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Abstract

Paediatric cancers, which affect individuals under 18 years of age, are often attributed to inherited
germline genetic variants due to the limited time for the accumulation of DNA alterations. Variants in
cancer predisposition genes- such as tumour suppressor genes (TSGs), proto-oncogenes and DNA
repair genes- are known to increase cancer risk. This study aimed to identify germline single nucleotide
variants (SNVs) in paediatric cancer patients using Whole Exome Sequencing (WES), with a focus on
four common childhood solid tumours; nephroblastoma, retinoblastoma, rhabdomyosarcoma and
osteosarcoma. DNA was extracted from blood samples of 14 patients diagnosed with one of these
cancers, and a virtual gene panel consisting of 64 cancer predisposition genes was used to analyse
WES data. A total of 212,825 variants were processed, with the majority being intronic, followed by
synonymous, missense, splice-site and indel variants. Variants were prioritised based on factors such
as minor allele frequencies, variant types, locations and in silico prediction scores. These variants were
further assessed using databases like ClinVar and AlphaMissense database (AMDB) and visualised
using Integrative Genomics Viewer (IGV). Two heterozygous missense variants in TSGs were classified
as variants of uncertain significance (VUSs) according to ACMG/ AMP guidelines: one in the TP53 gene
(NM_000546.6:c.923T>C) in a retinoblastoma patient (PC79) and another in the SDHB gene
(NM_003000.3:¢.455C>T) in a rhabdomyosarcoma patient (PC2), both of African ancestry. While the
identification of these VUSs provide valuable insights into potential germline genetic causes of
paediatric cancers, the absence of definitive pathogenic variants underscores the need for further
investigation. This study also highlights the challenges of interpreting genetic data in
underrepresented populations, such as those of African descent, where VUSs are more prevalent.
Despite these challenges, WES proved to be valuable in identifying germline variants and advancing

our understanding of paediatric cancer genetics in South Africa.
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Abstract for Journal Submission

Introduction: Paediatric cancers are characterised by genetic alterations that disrupt normal cellular
growth. In children and adolescents, inherited germline variants thought to play a key role in tumour
development. Germline variants in cancer predisposition genes- such as tumour suppressor genes
(TSGs), proto-oncogenes and DNA repair genes- are associated with an increased cancer risk. This
study aimed to identify germline single nucleotide variants (SNVs) in paediatric cancer patients,
utilising Whole Exome Sequencing (WES) data. The focus of this study was on four common childhood

solid cancers, namely: nephroblastoma, retinoblastoma, rhabdomyosarcoma and osteosarcoma.

Methods: WES was performed on DNA extracted from blood samples of 14 patients diagnosed with
one of the four paediatric cancers. A custom virtual gene panel of 64 cancer predisposition genes was
created. Subsequently, variants were prioritised based on factors such as minor allele frequencies,
variant types, variant locations, and in silico prediction scores. Identified variants were further
assessed using public databases, including ClinVar and AMDB, and classified according to ACMG/ AMP

guidelines.

Results: A total of 212,825 variants were processed across the 14 patients, with the majority being
intronic, followed by synonymous, missense, splice-site and incel variants. Two missense variants
were prioritised: one in the TP53 gene (NM_000546.6:c.923T>C) in a retinoblastoma patient (PC79),
and another in the SDHB gene (NM_003000.3:¢c.455C>T) in a rhabdomyosarcoma patient (PC2), both
of African ancestry. These two variants were absent on the GnomAD database and confirmed as true
variants through visualisation in the Integrative Genomics Viewer (IGV), where heterozygous allele
rations were observed. Based on the available evidence, both variants were classified as variants of

uncertain significance (VUSs).

Conclusion: The identification of two VUSs provide insights into the possible germline genetic causes
of these paediatric cancers, however the lack of definitive pathogenic variants underscores the need
for further investigations. The study also emphasises the challenges of interpreting genetic variants in
underrepresented populations, such as those of African descent, where VUSs are more prevalent.
Despite these challenges, WES proved to be valuable in uncovering germline variants and advancing

our understanding of paediatric cancer genetics in South Africa.
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1. Introduction:

Paediatric cancers are defined by genetic alterations that disrupt normal cellular growth in children
and adolescents under the age of 18 years (Ren et al., 2022). As individuals age, the likelihood of
accumulating DNA alterations increases (Kuhlen et al., 2019). Therefore, the etiological factors
contributing to paediatric cancers may differ from those of adult-onset cancers (Seo et al., 2024).
Instead, inherited germline genetic variants are thought to play a more significant role in development
of paediatric tumours (Uchimura et al., 2015). The global prevalence of paediatric cancers is estimated

to be approximately 175,000 new cases annually (Ren et al., 2022).

