, 16 March 2017). For patients in the private health care system and who are
able to self-fund testing, clinicians may offer an NGS test performed by an international
laboratory (such as CentoGene, Germany or Invitae (for website URL, see list of websites at

the end of dissertation). These tests screen several genes implicated in CdLS causation and/or
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a differential diagnosis for CdLS. However, this approach is not feasible for the vast majority

of patients, owing to the limited financial resources available.

1.6.Current study

1.6.1. Rationale

The current project utilised a specifically designed gene panel which incorporated the known
CdLS causal genes, as well as the suspected genes and genes from the differential diagnoses
mentioned above, to perform NGS on patients with a CdLS-like phenotype. It was envisioned
that this would generate novel data on our diverse local population and address the current
lack of African CdLS data. Further implications could include the provision of accurate and
useful genetic counselling to the study participants which may have an influence on patient
care and recurrence risk counselling. The generation of the data and the designing of the
panel may have utility in the diagnostic field in the future, as simultaneous multi-gene testing

could become more cost effective than sequential gene testing.

1.6.2. Aims and objectives

In the present project, the aim was to investigate the genetics of CdLS in the South African
context as the majority of molecular research has been conducted on European populations
thus far. We proposed that by designing a gene panel, we would be able to evaluate the
relevant genes known to be involved in CdLS, as well as selected plausible causal genes
simultaneously, in order to establish a mutation profile in South African patients with a CdLS
phenotype.

The specific objectives of the present study were to:

e Recruit patients presenting with CdLS or CdLS-like phenotypes, and their immediate
family members where possible, and to extract DNA from blood samples of these
individuals.

e Determine known and suspected causal genes for CdLS and CdLS-like syndromes to
include on the targeted NGS gene panel.

e Sequence the selected genes using the aforementioned gene panel and analyse the results
using Agilent SureCall software.

e Validate any putative pathogenic mutations identified by the NGS technique via Sanger

sequencing and segregation analysis where possible.
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2. Materials and methods

2.1.Patient recruitment and ethics

The cohort for the study comprised 14 patients presenting with CdLS or a CdLS-like phenotype.
Patients were recruited from genetic clinics that were held in and around the Johannesburg and
Pretoria areas. These clinics are staffed by medical geneticists and genetic counsellors from the
National Health Laboratory Services (NHLS) in association with the University of the
Witwatersrand and the University of Pretoria. This research is a sub-study of a larger project on
developmental disorders in the Division of Human Genetics (certificate number M160830) and
was approved by the Human Research Ethics Committee (Medical) at the University of the
Witwatersrand (certificate number M170761; Appendix B.1.) and the University of Pretoria
(certificate number 80/2018).

Most patients in the study had previously been assessed at one of the genetic clinics staffed by
the NHLS, including those held at Charlotte Maxeke Johannesburg Academic Hospital, Chris
Hani Baragwanath Hospital and Rahima Moosa Mother and Child Hospital. An additional
recruitment clinic was held at the University of Pretoria for patients who had previously been
assessed at Steve Biko Pretoria Academic Hospital. Patients presenting with suspected CdLS
were identified and recruited to the study by a medical geneticist. For the present study, the only
inclusion criterion was that the patients met the diagnosis/suspected diagnosis criteria as set forth
by the medical geneticist. At the time of recruitment, formal consensus criteria were not
available; these have now been published in an international consensus statement (Kline et al.,
2018).

At the clinic appointment, information sheets were given to the patients and/or their guardian and
written informed consent was obtained after discussing the study with the patient or family. The
consent form covered aspects of the project and clinic appointment: clinical phenotyping by
examination, photographs and blood sampling and storage as well as family members’ blood
sampling and storage (Table 2.1.). It was also discussed that if a putative disease-causing
mutation were identified and validated in a diagnostic setting that the family may request to

receive this information in a follow up genetic counselling session.
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Table 2.1. List of demographics and the procedures each patient consented to.

Patient number Date of Gender | Clinical Blood Photograph | Relative’s blood
birth examination | samplin sampling and

g and storage (number

storage of relatives)
FRASCS 3/1/2017 F X X X 1
FRASC29 14/6/2011 F X X 1
FRASC30 1/4/2014 F X X 1
FRASC32 24/10/2003 F X X 0
FRASC41 5/4/2016 F X X 0
FRASC47 X X 0
FRASC49 28/4/2016 F X X X 0
FRASC51 16/1/2011 M X X X 2
FRASCT72 19/8/2016 F X X X 1
FRASC75 22/8/2016 F X X 0
FRASC76 15/5/2018 M X X 1
FRASCT77 13/8/2017 F X X 1
FRASCT78 4//6/2011 M X X 1
FRASC79 5/7/2018 F X X 1

A clinical examination was conducted, specifically to document relevant growth and physical
features. An inhouse clinical tick sheet (Appendix A.1.) has previously been specifically
designed by the medical geneticists based on commonly reported CdLS phenotypes as well as
their own experience with CdLS. Additionally, the clinic file was reviewed to document any
known medical diagnoses or congenital abnormalities in the patient and other family members as

appropriate.

2.2.Sample collection and DNA extraction

Blood samples of between 1-10ml were collected from each patient and their family members
where possible, at the clinic appointment. A modified version of the salting out protocol that is
routinely used in the diagnostic department in the Division of Human Genetics was used to
extract DNA (Miller, Dykes and Polesky, 1988). This was carried out by a diagnostic staff
member, assisted by the students of the FRASC team. The process involved lysing whole blood
samples with a triton-X sucrose buffer, degrading nuclear membranes and proteins with a
proteinase mix and precipitating out the DNA from the solution with a saturated NaCl solution

followed by the addition of ethanol. The final step was assessing DNA quality and quantity using
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the Nanodrop 2000 Spectrophotometer (Thermo-Fisher Scientific, California USA). The
A260/A280 and A260/A230 ratios were examined to ensure the quality of the DNA was
sufficient and no RNA or protein interference would occur downstream. The genomic DNA was
then further assessed using the Qubit v3.0 (Invitrogen by Thermo-Fisher Scientific,
Johannesburg, South Africa) to determine the concentration of double stranded DNA. Agarose
gel electrophoresis was utilised as another quality control step to analyse the molecular weight of
the DNA and was visualised using the Omega Fluor™ Gel Documentation System, (Vacutec,
Johannesburg, South Africa). This process is achieved by running an electrical current through a
tank containing a buffer. The DNA that has been inserted in the agarose gel will then move at a

speed that is determined by the size of each DNA fragment.

2.3.Candidate gene selection and assay design

A targeted gene panel was designed specifically for this project using the Agilent SureDesign
software (for website URL, see list of websites at the end of dissertation). The gene panel
incorporated 18 genes that were identified in the literature to be related to CdLS. This included
the five known causative genes (NIPBL, SMC3, SMC1A, RAD21 and HDACS), four genes
suspected to account for the 30% of molecularly undiagnosed patients with CdLS (based on
mouse-model studies) were also included (PDS5A, PDS5B, STAG1 and SCC4). Lastly, nine
genes involved in CdLS differential diagnoses were added to the gene panel (SETD5, AFF4,
ARID1B, TAF6, ESCO2, KMT2A, ANKRD11, SMARCB1 and TAF1). Only exonic regions were
included, covering an additional 10 intronic bases on either side of each exon to account for

splice site mutations.

2.4 Library preparation

Library preparation was carried out using the Agilent®*T target enrichment system protocol
(Agilent Technologies, CA, USA). An overview of the protocol is summarised below (Figure
2.1).
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Enzymatic fragmentation of gDNA samples and adaptor-tag ends of each fragment

O

Purify adaptor-tagged fragments with AMPure bead clean up

Amplify adaptor-tagged DNA fragments via PCR amplification

O

Purify adaptor-tagged fragments with AMPure bead clean up

O

Assess DNA quality and quantity of the amplicons using Qubit and BioAnalyser

O

Hybridise prepared amplicons to the specifically designed capture library

O

Capture the hybridised amplicons on sterpdavidin-coated beads

Amplify the captured fragments using dual indexing primers via PCR amplification

O

Purify adaptor-tagged fragments with AMPure bead clean up

O

Assess quality and quantity of the library using Qubit and Bioanalyser

O

Pool libraries for multiplexed sequencing

O

Sequence on the lllumina MiSeq

Figure 2.1. Flow diagram depicting an overview of the library preparation protocol (Adapted from SureSelect®T Target
Enrichment for lllumina Multiplexed Sequencing, Agilent Technologies, CA, USA).

Transposons were used to fragment 50ng of gDNA and to simultaneously add adaptors to the

ends of the DNA fragments during the first step. The fragmented, adaptor-tagged DNA was then

washed twice using AMPure XP beads (Beckman Coulter, CA, USA) as per the protocol (using

a ratio of 1:1.8). The DNA was then amplified using a limited cycle PCR (on the Agilent

Technologies SureCycler 8800 G8800A, Germany) and washed twice again using AMPure XP
beads (Beckman Coulter, CA, USA) (using a ratio of 1:1).

The quantity and quality of each DNA sample was then assessed by diluting a 1pl aliquot of each

library by 1:100 and analysing it on the Agilent Technologies 2100 Bioanalyser (Agilent
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Technologies, Waldbronn, Germany) using the High Sensitivity DNA Reagents kit (Agilent
Technologies, Waldbronn Germany) as per the manufacturer’s instructions. If the libraries fell
within the acceptable limits (fragment sizes between 245 and 325bp and with a minimum
concentration of 50ng/pl) the protocol could proceed to target capture. The fragment sizes were
assessed to ensure under- or over-fragmentation had not occurred as this will negatively affect
library preparation and sequencing downstream. A concentration of at least 50ng/ul had to be
established to ensure optimal library preparation downstream, particularly regarding DNA to
bead ratios. Libraries that did not achieve this quality metric were then discarded.

The samples that did pass the quality control step were then hybridised to the specifically
designed capture probes targeting the genes of interest previously described. The probes are
biotinylated RNA molecules that were designed to be complementary to the regions of interest
and would therefore bind only to the regions to be sequenced. The hybridised fragments were
subsequently captured on Dynabeads™ MyOne™ Strepdavidin T1 beads (Invitrogen,
ThermoFisher Scientific, Baltics, UAB, Norway) (with a ratio of 1:6.7) where they were
amplified using pairs of sample-specific dual indexing primers to enable multiplexing. Samples
were then washed twice using AMPure XP beads (Beckman Coulter, California, USA) (using a
ratio of 1:1.2) and underwent another quality control step using the 2100 Bioanalyser High
Sensitivity DNA Reagents kit (Agilent Technologies, Lithuania) to determine fragment length
and concentration. This quality control step was essential to gain measurements needed in
equimolar pooling calculations requiring fragment lengths and concentrations of each sample.
Once the samples passed this quality control step, they were either stored at 4°C if sequencing
was to commence the following day or at -20°C if the samples were to be sequenced in the next

month.

2.5.Next Generation Sequencing

Once the index-tagged libraries passed all quality control steps, the molarity was calculated for
each sample and equimolar pooling was carried out according to the Illumina MiSeq System
Denature and Dilute Libraries Guide (lllumina, California, USA). Sequencing was then carried
out using the MiSeq® Reagent Nano Kit V2 and Micro Kit V3 (lllumina, California, USA) on an
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Illumina MiSeq NGS system (lllumina, California, USA) in three separate runs. The first run
was conducted using a MiSeq® Reagent Nano V2 kit (Illumina, CA, USA) and the last two runs
were performed using a MiSeq® Reagent Micro V2 Kits (lllumina, CA, USA). The Nano kit was
used initially to assess the utility of the MiSeq® Kits in the present study design. Once this was
shown to yield good quality data, a larger kit, the MiSeq® Reagent Micro V2 kit, was utilized.
Compared with the Nano kit, the Micro kit has a larger sample capacity and yields more data,
particularly when fewer samples are added. Each kit comes with a cartridge with Illumina
TruSeq primers designed for libraries prepared with Illumina kits. However, a SureSelect library
preparation kit was used and therefore the TruSeq primers were spiked with 3pl of SureSelect®*T
read and indexing primers to correctly identify the unique identifiers of our prepared libraries as
per the SureSelect®*T Target Enrichment for Illumina Multiplexed Sequencing protocol (Agilent
Technologies, California, USA). As an additional quality control check, 12.5pM of a PhiX FC-
110-3001 control was also added (lllumina, California, USA) to our pooled library. The PhiX
control is a bacteriophage with a genome of 5386 bases (Sanger et al., 1977). Once the run had
finished, the data on the PhiX control was an indicator of how well or how poorly a run went

since the data on these outcomes are known.

2.6.Sequencing output quality control and variant calling

The sequencing output files, in FASTQ and FASTQC format, generated from the MiSeq
underwent quality assessment using lllumina Sequence Analysis Viewer (SAV) (for website
URL, see list of websites at the end of dissertation). This provided information on a variety of
quality control metrics including equimolar pooling accuracy, clustering densities and the
amount of data generated that is usable, i.e. eliminating the probability of incorrect base calling.
Cluster density was measured in K/mm? (the number of clusters per tile measured in thousands
per mm?). This measurement determined how many clusters of libraries were present on the flow
cell provided by the sequencing kit. The cluster density is important because over- or under-
clustering could have negative effects downstream regarding quality data and/or output. Over-
clustering could cause the sequencing run to crash or negatively affect data output whereas
under-clustering affects the amount of data output but not data quality. The quality score (Q-
score) indicates the probability of an incorrect base being called. A Q-score of 30 indicates a one

in 1 000 chance of a base being called incorrectly. The percentage of data with a Q-score of
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above 30 were considered, the higher the percentage, the more bases were called correctly
indicating the amount of usable data (according to the Illumina technical note: sequencing,
Quality Scores for Next Generation Sequencing, for website URL, see list of websites at the end
of dissertation). These quality metrics were also analysed for the PhiX control and when

compared with the sequence data, the quality in comparison could be extrapolated.

The FASTQ files were used as the input for Agilent’s SureCall software which aligned reads to
the hg19 human genome assembly (Genome Reference Consortium Human Build 37 (GRCh37))
and produced quality control (QC) reports for each sample. This provided information on the
coverage of each sample overall as well as per exon. It also indicated exons that were not
covered sufficiently (exons with less than 20X coverage). This information was used to identify
regions that were covered well and to also identify regions where Sanger sequencing may be
necessary to fill any coverage gaps of the genes sequenced. The Agilent SureCall software was
used to generate a BAM file (a binary format of a Sequence Alignment Map). The BAM files
were inputted into the Integrative Genomics Viewer program (IGV) (for website URL, see list of
websites at the end of dissertation) for further quality assessment. The loading of BAM files onto
IGV allows for the visualisation of coverage per exon and to determine if any specific exon had
particularly poor coverage and needed Sanger sequencing to fill in any potentially vital gaps
created in the targeted gene panel sequencing. This was done with the aid of a browser extensible
data file (BED) file which was specifically generated to define the regions that were sequenced
as opposed to focusing on the entire genome. It provided information such as chromosome
number, start and end positions of sequenced regions as well as exon numbers. The variants were
then called using Agilent SureCall software to generate a Variant Call File (VCF). The VCF files
are used to identify variants detected during sequencing. VCF files were used later in the data
analysis part of the methodology. Once the quality of the data was determined to be sufficient,

data analysis was carried out.

