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Abstract 

With Next Generation Sequencing (NGS), technologies it is now possible to screen a large 

number of genes simultaneously through massively parallel sequencing, significantly reducing 

costs and time generally associated with mutation screening. After an informal survey of the 

diagnostic needs of the clinicians in the Division of Human Genetics, National Health 

Laboratory Service (NHLS), it was established that the aetiology of genetic disorders called 

facial dysostoses, RASopathies and Cohesinopathies (FRASC) could be understood better 

using NGS. These are developmental disorders that are phenotypically different and are 

commonly referred to our genetic clinic, currently there is limited genetic testing for these 

conditions in South Africa. A NGS panel targeting genes associated with the FRASC disorders 

was designed and optimised. Upon successful optimisation the panel was then utilised to 

sequence samples from patients presenting with features suggestive of RASopathies. An 

overall detection rate of 56.6% (34/60) was obtained for all RASopathy patients sequenced in 

the current study. Detection rate of 46.7% (7/15) for neurofibromatosis type 1 (NF1) patients 

and 60% (27/45) for patients with non-NF1 RASopathies was obtained. No clinically 

significant variants were identified in 26 of the 60 patients (43.3%), two of the 26 had a VUS 

in the MAP2K1 gene.  Seven patients of the panel negatives were successfully sequenced using 

whole exome sequencing (WES), one patient had a pathogenic variant and the rest had variants 

of uncertain significance identified. This is the first report profiling mutations and clinical 

features in patients with RASopathies as a whole in South Africa, compared to a study focusing 

on NS patients only. The detection rates obtained were comparable to other international 

studies using NGS, except for detection rate of LZTR1 and BRAF1 gene variants observed in 

Noonan syndrome patients. The (35/60) 58.3% (panel and WES) of patients with a disease 

causing variant identified in this study now have a molecular confirmation that they previously 

did not have. Our results show that a targeted panel could be an effective first-line diagnostic 

testing for RASopathies in SA. The development of the multi-disease targeted panel in the 

current study has contributed to the design of the 500 gene inherited disease NGS targeted 

panel (IDP) that is currently being utilised in our facility for diagnostic testing of various 

monogenic disorders. 
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1.  Introduction 

It is critical to diagnose genetic or rare disorders timeously and accurately, as this will enable 

a better understanding of the prognosis, improve availability of directed management and 

provide accurate recurrence risk information. Currently, in South Africa and the African 

continent as a whole, genetic services in the State hospitals are very limited; there are few tests 

to confirm a molecular diagnosis for many monogenic disorders that are clinically diagnosed. 

This may lead to misdiagnosis of genetic disorders, thus affecting the way the patient is 

managed.  

 

Next generation sequencing (NGS) technologies have allowed a breakthrough in medical 

sciences in recent years. The current study aimed to utilise NGS technology to address the 

challenges of diagnosis in a resource-constrained environment with the ultimate goal being to 

develop an affordable approach to identifying disease-causing variants associated with various 

monogenic disorders in South African patients. The Division of Human Genetics, National 

Health Laboratory Service and The University of Witwatersrand, Johannesburg, South Africa, 

is one of the largest referral centers for genetic testing in the country and delivers most of its 

services in the public healthcare system. Departmental resources need to be utilised cost-

effectively so that patients can get access to the care that they need without unnecessary 

burdens on limited public health care funds, as is the case in most low- and middle-income 

countries.  

 

At the start of this study, an informal survey was conducted amongst seven medical geneticists 

from the Division of Human Genetics to investigate which disorders required urgent research 

in order to generate information that could improve clinical services and assist in test 

development. The group indicated that RASopathies, cohesinopathies and facial dysostoses 

represented some of the most common referrals to genetic clinics, but most of these patients 

could unfortunately not be offered any confirmatory molecular testing.  

 

The strategy employed in the current study was to design a NGS targeted panel that contains 

genes associated with multiple monogenic disorders, so that more than one genetic disorder 

can be tested and studied simultaneously; this is the key benefit of NGS technology. Genes for 

multiple disorders could be included in the single targeted gene panel and analysed selectively 

based on the phenotype. This would allow batching, thus maximising sequencing capacity of 

the panel and saving costs. At the inception of this current study, NGS technologies such as 
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targeted gene panels and whole exome sequencing were costly. Our approach allowed for an 

more affordable way to utilise this technology as we were able to generate mutation profiles of 

three groups of monogenic developmental disorders simultaneously using a single NGS panel. 

The genes included in the targeted panel were associated with RASopathies which is the focus 

of the current study, as well as cohesinopathies and facial dysostoses. Variant analysis of the 

latter two formed part of two separate studies (Nevondwe, 2019; Seymour, 2019). 

 

In this introductory chapter, genomic research in Africa is described; followed by, the 

description of next generation sequencing (NGS) technologies (since this was the first study 

using this technology in our setting a deep understanding of the technicalities and analysis tools 

is required for correct data interpretation). The cost implications and diagnostic utility of NGS 

in the described and lastly the types of genetic disorders that were studied using NGS in the 

current project – RASopathies are then outlined, followed by the problem statement, aims and 

objectives of the study.  

 

1.1.Genomic research in Africa 

1.1.1. Population Genetics 

Africa is a continent rich in genetic diversity due to the complex history of the population and 

variation in environmental factors. This contributes to wide genetic and phenotypic differences 

in people of African ancestry compared to other global populations (Bergström et al., 2020). It 

is crucial to undertake genomic studies from African populations in order to understand the 

uniqueness of African genomes and how they contribute to health and disease. Genetic 

diversity studies on African populations are essential in uncovering patterns of genetic 

variation that are influenced by natural selection and migrations from or into Africa (Maxmen, 

2020). In early sequencing projects such as the 1000 Genomes Project 

(https://www.genome.gov/27528684/1000-genomes-project) there was a large amount of 

genetic diversity observed in African compared to non-African populations (Devuyst, 2015a). 

This led to various genomic projects that aimed to contribute genetic data from African 

genomes; these included initiatives such as the African Genome Variation Project (AGVP) 

(Gurdasani et al., 2015), The Human Genetic Diversity Project (HGDP) (Cavalli-Sforza, 2005; 

Bergström et al., 2020), The Human Heredity and Health in Africa (H3Africa Consortium) 

(H3Africa Consortium et al., 2014) as well as the Southern African Human Genome 

Programme (SAHGP) (Choudhury et al., 2017a).  

https://www.genome.gov/27528684/1000-genomes-project
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These projects are teaching us about the importance of defining normal variation in populations 

in order to understand genetic diversity and how it contributes to disease susceptibility. With 

all these projects, there is still limited sampling of African populations, sampling of more 

individuals will make the characterization of genetic diversity more efficient and precise. 

Detailed analysis of the African genome will assist in addressing factors such as human origins, 

migrations and gene flow from one population to the other. Furthermore factors such as natural 

selection, recombination and variants occurring at specific parts of the genome influence the 

levels of genetic variability between human populations. Understanding these regions in the 

genome will assist in identifying genetic variation that contributes to disease susceptibility and 

other phenotypic variations (Choudhury et al., 2020; Ramsay, 2022). Globally European and 

Asian ancestry populations dominate genetic research; this paucity in research in Africa makes 

it difficult to unpack the molecular basis of genetic disorders in African populations. 

 

1.1.2. Molecular basis of genetic disorders 

Most monogenic disorders including RASopathies in African patients are only diagnosed 

clinically as molecular testing is generally unavailable or very limited (Kromberg, Sizer and 

Christianson, 2013). Misdiagnosis of these patients may occur due to the lack of molecular 

confirmation, which presents an issue when offering clinical services and genetic counselling. 

This is caused by limited research regarding the genetic structure of African populations and 

the molecular basis of many genetic conditions (May et al., 2013; Krause, 2019a; Baynam et 

al., 2020). This paucity of genomic research has contributed to the low detection rate and 

limited genetic services on the African continent, further exacerbated by a lack of resources 

and relevant technologies (Kamp, Krause and Ramsay, 2021).  

 

Recent research has shown that more diversity studies in genomics are needed if low and 

middle-income countries (LMICs) are to benefit from genomic medicine. Once the genetic 

information is available, its contribution to monogenic disorders will be better understood in 

these previously understudied population (Popejoy and Fullerton, 2016; Baynam et al., 2020).  

Other factors that impede monogenic disease research implementation in LMICs include 

economic and cultural challenges, government policies regarding genomic research, 

inadequate research infrastructure and a limited number of genomic experts (Kingsmore et al., 

2012; Tekola-Ayele and Rotimi, 2015a; Kamp, Krause and Ramsay, 2021). It is important for 

African-focused genomic disease research and clinical care infrastructure to be developed, as 

this will contribute to the development of appropriate health systems thus improving the 
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diagnosis of genetic or rare disorders timeously and accurately. However, it is challenging to 

obtain funding for genomic research by African researchers, because genomic research 

competes for resources with communicable diseases (Musanabaganwa et al., 2020). This has 

been exacerbated recently by the COVID19 pandemic. There has been some success through 

grant funding and African researchers and scientists are beginning to introduce technologies 

such as NGS to generate African specific genetic data that will be useful in diagnosing patients 

and then designing treatments and therapies that are unique to patients of African ancestry 

(Maxmen, 2020).  

 

1.2. Next Generation Sequencing technology 

Massively parallel sequencing or deep sequencing are terms used to describe the next 

generation sequencing (NGS) technology. This technology is used to sequence large parts of 

the genome rapidly or target specific regions more deeply, depending on what users want to 

achieve.  NGS technology, since its inception in the early 2000s (Reinartz et al., 2002). has 

facilitated breakthroughs in medical science, unpacking the molecular basis of disease and 

revolutionising molecular medicine (Hu et al., 2021). It is now possible to screen a large 

number of genes simultaneously through massively parallel sequencing, significantly reducing 

costs and time associated with mutation screening (Adams and Eng, 2018). 

 

Prior to NGS, Sanger Sequencing was used as a first line screening method for most monogenic 

disorders. Sanger sequencing only targets certain areas of the gene, hot spot regions or one 

gene at a time. It is laborious and time consuming to target many genes at the same time using 

Sanger sequencing which is why the introduction of NGS has improved how we study 

monogenic disorders. NGS is superior due to is its ability to sequence the same fragments many 

times in a parallel reaction allowing for deeper sequencing. The sequencing depth of each 

fragment relies on the kind of NGS performed and the question the researcher is seeking to 

answer. Mostly the minimum sequencing depth of 30 reads (30x) per target region is considered 

sufficient in most NGS procedures used to screen genetic data for rare variants (Petrackova et 

al., 2019a). 

 

There are various manufacturers of NGS technology platforms and consumables but the basic 

steps involved in the NGS procedure are similar across all platforms and are based on a 

sequencing by synthesis principle. The DNA is fragmented into shorter fragments because this 

sequencing by synthesis technology only analyses short reads of less than 500bp in a process 
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termed library preparation. The fragments are then attached to the adapters and unique barcodes 

are added during target enrichment or template preparation; this is done so that each sample 

can be easily identified during analysis. The sequencing by synthesis principle relies on the 

normal incorporation of labelled nucleotides occurring, while being detected or imaged during 

sequencing and without being blocked allowing the next nucleotide to be incorporated, thereby 

generating newly synthesized DNA strands (Buermans and den Dunnen, 2014; Slatko, Gardner 

and Ausubel, 2018). Once the sequencing is complete, the short reads are attached back 

together to enable analysis.  

 

The two common NGS platforms available are Illumina (https://www.illumina.com/) and Ion-

Torrent (https://www.thermofisher.com/).  They both have built in software that enables most 

processes of NGS sequencing by synthesis technology to happen in the machine up until the 

data is produced and ready to be analysed (Lahens et al., 2017). The difference between these 

two platforms is that the Illumina uses fluorescent labelling to read bases in a nucleotide 

sequence and the Ion Torrent uses semiconductor technology, which is based on pH 

measurements to read the nucleotide sequence. Other differences are that Illumina generates 

reads of the same length and the Ion Torrent generates read sequences of variable length; 

furthermore Illumina can sequence from both ends of the fragment, paired-ends whereas the 

Ion-torrent cannot (Slatko, Gardner and Ausubel, 2018; Kanzi et al., 2020). 

 

NGS technology has been shown to increase the detection rate for many developmental 

disorders for which genetic testing was not previously available (Xue et al., 2015). Next 

generation sequencing technology (summarised in Figure 1.1) may be used to study the entire 

genome of a human, called whole genome sequencing (WGS). The NGS technology can be 

utilised to sequence the coding exons of the human genome, in whole exome sequencing 

(WES) and also can make use of targeted panels in a more directed way, where only genes or 

exons of interest are sequenced and investigated (Han and Lee, 2020b).  

 

https://www.illumina.com/
https://www.thermofisher.com/
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Figure 1.1: Comparison of the sequencing approaches using NGS technologies; summarises 

the whole genome sequencing, whole exome sequencing and targeted gene panel approaches 

and demonstrate key differences. Figure obtained from (Han and Lee, 2020)  

 

The developed countries have been utilising this technology for more than ten years to generate 

genetic data for various monogenic disorders. African genetic data can be rapidly generated 

using this technology and this will enable us to understand our health and genetic conditions 

better (Maxmen, 2020). Combining NGS data with a detailed clinical report and family history 

is a powerful approach towards providing improved and appropriate healthcare and 

management of genetic disorders. For example, when NGS data is analysed, it is focused 

mainly on the clinical phenotype of the patient and identifying a genetic variant that is 

associated with the phenotype. There is a need to understand when and how to use NGS 

technology and data handling, because the likelihood of identifying novel variants of uncertain 

significance (VUS) is high in WGS and WES genetic data, especially in understudied 

populations such as those of African ancestry (Baynam et al., 2020).  

 

1.2.1. Whole Genome Sequencing 

This procedure is used to sequence the entire human genome at single nucleotide level 

resolution and covers both coding and noncoding regions. The clinical utility of WGS is 

improving as the technology improves (Schwarze et al., 2018; Palmer et al., 2021). This 

technology is capable of detecting a wide spectrum of common and rare genetic variants across 

the entire genome including single nucleotide variants (SNVs), insertion and deletion variants 
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(indels), copy number alterations, and translocations (Chrystoja and Diamandis, 2014; 

Lappalainen et al., 2019). These kind of data contribute to rare disease research and clinical 

applications.  

 

The costs of WGS per sample is reducing drastically, with the estimated costs of ~$1000. This 

is because most laboratories in the developed countries are undertaking WGS for research and 

for diagnostics of rare genetic disorders with an uncertain cause(Austin-Tse et al., 2022). The 

disadvantage of WGS is complex analysis of generated data that is time consuming and it also 

costly as it requires highly qualified bioinformaticians to analyse and interpret the data 

(Wainschtein et al., 2022; Young, 2022). 

 

The comprehensive nature of WGS leads to huge amounts of genetic data being generated. 

This amount of data needs good storage capacity and high internet speed facilities that would 

enable bioinformatics pipelines to be utilised efficiently during analysis. Also, it has been 

observed in various datasets, that the number of genomic variants generated from African 

individuals is 20% higher than that of Caucasians; this calls for the need for relevant 

bioinformatics pipelines that will not omit any disease causing variants when African genomes 

are analysed (Choudhury et al., 2017a).  

 

In recent years, WGS has been shown to have improved detection rates in Mendelian disorders. 

A study by Posey (2019) identified a 22% improved detection rate in previously undiagnosed 

patients. Another study argues that WGS could be a first tier diagnostic test as they have 

observed a 41% detection rate with the discovery of several disease genes and novel variants 

in deep intronic regions and copy number variants (CNVs) that would not have been observed 

using WES and gene panels technologies (Lionel et al., 2018). WGS has been shown to add 

value in confirming some diagnoses where first line testing such as WES and targeted gene 

panels did not identify any causative variants. This technology showed an increased detection 

rate of where patients had prior WES sequencing, 37.5% of these had complex structural 

variations and 68% detection rate was obtained in patients that were initially analysed using a 

multi-gene panel, and variants were identified in genes that were not in the panel (Palmer et 

al., 2021). Although there is observed benefit of utilising WGS in a diagnostic setting in 

laboratories from developed countries, implementation in a low resource setting as a diagnostic 

tool may be challenging considering the skills needed for data analysis. It would be best for 
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African researchers to start introducing a technology as part of research and build capacity in 

skills needed to deal with WGS data analysis and interpretation. 

 

1.2.2. Whole Exome Sequencing  

WES is used to screen for clinically significant variants in the coding regions of the genome. 

Although exons cover only 1-2% of the genome, about 85% of known pathogenic mutations 

are located in these coding and functional regions of the genome (Rabbani et al., 2014). The 

first proof of concept for WES was published in 2009, in this study, WES demonstrated the 

ability to target a causative gene, MYH3 associated with Freeman-Sheldon syndrome (Ng et 

al., 2009). Early reports of utilising WES to make clinical diagnoses were reported in patients 

suspected of having Bartter syndrome, where homozygous variants were identified in the  

SLC26A3 gene (Choi et al., 2009). Pathogenic variants were identified in patients with Miller 

syndrome in the DHODH gene (Ng et al., 2010).  

 

After the initial success of WES in diagnosis, the technique has been utilised extensively across 

the world in medical laboratories to diagnose genetic disorders and find novel pathogenic 

mutations for known phenotypes (Seo et al., 2020; Alawi et al., 2021). WES is particularly 

useful in molecular medicine for the diagnosis of patients who present with features suggestive 

of a genetic disorder where an exact clinical phenotype is unknown, or nonspecific such as 

developmental delay (Wright et al., 2015; Mahler et al., 2019; Guo et al., 2021). It is also useful 

where the genetic etiology is complex with a large number of relevant genes, such as in hearing 

loss (Lewis et al., 2018; Zhou et al., 2020).  

 

The detection rate of Mendelian disorders utilising WES, has been shown to increase in recent 

years. Mostly, the laboratories utilise WES when the traditional first line testing such as 

microarray and targeted sequencing do not confirm any diagnosis for the disorder. For this 

reason, most laboratories are exploring WES as the first line diagnostic test for genetic 

disorders where more genes may be involved. There are few studies in the literature where a 

detection rate of >50% was obtained using WES, such as in a cohort of patients with myopathy, 

where the study authors concluded that their phenotype driven exome analysis diagnostic 

approach improved the detection rate in this group of patients (Božović et al., 2021). In a 

carefully selected cohort of patients presenting with ciliopathy syndromes, a detection rate  of 

50% was obtained when utilising WES as a first line test (Alawi et al., 2021). In a cohort of 

patients presenting with cerebral palsy neurodevelopmental disorder, the detection rate ranged 



10 
 

from 11.2% in adult patients and 32.9% in pediatric patients, where these yields indicate that 

for some of the disorders there may be other factors, not necessarily genetic causing the 

disorder (Moreno-De-Luca et al., 2021). A study by Seo et al (2020) demonstrate the 

significance of having an analysis system that can assist with interpreting the WES data, a 42% 

detection rate was obtained in patients with various genetic disorders using their new variant 

interpretation system that is based on the human phenotype ontology (HPO) (Seo et al., 2020). 

Recently, a new American College of Medical Genetics (ACMG) and the Association for 

Molecular Pathology (AMP) practice guidelines (ACMG-AMP) recommendation was released 

on using WES/WGS as first or second line testing for congenital anomalies, developmental 

delay and intellectual disability, because of higher detection rates reported compared to single 

gene or targeted gene panel testing (Manickam et al., 2021). 

 

1.2.3. Targeted next generation sequencing gene panels 

Targeted NGS gene panels interrogate gene regions that are associated with the disorder or 

phenotypes of interest (Santani et al., 2017; Martin et al., 2019). They can be routinely used as 

a cost-effective and efficient tool to screen for pathogenic variants in Mendelian disorders and 

disorders with highly heterogeneous backgrounds, for example, cardiomyopathies, ataxia or 

Noonan syndrome (Ouellette et al., 2018; Wallace and Bean, 2020). It is common practice to 

use one panel for a group of phenotypically related disorders followed by targeted analysis. 

 

Targeted NGS panels, as with all other NGS approaches, involve multiplexed sample 

preparation, followed by massively parallel sequencing and significant bioinformatics analysis 

(Kingsmore et al., 2012). Targeted NGS-based gene panel approaches remain cheaper to 

implement compared to whole genome or whole exome sequencing (WGS or WES) in 

diagnostic settings, and have consequently become a standard first tier test for many monogenic 

disorders in developed countries (Yohe et al., 2015; Santani et al., 2017). When utilised for 

addressing a basic and direct research question, NGS targeted panels have shown to be valuable 

due to their low cost and the higher sequencing depth compared to WGS and WES (Fujiki et 

al., 2018; Schwarze et al., 2018; Gulilat et al., 2019). 

 

The ACMG-AMP practice guidelines recommend that to develop a useful and effective panel, 

genes included should be chosen based on evidence of a sufficient causative role they have on 

disease (Rehm et al., 2013; Martin et al., 2019). If a gene panel targets multiple disorders, then 

analysis must be based on the clinical phenotype. This is done to limit the number of VUSs 
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that may be identified in genes not associated with that disorder. It is important to ensure that 

genes included in the targeted panel are covered comprehensively with higher sequencing 

depth to allow for accurate and more reliable analysis (Strande et al., 2017a).  

 

1.2.4. Analysis of next generation sequencing data 

The data generated from NGS technologies is large and complex and requires specialist 

bioinformatics expertise to analyse (Rabbani et al., 2016; Seifi et al., 2017; Roy et al., 2018) 

and high throughput hardware infrastructure that is able to store large amounts of data is 

required (Kanzi et al., 2020; Pereira, Oliveira and Sousa, 2020). The typical NGS run must be 

inspected for overall quality to ensure success. Parameters such as the  percentage of the target 

region sequenced, how many reads aligned to the reference sequence and average coverage and 

depth are checked in order to deem the NGS run successful and ready to analyse (Rehm et al., 

2013; Strande et al., 2017a). NGS data analysis can be done in three phases; primary, secondary 

and tertiary (Figure 1.2).  

 

Figure 1.2: Three stages of next generation sequencing data analysis  

 

• De-multiplexing

• Base calling and quality scoring

• Generation of FASTQ file

Primary Analysis

(Sequence generation)

• Duplicate and false reads filtering

• Alignment to the reference genome

• Variant calling file (VCF) generated

Secondary Analysis

(Sequence processing)

• Annotation of VCF file

• Filter out using various parameters

• Visualization and interpretation

Tertiary Analysis

(Variant identification)
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Primary data analysis occurs in the NGS instrument, as built-in software. During this phase, 

the FASTQ files (Illumina instruments) or the unmapped binary alignment map file (UBAM) 

files (Ion Torrent) which consist of nucleotide base calls are generated. Various NGS platforms 

have the built-in de-multiplexing protocols that are required for the sequencing reads to be 

separated into individual files according to the barcodes used for each sample (Stawinski et al., 

2016; Pereira, Oliveira and Sousa, 2020).  

FASTQ/UBAM files contain all the raw reads, file names and quality values and they can 

function as the first quality control step (Pereira, Oliveira and Sousa, 2020), which guides the 

success of the entire NGS data analysis. Owing to the massive nature of the NGS technology, 

errors occur in both Ion Torrent and Illumina platforms. The errors are usually shown as quality 

scores of the base calls using the phred score. A phred score of 30, usually written as Q30, is 

the preferred minimum quality of the NGS data. A phred score of 30 means 1/1000 probability 

of an incorrect base or 99.9% accuracy (Liao, Satten and Hu, 2017). The phred score is also 

used as a measure to trim and filter out adapter sequences at the end of each read and this 

increases the quality of the acceptable sequence (Stawinski et al., 2016; Pereira, Oliveira and 

Sousa, 2020). When the sequences have enough quality reads, it can then be aligned or mapped 

against the reference genome. 

Secondary data analysis starts with the alignment of reads to the reference human genome, 

Genome Reference Consortium Human Reference 37 (GRCh37/hg19) or (GRCh38/hg38). The 

human genome assembly, hg19 is the older version released in 2009 by the University of 

California and hg38 was released four years later (2014). Hg38 is currently used and most 

updated providing alternate sequences and additional updated sequences (Pan et al., 2019). The 

FASTA format sequence used by various NGS sequencers read alignment is different between 

reference genomes, hg19 and hg38, because the latter contains additional updated sequences, 

including those at centromeres, 261 alternate loci across 178 regions of the genome, filled in 

gaps from hg19 and also corrected misassembled regions. It is important to use the human 

reference assembly that is relevant to the study design and parameters, such as primer/probes 

for the targeted panel. Using an incorrect reference genome will lead to inaccurate data 

analysis.  

Sequence alignment of the NGS data usually happens in the built-in bioinformatics pipelines 

of various sequencing platforms. NGS generates short sequencing reads that result in millions 

of DNA fragments being generated that need to be assembled to map to the reference genome. 



13 
 

This data needs good performance and a high throughput computational bioinformatics 

pipeline, because sometimes there are highly repetitive sequences that are not easy to align 

(Pereira, Oliveira and Sousa, 2020). Alignments can be viewed on the integrative genomics 

viewer (IGV), which is  useful software to visualize aligned sequences and assess coverage of 

the regions targeted during sequencing (Robinson et al., 2017). When the alignment of the 

BAM file to the reference genome happens successfully, for example; if 30 reads have aligned 

to the reference sequence, which is 30x coverage depth, then the assembly will be ready for the 

variant call step.  

Various analysis tools such as Agilent SureCall software (Agilent technologies, CA, USA) and 

the Ion-Reporter software (ThermoFisher Scientific, California, USA) are able to identify 

variants based on the number of high confidence base calls that deviate from the reference 

genome. Most of the tools use the BAM format input to generate a variant calling format (VCF) 

file as the output. The VCF file is a text file that is compiled with information about the variants 

detected during NGS run. Annotation follows, which add meta-data describing each variant 

(Tollefson et al., 2019). 

Annotation of the VCF file happens in the final step of the NGS analysis called tertiary data 

analysis. Meta-data generated through annotation of VCF includes; minor allele frequency 

(MAF) in population databases like the 1000 Genomes project and the Genome Aggregation 

Database (gnomAD). The prediction scores of various in-silico protein function prediction 

tools and variant information from disease variant databases such as ClinVar are shown only 

after the annotation. Furthermore, information on the variant including the nucleotide changes 

affecting the gene, location of the variants (for example, upstream of a transcript in coding 

sequence or in non-coding RNA or in regulatory regions) is also generated. Information on 

chromosome location, reference allele, alternative allele and the consequence of the variants 

on the protein sequence, for example stop- gain, missense, stop-lost or frameshift is also shown 

when the VCF file is annotated (Tollefson et al., 2019).  

Annotation tools use the VCF file to generate a report of variants identified and the biological 

function that it predicts. These tools include wANNOVAR software which allows scientists to 

submit the VCF file to the web server, select the desired annotation categories, and receive 

functional annotation back by emails (Chang and Wang, 2012; Yang and Wang, 2015). 

Another annotation tool which is commonly used and freely accessible is the Ensembl Variant 

Effect Predictor (VEP) which also uses the VCF file to determine the effect of the variants 
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(single nucleotide variants (SNVs) and small insertions and deletions) on genes, transcripts, 

and protein sequence, as well as regulatory regions for that particular sample (McLaren et al., 

2016). Moon (Diploid) software was also employed in the current study, the input VCF file 

from targeted, WES or WGS together with (human phenotype ontology) HPO terms describing 

the patient’s phenotype and known disorder manifestations as well as gender and age of onset 

which are critical during annotation by Moon software. Moon uses an artificial intelligence 

(A.I.) algorithm to analyse data and significantly reduces time taken to suggest variants 

associated with the clinical phenotype compared to other annotation software (Wenger et al., 

2017; Clark et al., 2019)  

Filtering information generated during variant annotation is aimed at reducing the number of 

variants needing further prioritization. Variants may be included or excluded based on presence 

in the disease variant databases, inheritance pattern, mutation type, presence and absence in the 

control populations, de novo occurrence, and gene expression pattern and in-silico prediction 

of protein function. The filtering process differs according to the disorder and requires a high 

level of genetics, molecular biology as well as bioinformatics knowledge (Rehm et al., 2013; 

Hume et al., 2019; Lalonde et al., 2020; Pereira, Oliveira and Sousa, 2020).  

Below are some of the annotated characteristics that are used to prioritize or filter out variants 

a) Minor allele frequency (MAF) in population databases 

MAFs refers to the frequency of the minor allele of a specific variant, and usually applies to 

the genetic variants occurring at less than 5% frequency in the general population. The less 

common the variant is, the more likely it is to undergo further prioritization. Filtering out 

common variants in a population using MAF is often the first step in the analysis of NGS 

sequencing data (Linck and Battey, 2019). When the right parameters are used for filtering and 

the function of variants is understood, then the chances of finding putative disease causing 

variants is increased. Although filtering for most genetic variants uses <5% MAF, there are 

instances where specific cut-offs are used following extensive analysis of some disorders. For 

example, when analysing RASopathy gene variants a minor allele frequency (MAF) of 0.00025 

(0.025%) is used to filter out variants for further analysis. This cut-off was determined by the 

RASopathy expert panel, the panel constituted to apply ACMG to the RASopathies (Gelb et 

al., 2018).  

Population databases are useful in obtaining the frequencies of variants from large population 

studies. These include the 1000 Genomes Project, which is a database of variants found during 
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low and high coverage genomic and targeted sequencing from 26 populations (Devuyst, 

2015b), and the Exome Aggregation Consortium (ExAC), which contains variants found 

during exome sequences of 60,706 unrelated individuals, sequenced as part of various disease-

specific and population genetic studies (Lek et al., 2016a). The Genome Aggregation Database 

(gnomAD) is a resource developed by an international coalition of investigators, with the goal 

of aggregating and harmonizing both exome and genome sequencing data from a wide variety 

of large-scale sequencing projects, and making summary data available for the wider scientific 

community. This database describes the aggregation of 125,748 exomes and 15,708 genomes 

from human sequencing studies into the Genome Aggregation Database (gnomAD) 

(Karczewski et al., 2019; Genome Aggregation Database Consortium et al., 2020). All these 

population data sets are essential in NGS variant analysis as they provide information to 

distinguish putative disease-causing variation from wild-type variation. 

b) In-silico protein prediction software 

During annotation, the in-silico tools that predict functional impact of the variant are included 

during tertiary analysis. The common ones include FATHMM (Shihab et al., 2013), SIFT 

(Kumar, Henikoff and Ng, 2009), CADD (Kircher et al., 2014), Polyphen-2 (Adzhubei et al., 

2010; Adzhubei, Jordan and Sunyaev, 2013) and MutationTaster (Schwarz et al., 2010). These 

tools use amino acid properties, functional domains and structural attributes of the sequence 

variant to determine if it is deleterious or tolerated in the protein function (Mahmood et al., 

2017).  

c) Disease databases. 

Additional disease/variant databases such as the ones listed below are used to get more 

information on the variant and the associated disorders. It is important for researchers to publish 

their data and submit variant information to these databases so that it would be easier to 

determine if the variant is novel or previously reported.  

 ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/): This is a database of human genetic 

variants and interpretations of their significance to the disease phenotype (Landrum et al., 

2018).  

 Human Disease Mutation Database (HGMD) (https://www.hgmd.cf.ac.uk/ac/index.php): 

Collates all published variants associated with human disease and links it to the relevant 

publication (Stenson et al., 2003).  

https://www.ncbi.nlm.nih.gov/clinvar/
https://www.hgmd.cf.ac.uk/ac/index.php
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 GeneReviews® (https://www.ncbi.nlm.nih.gov/books/NBK1116/): Detailed description of 

diseases is available and can be used to verify the phenotype of patients and also obtain 

information on gene variants and how they can be tested (Adam et al., 1993).  

In projects where multiple disease genes are sequenced using one targeted panel, selective 

analysis of data based on the clinical phenotype of the patient becomes imperative, and the 

databases discussed here are very suitable. 

 

1.2.5. Interpretation of next generation sequencing data 

The standard way to interpret and classify sequence variants is by using the ACMG-AMP 

guidelines for Mendelian disease variants. The ACMG-AMP guidelines (Appendix 8) are a 

useful resource for data analysis and variant interpretation (Richards et al., 2015). These 

guidelines were developed to assist and guide researchers to have a standardised way to classify 

variants (Landrum et al., 2018; Marian, 2020).  

The ACMG-AMP guidelines use a combination of the variant information, patient phenotype 

and family history to assist researchers come to conclusion in classifying the variants into 

benign, likely benign, VUS, likely pathogenic and pathogenic. Variants of uncertain 

significance means that the clinical significance of variants identified in a patient is not fully 

understood, or that the variant is novel, has never been seen before and there is not enough 

evidence to classify these variants as pathogenic or benign. As there are different tools for data 

analysis that are separate from the library preparation or wet-lab protocols, the ACMG-AMP 

guidelines recommend that when the laboratory customises the data analysis tools, an analytical 

tool validation must be put in place when the test is performed in a diagnostic setting (Rehm et 

al., 2013; Rehder et al., 2021).  

In most cases, NGS data is analysed and interpreted in keeping with various clinical scenarios. 