The most common paediatric cancers include leukaemia’s, brain and spinal tumours,
nephroblastomas, retinoblastomas, rhabdomyosarcomas, osteosarcomas, lymphomas,
neuroblastomas, germ cell tumours and liver tumours (Figure 1) (Wu et al., 2022). Paediatric cancers
are categorised into solid and non-solid tumours (Huang et al., 2018). Leukaemia, a non-solid tumour,
is particularly common due to the rapid division of blood cells, which increases the likelihood of
mutations (Huang et al., 2018). For this sub-study, the solid tumours nephroblastoma, retinoblastoma,
rhabdomyosarcoma and osteosarcoma were selected due to their high incidence, collectively

accounting for approximately 19% of all paediatric cancer cases (Figure 1) (Wu et al., 2022).

Liver tumours Other
Germ cell tumours < f‘

02 %

Neuroblastomas.\/
6%

30%

Lymphomas “__— 10% Leukaemias

Osteosarcomas

Rhabdomyosarcomas
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@ Brain and spinal tumours

Retinoblastomas
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Figure 1: Proportional distribution of paediatric cancer types worldwide. Nephroblastoma,
retinoblastoma, rhabdomyosarcoma and osteosarcoma collectively represent approximately 19% of

all paediatric cancer cases globally. Figure adapted from Wu et al., 2022.

While most cancers arise sporadically, due to acquired mutations, individuals carrying germline
variants in cancer predisposition genes have an increased risk of developing cancer (Kuhlen et al.,
2019). Cancer predisposition syndromes (CPSs) refer to inherited conditions caused by variants in
cancer predisposition genes (Steliarova-Foucher et al., 2017). These genes include tumour-suppressor
genes (TSGs), proto-oncogenes and DNA repair genes (Davidoff, 2010). TSGs regulate cell growth and
prevent uncontrolled proliferation, variants in these genes can lead to tumour formation (Davidoff,
2010). The two-hit hypothesis explains that cancers due to germline variants in TSGs typically require
two mutations; one inherited and one acquired (Knudson, 1971). Proto-oncogenes normally regulate
cell division, but variants can turn them into oncogenes, driving cancer development by stimulating
cell growth and survival (Davidoff, 2010). DNA repair genes, responsible for correcting DNA damage,
play a role in preventing the accumulation of variants, thus reducing the risk of tumour formation
(Davidoff, 2010). Variants in the genes investigated in this study fell within these categories of cancer

predisposition genes.

Nephroblastoma generally originates from abnormal kidney development, with a median age at
diagnosis between two and three years (Steliarova-Foucher et al.,, 2017). Germline variants in
oncogenes, such as Wilms’ tumour 1 (WT1), are typically implicated in bilateral nephroblastoma
(Parsons et al., 2016). These in WT1 variants also increase the risk of several CPSs, including Wilms
tumour-aniridia syndrome (WGAR) and Denys-Drash syndrome (DDS) (Table 1) (Ruteshouser et al.,
2008). Additionally, the Insulin-like Growth Factor 2 (IGF2) oncogene have been implicated in the
aetiology of nephroblastoma (Murphy et al., 2023). Beckwith-Wiedemann syndrome (BWS), which
involves multiple germline variants in the /IGF2 gene, is a CPS associated with an increased risk of

nephroblastoma (Table 1) (Ruteshouser et al.,2008).

Retinoblastoma is an intraocular paediatric cancer, primarily affecting the neural retina (Pandey,
2014). The median diagnostic age is between one and two years, and its development is strongly
associated with germline variants in the Retinoblastomal (RB1) TSG (Steliarova-Foucher et al., 2017).
Additionally, a CPS impacting the onset of retinoblastoma has been observed in 13g deletion
syndrome, characterised by a deletion including the RB1 gene (Table 1) (Parsons et al., 2016). New

studies have indicated that the development of retinoblastoma may be influenced by variants in
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genetic modifier genes such as Murine Double Minute 2 (MDM?2), Murine Double Minute 4 (MDM4) or
Mediator complex subunit 4 (MED4) that alters the expression of the RB1 gene (Steliarova-Foucher et

al., 2017).

Rhabdomyosarcoma is a type of soft tissue sarcoma that primarily affects skeletal muscle, often
resulting from the inability of skeletal myoblasts to mature (Kim et al., 2021). It typically affects
adolescents, with a median age of diagnosis between 16 and 17 years (Liu et al., 2020). Germline
variants in oncogenes such as Harvey Rat Sarcoma Virus (HRAS), are implicated in the development of
rhabdomyosarcoma (Kim et al., 2021). Additionally, Castello syndrome, which is characterised by
variants in HRAS, is a recognized CPS that increases the risk of rhabdomyosarcoma (Table 1) (Pal et al.,
2019). Several TSGs have also been associated with rhabdomyosarcoma, including Neurofibromini
(NF1), which is linked to Neurofibromatosis type 1 (NF1), and further elevates the risk of

rhabdomyosarcoma development (Table 1) (Kim et al., 2021).