2.7.NGS Data Analysis

The variants were analysed by inputting the VCF files generated by Agilent’s SureCall software
into the online tool WANNOVAR (Chang and Wang, 2012; for website URL, see list of websites
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at the end of dissertation). This generated a table of all variants identified during sequencing and
data about each variant (e.g. population frequency, prediction scores from multiple variant effect
prediction tools described in table 2.2., HGVS nomenclature etc.) (Table 2.3.; Appendix C.1., for
Appendix C.1. file URL, see list of websites at the end of dissertation — available via Google
Drive link). These prediction tools included Sorting Intolerant From Tolerant (SIFT) (Sim et al.,
2012), Polymorphism Phenotyping (PolyPhen-2) (Adzhubei et al., 2010), Protein Variation
Effect Analyzer (PROVEAN) (Choi and Chan, 2015), MutationTaster (Schwarz et al., 2014),
Functional Analysis Through Hidden Markov Models (FATHMM) (Shihab et al., 2012),
Combined Annotation-Dependant Depletion (CADD) (Rentzsch et al., 2019), Deleterious
Annotation of genetic variants using Neural Networks (DANN) (Quang, Chen and Xie, 2015)
and Genomic Evolutionary Rate Profiling (GERP++) (Davydov et al., 2010). Each tool has a
specific scoring system to represent predictions on a spectrum of deleterious to benign (Table
2.2.). ClinVar predictions were also considered if any information was available in the ClinVar

database.

Table 2.2. Prediction tools and interpretations of each scoring system on the deleterious or benign nature of a variant.

Prediction tool | Scoring system (from benign to deleterious)

SIFT* Scale of 0-1 Benign: 0.05-1 Deleterious: 0.05-0
PolyPhen2* Scale of 0-1 Benign: 0-0.15 Deleterious: 0.15-1
Provean* Indefinite scale Benign: >-2.5 Deleterious: <-2.5
MutationTaster | P: Polymorphism | N: Polymorphism | D: Disease | A: Disease
automatic causing causing automatic
FATHMM* Indefinite scale | Benign: >0 | Deleterious: <0
CADD* Benign: <10 Top 10% of |[Top 1% of|Top 0.1% of
deleterious deleterious deleterious
mutations: >10 | mutations: >20 | mutations: >30
DANN* Scale of 0-1 Benign: <0.98 Deleterious: >0.98
GERP++* Measure of | Not conserved region: | Conserved regions: >4

conservation

<4 (mutations more
likely to be benign)

(mutations more likely
to be pathogenic)

*SIFT: Sorting Intolerant From Tolerant; PolyPhen: Polymorphism Phenotyping; Provean: Protein Variation Effect Analyzer;
FATHMM: Functional Analysis Through Hidden Markov Models; CADD: Combined Annotation-Dependant Depletion; DANN:
Deleterious Annotation of genetic variants using Neural Networks; GERP++: Genomic Evolutionary Rate Profiling.
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Table 2.3. Various data reported by the online tool WANNOVAR for each variant identified (Chang and Wang, 2012).

Type of information | Datasets used Utility for data analysis

Chromosomal Human hg19 genome build Useful for searches on other genomic
positions and variant search engines or online tools (e.g.
nomenclature Ensembl and VarSome)

Effect of variant Human hg19 genome build This helps in assessing a variant e.g. is it

exonic or intronic or in the 3° UTR
region. It also assists with variant effect
e.g.  nonsynonymous,  Synonymous,
frameshift, splice site mutations etc.
Population 1000 Genomes Project | This provides the minor allele frequency
frequencies (1000G), EXAC  dataset, | (MAF) which is the first step in the
NHLBI Exome Sequencing | variant filtering process

Project (ESP6500si), gnomAD
Public database | doSNP, COSMIC, ClinVar, | If a variant had been reported previously,
references GWAS these tools provided their database
reference  number and some basic
information available on each variant e.g.
was it classified as benign or pathogenic

Prediction tools | SIFT, PolyPhen, These tools give a range of scores to
(functional and | MutationTaster, FATHMM, determine if a variant is pathogenic or
evolutionary) PROVEAN, CADD, DANN, benign or falls somewhere in between. It

GERP++ ranges from functional protein predictions

to conservation of a region and predicting
effects should that region contain a
variant. This helps when forming an
opinion of whether a variant is pathogenic

Variants were then filtered sequentially based on the information produced by wANNOVAR
(Figure 2.2.). The top candidates for potential mutations in each sample were then examined in
depth according to the codes provided by the American College of Medical Genetics and
Genomics (ACMG) guidelines for interpreting variant pathogenicity (Richards et al., 2015) and
assigned one of five statuses: benign, likely benign, unknown significance, likely pathogenic or
pathogenic. The ACMG codes are explained in depth in tables taken from the Richards et al.
paper (2015) which can be accessed in Appendices D.1. — D.3. If sufficient evidence was
presented to indicate that a variant was putatively disease-causing, various tools were used to
better visualise the effect of the variant. IGV was used to visualise the variant at the genomic

level and to also determine if the region was covered sufficiently to call the variant confidently.
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The online tool Mutalyzer (Wildeman et al., 2009) was then used to visualise the effect a variant

had on the amino acid sequence (i.e. if there was a truncation or a change in the sequence).

Filter out variants with a MAF >0.005 from all public datasets included in
WANNOVAR outputs

Filter out based on data already known about the variant in public databases (e.g. is
it predicted to be benign in ClinVar)

Filter out based on effect of variant: synonymous vs honsynonymous

Of the variants left, apply ACMG codes according to the ACMG guidelines (with
the help of the online tool VVarSome)

Classify each variant according to the ACMG guideline scale (benign to
pathogenic)

Figure 2.2. Flow diagram depicting the variant filtering pipeline of all variants to produce a list of potential causative mutations
for each patient.

The first step in filtering out the benign variants was to assess MAF; any variants with a MAF of
>0.005 were excluded as CdLS is a rare dominant condition and therefore causative mutations
are not expected in a healthy population. There are exceptions to this rule as outlined by Ghosh
et al., (2018) where a variant that has a MAF >0.05 may still be pathogenic. The second step was
to analyse all the known data on each variant that had been reported in tools and public
databases. This type of information included the types of variants present (Synonymous,
nonsynonymous, frameshift etc.) as well as where the mutation occurred (exonic or intronic
regions, splice sites or 3° UTR regions etc.). Once all the mutations deemed to be benign were
excluded, a list of putatively disease-causing mutations were generated for each sample. These
were then analysed in more depth using the ACMG guidelines and assigning various ACMG
codes (Appendices D.1. and D.2.) to classify them on the scale of benign to pathogenic
(Appendix D.3.). These variants were also inputted into the online tool, VarSome (Kopanos et
al., 2018) (which also adopts the ACMG guidelines (Richards et al., 2015)) as an additional tool
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for variant interpretation to ensure no data points were missed. The five genes known to cause
CdLS were examined first and if no putative disease-causing mutation was identified, the
remaining genes in the candidate lists were then analysed. If any putative disease-causing
mutations were identified after the filtering had been completed, the variants were then validated

by means of Sanger sequencing.

2.8.Variant validation with Sanger sequencing

If any putative disease-causing mutations were classified according to the ACMG guidelines as
being either likely pathogenic or pathogenic or if they had a status of unknown significance but
with other evidence strongly indicating pathogenicity, validation would be carried out by means
of Sanger sequencing. Sanger sequencing was carried out for the eight patients with putative
disease-causing mutations identified. Sequences were obtained from Ensembl Release 94 (build
GRCh37) (Zerbino et al., 2018) and primers for the sequencing were designed using the online
program Primer3 v.0.4.0 (Koressaar and Remm, 2007; Untergasser et al., 2012) (for website
URL, see list of websites at the end of dissertation). A PCR was carried out using the reagents,
specifically designed primers and thermocycler conditions depicted in tables 2.4. and 2.5. The
products were then cleaned using ddH>O on a MultiScreen® plate (Merck Millipore, Cork,
Ireland) with the vacuum pump Millipore Millivac Maxi SD1P014M04 (Merck Millipore, Cork,
Ireland). Cycle sequencing was then carried out using a BigDye™ Terminator v.3.1 Cycle
Sequencing Kit (Applied Biosystems, ThermoFisher Scientific, Austin, USA) using the reagents
and thermal cycler conditions specified in tables 2.6. and 2.7. The samples were cleaned using
Injection Solution (Merck Millipore, Cork, Ireland) again with the use of the MultiScreen®
plates on the Millipore Millivac Maxi SD1P014M04 vacuum pump system (Merck Millipore,
Cork, Ireland). Finally, the products were denatured, and Sanger sequencing was carried out on
the Genetic Analyser 3500xL (622-0015) (Applied Biosystems, HITACHI). Sanger sequencing
electropherograms were then analysed using the biological sequence alignment editor BioEdit
Version 7.2 (Hall, 1999).
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Table 2.4. Primers designed to validate mutations identified in the targeted gene panel.

Sample Forward primer (5°-3’) | Reverse primer (5°-3’) | PCR thermocycler conditions
number Initial Denaturation | Annealing | Elongation* | Final Hold
denaturation | * * elongation
FRASCS8 AGACTCTGACAATA | AGTGAGAATGTGGT | 95°C: 10 95°C: 15 51.5°C: 30 | 72°C: 30 72°C:5 4°C
AAGGTGTGA TGACGC minutes seconds seconds seconds minutes
FRASC30 | AGGAGGGATTCTGG | CGAACCCTAGACTG | 95°C: 10 95°C: 15 58°C: 30 72°C: 30 72°C:.5 4°C
AAAGCC ATCCCC minutes seconds seconds seconds minutes
FRASC75 | TGGTATCAGTGTCA | CCTCTTCATCATTGA | 95°C: 10 95°C: 15 61.7°C: 30 | 72°C: 30 72°C:.5 4°C
GGAAAAGAG CTCTGCG minutes seconds seconds seconds minutes
FRASC76 | TTGGCAGTGATGAC | AGGCATAAACATCG | 95°C: 10 95°C: 15 51.2°C: 30 | 72°C: 30 72°C:5 4°C
CCAGAA CATTCCT minutes seconds seconds seconds minutes
FRASC72 | GGTGCTCCAGTGCTT | TGTTCCGCATAGCA | 95°C: 10 95°C: 15 51.2°C: 30 | 72°C: 30 72°C:.5 4°C
TCT GGTTCT minutes seconds seconds seconds minutes
FRASC47 | TGCTGCATTGTGAA | GGATACGGTAATTA | 95°C: 10 95°C: 15 52.5°C: 30 | 72°C: 30 72°C:.5 4°C
AGGACC CACACCCT minutes seconds seconds seconds minutes
*Cycle steps carried out 30 times
Table 2.5. Reagents added per sample in PCR set up.
Reagent Volume (pl) Final concentration
AmpliTag Gold Buffer 11 (10X) 2.5 1X
dNTP Mix (10mM per dNTP) 1.0 200uM
AmpliTag Gold MgCl, (25mM) 15 1.5mM
Forward primer (10uM) 0.5 0.2uM
Reverse primer (10uM) 0.5 0.2uM
DNA (50ng/pl) 1.0 2ng/ul
AmpliTag Gold DNA polymerase (5U/ul) 0.13 1.25U
ddH,0 17.9 N/A
Total volume 25.0
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Table 2.6. Thermocycler conditions for cycle sequencing performed on all samples to undergo Sanger sequencing.

Initial denaturation

Denaturation*

Annealing*

Elongation*

Hold

96°C: 1 minute

96°C: 10 seconds

50°C: 5 seconds

60°C: 4 minutes

4°C

*Cycle steps carried out 25 times

Table 2.7. Reagents added per sample for cycle sequencing PCR set up.

Reagent Volume (ul)

Cleaned PCR product 2.0
BigDye™ Terminator 3.1 Ready Reaction Mix 1.0
BigDye™ Terminator 5X Sequencing Buffer 1.5
Primer (forward or reverse) (10uM) 1.0
ddH-0 4.5
Total volume 10.0
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3. Results

3.1.Patient cohort

Fourteen patients were recruited for the present study. Of these, the phenotype varied from
classical to mild and atypical. The most frequently observed clinical phenotypes in the
patients are summarized in Table 3.1. A review of the patients’ phenotypes revealed that
there were seven patients who presented with classical CdLS, three who presented with a
mild CdLS phenotype and one who presented with an atypical phenotype of CdLS based on
the internally developed tick sheet used at the recruitment clinics (Table 3.1. and Appendix
A.1.). The recent publication of the CdLS consensus guidelines outlines a clinical scoring
system for the diagnosis of CdLS. Retrospective analysis of the patient cohort indicates that
nine of the 14 patients had a score indicative of the diagnosis of classical or non-classical
CdLS (Kline et al., 2018)

Table 3.1. Most frequent occurring phenotypes in a South African CdLS patient cohort.

Phenotype FRASC study number

8 29 |30 |32 |41 |47 |49 |51 |72 (75 |76 |77 78 79
Failure to thrive X X X | X X | X X X X
Microcephaly X X | X [ X X | X [X |X X X X X
Hirsutism X X | X | X | X | X X X [ X X X X X
Smooth philtrum X X X | X [ X [X X X X X
Upper limb X X | X [X X X | X X X X
abnormalities
Lower limb X
abnormalities
Structural X X | X X [ X [ X X X
malformations
Mild intellectual N/A X X N/A | N/A N/A
disability
Moderate/severe N/A | X X | X [ X [NA|NA]|X X N/A
intellectual disability
Clinical score 13 |6 9 8 12 |5 10 |5 12 (12 |9 12 10 7
according to the
recent consensus
guidelines*

Blue shading indicates a classical phenotype, pink shading indicates a mild phenotype and green shading
indicates an atypical CdLS phenotype. No shading indicates no information was available if a classical, mild or
atypical phenotype was observed. *Scoring system: >I1=classical CdLS, 9-10=non-classic CdLS, 4-
8=molecular testing for CdLS indicated, <4=insufficient clinical information to indicate molecular testing.
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Three patients consented to photographs being published. These are shown below to

demonstrate the phenotype of CdLS (Figure 3.1.).

Figure 3.1. Photos showing the spectrum of phenotypes observed in FRASC72: a and b; FRASCS: ¢ and d; and FRASC51: e
and f. The classical lower limb abnormalities can be seen in a, b and ¢ whereas there was a lack of hand malformations
observed in e. Patients FRASC72 and 8 share a classical CdLS phenotype with coarse facial features, smooth philtrum and
hirsutism clearly shown in a, b, c and d. However, FRASC51 presented with an atypical phenotype; mild synophrys and a
smooth philtrum can be observed in f.
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3.2.Sequencing data quality control

Samples were sequenced in three sequential runs (Table 3.2.).

Table 3.2. Samples included in each NGS run.

Run 1 Run 2 Run 3
FRASC32 FRASC29 FRASC49
FRASCA41 FRASC30 FRASC72
FRASCS8 FRASC51
FRASC75 FRASC78
FRASC76
FRASC77
FRASC47
FRASC79

The samples were run on the Agilent Technologies 2100 Bioanalyzer (Waldbronn, Germany)
using the High Sensitivity DNA Reagents kit (Agilent Technologies, Lithuania) as a quality
control step during library preparation. The Bioanalyzer traces obtained at the end of the
library preparation are shown below (Figure 3.2.). Samples were prepped in batches and
some had to be repeated due to low quality, however, all samples were eventually at a
sufficient quality to continue on to sequencing. A fragment size between 200 and 400 bp was

expected.
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Figure 3.2. Bioanalyzer traces at the end of library preparation indicating each sample was in the range of the acceptable

fragment length to proceed with sequencing. The traces were overlapped where possible to make a comparison of the
samples fragment sizes: a) FRASC32 and FRASC41; b) FRASC47, 79, 77, 30, 29, 8, 75, 76, 78; c) FRASC51 and d)

FRASC49 and FRASCT72.
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All three runs exhibited quality of an acceptable standard. Quality is based on the Q scores
and cluster density obtained from the Illumina SAV software and the coverage obtained from

the QC reports generated by the Agilent SureCall software (Table 3.3.).