It is important for a clinician to detail the clinical description so that interpretation is correctly 

aligned with the clinical phenotype. When a clinical phenotype is detailed, the prioritized 

variants are checked to see if they have been previously reported to be associated with the 

disease. The preferred way to interpret a variant is to find a single nucleotide variant (SNV) 

that was previously described in multiple patients with the same phenotype, but that is not 

always the case. As time goes on and as more genetic information is generated and the clinical 

phenotype is refined through family history or thorough assessments, VUS’s may need to be 

reclassified (Rehm et al., 2013; Richards et al., 2015; Gelb et al., 2018). 

https://www.ncbi.nlm.nih.gov/books/NBK1116/
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1.3. Cost considerations and diagnostic implementation of next generation sequencing 

Clinical utility, sensitivity, specificity and efficacy as well as cost-effectiveness need to be 

demonstrated before an NGS-based test can be brought onto a diagnostic platform. This is 

preceded by a significant amount of research and development, as well as validation of the test 

and analysis pipeline during the implementation phase (Jennings et al., 2017a; Hartman et al., 

2019). A diagnostic service based on NGS testing also needs to be implemented into an 

appropriate clinical environment due to the need for proper clinical evaluation of patients, pre- 

and post-test genetic counselling, cascade screening and the need for complementary 

techniques such as Sanger sequencing, chromosomal microarray and others when necessary 

(Patch and Middleton, 2018a). 

 

1.3.1. Diagnostic utility 

Diagnostic utility of a test should be at the centre of why the technology is introduced. NGS 

technology has been shown to have the ability to identify the causative variant and help the 

clinician to confirm the diagnosis in patients with a particular disease. The diagnostic utility of 

NGS may vary depending on the selection or inclusion criteria of the patients for a particular 

test and study (Smith et al., 2019). The clinical evaluations done on the patients also do 

influence the diagnostic utility of a test. The technical aspecst of the NGS, for example if a test 

is performed using WGS, WES or targeted panels do affect the diagnostic utility of test. In 

most diagnostic laboratories, targeted gene panels are an easy and logical extension onto 

traditional methods of variant detection when compared to WES or WGS (Hayeems et al., 

2020).  

 

When using targeted gene panels the diagnostic yields are reported to be better compared to 

WGS/WES and this was demonstrated in a study by Scocchia and colleagues in patients with 

skeletal dysplasia (Scocchia et al., 2021). The ACMG guidelines recommend that laboratories 

initiate their NGS implementation in the diagnostic setting using disease-targeted gene panels 

and validate the protocol (Miller et al., 2017; Santani et al., 2017). When a test is limited to just 

regions and genes of interest, it is possible to have higher detection rates (due to targeted 

analysis based on the phenotype) which leads to increased diagnostic yields, and this is what 

targeted panels offer. When the technical quality and interpretation is well understood and 

validated, then laboratories can begin introducing WES/WGS into the diagnostic service 

(Rehm et al., 2013; Hume et al., 2019).  
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The analysis strategy of focusing only on single nucleotide variants (SNVs) in the coding 

regions of a particular gene, the entire gene including introns, exons with promoter regions or 

copy number variants also plays a major role in the diagnostic utility. This highly depends on 

the mechanism of disease in a gene or disorder being studied or tested, and the type of variants 

commonly associated with the disease (Kanzi et al., 2020). Analysing NGS data based on the 

clinical data such as phenotypic features and family history, is preferred and result in variants 

classified as pathogenic and likely pathogenic variants which are clinically significant and less 

VUSs. Variants of uncertain significance do not add value in the diagnostic or clinical utility 

as they neither confirm or refute the diagnosis and they are not easy to interpret and translate 

into clinical management (Federici and Soddu, 2020a; Mighton et al., 2021).  

 

Another potential complication of NGS is the discovery of incidental findings, where an 

unexpected disease causing variant is identified, thus highlighting the need to have a proper 

clinical examination before any NGS procedure can be undertaken (Fujiki et al., 2018). When 

using NGS in a diagnostic setting, patients should have pre-test genetic counselling so that they 

have an idea of the procedure and what can be expected (Patch and Middleton, 2018b), because 

a test can be VUS or negative which adds anxiety to the patient and relatives. The genetic 

counselling process informs the patients and families affected by the genetic disorder of the 

chances of passing the disorders onto future generations and the available genetic interventions. 

When the diagnosis is confirmed, then clinicians or genetic counsellors communicate how the 

results will impact the patients and family; this demonstrate both diagnostic and clinical utility 

of a genetic test (Kromberg, Wessels and Krause, 2013).  

 

1.3.2. Sensitivity, Specificity and efficacy 

The ability of a test to accurately identify causative variant in patients with a disease and not 

in those without the disease is crucial to any new test implementation (Chin, da Silva and 

Hegde, 2013a). The possibility of errors that could occur during NGS runs make it difficult for 

most NGS platforms to correctly call low level pathogenic variants at less than 5-20% variant 

allele frequency (<5-20% VAF) (Mu et al., 2016a; Yan et al., 2021). These low-level variants 

are mosaic, mostly false positives, and could occur at any major step during NGS, they make 

it difficult to obtain accurate variant calls.  

 

Some low level calls originate from sample or DNA processing artifacts. Mostly peripheral 

blood samples yield good quality DNA that is suitable in most NGS platforms whereas 
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formalin fixed samples usually yield poor quality DNA that leads to decreased amplification 

yields and induces artifacts that are non-specific and often occur as low-level sequence variants 

(Lucena-Aguilar et al., 2016; Robin et al., 2016). Poor quality DNA interferes with the accurate 

performance of NGS platforms as most of these include PCR amplification steps to amplify 

genes/ regions of interest. Successful amplifications rely on correct PCR cycles, good quality 

DNA, high fidelity DNA polymerase with the ability to reduce PCR artifacts; because PCR 

errors induced by the DNA polymerase and the process of sequencing by synthesis could 

contribute to sequence errors. Most PCR errors occur in AC and AT rich genomic regions, this 

result in low sequencing coverage affecting accurate variant detection (Brandariz-Fontes et al., 

2015). 

 

Illumina sequencing platforms are reported to provide high sequencing accuracy but are also 

prone to errors especially in GC-rich regions. The sequencing error rate on Illumina platforms 

is <0.8% and could affect low level variant detection accuracy (Stoler and Nekrutenko, 2021). 

The Ion Torrent platform causes most errors in homopolymer regions due to changes in pH 

that may affect semiconductor chips. Most Ion Torrent errors are indels (1%-2%) and 

substitution errors are reported at a lower rate (Singh, 2020a; Heo et al., 2021). 

 

Data analysis is also another important step in eliminating false positive calls to achieve higher 

sensitivity, specificity and efficient NGS outcome. This is because data analysis includes 

filtering of variants based on set parameters on the analysis software depending on sequence 

quality and VAFs. Sequencing artifacts or false positive calls could originate if the set 

parameters are too strict or too lenient (Bauer et al., 2019). It is important to establish accurate 

filtering parameters based on sequencing platforms, types of variants and sequencing depth. 

Higher sequencing depth results in higher sensitivity, specificity and accuracy of the NGS 

procedure (Borges et al., 2020). The depth of coverage of the NGS reaction is one important 

parameter for quality control and confidence in variant calls; it refers to the number at which a 

target area was covered adequately and aligned to the specific genomic position during 

sequencing.  

 

Depth of coverage value is usually the first one to be checked during quality assessment of 

most NGS runs. The depth varies depending on NGS procedure, targeted panel (30x - ≥200x), 

WES (30x-100x) and WGS (15x-50x). There are currently no established guidelines for 

adequate coverage of depth as this highly dependent on the aim of the  experiment and NGS 
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platform used (Sims et al., 2014a; Petrackova et al., 2019a; Deng et al., 2020). There might be 

bias in the depth of coverage observed in NGS procedures, so it is good practice to assess the 

coverage throughout especially in the regions of interest. Some problematic regions such as 

GC-rich or homopolymers may have poor coverage leading to uneven distribution of depth 

(Ross et al., 2013; Nardi et al., 2021).  

Sanger sequencing can be used to confirm NGS identified variants so that the sensitivity aspect 

of the NGS can be properly determined (Chin, da Silva and Hegde, 2013b; Mu et al., 2016a). 

However, there are studies that argue that Sanger sequencing is unnecessary to achieve high 

sensitivity and specificity, particularly in targeted gene panel sequencing where adequate depth 

of coverage is achieved (McCourt et al., 2013; Baudhuin et al., 2015a; De Cario et al., 2020).  

 

For diagnostic implementation, validation of the initial phases of NGS findings should happen 

and must have high concordance to Sanger sequencing results. For some bigger validation 

cohorts, false positive calls have been observed to reduce sensitivity, mostly originating from 

variant calling processes. Assessing variant calling pipelines could further reduce false positive 

calls (Sivakumaran et al., 2013). Random Sanger-based confirmatory sequencing of a subset 

of NGS identified variants could be used to maintain high specificity and sensitivity in targeted 

panel based NGS test for diagnostics (Bauer et al., 2019). 

 

1.3.3. Costs implications 

When sequencing more than 20 target regions NGS is generally more cost-effective than 

Sanger sequencing. As already mentioned the ability for NGS to detect more genomic targets 

at the same time makes it more efficient and cost-effective than traditional ways of mutation 

analysis. Prior to NGS, available methods for mutation screening included micro-array, MLPA, 

hot-spot Sanger sequencing, karyotyping, common aneuploidy screening and others (Durmaz 

et al., 2015). With the introduction of NGS, all these tests could be reduced and health care 

resources could be used more efficiently and effectively, allowing for better management of 

the disorder. NGS is one technology that keeps up with or even surpasses Moore’s law, which 

describes development trends in the computer hardware industry (Cavin, Lugli and Zhirnov, 

2012). With recent reductions in NGS costs, it is appropriate to compare this trend to Moore’s 

law. South Africa being resource constrained for genomic research, it is always preferable to 

introduce new technologies cost-effectively and maximize the resources (Kromberg, Sizer and 

Christianson, 2013; Tekola-Ayele and Rotimi, 2015b; Krause, 2019b).  
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There are a few factors to consider when determining the costs of NGS. These include reagents 

(DNA isolation, library preparation and sequencing reagents), consumables, NGS sequencing 

instruments, DNA quality assessment equipment, instrument maintenance, data analysis and 

storage. All these should be factored in when assessing costs per sample. Costs also depend on 

which NGS test is done; targeted panel, WES or WGS. As previously mentioned all these 

generate different amount of data, so the cost for analysis and storage would differ based on 

that. For example, Illumina MiSeq platform sequencing cost per gigabase (Gb) of DNA 

sequence is approximately US$500, instrument costs are estimated around US$128K (Gordon 

et al., 2020a; Pruneri et al., 2021). Minimum data output per patient for targeted gene panels 

are ~0.5-5 Gb depending on the number of genes the targeted panel contains and the sequencing 

kits used, for WES DNA sequence output is ~6-10 Gb and WGS data output is ~120-150 Gb 

(Wadapurkar and Vyas, 2018; Zhao et al., 2021).  

 

In instances where there is no clear diagnosis of the disorder, it is reported that performing 

WES could be more cost-effective than targeted panel as it prevents additional unnecessary 

testing that are sometimes not genetic. The costs may be increased for data analysis as this 

analysis generate many variants to scrutinize compared to more targeted analysis using gene 

panel. Current costs of WES range from ~ US$2800 – US$4000 depending on the sequencing 

platform used and this is without taking account of data analysis and storage costs (Schwarze 

et al., 2018; Gordon et al., 2020b).  

 

1.4. RASopathies 

The following section will focus on the group of disorders studied in this project, RASopathies. 

Subsections includes genetic aetiology of RASopathies, their mechanism of disease as well as 

the description of each RASopathy syndrome from most common to rarest. 

 

1.4.1. Genetic aetiology of RASopathies 

RASopathies are caused by germline pathogenic variants found in genes regulating the 

Ras/mitogen activated protein kinase (Ras/MAPK) pathway (Rauen, 2013). RASopathies are 

clinically heterogeneous and associated with over 22 genes (Rauen, 2013; Jafry and Sidbury, 

2020). Each RASopathy is a single-gene disorder, usually inherited in autosomal dominant 

manner with ~30% of the variants occurring de novo (Hebron, Hernandez and Yohe, 2022). 

The overall prevalence across all RASopathies is estimated to be one in 1000 new-borns (Jindal 
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et al., 2015; Hebron, Hernandez and Yohe, 2022). This makes them common and thus 

necessary to study their genetic aetiology.  

 

There are approximately 22 known genes associated with the pathogenesis of RASopathies 

(Table 1.1), with some genes causing different conditions with overlapping features within the 

RASopathies, such as MAP2K1 and BRAF mutations causing both Noonan syndrome and 

cardio-facio cutaneous syndrome and PTPN11 mutations causing Noonan syndrome and 

Noonan syndrome with multiple lentigines. The data shown on Table 1.1 is mostly European 

(non-African) data; very little is known about mutation profiles for RASopathies in African 

populations. When this study was established, the only diagnostic testing for a RASopathy 

done in South Africa was for Costello syndrome,  and only included screening for the common 

mutations in the HRAS gene (those mutations includes c.38G>A, c.37G>A, c.35G>C, 

c.35CG>AA and c.34G>A) (Fahmida Essop, personal communication, 2008). 

 

Table 1.1: Genes associated with different RASopathies and their relative mutation 

contribution in the reported literature. 

RASopathy Gene 
Chromosomal 

location 

Contribution 

of variants 
Reference 

NS 

PTPN11 (OMIM 

176876) 

12q24.13 ~40-50%  (Tartaglia et al., 2002; Xu et al., 2017; 

Athota et al., 2020) 

 

RAF1 (OMIM 164760) 3p25.2 3-17%  (Pandit et al., 2007; El Bouchikhi et al., 

2016) 

 

SOS1 (OMIM 182530) 2p22.1 10-20%  (Roberts et al., 2007; Rauen, 2013; El 

Bouchikhi et al., 2016) 

 SOS2 (OMIM 601247) 14q21.3 ~4% (Lissewski et al., 2021) 

 

LZTR1 (OMIM 

600574) 

22q11.1-q11.2 ~8% (Yamamoto et al., 2015) 

 

KRAS (OMIM 

190070) 

12p12.1 ~5% (Brasil et al., 2010) 

 RIT1 (OMIM 609591) 1q22 5% (Aoki et al., 2016) 

 

MAP2K1 (OMIM 

176872) 

15q22.31 <2% (Nava et al., 2007a) 

 

BRAF (OMIM 

164757) 

7q34 ~1.7-2.3%  (Sarkozy et al., 2009; Lee et al., 2011) 

 

NRAS (OMIM 

164790) 

1p13.2 (rare)~1%  (Cirstea et al., 2010; El Bouchikhi et 

al., 2016) 

 

RASA2 (OMIM 

601589) 

3q23 ~1% (Chen, Yin, et al., 2014) 

 CBL (OMIM 165360) 11q23.3 ~1% (Rauen, 2013) 

 

SHOC2 (OMIM 

602775) 

10q25.2 ~1% (Chen, Yin, et al., 2014) 

 

A2ML1 (OMIM 

610627) 

12p13.31 rare (Lee and Yoo, 2019a) 

 RRAS (OMIM 165090) 19q13.33 rare (Koh et al., 2019) 
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NSML PTPN11 12q24.13 ~90% (Sarkozy, Digilio and Dallapiccola, 

2008; Sarkozy et al., 2009; Lee et al., 

2011) 

CFC BRAF 7q34 ~75% (Sarkozy et al., 2009; Pierpont et al., 

2014) 

 

MAP2K1 and 

MAP2K2 (OMIM 

601263) 

15q22.31 and 

19p13.3 

~25%  (Rodriguez-Viciana et al., 2006; Nava 

et al., 2007a) 

CS 

HRAS (OMIM 

190020) 

11p15.5 ~80-90% (Estep et al., 2006a; Bertola et al., 

2017) 

CM-AVM RASA1 (OMIM 

139150) 

5q14.3 ~70% (Eerola et al., 2003; Boon, Mulliken 

and Vikkula, 2005) 

NF1 

NF1 (OMIM 613113) 17q11.2 >90%  (Rauen, 2013; Koczkowska et al., 

2018) 

NF2 NF2 (OMIM 607379) 22q12.2 ~90% (Ahronowitz et al., 2007: 2; Tiwari and 

Singh, 2021: 2) 

LS SPRED1 (OMIM 

609291) 

15q14 >99% (Brems et al., 2012) 

 

In patients of African ancestry, the genetic aetiology of these disorders is understudied. One 

study from South Africa focused on a few patients presenting with one RASopathy, namely; 

Noonan syndrome (Tekendo-Ngongang et al., 2019a). It has not always been feasible to study 

these disorders individually in a resource-constrained environment because of the time and cost 

involved in optimizing the sequencing and analysis of each gene. Using traditional Sanger 

sequencing, often only the hot-spot regions of the gene are targeted. The costs involved would 

have prevented the sequence and complete analysis of all the genes associated with the 

disorder. Next Generation Sequencing technologies have revolutionised the way we do 

research and develop diagnostic tests for these disorders. 

 

1.4.2. Disease mechanism of RASopathies 

Ras/MAPK (mitogen-activated protein kinase) pathway dysregulation is a common 

mechanism causing all RASopathies (Stevenson et al., 2016). This pathway (Figure 1.3) is 

critical in the regulation of cells involved in normal development (Aoki et al., 2016; Kratz and 

Zenker, 2018). The core components of the RAS/MAPK pathway are regulators of signalling 

which regulate intracellular signalling essential in the cell cycle, differentiation, growth and 

apoptosis, which is crucial throughout all developmental stages of life (Tidyman and Rauen, 

2009). The growth factors are transduced from the extracellular environment into the cell, 

thereby activating signals in the genes involved in the different pathways that are critical during 

normal cell development (Tajan et al., 2018). The dysregulation of the RAS/MAPK dependent 

developmental process has multiple developmental consequences and that includes 

RASopathies (Tajan et al., 2018). 
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Figure 1.3: RAS/MAPK pathway showing some of the different genes associated with the 

RASopathies in different colours and where they act in the pathway. Figure obtained from 

Rauen,( 2013) 

Interruptions in the RAS/MAPK pathway leads to various RASopathies, including; 

neurofibromatosis type 1 (NF1), Noonan syndrome (NS), Noonan syndrome with multiple 

lentigines (NSML), capillary malformation-arteriovenous malformation syndrome (CMV-

MS), Costello syndrome (CS), Cardio-facio-cutaneous syndrome (CFC) and Legius syndrome 

(LS). Each of these RASopathies exhibits a distinct phenotype, although there is considerable 

overlap in phenotypic features (Figure 1.4) (Rauen, 2013; Tajan et al., 2018).  

 

 

Figure 1.4: Phenotypic features of the main RASopathies and their clinical overlap. The figure 

is modified from Stevenson et al., (2016) 



25 
 

In the sections below each RASopathy will be further detailed. They are presented in order 

from most common to rarest based on their reported  global prevalence with Noonan syndrome 

is the most common RASopathy followed by neurofibromatosis type 1. The rest of the 

RASopathies such as Noonan syndrome with multiple lentigines, capillary malformation-

arteriovenous malformation syndrome, Costello syndrome, Legius syndrome, cardio-facio-

cutaneous syndrome are all rare and for most of these the prevalence is not well characterised 

(Tidyman and Rauen, 2009; Rauen, 2013; Aoki et al., 2016; Hebron, Hernandez and Yohe, 

2022). 

 

1.4.3. Noonan syndrome (OMIM 163950) 

Noonan syndrome (NS) is the most common autosomal dominant RASopathy with a 

prevalence rate of 1/1000 – 1/2500 live births (Rauen, 2013; Lee and Yoo, 2019a). NS can be 

either inherited or sporadic and is caused by gain of function mutations most commonly in the 

protein tyrosine phosphatase non-receptor type 11 (PTPN11) gene. Pathogenic variants 

associated with Noonan syndrome, also occur in other genes including the son-of-sevenless 

homolog 1 (SOS1) gene, neuroblastoma RAS viral oncogene homolog (NRAS) gene, Raf-1 

proto-oncogene (RAF1) gene, proto-oncogene B-Raf (BRAF) gene, in cbl proto-oncogene 

(CBL) gene amongst others (Kang and Lee, 2019; Lee and Yoo, 2019a; Hebron, Hernandez 

and Yohe, 2022).  

Mutations in the PTPN11 gene, located on chromosome 12q24, account for 50% of NS cases. 

PTPN11 encodes for the Src homology 2-containing phosphotyrosine phosphatase (SHP2) 

which activates multiple RAS/MAPK signalling pathways and is vital for the survival, growth 

and proliferation of tumour cells (Chong and Maiese, 2007).  

About 60% of  NS syndrome cases are caused by de novo mutations and approximately 40% 

are inherited (Bhambhani and Muenke, 2014). Almost all (~100%) pathogenic variants in 

genes associated with NS can be identified by sequence analysis (Allanson and Roberts, 1993; 

Bhambhani and Muenke, 2014). 
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Figure 1.5: Diagram showing some clinical features of Noonan syndrome typically seen in a 

newborn baby. Obtained from Bhambhani and Muenke (2014) 

 

Clinical diagnosis of patients with NS is based on typical facial abnormalities, including low-

set posteriorly rotated ears, broad forehead, sparse eyebrows and a webbed neck (Rauen, 2013; 

Lee and Yoo, 2019a; Jafry and Sidbury, 2020). Other features include short stature, cardiac 

abnormalities and between 30-50% of NS patients have variable neurocognitive delay (Figures 

1.5 and 1.6 show diagrams indicating the features of Noonan syndrome typically seen in a 

newborn baby and adolescent with NS). Features in a newborn baby are sometimes subtle and 

during adolescent years the features become prominent and more visible (Cesarini et al., 2009) 

.   

 

Figure 1.6: Diagram of an adolescent with Noonan syndrome. Obtained from Bhambhani and 

Muenke (2014) 

 

file:///C:/Users/Wits-User/AppData/Roaming/Microsoft/Word/Obtained
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The diagnosis of Noonan syndrome can be made using the criteria outlined in Table 1.2 adapted 

from (Carcavilla et al., 2020) 

Table 1.2: Minor and major clinical criteria for the diagnosis of Noonan syndrome (Carcavilla 

et al., 2020) 

 

 

 

 

 

 

 

 

 

 

1.4.4. Neurofibromatosis type 1 (OMIM 162200) 

Neurofibromatosis type 1 is an autosomal dominant RASopathy and the first condition 

identified where the gene was identified to produce a protein implicated in the RAS-MAPK 

pathway. NF1 has complete penetrance but variable expression (Viskochil et al., 1990). NF1 

is a relatively common disorder with a prevalence rate of 1/2500 - 1/3000 live births. 

Approximately 50% of the cases are familial and the other 50% are caused by de novo 

mutations (Anderson and Gutmann, 2015a).  
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Figure 1.7: Common clinical features of NF1 patient, cutaneous lesions (arrows); multiple 

café au lait lesions (CAL) (A); freckling and two CAL (B); discrete neurofibromas (C); 

pigmented skin lesions (epidermal nevus) misdiagnosed as CAL and freckling in a non-NF1 

patients (D), obtained from(Rodrigues et al., 2014)  

Individuals with NF1 usually present with café-au-lait macules and cutaneous neurofibromas 

axillary and inguinal freckling and Lisch nodules of the iris. Other characteristics features 

includes bone malformations, neurocognitive impairments, benign and malignant tumours, 

structural cerebral abnormalities, and vascular anomalies (Figure 1.7) (Cimino and Gutmann, 

2018; Mao et al., 2018; Kang and Lee, 2019; Jafry and Sidbury, 2020). The clinical diagnosis 

is made using the diagnostic criteria illustrated below in A and B (Legius et al., 2021) . 

A: The diagnostic criteria for NF1 are met in an individual who does not have a parent 

diagnosed with NF1 if two or more of the following are present: 

 Six or more café-au-lait macules over 5 mm in greatest diameter in prepubertal 

individuals and over 15 mm in greatest diameter in postpubertal individuals.  

 Freckling in the axillary or inguinal region.  

 Two or more neurofibromas of any type or one plexiform neurofibroma.  

 Optic pathway glioma.  

 Two or more iris Lisch nodules identified by slit lamp examination or two or more 

choroidal abnormalities (CAs)—defined as bright, patchy nodules imaged by optical 

coherence tomography (OCT)/near-infrared reflectance (NIR) imaging• 

 A distinctive osseous lesion such as sphenoid dysplasia anterolateral bowing of the 

tibia, or pseudarthrosis of a long bone • 

 A heterozygous pathogenic NF1 variant with a variant allele fraction of 50% in 

apparently normal tissue such as white blood cells 

 

B: A child of a parent who meets the diagnostic criteria specified in A merits a diagnosis of 

NF1 if one or more of the criteria in A are present 

Neurofibromatosis type1 is caused by loss of function mutations in the NF1 tumor suppressor 

gene, which is located in the long arm of chromosome 17 (17q11.2), and codes for 

neurofibromin, a guanosine triphosphatase–activating protein that inhibits RAS activity. 
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Neurofibromin catalyses  RAS GTPase activity, thereby negatively regulating the RAS/MAPK 

signalling pathway. The loss of function of the NF1 gene leads to the hyperactivation of  the 

RAS/MAPK signalling (Jafry and Sidbury, 2020).  

NF1 gene is one of the largest known genes with a genomic size of 282 kb, consisting of 57 

constitutive exons and three alternatively spliced exons without any obvious hotspot regions. 

Over 2600 NF1 mutations have been reported in the Human Gene Mutation Database (HGMD) 

and ClinVar disease variant databases (Stenson et al., 2003; Landrum et al., 2018). 

Pathogenic variants in the NF1 gene result in abnormal cell growth, differentiation and 

proliferation; 60-90% of these variants can be identified by sequence analysis of the NF1 gene 

(Friedman, 1993; Mao et al., 2018). However ~22%-30% of the NF1 causing variants affect 

splicing and are not often detected by genomic DNA sequencing, thus for these kind of variants 

RNA analysis is appropriate (Evans et al., 2016).  

Approximately 5%-10% of NF1-causing variants are copy number variations (CNVs) such as 

large deletions and whole gene deletions which are associated with a severe phenotype 

(Pasmant et al., 2010; Kehrer-Sawatzki and Cooper, 2012; Kehrer-Sawatzki, Mautner and 

Cooper, 2017). For these variants multiplex-ligation dependent probe amplification (MLPA) 

or microarray analysis may be utilised. There are four types of NF1 large deletion variants; 

type 1,2,3 and atypical, these are differentiated based on their size and breakpoints. Type 1 

NF1 deletions encompass 1.4Mb and account for ~70-80% of all large NF1 deletions. Type 2 

deletions covers 1.2Mb and accounts for ~10% of large NF1 deletions. Type 3 NF1 deletions 

are 1Mb in size and are very rare occurring in 1-4% of all patients with NF1 deletions. Atypical 

NF1 large deletions do not have recurrent breakpoints and are variable in size.  About 8-10% 

of all large NF1 deletions are atypical (Kehrer-Sawatzki and Cooper, 2021; Legius et al., 2021; 

Kehrer-Sawatzki et al., 2022)  

1.4.5.  Neurofibromatosis-Noonan syndrome (OMIM 1601321) 

Neurofibromatosis-Noonan syndrome (NFNS) is a rare phenotype that has both NF1 and NS 

clinical features. The RAS/MAPK pathway is responsible for the pathophysiology of both NF1 

and NS phenotypes. The NF1 gene regulates the RAS in the starting phase of the RAS/MAPK 

signalling along with the SHP2 which is encoded by the PTPN11 gene for NS (Yapijakis, 

Pachis and Voumvourakis, 2017; Zhang et al., 2020). A study done by Reig and colleagues 

suggested that most patients with an NFNS phenotype have pathogenic variants in the NF1 

gene and not in both NF1 and PTPN11, and these should be called NF1 syndrome with Noonan 

https://www.omim.org/entry/601321?search=noonan%20syndrome&highlight=%28syndrome%7Csyndromic%29%20noonan
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like features (Reig et al., 2011). However, research done prior to 2011 identified some patients 

with this syndrome harbouring variants in both NF1 and PTPN11 genes (Stevenson et al., 2006; 

Thiel et al., 2009). 

1.4.6.  Noonan syndrome with multiple lentigines (OMIM 151100) 

Noonan syndrome with multiple lentigines (NSML) was previously referred to as LEOPARD 

syndrome. LEOPARD is an acronym for the features of this disorder meaning; Lentigines, 

ECG conduction defects, Ocular hypertelorism, Pulmonary stenosis, Abnormalities of the 

genitalia, Retarded growth and Deafness. Genital abnormalities occur in 50% of individuals 

and sensorineural deafness is present in 20% of NSML cases (Sarkozy, Digilio and 

Dallapiccola, 2008). The multiple lentigines are often observed in the upper part of the body, 

primarily on the face. These continue to increase when the patient reaches puberty, Figure 1.8 

(Jafry and Sidbury, 2020). This syndrome and NS have some overlapping clinical features 

including hypertrophic cardiomyopathy, short stature, pulmonic valve stenosis and 

hypertelorism. Most NSML (~90%)  pathogenic variants are found in PTPN11 (Gelb and 

Tartaglia, 1993; Tartaglia et al., 2002). 

 

Figure 1.8: Skin with lentigines in individuals with NSML at various ages. Obtained from 

Sarkozy, Digilio and Dallapiccola (2008)  

 

1.4.7.  Capillary malformation-arteriovenous malformation syndrome 

(OMIM 608354) 

Capillary malformation-arteriovenous malformation syndrome (CM-AVM) syndrome is 

caused by mutations in the RASA1 gene. It is characterized by the presence of multiple small 

capillary malformations primarily localized on the face and limbs. Some affected (15% - 20%) 

individuals also have associated arteriovenous malformations (AVMs), fast-flow vascular 

anomalies that typically arise in the skin, muscle, bone, spine, and brain. Life-threatening 

https://www.omim.org/entry/151100
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complications of these lesions can include bleeding, congestive heart failure, and/or neurologic 

consequences (Eerola et al., 2003; Larralde et al., 2014).  

 

Approximately 70% of the CM-AVM cases are inherited and about 30% have a de novo 

pathogenic variant and 50% of these cases have variants in the RASA1 gene, and of these, 92% 

can be identified using sequence analysis and only a small percentage (~8%) are reported to be 

deletions/duplications (Bayrak-Toydemir and Stevenson, 1993). Pathogenic variants in the 

RASA1 gene lead to loss of function of the protein product (p120-RasGAP), which is a regulator 

of the RAS-GTP signal transduction pathway. This then leads to the negative regulation of the 

RAS-MAPK signalling pathway. The penetrance for CM-AVM mutations range from 90 - 99% 

with a prevalence of 1/100,000 individuals (Eerola et al., 2003; Boon, Mulliken and Vikkula, 

2005). 

 

1.4.8.  Costello syndrome (OMIM 218040)  

Costello syndrome (CS) is an autosomal dominant disorder caused by heterozygous mutations 

in the HRAS gene on chromosome 11p15 (Estep et al., 2006b). It is a rare condition with a 

prevalence of 1/300,000 to 1/1.25 million (Abe et al., 2012; Giannoulatou et al., 2013). It is 

typically caused by a de novo variant in the HRAS gene, which is the only gene known in which 

pathogenic variants cause CS. More than 95% of pathogenic variants causing Costello 

syndrome affect the amino acid p.Gly12Ser or p.Gly13Asp (Bertola et al., 2017) and can be 

identified using sequence analysis.  

 

Pathogenic variants in HRAS, which is a cell growth and replication regulator gene, place 

Costello patients at a greater risk of developing a malignancy including abdominal and pelvic 

rhabdomyosarcomas. The striking feature of Costello syndrome is cutis laxa (loose/sagging 

skin) which is observed on the neck, palms, fingers and soles in 99% of CS patients. They also 

have a risk of developing papillomas and postnatal failure to thrive (Gripp and Rauen, 1993). 

Costello syndrome has phenotypic overlap with cardiofaciocutaneous syndrome (CFC) and 

Noonan syndrome including macrocephaly, coarse facies, epicanthic folds and cardiac 

anomalies. (Hennekam, 2003; Gripp et al., 2019). 

 

1.4.9.  Cardio-facio-cutaneous syndrome (OMIM 115150)  

Cardio-facio-cutaneous syndrome (CFC) is a rare RASopathy with an unknown prevalence; it 

has significant overlap in its clinical features with those in NS  (Pierpont et al., 2014). These 
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include epicanthic folds, short stature, relative macrocephaly, cardiovascular abnormalities and 

hypertelorism with down-slanting palpebral fissures (Lee and Yoo, 2019a). However, there are 

distinct features that are observed only in CFC patients and include scaly skin, sparse and curly 

hair, absent or sparse eyebrows and eyelashes and keratosis pilaris. A clinical diagnosis of CFC 

is usually based on the ectodermal abnormalities (Pierpont et al., 2014). About 75% of CFC 

patients carry a mutation in the BRAF gene and other mutations are found in the KRAS, 

MAP2K1 and MAP2K2 genes (Rauen, 1993; Pierpont et al., 2014). Some of the complications 

associated with a CFC diagnosis are that during infancy, there are feeding difficulties and 

gastrointestinal problems, which lead to the need for nasogastric tube feeding (Rodriguez-

Viciana et al., 2006; Pierpont et al., 2014). Genitourinary complications occur in 20-40% of 

CFC patients who usually need genital evaluation and renal sonograms. Seventy percent (70%) 

of patients have heart disease requiring surgical intervention; these include pulmonic valve 

stenosis, atrial septal defects, ventricular septal defects and hypertrophic cardiomyopathies 

(Rodriguez-Viciana et al., 2006; Lee and Yoo, 2019a; Jafry and Sidbury, 2020). 

 

1.4.10.  Legius syndrome (OMIM 611431)  

Legius syndrome is an autosomal dominant disorder that has similar clinical features to NF1 

but is less severe (Legius and Stevenson, 1993). Patients with Legius syndrome typically have 

multiple cafe-au-lait macules and variable dysmorphic features such as hypertelorism, lipomas, 

and mild learning disabilities. It is rare compared to NF1, occurring in 1/200,000 individuals. 