Osteosarcoma is a bone cancer that affects osteoblast cells (Liu et al., 2020). It most commonly
presents in adolescents, with a median diagnostic age of 15 years (Liu et al., 2020). Like
retinoblastoma, a study on various sarcomas identified germline variants in the RB1 TSG to be linked
to osteosarcoma (Pal et al., 2019). As a result, individuals with congenital retinoblastoma, caused by
RB1 variants, are at an increased risk of developing osteosarcoma (Table 1) (Pal et al., 2019). In
addition, germline variants in TSGs, such as TP53 and NF1, that are associated with
rhabdomyosarcoma are also linked to osteosarcoma (Alba-Pavdn et al., 2023). Consequently, NFlis a

CPS that is associated with an increased risk of osteosarcoma (Table 1) (Pal et al.,2019).

Table 1: Genes most commonly associated with four cancer types and their related CPSs

Cancer Type Gene Gene Type Associated CPS
Nephroblastoma WT1 Oncogene WGAR
DDS

IGF2 BWS
Retinoblastoma RB1 TSG 13q deletion syndrome
Rhabdomyosarcoma HRAS Oncogene Castello syndrome

NF1 TSG NF1
Osteosarcoma RB1 TSG Retinoblastoma

NF1 NF1
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The primary variant types found in cancer predisposition genes are single nucleotide variants (SNVs)
and copy number variants (CNVs) (Grobner et al., 2018). SNVs involve changes to a single nucleotide
within the DNA sequence and have been implicated in altering protein structure or function,
potentially driving cancer development (Grobner et al., 2018). SNVs are associated with 93% of
nephroblastoma, 58% of retinoblastoma, 68% of rhabdomyosarcoma and 74% of osteosarcoma cases
(Singh et al., 2016; Xu et al., 2018; Grobner et al., 2018; Czarnecka et al., 2020). CNVs, which include
deletions or duplications of DNA segments, can affect gene dosage, disrupting normal cellular
processes and facilitating tumour formation (Grébner et al., 2018). CNVs account for approximately
7% of nephroblastoma, 42% of retinoblastoma, 32% of rhabdomyosarcoma and 26% of osteosarcoma

cases (Singh et al., 2016; Xu et al., 2018; Grébner et al., 2018; Czarnecka et al., 2020).

These variant types are key to understanding the genetic landscape of paediatric cancers, but the full
range of genes that predispose children to cancer is only partially understood (Huang et al., 2018). The
precise proportion of paediatric malignancies attributable to underlying CPSs remains unclear (Huang
et al.,, 2018). Whole Exome Sequencing (WES) has proven to be effective in identifying germline
variants, including SNVs and CNVs, in paediatric cancers (Zhang et al., 2015). Understanding the role
of germline variants in paediatric cancer development can help implement familial genetic
counselling, to offer screening and management options for individuals with an increased risk (Villani

et al., 2023).

Cancer is fundamentally defined by genetic alterations, thus scientific studies investigating its causes,
diagnosis and treatment should prioritise genetics and genomics research (Rotimi et al., 2021). Africa’s
population history reveals that individuals of African ancestry are the most genetically diverse group
in the world; however, they remain significantly underrepresented in cancer research, accounting for
just 0.016% of global cancer publications (Rotimi et al., 2021). As a result, Variants of Uncertain
Significance (VUSs) are more prevalent in this population because of the limited genetic data available,
leading to a lack of characterisation for many variants (McDonald and Ricks-Santi, 2022). Therefore,
the aim of this study was to analyse WES data and identify germline SNVs in South African paediatric
cancer patients with four of the most common types of childhood solid cancers, namely;

nephroblastoma, retinoblastoma, rhabdomyosarcoma and osteosarcoma.

20



2. Materials and Methods

This study formed part of a larger study, namely the PeCan project, which is investigating the genetics
of paediatric cancers in South Africa. The workflow for this study involved the creation of a virtual
gene panel, followed by variant annotation, prioritisation, visualisation and ultimately, variant

classification (Figure 2).

Literature review WES data (BAM file)
Virtual Gene Panel Variant visualisation
Generation N
[ cial gene p I Integrative Genomics Viewer
WES data (VCF file) ACMG/AMP
SNV annotation Variant classification guidelines
Ensembl VEP
Minor allele frequency
Variant type
SNV prioritisation Variant location

In silico prediction tools

Variant consequences

Figure 2: Schematic overview of the methodology employed in this study. The figure outlines the key
steps, including Virtual Gene Panel Generation, SNV annotation, SNV prioritisation, Variant

visualisation and Variant classification, with sub-steps that were followed in the research.