Table 3.3. Summary of the quality control scores of the three Illumina MiSeq runs.

Run one Run two Run three
%>Q30 94.0 84.6 90.5
Cluster density 628 646 742
(K/mm?)*
Average  coverage | 57X 100.75X 180X
for all patients in run

*Clusters on flow cell measured in thousands per mm?

As can be seen, the percentage of samples with a Q-score above 30 was sufficiently high to
ensure the confidence of the base calling i.e. very low probability of incorrect base calling
(according to the Illumina technical note: sequencing, Quality Scores for Next Generation
Sequencing - for website URL, see list of websites at the end of dissertation). The cluster
density, which should range from between 865-965 (Genohub, 2019) was below average in
each run. Under-clustering does not affect the quality of the data but does affect the total data
output. These values, however, are not low enough to have too large an impact on data
output. The recommended average read depth coverage is 35X for targeted re-sequencing
(Ajay et al., 2011). This study yielded a higher average read depth coverage for all three runs
falling between 57X and 180X (Table 3.3.).

The coverage of each individual sample was analysed using the Agilent SureCall QC reports.
This indicates the overall coverage of each patient as well as the percentage of specific bases
covered in each patient (Table 3.4.).
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Table 3.4. Coverage for each patient sequenced on the Illumina MiSeq platform.

Patient number Overall coverage | % of bases with at least 20 reads

FRASC8 101X 97.28
FRASC29 105X 96.07
FRASC30 118X 98.22
FRASC32 50X 88.59
FRASC41 64X 93.84
FRASCA47 113X 97.19
FRASC49 169X 98.36
FRASC51 184X 99.25
FRASC72 164X 98.80
FRASC75 64X 95.88
FRASC76 106X 98.09
FRASCT77 79X 95.95
FRASC78 203X 99.16
FRASC79 120X 97.92

As seen in Table 3.4., FRASC32 had the lowest overall coverage of 50X which is still higher
than the recommended 35X. It is important to note that the samples included in the first run
had the lowest coverage of between 50 and 64X whilst the samples included in the last run
have the highest coverage of between 164 and 203X. The percentage of bases with at least 20
reads is sufficiently high, further indicating the good quality of the sequencing runs.

Upon further analysis of the coverage data using the Agilent SureCall QC reports, it was
observed that there were exons that were not optimally covered in each patient. Exons were
classified as being not optimally covered if more than 40% of that exon had below 20X
coverage (Table 3.5.). The reasons for the decreased coverage and potential remedial action
will be discussed in the final chapter. This could be due to an error that occurred while
sequencing, or the specifically designed probes could not bind sufficiently to that region of
DNA (either due to a high GC content or a homopolymer region). There is an overlap in
some of the poorly covered exons between samples, the most commonly observed ones being
NIPBL: exon 33 in 10 patients, PDS5A: exon 4 in all 14 patients, STAGL1: exon 9 in 5 patients
and PDS5B: exon 27 in 5 patients.
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Table 3.5. Exons with <20X coverage in at least 40% of that exon for each individual patient.

Patient Exons poorly covered

number

FRASCS8 PDS5A*: exon 4 and 5

FRASC?29 NIPBL*: exon 33 and 13, SMC3*: exon 25, STAG1*: exon 9, PDS5A*:
exon 4, PDS5B*: exon 14 and 27

FRASC30 STAG1*: exon 9, PDS5A*: exon 4

FRASC32 AFF4*: exon 15 and 6, NIPBL*: exon 38, 33, 20 and 13, PDS5B*: exon

27 and 16, SMC3*: exon 10, 3 and 25, TAF1*: exon 5, ESCO2*: exon 4,
STAG1*: exon 9 and 2, KMT2A*: exon 1, PDS5A*: exon 4, 29, 5 and 7

FRASCA41 PDS5B*: exon 27, NIPBL*: exon 38 and 33, SMC3*: exon 26 and 25,
STAG1*: exon 9, PDS5A*: exon 29, 4 and 5

FRASCA47 NIPBL*: exon 33, KMT2A*: exon 1, PDS5A*: exon 4

FRASCA49 PDS5A*: exon 4

FRASC51 NIPBL*: exon 33, PDS5A*: exon 4

FRASC72 PDS5A*: exon 4

FRASCT75 NIPBL*: exon 33 and 39, STAG1*: exon 9, PDS5A*: exon 4 and 29,
PDS5B*: exon 27

FRASC76 NIPBL*: exon 33, PDS5A*: exon 4 and 5, PDS5B*: exon 27

FRASC77 NIPBL*: exon 33, PDS5A*: exon 4, KMT2A*: exon 1

FRASCT78 NIPBL*: exon 33, PDS5A*: exon 4

FRASC79 NIPBL*: exon 33, PDS5A*: exon 4

*PDS5A: Cohesin Associated Factor A; NIPBL: Nipped B Like; SMC3: Structural Maintenance of Chromosome 3; STAG1:
Stromal antigen 1; PDS5B: Cohesin Associated Factor B; AFF4: AF4/FMR2 Family Member 4; TAF1: TBP associated
factor 1; ESCO2: Establishment of Sister Chromatid Cohesion N-Acetyltransferase 2; KMT2A: histone-lysine N-
methyltransferase 2A.

Overall, the quality of the data obtained was of a sufficient standard to proceed to variant

analysis.

3.3.Variant analysis

Upon annotating each VCF file generated by the Agilent SureCall software, using the online
WANNOVAR tool (for website URL, see list of websites at the end of dissertation), a list of
variants was obtained (Appendix C.1., for Appendix C.1. file URL, see list of websites at the
end of dissertation — available via Google Drive link). Variants were initially filtered based
on population MAF from the gnomAD and 1000 Genomes projects (1000G) data (Lek et al.,
2016; The 1000 Genomes Project Consortium, 2015) produced by wANNOVAR with a
threshold of <0.005. The threshold recommended by the ACMG guidelines (Richards et al.,

2015) is 0.05, with a few exceptions (Ghosh et al., 2018), however considering this is a
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dominant condition and a large portion of variants passed the 0.05 MAF threshold, the
threshold was made more stringent at 0.005. This threshold was applied to the full datasets as
well as to the African subset where available. Benign variants/polymorphisms were then
further filtered out by examining scores produced by prediction tools.

The top candidates for potential disease-causing variants were narrowed down for each
patient (Table 3.6.-3.19.). Not every variant had prediction scores available from each tool
used in the analysis as some tools only make predictions for specific types of variants e.g.
missense and splice site variants (Liu et al., 2016). Scores predicting the variant to be
deleterious are highlighted in red and scores predicting a benign effect are highlighted in
green in the following summary tables. Additional filtering was carried out according to the
ACMG guidelines (Richards et al., 2015; Appendices D.1. - D.3.).

38



3.3.1. FRASCS8

A total of 45 variants were identified in FRASCS8. Out of these 45 variants, three were

selected as top candidates for potential disease-causing mutations after MAF filtering had

occurred (Table 3.6.).

Table 3.6. Summary of top candidate variants of FRASC8 with results and information from various bioinformatic tools and

databases.

Variant 1

Variant 2

Variant 3

Gene

NIPBL

HDACS

PDS5B

Variant

€.6027_6030del
GTTC

C*5 A>T

c.*43_*44insGCT

GnomAD
ALL

freq

0.000

0.001

0.000

GnomAD
AFR

freq

0.000

0.002

0.000

1000G freqg ALL

0.000

<0.001

0.000

1000G freqg AFR

0.000

0.001

0.000

SIFT

1.000

PolyPhen2

PROVEAN

0.000

MutationTaster

D (Disease causing)

FATHMM

CADD

35.000

6.863

5.846

DANN

0.459

GERP++

4.950

4.690

4.830

dbSNP 1D

rs782509754

ClinVar

Benign ACMG
codes*

BP7, BP2

BP4, BP2

Pathogenic ACMG
codes*

PP4, PP3, PVS1, PM2

PM1

ACMG
classification*

Pathogenic

VUS

VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The HDAC8 c¢.*5 A>T and PDS5B c.*43 *44insGCT variants were both classified as

variants of unknown significance. The HDACS8 c¢.*5 A>T is a synonymous (silent) variant for

which splicing prediction algorithms predict no impact to the splice site nor the creation of a

new splice site (ACMG code BP7). Although this variant is seen to occur within a mutation
hotspot of HDAC8 which is found on the X chromosome (ACMG code PM1), it has been
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seen in 24 apparently healthy individuals (including males) from gnomAD. Additionally, it
passes this study’s MAF threshold of 0.005 but is still observed in the general population
which is highly unlikely for a condition that is predominantly caused by de novo mutations.
This variant is therefore unlikely to be pathogenic. The PDS5B ¢.*43_*44insGCT is located
at the 3’ end of the gene and it does not alter a splice site or have a predicted impact on the
protein according to the Mutalyzer website (for website URL, see list of websites at the end
of dissertation), even though this nucleotide is conserved according to the GERP++. Both
variants have been identified in the presence of a variant that has convincing evidence to
suggest pathogenicity and therefore the BP62 ACMG code is applied.

The following ACMG codes could be applied to the NIPBL ¢.6027_6030del GTTC
frameshift variant (p.Leu2009PhefsTer6): PM2, PP3, PP4 and PVS1. This variant is therefore
classified as a pathogenic variant. This variant is present in the NIPBL gene which provides
more convincing evidence of pathogenicity as it is the most commonly mutated gene in
patients with CdLS. The variant occurs in exon 34 of the NIPBL gene (Figure 3.3.) and is
predicted to result in a truncated protein by Mutalyzer (Figure 3.4.). The frameshift leads to a
considerable portion of the protein being truncated; and from initial speculation, without
functional studies being carried out, it is strongly suggestive of the functional loss of one

copy of the NIPBL gene.

40



=y

Fic Genomes View Tracks

Fegions Tools GenomeSpsce  Help

[E=R = )

Humanhg1s

.

- 2,08, 10.37,08,080

Bmmmnnngon

31030508 b
I

EIer
I

602

sy
I

FRASC_S5_Lam Coverage

FRASCS_S6_1001_A1 001 fuse

RatSaq Ganes

el

achs based

fililfersromese T

[Ewarrm
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Figure 3.4. Mutalyzer screenshots indicating a part of the truncated NIPBL protein resulting from the 4bp deletion. A) The
reference protein is displayed on the left depicting the amino acid sequence. Amino acids shown in red are those that are not
present in the truncated protein. B) The resulting amino acid sequence encoded by the mutated NIPBL gene. The amino
acids shown in red is where the protein has been truncated.
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3.3.2. FRASC29

Three candidate variants were selected from the 46 variants identified in FRASC29 after
MAF filtering (Table 3.7.).

Table 3.7. Summary of top candidate variants of FRASC29 with results and information from various bioinformatic tools

and databases.

Variant 1

Variant 2

Variant 3

Gene

PDS5A

ARID1B

SMC3

Variant

.3086+13_3086+15delGTT

c.3270 C>T

c.1410-4T>G

GnomAD
ALL

freq

<0.001

<0.001

0.000

GnomAD
AFR

freq

0.000

<0.001

0.000

1000G freq ALL

0.000

0.001

0.000

1000G freqg AFR

0.000

0.002

0.000

SIFT

1

PolyPhen2

PROVEAN

0

MutationTaster

FATHMM

CADD

4.097

10.950

16.520

DANN

0.740

0.745

GERP++

5.047

5.940

5.250

dbSNP 1D

rs559982388

rs111368751

ClinVar

Likely benign

Benign ACMG

codes

BP6, BP4

Pathogenic ACMG
codes

PM1

PM2, PP3

ACMG
classification

VUS

Likely benign

VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The ARID1B ¢.3270 C>T (p.Leul090=) variant was classified as likely benign, both by
ClinVar and according to the ACMG guidelines (Richards et al., 2015). This variant is

synonymous and has recently been reported as benign by the Genetic Services Laboratory,

University of Chicago (ClinVar submission accession number: SCVV000246513).
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Both the PDS5A ¢.3086+13 3086+15delGTT and SMC3 ¢.1410-4T>G variants have been
classified as variants of unknown significance. The PDS5A ¢.3086+13 3086+15delGTT
variant occurs within a homopolymer region within an intron, it is therefore likely not to have
a deleterious effect as sequencing systems commonly have higher error rates within these

regions.

The SMC3 ¢.1410-4T>G variant occurs near a splice site and according to the Human
Splicing Finder (Desmet et al., 2009), this variant has the potential to affect splicing by either
altering the splice site or by creating a new splice site. There is still not enough evidence,

however, to predict this variant to be the disease-causing mutation in this patient.

43



3.3.3. FRASC30

A total of 61 variants were identified in FRASC30, of which six were presented as candidates

for potential disease-causing mutations after MAF filtering (Table 3.8.).

Table 3.8. Summary of top candidate variants of FRASC30 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5 Variant 6
Gene NIPBL STAG1 ARID1B ESCO2 PDS5B PDS5B
Variant €.2479 2480 | c.30-26C>T | c.3270C>T c.247 A>G c.*43_*44ins | c¢.*45_*46ins
delAG TTTTT T
GnomAD 0.000 <0.001 <0.001 0.000 0.000 0.000
freq ALL
GnomAD 0.000 <0.001 <0.001 0.000 0.000 0.000
freq AFR
1000G freq 0.000 <0.001 0.001 0.000 0.000 0.000
ALL
1000G freq 0.000 <0.001 0.002 0.000 0.000 0.000
AFR
SIFT 1 0.173
PolyPhen2 0.015
PROVEAN 0 -3.510
MutationTast | D D D
er
FATHMM 0.410
CADD 29.400 15.120 10.950 <0.001 5.731 0.432
DANN 0.855 0.740 0.783
GERP++ 5.990 5.290 5.940 -1.270 4.830 5.250
dbSNP ID rs398124465 | rs200992196 | rs111368751 | rs113305862
ClinVar Pathogenic likely benign
Benign BP4, BP2 BP6, BP4, | BP4, BP2 BP4, BP2 BP4, BP2
ACMG BP2
codes
Pathogenic PP4, PP3, PM1 PM2
ACMG PM2, PVS1,
codes PP5, PM1
ACMG Pathogenic VUS Likely VUS VUS VUS
classification benign

Cells highlighted in pink indicate a deleterious prediction,

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

cells highlighted in green indicate a benign

The ARID1B ¢.3270 C>T (p.Leu1090=) synonymous variant, classified as likely benign by
ACMG and ClinVar (ClinVar submission accession number: SCVV000246513), was seen in a
previous patient — FRASC29. Four of the six candidate variants were classified as being a
VUS: STAG1 ¢.30-26C>T, ESCO2 c¢.247 A>G (p.Thr83Ala), PDS5B ¢.*43_*44insTTTTT
and PDS5B c.*45 *46insT. STAG1 ¢.30-26C>T is an intronic variant that, according to
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Human Splicing Finder, is unlikely to affect splicing and therefore not likely to be
deleterious. ESCO2 c.247 A>G is an exonic missense mutation that was predicted to be
benign by six out of the eight prediction tools used. This also makes it unlikely to be the
disease-causing mutation in this patient. Both PDS5B variants occur in the 3’ end of the gene
and have no apparent effect on splicing despite both being present in a conserved region

(according to the GERP++ scores).