Legius syndrome is considered a RASopathy because it arises from mutations in the SPRED1 

gene, which encodes a negative regulator of the RAS-MAPK pathway (Brems et al., 2012). 

The SPRED1 gene is located on chromosome 15q14 and screening for mutations in this gene 

is the effective diagnostic method for Legius syndrome (Legius and Stevenson, 1993; Benelli 

et al., 2015). Approximately 90% of the pathogenic variants can be identified by sequence 

analysis and 10% by deletion/duplication analysis of the SPRED1 gene (Benelli et al., 2015). 

 

1.4.11. Neurofibromatosis type 2 (OMIM 101000) 

This disorder is clinically different from NF1 in that it is characterized by schwannomas, 

plexiform schwannomas, cortical wedge cataracts and retinal hamartomas. Adults with NF2 

present with bilateral or unilateral vestibular schwannomas resulting in hearing loss and this is 

observed in 90-95% of the patients (Evans, 1993). Approximately 50% of NF2 adults also 
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present with multiple meningiomas. This disorder is inherited in an autosomal dominant 

manner and has an incidence of 1 in 25000-40000.  

NF2 gene single nucleotide variants cause NF2 syndrome in 75% of individuals and deletions 

and duplications account for ~20% of affected individuals. Although patients may have a 

variant identified, variable expression is frequent and patients may have different sizes and 

number of tumors. However, there is 100% penetrance rate. Unlike NF1, large deletions and 

missense variants are associated with a milder NF2 phenotype; nonsense and frameshift 

variants are associated with severe disease (Tiwari and Singh, 2021). 

 

1.4.12. Schwannomatosis (OMIM 162091/OMIM 615670) 

Schwannomatosis is an autosomal dominant disorder that is phenotypically similar to NF2. In 

individuals presenting with multiple schwannomas, it is challenging for clinicians to 

distinguish between the two disorders (Dhamija et al., 1993; Alaidarous et al., 2019). Patients 

with these two conditions can present with two or more non-intradermal tumors suggestive of 

schwannomas, a unilateral vestubular schwannoma, an intracranial meningioma and have a 

family history of schwannomatosis. Patients have shown clinical variability and reduced 

penetrance. Schwannomatosis is associated with pathogenic variants in SMARD1 and LZTR1 

genes, Approximately 38% of the LZTR1 variants account for the inherited LZTR1 associated 

schwannomatosis and ~30% of the pathogenic variants are sporadic. In the SMARCB1-related 

schwannomatosis, 48% of cases are inherited and about 10% are sporadic. There are ~16% of 

inherited and ~60% of sporadic schwannomatosis cases that are not associated with the LZTR1 

and SMARCB1 genes and their pathogenesis is unknown (Smith et al., 2015; Alaidarous et al., 

2019). 
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1.5.  Problem Statement 

 

The lack of genetic data and appropriate, cost-effective local testing solutions on monogenic 

disorders has led to little molecular confirmation testing available for most monogenic 

disorders in the South African State healthcare system. NGS technology has enabled us to 

create genetic profiles that would assist us in the introduction of diagnostic testing for some of 

these disorders. Based on the review of the literature, it can be seen that RASopathies are 

common in global populations and little is known on their distribution in African populations. 

Understanding the genetics of these disorders in the African context would enable health 

professionals to treat and manage these group of disorders appropriately. Since these disorders 

are regulated by a single pathway, it makes sense to study their genetic profiles simultaneously. 

With the introduction of NGS in the medical sciences, studying these disorders has become 

possible, it is however important to have innovative and cost effective ways to  adopt this state 

of the art technology in resource-constrained setting such as South Africa. A cost-effective 

RASopathy panel would enable us to generate mutation profiles in African RASopathy patients 

and the data would be useful for the development of an appropriate testing strategy. The 

additional benefit of NGS is that different disorders e.g. less common and more common 

conditions can be batched together on one assay to improve turnaround time and save costs. 
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1.6.Aims 

 

Aim 1: To develop an efficient, cost-effective NGS-based targeted gene panel that 

can be used for the screening of clinically significant variants associated with 

RASopathies and other genetic disorders. 

 

Aim 2: To determine the mutation profiles of RASopathies in South African 

patients and determine the most appropriate diagnostic detection approach 

 

1.7. Objectives  

Objectives for aim 1 

a. To develop and design targeted gene panel to maximally utilise sequencing 

capacity 

b. To optimise the performance of the custom-designed panel 

c. Assess its cost effectiveness of implementing the NGS targeted panel testing 

Objectives for aim 2 

d. To recruit a cohort of patients with clinical features suggestive of a 

RASopathy. 

e. To use the targeted gene panel to screen the cohort for disease-causing 

variants in known RASopathy genes. 

f. To perform additional testing (WES/MLPA) on the patients where no 

pathogenic variants were identified using the custom-designed NGS targeted 

gene panel. 
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CHAPTER 2 

Subjects and Methods 
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2.1.Patient recruitment 

2.1.1.  Ethics 

This study forms part of an umbrella project for investigating developmental disorders using 

next generation sequencing (NGS) technologies, which was approved by the Human Research 

Ethics Committee (Medical) at the University of the Witwatersrand (Wits) with ethics 

clearance number: M160830 and the University of Pretoria (UP) ethics clearance number: 

80/2018. Ethics clearance was obtained for the current project as a sub-study “Development of 

a multi-disease panel to study genetic aetiology of RASopathies” Ethics clearance number. 

M170163. The certificates are in Appendix 1.1-1.3. The ethics clearance was obtained for both 

Wits and UP as the recruitment and sampling was done by Medical Geneticists affiliated in the 

two Universities. 

 

2.1.2.   Patients and relatives 

Sixty South African patients with clinical features suggestive of a RASopathy were recruited 

from genetic clinics around Johannesburg (JHB) and Pretoria (PTA), specifically at Chris Hani 

Baragwanath Academic Hospital (CHBAH), Charlotte Maxeke Johannesburg Academic 

Hospital (CMJAH), Rahima Moosa Hospital (RMH), National Health Laboratory Service, 

Braamfontein (NHLS) and Steve Biko Academic Hospital (SBAH) (Figure 2.1).  

The patients were divided into Non-NF1 RASopathy patients as these have overlapping clinical 

features amongst each other, which is distinct to NF1 clinical phenotype. Fourty-one non-NF1 

RASopathy patients were recruited this included, NS (n=37), NSML (n=1), CFC (n=3) (Figure 

2.1). Fifteen NF1 patients that met NF1 clinical criteria were also recruited as well as four 

patients classified as other in Figure 2.1, which were two patients with clinical features 

overlapping between NS/CS and NS/NF1, and two patients diagnosed as having an unspecified 

RASopathy. In addition to the patients, 68 family members were recruited resulting in 11 trios 

(parents and proband) and 40 duos (2 with father and child, 38 with mother and child). The 

recruitments were performed by the Division of Human Genetics clinical team led by Professor 

Amanda Krause. A clinical RASopathy data sheet (Appendix 2) was designed using the main 

clinical features of Rasopathies and was utilised during patient recruitment as part of the 

clinical examination to standardise data collection. The importance of participating in the study 

was discussed with the participants who then signed the consent forms. This was followed by 

a clinical examination and blood drawing. Blood samples (in EDTA tubes) were taken from 
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patients and their relatives. Patients’ photographs were taken with informed consent, the full 

list of recruited patients and their relatives in Appendix 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Patient recruited, their clinical diagnosis and testing performed 

 

2.2. DNA Extraction 

DNA was extracted from the blood samples using the salting out DNA extraction procedure, 

adapted from Miller, Dykes and Polesky (1988). The blood samples were frozen prior to 

extraction. In this procedure, cell membranes are broken to expose the DNA from the cell, the 

process is called cell lysis, detergents and surfactants as well as Proteinase-K enzyme are used 

in this process. The solution is then treated with a concentrated salt solution to make debris 

such as broken proteins, lipids and RNA to clump together. Centrifugation of the solution 

separates the clumped cellular debris from the DNA. DNA is then purified from detergents, 

proteins, salts and reagents used during cell lysis step using ethanol precipitation. Since DNA 

60 patients suspected  

Of  

Having RASopathies 

41 = Non-NF1 patients 

NS=37, NSML=1, CFC=1 
15 = NF1 patients 

4 = Other 

1=NS/CS, 1=NS/NF1, 

2=? RASopathies 

All 60 sequenced 

 Using 

Targeted gene panel 

NS patients, -VE panel (N=13) 

Underwent WES 

(N=8 part of current study 

N=5 part of sub-study) 

-VE NF1 patients (N=11) 

Underwent MLPA testing 

(Part of sub-study) 
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is insoluble in alcohol, it will aggregate together, giving a pellet upon centrifugation. After 

isolation, the DNA was resuspended in Tris-EDTA (TE) buffer. 

 

2.3. DNA quality control 

A Nanodrop 2000 Spectrophotometer (Thermo-Fisher Scientific, Massachusetts, USA), was 

used for the initial quantification of the genomic DNA. The A260/A280 absorbance ratio of 

~1.8 and A260/A280 of ~2.0 was used to assess the purity and quality of the DNA. The DNA 

samples were also assessed using agarose gel electrophoresis to check the molecular weight of 

the genomic DNA. DNA quality was assessed again during the library preparation procedure 

using the Invitrogen Qubit® v3.0 Fluorometer (Thermo-Fisher Scientific, Massachusetts, 

USA). The Qubit® dsDNA BR (Broad-Range) assay kit (assesses 100ng of double stranded 

DNA and higher) and Qubit® dsDNA HS (high sensitivity) assay kit (assesses less than 100ng 

of double stranded) kits depending on the concentration of the DNA sample as per the 

manufacturer’s instructions. 

 

2.4. Targeted gene panel (Agilent and Illumina technologies) 

As indicated in Figure 2.1, all 60 patients were sequenced using the targeted panel. This section 

details how the multi-disease targeted panel was designed and utilised to enrich and prepare 

patient samples to be sequenced on the Illumina Miseq platform. 

 

2.4.1. Custom-design of the targeted gene panel 

Selection of the genes to be included in the custom-designed targeted panel was informed by 

an extensive literature review that included reviewing published information on genes 

associated with the disorders of interest. If there was limited information on a gene’s role in 

disease, that is reported in just one family, it was not included on the panel. This was followed 

by reviewing the guidelines on the ClinGen gene-disease clinical validity classification 

framework (Strande et al., 2017). Most genes were classified as being definitively associated 

with the phenotype, but some genes with preliminary evidence indicating possible association 

with the clinical phenotypes to be studied were also added. These differential diagnosis genes 

were added as the molecular epidemiology for the target disorders had not yet been 

characterized in African patients and we wanted to have a broader group of genes for analysis.  
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The final list of 51 genes included in the panel (Table 2.1) consisted of genes known to be 

associated with RASopathies (including Noonan syndrome, Noonan syndrome with multiple 

lentigines, capillary malformation-arteriovenous malformation syndrome, Costello syndrome, 

cardio-facio-cutaneous syndrome, Legius syndrome and neurofibromatosis); cohesinopathies 

(Cornelia de Lange syndrome and related phenotypes); facial dysostoses (Treacher Collins 

syndrome, Nager syndrome and Miller syndrome) and CHARGE syndrome as well their 

differential diagnoses. The panel was referred to as FRASC targeted gene panel, derived from 

Facial dysostoses, RASopathies and Cohesinopathies. The date of the final panel design was 

08 August 2018. 

 

The Agilent SureDesign software (version 4.0, released May 2017) (Agilent technologies, CA, 

USA) was used to design the targeted panel, with a probe region size of less than 499kbp. The 

probe size of 499kb is the smallest size of the panel (tier one, pricing) and was informed by the 

number of genes included in a panel and the size of the sequences flanking the coding regions 

of the genes, details of the panel can be seen in Appendix 4. For the current study, only coding 

regions of the genes in Table 2.1 were included, with an additional 10 bases from 3' end and 

10 bases from 5' end of each target region and the coverage of bases overlapped by probes 

(extended +/- 100 bp) to represent likely capture 

 

Table 2.1: Genes included in the custom-designed NGS targeted panel, their associated clinical 

phenotypes and ClinGen association classification (Strande et al., 2017) 

Clinical Phenotype Genes  ClinGen 

classification 

RASopathies CBL, LZTR1, KRAS, NRAS, PTPN11, RAF1, SOS1, RIT1, SOS2, 

RASA1, BRAF, MAP2K1, MAP2K2, SPRED1, NF1, NF2, 

HRAS, SHOC2 

Definitive 

association 

Treacher Collins TCOF1, POLR1C, POLR1D Definitive 

association  

CHARGE Syndrome CHD7 Definitive 

association  

Cornelia de Lange  NIPBL, HDAC8, RAD21, SMC1A, SMC3 Definitive 

association  

Additional preliminary/ 

differential diagnosis 

genes  

Facial dysostoses: SF3B4, DHODH, EFTUD2, SMAD4, 

SMAD5, SMAD6, SMAD7, EYA1, PDS5A, PDS5B, SCC4, 

STAG1, ESCO2. 

 Cornelia de Lange: AFF4, ANKRD11, KMT2A, TAF1, TAF6, 

SETD5, SMARCB1, ARID1B.  

RASopathies: RRAS, RASA2, A2ML1 

Limited/Disputed 

association with the 

clinical phenotypes.  

Definitive association: Genes fully contribute to the associated phenotype 

Limited/disputed association: Genes that partially contribute to the associated phenotype 
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The probe tiling parameters were edited to ensure full coverage of the genes with high 

complexity and repetitive regions. Probe tiling is the ability of NGS probes to cover the target 

regions evenly or fully. In highly repetitive regions and GC-rich areas, the designed probes 

might not hybridise efficiently leading to reduced coverage during sequencing. Agilent 

SureDesign software uses stringent default probe tiling parameters and in our design, this was 

suitable for most genes, but a set of seven genes with inadequate coverage using the default 

parameters of panel design required further adjustments (Table 2.2). Probe tiling parameters 

were edited to be less stringent in an attempt to achieve full coverage as these seven genes had 

repetitive sequences.  

Table 2.2: Genes with 100% coverage after probe tiling parameters were modified  

Genes Ref Seq transcript Region targeted: 

GRCh37 (h19) 

reference genome 

Size 

(bp) 

Coverage 

Default 

parameters 

Coverage 

after 

modification 

ARID1B  NM_001371656.1 chr6:157099054-

157529035 

7150 97.5% 100% 

HDAC8   NM_001166419.2 chrX:71549894-

71792621 

1472 98.7% 100% 

PDS5A  NM_001100399.2 chr4:39827095-

39978207 

4687 98.9% 100% 

PTPN11  NM_002834.3 chr12:112856906-

112942578 

2086 97.4% 100% 

RASA1  NM_002890.3 chr5:86564259-

86686710 

3672 98.6% 100% 

SMAD6  NM_005585.5 chr15:66995587-

67073883 

1571 96.8% 100% 

STAG1  NM_005862.3 chr3:136057086-

136349750 

4437 99.3% 100% 

 

The final panel designed contained 51 genes, the overall size of the panel was 245.950 kbp 

containing 3375 probes and was optimized using eight patients recruited to the FRASC study 

(3 Cornelia de Lange, 3 Treacher Collins and 2 RASopathy patient samples).  

 

2.4.2.  Library Preparation and Target Enrichment 

DNA library preparation process was done using the SureSelectQXT Target enrichment for 

Illumina paired-end multiplexed sequencing (Agilent Technologies, California, USA) 

following the manufacturer protocols. Libraries were prepared using 2µl of the ~23ng/µl of 

starting DNA material, following the manufacturer’s protocol. DNA was fragmented using an 

enzymatic reaction; each fragment was then adaptor-tagged. This was followed by the 

amplification of the adaptor-tagged DNA library and purification using Agencourt AMPure 

https://www.google.com/search?sxsrf=ALeKk03QEtXdjmHJvloS-_b6aF3i0y0SwA:1602576862461&q=Santa+Clara,+California&stick=H4sIAAAAAAAAAOPgE-LUz9U3MDTNMbBQ4gAxi8ySK7S0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYxYMT80oSFZxzEosSdRScE3My0_KL8jITd7AyAgD8YEBlYAAAAA&sa=X&ved=2ahUKEwibxfKEkLHsAhWqRxUIHROiDBQQmxMoATAcegQIFxAD
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XP bead (Beckman Coulter® Life Sciences, California, USA) clean-up protocol. The cleaned 

DNA libraries were assessed using the Bioanalyzer DNA 1000 HS assay kit on the Bioanalyser 

2100 (Agilent technologies, CA, USA) to check if the libraries were within the expected 

fragment sizes of 245 -345 bp.  

 

The concentration of the libraries was assessed on a Qubit® Fluorometer using the Qubit® 

dsDNA HS assay kit where the concentration was expected to be ≥50ng/µl. These quality 

control steps are essential, as an amount of 750ng of the DNA libraries is required to proceed 

to the next step of hybridization of the designed FRASC panel probes capture to the purified 

patient libraries. Hybridized amplicons containing targeted regions were captured on 

Dynabeads™ MyOne™ Streptavidin T1 in solution (Thermo-Fisher Scientific, Massachusetts, 

USA). Untargeted regions were not hybridized and therefore washed off. Captured libraries 

with targeted regions were amplified using dual indexing or barcoding primers. This process 

adds unique tags to the libraries so that it will be easier to identify each sample during data 

analysis. This was followed by a final AMPure bead clean-up step. A summary of this process 

is shown in Figure 2.2.  

 

The qubit® dsDNA HS assay kit was used to assess the DNA concentration obtained on the 

indexed libraries as a first check to assure that the indexed libraries had been successfully 

amplified. The Bioanalyzer DNA 1000 HS assay kit was then used to quantify and assess the 

size distribution of the amplified indexed DNA as per the manufacturer’s protocol. The 

electropherograms generated by the Bioanalyzer were assessed to determine if they were within 

the recommended DNA fragment size of between 325 and 450bp.  

The NEBNext® library quant kit for Illumina (New England Biolabs, Massachusetts, USA) 

 was utilised for qPCR to achieve more precise quantitation of the target enriched samples 

before the samples could be pooled and sequenced on the Illumina platform. The use of the 

qPCR is more precise than using the Qubit® Fluorometer and Bioanalyser 2100 alone as it 

measures only the DNA fragments ligated to adaptors and is this gives an accurate 

concentrations of libraries before pooling. Accurate concentrations of libraries are crucial for 

the calculation of equimolar amounts for pooling in order to achieve even distribution of 

libraries. The quantitation of the libraries is critical for the efficient cluster generation in the 

Illumina flow cell. This kit contains primers that target the P5 and P7 Illumina adaptor 

sequences and a set of pre-diluted DNA standards to enable the quantitation of the diluted DNA 
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libraries between 150-1000bp. NEBNext library quant kit for Illumina workflow 

(NEB#E7630) was utilised following manufacturers guidelines for the quantitation of indexed 

libraries.  

 

Figure 2.2: Summary of the SureSelectQXT library preparation and target enrichment 

workflow, obtained from (https://www.agilent.com/cs/library/usermanuals/public/G9681-

90000.pdf ) 

2.4.3.  Sequencing of prepared libraries on the MiSeq NGS system 

For sequencing on the Illumina MiSeq the libraries must be diluted into equimolar 

concentrations before they could be pooled for sequencing. The libraries were diluted in a serial 

dilution until they were at 4ng/µl, and then were pooled together into a 4ng/µl library. The 

pooled libraries were then denatured and diluted following the Illumina MiSeq system, 

denature and dilute libraries guide. For the MiSeq nano and micro sequencing kits, the final 

library concentration loaded on the cartridge was 8pM and for the standard MiSeq system the 

final library loaded was 12pM. The PhiX control library (Illumina, Inc., California, USA) was 

also denatured and diluted down to the final concentration of 12.5pM following the Illumina 

https://www.agilent.com/cs/library/usermanuals/public/G9681-90000.pdf
https://www.agilent.com/cs/library/usermanuals/public/G9681-90000.pdf
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MiSeq system, denature and dilute libraries guide. The PhiX control library was spiked into 

the library to be sequenced (570µl of the library and 30µl PhiX library). PhiX is an adaptor-

ligated library used as a control for Illumina sequencing runs. The main function of the PhiX 

is to serve as a sequencing control, providing a quality control for cluster generation, 

sequencing, and alignment, and a calibration control for cross-talk matrix generation, phasing, 

and prephasing.  

Each MiSeq sequencing kit cartridge comes with Illumina TruSeq primers that work for 

libraries prepared with Illumina kits. For this study, a SureSelectQXT library preparation kit was 

used and therefore to ensure efficient sequencing of our libraries Agilent SureSelect QXT read 

primers 1 and read primer 2 as well as the index primer (3µl of each primer) were spiked into 

the Illumina TruSeq primers (597µl) wells (12, 13 and 14) on the cartridge. The sample 

(prepared libraries combined with the PhiX library) was then sequenced on the Illumina MiSeq 

Instrument (Illumina, Inc., California, USA) using the nano-, micro- or the standard MiSeq 

reagent v2 kits chemistry to obtain paired-end 2x150bp fragment using standard sequencing 

parameters and following the instrument quality control parameters. The MiSeq nano and 

micro kits were used to sequence a maximum of eight samples in low throughput sequencing 

reactions whereas the standard MiSeq reagent v2 kit was used to sequence 24 samples in high 

throughput sequencing reactions. These three different sized MiSeq sequencing kits were used 

in order to sequence various batches of libraries, from eight to 24 samples as when needed. 

2.4.4. Quality control of NGS data  

After a first round of analysis, the same variant was found in a number of patient samples and 

thus suspected as being a false positive, Sanger sequencing was used to confirm this. False 

positives were resolved by adjusting the VAF threshold from 10% to 30% and reanalysed 

(based on the manufacturer’s instructions). The data was initially analysed on Agilent SureCall 

using the default VAF threshold (10%). Samples were re-analysed on the SureCall using two 

adjusted VAF thresholds of 20% and 30%. The VAF threshold was adjusted by changing the 

Minimum Allele Frequency from 0.1 to 0.2 and 0.1 to 0.3 (representing a VAF of 20% and 

30% respectively) in the SNPPET SNP caller settings prior to analysing variants. The VAF 

threshold was adjusted a second time by changing the Minimum Allele Frequency to 0.3 (which 

represents a VAF of 30%) prior to analysing variants a third time. All targeted panel data in 

the study was then reanalysed using the VAF of 30% on the SureCall analysis software, as this 

was the recommended allele frequency threshold. 
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2.4.5. Targeted panel data analysis and interpretation 

Read alignment and variant calling was done using the Agilent SureCall data analysis software 

(version 4.2.0.18) using default parameters. The MiSeq instrument has built in software that 

performs primary analysis including the demultiplexing of the indexed reads and generates 

FASTQ files. The FASTQ file served as an input file on the SureCall data analysis software. 

This workflow aligned the reads from FASTQ file to the human reference genome, hg19 (GRch 

build 37) and provided variant call files (VCFs) and Binary alignment files (BAM) output.  

Human genome hg19 was used to align the reads and not the newer hg38 as the panel 

SureDesign and SureCall software was based on hg19 at the time, the example of the quality 

control report of a sample analysed on the Agilent SureCall software can be seen in Appendix 

5, showing duplicate information and other calling metrics.  

The VCF file of each sample was annotated using wANNOVAR (Chang and Wang, 2012) and 

Ensembl Variant Effect Predictor (VEP) (McLaren et al., 2016a). Common variants were 

filtered out using a 0.025% minor allele frequency from population databases, The minor allele 

frequency cut-off was informed by the ACMG-AMP guidelines (Richards et al., 2015) revised 

for RASopathies by the ClinGen expert panel (Gelb et al., 2018). Other parameters used for 

filtering included, in-silico protein function predictors (variants with damaging or intolerated 

protein effect were prioritised) and mode of disease inheritance (Autosomal dominant for 

RASopathies). In addition, variant classification on ClinVar disease variant database and using 

the ACMG-AMP variant classification criteria (only VUS, likely pathogenic and pathogenic 

variants were prioritised) and the shortlisted variant were then interpreted against the clinical 

phenotype. The summary of the filtering strategy for this data is summarised in Table 2.3 

Table 2.3: Summary of filtering parameters used to shortlist targeted gene panel variants 

Filtering parameters Shortlisted variants criteria 

Minor allele frequency 0.025% (RASopathy ClinGen) 

Protein function Multiple in-silico predictions: Damaging/Intolerated 

Inheritance pattern Autosomal dominant for RASopathies 

Variant type Missense variants for Non-NF1 RASopathies  

Clinical Significance VUS, Likely pathogenic and pathogenic based on ACMG-AMP 

criteria 

Prioritised variants Interpret against clinical phenotype 
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All putative disease-causing variants were visualised using Integrative Genome Viewer (IGV) 

(Robinson et al., 2017) and evaluated for sequencing depth coverage and quality metrics. 

Putative disease-causing variants were then classified using the ACMG-AMP and the ClinGen 

RASopathy expert panel guidelines to identify putative disease causing variants. Varsome 

(Kopanos et al., 2019) was used to compare manual assignment of ACMG-AMP codes to the 

on-line automated ACMG codes application. This process is summarised in Figure 2.3 below.  

 

 

Figure 2.3: Summary of analysis of data generated by the targeted gene panel 

 

2.5.Costing Analysis 

Analysis of costs in the current study was done by assessing the costs of the negative testing 

done prior to this study in the patients where clinically significant variants were identified. This 

is to illustrate that resources were being inefficiently used on inappropriate testing. An 

estimation of how much testing would cost for these group of disorders if we were to sequence 

each gene using Sanger sequencing was also done. This was informed by the NHLS costing 

model as well as the test price list of the National Health Laboratory Service, South Africa.  

 

FASTQ files 
retrieved from 

MiSeq sequencer

Uploaded on Agilent 
SureCall software to 
generate BAM and 

VCF files

Visualised BAM 
files on IGV to 
check adequate 

coverage

Annotated on 
wANNOVAR or 

Ensembl VEP 
software

Filter out genes not 
associated with 

patient’s phenotype

Filter out based on 
MAF, In-silico
protein function 

predictors, mode of 
inheritance 

All 
VUS/Pathogenic/ 
Likely pathogenic 
on ClinVar were 

prioritized

ACMG-AMP 
guidelines applied to 
further classify the 

variants

Compare manually 
assigned ACMG-

AMP codes to 
Varsome ACMG 

online tool



47 
 

The estimation of the current costs per sample on the Illumina platform were obtained from the 

https://emea.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-

cost.html, Illumina website page using targeted panel of ~50-60 target regions/genes using 

MiSeq platform and the Nano reagent kit is ~ US$200 excluding data analysis and 

interpretation. 

 

2.6.Whole Exome Sequencing (WES) using Ion Torrent ThermoFisher technology 

WES was performed on a subset of the Non-NF1 RASopathy samples (n = 13) that had no 

mutations identified using the targeted gene panel mutation screen. Eight of the thirteen was 

sequenced as part of the current study and five samples formed part of a sub-study (MSc 

supervised by the current PhD candidate). The eight samples were selected as they had clinical 

features suggestive of NS and yet no variants were identified using the panel that contained 

common genes associated with NS. Further testing using WES was necessary on these to 

determine if there are other genes or rare variants that could not be detected using the targeted 

panel (Figure 2.1). The WES laboratory workflow includes library preparation, templating and 

chip loading followed by sequencing of the chip, which was done using the Ion Chef™ 

Instrument and the Ion S5™ sequencer (Ion Torrent by ThermoFisher Scientific, California, 

USA).  

2.6.1.  Library preparation 

The library preparation for whole exome sequencing was done following the Ion AmpliSeq™ 

Exome RDY workflow. DNA concentration was measured using the Qubit™3.0 Fluorometer 

broad range kit. The total concentration of 50ng-100ng genomic DNA is required for each 

exome library target amplification reaction; 14µl of the 5x Ion Ampliseq™ HiFi mix was added 

to the 56ul DNA sample to a maximum volume of 70µl that was then added to the Ion 

AmpliSeq™ Exome RDY plate (1x8) (Ion Torrent by ThermoFisher Scientific, California, 

USA). The amplified libraries were then combined and digested using the FuPa reagent, switch 

solution and DNA ligase were used to ligate barcode adapters to the libraries. Barcodes used 

were from the Ion Xpress™ Barcode Adapter 1-16 Kit (ThermoFisher Scientific, California, 

USA). After the ligation, the libraries were purified using the Agencourt™AMPure™XP 

reagent and quantified using the Qubit™3.0 Fluorometer high sensitivity kit, the libraries were 

diluted down to ~22ng/mL (~100pM).  

 

 

 

https://emea.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-cost.html
https://emea.illumina.com/science/technology/next-generation-sequencing/beginners/ngs-cost.html
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2.6.2.   Template preparation and chip loading 

Template preparation and chip loading was performed on the Ion Chef™ Instrument using the 

Ion 540™ Kit-chef and Ion 540™ Chip kits (ThermoFisher Scientific, California, USA) as per 

the manufacturer’s instructions. Two patient libraries (12.5µl each) were pooled together to 

make 25µl per Ion 540™ chip. Four samples can be sequenced in one whole exome sequencing 

run using two Ion 540™ chips. For this particular study, two sequencing runs were performed 

to sequence eight patient samples. 

 

2.6.3.   Sequencing using the Ion S5™ GeneStudio system 

The sequencer was initialised following manufacturer’s instructions. This process involved 

placing all the buffers (wash buffer and cleaning solution), previously used Ion 540™ chip and 

sequencing cartridges needed for the sequencing of the chip. After the initialization run (45min) 

was complete, the previously used chip was removed and the new prepared chip was loaded on 

the Ion S5™sequencer (ThermoFisher Scientific, California, USA). Primary and secondary 

data analysis happened on the Torrent suite software (version 5.12.2) incorporated on the Ion 

S5 platform, created by ThermoFisher Scientific, California, USA. 

 

2.6.4. WES data analysis and interpretation 

When the WES run was complete, the data was collected on the Torrent-Suite data analysis 

software. Aligned BAM files and VCF files were produced as an output from the Torrent Suite 

software. The filtering strategy employed for the WES data is summarized in Figure 2.4. 

Additional annotation software was employed during analysis of WES data; as it was not clear 

what is expected, particularly because RASopathy features overlap with other syndromes. For 

targeted panel one annotation software is sufficient, as the output is smaller than that of the 

WES and easier to manipulate and target only the gene of interest.  
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Figure 2.4: Summary filtering strategy used for variants generated by whole exome sequencing 

 

Different analysis approaches were utilised for WES data to identify common variants of 

interest that may be observed in these three approaches; the Ensembl VEP (McLaren et al., 

2016), the moon diploid (Lek et al., 2016) and the DD-G2P pipeline (Thormann et al., 2019). 

Figure 2.4 shows annotation software of three approaches employed for WES data analysis and 

the filtering parameters. Frequency of prioritised variants on Ensembl VEP; variants with MAF 
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less than 1% in gnomAD only and the DD-G2P pipeline prioritise variants with <0.5% for 
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Polyphen protein function prediction tools. The significance of the variants is considered if 

they were VUS, likely pathogenic or pathogenic for Ensemble VEP through ClinVar disease 

variant database. For Moon diploid; the variants highly associated the phenotype are prioritised 

and the DD-G2P pipeline considered variants with high impact in DD genes only. Variants that 

were observed in all these three approaches were further prioritised and scrutinised.  

 

a) Ensembl Variant Effect Predictor 

The VCF files for the WES samples were first annotated on the Ensembl Variant Effect 

Predictor (VEP) (McLaren et al., 2016a). Variants were filtered using standard filtering 

parameters such as allele frequencies in the population databases; this resulted in more than 

200 variants observed per sample in genes that were not typically associated with RASopathies. 

 

b)  Moon by Diploid software 

Moon by Diploid software, version 3.3.3 (http://www.diploid.com/moon) was utilised to assist 

with attempting to reduce candidate variants for analysis. A VCF file together with the patient’s 

phenotypic features (HPO terms) were needed on the Moon analysis software. This is a more 

phenotype focused analysis of the WES data and clinical information of the patient is critical 

for this software to select the variants that are relevant to the HPO terms entered. A good 

clinical work up on the patients including family history and other parameters helps to reduce 

the variants and increases the chances of identifying the possible variant causing the disorder 

in less time using this method. 

 

c)  The Developmental disorder Gene2Phenotype (DD-G2P) VEP plugin 

Following Moon software analysis and the on-line VEP analysis, variants identified were not 

in genes typically associated with the RASopathies but rather with random developmental 

disorders. This led us to exploring the G2P VEP plugin that was added using the command-

line with the assistance of the DDD Africa team from the University of the Witwatersrand 

(Wits). The Variant Call Format (VCF) files were uploaded onto the Wits research computer 

cluster (ZA-Wits-Core cluster) where they underwent variant annotation using the command 

line version of Variant Effect Predictor (VEP). The VEP computes the consequence of a variant 

and can further annotate the variant with additional plugins. A Gene2Phenotype (G2P) VEP 

plugin was added to the script to filter for variants in likely disease-causing genes found in the 

G2P Developmental disorder (DD) panel database. The database contains 2429 genes known 

http://www.diploid.com/moon
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to be associated with DD that have been constructed from the literature (Thormann et al., 2019). 

The plugin filters in variants that overlap with G2P genes, if listed as a severe consequence and 

if the allele frequencies in the reference populations are below a given threshold (bi-allelic 

gene: 0.005 and mono-allelic gene: 0.0001) will be filtered-in and analysed further 

https://www.ebi.ac.uk/gene2phenotype/.  