2.1 Study cohort

A total of 14 patients were included in this study, all whom were recruited through the PeCan project.
These patients were mainly recruited from Charlotte Maxeke academic hospital and Chris Hani
Baragwanath hospital between 2019 and 2023. The inclusion criteria were children diagnosed with
solid tumours that had not previously undergone genetic screening. Four patients were diagnosed
with nephroblastoma, retinoblastoma or rhabdomyosarcoma, while two were diagnosed with
osteosarcoma (Table 2). With the exception of two patients, all participants are of African ancestry.
One patient with rhabdomyosarcoma has an unknown ancestry, and one osteosarcoma patient is of

European ancestry (Table 2). The age at diagnosis ranged from three months to 11 years.
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Table 2: Patient characteristics

Patient ID Diagnosed cancer type  Patient sex Patient ancestry Age at diagnosis
PC12 Nephroblastoma Female African 3 years
PC14 Nephroblastoma Female African 3 years
PC18 Nephroblastoma Male African 6 months
PC63 Nephroblastoma Male African 3 years
PC79 Retinoblastoma Male African 4 months
PC104 Retinoblastoma Female African 8 months
PC120 Retinoblastoma Male African 3 months
PC123 Retinoblastoma Male African 9 months
PC2 Rhabdomyosarcoma Female African 8 years
PC11 Rhabdomyosarcoma Female African 3 years
PC74 Rhabdomyosarcoma Male Unknown 3 years
PC121 Rhabdomyosarcoma Female African 3 years
PC58 Osteosarcoma Female African 6 years
PC108 Osteosarcoma Male European 11 years

2.2 Virtual gene panel generation

This study involved the creation of a virtual gene panel by identifying genes associated with each of
the paediatric cancers through a comprehensive review of relevant paediatric oncology literature. The
goal was to identify the 10% most common genes associated with each of the four cancers.
Additionally, genes included in established commercial panels, such as the Invitae multi-cancer panel
(https://www.invitae.com) and Prevention Genetics cancer panels
(https://www.preventiongenetics.com), were also incorporated. Germline variants in a total of 64
candidate genes were investigated, with the full list of genes provided in Supplementary Table 1

(Appendix A).

2.3 Variant annotation and prioritisation

Blood samples were collected from each patient, from which DNA was extracted. WES was then

performed using the lon GeneStudio S5™ Series Sequencer to generate data for variant analysis.

Subsequently, each patient’s Variant Call Format (VCF) file, that stores gene sequence variations, was
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annotated using Ensembl Variant Effect Predictor (VEP) (Mclaren et al., 2016). Annotation involves
assigning functional information to each variant, including its functional consequences, chromosomal

locations, and minor allele frequencies (MAFs) (Bartha and Gyérffy, 2019).

Variants with a global MAF of less than 5% were prioritised based on data from the 1000 Genomes
Project. When available, their frequencies were further validated using the Genome Aggregation
database (GnomAD v2.1.1) (https://gnomad.broadinstitute.org/) (Figure 3). Missense, splice-site and
indel variants were further filtered in, since they may impact protein function (Figure 3). The
chromosomal location of the variants was validated using UniProt database, to determine whether
the variants are located within mutation hot spot regions (https://www.uniprot.org) (Figure 3). In silico
tools, including Combined Annotation Depletion (CADD) (https://cadd.gs.washington.edu),
Polymorphism Phenotyping (PolyPhen-2) (https://genetics.bwh.harvard.edu/pph2/) and Sorting
Intolerant from Tolerant (SIFT) (https://bio.tools/sift) were used to predict the effect of amino acid
substitutions on protein structure and function (Figure 3). The pathogenicity of the variants was

assessed using ClinVar and AlphaMissense (AMDB) databases (Figure 3).

Minor allele frequency

<0.05, GnomAD

.

Variant type

Missense, splice-site and indel variants

'

Variant location
SNV prioritisation
UniProt

|

In silico prediction tools

CADD, PolyPhen, SIFT

|

Variant consequences

ClinVar and AlphaMissense databases

Figure 3: SNV Prioritisation Workflow. SNVs were filtered and prioritised based on factors including
minor allele frequency, variant type, variant location, in silico prediction tools and variant

consequences.

2.4 Variant visualisation

The lon Torrent instrument software, Torrent Suite™ (Thermo Fisher Scientific, USA), was used to
retrieve a Binary Alignment Map (BAM) file for each of the 14 patient samples. These BAM files

represent DNA sequences that are aligned against the GRCh37 reference sequence and were

23


https://gnomad.broadinstitute.org/
https://www.uniprot.org/

visualised using Integrative Genomics Viewer (IGV)
(https://software.broadinstitute.org/software/igv/). The IGV tool was used to assess variant zygosity,
read depth and coverage. Heterozygous variants were identified by an allele ratio of approximately
1:1 between the reference and alternate alleles. A variant was considered true if it had an allele depth

exceeding 30x and was absent in the control file.

2.5 Variant classification

Variants were classified according to the guidelines set by the American College of Medical Genetics
and Genomics and Association of Medical Pathology (ACMG/AMP) (Richards et al., 2015). Using a
combination of these ACMG/AMP criteria, variants were assigned to one of five categories: (1)
pathogenic, (2) likely pathogenic, (3) uncertain significance, (4) likely benign or (5) benign (Richards et
al., 2015).

3. Results

The demographic characteristics of the 14 patients in this study are summarised in Table 2. The cohort
included four patients diagnosed with nephroblastoma, four with retinoblastoma, four with
rhabdomyosarcoma and two with osteosarcoma. The group encompassed seven male and seven
female patients. The majority of patients are of African ancestry, and most patients were diagnosed
between the ages of one and six years. Detailed patient characteristics are provided in Supplementary

Table 2 (Appendix A).