All five variants were identified in the presence of a known pathogenic mutation (ACMG
code  PB2): NIPBL c.2479 2480delAG. The NIPBL  c.2479_2480delAG
(p.Arg827GlyfsTer2) variant has been reported in the literature before (Gillis et al., 2004;
Yuan et al., 2018) and has already been classified as pathogenic according to ClinVar. This
matches the classification according to the ACMG guidelines. The following scores have
been assigned to this variant: PP4, PP3, PM2, PVS1, PM1 and PP5, all contributing to the
evidence that this is the disease-causing variant in this patient. The variant occurs within a
NIPBL hotspot, exon 10 (in alignment with the ACMG code PM1) (Figure 3.5.). The
resulting effect on the protein sequence is a truncation of more than half the amino acids
(Figure 3.6.). This truncation most likely leads to a loss of function of the protein and, as

mentioned previously, this is a common disease mechanism for patients with CdLS.
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Figure 3.5. IGV screenshot depicting the 2 bp deletion in exon 10 in the NIPBL gene (outlined in red). Exon 10 of the NIPBL
gene is a known hotspot for CdLS causative mutations to occur. The deletion is heterozygous and is present in 91 of the 188
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Figure 3.6. Mutalyzer screen shots indicating the reference and truncated protein sequences. A) This indicates the reference
amino acid sequence without any alterations. B) This is the resulting amino acid sequence from the NIPBL ¢.2479_2480 del

AG mutation. More than half the protein sequence has been lost.
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3.3.4. ERASCA4/

FRASCA47 produced 57 variants, of which, four were classified as candidate variants after
MAF filtering (Table 3.9.).

Table 3.9. Summary of top candidate variants of FRASC47 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4

Gene

STAG1 SETD5 PDS5B ANKRD11

Variant

c.17T>G €.4317 G>A €.*43_*44insCA c.4884 C>T

GnomAD freq ALL

0.000 0.000 0.000 <0.001

GnomAD freq AFR

0.000 0.000 0.000 0.003

1000G freq ALL

0.000 0.000 0.000 <0.001

1000G freq AFR

0.000 0.000 0.000 0.002

SIFT

1.000 0.519

PolyPhen2

PROVEAN

0.000 0.000

MutationTaster

FATHMM

CADD

40.000 10.180 5.902 0.106

DANN

0.988 0.663 0.423

GERP++

5.650 5.010 5.510 5.070

dbSNP 1D

rs539395910 rs144721281

ClinVar

Benign ACMG
codes

BP7, BP2 BP4, BP2 BP7, BP2

Pathogenic ACMG
codes

PP4, PP3, PM2, | PM2
PVS1

ACMG
classification

Pathogenic VUS VUS VUS

Cells highlighted in
prediction.

*See Appendices D.1.

pink indicate a deleterious prediction, cells highlighted in green indicate a benign

— D.3. for detailed descriptions of ACMG codes and classifications

PDS5B c¢.*43 *44insCA, like some of the other PDS5B mutations identified previously, is

found in a conserved region at the 3’ end of the gene. However, it has no implication in

splicing and can be ruled out as a putative disease-causing mutation. Both SETD5 ¢.4317
G>A (p.Thr1439=) and ANKRD11 c¢.4884 C>T (p.Aspl628=) variants are synonymous and

have been assigned an ACMG classification of VUS. In both cases, four of the eight

prediction tools used indicate the variants are benign. These three variants were all assigned

the ACMG code:

patient.

BP2 as a more convincingly pathogenic variant was identified in this
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The ¢.17 T>G (p.Leu6Ter) (p.Leu6Ter) stop-gain variant identified in the STAGL1 gene has
four pathogenic ACMG codes assigned to it: PP4, PP3, PM2 and PVS1. PVS1 (null variant
where LOF is the main mechanism of disease) is the strongest line of evidence to suggest
pathogenicity in the ACMG guidelines and according to a more recent paper (Abou Tayoun
et al., 2018), a more accurate interpretation of the PVS1 code could be achieved by looking at
the type of LOF mutation, it’s exact position and whether it is a true null effect or not. This
variant occurs in exon 2 of the STAG1 gene (Figure 3.7.) and results in a truncation six
positions into the amino acid sequence (Figure 3.8.). Mutations in the STAG1 gene haven’t
been reported to cause CdLS, instead, it has been reported that STAG1 mutations lead to a
CdLS-like phenotype (Lehalle et al., 2017; Yuan et al., 2018).

RS BRI
file Geomes View Tracis flagions Tock GenomeSoece Help
Human bty - |d43 | e 136,349, 336-136, 350,008 w B o4 » @0 X 2 Ennngnn =
PIGL PRI paed pRl  pin2 pa3r pILI o pidl (3H] FIZT BT qILY a3 qIibE oaliar @A gl gzl g gind giaan
T -
an o a0 m0bn s e sam 0o 50 0 w520 0o 20 3
1 L L 1 L i L 1 1 L
[
FRRGCA_51_, am Conrage . |
I I L e
| I
| | |
| |
|
]
I
|
| n Il
I |
|
2018 088
I
|
I
—
Terusnee ~ =+ [ [ARTRTARART 0N TR AR AT U AR TR TR T0R 8 (ALK (R0 RE (0 A8 (00 00 RURR (8108 (R0 00 18100 001008 TR0 00 (00 00 T 0 (0 00 (MU0 (RTA0 (R0 000K T 0 U1 00 00 (08 08 1 AR ART 00 08 (R0 01 (WRAT (010K 16100 OR VRS (0T AR B 10 (001 -
FnfZaq darm
FaRgE_FINAL g
edbad e B
racis buded [ B Err=ssen T | T

Figure 3.7. IGV screenshot showing the T>G SNP in the second exon of the STAG1 gene (outlined in red). This is evidence
for the first STAGL1 putative disease-causing mutation found in a human. The screenshot depicts that this mutation occurs in
a heterozygous state.
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Figure 3.8. Mutalyzer screenshot depicting a wild type and mutated amino acid sequence of STAG1. A) The STAG1 protein
sequence is considerably shorter than the NIPBL protein sequence with only 1259 amino acid residues. B) This is the amino
acid sequence produced by the mutated STAG1 gene. The truncation occurs very early on the protein sequence at residue 6.

3.3.5. FRASC75

There were 27 variants identified in FRASC75, however only two presented themselves as
candidate variants after filtering based on MAF (Table 3.10.).

Table 3.10. Summary of top candidate variants of FRASC75 with results and information from various bioinformatic tools

and databases.

Variant 1

Variant 2

Gene

NIPBL

SCC4

Variant

€.5639_5642 del CAAC

€.1156-30G>A

GnomAD freq ALL

0.000

0.000

GnomAD freq AFR

0.000

0.000

1000G freq ALL

0.000

<0.001

1000G freq AFR

0.000

0.000

SIFT

PolyPhen2

PROVEAN

MutationTaster

FATHMM

CADD

35.000

0.073

DANN

0.453

GERP++

5.620

2.000

dbSNP ID

rs199982797

ClinVar

Benign ACMG codes

BP4, BP2

Pathogenic ACMG codes

PP4, PP3, PM2, PVS1

ACMBG classification

Pathogenic

VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a

prediction.

benign

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications
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The SCC4 ¢.1156-30G>A variant is intronic and occurs 30bp away from an intron-exon
boundary and is therefore not likely to be deleterious or affect splicing. It does not occur in a
conserved region according to the GERP++ score and is predicted to be benign by both
CADD and DANN (Table 17). It also has the BP2 ACMG code assigned to it as a variant that

is likely to be disease-causing was identified in the patient.

The variant identified in the NIPBL gene, ¢.5639_5642 del CAAC (p.Pro1880HisfsTer10), is
a four bp deletion in exon 30 of the NIPBL gene and results in a frameshift variant (Figure
3.9.). It is predicted to be pathogenic by the ACMG guidelines according to the codes: PP4,
PP3, PM2 and PVSL. It results in a truncated protein (Figure 3.10.) and is likely to cause loss
of function of the gene and therefore this mutation can be predicted to be the putative disease-

causing variant in this patient.

nnnnn

B

=

Figure 3.9. IGV screenshot depicting the 4 bp deletion in exon 30 of the NIPBL gene (outlined in red). The heterozygous
deletion occurs in sufficient reads to call the variant with confidence.
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Figure 3.10. Mutalyzer screenshots of the effect the 4bp deletion identified in FASC75 has on the amino acid sequence. Only
a portion of the protein sequence is shown here. A) This is the reference amino acid sequence. The amino acids in red are
the ones not included in the mutant sequence. B) The resulting mutant amino acid sequence has a truncation of 924 amino

acid residues.
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3.3.6. FRASC76

A total of 45 variants were identified in FRASC76, four of which passed the MAF filtering
(Table 3.11.).

Table 3.11. Summary of top candidate variants of FRASC76 with results and information from various bioinformatic tools
and databases.

Variant 1 Variant 2 Variant 3 Variant 4

Gene NIPBL TAF6 KMT2A PDS5B

Variant €.302_311delCAAG | .243+30_243+31 | c.664A>C C.*43_*44insACTT
GAGTCC delTG T

GnomAD freq 0.000 0.000 0.000 0.000
ALL

GnomAD freq 0.000 0.000 0.000 0.000
AFR

1000G freq ALL 0.000 0.000 0.000 0.000

1000G freq AFR 0.000 0.000 0.000 0.000

SIFT 1.000

PolyPhen2

PROVEAN 0.000

MutationTaster D

FATHMM

CADD 33.000 4.014 12.160 5.731

DANN 0.589

GERP++ 5.840 4.660 5.590 4.830

dbSNP 1D rs782212726

ClinVar

Benign ACMG BP2 BP7, BP4, BP2 BP4, BP2
codes

Pathogenic ACMG | PP4, PP3, PM2, [ PM2
codes PVS1

ACMG Pathogenic VUS Likely benign VUS
classification

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign
prediction.
*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

Two of these variants have been classified according to the ACMG guidelines as being
VUS’s. TAF6 ¢.243+30_243+31delTG is an intronic variant and is 30bp away from an
intron-exon boundary and is therefore unlikely to affect splicing. Similar variants have been
found in other patients at the PDS5B ¢.*43 *44insACTTT site. This is because this site is a
homopolymer region and is likely to be a highly variable region within the African
population. The KMT2A ¢.664A>C (p.Arg222=) variant is a synonymous variant and is not
predicted to have any effect according to the ACMG code BP7. It was classified as likely

benign according to the ACMG guidelines. All of the above mentioned mutations were
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assigned the BP2 ACMG code as the mutation identified in the NIPBL gene is convincingly

pathogenic.

A deletion of 10bp was identified in NIPBL: ¢.302_311delCAAGGAGTCC
(p.Alal01ValfsTerl8) (Figure 3.11.). This frameshift mutation truncates the amino acid
sequence 100 positions into the 2805 amino acid sequence resulting in the loss of function of
the NIPBL protein (Figure 3.12.). It was classified as pathogenic based on the ACMG scores
PP4, PP3, PM2 and PVS1 (Abou Tayoun et al., 2018). Another deletion that overlaps the
current mutation has been reported on the online tool VarSome - NIPBL
c.310 _317delCCTAATGT (for website URL, see list of websites at the end of dissertation). It
was classified as pathogenic according to the ACMG codes: PVS1, PM2 and PP5, although

no publications have been released detailing additional information about this mutation.
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Figure 3.11. IGV screenshot visualising the 10 bp deletion in exon 4 of the NIPBL gene (outlined in red). This mutation
occurs in enough of the reads generated by the MiSeq to be called with confidence.

54



1  MNGDMPHVPI

61 LVSQLVHSLM
121 MMMSQYKLSQ
181 QSPAGYMPYS
241 HGSSEDYLHM
381 SLPCSSPRDV
361 RLSRVRSSDM
421 SQQEQTAFLP
481 ERESAIERER
541 VSIDLHQAGR
681 KKKSDPELSK
661 CKQNESTIVE
721 HPETPKQKGD
781 KHKQDTKSDS
841 RRPETLRSSS
981 NKSRSDKLGF
961 IKRDKDGNVT
1921 EDKSRSSLKP
1081 EKPKYAEISS
1141 SGGGRYRNRS
1261 RFTASIENIL
1261 KTVKVLNILE
1321 PNMPKAVYIE
1381 RVIVMLYNKV
1441 VFSRYEKHRQ
1501 VVHLPSSEKD
1561 LFENFVQDLL
1621 RKDAVTSKMD
1681 FRDTTLETEK
1741 LKMNSDTVDY
1801 AVDPSILARL
1861 GISVRKRVIK
1921 NDKEAMTRKI
1981 HILKYEESLA
2041 FMVICNVAKI
2101 QNFKFVWACF
2161 FKGNSKVNIK
2221 SDKNSSWNLK
2281 LYLKQULEAF
2341 QLVEIDKKYA
2401 GNRQHRRAFL
2461 GSNLLQSFKE
2521 SVMKCLPENS
2581 NRKTGVHFHP
2641 ASTNARNKAT
2701 MNESVDVMDV
2761 PWVDTIKESD

TTLAGIASLT
QUSTDHIELK
NSMHSSPASS
HPSSYTTHPQ
VHRLSSDDGD
PPDILLDSPE
DQQEDMISGY
ANQVPVLQQN
FSKEVQDKDK
VDSQASITQD
SEMKQSESRL
PKQNENRLSD
GRPETPKQKG
PRLKSERAEA
RNEHGIKSDS
KSPTSKDDKR
QETKKMEMKG
TKNKPSKSNK
DEDNDSDEAF
PSDSDMEDYS
DNLEDMDFTA
KNIQDGSKLS
DVIERVIQYT
CDIVSSLSEL
LILEEIFTSL
SNAEEDSNKK
STVNKPEWPA
QGSIERILKQ
AMKSQKDEES
DDACLIVRYL
DMQRGVHGRL
ILRDICIEQP
LNITDVVAAC
DSDNKGVNSG
LELVVPLMEH
NRYYGAISKL
DKVLELLMYF
IQVLKNLQTY
FHTQSSVRHF
GFIHMKAVAG
ISLLNLFDDT
SMVKDKRKER
APLIEFANVS
KQTLDFLRSD
TSLLGGGESPK
IAICCPKYKD
TIYKKIALTS

DLLNQLPLPS
DNLGSDDPEG
NYQQTTISHS
MQQASVSSPL
SSTMRNAASF
RKQKKQKKMK
ENSNVSENDI
TSVAAKQPQT
PLKKRKQDSY
SDSIKKPEET
AESKPNENRL
TKPNDNKQNN
ESRPETPKQK
LKQRPDGRSV
SKTDKLERKH
TEGNKSKVDT
EPKDKVEKIG
GSIDQSVLKE
ESSRKRHKKD
PPPSLSEVAR
FGDDDEIPQE
TLLNHNNDTE
KFHLONTLYP
LEIQLLTDTT
ARLPTSKRSL
IDQDVVITNS
AELLLSLLGR
VSGGEDEIQQ
SEGTHHAKET
ASMRPFAQSF
MDNSTSVREA
TFPKITEMCY
RDTGYDWFEQ
RLVACITTLF
PSETFLATIE
KSQHQEDPNN
TKHSDEEVQT
LQEEDTRMQQ
ALNVIALTLN
MKMSYQUQQA
AKTDVTMLLY
KSSPSKENES
QGILLLLMLK
MANSKITEEV
NNTAAETEDD
RPQIARVVQK
ANKLTNKVVQ