 

d) Interpretation of the WES variants using ACMG-AMP guidelines 

Prioritized variants were then classified as pathogenic, likely pathogenic or VUS using ACMG-

AMP guidelines. The general ACMG guidelines (Richards et al., 2015), were used because the 

variants were not identified in genes that are commonly associated with RASopathies. 

Varsome, the human genome variant search engine (Kopanos et al., 2019), was used to verify 

the ACMG classifications. Variants were also checked against ClinVar and HGMD disease 

variant databases to determine if they are existing or new. The whole process taken to perform 

WES in this study is summarised in Figure 2.5 

 

 

Figure 2.5: Summary of the whole exome sequencing process, from wet-lab to analysis 
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2.7. Sanger sequencing validations 

Sanger sequencing was used to validate the presence of putative causal mutations identified 

by both the targeted panel and WES workflows. Where possible segregation analysis was 

performed by analysing whether pathogenic variants were present in family members. The 

primers for each clinically significant variant were designed using the primer3web version 

4.1.0 software (Rozen and Skaletsky, 2000) targeting the area where the mutation was 

identified (Appendix 6). The DNA sample extracted from the patients’ and their relatives’ 

(where applicable) were amplified, followed by the purification of PCR products using Exo-

SAP express kit (ThermoFisher Scientific, California, USA). Cycle sequencing of the 

purified products was performed using the BigDye v3.1 kit (ThermoFisher Scientific, 

California, USA). The resulting products were then purified using the Montage PCR96 plate 

and injection solution (Millipore®, Massachusetts, USA). Samples were then loaded on the 

3500xl Genetic Analyzer to sequence using capillary sequencing technology (ThermoFisher 

Scientific, California, USA). Raw sequencing data was analysed using the CLC Bio software 

version 7.7.1 (Qiagen, Hilden, Germany).  
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3.1. Demographics of patients recruited 

This section describes the demographics of the patients recruited in the current study as well 

as their clinical diagnoses. A total of 60 patients, 21 female and 39 male patients were recruited: 

Of the patients recruited, 45 had non-NF1 RASopathies and 15 had a clinical diagnosis of NF1. 

In addition to the patients, 69 family members were recruited and this resulted in 13 trios 

(parents and proband) and 39 duos (2 with father and child, 37 with mother and child). Eight 

adult patients were recruited as singletons and did not have any parents recruited. The 

demographics of these patients are summarised in Table 3.1, full list can be found in Appendix 

3 

Table 3.1: Summary of demographics of recruited patients  

RASopathy patients N=60 

Females 21/60 (35%) 

Males 39/60 (65%) 

Non-NF1 45/60 (75%) 

NF1 15/60 (25%) 

Mean Age at recruitment (Non-NF1 RASopathies) 9y3m (5m-33yrs) 

Mean Age at recruitment (NF1 patients) 14y4m (3-29yrs) 

Trios 13/60 (21.5%) 

Duos 39/60 (65%) 

Singletons 8/60 (13.3%) 

Relatives 69 (65 parents and 4 other) 

African ancestry 56/60 (93.3%) 

Caucasian 3/60 (5%) 

Asian 1/60 (1.6%) 

NF1: Patients presenting with NF1 clinical features, Non-NF1: Patients presenting with features suggestive of Noonan 

syndrome and other RASopathies except NF1, Trios: Patients and both parents recruited; Duo: Patient and one parent 

recruited, Singletons: Adult patients recruited without parents, Other: daughters, grandparent 

 

3.2. Design and optimisation of the FRASC panel 

In this section, the details of the design of the final custom-designed targeted panel are outlined 

and how it was first used to assess the performance of our library preparation and sequencing 

protocol. The probe region size of the custom NGS panel was 249.95kbp, containing 3375 total 

probes (Appendix 4) making the panel appropriately sized to work on most of the smaller 

benchtop NGS systems available to the researcher at the time of the study. The size of first tier 

priced panel is usually from 0-499kbp (e.g. Illumina) and ours is approximately half of that. 

 

The performance of the panel was optimised using three patients clinically diagnosed with 

Cornelia de Lange syndrome (CdLS), three with Treacher Collins syndrome (TCS) and two 
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with suspected Noonan syndrome (NS) to assess how the protocol performs for a range of 

target genes in our setting and how to optimise in subsequent runs.  

 

The sequencing run was performed using the MiSeq Reagent Kit v2 Nano, which is used for 

low output sequencing with an expected data output of ~0.3Gb (300Mb) and cluster density 

for this is 600-800K/mm2. The cluster density measures the efficiency of the sequenced library 

clusters passing the filters (PF) on the sequencing chip or flow cell, the first optimisation run 

in the current study had cluster PF of 95.93%. This eventually influences the run quality as 

underclustering may results in low sequence yield and poor coverage and overclustering may 

results in poor sequence that cannot be analysed. Good cluster density highly depend on the 

concentration of DNA libraries sequenced, its important during the DNA library pooling step 

to have accurate concentrations. The Illumina Sequence analysis viewer (SAV) QC metrics of 

the first optimisation run including a cluster density of 631k/mm2 and ~94% of bases with 

quality score of Q30 are shown in Figure 3.1.  

 

The output achieved for the optimization run was 253.6Mb as can be seen in Figure 3.1. 

Although it is lower than the expected output, more that 94% of the target area had high quality 

reads.  

 

Figure 3.1: Sequence analysis viewer quality graphs, obtained for FRASC run1 on the MiSeq 

instrument 
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With the cluster density within expected range, this run was rendered successful and the 

coverage as well as the quality score of each sample included in this run was analysed further 

as shown in Table 3.2. All samples had good quality data with Q score of 39 indicating 99.9% 

accuracy in the base calling of the data. The output and the quality of data achieved was 

acceptable based on the size of the MiSeq reagent kit used 

(https://emea.illumina.com/systems/sequencing-platforms/miseq/specifications.html). The 

minimum read depth received for the optimisation run ~37x which is within the maximum 

acceptable read depth of 30x for the targeted gene panel (Table 3.2). 

 

Table 3.2: FRASC samples used in the first panel validation run showing Q-scores and read 

depth obtained 

 

 

 

 

 

 

 

NS=Noonan syndrome, CdLS=Cornelia de Lange syndrome and TCS=Treacher Collins syndrome 

 

 

 

 

 

 

 

 

 

 

 

 

Patient Clinical diagnosis Q-Score Read depth 

FRASC1 NS 39 50x 

FRASC2 NS 39 51x 

FRASC8 CdLS 38 52x 

FRASC13 TCS 39 56x 

FRASC27 TCS 39 38x 

FRASC28 TCS 39 37x 

FRASC32 CdLS 39 50x 

FRASC41 CdLS 39 64x 

https://emea.illumina.com/systems/sequencing-platforms/miseq/specifications.html
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3.2.1. Costing analysis 

The cost effectiveness of the strategy in the current study is shown in Table 3.3, which is 

showing testing that was done prior to the patients being enrolled in the current study. Of the 

33 patients with pathogenic/likely pathogenic variant, 14 had prior testing; meaning 42% had 

inefficient testing prior to this study. At the time of the costing analysis the exchange rate 

between South African Rands (ZAR) and United States Dollar (USD) was approximately 

OneZAR = 14,758USD.  

 

Table 3.3: Costs of tests done prior to the current study 

Testing done prior to 

enrolment in current 

study 

Patients who had 

prior testing 

Price in ZAR of 

patients who had prior 

testing 

Price in USD of 

patients who had 

prior testing 

MLPA for microdeletion / 

duplications syndromes 

3 12542,54 849,54 

QF-PCR for aneuploidy 

testing 

2 7332,00 496,61 

Chromosomal analysis 2 5078,19 344,01 

FISH testing for Di-George 

syndrome  

2 5180,1 350,93 

Mucopolyssacharides 

enzyme testing 

2 329,8 20,23 

Cystic fibrosis testing 2 3666,00 248,36 

NF2 whole gene 

sequencing 

1 9000,00 609,85 

Total 14  43128,63 2901,53 

Costing was done using NHLS costing model at ~14,758 USD vs 1 ZAR exchange rate 

 

If we were to do Sanger sequencing in the eighteen genes with definite association to 

RASopathies, at ~R1242,62 (US$73,40) per region/exon, based on single regions Sanger 

sequencing utilizing both reverse and forward primers, the estimated prices are shown in Table 

3.4.  
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Table 3.4: Showing estimations of prices if Sanger sequencing were to be used to analyse all 

the exons of the genes associated with RASopathies 

Gene Number of exons 
Estimated Sanger 

sequencing price (ZAR) 

Estimated Sanger 

sequencing price 

(USD) 

BRAF 18 22367,16 1321,2 

CBL 16 19881,92 1174,4 

HRAS 6 7455,72 440,4 

KRAS 6 7455,72 440,4 

LZTR1 11 13668,82 807,4 

MAP2K1 12 14911,44 880,8 

MAP2K2 11 13668,82 807,4 

NF1 61 75799,82 4477,4 

NF2 17 21124,54 1247,8 

NRAS 7 8698,34 513,8 

PTPN11 15 18639,3 1101 

RAF1 16 19881,92 1174,4 

RASA1 25 31065,5 1835 

RIT1 6 7455,72 440,4 

SHOC2 26 32308,12 1908,4 

SOS1 24 29822,88 1761,6 

SOS2 13 16154,06 954,2 

SPRED1 7 8698,34 513,8 

Total 297 369058,14 21799,8 

 

It can be seen in Table 3.4 that the cost of sequencing all the common genes associated with 

RASopathies would be high and is unlikely to be cost-effective. This is the reason why NGS 

is a breakthrough for this group of disorders. Based on the prices of reagents and consumable 

purchases for the current study using the targeted panel, the cost per sample was ~R14 186,20 

(US$849, 68) and this is considerably cheaper,  considering that all RASopathy gene exons 

and other additional genes are sequenced simultaneously in one reaction and that the price is 

little more than sequencing 1-2 of the smaller genes. 

 

 

 



59 
 

3.2.2.  Utilising the FRASC panel to sequence RASopathy samples 

Upon the successful validation of the panel, the rest of the RASopathy samples were sequenced 

using different MiSeq sequencing kits. MiSeq Reagent Kits v2 are ready to use sequencing 

cartridges, they have different data outputs and can be used for small batch of samples (from 

eight to 24 samples). Expected data outputs for the MiSeq Reagent nano, micro and standard 

sequening kits are 300Mb, 1200Mb and 5000Mb respectively.  

As shown in Table 3.5, we were able to achieve adequate coverage (58x – 180x average read 

depth) of good quality (more than 90% of the reads had quality score of >Q30) while utilising 

MiSeq Reagent kits (Table 3.5). The number of variants obtained after annotation per sample 

(~170 variants) were similar regardless of the kit used for sequencing, this indicates that each 

sample had sufficient/ uniform amount of sequencing and there was no bias occurring during 

sequencing. 

Table 3.5: Quality metrics obtained using MiSeq reagent v2 kits  
 

3.2.3. Quality control of NGS data 

This section explains processes taken to ensure that false positive variant calls were removed 

from data analysis. Variants with skewed variant allele fractions (VAF) and low read depth 

were filtered out and removed and not analysed together with true variants. Variants with 

skewed allele fractions were observed in PTPN11 and NF1 genes and further details of their 

analysis and troubleshooting are described in this section. Quality parameters such as read 

depth and VAF were analysed by manual inspection of the BAM files in IGV. The expected 

VAF for heterozygous loci should be near 50%, and for homozygous loci should be near 100%, 

and reference loci should be near 0%. Any deviations from these expected values should be 

assessed further to eliminate any form of false variant calls. Sanger sequencing was utilised to 

further confirm the true positives (variants that was confirmed using Sanger sequencing) from 

the false positives (variants that were detected during variant annotation but not observed using 

Sanger sequencing). 

Parameters MiSeq Reagent Kit 

v2 Nano 

MiSeq Reagent Kit 

v2 Micro 

MiSeq Reagent 

Kit v2 

Samples sequenced 6-8 per run 8-16 per run 16-24 per run 

% >Q30 94.0 94.3 90.5 

Cluster density 628 742 874 

Average read depth 58x 101x 180x 

Average number of variants 

identified per sample 

170 169 174 
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a)  PTPN11: c.923A>G (p. N308S) variant 

 

A PTPN11: c.923A>G variant was observed in 10 out of 45 Non-NF1 patients. Inspection of 

the BAM files at the variant site on IGV indicated that the allele fraction for this variant was 

skewed in 9 patients indicating false-positive calls (Table 3.6), even though  the average read 

coverage is 195x. Sanger sequencing was performed in all samples with this variant and only 

one was found to be a true variant (FRASC66). 

Table 3.6: Patients with skewed allele fraction at PTPN11: c.923A>G (p.N308S) variant site 

and FRASC66 (highlighted) showing true positive variant.  

Patient Dx 

False positive 

variant 

Read 

depth 

Reference 

allele ‘A’ 

Alternative 

allele ‘G’ 

FRASC 3 NF1 PTPN11:c.923A>G 121x 99 (82%) 22 (18%) 

FRASC38 NF1 PTPN11:c.923A>G  138x 119 (86%) 19 (14%) 

FRASC42 NF1 PTPN11:c.923A>G 274x 212 (77%) 61 (22%) 

FRASC43 NF1 PTPN11:c.923A>G 277x 226 (82% 50(18%) 

FRASC44 NF1 PTPN11:c.923A>G 192x 166(86%) 26(14%) 

FRASC62 NF1 PTPN11:c.923A>G 204x 132 (79%) 35(21%) 

FRASC66 NS PTPN11:c.923A>G 186x 103 (56%) 81(44%) 

FRASC84 NS PTPN11:c.923A>G 66x 54 (82%) 12 (18%) 

FRASC91 NS PTPN11:c.923A>G 221x 155 (70%) 66 (30%) 

FRASC99 CFC PTPN11:c.923A>G 258x 210 (81%) 47 (18%) 

 

One example of the IGV plot showing the appearance of the false-positive variant is shown in 

Figure 3.2 below of FRASC91 which had 70% and 30% allele fraction and the variant was 

not observed on Sanger sequencing. 
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Figure 3.2: IGV image and Sanger sequencing electropherogram for FRASC91, one of the 

false positive variants for identified during data analysis (not observed on Sanger sequencing 

and also IGV showing uneven allele fraction) 

 

The PTPN11: c.923A>G (p.N308S) variant was confirmed in FRASC66. This result is shown 

in (Figure 3.3). The allele fraction was 56% A and 44% G, which was not skewed from the 

expected.  
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Figure 3.3: IGV image and Sanger sequencing electropherogram for FRASC66, showing a 

true positive variant (PTPN11: c.923A>G) identified and confirmed on Sanger sequencing. 

b) The NF1: c.27G>A (p.W9X) variant 

This variant was observed in 9 patients (Table 3.7). Of the nine this variant was confirmed to 

be a true variant in one patient, FRASC67 (Figure 3.4). 

Table 3.7: Eight patients with NF1: c.27G>A (p.W9X) false positive variant, IGV coverage 

as well as the respective allele fraction and FRASC67 (highlighted) showing the true positive 

variant. 

Patient Dx False positive variant 

Read 

depth 

Reference 

allele ‘G’ 

Alternative 

allele ‘A’ 

FRASC65 NF1 NF1:c.27G>A 26x 8 (31%) 18(69%) 

FRASC67 NF1 NF1:c.27G>A 48x 33 (69%) 15(31%) 

FRASC68 NF1 NF1:c.27G>A 48x 27 (56%) 21 (44%) 

FRASC70 NF1 NF1:c.27G>A 59x 32 (54% 27(46%) 

FRASC82 NF1 NF1:c.27G>A 34x 21(62%) 13(38%) 

FRASC83 NF1 NF1:c.27G>A 43x 18 (42%) 25(58%) 

FRASC89 NF1 NF1:c.27G>A 114x 69 (61%) 45 (39%) 

FRASC94 NS NF1:c.27G>A 73x 45 (62%) 28(38%) 

FRASC95 NF1 NF1:c.27G>A 59x 33(56%) 26(44%) 
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It can be seen in Table 3.7 that the average read depth at the variant site of all the nine samples 

is 56x which was much lower compared to the coverage of other exons in the NF1 gene, 

observed on IGV during manual inspection (data not shown). This can be explained by the fact 

that this variant was found in exon 1 on the 27th nucleotide, which is at the very beginning of 

the gene. It is previously reported that sequencing at the beginning or end of the gene may have 

lower coverage. This is because it is closer to the primer binding site and the point where 

polymerase activity is just ending / starting as compared to the middle of the sequence where 

the activity is optimal (Hert, Fredlake and Barron, 2008; Ari and Arikan, 2016) 

The allele fraction of the few reads obtained per sample was also skew compared to the 

expected heterozygous allele ratios. Poor coverage depth and uneven allele fraction could have 

been the cause for false positive calls. The NF1:c.27G>A variant was confirmed in one patient, 

FRASC67 using Sanger sequencing (Figure 3.4). This variant was also observed in the mother 

who was not formerly assessed prior to the enrolment to the current study, therefore it is 

unknown if she has NF1. 
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Figure 3.4: IGV image and Sanger sequencing electropherogram for FRASC67, showing a 

NF1:c.27G>A true positive variant identified and confirmed on Sanger sequencing.  

In an attempt to verify if the NF1:c.27G>A was a false-positive call, FRASC83 sample, one of 

the samples with the false positive call was re-sequenced using a different chemistry (on the 

ThermoFisher, Ion-torrent S5 sequencing platform) utilising another panel with the NF1 gene 

used in our facility to assess whether same result would l be observed. Figure 3.5 shows that 

this variant was not observed using both Sanger sequencing and the IDP panel. This additional 

QC step was introduced because the VAF skewing was not as informative as for the PTPN11 

variant. 
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Figure 3.5: Showing FRASC83 sample where the NF1:c.27G>A variant was not confirmed 

on Sanger sequencing and when the another panel was utilised for sequencing. 

False-positive calls observed for both the PTPN11:c.923A>G and NF1:c.27G>A in these 

patients were resolved by adjusting the variant call parameters utilised in the Agilent SureCall 

analysis software. The default parameters of this software were initially set to low stringency 

with a variant allele frequency (VAF) threshold at 10%. This was suspected to be contributor 

to the false-positives observed, as most analysis software has the default VAF threshold at 30% 

(Petrackova et al., 2019a; Song et al., 2021). So the VAF threshold on the SureCall software 

was adjusted to 30% and the data from these samples were reanalysed, Increasing the VAF 

threshold from 10% to 30% completely removed the PTPN11:c.923A>G variant false positive 

calls and the variant only remained in FRASC66, which was also identified using Sanger 

sequencing as a true variant.  

Another 
Panel 
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However for the NF1:c.27G>A false positive data the variant remained even after the threshold 

of the VAF was adjusted to 30%. This indicates that when there is poor coverage of the variant, 

the analysis software may not be accurate and there is a higher chance of false positive calls. 

Based on the findings from this section, all data was then analysed using a VAF threshold of 

30% and all variants where confirmed using Sanger sequencing so that all false positive calls 

were not included in the dataset in the next section. 

3.3.  Genetic variants identified using the FRASC targeted gene panel 

This section details all clinically significant variants (pathogenic, likely pathogenic and VUS) 

identified using the targeted panel. A total of 34 likely pathogenic/pathogenic variants were 

identified in eight RASopathy genes (PTPN11, BRAF, LZTR1, MAP2K2, NRAS, NF1, RAF1 

and SOS1), resulting in an overall variant detection rate of 56.6% (34/60). Sanger sequencing 

was performed to confirm all variants detailed in this section. Two patients had a VUS in the 

MAP2K1 gene. Twenty-four patients (10 suspected of having NF1, 13 with clinical features 

suggestive of NS, and 1 with an unknown RASopathy) had no pathogenic variants identified. 

3.3.1. Variants identified in the PTPN11 gene 

A total of ten pathogenic variants were identified in the PTPN11 gene (Table 3.8). All these 

variants are heterozygous and have been previously reported in disease variant databases. 

ClinVar database accession numbers of these variants are also listed in the table. FRASC100 

was diagnosed with NSML and the rest of the patients with PTPN11 had a clinical diagnosis 

of NS.  

Table 3.8: Pathogenic variants identified in the PTPN11 (NM_002834.3) gene 

Patients Clinical  

disorder 

Clinically significant 

variants identified 

ClinVar ID Type of 

mutation 

Classification 

FRASC1 NS c.215C>G (p.A72G) VCV000013325.13 Missense Pathogenic 

FRASC2 NS c.922A>G (p.N308D) VCV000013326.31 Missense Pathogenic 

FRASC10 NS c.211T>C (p.F71L) VCV000040499.3 Missense Pathogenic 

FRASC18 NS c922A>G (p.N308D) VCV000013326.31 Missense Pathogenic 

FRASC20 NS c.182A>G (p.D61G) VCV000013330.12 Missense Pathogenic 

FRASC36 NS c.228G>T (p.E76D) VCV000040502.6 Missense Pathogenic 

FRASC66 NS c.923A>G (p.N308S) VCV000013327.16 Missense Pathogenic 

FRASC81 NS c.1510A>G (p.M504V) VCV000040562.20 Missense Pathogenic 

FRASC86 NS c.188A>G (p.Y63C) VCV000013333.19 Missense Pathogenic 

FRASC100 NSML c.1381G>A (p.A461T) VCV000013342.10 Missense Pathogenic 
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PTPN11 gene pathogenic variants were identified in (9/22) 41% of the patients with a clinical 

diagnosis of Noonan syndrome When segregation analysis was performed using Sanger 

sequencing, it was seen that the PTPN11: c.922A>G (p.N308D) variants for FRASC2 and 

FRASC18 were also observed in the mothers of both probands (figure 3.6 A and B). Similarly, 

the PTPN11: c.182A>G (p.D61G) variant was also observed in both child and mother for 

FRASC20 (Figure 3.7). Mothers for FRASC2 and FRASC20 were clinically diagnosed with 

NS and mother to FRASC18 was not formerly assessed.  

 

Figure 3.6: Sanger sequencing electropherograms of FRASC2 (A) and FRASC18 (B) showing 

the PTPN11:c.922A>G variant observed in the probands and their mothers 

 

 

Figure 3.7: Sanger sequencing electropherograms of FRASC20 showing the 

PTPN11:c.182A>G variant observed in both child and mother. 
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The common clinical features of the patients with a pathogenic variant in the PTPN11 gene are 

short stature, cardiac anomalies, webbed neck, low set ears, hypertelorism, epicanthic folds, 

intellectual disability and undescended testis in males. These are typical features associated 

with Noonan syndrome and are listed in Table 3.9 (Tartaglia et al., 2002: 11; Athota et al., 

2020).  

Table 3.9: Typical clinical features of Noonan syndrome observed in patients with PTPN11 

variants 

All patients listed in Table 3.9 had a clinical diagnosis of NS, except for FRASC100 with clinical diagnosis of 

NSML. X=present, PS= Pulmonary stenosis, ASD= atrial septal defect, PDA= Patent ductus arteriosus, VSD= 

ventricular septal defect, DSPF= downslanting palpebral fissures, EF= epicanthic fold, F=female, M=Male 

NSML patient 

FRASC100 had a clinical diagnosis of NSML and had the pathogenic de novo variant PTPN11: 

c.1381G>A (p.A461T). Clinical features that distinguished this patient from other patients with 

PTPN11 variants is that in addition to typical NS features, this patient had 10 CALs, multiple 

lentigines, hearing loss, pectus excavatum and myopic vision. Both parents were included for 

segregation analysis using Sanger sequencing and did not carry this variant (Figure 3.8) 

 

Patient 

(FRASC No) 1 2 10 18 20 36 66 81 86 100 

Short stature X X X X X X X X  X 

Heart defects            

PS  X        X X 

ASD  X   X X     

PDA           

VSD X  X  X    X  

Face           

Low set ears X X X  X X X X X X 

Posteriorly 

rotated ears  X   X  X X   

DSPF   X  X X X X X X 

Ptosis  X   X  X    

EF  X X X  X X X X X 

Hypertelorism  X X X   X   X  X 

Webbed neck X X X X X    X X 

ID           

Mild    X     X   X 

Moderate   X X  X  X    

Sex F M F M F  F M F M M 

Undescended 

testes  X  X   X  X X 
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Figure 3.8: Sanger sequencing electropherogram of the NSML patient, showing the PTPN11: 

c.1381G>A (p.A461T) de novo variant and the parents (homozygous wild type) 

 

All the variants identified in the PTPN11 gene were mapped on the PTPN11 protein domains 

to see where they cluster (Figure 3.9). Most pathogenic variants were missense mutations 

clustered in exons 3, 8, 12, and 13. Five variants (D61G, Y63C, F71L, A72G and E76D) were  

identified in exon 3 and occur within the N-terminal of the SH2 (Src Homology 2) domain, 

indicating that this is the hot-spot region as reported in the literature (Tartaglia et al., 2002; 

Athota et al., 2020). The two variants N308D and N308S were identified in exon 8 and occurs 

within the protein tyrosine phosphate (PTP) domain. The A461T variant observed in exon 12 

of the PTP domain is associated with Leopard/NSML syndrome as identified in FRASC100 

(ClinVar ID: VCV000013342.10). 

 

 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/missense-mutation
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Figure 3.9: Protein Tyrosine Phosphatase protein domains (SHP) containing the N and C 

terminals (N-SH2 and C-SH2) as well as the protein tyrosine phosphate (PTP) domain showing 

where the PTPN11 variants identified in the current study cluster. 

 

3.3.2. Variants identified in the BRAF gene 

Seven pathogenic variants in the BRAF gene were identified in the current study, five patient 

had a clinical diagnosis of NS while two had a clinical diagnosis of CFC (Table 3.10). All 

variants were heterozygous and previously reported in ClinVar and the accession numbers are 

listed in the Table 3.10. 

 

Table 3.10: List of the pathogenic variants identified in the BRAF (NM_004333.4) gene 

Patients 
Clinical  

disorder 

Clinically significant variants 

identified 
ClinVar ID 

Type of 

mutation 
Classification 

FRASC4 NS c.770A>G (p.Q257R) VCV000013973.17 Missense Pathogenic 

FRASC64 NS c.770A>G (p.Q257R) VCV000013973.17 Missense Pathogenic 

FRASC73 NS c.770A>G (p.Q257R) VCV000013973.17 Missense Pathogenic 

FRASC88 NS c.736G>C (p.A246P) VCV000013965.5 Missense Pathogenic 

FRASC39 NS c.722C>T (p.T241M) VCV000029805.6 Missense Pathogenic 

FRASC63 CFC c.1502A>T (p.E501V) VCV000040374.1 Missense Pathogenic 

FRASC99 CFC c.1741A>G (p.N581D) VCV000013979.4 Missense Pathogenic 
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Three patients were found to have the same BRAF: c.770A>G (p.Q257R) pathogenic variant, 

see Figure 3.10 showing 2 of the 3 patients with this pathogenic variant. These two presented 

with clinical features such as moderate (patient 64) and severe (patient 4) ID, DSPF, low-set 

posteriorly rotated ears and epicanthic folds (Table 3.8). 

 

Figure 3.10: FRASC4 (A) and FRASC64 (B) with a clinical diagnosis of NS both carrying the 

same BRAF:c.770A>G (p.Q257R) pathogenic variant 

 

Clinical features of patients with the BRAF variants are summarised in Table 3.11, showing 

FRASC4, FRASC64, FRASC73, FRASC88 and FRASC39 had a clinical diagnosis of NS 

whereas FRASC63 and FRASC99 had a clinical diagnosis of CFC. 
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Table 3.11: Summary of clinical features of patients with BRAF pathogenic variants 

Patient 

FRASC No. 
4 64 73 88 39 63 99 

Short Stature X   X X X  

Skin             

Deep creases   X  X X X 

Hyperkeratosis   X   X X 

Heart defects              

PS    X  X  

Mitral or 

tricuspid valve 

regurgitation 

  X     

HOCM     X   

Face             

Coarse features      X X 

Frontal bossing   X   X   

Low set ears X X X X  X  

Posteriorly 

rotated ears 
X X X     

DSPF X X X X X X X 

Ptosis    X   X 

EF X X X X X X  

Hypertelorism X  X X X X X 

Full lips   X  X X  

Webbed neck   X    X 

Broad chest  X X    X 

Pectus 

excavatum 
X   X    

Hair             

Sparse   X X X X X X 

Nails             

Small      X  

Deep-set      X X 

Dystrophic      X  

ID             

Mild     X   

Moderate - X X   X  

Severe X         

Myopic vision        X 

Strabismus   X    X  

Joint laxity  X X  X   

BRAF variant  c.770A>G c.770A>G 770A>G 736G>C 722C>T c.1502A>T c.1741A>G 
X=present, PS= Pulmonary stenosis, HOCM= Hypertrophic obstructive cardiomyopathy, DSPF= downslanting 

palpebral fissures, EF= epicanthic fold, F=female, M=Male 

 

Sanger sequencing confirmation of the variants identified in patients FRASC4, FRASC64 and 

FRASC73 are shown in Figure 3.11 A and B. The mothers of both FRASC4 and FRASC64 

did not have the variants and fathers were unavailable to test. The c.770A>G variant was also 

observed in FRASC 73, also included in Sanger sequencing confirmations in Figure 3.11 C.
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Figure 3.11: Sanger sequencing electropherogram of the three patients A (FRASC4), B (FRASC64) and C (FRASC73), showing the 

BRAF:c.770A>G variant and the parents (having homozygous wild-type variant. 
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Sanger validations of FRASC39 and FRASC88 are also indicated in Figure 3.12. The 

BRAF:c.722C>T (A) and BRAF:c.736G>C (B) variants were also not observed in mothers, 

fathers were not available to test and ascertain if variants are de novo or not.  

 

Figure 3.12: Sanger sequencing electropherogram of the two patients, showing the 

BRAF:c.722C>T (A) and BRAF:c.736G>C (B) variants and both variants not observed in the 

mothers of  the probands. 

All the variants (five) identified in the BRAF gene were mapped on the RAS binding and 

protein kinase protein domains including conserved regions (CR1-3). It can be seen in Figure 

3.14 that three (Q257R, T241M and A246P) of the five are clustered in CR1 indicating a 

possible hot spot region. Two variants (E501V and N581D) were in exon 12 and 14, 

respectively of the conserved region 3 (CR3) of the protein kinase domain (Figure 3.13). 

 

Figure 3.13: BRAF variants obtained in the current study are mostly clustered in exon 6 of the 

conserved region 1 (CR1) of the Ras-GTP-binding self-regulatory domain.  

 

 

https://en.wikipedia.org/wiki/Ras_subfamily
https://en.wikipedia.org/wiki/Guanosine_triphosphate
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3.3.3. Variants identified in the LZTR1 gene 

Heterozygous LZTR1 variants were observed in 3 patients with a clinical diagnosis of Noonan 

syndrome (FRASC15, FRASC21 and FRASC69) and 1 patient (FRASC62) presenting with 

clinical features of Schwannomatosis. The variants identified are listed in Table 3.12. The two 

variants identified in FRASC21 and FRASC62 have not been reported in clinical variant 

interpretation databases such as ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/) and Human 

Genome Mutation Database (HGMD®) (http://www.hgmd.cf.ac.uk). 

 

Table 3.12: List of likely pathogenic and pathogenic variants identified in the LZTR1 

(NM_006767.4) gene 

Patients Clinical  

disorder 

Clinically significant 

variants identified 

ClinVar ID Type of 

mutation 

Classification 

FRASC15 NS c.730T>C (p.S244P) VCV000636792.1 Missense Likely pathogenic 

FRASC21 NS c.690C>G (p.N230K) Not reported Missense Likely pathogenic 

FRASC69 NS c.848G>A (p.R283Q) VCV000561716.3 Missense Likely pathogenic 

FRASC62 Schwannomatosis c.2269C>T 

(p.Q757X) 

Not reported Nonsense Pathogenic 

 

FRASC69 Figure 3.14 (A) was found to have the LZTR1:c.848G>A and FRASC15 in Figure 

3.14 (B) was found to have a c.730T>C pathogenic variant in the LZTR1 gene. Both 

FRASC69 and 15 with LZTR1 pathogenic variants had typical Noonan syndrome clinical 

features such as mild ID, DSPF, epicanthic folds. FRASC 15 also presented with 

hypertrophic obstructive cardiomyopathy. 

 

 

Figure 3.14: FRASC69 (A) with a clinical diagnosis of NS carrying the LZTR1:c.848G>A 

(p.R283Q) likely pathogenic variant and FRASC15 (B) with a clinical diagnosis of NS carrying 

the previously described LZTR1: c.730T>C (p.S544P) likely pathogenic variant 

https://www.ncbi.nlm.nih.gov/clinvar/
http://www.hgmd.cf.ac.uk/
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The LZTR1:c.848G>A variant observed in FRASC69, Figure 3.15 (A) has conflicting 

classifications on ClinVar of LP/VUS. Using ACMG –AMP guidelines (Richards et al., 2015; 

Gelb et al., 2018) PM2 (variant not found in gnomAD genomes/exomes), PP3 (multiple in-

silico predictors, predicts pathogenic/deleterious effect) and PP4 (applied because the patient 

had a clinical diagnosis of Noonan syndrome) this variant was classified as likely pathogenic 

in the current study. This variant was also observed in the mother of the patient; however, no 

formal clinical assessment was conducted on the mother (Figure 3.15.A).  

A LZTR1:c.690C>G novel variant was observed in FRASC21 (Figure 3.16 B). 

 

Figure 3.15: Sanger sequencing electropherogram of the three patients, showing the LZTR1: 

c.848G>A, c.690C>G and c.730T>C variants in A (FRASC69), B (FRASC21) and C 

(FRASC15). Variant LZTR1: c.848G>A was observed in both the FRASC69 patient and 

mother (A). 