Table 3: Demographic characteristics of the study cohort (n=14).

Nephroblastoma Retinoblastoma Rhabdomyosarcoma Osteosarcoma Total

n=4 n=4 n=4 n=2 n=14

Sex

Male 2 3 1 1 7
Female 2 1 3 1 7
Ethnicity

African 4 4 3 1 12
European 0 0 0 1 1
Other 0 0 1 0 1
Age
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<1 1 4 0 0 5
1-6 3 0 3 1 7
7-12 0 0 1 1 2

3.1 Frequency and types of variants across different paediatric cancers

A total of 212,825 variants within the candidate genes were processed among the 14 patients. The

majority of variants were intronic (55%), followed by synonymous (22%), missense (15%), splice-site

(6.5%) and indel (1.5%) variants (Figure 4).

A. Nephroblastoma B. Retinablastoma

Missense variants

Missense variants

Splice-site variants
Splice-site variants

Indel variants

Synonymous variants

Synonymous variants

Intron variants Intron variants

€. Rhabdomyosarcoma D. Osteosarcoma

Missense variants

Missense variants

Splice-site variants

Indel variants Splice-site variants

Synonymous variantst

Synonymous variants r—/

Intron variants

Intron variants

Figure 4: Distribution of variant types prior to variant prioritisation. (A) Nephroblastoma, (B)
Retinoblastoma, (C) Rhabdomyosarcoma and (D) Osteosarcoma patients. Variant types include intron

variants, synonymous variants, missense variants, splice-site variants and indel variants.

3.2 Variants of uncertain significance identified in retinoblastoma and rhabdomyosarcoma patients

No variants were found in the nephroblastoma and osteosarcoma patients based on the filtering
criteria. However, two missense variants were identified: one in a retinoblastoma patient (PC79) and

another in a rhabdomyosarcoma patient (PC2). In the retinoblastoma patient, the TP53
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NM_000546.6:c.923T>C (p.Leu308Pro) variant was identified, while in the rhabdomyosarcoma
patient, the SDHB NM_003000.3:¢c.455C>T (p.Ser152Phe) variant was found (Table 3). Both variants
were classified as VUSs according to ACMG/AMP guidelines (Table 3). Detailed information on these

two shortlisted variants is provided in Supplementary Table 3 (Appendix A).

Table 4: Details of the variants identified in retinoblastoma and rhabdomyosarcoma patients

Patient Gene Refseq Coding Protein AF Zygosity IGV ACMG/AMP ACMG/AMP

ID mutation change coverage codes classification

PC79 TP53 NM_ c.923T>C p.Leu308Pro <0.01 Het 203x PM2, PM1, VUS
000546.6 BP4

PC2 SDHB NM_ c.455C>T p.Serl52Phe <0.01 Het 118x PM2, PM1, VUS
003000.3 BP6

TP53, Tumour Protein P53; SDHB, Succinate Dehydrogenase Subunit B; RefSeq, reference sequence; AF,
allele frequency; Het, heterozygous; ACMG/ AMP, American College of Medical Genetics and Genomics

and the Association of Molecular Pathology; VUS, Variant of Uncertain Significance.

3.2.1 The NM_000546.6:c.923T>C variant in the TP53 gene of a retinoblastoma patient

The NM_000546.6:¢c.923T>C (p.Leu308Pro) missense variant in the TP53 gene was identified in a male
retinoblastoma patient of African ancestry (PC79), who was diagnosed at four months of age. This
variant is absent from the GnomAD database (17-7673605-T-C), indicating a low allele frequency in
the general population and suggesting a potential pathogenic role (Table 3). As a result, the
ACMG/AMP moderate pathogenic code PM2 was applied. Additionally, this variant is found within a
critical and well-established functional domain of the P53 HUMAN protein (UniProt: P04637), further
supporting its potential relevance, leading to the application of the ACMG/AMP moderate pathogenic
PM1 code. A deleterious SIFT score of 0 also implies a likely disruptive effect on protein structure and
function. While this variant has not been reported on ClinVar, it is classified as benign on AMDB (hg19:

17-7673605-A-G), prompting the application of the ACMG/AMP supporting benign code BPA4.

To gain additional insight into this variant, the A:G allele ratio on IGV was determined as 48:52,
consistent with a heterozygous genotype (Table 3). Visualisation of this variant with IGV showed an
allele depth of 203x (Table 3). Comparison with a control BAM file confirmed the absence of this

variant in the control sample, validating that it is a true variant. These IGV results are illustrated in
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Supplementary Figure 1 (A) (Appendix A). Based on observations, according to ACMG/AMP guidelines,
the missense variant NM_000546.6:¢.923T>C (p.Leu308Pro) in the TP53 gene is classified as a VUS
using the codes PM2, PM1 and BP4 (Table 3).