PLPATTTKSL
DIPVLLQAVL
PSSRFVPPQT
VAGGLRNIHD
PLRSPQPVCS
LGKDEKEQSE
PENVQYPGQT
SVVQNQQQIS
PQEAGGATGE
KQCNDAPVSY
VETKSSENKL
GRSETTKSRP
NEGRPETPKH
SESLRRDHDN
RHESGDSRER
NKAHPDNKAE
LVEDLNKGAK
LPPELLAEIE
DDKAWEYEER
KMKKKEKQKK
LLLGKHQLNE
EEERLWRDLI
QYDPVYRLDP
ILQVSSMGIT
RNFRLNSSDHM
YETAMRTAQN
LLVHQFSNKS
LQKALLDYLD
ETTGQIMHRA
DIYLTQILRV
AVELLGRFVL
KMIRRVNDEE
LLONLLKSEE
LFSKIRPQLM
EDLMKLIIKY
TSLLTNKPAL
KATIGLGFAF
ADRDWKKVAK
QGLIHPVQLY
INTCLKDPVR
IADNLACFPY
SDSEEEVSRP
QHLKNLCGFS
KRSIVKQYLD
ESDGEDRGGG
TSSGFSVQUM
TLRSLYAAKD

LFNARIAEEV NCLLACRDDMN
ARSPNVFREK SMQNRYVQSG
SSGNRFMPQQ NSPVPSPYAP
NKVSGPLSGN SANHHADNPR
PAGSEGTPKG SRPPLILQSQ
KAAMYDIISS PSKDSTKLTL
SKTPITPQDI NRPLNAAQCL
QQGPIYDEVE LDALAEIERIL
NRPASQETGS TGNGSRPALM
LQEDIVGSLK STPENHPETP
ETKVETQTEE LKQNESRTTE
ETPKQKGESR PETPKQKSDG
RHDNRRDSGK PSTEKKPEWS
KQKSDDRGES ERHRGDQSRV
PSSGEQKSRP DSPRVKQGDS
FPSYLLGGRS GALKNFVIPK
PVVVLQKLSL DDVQKLIKDR
STMPLCERVEK MNKRKRSTWN
DRRSSGDHRR SGHSHEGRRS
RKAYEPKLTP EEMMDSSTFK
LGSESAKIKA MGIMDKLSTD
MERVTKSADA CLTTINIMTS
HGGGLLSSKA KRAKCSTHEQ
PFFVENVSEL QLCAIKLVTA
DGEPMYIQMV TALVLQLIQC
FLSIFLKKCG SKQGEEDYRP
TEMALRVASL DYLGTVAARL
ENTETDPSLY FSRKFYIAQW
ENRKKFLRSI IKTTPSQFST
LGENAIAVRT KAMKCLSEWV
CRPQLAEQYY DMLIERILDT
GIKKLVNETF QKLWFTPTPH
DSSYKPVKKA CTQLVDNLVE
VEKHAMTMQPY LTTKCSTQND
GMTVVQHCVS CLGAVVNKVT
LRSLFTVGAL CRHFDFDLED
IQHPSLMFEQ EVKNLYNNIL
QEDLKEMGDV S5GMSSSIMQ
PYLIAMGTDP EPAMRNKADQ
GFRQDESSSA LCSHLYSMIR
QTQEEPLFIM HHIDITLSVS
RKSRKRVDSD SDSDSEDDIN
DSKIQKYSPS ESAKVYDKAL
FKLLMEHLDP DEEEEEGEVS
TSGSLRRSKR NSDSTELAAQ
AGSYSGSWTE AKRRDGRELV
GTS5*

a)

1 MNGDMPHVPT TTLAGIASLT DLLNQLPLPS PLPATTTKSL LFNARIAEEV NCLLACRODN
61 LVSQLYHSLN QVSTDHIELK DNLGSDDPEG DIPVLLQAVL VMFSGRKACR TDMYKVE®

b)

Figure 3.12. Mutalyzer screenshots depicting the reference protein sequence and the mutated protein sequence in FRASC
76. A) The entire reference protein sequence is shown, the amino acids in red are the ones that have been truncated as a
result of the 10bp deletion identified in this patient. B) The amino acid sequence as a result of the 10 bp deletion. It occurs in
exon 4 and therefore has an effect on the vast majority of the protein.
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3.3.7. ERASCTY

There were five candidate variants out of 49 total variants identified in FRASC77 after MAF
filtering (Table 3.12.).

Table 3.12. Summary of top candidate variants of FRASC77 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Gene ARID1B PDS5B PDS5B ANKRD11 SMC1A
Variant ¢.5606 C>G €.*43_*44in | ¢.*45 *46insT | ¢.7134C>T €.1545+4A>C

STTT

GnomAD  freq <0.001 0.000 0.000 0.000 <0.001
ALL
GnomAD  freq <0.001 0.000 0.000 0.000 0.003
AFR
1000G freq ALL 0.000 0.000 0.000 0.000 0.001
1000G freq AFR 0.000 0.000 0.00000 0.00000 0.004
SIFT 0.086 1.000
PolyPhen?2 0.006
PROVEAN -1.430 0.000
MutationTaster D D
FATHMM 4.670
CADD 21.000 5.846 0.432 0.648 19.560
DANN 0.540 0.740 0.928
GERP++ 2.040 4.830 5.250 4.860 4.880
dbSNP ID rs113818462 rs373003953 rs377270943
Clinvar VUS/benign
Benign ACMG | BP1, BP4 BP4 BP4 BP7 BS2
codes
Pathogenic PM1 PP3
ACMG codes
ACMG Likely benign VUS VUS VUS VUS

classification

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

None of these candidates seem to provide convincing evidence of being the putative disease-

causing variant in this patient. The ARID1B ¢.5606 C>G (p.Ser1869Cys) missense variant

was predicted to be likely benign according to the ACMG guidelines as missense variants are

not the typical disease mechanism in this gene.

The two PDS5B mutations: ¢.*43 *44insTTT and ¢.*45_*46insT both occur in an intronic

homopolymer region indicating they may due to an error in sequencing. Similar mutations in
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this region have been identified in several other patients in this cohort and they are therefore

unlikely to be pathogenic.

The ANKRD11 ¢.7134C>T (p.Asp2378=) variant is a synonymous variant as per the ACMG
code, BP7. However, it does fall within an exonic splicing enhancer site and may alter
splicing within this gene according to Human Splicing Finder. There is little other evidence

suggesting this variant is pathogenic.

The SMC1A c¢.1545+4A>C variant is the only variant occurring in a known CdLS causal
gene. It occurs near a splice site and the online Human Splicing Finder tool predicts this
variant to affect the splice site. However, this variant has been identified in healthy
individuals before and is predicted to be benign by three out of four ClinVar entries, therefore

this SMC1A mutation can be excluded as the putative disease-causing mutation in this patient.
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3.3.8. FRASCY9

A total of 65 variants were identified in FRASC79. Of these variants, there were four
candidate variants that passed the MAF filtering (Table 3.13.).

Table 3.13. Summary of top candidate variants of FRASC79 with results and information from various bioinformatic tools
and databases.

Variant 1 Variant 2 Variant 3 Variant 4
Gene NIPBL NIPBL PDS5B HDACS8
Variant €.7831dupA €.1078 T>C C.*43 *44insTTTTT C.*5A>T
GnomAD freq ALL 0.000 0.000 0.000 0.001
GnomAD freq AFR 0.000 0.000 0.000 0.002
1000G freq ALL 0.000 0.000 0.000 <0.001
1000G freq AFR 0.000 0.000 0.000 0.001
SIFT 1.000
PolyPhen2
PROVEAN 0.000 0.000
MutationTaster D D
FATHMM
CADD 35.000 12.360 5.731 6.863
DANN 0.783 0.459
GERP++ 4.890 5.240 4.830 4.690
dbSNP ID rs782509754
Clinvar
Benigh ACMG codes BP2 BP4, BP2 BP7, BP2
Pathogenic ACMG | PP4, PP3, PM2, | PM2 PM1
codes PVS1
ACMG classification Pathogenic VUS VUS VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign
prediction.
*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

One of two variants identified in the NIPBL gene: ¢.1078 T>C (p.Leu360=) is a synonymous
variant and is predicted to have no effect on splicing according to Human Splicing Finder and
therefore unlikely to be deleterious. Another PDS5B variant was observed at the site
*43_*44, this variant is a five bp insertion. Given the number of times mutations have been
identified in this region, it is very unlikely to be pathogenic. The HDAC8 c.*5A>T variant
has been identified in FRASC8 and is a synonymous variant which is not predicted to alter

splicing by either changing the sequence or creating a new splice site.

The other variant identified in NIPBL: ¢.7831dupA (p.Arg2612LysfsTer20) is a single bp

duplication occurring in exon 45 (Figure 3.13.). This results in a truncation of 193 amino
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acids at the end of the protein sequence (Figure 3.14.). It is predicted to be pathogenic
according to the ACMG guidelines codes: PP4, PP3, PM2 and PVS1. There was, however, a
prediction tool implying this mutation has a benign effect: Provean (score = 0). This was the
first putative disease-causing mutation that had evidence against pathogenicity, it also
truncates a much smaller portion of the amino acid sequence than previous mutations

identified in this study and the exact effect of this truncation is not known.
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Figure 3.13. IGV screenshot depicting the insertion of a single ‘A’ nucleotide in exon 45 of the NIPBL gene (outlined in
red). The insertion occurs in 40 of the 98 reads and can therefore be called with confidence.

1981 HILKYEESLA DSDHKGVNSG RLVACITTLF LFSKIRPQLM VKHAMTMQPY LTTKCSTQND 1981 HILKYEESLA DSDMKGVNSG RLVACITTLF LFSKIRPQLM VKHAMTMQPY LTTKCSTQND
2041 FMVICNVAKI LELVVPLMEH PSETFLATIE EDLMKLIIKY GMTWVVQHCVS CLGAVWNKVT 2041 FMVICNVAKI LELVWPLMEH PSETFLATIE EDLMKLIIKY GMTVVQHCVS CLGAVVNKVT
2191 QWFKFVWACF NRYYGAISKL KSQHQEDPNN TSLLTMKPAL LRSLFTVGAL CRHFDFDLED 2101 QNFKFVWACF NRYYGATSKL KSQHQEDPNMN TSLLTMKPAL LRSLFTVGAL CRHFDFDLED
21p1 FKGNSKVNIK DKVLELLMYF TKHSDEEVQT KAIIGLGFAF IQHPSLMFEQ EVKNLYNNIL 2161 FKGNSKVNIK DKVLELLMYF TKHSDEEVQT KAIIGLGFAF IQHPSLMFEQ EVKNLYNNIL
2221 SDKNSSVNLK IQVLKNLQTY LQEEDTRMQQ ADRDWKKVAK QEDLKEMGDV SSGHSSSIMQ 2221 SDKMSSVNLK IQVLKNLQTY LQEEDTRMQQ ADRDWKKVAK QEDLKEMGDV SSGMSSSIMQ
2281 LYLKQVLEAF FHTQSSVRHF ALNVIALTLN QGLIHPVQCV PYLIAMGTDP EPAMRNKADQ 2281 LYLKQVLEAF FHTQSSVRHF ALMVIALTLN QGLIHPVQCV PYLIAMGTDP EPAMRNKADQ
2341 QLVEIDKKYA GFIHMKAVAG MKMSYQVQQA INTCLKDPVR GFRQDESSSA LCSHLYSMIR 2341 QLVEIDKKYA GFIHMKAVAG MKMSYQVQQA INTCLKDPVR GFRQDESSSA LCSHLYSMIR
2481 GNRQHRRAFL ISLLNLFDDT AKTDVTMLLY IADNLACFPY QTQEEPLFIM HHIDITLSVS 2401 GNRQHRRAFL ISLLNLFDDT AKTDVTMLLY IADNLACFPY QTQEEPLFIM HHIDITLSVS
2461 GSNLLQSFKE SMVKDKRKER KSSPSKENES SDSEEEVSRP RKSRKRVDSD SDSDSEDDIN 2461 GSNLLQSFKE SMVKDKRKER KSSPSKENES SDSEEEVSRP RKSRKRVDSD SDSDSEDDIN
2521 SVMKCLPENS APLIEFANVS QGILLLLMLK QHLKNLCGFS DSKIQKYSPS ESAKVYDKAI 2521 SVMKCLPENS APLIEFANVS QGILLLLFLK QHLKNLCGFS DSKIQKYSPS ESAKVYDKAL

b)

2581 NRKTGVHFHP KQTLDFLRSD MANSKITEEV KRSIVKQYLD FKLLMEHLDP DEEEEEGEVS 2581 MNRKTGVHFHP KQTLDFLRSD MANSKITEEV KKEYSKTVSR FQTSHGTSGP *
2641 ASTNARNKAI TSLLGGGSPK NNTAAETEDD ESDGEDRGGG TSGSLRRSKR NSDSTELAAQ

2761 MNESVDVMDV TAICCPKYKD RPQIARVVQK TSSGFSVQWM AGSYSGSWTE AKRRDGRKLV

2761 PWVDTIKESD TTYKKIALTS ANKLTNKWVQ TLRSLYAAKD GTSS* a)

Figure 3.14. Mutalyzer screenshots depicting a portion of the NIPBL protein sequence. A) A portion of the reference protein
sequence is shown with the amino acid residues to be truncated indicated in red. B) The NIPBL protein sequence that is
generated as a result of the single nucleotide insertion. A portion of the protein sequence is truncated towards the end of the
protein.
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3.3.9. FRASCA49

A total of 65 variants were identified in FRASC79. Of these variants, there were five
candidate variants that passed the MAF filtering (Table 3.14.).

Table 3.14. Summary of top candidate variants of FRASC49 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Gene ARID1B TAF6 TAF6 PDS5B PDS5B
Variant €.339 340ins | ¢.354+30 354+ | ¢.354+19delC c.*43_*44ins | c.*45_*46insT
CAGCAGCA | 31delTG ATTTTTTTT
GCAGCAGC
AGCAGCAA
GnomAD  freq 0.001 0.000 0.000 0.000 0.000
ALL
GnomAD  freq 0.001 0.000 0.000 0.000 0.000
AFR
1000G freq ALL 0.000 0.000 0.000 0.000 0.000
1000G freq AFR 0.000 0.000 0.000 0.000 0.000
SIFT
PolyPhen2
PROVEAN -0.250
MutationTaster D
FATHMM
CADD 20.500 4.014 1.862 5.497 0.432
DANN
GERP++ 2.480 4.660 5.280 4.830 5.250
dbSNP ID rs770869529 rs370164610 rs368080614
Clinvar Likely benign
Benign ACMG | BP3, BP6 BP4 BP4 BP4
codes
Pathogenic PP3 PM2 PM2
ACMG codes
ACMG Likely Benign | VUS VUS VUS VUS

classification

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The ARID1B ¢.339_340insCAGCAGCAGCAGCAGCAGCAGCAA (p.GIn124_GIn131dup)

variant is an in-frame repeat variant and was classified as likely benign by both ClinVar and

according to ACMG guidelines. The other four candidate variants were classified as VUS’s.
The TAF6 ¢.354+30_354+31delTG intronic variant was also identified in FRASC76 and was

determined to not be pathogenic as it occurs too far away from a splice site to have any

deleterious effect. The other mutation identified in TAF6 was a one bp deletion:

€.354+19delC. It is unlikely pathogenic due to the lack of convincing evidence as well as it
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occurring 19bp from an intron-exon boundary. Again, two mutations were identified in the
homopolymer region of PDS5B (c.*43_*44insATTTTTTTT and c.*45_*46insT). These are
both unlikely to be the causative mutation in this patient.

3.3.10. FRASC72
A total of 58 variants were identified in FRASC72 of which five were identified to be
candidate variants after MAF filtering (Table 3.15.).