Clinical features of the patients with clinical features of Noonan syndrome that had a likely 

pathogenic variant in the LZTR1 gene are summarised in Table 3.13. 
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Table 3.13: Summary of clinical features of Noonan syndrome patients with LZTR1 variants 

observed in this study 

Patient FRASC 

No. 
15 21 69 

Short Stature X   

Skin    

Deep creases X  X 

Heart defects     

PDA  X  

HOCM X   

Face    

Coarse features  X  

Low set ears  X X 

DSPF X X X 

Ptosis  X X 

EF X  X 

Hypertelorism  X  

Full lips  X  

Webbed neck  X X 

Broad/Shield chest  X  

Pectus excavatum  X X 

Hair    

Coarse  X  

Sparse   X 

ID    

Mild X X X 

Short 5th 

Metacarpal 
  X 

Variant identified LZTR1:c.730T>C LZTR1:c.690C>G LZTR1:c.848G>A 
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FRASC62 had features suggestive of Schwannomatosis (Figure 3.16, A) and was shown to 

have a c.2269C>T (p.Q757X) variant in the LZTR1 gene. As observed in the Figure 3.16 (B) 

the variant was identified in the two clinically affected daughters as well during segregation 

analysis using Sanger sequencing. 

 

Figure 3.16: Pedigree and Sanger sequencing electropherogram of FRASC62, showing the 

disease-causing variant segregating through the family with Schwannomatosis 

 

The LZTR1 variants were mapped on the Kelch protein domains of the LZTR1, exon 8 and 9 

of Kelch 3 and 4 had all three (N230K, S244P and R283Q) variants associated with NS and 

the the Q757X Schwannomatosis variant was found in in exon 19 was and was not within any 

of the functional domains (Figure 3.17). 

 

Figure 3.17: LZTR1 variants obtained in the current study are clustered exons 8 and 9 within 

Kelch 3 and 4 protein domains, the variants are monoallelic and associated with autosomal 

dominant Noonan syndrome (Motta et al., 2019: 1; Pagnamenta et al., 2019).  
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3.3.4. Variants identified in SOS1 gene 

Heterozygous Noonan-causing variants in the SOS1 gene were observed in 2 patients: 

FRASC14 and FRASC60. These two pathogenic variants are listed in Table 3.14, both variants 

are known variants reported in ClinVar to be associated with NS. 

 

Table 3.14: Two variants identified in the SOS1 (NM_005633.3) gene. 

Patients 
Clinical  

disorder 

Clinically significant 

variants identified 
ClinVar ID 

Type of 

mutation 
Classification 

FRASC14 NS c.806T>C (p.M269T) VCV000040662.9 Missense Pathogenic 

FRASC60 NS c.1649T>C (p.L550P) VCV000040680.4 Missense Pathogenic 

 

FRASC14 in whom the SOS1: c.806T>C variant was identified is shown in Figure 3.18. This 

patient presented with typical Noonan syndrome features such as pulmonary stenosis, unusual 

faces, mild ID and strabismus 

 

 

Figure 3.18: FRASC14 with a clinical diagnosis of NS carrying SOS1:c.806T>C (p.M269T) 

pathogenic variant.  

Sanger sequencing was performed to confirm these variants and the electropherograms are 

indicated in Figure 3.19 (A). For FRASC60, this variant was confirmed in the child only 

(Figure 3.20 B). 
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Figure 3.19: Sanger sequencing electropherogram of the two patients, showing the c.806C>T, 

identified in exon 6 (A) and c.1649T>C identified in exon 10 (B) of the SOS1 gene. Variant 

SOS1: c.806C>T was observed in both FRASC14 patient and her father (A) 

 

3.3.5. Variants identified in the RAF1 gene 

Two pathogenic variants were identified in the RAF1 gene, both these variants have been 

previously reported in ClinVar (Table 3.15) and HGMD to be associated with Noonan 

syndrome. 

Table 3.15: Two variants identified in the RAF1 (NM_002880.3) gene 

Patients 
Clinical  

disorder 

Clinically significant variants 

identified 
ClinVar ID 

Type of 

mutation 
Classification 

FRASC17 NS c.781C>A (p.P261T) VCV000040604.5 Missense Pathogenic 

FRASC87 NS c.770C>T (p.S257L) VCV000013957.18 Missense Pathogenic 

 

Sanger sequencing was performed to confirm the variants. These variants were observed in the 

probands only and were not observed in the mothers of the patients (Figure3.20).  
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Figure 3.20: Sanger sequencing electropherogram of FRASC87 and FRASC17, showing the 

c.770C>T,(A) and c.781C>A (B) both identified in exon 7 of the RAF1 gene. 

 

3.3.6. Genes with single variants identified (NRAS and MAP2K2) 

NRAS and MAP2K2 genes each had one variant identified. The NRAS variant was identified in 

a patient with a clinical diagnosis of NS and the MAP2K2 variant was identified in a patient 

presenting with clinical features of CFC. Both these variants have been previously reported in 

ClinVar to be associated with these syndromes (Table 3.16). 

 

Table 3.16: Variants identified in the NRAS and MAP2K2 genes 

Patients 
Clinical  

disorder 

Clinically significant variants 

identified 
ClinVar ID 

Type of 

mutation 
Classification 

FRASC5 NS   
NRAS:NM_002524.3:c.173C>T 

(p.T58I) 
VCV001070042.1 Missense 

Likely 

pathogenic 

FRASC22 CFC 
MAP2K2:NM_030662.3:c.169T>G 

(p.F57V) 
VCV000008273.2 Missense Pathogenic 

 

The two variants were confirmed using Sanger sequencing and that is shown in Figure 3.21 A 

for the MAP2K2: c.169T>G and figure 3.21 B for the NRAS:c.173C>T variant 
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Figure 3.21: Sanger sequencing electropherogram of FRASC22 and FRASC5, showing the 

MAP2K2: c.169T>G (A) and the NRAS:c.173C>T (B) variants. 

 

3.3.7. Variants identified in the NF1 gene 

Fifteen patients (25%) were recruited with clinical features suggestive of NF1 syndrome> Oof 

those NF1-causing mutations were identified in seven (46.7%). All variants were previously 

reported in ClinVar except for the NF1:NM_001042492.2:c.27G>A (p.W9X) variant, which 

was not reported in the ClinVar or HGMD databases. Mutation profiles of the seven patients 

are indicated in Table 3.17.  
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Table 3.17: Pathogenic variants identified in the NF1 (NM_001042492.2) gene in patients 

with clinical diagnosis of NF1 

Patients Clinically significant variants 

identified 

ClinVar ID Type of 

mutation 

Classification 

FRASC38 c.1658A>G (p.H553R) VCV000420076.5 Missense Pathogenic 

FRASC42  NF1: c.6772C>T (p.R2258X)  VCV000230389.15  Nonsense  Pathogenic and  

FRASC44  c.496-497 del (p.V166Lfs*) VCV000431562.4 Frameshift Pathogenic 

FRASC45 c.3721C>T (p.R1241X) VCV000000361.11 Nonsense Pathogenic 

FRASC46 c.569T>G (p.L190X) VCV000431974.2 Nonsense Pathogenic 

FRASC53 c.5204_5205 del (p.K1735Sfs*) VCV001072614.1 Frameshift Pathogenic 

FRASC67 c.27G>A (p.W9X) N/A Nonsense Pathogenic 

 

Sanger sequencing was performed to confirm the variants identified in patients listed in Table 

3.15 and this is shown in Figures 3.23 to 3.24. 

 

Figure 3.22 Sanger sequencing electropherogram confirming two frame-shifts variants 

(c.496_497 delGT and c.5204_5205delAG) identified in the NF1 gene of FRASC44 (A) and 

FRASC53 (B) where the variant was not observed in the father. 
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Figure 3.23: Sanger sequencing electropherogram confirming a nonsense variant, c.3721C>T 

identified in the NF1 gene of FRASC45 child. Both parents had the homozygous wild type 

variant 

 

 

Figure 3.24: Sanger sequencing electropherogram confirming two variants identified in this 

patient. One nonsense pathogenic NF1:c.6772C>T (A) and one missense VUS c.215G>A 

identified in the MAP2K1 gene. The MAP2K1 VUS was also observed in the mother (B) 

All these patients had a clinical diagnosis of NF1 presenting with more than six CALs of 1.5cm 

in size (Table 3.16). More clinical features in keeping with NF1 are summarised in Table 3.15. 
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With the pathogenic variant identified in all these patients (Table 3.18), the diagnosis of NF1 

can be confirmed. 

 

Table 3.18: Summary of clinical features of patients with a pathogenic NF1 variant.  

Patient 

FRASC No. 
38 42 44 45 46 53 67 

Age 
3yr3

m 

12yr3

m 
6yr2m 8y9m 29yr9m 

11yr8

m 
4yr9m 

Café au lait 

(number : 

size) 

10: 

No 

size 

>6:>1.

5cm 

>10:>

1.5cm 

>6:>1.

5cm 
>6:1.5cm 

>6:>0.

5cm 

>6: 

5mmx5m

m 

Freckling        

Axillary X X X X X X  

Inguinal X X  X X X  

Hyperpigmen

tation 
X      X 

Skin        

Deep creases    X   X 

Hyperkeratos

is 
X       

Neurofibrom

as 
 X  X X X X 

Plexiform 

neurofibroma

s 

 X  X X X  

Face        

Coarse 

features 
    X   

Frontal 

bossing 
X       

Low set ears X X      

DSPF X X X X    

EF   X     

Hyperteloris

m 
  X     

Full lips X       

Pectus 

Carinatum 
X       

Short 5th 

metacarpal 
   X    

ID        

Normal   X X X X X 

Mild X X      

 

All seven NF1 variants were mapped on the neurofibromin domains to see how they cluster. 

Most NF1 variants are nonsense and frameshifts and they do not fall within any functional 
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domain but the ability of these variants to cause premature termination of the protein formation 

and results in the shortened coding sequence in the gene have rendered them pathogenic. In 

Figure 3.25 it can be seen that only three variants (p.H553RM, p.K1241Sfs and p.K1735Sfs 

are within the neurofibromin domains. 

 

 

Figure 3.25: NF1 variants obtained in the current study are mostly clustered outside the 

functional domains. The type of variants obtained are mostly nonsense and frameshifts causing 

premature termination. 

 

3.3.8. Variant of uncertain significance, MAP2K1:c.215G>A (p.S72N) 

One VUS in the MAP2K1 gene was observed in 5% (3/60) of the patients included in this study. 

The MAP2K1:c.215G>A (p.S72N) VUS was observed in three patients in our study (FRASC 

19, 42 and 98). Two of the patients had clinical features suggestive of Noonan syndrome and 

one patient (FRASC42) had another NF1 pathogenic variant identified and for this patient 

ACMG rule BP5 (variant found in a case with an alternate molecular basis for disease) applies. 

The MAP2K1:c.215G>A (p.S72N) variant was not found in the ClinVar and HGMD® 

databases and was not  de novo as two of the parents (mother to patient 42 and father to patient 

98) were found to have this variant during Sanger sequencing analysis (Figure 3.26). The 

parents found with these variants were not clinically assessed. The significance of this variant 

is uncertain due to conflicting ACMG-AMP rules, the PM2 (variant have not been reported in 

population databases), PP2 (missense variants in the MAP2K1 gene are not tolerated) and BP5 

code explained earlier for FRASC42. The BP5 rule was applied with caution as cases with 

NF1-NS syndromes have been reported where patients presents with features suggestive of 

NF1 and NS syndromes and have been documented with variants in both genes (Reig et al., 

2011; Yapijakis, Pachis and Voumvourakis, 2017).  
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Figure 3.26: Sanger sequencing confirmation was performed for the MAP2K1:c.215G>A 

variant and was found in all three patients (Figure 3.26). Variants identified in FRASC98 father 

and FRASC42 mother. 

 

3.3.9. Detection rate per clinical diagnosis and gene variant frequencies 

In this section the detection rate per clinical diagnosis is summarised (Table 3.19) with the 

frequency of the variants identified per gene compared to the published data (Table 3.20).  
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Table 3.19: Summary of the detection rate in the RASopathy genes where clinically significant 

variants were identified in our cohort of 60 patients. 

Clinical diagnosis Patients 

recruited 

P and LP 

variants  

Number of patients with variants in a 

gene 

Pick-up per 

diagnosis 

Noonan 37 22 9-PTPN11, 5-BRAF, 3-LZTR1, 2-RAF1,  

2-SOS1,1-NRAS, 

59.5% 

CFC 3 3 1-MAP2K2, 2-BRAF 100% 

NSML 1 1 1-PTPN11 100% 

NF1 15 7 7-NF1 46.7 

Schwannomatosis 1 1 1-LZTR1 100% 

Noonan/NF1 1 0  0% 

?RASopathy 2 0  0% 

P=pathogenic, LP=likely pathogenic 

Table 3.20: Comparison of our frequency of clinically significant variants in a gene per 

RASopathy to the frequencies in existing literature  

RASopathy Gene Our frequency Literature Ref 

NS PTPN11 41% 40-50% 

 (Tartaglia et al., 2002; Xu et al., 

2017; Athota et al., 2020) 

  BRAF 22.7% 1.7-2.3% 

 (Sarkozy et al., 2009; Lee et al., 

2011) 

 LZTR1 13.6% 8%  (Yamamoto et al., 2015) 

 RAF1 9% 3-17% 

 (Pandit et al., 2007; El Bouchikhi et 

al., 2016) 

 SOS1 9% 10-20% 

 (Roberts et al., 2007; Rauen, 2013; 

El Bouchikhi et al., 2016) 

 NRAS 4.5% (rare)~1% 

 (Cirstea et al., 2010; El Bouchikhi et 

al., 2016) 

NSML PTPN11 100%  90% 

(Sarkozy, Digilio and Dallapiccola, 

2008; Sarkozy et al., 2009; Lee et al., 

2011) 

CFC BRAF 66.7% 75% 

 (Sarkozy et al., 2009; Pierpont et al., 

2014) 

 MAP2K2 33% 25% 

 (Rodriguez-Viciana et al., 2006; 

Nava et al., 2007a) 

NF1 NF1 100%  90% 

 (Rauen, 2013; Koczkowska et al., 

2018) 

Schwannomatosis LZTR1 100%  38%%  (Yamamoto et al., 2015) 

 

Table 3.19 shows the detection rate in patients recruited per clinical disorder, for example, of 

the 15 patients recruited with clinical diagnosis of NF1, 7 (46.7%) had a pathogenic variant 
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identified. Table 3.20 shows the frequency of variants identified in a gene compared to the 

literature, for example, all variants in patients with clinical diagnosis of NF1 were identified in 

the NF1 gene. 

 

3.3.10. Segregation analysis in family members of variants identified on the 

targeted  

 

This section describes the variants observed in family members during Sanger sequencing 

analysis following the identification of a variant in a proband. Clinical assessment of relatives 

was done in three patients FRASC2, FRASC20 and FRASC62. In other families where variants 

were observed in parents, no formal clinical diagnosis of the parents was performed Table 3.21. 

 

Table 3.21: Variants that were observed in probands and their relatives 

 

 

 

 

 

Patient 

number  Recruited 

Clinica

l 

disorde

r 

Variants identified 

and Classification 

Sanger 

Confirmation 

Relatives' clinical 

assessment 

FRASC69 Duo NS 

LZTR1:c.848G>A 

Likely Pathogenic 

Observed in 

mother and child 

Mother not clinically 

assessed 

FRASC98 Trio NS 

MAP2K1:c.215G>

A VUS 

Observed in 

father and child 

Father not clinically 

assessed 

FRASC42 Duo NF1 

MAP2K1:c.215G>

A VUS 

Observed in 

mother and child 

Mother not clinically 

assessed 

FRASC14 Duo NS 

SOS1:c.806T>C 

Pathogenic 

Observed in 

father and child 

Father not clinically 

assessed 

FRASC62 

Father and 3 

daughters (see 

Figure 3.17) NF1 

LZTR1:c.2269C>T 

pathogenic 

Observed in 

father and two 

daughters 

Sister to the father 

previously tested +ve 

for the mutation in 

overseas lab 

FRASC20 Duo NS 

PTPN11:c.182A>G 

pathogenic 

Observed in 

mother and child 

Mother clinically 

diagnosed with NS 

FRASC2 Duo NS 

PTPN11:c.922A>G 

pathogenic 

Observed in 

mother and child 

Mother clinically 

diagnosed with NS 

FRASC18 Duo NS 

PTPN11:c922A>G 

pathogenic 

Observed in 

mother and child 

Mother not clinically 

assessed 

FRASC67 Duo NF1 

NF1:c.27G>A 

pathogenic 

Observed in 

mother and child 

Mother not clinically 

assessed 
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3.4. Additional testing on patients who tested negative on the FRASC targeted panel 

There were 26 patients with no clinically significant variants identified using the FRASC 

targeted gene panel (Figure 3.27). The two patients FRASC19 and FRASC98 had the VUS and 

no further testing was done for these two. In panel-negative NS patients, WES was used as a 

secondary method for mutation screening, however for NF1 patients MLPA 

(deletions/duplication screening) is the recommended second tier analysis due to the rate at 

which large NF1 pathogenic deletions are found (Friedman, 1993). A subset of eight (mutation 

negative) samples with a clinical diagnosis of Noonan syndrome were included in the WES 

performed in the current study, the reason why they were chosen was because they had some 

features on Noonan syndrome as assessed by medical geneticist but no variant was identified 

in the common genes associated with Noonan syndrome. The number of the samples included 

(eight) was done based on the availability of WES reagents at the time. 

The additional WES study and the NF MLPA was performed as part of a substudy MSc 

research project supervised by the candidate doing the current study as shown in Figure 3.27.  

 

Figure 3.27: Further testing done in 24 Noonan syndrome and Neurofibromatosis type 1 

patients in whom no variants were identified using the FRASC targeted gene panel 

Current study/sub-study

N=8 (current study)

N=5 (Part of sub-study)
All formed part of sub-study

Further testing

WES MLPA

24 patients negative on the FRASC panel (two patients with VUS excluded)

13=NS 11=NF1
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No clinically significant variants were identified in the five patients for WES and 11 NF1 

patients for MLPA in the sub-study cohort. The results of the eight patients included in the 

WES for the current study are detailed in the following section. 

3.4.1. Whole Exome Sequencing  

In this section, WES findings of seven out of eight patients are outlined. One of the samples, 

FRASC71 failed QC and was therefore removed from further analysis (Highlighted in red, 

Table 3.22). The rest of the seven patients’ WES shortlisted variants will be discussed in this 

section.  

Table 3.22: Summary of the run statistics obtained during WES, with quality of the reads, 

depth coverage and number of variants obtained per sample. 

 Run 1 Run 2 

Data Ion 540™ Chip 1 Ion 540™ Chip 

2 

Ion 540™ Chip 3 Ion 540™ Chip 

4 

Usable reads 52% 49% 47% 66% 

Total bases 7.8Gbp 7.64Gbp 9.35Gbp 16.9Gbp 

Key signal 74 65 71 88 

ISP loading 68% 58% 70% 88% 

Patient: FRASC 

No. 

24 55 56 58 71 80 96 97 

Mapped reads ~26mil ~20mil ~18mi

l 

~21mil ~2mil ~45mil ~36mil ~49mi

l 

≥Q20 base calls ~4bil ~3bil ~3bil ~4bil ~383mi

l 

~7bil ~6bil ~8bil 

Mean depth 78 55 53 64 7 140 114 153 

Uniformity 92.11% 92.05% 93.34

% 

93.21% 86.63% 94.04% 93.71% 91.73

% 

Variants obtained 59617 44627 44543 49784 549 60606 60692 60579 

 

It can be seen from the Table 3.22 that WES generated mapped reads between 18 and 49 

million. The differences in the number of reads obtained per sample could be the bias in the 

sample concentrations, although equal concentrations are calculated before pooling the two 

samples together in a run. One sample may have had a higher concentration than the other, thus 

more reads. The minimum reads expected in WES runs per sample are between 25-65 million 

reads using the Ion Torrent 540 chip (thermofisher.com/genestudio), The average reads 

obtained in the current WES was 30 million which is within this range . The WES run report 

summary is shown in Appendix 7.1 indicating usable reads, total bases, key signal and ISP 

loading obtained on the Ion-540TM chip 4 in run 2, an example of how to assess this is shown 
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in Appendix 7.2. Samples were sequenced adequately at more than 50 reads covering the 

targeted exome regions. More than 40 000 variants were identified per sample and this was in 

line with the estimated number of variants which is said to be more than 20,000 variants per 

patient (Ross, Dion and Rouleau, 2020). 

Using ACMG criteria, short-listed VUSs favouring pathogenic (without any benign codes), 

likely pathogenic and pathogenic variants observed in the samples were short-listed and 

interpreted together with the patient’s phenotype. Variants that could contribute to the 

phenotype in any way were further interrogated and their IGV images (indicating the sequence 

coverage or read-depth at each variant site) are shown. The following sub-sections, with each 

patients’ unique code, will describe the variants that were shortlisted for in each patient. 

a) Patient FRASC24 

This patient is a six year nine month old male, presenting with deep palmar creases, eczema, 

hypertelorism, webbed neck, low set ears, low posterior hairline and shield chest. The patient 

had a clinical diagnosis of Noonan syndrome. Out of 59617 variants identified for this patient, 

prioritised variants were identified in three genes, RHOBTB2, HYDIN and IGHMBP2 (Table 

3.23). 

Table 3.23: Shortlisted variants for FRASC24, with the associated disease, mode of 

inheritance, zygosity, coverage depth, ACMG classification as well as interpretation 

Shortlisted 

variants 

Zygosit

y 

Depth Disorder Inheritan

ce 

ACMG  Interpretation 

RHOBTB2:NM

_015178.3: 

c.617C>G 

(p.Pro206Arg) 

Het 204x 

C=50%:G

=50% 

Developmental 

delay and 

Epileptic 

Encephalopathy 

Majority 

AD 

VUS favouring 

pathogenic:PM

2,PP2, PP3 

limited 

contribution to 

phenotype 

(Adachi et al., 

2012) 

IGHMBP2:NM

_002180.3 

c.832C>G((p.Hi

s278Asp) 

Homo 72x 

G=100%  

Spinal muscular 

atrophy with 

respiratory 

distress type 1 

(SMARD1) 

AR VUS favouring 

pathogenic 

PM2,,PP3 

Disease not 

linked to 

phenotype 

HYDIN:NM_00

1270974.2: 

c.6259C>T 

(p.Arg2087Cys) 

Het 296x 

C=53%:T=

46% 

Primary ciliary 

dyskinesia 

AR VUS: 

PM2,PP3 

Disease not 

linked to 

phenotype 

Het: Variant observed in heterozygous state, Homo: Variant observed in homozygous state, AD: Autosomal 

recessive disorder, AR: Autosomal recessive disorder, ACMG classification: Appendix 8 
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All variants for this patient had uncertain significance and have not been reported on disease 

variant databases such as ClinVar and HGMD. Our interpretation of these variants were 

inconclusive because we did not have enough data to confidently discard or classify any of 

these variants as the most likely disease causing variant. However, variants in the RHOBTB2 

gene are reported to have limited contribution to RAS-MAPK phenotypes observed in the 

patient (Adachi et al., 2012). The variant c.617C>G identified in this gene is shown in (Figure 

3.28). Future re-analysis of these variants including revisiting clinical phenotyping and 

considering alternative mutation screening strategies may benefit the patient. 

 

 

Figure 3.28: IGV image of FRASC 24 showing the region of RHOBTB2: c.617C>G 

heterozygous variant.  

 

b) Patient FRASC55 

This patient was a three months four days old male baby at recruitment presenting with bilateral 

choanal atresia, tricuspid regurgitation and dysmorphic features. A total of 44627 variants were 

identified for this patient. Of those the four variants in Table 3.24 were shortlisted for clinical 

review. This patient demised before this study was performed and informed consent was given 

by the mother and grandmother. 
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Table 3.24: Shortlisted variants for FRASC55, with the associated disease, mode of 

inheritance, zygosity, coverage depth as well as ACMG classification 

Shortlisted variants 
Zygo

sity 
Depth Disorder 

Inherita

nce 
ACMG Interpretation 

DNAH9:NM_0013

72.4: c.7169A>C 

(p.Glu2390Pro) 

Hom

o 

44x 
Primary Ciliary 

dyskinesia 
AR 

Likely 

pathogenic: 

PVS1 and 

PM2  

Partial 

contribution 

to phenotype 
C=100% 

RTEL1:NM_03295

75:c.2487delG 

(p.Ser830HisTer98) 

Hom

o 

50x 
Pulmonary Fibrosis 

and bone marrow 

failure 

AR 

Likely 

pathogenic: 

PVS1 and 

PM2 

Disease not 

linked to 

phenotype 
delC 

ACTL6B:NM_0161

88.4:c.1277C>T 

(p.Pro426Leu) 

Het 

90x 
Intellectual 

developmental 

disorder with 

severe speech and 

ambulation defects 

AD 
VUS: PM2, 

PP2,PP3 

Disease not 

linked to 

phenotype C=71%:T=2

9% 

1DH1:NM_005896

.2: 

c.964G>A(p.Gly32

2Arg) 

Het 

52x Metaphyseal 

chondromatosis 

with increased 

urinary excretion of 

D-2-

hydroxyglutarate, 

IDH1-related 

AD 
VUS: PM2, 

PP2,PP3 

Disease not 

linked to 

phenotype 
G=67%: 

T=33% 

Het: Variant observed in heterozygous state, Homo: Variant observed in homozygous state, AD: Autosomal 

recessive disorder, AR: Autosomal recessive disorder, ACMG classification: Appendix 8 
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Figure 3.29: IGV image of FRASC55 showing DNAH9:c.7169A>C variant in homozygous 

state.  

The variant shown in Figure 3.29 is at a splice site and has been classified as VUS by a single 

submitter on ClinVar (VCV001210273.1), who only identified one copy of this variant. No 

homozygotes are reported on gnomAD database, and therefore the ACMG rule, PM2 is applied 

here as it suggested that homozygous variants in this gene are rare in the population and could 

potentially contribute to the disease, Table 3.24. The DNAH9: c.7169A>C variant was 

identified in a homozygous state, at the splice-site, it may affect the RNA splicing process, 

leading to the loss of function of the DNAH9 gene (ACMG rule, PVS1 applied). Additionally 

this gene is associated with Primary Ciliary dyskinesia and the clinical features of this disorder 

overlap with those observed in FRASC55 such as bilateral choanal atresia (Stenner and 

Rudack, 2014). 

 

c) Patient FRASC56 

This is a one-year-old male patient, presenting with clinical features suggestive of having 

Noonan syndrome. He has deep palmar creases, deep-set nails, frontal bossing, velvety skin, 
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ptosis, hypertelorism, kyphosis, mild intellectual delay, full lips, low set ears, posteriorly 

rotated ears; joint laxity, scoliosis, short stature, progressive microcephaly, sparse scalp hair, 

low-set posteriorly rotated ears. A total of 44543 SNPs were identified, after filtering. The 

variants in two genes in Table 3.25 below were shortlisted for clinical review. 

Table 3.25: Short-listed variants for FRASC56 with the associated disease, mode of 

inheritance, zygosity, coverage depth as well as ACMG classification. 

Shortlisted 

variants 

Zygosity Depth Disease Inheritance Classification Interpretation 

PLXNA1:NM_

032242.3:c.613

C>T 

(p.Arg205Trp) 

het 75x 

C=47%;T=

53% 

Developmenta

l 

encephalopath

y, PLXNA1-

related 

AD VUS: 

PM2,PP3 

Limited 

contribution to 

patient’s 

phenotype 

GIGYF1:NM_

001375761.1:c.

1390G>A 

(p.Ala464Thr) 

Het 94x 

G=61%;T

=39% 

GIGYF1-

related 

developmental 

disorder 

AD VUS:PM2 Limited 

contribution to 

patient’s 

phenotype 

Het: Variant observed in heterozygous state, AD: Autosomal recessive disorder, ACMG classification: 

Appendix 8 

It can be seen on Table 3.25 that only variants of uncertain significance were observed for this 

patient. Both variants are novel and have not previously been reported in disease variant 

databases such as ClinVar or HGMD. The PLXNA1c.613C>T variant has limited contribution 

to the phenotype as the major feature of PLXNA1-related Developmental encephalopathy is 

epilepsy (Park et al., 2017) and FRASC56 does not have epileptic features. 

For the GIGYF1 c.1390G>A variant, there is paucity of information in the literature, however 

there are few sequence and copy number variants in the GIGYF1 gene reported in DECIPHER 

to be associated with intellectual disability, the disease mechanism of this gene is poorly 

characterised https://www.deciphergenomics.org/gene/GIGYF1/overview/clinical-info. The 

only feature linking this variant to the patient’s phenotype is the intellectual delay observed 

which is insufficient and has limited contribution to the disease. Future re-analysis of these 

variants including revisiting the clinical phenotyping, segregation analysis and considering 

alternative mutation screening strategies may benefit the patient. 

 

 

https://www.deciphergenomics.org/gene/GIGYF1/overview/clinical-info
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d) Patient FRASC58 

The patient is an eight-year-old female, suspected of having a RASopathy. This patient 

presented with protruding ears, dystrophic nails, full lips, large mouth, hyperpigmentation of 

the skin, hyperkeratosis, camptodactyly of fingers, coarse facial features, small nails, short fifth 

metacarpalsand severe intellectual disability. 49784 variants were identified, after filtering, the 

variants in three genes in Table 3.26 below were shortlisted for clinical review. 

 

Table 3.26: Putative disease-causing variants for FRASC58, with the associated disease, 

mode of inheritance, zygosity, coverage depth as well as ACMG classification 

Shortlisted 

variants 

Zygosity Depth Disease Inheritanc

e 

Classification Interpretation 

RYR3:NM_0010

36.6:c.10693C>

G 

(p.Leu3565Val) 

Het 51x 

C=37%:G=6

3% 

developmental 

and epileptic 

encephalopathy 

AD VUS 

PM2,PP3- 

Limited 

association to 

phenotype.  

WFS1:NM_006

005.3:c.2407G>

A 

(p.Val803Met) 

Het 163x 

G=61%:A=4

9% 

Wolfram 

Syndrome 

AR VUS:PM1,PM

2,PP3 

No 

association to 

patient’s 

phenotype 

AGK:NM_0182

38.4:c. 

445A>G(p.Ile14

9Val) 

Het 77x 

A=40%:G=6

0% 

Sengers 

syndrome 

AR VUS:PM2,PP3 No 

association to 

patient’s 

phenotype 

Het: Variant observed in heterozygous state, AD: Autosomal recessive disorder, AR: Autosomal recessive 

disorder, ACMG classification: Appendix 8 
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Figure 3.30: IGV image of the RYR3: c.10693C>G heterozygous variant at 51x read depth 

The variant in Figure 3.30 has limited contribution to disease, currently very limited disease 

association in the literature linked to variants in RYR3 gene (EuroEPINOMICS-RES 

Consortium, Epilepsy Phenome/Genome Project, and Epi4K Consortium, 2014). However, the 

severe intellectual ability and some features observed in this patient maybe associated with the 

RYR3-related developmental and epileptic encephalopathy. This variant has been reported as a 

VUS in ClinVar by a single submitter (VCV001002882.1), not observed on gnomAD database 

(PM2) and protein function predictors suggest intolerance (PP3). There is limited information 

in the literature on this variant and that makes the significance of this variant uncertain, further 

testing of the unaffected family members of this patient and refining the clinical phenotype 

may assist in clarifying the significance of this variant. 

The WFS1 c.2407G>A heterozygous variant was shortlisted as it had multiple predictors 

suggesting damaging effect (PP3), not found in gnomAD database (PM2) and also in a hot-

spot region for Wolfram syndrome variants (PM1). This variant has been reported as a VUS 

on ClinVar by a single submitter (VCV000229643.2). This variant has no contribution to 

disease phenotype observed in FRASC58 as only one variant was identified and Wolfram 

syndrome is a recessive disorder. According to the literature 95% of pathogenic variants can 

be detected using sequence analysis and ~5% can be detected using deletion/duplication 

analysis (Tranebjærg, Barrett and Rendtorff, 1993). It could be suspected that the second 

variant if available was a CNV, which could not be detected by current assay. However, 

features associated with this syndrome are progressive optic atrophy, hearing loss and 



99 
 

progressive neurologic abnormalities which our patient does not have (Tranebjærg, Barrett and 

Rendtorff, 1993). Thus, it is unlikely that a second variant would be identified in this patient 

The AGK c.445A>G heterozygous variant observed in this patient has been reported as a VUS 

on ClinVar by a single submitter (VCV001198422.2). However, it does not have any 

association with the patient’s phenotype as AGK variants are associated with Sengers syndrome 

where patients have cardiomyopathy or skeletal myopathy (Guleray et al., 2020; Wang et al., 

2021). Additionally, only one copy was observed for this patient and Sengers syndrome is 

autosomal recessive disorder, the second variant if available was not detected by current assay 

For FRASC58 screening for clinically significant variants using a different method, including 

unaffected family members during testing and re looking at clinical phenotype and refine it 

better may assist in clarifying the significance of the variants identified.  

e) Patient FRASC80 

The patient is a three-year-old male patient presenting with clinical features suggestive of NS: 

velvety skin, deep-set nails, hypertrophic cardiomyopathy, shield chest, undescended testes, 

sparse hair, ptosis, hypertelorism, low set ears, and mild intellectual disability. A total of 60606 

SNVs were obtained and analysed for this patient. The variants in genes NOTCH3 and CDK13 

were shortlisted and interpreted together with the phenotype (Table 3.27). 