3.2.2 The NM_003000.3:¢.455C>T variant in the SDHB gene of a rhabdomyosarcoma patient

The NM_003000.3:¢c.455C>T (p.Ser152Phe) missense variant in SDHB was identified in a female
rhabdomyosarcoma patient of African ancestry (PC2), who was diagnosed at eight years of age. This
variant is absent from the GnomAD database (1-17354329-C-T) and exhibits a low allele frequency in
the general population, suggesting a potential pathogenic role (Table 3). Consequently, the
ACMG/AMP moderate pathogenic code PM2 was applied. This variant lies within a critical and well-
established functional domain of the SDHB_HUMAN protein (UniProt: P21912), further supporting its
potential relevance, which led to the application of the ACMG/AMP moderate pathogenic code PM1.
While its overall classification remains uncertain significance on ClinVar, a high confidence submitter
has classified this variant as likely benign (Variation number: 412492). Additionally, it is listed as
ambiguous on AMDB (hg19: 1-17354329-G-A), prompting the application of the ACMG/AMP
supporting benign code BP6.

To assess this variant in more detail, an A:G allele ratio of 61:39 was observed on IGV, which deviates
slightly from the expected 50:50 ratio typically seen for a heterozygous genotype (Table 3). This
deviation could be due to factors such as sequencing depth, allele-specific amplification, or an
imbalance in allele representation during sequencing (Zhang et al., 2015). Nonetheless, the ratio is still
consistent with a heterozygous genotype (Table 3). Visualisation of this variant on IGV revealed an
allele depth of 118x (Table 3). Comparison with a control BAM file confirmed that the variant is absent
in the control sample, validating it as a true variant. These IGV findings are presented in
Supplementary Figure 1 (B) (Appendix A). Based on results, following ACMG/AMP guidelines, the
missense variant NM_003000.3:¢.455C>T (p.Ser152Phe) in the SDHB gene is classified as a VUS using
codes PM2, PM1, and BP6 (Table 3).

4. Discussion

This study employed a virtual gene panel-based approach to identify germline variants in a cohort of

14 paediatric cancer patients diagnosed with nephroblastoma, retinoblastoma, rhabdomyosarcoma
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or osteosarcoma. Two germline VUSs were identified, one in the PC79 retinoblastoma patient and
another in the PC2 rhabdomyosarcoma patient. A VUS is defined as a genetic variation for which the
association of disease risk is unclear (McDonald and Ricks-Santi, 2022). The remaining variants were

classified as benign or likely benign.

The early ages of diagnosis in this study cohort, ranging from three months to 11 years, suggests
limited time for the accumulation of acquired DNA alterations. This implies that inherited germline
variants may play a more significant role in the development of these paediatric cancers (Uchimura et
al., 2015). This was particularly evident in the cases of the PC79 retinoblastoma and PC2
rhabdomyosarcoma patients. Retinoblastoma typically has a median diagnostic age between one and
two years, while rhabdomyosarcoma usually presents in adolescents, with a median age of diagnosis
between 16 and 17 years (Capasso et al., 2020; Liu et al., 2020; Parsons et al., 2016). In contrast, the
PC79 retinoblastoma patient was diagnosed at four months of age, and the PC2 rhabdomyosarcoma
patient at eight years of age, both considerably younger than the expected median age for these

cancers.

4.1 The TP53 NM_000546.6:¢.923T>C variant in retinoblastoma patient PC79

The NM_000546.6:¢.923T>C (p.Leu308Pro) missense VUS identified in the PC79 male retinoblastoma
patient, is located within the TP53 gene on the short arm of chromosome 17 (17p13.1) (Olivier et al.,
2010). While this specific variant has not been reported in ClinVar, TP53 is a well-established TSG that
encodes the p53 protein, which is commonly associated with various cancers (Olivier et al., 2010).
Given the role of TSGs in regulating cell growth and preventing uncontrolled proliferation, this variant
may be linked to an increased risk of retinoblastoma (Davidoff, 2010). According to the two-hit
hypothesis, cancers caused by germline variants in TSGs typically require two mutations; one inherited
and one acquired (Murphy et al.,, 2023). In this case, patient PC79 is heterozygous for the
NM_000546.6:¢c.923T>C germline variant, that predisposed them to develop cancer at an earlier age
by inactivating one allele, leaving only one functional copy of TP53. A subsequent somatic mutation in
the second allele, such as in retina cells, could lead to complete loss of p53 function, potentially

contributing to the development of retinoblastoma (Olivier et al., 2010).

The NM_000546.6:¢c.923T>C variant is located within exon 8 of TP53, specifically within the Nuclear
Localisation Signal (NLS) domain of p53 (Figure 5) (Wang et al., 2023). The NLS domain is essential for

the nuclear import of the p53 protein, allowing it to regulate the expression of various target genes
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involved in controlling the cell cycle, apoptosis and maintaining genomic stability (Wang et al., 2023).
Variants in this domain disrupt the nuclear import of p53, which has been reported to cause genomic

instability and contribute to cancer progression (Wang et al., 2023).
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Figure 5: Genomic location of the TP53 NM_000546.6:¢.923T>C (p.Leu308Pro) variant. This variant is
located in exon 8 of 11 in the TP53 gene. It is present within the NLS binding site in the C-domain of

the p53 protein.