Table 3.15. Summary of top candidate variants of FRASC72 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Gene NIPBL TAF6 TAF6 PDS5B PDS5B
Variant €.6955-2A>C | ¢.354+30 354 | c.354+19delC c.*43 *44insA | ¢.*45 *46insT

+31delTG CT

GnomAD  freq 0.000 0.000 0.000 0.000 0.000
ALL
GnomAD  freq 0.000 0.000 0.000 0.000 0.000
AFR
1000G freq ALL 0.000 0.000 0.000 0.000 0.000
1000G freq AFR 0.000 0.000 0.000 0.000 0.000
SIFT
PolyPhen2
PROVEAN
MutationTaster D
FATHMM
CADD 33.000 4.014 1.862 5.846 0.432
DANN 0.995
GERP++ 5.690 4.660 5.280 4.830 5.250
dbSNP ID rs370164610 rs368080614
Clinvar
Benign ACMG BP2 BP4 BP4 BP4
codes
Pathogenic PP4, PP3, [ PM2 PM2
ACMG codes PM2, PVS1
ACMG Pathogenic VUS VUS VUS VUS

classification

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

Four of the variants were classified according to the ACMG guidelines as having a VUS
status. The two variants identified in the TAF6 gene (c.354+30 354+31delTG and
¢.354+19delC) have been identified previously in other patients in this cohort (FRASC76 and
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FRASC49 for the ¢.354+30 354+31delTG variant and FRASC76 for the c.354+19delC
variant). Both were determined not to be pathogenic as they both occur within an intron
sufficiently far away from a splice site to not have any negative effect. The two variants
identified in the PDS5B gene again occur in the highly variable homopolymer region

commonly mutated in many previous patients suggesting that these are not pathogenic.

A SNV (c.6955-2A>C) was identified in the NIPBL gene of FRASC72 and classified to be
pathogenic using the ACMG guidelines. This mutation occurs at a splice site just before exon
41 (Figure 3.15.) and thus has no effect on the amino acid sequence but could play a role in
the splicing of the protein product. According to the online tool Human Splicing Finder, this
mutation alters the wild type acceptor site for splicing and would therefore have a likely
deleterious effect on splicing at this position (Desmet et al., 2009). The ACMG codes
assigned to this variant include PP4, PP3, PM2 and PVSL. This is an essential splice site and
therefore the PVS1 ACMG code can be applied with stronger evidence for pathogenicity
compared with other applications of PVS1 (Abou Tayoun et al., 2018).
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Figure 3.15. IGV screenshot depicting the SNP occurring at a splice site just before exon 41 of the NIPBL gene (outlined in
red). This mutation would not necessarily affect the resulting amino acid sequence but may affect the splicing of the cDNA
post transcription. The mutant ‘A’ allele occurs within 60 of the 136 reads generated.
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3.3.11. FERASC78

FRASC 78 had 42 variants identified and only three of these passed the MAF filtering step

(Table 3.16.).

Table 3.16. Summary of top candidate variants of FRASC78 with results and information from various bioinformatic tools

and databases.

Variant 1

Variant 2

Variant 3

Gene

SETD5

AFF4

PDS5B

Variant

€.2346+15_2346+16insGT

€.1389+21T>G

C.*43_*44ins ACTTTT

GnomAD freq ALL

<0.001

0.001

0.000

GnomAD freq AFR

0.001

0.000

0.000

1000G freq ALL

0.001

0.000

0.000

1000G freq AFR

0.003

0.000

0.000

SIFT

PolyPhen2

PROVEAN

MutationTaster

FATHMM

CADD

7.054

5.115

5.673

DANN

0.551

GERP++

5.320

4.380

4.830

dbSNP 1D

rs559066423

rs1480073724

ClinVar

Benign ACMG codes

BP4

BP4

BP4

Pathogenic ACMG codes

PM2

ACMG classification

VUS

VUS

VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The SETD5 ¢.2346+15 2346+16insGT variant occurs within an intron and is not predicted to
have a deleterious effect according to the online program Human Splicing Finder. The AFF4
€.1389+21T>G variant also occurs within an intron and, when run through the same online
splicing tool as above, is not predicted to have a deleterious effect on splicing. Both variants
occur far enough away from an intron-exon boundary to be benign variants. As per majority
of the patients so far, a variant was detected in the 3> UTR homopolymer region in PDS5B
(c.*43_*44ins ACTTTT) which does not result in a pathogenic effect. Although no
potentially pathogenic mutation was identified in this patient, the coverage was sufficient and

no Sanger sequencing was required for further investigation.
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3.3.12. FERASC51

A total of 43 variants were identified in FRASC51 and five of these were considered
candidate variants after MAF filtering (Table 3.17.).

Table 3.17. Summary of top candidate variants of FRASC51 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant 5
Gene PDS5A PDS5B PDS5B ANKRD11 ANKRD11
Variant €.1499+24C>G | ¢.*43_*44ins | c.*45_*46insT | c.6668C>T c.5185G>A

ACTT

GnomAD  freq <0.001 0.000 0.000 0.000 0.000
ALL
GnomAD  freq <0.001 0.000 0.000 0.000 0.000
AFR
1000G freq ALL 0.000 0.000 0.000 0.000 0.000
1000G freq AFR 0.000 0.000 0.000 0.000 0.000
SIFT 0.007 0.339
PolyPhen2 0.231 0.007
PROVEAN -0.650 -0.700
MutationTaster N N
FATHMM 1.020 1.150
CADD 0.928 5.788 0.432 11.420 7.280
DANN 0.563 0.984 0.988
GERP++ 4,990 4.830 5.250 1.080 0.093
dbSNP ID rs371975259 rs368080614 rs537338393 rs368667754
Clinvar
Benign ACMG | BP4 BP4 BP4 BP1, BP4 BP1, BP4
codes
Pathogenic
ACMG codes
ACMG VUS VUS VUS Likely benign Likely benign

classification

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign

prediction.

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The PDS5A ¢.1499+24C>G variant was classified as benign according to the ACMG

guidelines. It occurs in an intronic region but is predicted to have no effect on a splice site or

the creation of a new splice site according to the online tool Human Splicing Finder.

FRASCS51 is the tenth patient where variants in the 3° homopolymer region of PDS5B have
been identified (c.*43_*44insACTT and c.*45 *46insT). It has been shown in all the

previous cases that variants in this region do not alter splicing and therefore these variants

identified in FRASC51 are not deleterious mutations either.
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The two mutations identified in ANKRD11: ¢.6668C>T (p.Ala2223Val) and ¢.5185G>A
(p.Alal729Thr) are both missense mutations. According to the ACMG code BP1, missense
variants in the ANKRD11 gene are not a common mechanism of disease and therefore both
have been classified as likely benign according to the ACMG guidelines. Very few exons in
FRASCS51 have been covered insufficiently and there is no need for further investigation by

means of Sanger sequencing.
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3.3.13. FERASC32

There were only 20 variants identified in FRASC32, the least number of variants identified

per patient within this cohort. Of these variants, six were considered candidate variants after
MAF filtering (Table 3.18.).

Table 3.18. Summary of top candidate variants of FRASC32 with results and information from various bioinformatic tools

and databases.

Variant 1 Variant 2 Variant 3 Variant 4 Variant5 | Variant6

Gene NIPBL PDS5A ARID1B ARID1B KMT2A SMC1A

Variant €.3932G>A | ¢.567T>C €.3270C>T c.5766G>A | ¢.3176C>T | c.1545+4A
>C

GnomAD freq 0.000 0.000 <0.001 <0.001 <0.001 0.001

ALL

GnomAD freq 0.000 0.000 <0.001 0.000 0.000 0.003

AFR

1000G freq ALL 0.000 0.000 <0.001 0.000 0.000 0.001

1000G freq AFR 0.000 0.000 0.002 0.000 0.000 0.004

SIFT 0.001 1.000 1.000 0.884 0.013

PolyPhen2 0.994 0.987

PROVEAN -5.100 0.000 0.000 0.000 -2.550

MutationTaster D D D D D

FATHMM 0.430 -1.700

CADD 28.600 10.650 10.950 1.300 32.000 19.560

DANN 0.998 0.507 0.740 0.640 0.999 0.928

GERP++ 5.610 5.750 5.940 5.080 5.840 4.880

dbSNP ID rs563432054 | rs111368751 | rs372334858 rs37727094
3

Clinvar likely benign VUS/
benign

Benign ACMG BP7, BP4, | BP4, BP6, | BP4, BP2 BP2 BP6, BP2

codes BP2 BP2

Pathogenic ACMG | PP4,  PP3, PM1 PM2 PP3

codes PM2, PM5,

PP2
ACMG Likely Likely Likely VUS VUS VUS
classification Pathogenic benign benign

Cells highlighted in
prediction.

pink indicate a deleterious prediction, cells highlighted in green indicate a benign

*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The PDS5A ¢.567T>C (p.Asp189=) variant is a synonymous variant and is not predicted to

alter splicing according to the ACMG code BP7. It has also been classified as likely benign
according to the ACMG guidelines. The ARID1B mutations (¢.3270C>T and ¢.5766G>A) are
also both synonymous variants. ARID1B ¢.3270C>T (p.Leul090=) has been identified in two
previous patients — FRASC29 and FRASC30 and has been reported to be likely benign
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according to the ACMG guidelines and by ClinVar (ClinVar submission accession number:
SCV000246513). ARID1B ¢.5766G>A (p.Glu1922=) is classified as a VUS according to the
ACMG guidelines. As mentioned previously, it is a synonymous variant and according to
Human Splicing Finder this variant does not occur within a significant splicing motif and

therefore is most likely not deleterious.

The SMC1A c.1545+4A>C variant has been seen previously in FRASC77. As mentioned
before, this variant is predicted to alter the splice site sequence according to the Human
Splicing Finder. However, it has been classified as likely benign by multiple contributions on
the online ClinVar database (for website URL, see list of websites at the end of dissertation).
It has also been reported 63 times in the gnomAD database further suggesting it is not
pathogenic. The KMT2A ¢.3176C>T (p.Serl059Leu) variant has been classified as a VUS
according to the ACMG guidelines, although there are seven out of the eight prediction tools
used that are predicting this variant has a deleterious effect. This variant has been identified
in four apparently healthy individuals from the Latino population from the gnomAD dataset
and is therefore unlikely to be a disease-causing variant since the condition associated with
this gene is dominant. However, all of the above mutations were identified in the presence of
a variant that is likely to be pathogenic according to the ACMG guidelines, therefore these

mutations were assigned the ACMG code: BP2.

A missense variant was identified, NIPBL ¢.3932G>A (Figure 3.16.) and was classified as
likely pathogenic according to the ACMG guidelines. The SNV results in an amino acid
change at position 1311 in the amino acid sequence: changing a cysteine to a tyrosine
(p.Cys1311Tyr) (Figure 3.17.). According to ACMG guidelines, the codes PP4, PP3, PM2,
PP2 and PM5 were assigned, suggesting this variant is pathogenic. A previous mutation was
identified by Tonkin et al., (2004) (NIPBL ¢.3931T>C) and resulted in an amino acid change
reported by UniProt to be causative of CdLS (cysteine to arginine) (p.Cys1311Arg) (Tonkin
et al., 2004). PM5 was therefore assigned to the NIPBL ¢.3932G>A variant as it occurs
within the same codon of the previously reported mutation and results in an amino acid

change.
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Figure 3.16. IGV screenshot depicting the SNP in exon 17 of the NIPBL gene (outlined in red). The A allele is present in 17
of the 49 reads, indicating it is also a heterozygous mutation. Again, there are enough reads with the ‘A’ allele present to
call this mutation confidently.
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Figure 3.17. Mutalyzer screenshots depicting a portion of the amino acid sequence of the NIPBL gene. A) The reference
sequence with an amino acid residue of cysteine at position 1311 (highlighted in red). B) the mutated amino acid sequence
showing the tyrosine amino acid residue at position 1311 (also highlighted in red).
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3.3.14. FRASC41
There was only a single candidate identified in FRASC41 after MAF filtering out of the 57

variants identified during sequencing (Table 3.19.).

Table 3.19. Summary of the top candidate variant of FRASC41 with results and information from various bioinformatic tools
and databases.

Variant 1

Gene PDS5A

Variant €.2153+15T>C

GnomAD freq ALL 0.000

GnomAD freq AFR 0.000

1000G freq ALL 0.000

1000G freq AFR 0.002

SIFT

PolyPhen2

PROVEAN

MutationTaster

FATHMM

CADD 4.480

DANN 0.455

GERP++ 4.840

dbSNP 1D rs181065196

ClinVar

Benign ACMG codes BP4

Pathogenic ACMG codes

ACMG classification VUS

Cells highlighted in pink indicate a deleterious prediction, cells highlighted in green indicate a benign
prediction.
*See Appendices D.1. — D.3. for detailed descriptions of ACMG codes and classifications

The PDS5A ¢.2153+15T>C variant occurs within an intron and according to the online tool
Human Splicing Finder it is not predicted to affect the splicing sequence or to add a new
splice site. This variant has been identified in an African population before and is likely not a
disease-causing mutation. There were a few exons that were not covered sufficiently (Table
3.5.) and therefore it is recommended that Sanger sequencing be carried out on those exons

for further variant identification.
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3.4.Possible disease-causing mutations for validation

Possible disease-causing mutations were identified in eight of the 14 patients. Seven of these
were identified in the NIPBL gene and one was identified in the STAG1 gene (Table 3.20.).
Seven mutations were classified as pathogenic and one was classified as likely pathogenic
according to the ACMG guidelines. These classifications are obtained by assigning the
ACMG codes described in Appendix D.1. - D.3.
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Table 3.20. Potential disease-causing mutations identified in eight CdLS patients.

Patient Gene Mutation ACMG classification | ACMG classification codes*
number
PP4 PP3 PM2 PM5 PVS1 PP5 PP2 PM1

FRASCS8 NIPBL €.6027_6030 del GTTC | Pathogenic X X X X
FRASC30 NIPBL €.2479_2480 del AG Pathogenic X X X X X X
FRASC32 NIPBL €.3932 G>A Likely pathogenic X X X X X
FRASC47 STAG1 c.17T>G Pathogenic X X X X
FRASC72 NIPBL €.6955-2 A>C Pathogenic X X X X
FRASC75 NIPBL €.5639_5642 del CAAC | Pathogenic X X X X
FRASC76 NIPBL €.302_311 del Pathogenic X X X X

CAAGGAGTCC
FRASC79 NIPBL €.7831dup A Pathogenic X X X X

*Refer to Appendices D.1. and D.2. for a detailed explanation of the ACMG codes
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Validation of seven of the eight possibly disease-causing mutations was carried out using Sanger
sequencing. The DNA for FRASC32 was depleted and therefore validation could not be carried
out at this stage. The patients (and immediate family members where possible) were sequenced
and the results were analysed using BioEdit Version 7.2. Although results were obtained for all
those sequenced, the chromatograms were not clear and background noise was visible,
interfering with interpretation. These samples will be sequenced again, however there was one
sample (FRASC8) with a chromatogram that clearly depicted the identified deletion (Figure
3.18.).

1234

GTCTTATTTTGCT GAATAARAAGWGEGTGKG'
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Figure 3.18. Chromatogram showing a portion of the reverse sequence including the deletion identified in FRASC 8 (NIPBL
€.6027_6030del GTTC): GCTGAATAAGAACAAAGTGGTTATG. The reference sequence would be GAAC and the sequence at
the same position with the deletion would be AAAG. Position 1 is heterozygous for a G and an A, position 2 and 3 are both A’s
and position 4 is heterozygous for a C and a G. A comparison of the sequence preceding and succeeding the deletion shows the
latter’s peaks are indistinguishable thus supporting the presence of the deletion.
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4. Discussion

Literature shows that only 70% of patients that are clinically diagnosed with Cornelia de Lange
syndrome also receive a molecular diagnosis (Braunholz et al., 2015). The remaining 30% of
patients either harbour a mutation in a yet unknown CdLS causative gene or have been clinically
misdiagnosed due to the broad phenotypic spectrum of the disease. However, these are global
statistics and may not reflect our South African CdLS population, as no molecular study has been
carried out on patients with South African ancestry. The present study aimed to determine the
molecular basis of CdLS using targeted NGS in a South African cohort clinically diagnosed with

a CdLS phenotype.