 

Table 3.27: Putative disease-causing variants for FRASC80, with the associated disease, mode 

of inheritance, zygosity, coverage depth as well as ACMG classification 

Shortlisted 

variants 

Zygosi

ty 

Depth Disorder Inherita

nce 

Classificati

on 

Interpretation 

NOTCH3:NM

_000435.2:c.3

848delG 

(p.Gly1283fs) 

Het 75x 

G= 60%: 

delG=40

% 

Lateral meningocele 

syndrome 

AD Pathogenic

: PVS1, 

PM2,PP3 

Unknown 

contribution 

to phenotype 

CDK13:NM_0

03718.4:c.214

9G>A 

(p.Gly717Arg) 

Het 114x 

G=56%:A

=44% 

Dysmorphic facial 

features and 

intellectual 

development disorder  

with or without 

congenital heart 

defects 

AD Pathogenic

: PS1, 

PM1, PM2, 

PP2, 

PP3,PP5 

Full 

contribution 

to phenotype 

Het: Variant observed in heterozygous state, AD: Autosomal recessive disorder, ACMG classification: 

Appendix 8 
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The NOTCH3:c.3848delG variant was shortlisted as it is associated with Lateral meningocele 

syndrome which has some clinical features that overlap with those  of the patient’s (Ejaz, Carter 

and Gripp, 1993). However, this variant was identified in a homopolymer region (string of 

‘G’s) therefore unreliable, as it could be a false-call due to a sequencing artefact. 

The CDK13: c.2149G>A variant has been reported as pathogenic in ClinVar by multiple 

submitters (VCV0000375737.13). For this reason, this variant is most likely disease-causing 

variant in our patient as well. The dysmorphic facial features and intellectual development 

disorder with or without congenital heart defects disorder has many the clinical features 

overlapping with those in FRASC80. The mutation is thus likely to be causative of  the 

phenotype of FRASC80 patient (Hamilton et al., 2018). The CDK13: c.2149G>A variant was 

further validated with Sanger sequencing (Figure 3.31) and was identified in the child, but not 

the mother.  

 

 

Figure 3.31: IGV image and Sanger sequencing electropherogram of the CDK13: c.2149G>A 

variant at 114x read depth and variant was observed using Sanger sequencing.  
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f) Patient FRASC96 

This patient was a three months old female baby at recruitment with clinical features suggestive 

of Noonan syndrome: strabismus, aplastic/hypoplastic toenails, single palmar creases, wide 

intermammillary distance, posteriorly rotated ears, webbed neck, unilateral ptosis, downslanted 

palpebral fissures, small head circumference, height less than 3rd percentile. 60692 SNVs were 

obtained and analysed for this patient. Three variants in MYH6, DNAH5 and MYH3 (Table3.28) 

were shortlisted as possible disease causing variants and were interpreted in relation to the 

patient’s phenotype. 

 

Table 3.28: Shortlisted variants for FRASC96, with the associated disease, mode of 

inheritance, zygosity, coverage depth as well as ACMG classification 

Shortlisted 

variants 

Zygosity Depth Disorder Inheritance Classification Interpretation 

MYH6:NM_002

471.4:c.733T>A 

(p.Pheu245Ile) 

Het 178x 

T=62%:

A=37% 

Primary 

familial dilated 

Cardiomyopath

y 

AD VUS:  

PM2, 

PM5,PP3 

No contribution 

to phenotype 

DNAH5:NM_00

1369.3:c.13448C

>T 

(p.Thr4483Met) 

Het 167x 

C=53%

:T=46% 

Primary ciliary 

dyskinesia 

AR VUS 

 PP3, PM2 

No contribution 

to phenotype 

MYH3:NM_002

470.4:c.3131A>

T:p.Lys1044Met 

Het 90x 

A=42%

:T=58% 

Contractures, 

pterygia, and 

variable 

skeletal 

fusions 

syndrome 1B 

AR VUS 

favouring 

Likely 

Pathogenic: 

 PM2, PP2, 

PP3 

No contribution 

to disease 

MYH3:NM_002

470.4:c.3056A>

C:p.Asn1019Thr 

Het 38x 

A=40%

:C=60

% 

Contractures, 

pterygia, and 

variable 

skeletal 

fusions 

syndrome 1B 

AR VUS 

favouring 

Likely 

Pathogenic: 

 PM2, PP2, 

PP3 

No contribution 

to disease 

Het: Variant observed in heterozygous state, AD: Autosomal recessive disorder, AR: Autosomal recessive 

disorder, ACMG classification: Appendix 8 
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All shortlisted variants observed (Table 3.28) in this patient are associated with diseases that 

do not overlap with clinical features observed in our patient, they are all not reported in ClinVar 

disease variant database and are unlikely to contribute to the pathogenesis of disease of 

FRASC96. Although the MYH3 variants, c.3131A>T and c.3056A>C (Figure 3.32) have no 

contribution to disease phenotype, these variants were consistently highlighted up by all 

analysis methods used to annotate variants in the current study. These variants have not been 

reported in ClinVar or HGMD databases (suggesting novel), not found in gnomAD database 

(PM2), missense variants in this gene are not normally tolerated (PP2) and multiple protein 

predictors suggest pathogenicity (PP3). This would require further investigation. 

 

 

Figure 3.32: IGV image of the MYH3:c.3131A>T and MYH3:c.3056A>C heterozygous 

variants at 90x and 38x read depth with ~60% and 40% allele fractions. These variants were 

observed on Ensembl VEP, Moon diploid as well as the DDD G2P pipeline. Both these variants 

have not been reported on ClinVar 
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FRASC96 did not have any formal cardiac assessment at the time of recruitment and the 

variants identified are partially linked to cardiac abnormalities. For this reason, currently 

variants identified for this patient are not associated with the diseases concerned. Testing of 

other family members and refining clinical features may assist in understanding the genetic 

aetiology of this patient’s phenotype better. Particularly testing of the parents to determine if 

the two MYH3 variants are inherited and in cis or trans, this would assist in clarifying the 

significance of these variants. 

 

g) Patient FRASC97 

This patient is a 2-year-old male patient with clinical features of Noonan syndrome. Those 

included, Ptosis, full lips, webbed neck, posteriorly rotated ears, undescended testes, coarse 

facial features, low-set-posteriorly rotated ears, sparse hair and downslanted palpebral fissures. 

A total of 60579 SNPs were obtained and analysed for this patient. Table 3.29 summarises 

putative disease causing variants for this patient. 

Table 3.29: Putative disease-causing variants for FRASC97, with the associated disease, mode 

of inheritance, zygosity, coverage depth as well as ACMG classification 

Shortlisted 

variants 

Zygosity Depth Disorder  Inheritance Classification Interpretation 

SETD1B:NM_

001353345.2:c.

3065_3067dup

GCC:p.Arg102

2dup 

het 

 

179x 

dupGC

C 

Intellectual 

disability, 

epilepsy and 

autism, 

SETD1B-related 

AD VUS: PP3, 

PM2 

No 

contribution 

to disease 

TRPS1:NM_01

4112.5:c.3403

G>C:p.Pro113

5Ala 

het 60x 

G=52%

:C=48

% 

Trichorhinophal

angeal 

syndrome, type I 

AD VUS: 

PM2,PP2,PP3 

Contributes to 

disease 

Het: Variant observed in heterozygous state, AD: Autosomal recessive disorder, ACMG classification: 

Appendix 8 

The SETD1B:c.3065_3067dupGCC variant has no contribution to the phenotype observed in 

our patient, the area is CG-rich and the variant is unreliable and could be associated with 

technical artefact usually observed in GC rich regions during sequencing reaction.  

The TRPS1:c.3403C>G variant could contribute to the disease phenotype due to unusual facial 

features that overlaps in Trichorhinophalangeal syndrome I and Noonan syndrome patients. 
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This variant was further validated using Sanger sequencing (Figure 3.33). The father of 

FRASC97 patient was found to have the variant but he was not formally assessed during 

recruitment. This variant could be a novel familial variant as it is not observed in ClinVar or 

HGMD disease variant databases. The variant has not been observed in gnomAD (PM2), the 

gene does not tolerate missense variants (PP2) and multiple in-silico protein predictors predict 

pathogenic (PP3). Further clinical phenotyping of FRASC97 family members including the 

father, against the variant identified, the significance of this variant may be clarified.  

 

Figure 3.33: IGV image and Sanger sequencing electropherogram of the TRPS1:c.3403C>G 

heterozygous variant at 60x read depth and variant was observed using Sanger sequencing in 

both child and father.  
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4.1. Summary of the study rationale 

It is critical to diagnose genetic disorders timeously and accurately, as this benefits the patient 

by enabling a better understanding of their prognosis and more specialized management and 

recurrence risk. Currently there is no molecular confirmation for many monogenic disorders 

that are diagnosed during clinical examination for the fortunate patients that can at least access 

clinical genetic service. In South Africa and the African continent as whole, genetic services 

in the state hospitals are very limited; this leads to misdiagnosis or non-diagnosis of genetic 

diseases, which further affects the way the disorders are managed. Next generation sequencing 

technologies have provided significant breakthroughs in the medical science; utilizing this 

technology enables scientists to study multiple genes simultaneously in one massively parallel 

reaction and allows for hypothesis free mutation screening. The approach taken in the current 

study aimed to utilize NGS technology to address the challenges of limited genetic services. 

The main goal was to develop an affordable approach to generate mutation profiles in a targeted 

group of monogenic developmental disorders. The strategy here was to design a NGS targeted 

panel that contains genes associated with multiple monogenic disorders, so that more than one 

genetic disorder can be studied simultaneously. 

 

In this chapter, we discuss the performance of the FRASC NGS custom-designed targeted gene 

panel as well as the cost effective strategy of using the panel. This is followed by the 

contribution of known genes to the genetic profiles of RASopathies in this study and the role 

of WES when no pathogenic variants are identified using the custom panel.  
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4.2. Design and Optimization run for the FRASC targeted gene panel 

The FRASC panel was optimized using eight patient samples; two (NS), three (TCS) and three 

(CdLS). The success of this run indicated that the panel’s performance was promising and 

could be used with other MiSeq reagents kits. Although the panel was optimised on Treacher 

Collins syndrome, CHARGE syndrome, Cornelia de Lange syndrome as well as RASopathy 

syndromes, this approach of combining conditions to maximize sequencing capacity and 

analyzing many rare conditions simultaneously on one test, can be extended to other genetic 

disorders. 

Evaluating and optimizing the performance of a targeted panel is recommended in the 

literature, particularly when the panel will be used in a diagnostic setting (Cleveland et al., 

2018; Gulilat et al., 2019; Hume et al., 2019). The data obtained on the eight samples used for 

optimisation of our targeted panel indicated the effective performance of the panel as for all 

eight samples the data had base call quality of >Q30 and the depth of coverage was above the 

recommended minimum of 30x (Sims et al., 2014b; Petrackova et al., 2019b). A 100% 

sensitivity was achieved in the samples used for optimization,. The variants observed on the 

targeted panel were identified/confirmed when Sanger sequencing was used. The findings of 

our optimisation run was as expected as NGS has been shown to achieve high detection rate 

compared to traditional ways of mutation screening in various studies (Stasik et al., 2018; 

Singh, 2020b). 

This panel was optimized on the Illumina MiSeq platform, but the approach is amenable to 

smaller bench-top NGS platforms such as the Illumina iSeq and Ion-torrent NGS platforms, 

which requires smaller capital investment, as well as other NGS chemistries. As many 

diagnostic laboratories move towards using NGS in low resource environments, cost-

effectiveness should be a high priority due to the number of competing demands in the 

healthcare sector. 

4.2.1.  Cost-effective strategy of using the FRASC panel 

Prior to the current study, testing for RASopathies was not performed as the genetically  

heterogeneous nature of the conditions and the limitations of Sanger sequencing made it too 

costly to test these group of disorders. In our positive patient cohort, 42% had testing that was 

largely inappropriate and possibly being done because was the only option available at the time. 

This amounted to the State paying ~ an average of US$291,53 (>R4300), in a low resource 

setting like ours, this money would be better spent on appropriate test rather than an 
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inappropriate but available test. Overuse of diagnostic testing in healthcare has been reported 

in various undiagnosed patients, which often results in more specialists visits, additional 

diagnostic procedures, and poor management that is often costly and unnecessary (Bouck et 

al., 2020; Radomski et al., 2020; Müskens et al., 2022). 

 

The current study demonstrated that using an NGS targeted panel, each patient was sequenced 

at  a cost of ~US$849,68 (R14186,20) and that covered all genes included in the targeted panel 

associated with the three groups of disorders including their differential diagnosis. Without 

NGS approximately US$21799,80 (>R300000) was estimated as the theoretical cost if Sanger 

sequencing was performed on all RASopathy genes together. At the Division of Human 

Genetics, molecular laboratory, if we were to perform Sanger sequencing in the hot-spot 

regions of the gene or common genes associated with a particular RASopathy. For example 

PTPN11 gene sequencing would be performed for NS patients; this would cost ~R18639,00 

for all 15 exons. For CFC patients, BRAF gene would sequenced at ~R22367,16 covering all 

exons and NF1 gene would be screened for NF1 patients and that would cost~ R75799,82 for 

all 61 exons. This shows that even testing common or single genes per disorder would still be 

expensive compared to the NGS targeted panel.  

A study done by Pruneri and collegues comparing single gene testing and NGS also found that 

NGS was cost-effective and their cost ranged from US$239,84 - 1498,05 when NGS was used 

compared to US$483 - 3838,96 for single gene testing (Pruneri et al., 2021). Targeted gene 

panels are still considerably cheaper than other NGS-based methods in LMIC. For this reason, 

there is an increased interest in using this approach for mutation variant screening of genetic 

diseases with relatively limited locus heterogeneity (Castellanos et al., 2017; Phillips et al., 

2021).  

The strategy employed in our study is cost-effective as it allows batching of samples from 

patients with different diseases in a single run, an approach that can be utilised with rare and 

less frequently ordered molecular diagnostic tests. It would reduce both sequencing costs as 

the sequencing capacity of the chip is maximised, while allowing for mixed batches to be run, 

thus reducing turn around time. This is feasible and cost-effective as the minimum tier pricing 

for the panel was used, this can be employed for the molecular diagnosis of a wide range of 

rare monogenic disorders in resource-constrained environment. 
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4.2.2. Utilizing the FRASC targeted gene panel to sequence RASopathy patients 

As already indicated in the results chapter 3.2, the FRASC panel was optimised successfully 

and used to sequence the study cohort of 60 patients with features suggestive of RASopathies. 

The read depth of sequencing which indicates the number of times the targeted subset of the 

genome is sequenced was also above 30x which is reported to be sufficient for germline testing 

(Hume et al., 2019). According to (Jennings et al., 2017b; Gulilat et al., 2019) a minimum of 

30x-50x when balanced forward and reverse reads are equally presented is usually an 

acceptable coverage for human genome mutation screening.  

Our results show that all the kits employed in the current study yielded data with >90% base 

calls of >Q30 quality score and coverage obtained per regions targeted during sequencing was  

an average of 170x, which is higher than the minimum recommended read depth. This indicates 

the potential diagnostic utility of the FRASC targeted gene panel, for use in the subsequent 

NGS runs as and when needed. The diagnostic utility in this context refers to the FRASC 

targeted panel being developed as a diagnostic tool to perform mutation screening for a diverse 

range of genes, covering a number of unrelated disease groups, in a limited resource setting.  

 

4.2.3.  Quality control of the NGS data  

It is imperative to have a way to identify and filter out false-positive variants from true positives 

in any data analysis platform (Manley, Ma and Levine, 2016; Ma, 2019). In the current project, 

the Agilent SureCall analysis software was utilized, this software uses built in algorithms for 

variant allele threshold and other parameters. 

 

a) False-positive variants 

When the RASopathy data were analysed there were two pathogenic variants that were each 

observed in more than one patient. The PTPN11:c.923A>G was observed in 10 patients where 

five had another pathogenic variant. It was evident that this was an unexpected finding because 

mode of inheritance for RASopathies is autosomal dominant meaning that only one pathogenic 

variant causes the phenotype. Upon manual inspection of the BAM files on IGV in all the 

samples that it was observed in, it was clear that there was some ‘A’ ref allele and ‘G’ 

alternative allele bias. Only one of the 10 PTPN11:c.923A>G variants was a true variant 

observed in FRASC66, as confirmed on Sanger sequencing and allele ratio. The second false 

positive variant observed was the NF1:c.27G>A, this novel pathogenic variant was observed 
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in nine patients and only one was found to be a true variant in FRASC67 after sequencing and 

adjustment of VAF. Sanger sequencing has been used to differentiate true positive and false 

positive variants in NGS data (Baudhuin et al., 2015b; Beck et al., 2016; Mu et al., 2016b). 

Detecting false positives during NGS data analysis is not uncommon; several publications have 

reported on detecting false positives and how fine-tuning by changing parameters settings for 

variant calling reduced false positive rates by 27% (Gampawar et al., 2019; Muyas et al., 2019).  

 

b) Quality metrics of the false-positive variants 

When comparing to the samples with PTPN11 false positive variants, none of the patients with 

the NF1:c.27G>A variant had a different second pathogenic variant. The other observed 

difference was the read depth in these variants, the average read depth of PTPN11:c.923A>G 

false positive variant was 189.5x and 42.5x for the NF1:c.27G>A false positive variant. Ideally 

the analysis software should not call variants with allele bias and low coverage, as reported in 

various publications where false-positive variants were identified and investigated (Caspar et 

al., 2018; Ma, 2019; Pereira, Oliveira and Sousa, 2020).  

 

c) Variant allele frequency threshold 

When the VAF threshold was increased to 30%, the VCF files were reanalysed and the 

PTPN11:c.923A>G false positive variant could no longer be observed. However, the NF1 false 

positive variant still remained when the VAF thresholds were adjusted, this could be explained 

by the lower average coverage depth of 42.5x compared to the average coverage of 189.5x of 

the PTPN11. The sample from FRASC83 was included for sequencing using another targeted 

panel (IDP on the ThermoFisher Ion torrent platform) for the purpose of investigating where 

the NF1:c.27G>A false-positive variant calls may have originated as the VAF skewing was not 

as clear as the PTPN11 variant. This finding demonstrated that when using our custom- 

designed targeted panel, the coverage depth of the variant site should be above 60x reads when 

analysing using the Agilent SureCall software and the VAF threshold should be adjusted to 

30% as with other analysis software (Strom, 2016).  

d) Reducing false-positive calls in future 

It is reported that the sequencing coverage level often determines whether variant identification 

can be made with a certainty at particular base positions (Roy et al., 2018; Hume et al., 2019). 

In our case we have certainly determined that reads below 50x may skew analysis. The putative 
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disease-causing variants identified using the custom panel in our current study were validated 

using Sanger sequencing. This was done in order to optimise and fine tune our protocol and to 

know when or when not to use Sanger sequencing as this was the first NGS study in our 

laboratory. This validation together with fine tuning of parameters used for NGS data quality 

control procedure has enabled us to determine when to perform Sanger validation as described 

in various guidelines for NGS implementation in a diagnostic setting (Aziz et al., 2015; 

Matthijs et al., 2016; Hume et al., 2019).  

In our current setting, Sanger sequencing would be recommended where variant calling is 

uncertain, such as from homopolymer regions or poorly covered regions of the genome (below 

~50x reads at the variant site). Furthermore, Sanger sequencing would be performed where 

there is skewed allele ratios of heterozygous variants (when the variant is not ~50% between 

the wild-type reads and the reads with the pathogenic variant) and for cascade testing in 

families. The decision on performing Sanger sequencing was based on our finding as well as 

the recommendations in various studies (Baudhuin et al., 2015; Beck et al., 2016; Mu et al., 

2016).  

From the current using our data and learning from the false-positive variants identified, we 

recommend that when using the Agilent SureCall analysis software, the reliable read-depth at 

variant site should be 50x. Below 50x read depth the possibility of obtaining false-positive calls 

increases. The outcome from these false-negative investigations has assisted us in determining 

the acceptable variant allele ratio and the coverage for future sequencing runs. It is 

recommended in the ACMG guidelines that laboratories will determine their own quality 

thresholds depending on the NGS platform used and the validation data (Rehm et al., 2013; 

Rehder et al., 2021). Going forward parameters such as read depth, sequence quality, allele 

fraction as well as manual inspection on IGV should be assessed to distinguish between false 

positives and true positives. Once we were able to distinguish false positives from true 

positives, we were able to accurately calculate mutation detection rates in our cohort. 
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4.3. Genetic profiles obtained in the current study 

Out of 21 RASopathy genes included in the panel, no clinically significant variants were 

identified in 12 of the genes (CBL, KRAS, RIT1, SOS2, RASA1, SPRED1, NF2, HRAS, SHOC2, 

A2ML1, RASA2 and RRAS). Pathogenic variants in these genes are rare in most RASopathy 

patient cohorts (Aoki et al., 2016; Jafry and Sidbury, 2020), In addition, none of the recruited 

patients in this study had a clinical diagnosis of Costello syndrome, Legius syndrome or CM-

AVM. Thus, it is not surprising that variants were not identified in HRAS, SPRED1 and RASA1 

genes respectively 

Twenty-nine missense variants were identified in 8 genes (PTPN11, BRAF, LZTR1, SOS1, 

RAF1, NRAS, MAP2K1,MAP2K2 and NF1). This is consistent with the  literature, which 

reports that pathogenic missense variants in these genes account for most non-NF1 

RASopathies (Rauen, 2013; Gelb et al., 2018).   

The NF1 gene was the only one where no missense variants were identified but instead, 

nonsense and frameshifts variants were identified. Our results are in keeping with the literature 

that most of the germline pathogenic variants identified in NF1 patients appear to cause severe 

truncation of the gene product (Fahsold et al., 2000; Mao et al., 2018). 

 

4.3.1. Detection rate achieved in the current study 

In the current study, an overall detection rate of 56.6% (pathogenic and likely pathogenic 

variants) was obtained in the 60 RASopathy patients sequenced when the FRASC targeted gene 

panel was used. Chen et al., 2019 reported that approximately 70% of Chinese patients with a 

clinical diagnosis of RASopathy had a molecular confirmation (Chen, Li, et al., 2019)., Some 

studies such as, Bhoj et al., 2017 had an overall detection rate of 19%, where only 24 of their 

126 American RASopathy patients had a clinically significant variant identified. This 

highlights genetic heterogeneity and inconsistency with regards to the criteria used to select 

patients for RASopathy gene analysis. The authors related this low yield to the random ordering 

of RASopathy testing from various teaching hospitals and clinics even when patients did not 

meet the clinical criteria of RASopathies (Bhoj et al., 2017). In some LMICs countries 

laboratories that do diagnostic testing for NS still use traditional Sanger sequencing targeting 

PTPN11 hot spot regions on exon 3 and exon 8. One such study was done on Egyptian patients 

and this study had the detection rate of 4.7% (Essawi et al., 2013). Detection rate of 29% was 

obtained for Indian patients with NS and this study used Sanger sequencing analysis of exon 2 
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to exon 16 of the PTPN11 gene (Athota et al., 2020). A study done on Brazilian patients with 

NS utilising denaturing high-performance liquid chromatography (DHPLC) followed by 

sequencing of amplicons with an aberrant elution profile had the detection rate of 42% (Bertola 

et al., 2006).  

In South Africa a 31.2% detection rate was obtained in a cohort of 16 NS patients utilizing an 

NGS targeted panel of 14 genes associated with NS (Tekendo-Ngongang et al., 2019b). The 

papers above indicate the lack of comprehensive testing for RASopathies as a whole in low 

resource setting. This could be because RASopathies have variable expression of phenotype 

and may affect selection criteria as well as population heterogeneity. 

The cohort of 60 patient studied here were recruited if they had some suggestive clinical 

features of RASopathies.  They were not limited to NS patients only. As the clinical profile in 

African patients is largely undescribed,  (Kruszka et al., 2017; Tekendo-Ngongang et al., 

2019b), braod, inclusive clinical criteria were used. Thus a number of patients did not have 

completely typical RASopathy features.  

 The 56.6% achieved in our study is fairly high compared to other studies. This study also 

served as a molecular confirmation to these patients that had no molecular testing prior to this 

study. What this means in the current context is that for RASopathy patients, using targeted a 

panel containing genes commonly known to be associated with these disorders is an effective 

way to offer diagnostic service. The current study illustrates example of an approach that 

LMICs can start using to introduce NGS technology into their diagnostic setting. In this 

approach, the costs become affordable, particularly considering high detection rates achieved 

compared to the traditional way of mutation screening using Sanger sequencing and hotspot 

analysis (Ari and Arikan, 2016; Matthijs et al., 2016; Hu et al., 2021; Scocchia et al., 2021). 

 

4.3.2.  Pathogenic and likely pathogenic variants in PTPN11 gene 

Heterozygous pathogenic variants in the PTPN11 gene were identified in ten patients. Nine 

had a clinical diagnosis of NS and one patient (FRASC100) had a clinical diagnosis of NSML. 

Of the 22 NS patients with a pathogenic or likely pathogenic variant identified, 41% were found 

in the PTPN11 gene. This is consisitent with global reports, where approximately 50% of NS 

patients globally are reported to have pathogenic variants in the PTPN11 gene (Lee et al., 2011; 

Rauen, 2013; Bhoj et al., 2017; Lee and Yoo, 2019a). Some studies reported a higher detection 

rate in this gene, 58% (Lepri et al., 2014; El Bouchikhi et al., 2016). The single South African 
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study identified pathogenic variants in 5/16 (31%) NS patients, of the five, two (40%) had the 

variants in the PTPN11 gene, although the  sample size was small (Tekendo-Ngongang et al., 

2019), the South African studies indicate that most African NS patients are likely to have 

PTPN11 pathogenic variants  as well.  

All the variants identified in PTPN11 were previously reported as pathogenic in ClinVar and 

HGMD® disease variant databases. This confirms that PTPN11 is a well-studied gene for 

patients presenting with NS and is an appropriate gene to test in African NS patients as the 

mutation profiles are not different and it accounts for the majority of mutation positive patients, 

with NS. 

All NS patients with PTPN11 pathogenic variant had clinical features that met the diagnostic 

criteria of NS; there were no specific differences in the features observed in these patients 

compared to the literature (Carcavilla et al., 2020). As seen in Table 3.7, 90% of the patients 

had short stature and low set ears, 80% had epicanthic folds, 70% had heart defects, DSPF, 

webbed neck and milder/moderate intellectual disability. All male patients with the PTPN11 

variant had undescended testes. All these clinical features are consistent with what is reported 

in the literature, with no clinical features observed completely consistently in all patients, 

indicating the clinical heterogeneity observed in NS patients (Rauen, 2013; Athota et al., 2020) 

FRASC 2 and FRASC18 had the same pathogenic variant c.922A>G in the PTPN11 gene. This 

variant has 47 submissions on ClinVar and was reviewed by the ClinGen RASopathy variant 

curation expert panel (VCV000013326) and is observed in NS patients from various 

populations globally, including Italy (Tartaglia et al., 2002), France (Edouard et al., 2010), 

Spain (Ezquieta et al., 2012), Singapore (Koh et al., 2019) and many more populations 

(Kruszka et al., 2017). Although it is observed in 2 of the nine NS patients with PTPN11 

variants, we do not have enough data to suggest that this is a common recurrent variant in 

African populations but the data are supportive. The mothers of these two patients were also 

diagnosed with NS and they were shown to have the c.922A>G variant. With a family history 

of NS and an identified pathogenic variant, these patients meet major criteria of NS diagnosis 

as described by (Carcavilla et al., 2020). Because NS is an autosomal dominant disorder, these 

mothers have 50% risk of passing this variant to their children and because the variants have 

been identified, prenatal testing can be offered.  

FRASC100, presented with features of NSML and was found to have a heterozygous 

c.1381G>A variant in exon 12 of the PTPN11 gene. This further confirmed the diagnosis of 
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NSML as these features have been previously reported to be associated with NSML (Digilio et 

al., 2002). More than 90% of the NSML pathogenic variants are found in the PTPN11 gene 

with exon 12 reported as being the hot-spot region (Sarkozy et al., 2009), thus this result was 

as expected.  

As seen in Figure 3.9, all likely pathogenic and pathogenic variants identified in the PTPN11 

gene in the current study are all within functional protein domains, with most of these variants 

(50%) in exon 3 within the Src homology 2 (SH2) domain. The SH2 domain is involved in the 

tyrosine kinase signalling for the regulation of gene expression through the nucleus and 

cytoplasm of the cell (Waksman, Kumaran and Lubman, 2004). In addition, 40% of the variants 

have clustered in the PTP domain in exons 8, 12 and 13. Exon 12 is reported as the hot-spot 

regions for PTPN11 pathogenic variants associated with NSML (Athota et al., 2020), and 

FRASC100 variant was found in this hot-spot exon.  

Looking at the importance of the protein domains these variants are found in, the protein 

tyrosine phosphatases (PTPs) are essential enzymes for the regulation and control of signal 

transduction pathways. They are involved in the reversal of growth factor signalling and have 

a critical function of maintaining phosphor-tyrosine levels in the cells. PTPs are essential for 

targeted treatment and therapy for NS and other RASopathies involving these enzymes, 

because inhibitors could be designed for these proteins or even methods to elevate the 

biological activity depending on the aim for therapy (Tabernero et al., 2008).  

 

4.3.3.  Pathogenic and likely pathogenic variants in BRAF gene 

Seven (15.5%) pathogenic variants in 45 non-NF1 RASopathy cohort in the BRAF gene were 

identified in the current study; five patients had a clinical diagnosis of NS while two had a 

clinical diagnosis of CFC. The BRAF gene is reported to be involved in NS pathogenesis by 

enhancing the ERK/MAPK inactivation. Only 1.7%-2.3% of NS patients have BRAF 

pathogenic variants. The mutations cluster predominantly in conserved regions of CR1 and 

CR3 (Sarkozy et al., 2009; Lee et al., 2011). Although the detection rate of BRAF-positive NS 

patients were higher in this study than in most publications, this was lower than the one reported 

by (Xu et al., 2017) where 40% of BRAF pathogenic variants were observed in a cohort of 10 

NS Chinese patients. 

In the current study three of the five (FRASC4, FRASC64 and FRASC73) patients had the 

same BRAF pathogenic variant (BRAF: c.770A>G) and had a clinical diagnosis of NS. This 
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variant could be a global recurrent variant for patients presenting with NS or CFC RASopathies 

due to BRAF as it has been reviewed and classified as pathogenic by the ClinGen RASopathy 

expect panel (Gelb et al., 2018) and has 22 submissions on ClinVar 

(Accession:VCV000013973.15). Ten of these submissions associate this variant with CFC, and 

only two submissions associate this variant with NS and other submissions mention that an 

unspecified RASopathy is associated with this variant. All five patients with BRAF pathogenic 

variants in the current study had DSPF and epicanthic folds, 80% had hypertelorism and sparse 

hair. There was insufficient clinical information to exclude CFC completely in all NS cases; 

there is a need to evaluate these patients further. 

All variants identified in the BRAF gene in the current study were mapped to the RAS binding 

and protein kinase protein domains including conserved regions (CR1 and CR3). It has been 

previously reported that pathogenic variants in the BRAF gene cluster predominantly in the 

conserved regions of CR1 and CR3 (Sarkozy et al., 2009; Lee et al., 2011). It can be seen in 

Figure 3.13 that three (Q257R, T241M and A246P) of the five are clustered in CR1 indicating 

a possible hot spot region (Aramini et al., 2015). Two variants (E501V and N581D) were in 

exon 12 and 14, respectively of the conserved region 3 (CR3) of the protein kinase domain 

(Figure 3.13). RAF kinases play a very important role in the mitogen-activated protein kinase 

(MAPK) cascade. All three CR regions are highly conserved among the RAF kinases. As 

already mentioned five of the variants identified in the BRAF gene are clustered in the CR1 

region of the RAS binding domain (RBD). This domain plays critical step in the activation of 

BRAF protein serine/threonine kinase and stimulation of the mitogen-activated protein kinase-

signalling pathway (Aramini et al., 2015). The two additional variants identified in the BRAF 

gene are mapped at the CR3 region in the protein kinase domain; this is a structurally conserved 

protein domain containing the catalytic function of protein kinases. They move a phosphate 

group onto proteins in a phosphorylation process (Knight et al., 2007). This indicates that the 

BRAF variants identified in the current study are in the critical functional domains for 

intracellular processes (Manning et al., 2002).  

 

4.3.4.  Pathogenic and likely pathogenic variants in LZTR1 gene 

Globally is it reported that a total of ~8% of variants in the LZTR1 gene have been reported to 

be associated with NS (Bhambhani and Muenke, 2014; Yamamoto et al., 2015; Motta et al., 

2019: 1) and 38% of variants in the LZTR1 gene are associated with Schwannomatosis, a 
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distinct form of NF (Dhamija et al., 1993; Piotrowski et al., 2014). In the current study, four 

variants were identified in the LZTR1 gene. Three patients with these variants had a clinical 

diagnosis of NS and one had a clinical diagnosis of Schwannomatosis. The detection rate of 

13.6% of LZTR1-positive NS patients was observed in the current study, this was higher than 

that reported in Rauen (2013) and Yamamoto et al., (2015) who reported a detection rate of 

8% of LZTR1-positive NS patients.  

The three patients (FRASC15, FRASC21 and FRASC69) with heterozygous likely pathogenic 

LZTR1 variants had clinical features listed in Table 3.11. The clinical features observed in these 

patients are typical features associated with NS as described in the literature (Yamamoto et al., 

2015; Carcavilla et al., 2020). .  