4.2 The SDHB NM_003000.3:¢c.455C>T variant in rhabdomyosarcoma patient PC2

The NM_003000.3:c.455C>T (p.Serl52Phe) missense VUS identified in the PC2 female
rhabdomyosarcoma patient is located within the SDHB gene on the short arm of chromosome 1
(1p36.13) (Liu et al., 2023). This specific variant has been reported in seven submissions on ClinVar.
While one high confidence submitter classified it as likely benign, the overall classification on ClinVar
remains as uncertain significance. Notably, none of the submissions have associated this variant with
rhabdomyosarcoma. The most recent submitter (Accession number: SCV004202975.2) classified it as
uncertain significance regarding its association with gastrointestinal stromal tumours (GISTs), which
are tumours that develop in the digestive tract (Jiang et al., 2015). A study by Jiang et al described the
possibility of rhabdomyosarcoma differentiation within GISTs, where differentiation refers to the
process by which a tumour may adopt characteristics of a different tissue type, such as skeletal muscle

tissue (Jiang et al., 2015).
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Similarly to TP53, the SDHB gene is a TSG that encodes the succinate dehydrogenase (SDH) enzyme
complex. Patient PC2 is heterozygous for the NM_003000.3:¢c.455C>T germline variant, therefore a
subsequent somatic mutation in the second allele, such as in skeletal muscle cells, could lead to
complete loss of SDH function, potentially contributing to the progression of rhabdomyosarcoma (Liu
et al., 2023). This variant is located within the succinate dehydrogenase assembly factor 1 (SDHAF1)
region in exon 5 of SDHB (Figure 6) (Liu et al., 2023). The SDHAF1 region is crucial for stabilising and
assembling the SDH complex by interacting with the core domain of the SDH protein (Liu et al., 2023).
This interaction is essential for regulating cellular metabolism and preventing the accumulation of
metabolic intermediates like succinate (Liu et al., 2023). Variants in the SDHAF1 region disrupts SDH
protein function, resulting in metabolic dysfunction (Liu et al., 2023). These variants have been
associated with succinate buildup and the activation of oncogenic pathways that contribute to cancer

progression (Liu et al., 2023).
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Figure 6: Genomic location of the SDHB NM_003000.3:¢.455C>T (p.Ser152Phe) variant. This variant is
located in exon 5 of 8 in the SDHB gene. It is present within the SDHAF1 region, which primarily affects

the core domain of the SDH protein.

4.3 Variants of Uncertain Significance

The classification of two VUSs, in the PC79 retinoblastoma and PC2 rhabdomyosarcoma patients of

African ancestry, was primarily due to conflicting criteria or insufficient evidence being available.

Notably, as the majority of this cohort (12/ 14 patients) is of African ancestry, it is important to
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recognise that individuals of African descent are more likely to receive inconclusive genetic test results
(McDonald and Ricks-Santi, 2022). This is due to a higher prevalence of VUSs in this population, which

is attributed to the greater genetic diversity in this group (McDonald and Ricks-Santi, 2022).

The absence of clinically significant variants, classified as pathogenic or likely pathogenic, within
cancer predisposition genes commonly associated with these four paediatric cancers in European
populations is particularly striking. For instance, variants in WT1 (nephroblastoma), RBI1
(retinoblastoma), HRAS (rhabdomyosarcoma) and NF1 (osteosarcoma), were absent from this study
cohort (Capasso et al., 2020). Subsequently, CPSs such as WGAR, DDS, BWS, 13q deletion syndrome,
Castello syndrome, and NF1 were also not identified (Steliarova-Foucher et al., 2017). While this could
be attributed to the small cohort size, it may also reflect the underrepresentation of African genetic

data in cancer research (McDonald and Ricks-Santi, 2022).

These findings underscore the need to expand variant profile data for common paediatric cancers
within the diverse African context. WES offers a valuable approach for this, as it enables the discovery
of mutations in genes not previously associated with paediatric cancers (Zhang et al., 2015). In
resource constrained African settings, WES is more cost-effective than Whole Genome Sequencing

(WGS) and provides broader gene coverage than targeted panels (Zhang et al., 2015).

4.4 Limitations

The low representation of African data in public genetic databases may have contributed to the
identification of VUSs and impeded the identification of potentially relevant variants (McDonald and
Ricks-Santi, 2022). Additionally, technical difficulties prevented the use of Torrent Suite™ Software for
CNV identification. This limited our ability to identify potential CNVs that may be present in this study

cohort and contributed to paediatric cancer development.