4.1.Putative mutations identified

Fourteen patients with a Cornelia de Lange syndrome phenotype underwent NGS by means of a
specifically designed gene panel. Putative disease-causing mutations were identified in eight of
these patients. Seven of the eight mutations identified occurred within the NIPBL gene, and the

other mutation was found in the STAG1 gene.

NIPBL is the most commonly mutated gene amongst patients with CdLS. Globally,
approximately 89% of patients with a molecular diagnosis have mutations in this gene (Mannini
et al., 2013). The same trend can be seen in the present cohort as 87.5% of the identified putative
disease-causing mutations occurred in the NIPBL gene. The most common types of mutations
occurring in the NIPBL gene in patients with CdLS are small deletions and missense mutations
(Mannini et al., 2013). Similarly, the most common type of mutation identified in NIPBL within
the present cohort was small deletions (occurring in four patients). A missense variant, splice site
variant and a duplication were also identified. Considering CdLS is most often an autosomal
dominant condition caused by unique, de novo mutations, it is not expected for there to be
differences in the mutation profile of South African patients with CdLS compared to those from

other countries.
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At the time of designing the gene panel, mutations in the STAG1 gene had not been found to
cause CdLS in humans. In the search for genes that may account for the 30% of patients without
a molecular diagnosis, many mouse-model studies had been conducted on different genes. One
such study was carried out by Remeseiro et al., (2012); they observed STAG1 knock-out mice
and compared the phenotypes to wild type mice. There was a significant overlap in the
phenotype observed in the STAG1 knock-out mice and that of CdLS. The phenotype included
reduced stature and skeletal abnormalities occurring through delayed osteogenesis. This
observation lead Remeseiro et al., (2012) to believe that STAG1 plays an essential role in the
cohesin pathway and, when mutated in a human, could potentially lead to a CdLS phenotype.
Since then, however, there have been reports in the literature of STAG1 mutations identified in
humans, first by Lehalle et al., (2017) and then by Yuan et al., (2018). Lehalle et al., (2017)
reported STAG1 mutations in 17 patients tested from around the world and described a novel
cohesinopathy with nonspecific syndromic intellectual disability. In 2018, Yuan et al., carried
out a retrospective study on patients who had undergone clinical exome sequencing to identify
mutations in cohesinopathy genes. They subsequently identified three patients with a STAG1
mutation who presented with developmental and intellectual delay as well as dysmorphic facial
features and skeletal anomalies and concluded that these patients had a phenotype overlapping
with that of CdLS.

Each putative disease-causing mutation identified in these two genes within the present cohort
has compelling evidence to suggest pathogenicity. This evidence was gathered and evaluated
following the ACMG guidelines.

4.1.1. Small deletion mutations

Four small deletions were identified within the NIPBL gene in the present cohort. These occurred
in the following patients:

FRASCS (c.6027_6030 del GTTC),

FRASC30 (c.2479 2480 del AG),

FRASCT75 (c.5639 5642 del CAAC) and

FRASC76 (c.302_311 del CAAGGAGTCC).
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Each of these patients presented with a classical CdLS phenotype (as assessed by the geneticists
at the Division of Human Genetics) including shared features of microcephaly, hirsutism and
upper limb abnormalities. The phenotypes in these patients correlate with the type of putative
disease-causing mutation identified in each patient. Previous studies highlight that small
deletions cause a classical and severe form of CdLS compared with other mutations, such as
missense mutations. (Mannini et al., 2013). None of the deletions identified in the patients listed
above have been reported in public databases as per the ACMG code PM2. Additionally,
multiple prediction tools (which included CADD, MutationTaster and GERP++) provide
supporting evidence that these mutations are pathogenic or occur within a conserved region.
Lastly, the strongest line of evidence suggesting pathogenicity is the assigning of the ACMG
code PVSL1 to all four of the above mutations. The small deletions identified all resulted in a
truncation at varying points within the protein sequence resulting in a loss of function mutation.
Loss of function mutations are the most common mechanism of disease in patients with CdLS. A
study investigating cohesin and -globin expression showed that even a slight decrease in NIPBL
affects the binding of the cohesin complex, including to CTCEF sites, resulting in decreased gene
expression (Chien et al., 2011). This was supported by a study investigating the genome-wide
effect of NIPBL haploinsufficiency (Newkirk et al., 2017). Reduced binding of the cohesin
complex to its targets and CTCF sites, and the subsequent reduced gene expression, is the

proposed underlying molecular cause of CdLS.

The two-bp deletion identified in FRASC30 has additional evidence suggesting pathogenicity.
This mutation occurred in a hotspot within the NIPBL gene — exon 10 and was therefore assigned
the ACMG code PM1. Exon 10 is very large in comparison to the other NIPBL exons and
transcribes multiple functional regions including CTCF sites, promoters, enhancers and other
transcription factor binding sites, according to Ensembl (Zerbino et al., 2018). Additionally, the
ACMG code PP5 was assigned to this mutation as it has previously been identified in the
literature (Gillis et al., 2004; Yuan et al., 2015). The mutation was previously identified in a
patient with CdLS and was reported to be pathogenic on the ClinVar database (ClinVar ID:
RCV000146547.3).
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It is recommended that functional studies or RNA and cDNA sequencing be completed to obtain
further knowledge on these mutations and the precise consequences or deleterious effects,
although, on some occasions functional studies are not routinely performed in the face of strong
evidence of pathogenicity. Given the current evidence, it can be surmised with reasonable

certainty that these four deletion mutations are the disease-causing mutations in these patients.

4.1.2. Missense mutation identified

One missense mutation was identified within the present cohort, in FRASC32 (NIPBL ¢.3932
G>A) and was classified as likely pathogenic using the ACMG guidelines. The patient presented
with a mild CdLS phenotype including microcephaly, hirsutism and clinodactyly. The described
phenotype is in accordance with multiple genotype-phenotype studies previously conducted that
conclude that missense mutations correlate to a milder CdLS phenotype (Mannini et al., 2013).
Seven prediction tools provided evidence suggesting the mutation in FRASC32 was pathogenic,
including SIFT, PolyPhen2, PROVEAN, DANN, MutationTaster, CADD and GERP++.

While the ACMG code PM2 was assigned indicating that this mutation has not been identified in
public datasets, the ACMG code PM5 was also assigned. This code indicates that another
missense mutation (predicted to be pathogenic) has been identified previously that occurs within
the same amino acid residue. FRASC32 had a missense mutation identified at position ¢.3932 in
the NIPBL gene, one bp away from the previously reported mutation. The previously identified
mutation (NIPBL ¢.3931T>C) resulted in an amino acid change from cysteine to arginine
(p.Cys1311Arg) (Tonkin et al., 2004), while the amino acid change in FRASC32 was a cysteine
to a tyrosine (p.Cys1311Tyr). The patient reported by Tonkin et al., (2004) also presented with a
mild CdLS phenotype similar to FRASC32 in the present cohort.

Finally, the ACMG code PP2 was assigned to this missense variant. This indicates that benign
missense mutations are not common in this gene but rather they are a common mechanism of
disease in NIPBL (Mannini et al., 2013). When examining NIPBL in the EXAC database (Lek et

al., 2016) missense variants were assigned a positive Z-score. This indicates that there is an
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increased intolerance to variation in NIPBL when compared to missense variants in other genes.
This missense mutation does not result in a truncated protein but rather a single amino acid
change in the protein sequence. This could shed light on the mild phenotype of the patient as the
mutation does not result in haploinsufficiency, but potentially a protein where the function is
somewhat altered (Mannini et al., 2013). Functional studies are recommended to elucidate the
true effect this mutation has on the protein’s function in the cohesin pathway. However, it is

plausible that this is the disease-causing mutation in this patient.

4.1.3. Splice site mutation identified
A splice site variant was identified in FRASC72 (NIPBL ¢.6955-2 A>C) and was classified as
pathogenic according to the ACMG guidelines. The patient presented with a classical CdLS

phenotype with failure to thrive, microcephaly, hirsutism, a smooth philtrum, upper limb
abnormalities, cardiac defects and moderate to severe intellectual disability. The prediction tools
MutationTaster, CADD, DANN and GERP++ gave evidence suggesting that the mutation is
deleterious as per the ACMG code PP3. This mutation also has not been reported in public
datasets to date.

The ACMG code PVS1 can be applied to this mutation as it occurs at an essential splice site
according to the online tool Human Splicing Finder (Desmet et al., 2009). In order to elucidate
the exact mechanism of disease, it is recommended that RNA and cDNA sequencing should be
carried out. This could reveal phenomena such as altered reading frames or exon skipping as the

mechanism of disease in this patient.

4.1.4. Duplication mutation identified

The only duplication mutation identified in the present cohort was seen in FRASC79 (NIPBL
€.7831dupA) and was classified as pathogenic according to the ACMG guidelines. This patient
presented with hirsutism, a smooth philtrum and multiple upper limb abnormalities. As with the
previous putative disease-causing mutations identified in NIPBL, this mutation has not been

reported in a public dataset to date. Additionally, as per the ACMG code PP3, multiple

78



prediction tools, including MutationTaster, CADD and GERP++, gave evidence to suggest that

this duplication is pathogenic.

The ACMG code PVS1 was applied as the duplication results in a truncation in the NIPBL
protein sequence similarly to the small deletion mutations discussed previously. However, this
addition of another adenine in the gene sequence occurs within a homopolymer region. It has
been suggested in the literature that Sanger sequencing is essential in validating any putative
disease-causing mutations identified by NGS, particularly in homopolymer regions where the
NGS error rate may be higher than normal (Mu et al., 2016). It is therefore very important to
pursue additional lines of testing to confirm that this is a true mutation and not an NGS error in a
homopolymer region. If this is a true duplication, then the resulting truncation is likely to cause a
loss of function in the protein and this subsequent haploinsufficiency is the probable disease

mechanism in this patient.

4.15. STAGI1 missense mutation identified

The mutation identified in FRASC47 was a missense variant in the STAG1 gene (STAG1 c.17

T>G). The mutation was classified as pathogenic according to the ACMG guidelines.

FRASC47 was clinically diagnosed with CdLS and presented with a mild phenotype including
failure to thrive and hirsutism. A potentially causative mutation was not identified in the five
known CdLS causal genes. Considering this, either FRASC47 should be diagnosed with the new
cohesinopathy that was described by Lehalle et al., (2017) or STAG1 mutations cause a mild
form of CdLS. It is unclear at this point whether STAG1 mutations will fall within the spectrum
of genes implicated in CdLS (and account for the 30% of unknown cases) or whether they will
be classified as a new cohesinopathy. In order to solve discrepancies such as this, a
multidisciplinary approach should be taken. More in depth phenotyping could be carried out,
biochemical functional studies should be done and perhaps a genome-wide sequencing and
segregation approach should also be adopted to identify additional interacting genes. This could
potentially differentiate between what is a new cohesinopathy and what is a newly identified
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CdLS causal gene. An example of this can be seen in a study by Alesi et al., (2018), where they
examined patients with mutations in the BRD4 gene, which had recently been reported to cause a
CdLS-like phenotype in three unrelated patients (Olley et al., 2018). The study by Olley et al.,
(2018) carried out various biochemical tests to determine the underlying pathogenic mechanisms
that lead to the observed phenotype. This showed that BRD4 and NIPBL proteins interacted with
each other and had overlapping functions. By studying collated data of patients with a BRD4
mutation, it was theorized that BRD4 haploinsufficiency could result in a milder form of CdLS.
This approach could potentially be applied to STAGL.

4.1.6. Conclusions on the above patients

The present evidence shows support for the pathogenic or likely pathogenic classification for all
the above-mentioned mutations. Family segregation and functional studies would still be
recommended to conclusively classify these mutations as pathogenic. However, classifications
presented with as much evidence as these could be sufficient to report back to families once
validated in a molecular diagnostic setting. Although in a clinical and counselling setting it is
made clear that curative treatments cannot be offered, a clear diagnosis helps with future
planning and clinical management. It has been shown to be beneficial to receive a definitive
diagnosis even when no treatment is available (Lingen et al., 2016). It is therefore highly
recommended that these mutations be validated under diagnostic conditions and reported back to

the families in the appropriate clinical and counselling setting.

Of the 14 patients that underwent sequencing, mutations were identified in eight. That gives a
mutation pick-up rate of 57%, whereas the global pick-up rate is 70% (Braunholz et al., 2015).
Of the patients where a putative disease-causing mutation was identified, seven were found in
the NIPBL gene and one was found in the STAG1 gene. Globally, mutations in the NIPBL gene
account for 89% of CdLS mutations whereas in this study, mutations identified in NIPBL

accounted for 87.5% of mutations identified.
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4.2 Project design

4.2.1. Gene panel design

The aim of the present study was to identify pathogenic variants in patients with a CdLS
phenotype. The chosen method was to design a gene panel with known causative genes,
suspected causative genes, as well as genes involved in differential diagnoses. In total 18 genes
were included on the panel of which only two were found to harbour putative disease-causing
mutations: NIPBL and STAGL. At the time of designing the gene panel, four suspected causative
genes were included: PDS5A, PDS5B, STAG1 and SCC4. During the study, there have been
studies published describing mutations in the cohesin genes: STAG1 and STAG2, PDS5A, WAPL
and BRD4 in patients with a CdLS like phenotype (Lehalle et al., 2017; Olley et al., 2018; Yuan
et al., 2018; Alesi et al., 2018). Considering these new studies, one recommendation would be
adding STAG2, WAPL and BRD4 to the gene panel that was designed to expand the search for a
molecular diagnosis for patients with CdLS in South Africa. However, with new research
constantly being carried out, there are challenges with finalising which genes to incorporate onto
a gene panel as was outlined by a meeting facilitated by the UK Cancer Group regarding cancer
gene panels (Taylor et al., 2018). Therefore, the list of genes to be included on a gene panel need
to be regularly checked and current research continually incorporated if there is sufficient

supporting evidence.

When examining the efficiency of gene panel, it is important to consider cohort size, specifically
for cases of rare diseases. If this gene panel were to be utilised in a diagnostic setting or re-used
in another research study, its utility could be optimised by expanding it to include genes involved
in other rare genetic conditions. By including genes from multiple genetic conditions onto one
panel, it is more cost and time efficient than designing individual panels for each disease
separately. This is particularly true when the conditions in question do not have a wide array of

genes to be examined.

4.2.2. NGS and data analysis

Manual library preparation was carried out in the study and sequencing was performed on the
[llumina MiSeq at Wits Medical School Campus. For the purposes of the study, manual library
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preparation was effective. However, it would be ideal if the panel could be offered as a
diagnostic test using automated library preparation in the future, the benefits of which has been
outlined in a similar context by (Lundin et al., 2010). They describe an automated library
preparation system that could prepare between 36 and 96 libraries in a day which is ideal for
small to medium sized sequencing facilities. However, automated library preparation has added

equipment costs and a full cost-benefit analysis would be a useful endeavour.

Data analysis was carried out using various bioinformatics tools, as well as following the ACMG
guidelines (Richards et al., 2015). These guidelines were designed in an American setting, but
they were designed to be utilised in any population and for any Mendelian disease (Richards et
al., 2015). However, the PM2 ACMG code (which considers MAF in public datasets) should be
applied in the context of the relevant population. South African studies are sometimes pressed to
use smaller data sets for MAF interpretations due to the paucity of African data. Overall, the
ACMG guidelines were a useful strategy for variant interpretation in this dataset. Additionally,
the varying strengths of the PVS1 code as described by Abou Tayoun et al., (2018) was

informative.