All variants observed in the LZTR1 gene were not confirmed in mothers of these probands and 

were found in heterozygous state this indicate that variants in the current study follow 

autosomal dominant (AD) mode of inheritance for NS. Publications such as Johnson et al., 

2018 and Pagnamenta et al 2019 report cases of autosomal recessive NS caused by biallelic 

LZTR1 variants (Johnston et al., 2018; Pagnamenta et al., 2019). The variants associated with 

the recessive NS are mostly splice-sites, nonsense and frameshifts and usually observed as 

compound heterozygotes in trans with  a presumed hypomorphic variant (Johnston et al., 2018; 

Pagnamenta et al., 2019).  

Contrary to the variants associated with the autosomal recessive NS which are said to be spread 

across the LZTR1 gene, variants associated with the AD form of NS in the LZTR1 gene are 

clustered in the Kelch 1 to Kelch 4 domains, particularly in Kelch 4 (Yamamoto et al., 2015; 

Motta et al., 2019). Kelch proteins mediate protein-protein interactions and pathogenic variants 

in these are predicted to disrupt protein function (Tidyman and Rauen, 2016).  

This observation is similar to the current study, where two of the three variants were observed 

in the Kelch 4 domain and the third one in Kelch 3 (Figure 3.17). One of the two variants 

(p.S244P) observed in FRASC15 mapped to the Kelch 4 domain and was also observed in one 

patient by Pagnamenta et al. (2019) in a de novo state further indicating haploinsufficiency  and 

the autosomal dominant mode of inheritance.  

Dominant acting LZTR1 pathogenic variants are said to enhance stimulus-dependent MAPK 

signalling, which may lead to the protein losing its function (Motta et al., 2019). In the context 

of our study cohort, the LZTR1 variants are clustering in the region that has been reported for 

autosomal dominant LZTR1 NS variants. The phenotype of the patients and the heterozygous 
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variant identified also support autosomal dominant NS. Additionally, no hypomorphic alleles 

were observed in our study cohort. 

With regard to the testing strategy, no deletions or duplications LZTR1 gene variants have been 

reported to be associated with NS, ~100% of pathogenic variants in the LZTR1 gene can be 

identified using sequence analysis (Roberts et al., 2013). The detection rate achieved in our 

study cohort makes the LZTR1 gene important to screen in African patients presenting with 

NS. 

 The LZTR1:c2269C>T nonsense heterozygous variant was detected in patient with 

Schwannomatosis, FRASC62, a 58-year-old with a family history of vertigo and high frequency 

hearing loss (Figure 3.16). Pathogenic variants in the LZTR1 gene account for 38% of familial 

Schwannomatosis cases (Dhamija et al., 1993; Piotrowski et al., 2014). The LZTR1:c.2269C>T 

(p.Q757X) variant was found in exon 19 and not within a protein domain, however this is not 

relevant for variants like this that causes complete loss of protein function (Figure 3.17). This 

is a truncating variant that lead to shorter coding sequences of the gene and cause the nonsense 

mediated decay leading to the disorder.   

4.3.5. Pathogenic variants in SOS1 gene 

SOS1 pathogenic variants are associated with 10-20% of NS cases (Lepri et al., 2011; Roberts 

et al., 2013; El Bouchikhi et al., 2016). In this current study (2/22) 9% of SOS1 pathogenic 

variants were detected in the two patients presenting with NS. Our detection rate is comparable 

to the reported literature, although the variants were only identified in two patients it does 

indicate that SOS1 is a relevant gene to test in our African NS patients. These two variants have 

been previously reported on ClinVar in various submissions to be associated with NS. NS 

observed with SOS1 gene variants is associated with ectodermal abnormalities and pulmonary 

valve stenosis, as reported in genotype-phenotype correlation studies (Ko et al., 2008; 

Yamamoto et al., 2015). The two patients in the current study with the SOS1 pathogenic 

variants had pulmonary valve stenosis and other clinical features suggestive of NS. One of the 

patients, FRASC14 with the SOS1:c.806T>C (p.M269T) pathogenic variant can be seen in 

Figure 3.18, presenting with typical NS features such as unusual faces, mild ID and strabismus. 

This is not uncommon because patients with NS have variable phenotypic expression of the 

disorder and parents usually become awaretaht there is NS in the family only after having a 

more severely  affected child (Allanson and Roberts, 1993; van Trier et al., 2017).  
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4.3.6. Pathogenic variants in RAF1 gene 

Pathogenic variants in the RAF1 gene are observed in 3-17% of NS cases (Pandit et al., 2007). 

Two heterozygous pathogenic variants in this gene were identified out of 22 Noonan-causing 

variants in the current study (9%). These variants, the c.770C>T (pS257L) and c.781C>A 

(p.P261T) are previously reported in the literature to be associated with NS (Aoki et al., 2016; 

Tidyman and Rauen, 2016). These two variants are reported to cause the increased kinase 

activity and MAPK1 activation compared to the wild-type during functional analysis (Pandit 

et al., 2007; Razzaque et al., 2007). Our patients had typical clinical features observed in NS 

patients (Lee and Yoo, 2019a; Athota et al., 2020; Carcavilla et al., 2020).  

 

4.3.7. Variants identified in the NRAS and MAP2K2 genes 

Gene variants in the NRAS and MAP2K2 genes were observed in one patient each. The NRAS 

variant was observed in a patient with clinical diagnosis of NS (FRASC5) and the MAP2K2 

variant was observed in a patient with clinical diagnosis of CFC (FRASC22). Pathogenic 

variants in the NRAS gene are rare causes for RASopathies and having been identified in one 

patient in our cohort in consistent with the literature that described variants in these genes as 

rare causes for RASopathies (Cirstea et al., 2010; El Bouchikhi et al., 2016). The 

NRAS:c.173C>T(p.T58I) pathogenic variant was found in one patient FRASC5, this male 

patient had undescended testis, and other NS clinical features similar to the ones reported in 

the literature (Altmüller et al., 2017), there was no particular features that sets this patient apart 

from other NS patients. 

 

Over 25% of MAP2K1 and MAP2K2 germline mutations are associated with CFC syndrome 

(Rauen, 1993; Nava et al., 2007b; Sarkozy et al., 2009; Pierpont et al., 2014; Chen, Li, et al., 

2019). In the current study one patient  of the three patients recruited with clinical features 

suggestive of CFC had a CFC-causing variant in the MAP2K2 gene(Rauen, 2013). Our CFC 

cohort was only 3 patients and they all had CFC pathogenic variant identified. Although only 

identified in one patient in our current study, the MAP2K2 gene variants are prominent in the 

CFC patients and the detection rates in our African patients will be better understood in a larger 

cohort of patients. This patient had lentigines, DSPF, deep palmar creases, sparse hair which 

are typical clinical features associated with CFC syndrome (Pierpont et al., 2014) and there 

was no particular features that sets this  patient apart from other CFC patients with BRAF 

variants observed in the current study.  
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4.3.8. Variants detected in NF1 patients 

Seven of the 15 NF1 patients enrolled in this study had NF1 mutations identified, this is a 

detection rate of about 46.7% for NF1 patients. Over 90% of NF1 pathogenic variants in NF1 

patients occur in the NF1 gene (Rauen, 2013; Koczkowska et al., 2018), similarly, in our 

current study, 100% of NF1-causing variants were found in the NF1 gene and no pathogenic 

variants were observed in the SPRED1 gene in our cohort. Figure 3.23 is showing the c.3721 

C>T variant in the FRASC45 patient and the parents had homozygous wild type variant, and 

therefore suggesting de novo occurrence as it is reported in the literature that de novo variants 

occur on 50% of the NF1 patients (Friedman, 1993). In our study, we could only confirm one 

de novo variant and not on the rest as the segregation, analysis could not be performed in all 

variants identified due to lack of parent samples.   

In the current study six truncating variants were identified (four nonsense and two frameshifts). 

Three are within the neurofibromin protein domains and the rest are outside the domains. It is 

reported that most of the NF1-causing variants are truncating variants that disrupt the nonsense 

mediated decay and result in premature termination leading to loss of function of the 

neurofibromin protein (Koczkowska et al., 2018; Chen, Xue, et al., 2019: 1; Castellanos et al., 

2020).  

Only one variant (observed in FRASC38) was a missense variant NF1: c.1658A>G (p.H553R) 

previously reported on ClinVar to be associated with NF1. All variants except the c.27G>A 

(p.W9X) have been previously reported on Clinvar to be associated with NF1. The c.27G>A 

variant observed in FRASC67 has never been reported before and it is not found in gnomAD 

population database, this variant was also observed in the mother of the patient who was not 

formally assessed clinically and it is unknown if she is affected. The detection rate of 46.7% 

suggest that in about half of our NF1 cohort, other types of NF1-causing variants may be the 

cause of the NF1 in these patients other than the SNVs and small indels detected by the custom 

targeted panel employed in our study. 

It is reported that 22%-30% of the NF1 causing variants affect splicing and are often not 

detected by genomic DNA sequencing as this occur on the mRNA level. For these kind of 

variants RNA analysis must be employed as it may improve detection rate in the NF1 patients 

(Evans et al., 2016). About 5%-10% of NF1-causing variants are copy number variations 

(CNVs) such as deletions, duplications and whole gene deletions (Pasmant et al., 2010; Kehrer-
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Sawatzki and Cooper, 2012; Kehrer-Sawatzki, Mautner and Cooper, 2017); for these variants 

MLPA or microarray analysis (for larger deletions including whole gene) may be employed.   

Our detection rate was lower than the yield reported in various publications. More than 90% 

detection rate was achieved in 73/79 Italian patients that met the NF1 diagnostic criteria (Calì 

et al., 2017). A study done on Chinese patients with NF1 where testing was done using Sanger 

sequencing, cDNA analysis and MLPA analysis achieved a diagnostic rate of 89% (Zhang et 

al., 2015, 2020). This indicates that the multi-step testing improves the detection rate for NF1. 

When NGS targeted panel was utilised in French patients with NF1 syndrome, an 88% 

detection rate was achieved, in this study. The analysis pipeline included both SNVs and CNV 

pipeline (Pasmant et al., 2010, 2015).  

Importantly, the testing strategy for NF1 that is reported to identify >95% of the variants is a 

multi-step testing of the DNA pathogenic variants, RNA splicing variants followed by CNV 

analysis when no SNVs pathogenic variants are identified (Pasmant et al., 2015; Evans et al., 

2016) . This multi-step testing protocol is only recommended when testing is indicated and 

patients meet the NF1 diagnostic criteria. Particularly in instances where a child has a tumour 

and upon identifying an NF1 causing variant, the management is immediately affected or in a 

woman who plans to have children and would like a prenatal testing in the future. Incorporating 

SNV, CNV and RNA analysis testing strategy in our diagnostic setting will likely improve the 

detection rate compared to what we currently observed because we only used the targeted panel 

that detects DNA pathogenic single nucleotide variants only, this excluding CNVs  

 

4.3.9.  Variant of uncertain significance  

One variant of uncertain significance MAP2K1:c.215G>A (p.S72N) was observed in three 

patients in the current study. One patient, FRASC42 has another pathogenic NF1 variant 

identified may shift this variant towards likely benign in the future. The ACMG rule BP5 that 

is applied when variant was found in a case with an alternate molecular basis for disease could 

possibly be applied in this case, however there are reports on patients with both NS and NF1 

syndromes (Zhang et al., 2020) therefore we could not apply BP5 with certainty in this case. 

So this novel variant remains a VUS, it has not been reported in ClinVar and HGMD® disease 

variant databases and also it is absent in gnomAD population database. 

Analysing genes known to be associated with the RASopathies may have contributed to low 

rate of VUSs that were obtained in our patient cohort. Because this is targeted analysis, it has 
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low VUS rate that comes as a benefit of utilizing targeted gene panels (Federici and Soddu, 

2020b; Iancu et al., 2021) when compared to WES/WGS (Chrystoja and Diamandis, 2014; 

Trujillano et al., 2017). This is one of the advantages of utilizing targeted panels in a low 

resource setting like ours as we will not have lots of VUSs that will not translate into actionable 

outcome for the patients. MAP2K1 gene variants accounts for ~2% of NS patients (Allanson 

and Roberts, 1993; Rauen, 2013) and about 10-25% of CFC patients (Pierpont et al., 2014).  

 

4.3.10.  Benign variation observed in the current study 

Twenty-four of the 60 (40%) patients had benign variants identified and no confirmation of 

their diagnosis was achieved using the targeted gene panel. For Non-NF1 cohort of 45, 25 had 

the variant identified, two had the MAP2K1 VUS and 18 had no clinically significant variants 

identified leading to (25/45) 55.5% detection rate for this cohort and (18/45) 40% benign 

variation. For the NF1 cohort of 15 patients, seven had a pathogenic variant identified (46.6%) 

and 8/15 (53.3%) had only benign variants identified in the NF1 gene. The benign variants 

observed in our cohort of patients indicate that the patients may have other types of variants or 

variants in genes that could not be identified using the FRASC targeted gene panel. It is widely 

reported that most NGS targeted panels, including the FRASC panel, covers only the coding 

regions of the genes included and do not cover the non-coding, untranslated regions, promoter 

regions and other regions on the genome such as repeats regions (Lionel et al., 2018; Gulilat et 

al., 2019; Yu et al., 2019). Additionally the analysis pipelines of most targeted gene panel do 

not include CNV analysis, RNA analysis and structural analysis (Lek et al., 2016a; Lappalainen 

et al., 2019; Pereira, Oliveira and Sousa, 2020). These may be the reason of identifying no 

clinically significant variants in 40% of our patients.  
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4.3.11. Detection rate per clinical diagnosis  

This section focuses on the detection rate per clinical diagnosis made in the  group of patients 

recruited. We found variants in patients who were suspected to have NS, NSML, CFC, 

Schwannomatosis as well as NF1. These are discussed in more detail under each subheading 

 

a) Noonan syndrome 

In our cohort of NS patients with clinically significant variants (n=22), PTPN11 (41%), BRAF 

(22.7%) and LZTR1 (13.6%) were the genes with the highest observed number of pathogenic 

variants. This is different from the detection rates reported in the literature where SOS1 and 

RAF1 pathogenic variants are second and third respectively, after PTPN11 in to NS patients 

(Ko et al., 2008; Rauen, 2013; Carcavilla et al., 2020). 

 

 The higher variant rate observed for BRAF and LZTR1 genes in our cohort could be an 

indication of unique variation observed in the  African genome compared to other global 

populations (May et al., 2013; Gurdasani et al., 2015; Choudhury et al., 2017). Noonan 

syndrome patients have high variant rates in PTPN11, SOS1 and RAF1 respectively in various 

studies reported for various populations such as in Korean patients (Lee et al., 2011; Lee and 

Yoo, 2019), Indian patients (Athota et al., 2020), American patients (Bhoj et al., 2017), Italian 

patients (Sarkozy et al., 2009) and Brazilian patients (Yamamoto et al., 2015). Pathogenic 

variants in BRAF (1.7%-2.3%) and LZTR1 (~8%) genes are reported as rare in the literature 

(Sarkozy et al., 2009; Yamamoto et al., 2015) .  

 

In our study both SOS1 and RAF1 accounted for 9% of Noonan-causing variants each, which 

is consistent with the literature for RAF1 (Pandit et al., 2007) and a bit lower compared to the 

literature for SOS1 (Lepri et al., 2011: 1; Roberts et al., 2013). The different detections rate in 

this study compared to the literature could be related to the limited genetic information from 

African populations in genetic variants population databases due to the understudy of the 

African genome and patients of African ancestry (Kruszka et al., 2017; Tekendo-Ngongang et 

al., 2019).  

 

Pathogenic variants in the BRAF gene are mostly associated with CFC, however in the current 

study variants were observed in a substantial number of NS patients. This could suggest that 

the patients may need to be reassessed for features of CFC, however similar  phenotypic overlap 
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has previously been observed amongst RASopathy genes (Rauen, 2013). No clinical features 

of CFC were noted specifically in these patients. 

 

It is reported (Athota et al., 2020) that the four major features in 25% of NS patients are unusual 

facies (including hypertelorism, DSPF , ptosis and webbed neck), pulmonary valve stenosis 

(PVS), short stature and mental retardation (intellectual disability). 59.5% (22/37) of NS 

patients had a putative disease causing mutation identified. The common clinical features 

observed in the 22 samples with Noonan-causing variants, was that 72.2% had low set ears, 

(9/16) 56.3% of males had undescended testes, 65% had short stature and heart defects, 85% 

had DSPF and, hypertelorism was 63.3%. It was shown that PVS was the most frequent heart 

defect observed in 50% of our cohort followed by 41.6% for VSD. Intellectual disability was 

observed in 63.6% with patients having mild or moderate symptoms. No clinical feature was 

observed consistently in all patients, this indicates the clinical overlap or heterogeneity 

observed in NS patients (Rauen, 2013), it may also be that our sample size was small and there 

may have been ascertainment bias in our cohort (“Ascertainment bias”, 2017; “Ascertainment 

bias”, 2017)  

Copy number variants in the NS genes play a minor role in the pathogenesis of NS (Allanson 

and Roberts, 1993). Three publications identified a duplication encompassing the PTPN11 

gene through array CGH or SNP array, this duplication was identified at the chromosome 

region 12q24.11q24.23. These were identified in three unrelated patients from USA 

(Shchelochkov et al., 2008; Graham et al., 2009) and China Chen et al., 2014). All these three 

patients had clinical features on NS and the PTPN11 gene duplication may suggest that 

increased dosage of SHP2 protein may have dysregulating effects on intracellular signaling of 

the RAS/MAPK pathway (Rehman et al., 2018). A rare deletion of 183kb at 10q25.2 

encompassing SHOC2 gene was also identified in the Chinese patient ( Chen et al., 2014). In 

our study, CNVs for NS causing genes were not screened in patients without NS causing 

variant. Shchelochkov et al., (2008) suggest that 15-30% of the NS patients with no pathogenic 

variants identified through sequencing should be screened for CNVs. The authors recommend 

that analysis of copy number changes in the PTPN11 should be included in the comprehensive 

testing for NS (Shchelochkov et al., 2008). This high CNV rate in PTPN11 gene is only 

reported in this single paper and most NS papers report the low contribution of CNV variants 

in PTN11 in patients with NS phenotype (Allanson and Roberts, 1993; Tartaglia et al., 2002, 

Graham et al., 2009, Bhambhani and Muenke, 2014). This suggest that more CNV studies 

involving NS genes are needed to clarify this discrepancy. 
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b) Noonan syndrome with multiple lentigines 

The PTPN11:c.1381G>A variant was observed in the one patient that had the clinical diagnosis 

of NSML, FRASC100. Since more than 90% of the NSML pathogenic variants are found in 

the PTPN11 gene (Sarkozy et al., 2009), this finding was expected. This patient had typical 

clinical features associated with NSML (Digilio et al., 2002). No CNVs have been reported to 

cause NSML, ~100% of the NSML pathogenic variants can be identified by sequence analysis 

(Gelb and Tartaglia, 1993). 

 

c) Cardio-facio-cutaneous syndrome 

Over 75% of BRAF, 25% MAP2K1 and MAP2K2 and <2% KRAS germline mutations are 

associated with CFC syndrome (Sarkozy et al., 2009). In the current study, three patients had 

a clinical diagnosis of CFC and a CFC-causing variant was identified in all three, indicating 

100% detection rate. Two of the three patients (66.7%) were found in the BRAF gene; this 

detection rate is similar to what is reported in the literature (Pierpont et al., 2014) and one 

patient had a CFC-causing variant in the MAP2K2 gene, the reported detection rate is 10-15 % 

(Rauen, 2013). No pathogenic or likely pathogenic variants were observed in SHOC2 or KRAS 

genes, these are reported to be rare causes of CFC in the literature (Lee et al., 2011), 

additionally our CFC sample size was small. All three patients clinically diagnosed with CFC 

had lentigines, DSPF, deep palmar creases, sparse hair. These are typical clinical features 

associated with CFC syndrome (Pierpont et al., 2014). DNA testing strategy for CFC variants 

is approximately 100% utilizing sequencing analysis. There are few reports of CNVs associated 

with CFC syndrome reported for BRAF and MAP2K2 genes(Yu and Graf, 2011; Nowaczyk et 

al., 2014). A single report of an American patient with a BRAF deletion associated with CFC-

like phenotype was reported (Yu and Graf, 2011). Seven Canadian patients with clinical 

features overlapping with CFC features were reported to have de novo deletions of Chr19p13.3 

including MAP2K2 gene (Nowaczyk et al., 2014). For CFC testing, although >99% of variants 

are detected by sequencing analysis, ~1% may be CNVs such as deletions suggesting that, in 

addition to activating mutations, MAP2K2 haploinsufficiency may lead to dysregulation of the 

RAS/MAPK pathway (Rauen, 1993; Nowaczyk et al., 2014).  
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d) Schwannomatosis 

This patient was first thought to have NF2 when included in the current study, it was after 

recruitment when the patient’s sister had testing overseas and pathogenic variant in the LZTR1 

gene associated with Schwannomatosis was identified in her. Similar phenotypic features such 

as Schwannomas and hearing difficulties between NF2 and Schwannomatosis have been 

previously reported in the literature (Evans, 1993; Seppälä et al., 1998; Tamura, 2021). The 

clinical features of this patient includes a left sided/unilateral acoustic neuroma, which supports 

clinical diagnosis of Schwannomatosis (Smith et al., 2015). The patient does not have any 

unusual skin growths but has two hyperpigmented macules over the lumbar region. The patient 

has three daughters that were tested for the LZTR1:c.2269C>T nonsense variant. Two of the 

daughters, a 27-year-old with tinnitus and unilateral hearing loss and and a 33-year-old 

daughter who did not show any obvious clinical features of Schwannomatosis both tested 

positive for the nonsense variant. There is variable expressivity in Schwannomatosis and this 

explains the two sisters with a variant identified but not presenting similarly (Dhamija et al., 

1993). 

e) Neurofibromatosis type 1 

All seven patients with NF1-causing variant had CALs of >6:>15cm. 71% (5/7) of the patients 

who had NF1 mutation had neurofibromas, of those 80% (4/5) had plexiform neurofibromas, 

85% (6/7) of the patients had axillary freckling with 42.8% (3/7) having both axillary and 

inguinal freckling. The clinical features are in keeping with the diagnostic criteria of clinical 

diagnosis of NF1 (Koczkowska et al., 2018). It is reported in the literature that multiple café 

au lait spots occur in nearly all NF1 patients and freckling in 90% (Friedman, 1993; Anderson 

and Gutmann, 2015b; Cimino and Gutmann, 2018). The seven patients with NF1-causing 

variant had a mean age of 11 years, it is reported that in early childhood the plexiform 

neurofibromas grow rapidly and may cause disfigurement (Friedman, 1993), which may affect 

the quality of life in these children. Identifying the NF1-causing variants will immediately 

assist in the management of symptoms in these patients and contribute to the improvement of 

the quality of life. Neurofibromatosis type 1 has a highly variable expression and familial 

variation (Anderson and Gutmann, 2015b; Pasmant et al., 2015; Zhang et al., 2015). There are 

few genotype-phenotype correlations described in the literature but the clinical variability of 

NF1 arising from genetic or non-genetic factors make the correlations difficult in most cases 

(Anderson and Gutmann, 2015b; Koczkowska et al., 2018). The whole NF1 gene deletion is 

reported to be associated with severe clinical phenotypes such as cognitive defects, body or 
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facial dysmorphisms and early onset of cutaneous neurofibromas (Imbard et al., 2015), the 3bp 

inframe deletion of exon 17 (c.2970-2972 delAAT) in the NF1 gene associated with a milder 

phenotype without the neurofibromas (Upadhyaya et al., 2007).  

In our context, a study by C.Smal (a sub-study under current study, supervised by current 

student) analysed 13 patients (seven were from current study NF1 cohort) with no SNVs 

observed using targeted panel utilising MLPA to screen for CNVs. Three of the 13 patients 

(23%) had deletions observed; of these two were whole gene deletions encompassing flanking 

genes. These two patients had features that suggest a severe NF1 phenotype, these were 

multiple subcutaneous neurofibromas, Iris lisch nodules, intellectual disability and speech 

delay, dysmorphic features, macrocephaly and skeletal abnormalities, these were observed 

over and above the typical NF1 features such as multiple café au lait macules, axillary freckling 

(MSc research, Unpublished data).  

As I conclude the discussion on genetic profiles obtained by FRASC targeted panel as well as 

the detection rate per clinical diagnosis, most of the trends observed are similar to those 

reported in the literature. The detection rate obtained in our African cohort was similar to global 

yields. The only highlight to mention are the yields of LZTR1 and BRAF genes variants that 

are reported as rare for NS patients had higher yields in our study. The FRASC multi-disease 

panel is appropriate cost-effective diagnostic tool and can be utilised alone for all RASopathies, 

however for NF1 where CNVs are reported to contribute 5-10% to the mutation load (Imbard 

et al., 2015; Kehrer-Sawatzki and Cooper, 2021), MLPA could be valuable secondary mutation 

screening tool. Microarray (Array CGH) cannot detect single exon deletions/duplications, 

intragenic CNVs or CNVs that are smaller than 200kb reliably. MLPA can correctly detect 

copy number changes as small as 50bp enabling identification of single exon deletions. 

Additionally MLPA is a cheaper alternative, costing approximately R2100 per analysis 

compared to microarray which costs R~8000. With regard to CNV analysis using WES, the 

CNV analysis pipeline using exome data is not yet well established in our setting, but would 

be a viable alternative worth pursuing. For these reasons, MLPA was employed as a secondary 

screening tool in the current study and not microarray or WES. Our laboratory could also 

benefit from optimizing RNA sequencing analysis and incorporate it in the NF1 testing strategy 

as the splicing variants also account for substantial number (~20%) associated with NF1 and 

are not often detected by genomic DNA sequencing, thus for these kind of variants RNA 

analysis may be appropriate (Pasmant et al., 2015; Evans et al., 2016). Overall detection rate 



128 
 

per clinical diagnosis in the current study were comparable to the literature, further indicating 

the potential of the panel to confirm or exclude the clinical diagnosis. 

 

4.3.12. Segregation analysis of RASopathy-causing variants 

It is reported in the literature that most inherited RASopathy-causing variants are inherited  

from a mother, as most of these variants except for NF1 variants have an adverse impact on 

male fertility (Jafry and Sidbury, 2020). In the current study, 39 parents were tested in during 

segregation analysis and 7 (17.9%) were found to carry putative disease causing variants, 

similar to those observed in the probands (children). Of those, five were mothers (71.4%) and 

two were fathers (28.5%), indicating that in the variants did not have adverse impact on their 

fertility. Four variants were found to be de novo (10%) after parents of FRASC45 

(NF1:c.3721C>T), FRASC100 (PTPN11:c.1381G>A), FRASC4 and FRASC64 both carrying 

the BRAF:c.770A>G were sequenced using Sanger sequencing and were found to not carry the 

disease-causing variant identified in their children. The literature reports that ~50% of the 

variants in RASopathies are inherited de novo (Rauen, 2013; Tidyman and Rauen, 2016; Jafry 

and Sidbury, 2020), the low de novo rate observed in our study is related to the lack of 

availability of the second parent’s sample due to unavailability of the parent during 

recruitments.   

The mothers of FRASC2 and FRASC20 were also suspected of having NS during the 

recruitment clinics. Thus, when the Noonan-causing variant was identified in both of them, it 

was an expected outcome. In the case of FRASC62 father and two daughters were found to 

have the LZTR1:c.2269C>T variant, this indicate that this Schwannnomatosis-causing variant 

segregates within this family and it is the cause of their disorder. However, for the rest of the 

parents whom disease-causing variants were identified, no clinical assessment was done so it 

could not be ascertained if they were clinically presenting with the disease or not. It is reported 

that many affected adults are diagnosed only after the birth of an affected child in most 

RASopathies and for NS patients, mild expression is likely to be overlooked (Roberts et al., 

2013; Jafry and Sidbury, 2020).  
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4.4. Whole exome sequencing 

It is estimated that ~85% of clinically significant variants known to date can be identified by 

exome analysis (Chrystoja and Diamandis, 2014; Guo et al., 2021). Although the exome 

contains only 1% of the entire genome, it carries most clinically significant variants as it codes 

for all proteins critical for life (Ross, Dion and Rouleau, 2020). Whole exome sequencing is 

often utilised for its ability to identify clinically significant variants that could not be found 

using targeted gene panels (Xu et al., 2017). This technique has some limitations in detecting 

pathogenic variants in non-coding regions of the genome, some copy number variations as well 

as repeat expansions. In such cases WGS, microarray and other technologies may be utilised 

to further screen for variants in rare/undiagnosed diseases (Manickam et al., 2021). 

In the current study WES was utilised in a subset of patients (n=7) where no clinically 

significant variants were identified using the FRASC targeted gene panel.  

4.4.1. Detection rate achieved by whole exome sequencing 

One of the seven samples analysed had a validated clinically significant variant (FRASC80), 

this lead to detection rate of 14%, however this is a small sample size to make significant 

conclusions. This indicate that WES as second line testing in a well phenotyped group of 

RASopathy patients would add little benefit once the targeted panel is implemented in a 

diagnostic setting. There are several studies that reported a better detection rate using NGS 

targeted gene panels as a primary testing approach over WES in several disorders (Ankala et 

al., 2015; Krenn et al., 2020; Platt et al., 2021). The study by Platt et al (2021) had a detection 

rate of 56% for NGS targeted panel and 45% was obtained for WES, both panel and WES had 

an overall yield of 58% in this study (Platt et al., 2021). Targeted panel had a detection rate of 

46% compared to 18% of WES in Ankala et al (2015), the authors recommended that targeted 

panels should be used as a first tier testing based on detection rate, good coverage and cost 

effectiveness (Ankala et al., 2015). Another study reported a detection rate of 34.7% when 

targeted panel was used and 30.6% when WES was used to sequence patients with 

neuromuscular disorders (Krenn et al., 2020) 

The variants identified using WES in the current study were not in any of the known 

RASopathy genes, indicating the phenotypic overlap of RASopathies with other disorders. The 

identification of one more pathogenic variant on WES improved detection rate from (34/60) 

56.6% when targeted panel only was used to (35/60) 58.3% detection rate overall for targeted 

panel and WES utilized in the current study. This means that 58.3% of the patients enrolled in 

this current study have a clinical diagnosis and this contribute to clinical management they get 
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towards their disorder as well as informed genetic counselling sessions for patients and their 

families. The one patient (FRASC80) with a pathogenic variant in the CDK13 gene is discussed 

below. 

Patient FRASC80 

This patient presented to our research clinic with clinical features suggestive of NS was found 

to have the CDK13-related dysmorphic feature and intellectual development disorder. The 

heterozygous CDK13:c.2149G>A missense pathogenic variant, associated with autosomal 

dominant dysmorphic facial features and intellectual development disorder with or without 

congenital heart defects (Hamilton et al., 2018: 13) was detected in this patient. This finding 

highlights other syndromes that may overlap with NS features; currently there is no literature 

that associate this disorder with NS. 

There are less than 50 cases published in the literature that have CDK13-related dysmorphic 

feature and intellectual development disorder (Bostwick, 2019; Bostwick et al., 2017). This 

syndrome was recently described with first publication in 2016 and CDK13 variants were 

identified in patients enrolled in the DDD-UK study (Sifrim et al., 2016). Subsequent studies 

where the CDK13 variants was identified were undertaken in 9 patients from USA (Bostwick 

et al., 2017) , 16 patients from the UK (Hamilton et al., 2018), seven patients from Japan 

(Uehara et al., 2018) and 15 patients from the Netherlands (van den Akker et al., 2018). Our 

variant is the same as the one identified in ten patients from these studies, the 

CDK13:c.2149G>A (p.Gly717Arg) has 10 submissions on ClinVar (VCV000375737.8) and 

so far has been reported as de novo (Bostwick et al., 2017). Most variants are identified in the 

exon 4 of the CDK13 gene in the protein kinase domain and this serves as a potential hot spot 

region this disorder, the protein kinase domain is responsible for mRNA processing, mRNA 

splicing (https://www.uniprot.org/uniprot/Q14004). In our study the three year old male patient 

was found to have this variant, this is the first CDK13 variant identified in an African patient, 

a study such as this help to understand the spectrum of disease in Africa which is poorly 

characterised. . The variant had full contribution to the patient’s phenotype because most of the 

clinical features observed in this patient such as dysmorphic features, intellectual disability and 

heart defects. This finding highlight the usefulness of WES in this patient, without which the 

clinical management of the features was not going to be appropriate.  

 

 

https://www.uniprot.org/uniprot/Q14004
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4.4.2. Variants of uncertain significance in whole exome sequencing data 

Sequencing using WES is reported to generate more VUSs than targeted sequencing due to the 

large amount of data produced (Ari and Arikan, 2016), in the context of our setting this higher 

VUS rate is exacerbated by lack of African ancestry population genetic data. The lack of 

African specific genetic data in public databases complicates NGS-based testing and data 

analysis in non-European populations (Horak, Fröhling and Glimm, 2016; Pottinger Tess D. et 

al., 2020). This begs the need for researchers focusing on African genomes to collaborate and 

share their genetic data, so that the uncertainty can be resolved (Krause, 2019; Clift et al., 

2020). In the current study, 6 out of seven (85.7%) patients where WES was performed 

(FRASC24, FRASC55, FRASC56, FRASC58, FRASC96 and FRASC97) had no clinically 

significant variants identified, the significance of the variants identified for these patients is 

unknown and they had limited contribution to patients’ disorder when analysed against 

patient’s phenotypic features noted down during recruitments. 