4.3. Limitations and future directions

4.3.1. Limitations

There were a few limitations in the current study. The cohort size was small due to the rare
nature of the disease. By sequencing more patients from across South Africa, a more complete
mutation profile of South African patients with CdLS could potentially be produced. The
prevalence of CdLS in the country could be investigated if an epidemiologic study was carried

out in order to compare it with global statistics.

The targeted gene panel used could detect the most common types of mutations described in
patients with CdLS, however, it would not be able to identify intronic or large deletion or
duplication mutations that may be present. As mentioned previously in chapter 3.2., there were

regions of decreased coverage. Various exons were poorly covered in majority of the patients
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sequenced and could therefore indicate that the specifically designed probes weren’t binding
sufficiently to these regions. It is recommended that Sanger sequencing be performed on these
regions for patients where no mutation was identified to possibly increase the mutation detection
rate.

One of the biggest obstacles encountered in data analysis was the lack of data generated from
various prediction tools. The limitations of bioinformatics tools present difficulties as the
majority of these tools only give predictions for missense variants. CADD and GERP++
consistently gave prediction scores for every variant identified, whereas SIFT, PolyPhen2,
Provean and DANN very rarely provided prediction scores due to majority of them only
providing predictions for SNPs. MutationTaster frequently predicted variants to be deleterious
even when many other prediction tools gave evidence to the contrary. All this indicates that as
many prediction tools as possible should be used when analysing variants to account for lacking
or conflicting predictions as recommended in the Richards et al., (2015) paper. Additionally,
more prediction tools are needed that are able to interpret pathogenicity for variant classes other
than missense variants. Alternatively, more evidence is needed to allow these tools to provide a

pathogenic or benign prediction.

4.3.2. Future directions/ recommendations

Sanger sequencing was conducted on the samples where a putative disease-causing mutation was
identified, however the chromatograms were not clear and impeded interpretation. It is
recommended that Sanger sequencing be carried out again with an alternative cleaning up
method as this may reduce the background noise that was present. For patients where a putative
disease-causing mutation was identified, it is recommended that the results be validated in a
diagnostic setting and returned to the patient during a follow up visit with a medical geneticist or
genetic counsellor. Functional, biochemical studies should also be carried out on these mutations

to confirm the loss of function of these proteins.
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To account for the 43% of patients without a molecular diagnosis in the present cohort, other
methods of testing should be considered. These include testing for copy number variants
(CNV’s) (by means of multiplex ligation-dependent probe amplification or arrays), expanding
the gene panel to include more genes (e.g. STAG2, BRD4 and WAPL), or taking a non-directive
approach (e.g. whole exome or whole genome sequencing). Whole genome sequencing may not
be the obvious choice of alternative testing, however, there have been studies in other monogenic
diseases identifying causative mutations in intronic regions previously (Ngcungcu et al., 2017)
and it cannot be excluded as a course of testing. CNV’s have not previously been shown to be a
significant cause of CdLS, however, in light of the reduced mutation pick up rate this may be a
possible strategy. Investigations into possible mosaicism in NIPBL could prove beneficial as well
as there have been previous reports of identifying mosaicism in fibroblasts (reveiwed by Kline et
al., 2018).

It is recommended to adjust the gene panel designed in the study to include genes from other,
completely unrelated genetic conditions to optimise efficiency and cost effectiveness in the
diagnostic setting. After a full cost-benefit analysis has been conducted, using an automated
library preparation system may prove to be more efficient and reduce turn-around time (which is
currently from six to twelve weeks onwards on average, personal communication, E. VVorster, 07
June 2019).

On average, 49 variants per individual patient were identified in the 18 genes included on the
panel. With the appropriate filtering methods, the analysis of data for each patient was not
considerably longer than the average analysis ongoing in the diagnostic setting currently. A
targeted gene panel would therefore be a useful testing strategy in South Africa given our various
constraints (e.g. staff shortages, cost of reagents, sample batching). This may not be possible to
implement in the near future, so it is recommended that sequencing of the NIPBL gene be offered
to patients with CdLS seen at our clinics as this was the most commonly mutated gene in the
present cohort. This approach for low throughput sequencing could increase diagnostic offerings

significantly in the immediate future.
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4.4.Conclusion

A cohort of 14 patients of African ancestry with a CdLS like phenotype underwent targeted NGS
sequencing by means of a specifically designed gene panel to generate a mutation profile. This is
the largest South African cohort to undergo molecular studies for CdLS to date. Seven mutations
were identified in the NIPBL gene and one was identified in the STAG1 gene. These consisted of
four deletions, two SNV’s, one duplication and one splice site mutation. The pick-up rate and
results obtained in this study are comparable to what is observed globally. The present study has
produced a baseline mutation profile of CdLS in South African patients and has provided

direction to improve future genetic testing for this rare disorder.
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Appendix

Appendix A.1. Clinical tick sheet used to diagnose patients with suspected CdLS.

Cornelia de Lange Clinical Ticksheet

Name:

DOB:

Hospital:

Hospital Number:

Attending Clinician:

-

Caucasian D

O

Participant number:

Male

Indian

Female

Black

-
-

Mixed ancestry D

Possible diagnosis:

GROWTH
Height: 9centle [ 3" - 97" centile O >97" centile  [_J
Weight: a9centle [ 3"~ 97" centile O >97" centile  [_J
OFC: <3" centile 0O 3" - 97" centile - >97" centile (|
FACIAL FEATURES
General: Coarse D Brachycephaly D
0000280 0002258
Eyes/ DSPF [] Pptosis [] Synophyrs O
periorbital region: 0000494 0000508 0000664
Mouth: Down turned [_] Long philtrum [ cleft palate [_]
0002714 0000343 0000175
Nose/midface: Depressed [_] Anteverted nares O
0000425 0000463
Neck: Short [] Low posterior hairline []
0000470 0002162
Ears: Low set [[] Posteriorly rotated  [] Dysplastic
0000369 0000358 000377
Hair: Hirsutism (|
0011358
Other:
CARDIAC ANOMALIES
aso [ VSD 1 oA [] as S
0010445 DM 1 62% D0 643 01650 (W00 642
Other:

O

(-

Curly eyelashes
0007665

O

Widely spaced teeth [_]
0000687
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Cornelia de Lange Clinical Ticksheet

SKELETAL ANOMALIES

Upper limbs: Micromelia | Olidodactyly c
0000171 0012165
Elbow contractures D Transverse palmar creaseD
002957 0000954

Spine: Kyphosis 1 Scoliosis [
002808 0002650

GENITALIA

Undescended testes D small penis D Hypospadias D

0000028 0000054 0000047

NEURODEVELOPMENT / CENTRAL NERVOUS SYSTEM

Normal [ Mmidip [J]  Moderate D |

0001256 0002342

Hypertonia D Autism spectrum disorder El
0001276 0000717

SENSORY DEVELOPMENT

Vision: Myopia D Strabismus D
0000545 0000486

Hearing: Hearing loss D Conductive D
0000405

GASTROINTESTINAL SYSTEM

Gastro-oesophageal reflux [[] Malrotation
0002020 0002566

OTHER SIGNIFICANT ABNORMALITIES

Clinodactyly
0001588

Hypoplastic labia minora
0000064

Severe ID
0010864

Sensorineural
0000407

-

-

-
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Appendix D.1. Pathogenic ACMG codes and descriptions (Table 3 taken from Richards et al., 2015).

Table 3

Criteria for Classifying Pathogenic Variants

Yery strong evidence of pathogenicity

Pv51

Mull variant (nonsense, frameshift, canonical +/—1 or 2 splice sites, initiation
codon, single or multi-cxon deletion) in a gene where loss of function (LOF)
is a known mechanism of discase
Caveats:
. Beware of genes where LOF is not a known discase mechanism (e.g. (7FAF, MYHT)
. Use caution interpreting LOF variants at the extreme 3" end of a gene
. Use caution with splice variants that are predicted to lead to exon skipping but leave the rersainder of the protein intset

. Use caution in the presence of multiple transcripts

Strong evidence of pathogenicity

P51

Ps2

P53

P54

Same amino acid change as a previously established pathogenic variant
regardless of nucleotide change

Example: Wal-=Leu cansed by either G=C or G=T in the same codon

Caveat: Beware of changes that impact splicing rather than at the
amino acidprotein level

D noveo (both maternity and paternity confirmed) in a patient with the
discase and no family history

Mote: Confirmation of paternity only is insufficient. Egg donation, surrogate
matherhood, errors in embryo transfer, @i, can contribuie t© non-
saternity

Well-catablished i vitro of ir vive functional studics supportive of a
damaging ¢ffect on the gene or genc product

Mote: Functional studies that have been validated and shown to be

reproducible and robust in a clinical disgnostic laboratory setting are
considered the most well-cstablished

The prevalence of the variant in affected individuals is significantly
increased compared to the prevalence in controls

Mote 1: Relative risk (RR) or odds ratio (OR), as obtained from case-control
gtudies, is =50 and the confidence interval around the estimate of RR or OR
docs not include 1.0. Sce manuscript for detailed guidance.

Mote 2! In instances of very rare variants where case-control studics may
not reach statistical significance, the prior observation of the varant in
multiple unrelated patients with the same phenotype, and its absence in
controls, may be used as moderate level of evidence.
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Muoderate evidence of pa nieity

i

Ph2

PM3

FM4

i

PMG
Su
PRI

PP2

PR3

PP4

PR5

Located in a mutational hot spot andier critical and well-established
functional domsain (e.g. active site of an enzyme) without benign variation

Absent from controls (or at extremely low frequency if recessive) (see Table &)
in Exome Sequencing Project, 1000 Genomes or ExAC

Caveat: Population data for indels may be poorly called by next generation
SCqUEnCing

For recessive disorders, detected in trans with a pathogenic variant
Mote: This requires testing of parents (of offspring) to defermine phase

Protein length changes due 1o in-frame deletions/insertions in a non-repeat
region oF stop-loss variamts

Movel missense change at an amino seid residue where a diffierent
missense change determined to be pathogenic has been seen before

Example: Argl356His is pathogenic; now vou observe Argl36Cys
Caveat: Beware of chamges that impact splicing rather than at the amino
acid/protein level
Asgurned de nove, but without confirmation of patemity and maternity
ting evidemee of i

Co-segregation with discase in multiple affected family members in a gene
definitively known o cause the discase

Mote: May be used as stronger evidence with increasing segregation data
Missense variant in a gene that has a low rate of benign missense variation
and where missense variants ane a common mechanism of discase

Multiple lines of computational evidence support a deleterious effect on
the gene or gene product (conscrvation, evolutionary, splicing impact, etc)

Caweat: As many in silico algorithms use the same or very similar input for
their predictions, cach algorithm should not be counted as an independent
criterion. FP3 can be used only once in any evaluation of a variant.

Patient"s phenotype or family history is highly specific for a discase with a
single genetic ctiology

Reputable source recently reports variant as pathogenic but the evidence s
not available to the laboratory to perform an independent evaluation
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Appendix D.2. Benign ACMG codes and descriptions (Table 4 taken from Richards et al., 2015).

Table 4
Criteria for Classifving Benign Variants
Stand-Alsne evidence of benign impact
BAl  Allele frequency is above 5% in Exome Sequencing Project, 1000 Genomes,
or ExAC
Strong evidence of benign impact

BS1  Allele frequency is greater than expected for disorder (sec table 6)

B52  Observed in a healthy adult individual for a recessive (homozygous),
dominant {heterozygous), or X-linked (hemizygous) disorder with full

penetrance expected at an carly age

B33 Well-catablished in vitro or o wive functional studics shows no damaging
effiect on protein function or splicing

BS54  Lack of segregation in affected members of a family

Caveat: The presence of phenocopics for common phenotypes (Le. cancer,
epilepsy) can mimic lack of scgregation among affected individuals. Also,
families may have more than one pathogenic variant contributing to an
awtosomal dominant disorder, further confounding an apparent lack of
segregation.

Su ting evidence of be impact

BPFl  Missemse variant in a gene for which primarily truncating variants ane
Enown to cause discase

BPF?  Observed in frans with a pathogenic variant for a fully penetrant dominamnt
gene/disorder; or observed in cis with a pathogenic variant in any
inheritance patierm

BP3  In-frame deletions/inserions in a repetitive region without a known
function

BP4  Mubliple lines of computational evidence suggest no impact on gene or
gene product {conservation, evolutionary, splicing impact, ete)

Caveat: As many (n silico algorithms use the same or very similar inpat for
their predictions, cach algorithm cannot be counted as an independent
criterion. BP4 can be used only once in any evaluation of a variant.

BPS  Wariant found in a case with an alternate molecular basis for discase

BP:  Reputable source rocently reports variant as benign but the evidence is not
available to the laboratory to perform an independent cvaluation

BPFT A synonymous (silent) variant for which splicing prediction algorithms
predict no impact to the splice consensus sequence nor the creation of a
new splice site AND the nucleotide is not highly conserved
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Appendix D.3. ACMG Classification guidelines based on ACMG codes (Table 5 taken from Richards et al., 2015).
Table 5

Rules for Combining Criteria to Classify Sequence Variants

Pathopenic

1 1 Very Stroag (PVS1) AND
o = Sirong (PS1-PSd) OF
b, =2 Moderate (PMI-PME) OR
c. | Moderate (PMI-PME) and | Supporting (PP1-PPS) OR
d. =2 Supporting (PF1-PPS)

I =7 Stong (PSI-PS4) OR

3 1 Strong (PS1-PS4) AND
o =3 Moderste (PMI-PME) OR
b. 2 Moderate (PMI-PME) AND =2 Supparting (PP1-PPS) Of
e. | Moderate (PMI-PM&) AND =4 Supparting (PP1-PPS)

Likely Puthugenic
1 1 Very Stroag (PVS1) AND 1| Moderate (PM1-PMa) C4
2 1 Strong (PS1-PS4) AND 1-2 Moderate (PM1-PME) OR
3 1 Strong (PS1-PS4) AN 22 Supparting (PP1-PPS) OR
4 =1 Moderate (PM1-PME) OF
5 2 Moderate [FMI1-PMG) AND 22 Supparting (PP 1-PPS) (R
6 1 Moderate [FM1-PM6) AND =4 Supporting [FP1-PP5)

1 1 Stand-Abone (BAL) OR
2 =2 Strong (BS1-H54)

Likely Benign
1 1 Stromg (BS1-BS4) and | Supporting (BP1-BPT) OF
1 =2 Supparting (BP1-BPT)

L
Varmants should be classified as Uncertain Sigmificance if oiber critenia are unmet or the critena for bensgn and pathogense are contradsciory.
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List of Websites

Appendix C.1.:
https://drive.google.com/file/d/1PgtS1p9CHotlbNceSbyalL kpEZXNL4iPQ/view?usp=sharing

CentoGene: https://www.centogene.com/

ClinVar database: https://www.ncbi.nlm.nih.gov/clinvar/

[llumina Sequence Analysis Viewer (SAV):
https://support.illumina.com/sequencing/sequencing software/sequencing analysis viewer sav.
html

[llumina Quality scores: https://www.illumina.com/documents/products/technotes/technote_Q-
Scores.pdf

Integrative Genomics Viewer program (IGV): http://software.broadinstitute.org/software/igv/

Invitae: https://www.invitae.com/en/

Mutalyzer: https://mutalyzer.nl/

Primer3: http://bioinfo.ut.ee/primer3-0.4.0/

WANNOVAR tool: http://wannovar.wglab.org/index.php
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