To minimize the number of VUSs identified using WES, a study by Vears and colleagues 

recommend that parental samples be available so that the significance of these variants is 

understood during analysis (Vears et al., 2018). Various professional guideline bodies 

emphasize the importance of detailed clinical data is also reported as crucial aspect into 

understanding the significance of the VUS, the recommendations further state that no WES 

should be undertaken until detailed clinical data is provided. There is still no consensus with 

regard to reporting VUS from various guidelines organizations, ACMG does not support 

reporting of VUSs (Rehm et al., 2013), CCMG recommends analysis should be limited to 

disease-causing variants (likely pathogenic and pathogenic) only (Hume et al., 2019). 

Furthermore, ESHG does not address whether a variant should be reported (van El et al., 2013) 

and the EuroGentest recommends laboratories should report these at their discretion (Matthijs 

et al., 2016). Most diagnostic laboratories limit their reporting to those VUSs favouring 

pathogenic, these are those that may be upgraded to likely pathogenic by applying one more 

ACMG code and only if the VUS is related to the phenotype. In our context, all VUSs identified 

in the six patients were not directly related to the clinical diagnosis of our patients which is NS, 

there was limited information to correlate and we did not have access to histories and other 

investigations. Vears et al (2018) panelists have agreed that VUS where a gene is known to be 

relevant to the clinical question but lacking evidence of pathogenicity should be reported. The 

panel also discussed that single VUS in a recessive condition should be reported if it is well 

covered during sequencing and matches the phenotype and there might be the possibility of 
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second variant being identified using another method. This panel agreed with ACMG that 

VUSs in genes not related to the phenotype should not be reported. In our context these variants 

will be documented for future reanalysis using CNV pipelines which would clarify if low 

detection rate was due to the variants being deletions or duplications on not. Also having both 

parental samples could be useful during analysis to ascertain if a variant is de novo. The 

analysis pipelines employed in the current study such as moon diploid relies heavily of the 

detailed clinical information provided for the patient. The limited clinical information in our 

six patients could have contributed to the identification of VUSs. The other important aspect is 

loading these variants and their classifications to disease variant database such as ClinVar so 

that it is possible to reclassify as likely benign or likely pathogenic and eventually the number 

of VUSs will be reduced. In the context of African genomic data contributing to increase in 

VUSs, I believe having guideline body for African specific variant interpretation might 

contribute to the understanding and interpreting of VUSs in the African context.   

Further analysis using a different testing method, utilising a different analysis pipeline, or 

revisiting shortlisted variants as well as refining clinical phenotypes may improve the detection 

rate observed in these patients. It is reported in the literature that reanalysis of whole exome 

data with new analysis approaches has shown to improve the detection rate of various genetic 

disorders (Bergant et al., 2018; Liu et al., 2021). Not all reanalysis results in the improved 

detection rate, reanalysing with new genomic data may also downgrade variants into likely 

benign as observed in the study where 82% of the hereditary cancer variants were downgraded 

to benign or likely benign (Esterling et al., 2020). In our context since most of these variants 

are not related to the clinical disorder they may be downgraded to likely benign, this will 

contribute to the reduction of VUSs.  
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4.5.Targeted gene panel vs Whole exome sequencing 

Utilizing NGS techniques such as NGS panel or WES depends on the ability of each technique 

to have an accurate disease variant detection and to confirm or exclude the diagnosis. In LMICS 

the cost effectiveness of the technique is paramount. Targeted gene panels are often preferred 

in LMICS and have consequently become a standard first tier testing methodology for most 

monogenic disorders  

phenotype of the patient. Sequencing using WES is much more expensive than the panel testing 

and the analysis is not as targeted, this is mostly suitable for disorders such as developmental 

delay and epilepsy phenotypes where the genetic cause is not directly known (Schwarze et al., 

2018; Eisele and Kappelmann-Fenzl, 2021). 

In our context, the targeted panel was utilised to sequence 60 RASopathy patients (current 

study), 14 Cornelia de Lange patients (Seymour, 2019) and 14 Facial dysostosis patients 

(Nevondwe, 2019). The diagnostic utility of this panel was demonstrated through these studies 

and the 56.6% detection rate achieved for the current study makes this evident. In our facility, 

targeted panel will be used as a first tier testing methodology as the affordability and utility 

was demonstrated through the current study. 

The value of using WES as a secondary variant screening was also demonstrated in the current 

study, one of the seven patients had a pathogenic variant identified following negative results 

on a targeted panel. When clinically indicated through detailed phenotyping WES can be 

employed as a secondary screening tool. However, in our context, this can be done in a research 

setting only currently, as the cost of WES and other complexities such as bioinformatics 

expertise may not be feasible in a diagnostic setting. 
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4.6. Diagnostic utility of findings in the current study 

Clinically significant variants were identified in 58.3% (utilizing both a targeted panel and 

WES) of the patients who had no molecular testing prior to this study, the identification of a 

causative variant immediately contributes to the clinical utility of that result to the patient. 

These variants were reported back to the patients, this lead to improved health care to the 

patient with regard to the directed management of the predicting symptoms, reproductive 

choices and valuable information to relatives and family members of the patient. 

When the diagnosis of a RASopathy is confirmed, the patient needs constant follow-up through 

life for regular examination including; ophthalmologic and hearing evaluation, surveillance of 

malignancies or heart defects (Joseph et al., 2016). Although patients with RASopathies are 

associated with mild increase risk of cancer, surveillance for possible malignancies may be 

necessary particularly when suggestive clinical symptoms are present (Villani et al., 2017). 

Although ~50% of RASopathy-causing variants arise de novo, if a pathogenic variant is 

identified in the child, testing of parents is recommended to predict the risk of transmission to 

the child (Carcavilla et al., 2020).  

Although the utility of the confirmed diagnosis benefits the patient more, for the health care 

provider, making a diagnosis, having an effective standard of care and recommending the 

effective course of treatment is the ultimate goal that will benefit all patients presenting with 

similar features. Identifying the importance of all the utilities involved in a molecular testing 

in support of patient health care is essential for informing the genomic knowledge needed in 

precision medicine (Farkas, 2016; Joseph et al., 2016). 
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4.7. Limitations of current study 

The RASopathy clinical tick-sheet was designed for the purposes of recruiting patients in the 

current study. The limitations of this tick-sheets includes 

 Limited clinical data related to the disorder that was suspected.  

 Incomplete data leading to inability for us to distinguish whether the unticked features 

was absent or just not recorded 

 No place for additional information or specific information 

This limitation was observed during the assessment of the patients where clinically significant 

variants were not identified. The assessment of clinical details was important for the selection 

of patients into the WES run. The clinical data tick-sheets were not originally designed to do 

clinical phenotyping, but were designed to document positive clinical features of RASopathy, 

by ticking if a feature was present but did not have alternatives. The ‘Not present vs not 

examined’ options could not be distinguished, also there was no space to record additional 

features on the tick sheet. For future recruitments, the tick-sheets should include additional 

space for extra notes and clinicians should be trained on how to fill in the form in detail. 

 

The 40% (24) of patients with no mutations identified using the custom designed targeted panel 

utilised in this study, indicate that there are other type of variants causing RASopathies or 

RASopathy-like phenotypes other than SNVs and small indels. The FRASC targeted panel 

only screened for variants in the coding regions of the genes included in the design; copy 

number variations, variants in the non-coding regions and coding regions of the genes that were 

not included in the panel could be the cause of the RASopathy-like phenotype observed in 

those patients. 

The other limitation was not incorporating RNA sequencing, particularly for NF1 patients as it 

is reported in the literature that 20-30% of NF1 variants affect splicing, and can be identified 

using RNA sequencing, and could possibly be missed by DNA sequencing.  
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4.8.Recommendations and Future directions 

Future work utilizing WES, WGS, MLPA and Microarray will contribute to the uncovering of 

novel gene variants associated with RASopathies or RASopathy-like phenotypes. Sequencing 

more exomes in a larger cohort will also add more value in understanding the overlapping 

developmental phenotypes to RASopathies.  

In addition to RASopathies, somatic variants in the RAS/MAPK genes are reported to be 

associated with cancer. Studying the regulation of this pathway may benefit not only 

RASopathy patients but also cancer patients. Our findings may contribute to the National 

Cancer Institute initiative on Advancing RASopathy Therapies (ART) aimed at developing 

effective therapies and prevention strategies for the patients with RASopathies and tumors 

(Gross et al., 2020). Finding a causative variant in these patients may contribute to personalised 

therapy/treatment strategies as it explains the phenotype in a patient, and can guide specific 

disease management based on the established diagnosis. In the future it may guide 

pharmacologic interventions targeted to a specific developmental pathway. The patient’s 

predicted responses and effectiveness of therapy could be gene and possible variant dependent. 

The findings of this research add valuable information to the body of knowledge in 

RASopathies. Currently existing information in the literature contains limited genomic data 

from RASopathy patients of African ancestry. This current study served as a stepping-stone for 

subsequent NGS studies using a targeted gene panel and broader testing. 

 

 The current study was the first in our Division to custom design a local panel and initiate 

studies aimed at determining molecular profiles through NGS, leading to improved diagnostic 

testing.The NGS panel in the current study has the potential to improve not only the detection 

rate for RASopathies but for many other monogenic disorders through the inherited disease 

targeted panel (IDP) that was designed following the success of this current project. The 

Inherited disease panel is a targeted disease gene panel containing 500 genes associated with 

various monogenic disorders that was designed in the Division of Human Genetics, University 

of the Witwatersrand and the National Health Laboratory Service, Johannesburg. The FRASC 

panel employed in the current study was a proof of principle for the IDP panel. The future 

involves the implementation of the IDP panel and integrating it in the diagnostic setting, the 

initial validations of this panel have commenced.  
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4.9. Conclusion 

Next generation sequencing has revolutionized how testing for monogenic disorders is 

undertaken globally and through the current study this technology has shown its potential to 

improve diagnosis in the South African State healthcare system. This study demonstrated that 

the approach of combining clinically distinct diseases on one sequencing panel, followed by 

selective analysis, is a feasible strategy and a cost-effective diagnostic tool for rare genetically 

heterogeneous diseases. The genetic aetiology of South African patients with RASopathies was 

studied in the current study; this is the first study looking at this group of disorders as a whole, 

rather than studying one RASopathy at a time. The molecular variant data obtained was 

compared to the existing RASopathy literature that is mostly not African. The molecular 

genetic profiles obtained on RASopathy patients were mostly similar to the published data 

except that for NS patients, the BRAF and LZTR1 genes have been shown to be the second and 

third contributors to pathogenic variants in NS after PTPN11. This finding is different from the 

published European data and indicates the unique genetic profiles that South African patients 

may have. Utilizing WES in the current study has demonstrated that analysis of the data relies 

heavily on a detailed patient phenotype. All disease features observed during clinical 

examination are critical to reach a molecular diagnosis using WES data. Disease causing 

variants were identified in genes such as CDK13 which are not considered RASopathy genes. 

This further indicates that there are many syndromes that have clinical features overlapping 

with RASopathy phenotypes. Only one more variant was detected with WES, this improved 

detection rate from 56.6% when targeted panel only was used to 58.3% detection rate overall 

for targeted panel and WES utilized in the current study. This means that 58.3% of the patients 

enrolled in this current study have a clinical diagnosis and this contribute to clinical 

management as disease specific guidelines can be followed as well as defining recurrence risk 

and disease risk to other family members. Developed countries are using WES as first-line 

testing for most monogenic disorders to reduce the number of diagnostic tests in their various 

laboratories (Yang et al., 2013; Posey et al., 2016; Arts et al., 2019; Waldrop et al., 2019). 

However, the recommendation of the current study is that; the targeted gene panels should be 

first tier test for patients with RASopathies. This is because of the detailed clinical phenotyping 

required before WES testing in addition to resources required to analyse the amount of data 

generated, bioinformatics complexities as well as costs associated with WES. Our strategy and 

recommendations would be useful in a laboratory with limited resources providing genetic 

diagnostic testing to the South African public health care system. Similar value would be 

expected in other limited resource countries.  
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4.10.Appendices 

 

Appendix 1.1: Ethics clearance obtained by Mudau MM (Current PhD) from the University 

of the Witwatersrand, Medical Human Research Ethics Committee 
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Appendix 1.2: Ethics clearance obtained by Dr Nadia Carstens (Current PhD, Supervisor) 

from the University of the Witwatersrand, Medical Human Research Ethics Committee 
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Appendix 1.3: Ethics clearance obtained by Dr Nadia Carstens (Current PhD, Supervisor) 

from the University of Pretoria, Faculty of Health Sciences, Research Ethics Committee 
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Appendix 2: Clinical RASopathy data sheet 
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Appendix 3: Full list of demographics of RASopathy patients recruited in the current study 

FRASC No. Sex 
Age at 

recruitment  
Ethnicity 

Clinical  

diagnosis 
Hospital Family samples available 

FRASC1 F 33,4 B NS CMJAH 0 None 

FRASC2 M 2,9 B NS CHBAH 1 Mother 

FRASC4 M 5,2 B NS CMJAH 2 Mother and Father 

FRASC5 M 4,9 B NS CHBAH 1 Mother 

FRASC10 F 2,3 B NS CHBAH 1 Mother 

FRASC14 F 7,7 W NS CHBAH 1 Father 

FRASC15 M 4,5 B NS CHBAH 1 Mother 

FRASC17 M 9,4 B NS CHBAH 1 Mother 

FRASC18 M 7,3 B NS CHBAH 1 Mother 

FRASC19 M 7,2 B NS CHBAH 1 Mother 

FRASC20 F 3,9 B NS CHBAH 1 Mother* 

FRASC21 M 8 B NS CHBAH 1 Mother 

FRASC24 M 7,5 B NS CHBAH 2 Mother and Father 

FRASC36 F 1,6 B NS CHBAH 1 Mother 

FRASC37 F 4,8 B NS CHBAH 1 Mother 

FRASC39 M 2 B NS CHBAH 1 Mother 

FRASC55 M 2,4 B NS CHBAH 2 Mother and Granny 

FRASC56 M 1,5 B NS CHBAH 1 Mother 

FRASC60 M 4,6 B NS CHBAH 1 Mother 

FRASC64 M 6,9 B NS SBAH 2 Mother and Father 

FRASC66 M 4,6 B NS SBAH 0 None 

FRASC69 M 4,4 B NS SBAH 1 Mother 

FRASC71 M 3,2 B NS SBAH 1 Mother 

FRASC73 F 8,7 B NS SBAH, PTA 1 Mother 

FRASC80 M 3,2 B NS CMJAH 1 Mother 

FRASC81 F 2,5 B NS CMJAH 2 Mother and Father 

FRASC84 M 10,5 W NS SBAH, PTA 2 Mother and Father 

FRASC87 M 11,4 B NS SBAH 1 Mother 

FRASC88 M 0,5 B NS SBAH 1 Mother 

FRASC90 F 12,8 B NS SBAH 1 Mother 

FRASC91 M 5,5 B NS SBAH 2 Mother and Father 

FRASC92 M 6,5 B NS SBAH 2 Mother and Father 

FRASC94 F 0,6 B NS CMJAH 1 Mother 

FRASC96 F 0,7 B NS RMH 2 Mother and Father 

FRASC97 M 0,8 B NS CMJAH 2 Mother and Father 

FRASC98 F 4,1 B NS RMH 2 Mother and Father 

FRASC22 F 9,3 B CFC CHBAH 1 Mother 

FRASC58 F 10,2 B ?RASopathy NHLS 1 Mother 

FRASC62 M 58 I Schwannomatosis NHLS 3 Daughters 
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FRASC63 F 13,8 B CFC RMH 1 Mother 

FRASC70 M 6,6 B NS/NF1 SBAH 1 Mother 

FRASC85 M 15,7 W ?RASopathy SBAH 1 Father 

FRASC99 M 4,7 B CFC CHBAH 1 Mother 

FRASC100 M 8,4 B NSML SBAH 2 Mother and Father 

FRASC3 M 13,9 B NF1 CHBAH 1 Mother 

FRASC38 F 3,3 B NF1 CHBAH 1 Mother 

FRASC42 F 12,3 B NF1 CHBAH 1 Mother 

FRASC43 M 34 B NF1 CMJAH 0 None 

FRASC44 M 6,2 B NF1 CMJAH 1 Mother 

FRASC45 F 8,9 B NF1 CMJAH 2 Mother and Father 

FRASC46 M 29,9 B NF1 CMJAH 0 None 

FRASC53 M 11,8 B NF1 RMH 1 Father 

FRASC65 F 7,3 B NF1 SBAH 1 Mother 

FRASC67 M 4,9 B NF1 SBAH 1 Mother 

FRASC68 M 2,2 B NF1 SBAH 1 Mother 

FRASC82 M 27,2 B NF1 CMJAH 0 None 

FRASC83 M 18,4 B NF1 CMJAH 1 Mother 

FRASC89 F 6,2 B NF1 SBAH 1 Mother 

FRASC95 F 28,9 B NF1 CHBAH 0 None 

M=Male, F=Female, B=African ancestry, W=Caucasian, CHBAH=Chris Hani Baragwanath Hospital, CMJAH, 

Charlotte Maxeke Academic Hospital, RMH= Rahima Moosa Hospital, SBAH=Steve Biko Academic Hospital  
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Appendix 4: FRASC panel design report from Agilent SureDesign software 

 

FRASC-Panel design summary      

       

File Type: SureSelect DNA Design Report      

Created By: SureSelect DNA Advanced Design Wizard     

User: maria.mudau@nhls.ac.za      

Workgroup: Wits Human Genetics      

Folder: FRASC Final      

Timestamp: 08-Aug-2018      

       

Design Summary      

Design Name: FRASC and NF2 final      

Species: H. sapiens (UCSC hg19, GRCh37, February 2009)    

       

Probegroup Summary      

Number of Probegroups: 3      

Probegroup 1 : FRASC_problematic      

Probegroup 2 : FRASC_ Main_Final      

Probegroup 3 : NF2      

       

Probe Summary      

Total Probes: 3375      

Total Probes Size: 245.950 kbp      

Recommended Minimum Sequencing per Sample: 49.190 Mbp    

   

       

Target Parameters      

Databases: RefSeq      

Region: Coding Exons      

Region Extension: 10 bases from 3' end and 10 bases from 5' end.    

Allow Synonyms: No      

       

Probe Tiling Parameters      

Tiling density: 2x      

   

Boosting: Balanced      

Extension into repeats: 20      

Strand: Sense       

       

Target and Probe Details      

Target ID: The identifier entered in the Targets list.     

Interval: The genomic interval of the target.      

Regions: The number of regions within this target.     

Size: The total size (in base pairs) of the regions.     

Database(s): The databases in which this target was found.    
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High Coverage: Number of regions with overlap >= 90%.     

Low Coverage: Number of regions with overlap < 90%.     

       

Target ID and Refseq 

transcript Interval Regions Size Coverage 

High 

Coverage 

Low 

Coverage 

A2ML1 (NM_144670.6) chr12:8975238-9027617 36 5088 100 36 0 

AFF4 (NM_014423.4) 

chr5:132216741-

132272891 20 3892 100 20 0 

ANKRD11 (NM_013275.6) 

chr16:89334876-

89383437 11 8212 100 11 0 

ARID1B 
(NM_001374828.1) 

chr6:157099054-

157529035 20 7150 100 20 0 

BRAF (NM_004333.6) 
chr7:140434387-

140624513 18 2661 100 18 0 

CBL (NM_005188) 

chr11:119077118-

119170501 16 3041 100 16 0 

CHD7 (NM_017780.4) 
chr8:61653982-

61778502 37 9734 100 37 0 

DHODH (NM_001361.5) 
chr16:72042654-

72058108 9 1368 100 9 0 

EFTUD2 (NM_004247.4) 
chr17:42928632-

42971899 27 3459 100 27 0 

ESCO2 
(NM_001017420.3) 

chr8:27633022-

27660965 10 2006 100 10 0 

EYA1 (NM_000503.6) 
chr8:72111565-

72268731 17 2144 100 17 0 

HDAC8 (NM_018486.3) 
chrX:71549894-

71792621 13 1472 100 13 0 

HRAS (NM_005343.4) chr11:532626-534332 5 752 100 5 0 

KMT2A 
(NM_001197104.2) 

chr11:118307218-

118392897 36 12639 100 36 0 

KRAS (NM_033360.4) 

chr12:25362719-

25398328 5 787 100 5 0 

LZTR1 (NM_006767.4) 
chr22:21336651-

21351647 21 2943 100 21 0 

MAP2K1 (NM_002755.4) 
chr15:66679676-

66782963 11 1402 100 11 0 

MAP2K2 (NM_030662.4) chr19:4090586-4123882 11 1423 100 11 0 

MAU2 (NM_015329.4) 

chr19:19431659-

19466601 19 2222 100 19 0 

NF1 (NM_001042492.3) 
chr17:29422318-

29701183 58 9741 100 58 0 

NF2 (NM_000268.4) 
chr22:29999978-

30090801 17 2164 100 17 0 

NIPBL (NM_133433.4) 
chr5:36953789-

37065004 46 9380 100 46 0 

NRAS (NM_002524.5) 
chr1:115251146-

115258791 4 650 100 4 0 

PDS5A (NM_001100399.2) 

chr4:39827095-

39978207 32 4687 100 32 0 

PDS5B (NM_015032.4) 

chr13:33222900-

33349200 34 5024 100 34 0 

POLR1C (NM_203290.4) 
chr6:43484838-

43497103 10 1348 100 10 0 

POLR1D (NM_152705.3) 

chr13:28196111-

28240100 4 825 100 4 0 
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PTPN11 (NM_002834.5) 
chr12:112856906-

112942578 15 2086 100 15 0 

RAD21 (NM_006265.3) 
chr8:117859729-

117878978 13 2156 100 13 0 

RAF1 (NM_001354689.3) 
chr3:12626003-

12660230 16 2267 100 16 0 

RASA1 (NM_002890.3) 

chr5:86564259-

86686710 26 3672 100 26 0 

RASA2 (NM_001303246.3) 

chr3:141205916-

141331165 25 3065 100 25 0 

RIT1 (NM_001256821.2) 
chr1:155870169-

155880686 6 831 100 6 0 

RRAS (NM_006270.5) 

chr19:50138823-

50143365 6 777 100 6 0 

SETD5 (NM_001349451.2) chr3:9470613-9517785 22 4808 100 22 0 

SF3B4 (NM_005850.5) 
chr1:149895424-

149899661 6 1395 100 6 0 

SHOC2 (NM_007373.4) 

chr10:112724107-

112771586 8 1909 100 8 0 

SMAD4 (NM_005359.6) 

chr18:48573407-

48604847 11 1879 100 11 0 

SMAD5 (NM_005903.7) 
chr5:135489440-

135513178 6 1517 100 6 0 

SMAD6 (NM_005585.5) 
chr15:66995587-

67073883 4 1571 100 4 0 

SMAD7 (NM_005904.4) 
chr18:46447732-

46476804 4 1464 100 4 0 

SMARCB1 (NM_003073.5) 
chr22:24129347-

24176377 9 1392 100 9 0 

SMC1A (NM_006306.4) 

chrX:53407014-

53449559 26 4265 100 26 0 

SMC3 (NM_005445.4) 
chr10:112327565-

112364070 29 4234 100 29 0 

SOS1 (NM_005633.4) 
chr2:39212955-

39347573 23 4462 100 23 0 

SOS2 (NM_006939.4) 
chr14:50585052-

50698011 23 4459 100 23 0 

SPRED1 (NM_152594.3) 
chr15:38545377-

38643875 7 1475 100 7 0 

STAG1 (NM_005862.3) 

chr3:136057086-

136349750 33 4437 100 33 0 

TAF1 (NM_004606.5) 

chrX:70586155-

70683906 38 6448 100 38 0 

TAF6 (NM_005641.4) 
chr7:99704859-

99717379 15 2445 100 15 0 

TCOF1 
(NM_001371623.1) 

chr5:149737300-

149778621 27 5028 100 27 0 
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Appendix 5: Patient quality control report example with duplicate information from Agilent 

SureCall software 
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Appendix 6: Primers used for Sanger sequencing  

 

Primer Sequence (5'-3' orientation) Tm Variants targeted 

FRASC1/10- Forward TGACCTGTATGGAGGGGAGA 58 PTPN11:c.215C>G (p.A72G) and  

PTPN11:c.211T>C (p.F71L) 

FRASC1/10- Reverse TCTGACACTCAGGGCACAAG 56.7 
 

FRASC2/18-Forward GTGATCCCAATGAGCCTGTT 55.1 PTPN11:c.922A>G (p.N308D) 

FRASC2/18-Reverse GGGCTTTGAATTGTTGCACT 54  

FRASC14-Forward GGCTTTTATGCAGACTTTTCG 53.4  SOS1:c.806T>C (p.M269T) 

FRASC14-Reverse TTTCCCCCAAACAGGATGTA 53.6  

FRASC17-Forward CCCAAGGTGCCCTATTACCT 56.6 RAF1:c.781C>A (p.P261T) 

FRASC17-Reverse AGCCTAAGTGCCAATCATGG 54.9  

FRASC19-Forward CCTTGCAGAAGAAGCTGGAG 56.8 MAP2K1:c.215G>A( p.S72N) 

FRASC19-Reverse AGAAGGCTTGTGGGAGACCT 57.9  

FRASC20-Forward AAAATCCGACGTGGAAGATG 52.6 PTPN11:c.182A>G (p.D61G) 

FRASC20-Reverse ACTCAGCCAAAGTGGCAAAT 55.3  

FRASC39/73-Forward CACATGTTTGACAGCGGAAA 54.8 

 BRAF:c.722C>T (p.T241M) and 

BRAF:c.770A>G (p.Q257R) 

FRASC39/73-Reverse AACCCCCGGTTTTCATTTTA 53.4  

FRASC60-Forward CTTGGGCTGCATGTTCTCTT 55.3  SOS1:c.1649T>C (p.L550P) 

FRASC60-Reverse AATTGGATGGCAGCATTGAT 53  

FRASC81-Forward CCTGGCTCTGCAGTTTCTCT 57.1  PTPN11:c.1510A>G (p.M504V) 

FRASC81-Reverse CCTGCGCTGTAGTGTTTCAA 55.6  

FRASC4/64-Forward CACATGTTTGACAGCGGAAA 53.6  BRAF:c.770A>G (p.Q257R) 

FRASC4/64-Reverse AACCCCCGGTTTTCATTTTA 53.4  

FRASC21-Forward CCAGGTTGAATGACATGTGG 53.5  LZTR1:c.690C>G (p.N230K) 

FRASC21-Reverse GTTATTTGGCTCCGCTTTG 52.3  

FRASC69-Forward AGTCACCGTAAGGGATGCAG 56.5  LZTR1:c.848G>A (p.R283Q) 

FRASC69-Reverse CACCCCCAAACACATAGAGG 55.4  

FRASC15-Forward TGAATCCTCATCTGGGGAAG 53.8 LZTR1: c.730T>C (p.S244P) 

FRASC15-Reverse GTTATTTTGGCTCCGCTTTG 52.6  

FRASC36-Forward GGAGAAATTTGCCACTTTGG 52.3 LZTR1: c.730T>C (p.S244P) 

FRASC36-Reverse TCTGACACTCAGGGCACAAG 56.7  

FRASC63-BRAF-Forward AGGTGATGTGGCAGTGAAAA 59.1  BRAF: c.1502A>T (p.E501V) 

FRASC63-BRAF-Reverse TTCCAGAGCCCAGGACTAAA 59.8  
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FRASC5-NRAS-Forward AGCAATTTGAGGGACAAACC 59 NRAS: c.173C>T (p.T58I) 

FRASC5-NRAS-Reverse TGGTAACCTCATTTCCCCATA 59.1  

FRASC42-NF1-Forward GGCATGCATGAGAGATATTCC 59.5 NF1: c.6772C>T (p.R2258X) 

FRASC42-NF1-Reverse TTTCATTGACCTCAAATTTAAACG 59.4  

FRASC44/46-NF1-Forward CCATCATGCCCAGCTAATTT 59.9 NF1: c.496-497 del (p.V166Lfs*) and 

NF1: c.569T>G (p.L190X) 

FRASC44/46-NF1-Reverse AGCACCCTTGCATTCTCTGT 59.8 
 

FRASC45-NF1-Forward TCAGCCCTGCACATTCTGTA 60.4 NF1: c.3721C>T (p.R1241X) 

FRASC45-NF1-Reverse TTTTACCGGTTAATCCTTGGAA 59.7  

FRASC53-NF1-Forward CTCCTGGGTCAGGGAGTACA 60.1 NF1: c.5204_5205 del  (p.K1735Sfs*) 

FRASC53-NF1-Reverse AGATTACAGGTGCCCACCAC 59.8  

NF1-c.27G-A-Forward CGTGGAAAGGATCCCACTT 59 
NF1: c.5204_5205 del  (p.K1735Sfs*) 

NF1-c.27G-A-Reverse CTTCCCTTCCTTTCCTCCAG 60.1  

FRASC62-LZTR1-Forward GGAGGGGATTCATGGTTTTC 60.5 LZTR1: c.2269C>T (p.Q757X) 

FRASC62-LZTR1-Reverse CCTGACCTTGGTGAACTGGT 60.0  

FRASC22-MAP2K2-

Forward CCTGGATTCTGGTCATTGGT 59.7 MAP2K2: c.169T>G (p.F57V) 

FRASC22-MAP2K2-Reverse ACCTGCCTCCTGTTTCCAG 60.2  

FRASC100-PTPN11-

Forward TTCATTCTGTCCAACCAGCA 60.2 PTPN11: c.1381G>A (p.A461T) 

FRASC100-PTPN11-

Reverse CCAGACTGTTTTCGTGAGCA 60  

FRASC99-BRAF-Foward GGCTTGACTGGAGTGAAAGG 58.4 BRAF:c.1741A>G (p.N581D) 

FRASC99-BRAF-Reverse CTGTGGTATCCTGCTCTCCT 58.2  

FRASC38-NF1-Forward ATTCAGGCTCTGCTGGTTCT 50 NF1: c.1658A>G (p.H553R) 

FRASC38-NF1-Reverse AGGAAGCAGACCACAAAATTCT 40.9  

FRASC80-CDK13-Forward ACAATTGGGTGGCGAGTAGA 
50 

CDK13: c.2149G>A (p.Gly717Arg) 

FRASC80-CDK13-Reverse ACAGACCCACTTACATGTACTCA 
43.5  

FRASC97-TRPS1-Forward GACCTGCGAAACACCCAAAT 
59 

TRPS1: c.3403G>C (p.Pro1135Ala) 

FRASC97-TRPS1-Reverse GCCACAGTGCACACATTTTG 
58.8  
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Appendix 7.1: Summary of data obtained on Ion-540TM chip 4, WES run 2 
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Appendix 7.2: Assessing WES run report example from the Torrent _Suite software 
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Appendix 8: ACMG criteria for classifying pathogenic variants (Richards et al., 2015) 

 

 

Appendix 6: Turnitin report 
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Appendix 9: Turnitin report 
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4.11. List of websites with date accessed 

 

1000 genomes project: https://www.genome.gov/27528684/1000-genomes-project (accessed, 

February 2019) 

Agilent SureCall: (accessed, January 2019) 

https://www.agilent.com/cs/library/software/public/Release%20Notes%20SureCall  

Agilent SureDesign: https://earray.chem.agilent.com/suredesign/ (accessed, July 2018) 

Agilent SureSelect: https://www.agilent.com/cs/library/usermanuals/public/G9681-90000.pdf 

(July 2018) 

ClinGen: https://clinicalgenome.org/ (accessed, February 2018) 

ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/ (accessed, February 2019) 

Ensembl variant effect predictor: https://www.ensembl.org/info/docs/tools/vep/index.html 

(accessed, February 2019) 

Exome Aggregation consortium (ExAC): https://exac.broadinstitute.org/ (accessed, February 

2018) 

Human disease mutation database (HGMD): http://www.hgmd.cf.ac.uk/ac/index.php 

(accessed, February 2019) 

Illumina MiSeq: https://emea.illumina.com/systems/sequencing-platforms/miseq.html 

(accessed, November 2018) 

Ion-Reporter software: https://ionreporter.thermofisher.com/ir/ (accessed, February 2021) 

Ion-torrent ThermoFisher NGS platform: https://www.thermofisher.com/za/en/home/life-

science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-

applications.html (accessed, November 2020) 

MiSeq reagent kit used: https://emea.illumina.com/systems/sequencing-

platforms/miseq/specifications.html (accessed, November 2018) 

Moon (diploid) annotation software: https://www.diploid.com/moon (accessed, March 2021) 

The Genome Aggregation Database (gnomAD): https://gnomad.broadinstitute.org/ (accessed, 

February 2020) 

wANNOVAR software: https://wannovar.wglab.org/ (accessed, February 2019) 
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http://www.hgmd.cf.ac.uk/ac/index.php
https://emea.illumina.com/systems/sequencing-platforms/miseq.html
https://ionreporter.thermofisher.com/ir/
https://www.thermofisher.com/za/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-applications.html
https://www.thermofisher.com/za/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-applications.html
https://www.thermofisher.com/za/en/home/life-science/sequencing/next-generation-sequencing/ion-torrent-next-generation-sequencing-applications.html
https://emea.illumina.com/systems/sequencing-platforms/miseq/specifications.html
https://emea.illumina.com/systems/sequencing-platforms/miseq/specifications.html
https://www.diploid.com/moon
https://gnomad.broadinstitute.org/
https://wannovar.wglab.org/
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