4.5 Future work

None of the VUSs identified in this study were determined to be ‘hot’, which are those where sufficient
evidence could potentially reclassify the variant as pathogenic. Given that nephroblastoma,
retinoblastoma, rhabdomyosarcoma and osteosarcoma collectively account for approximately 19% of

all paediatric cancers globally, ascertaining a genetic cause for these common paediatric cancers in

31



this South African study cohort is crucial for characterising their genetic profile (Wu et al., 2022).
Future analysis of each patient’s BAM file that has been generated using Torrent Suite software could
detect clinically significant CNVs, particularly in cancers like retinoblastoma, rhabdomyosarcoma and
osteosarcoma, where CNVs contribute up to 42%, 32% and 26% of cases respectively (Grobner et al.,
2018). This approach could also aid in identifying the proportion of these paediatric malignancies
possibly linked to underlying CPSs, such as 13q deletion syndrome, which increases the risk of
retinoblastoma due to a RB1 gene deletion (Capasso et al., 2020). Additionally, it would be valuable
to investigate genes outside of the current virtual gene panel. Identifying clinically significant variants
in this study cohort would facilitate genetic counselling and provide screening and management

options for at-risk family members, ultimately improving patient outcomes (Villani et al., 2023).

5. Conclusion

This study highlights the potential role of inherited germline variants in cancer predisposition genes,
particularly TSGs, in the development of early onset of paediatric cancers. While the identification of
two VUSs in key TSGs, TP53 and SDHB, provides insight into the possible germline genetic causes of
these cancers, the lack of definitive pathogenic variants underscores the need for further research.
The findings also point to the challenges of interpreting genetic data in populations with limited
representation in global databases, such as those of diverse African descent, where VUSs are common.
Moreover, the absence of variants in genes typically associated with these cancers in European
populations, such as WT1, RB1, HRAS and NF1, suggests that genetic predispositions in this South
African study cohort may differ. Despite technical limitations, the use of WES proved valuable in
uncovering potential genetic contributors to these paediatric cancers, by generating a large amount
of variants for analyses. Future studies should focus on integrating CNVs and expanding the candidate
gene list to refine our understanding of the genetic basis of these cancers. This approach will also aid
in improving risk assessments and facilitate genetic counselling for the affected families of this study

cohort.
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Appendix A: Supplementary Tables and Figures

Supplementary Table 1: Virtual Gene Panel (n=64)

AMER1, APC, ASXL1, BLM, BRCA2, BUB1B, CBL, CDC73, CDKN1A, CDKN1C, CDKN2A, CHEK2, CTRS,
DICER1, DGCRS, DIS3L2, DROSHA, EPCAM, EXT1, EXT2, FH, FBXW?7, FGFR4, GPC3, HACE1, HRAS, IGF2,
KDM3B, KIT, MLH1, MDM2, MDM4, MED4, MSH2, MSH6, NBN, NF1, NF2, NYNRIN, PALB2, PDGFRA,
PIK3CA, PMS2, POT1, PRKARIA, PTCH1, POU6F2, RECQL4, REST, RB1, SDHA, SDHB, SDHC, SDHD,
SMARCA4, SMARCB1, SUFU, TP53, TRIM28, TRIM37, TRIP13, WRN, XPO5, WT1

Supplementary Table 2: Details of the shortlisted variants

Patient ID PC79 PC2

Cancer type Retinoblastoma Rhabdomyosarcoma
Gene TP53 SDHB

RefSeq NM_000546.6 NM_003000.3
Coding mutation €.923T>C c.455C>T

Protein change
GnomAD AF
UniProt location

CADD/ PolyPhen/ SIFT

Clinvar/ AMDB

Location
Zygosity
IGV coverage

ACMG/AMRP criteria

p.Leu308Pro

- (<0.01)
P53_HUMAN

-/ -/ deleterious (0)

-/ benign

17:7673605
Heterozygous

203x
PM2_Moderate:
Absent from controls.
PM1_Moderate:
Located in a critical and
well-established
functional domain.
BP4_Supporting:
Multiple lines of

computational

p.Serl52Phe

- (<0.01)
SDHB_HUMAN

-/ benign (0.048)/
deleterious (0.01)
Uncertain significance/
Ambiguous
1:17354329
Heterozygous

118x

PM2_Moderate:
Absent from controls.
PM1_Moderate: Located
in a critical and well-
established functional
domain.
BP6_Supporting:

Reputable source



evidence suggest no recently reports variant
impact. as benign.

ACMG/ AMP classification VUS VUS

RefSeq, reference sequence; ACMG/ AMP, American College of Medical Genetics and Genomics and
the Association of Molecular Pathology; TP53, Tumour Protein P53; SDHB, Succinate Dehydrogenase

Subunit B; VUS, Variant of Uncertain Significance.

Supplementary Figure 1: Variant visualisation using the IGV tool
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(A) IGV results for chromosomal coordinate chr 17:7673605. The first panel shows the control BAM
file where this wvariant is absent. The second panel indicates the missense variant
NM_000546.6:c.923T>C (p.Leu308Pro) identified in retinoblastoma patient PC79. (B) IGV results for
chromosomal coordinate chrl:17354329. The first panel indicates the missense variant
NM_003000.3:c.455C>T (p.Serl52Phe) identified in rhabdomyosarcoma patient PC2. The second

panel shows the control BAM file where this variant is absent.
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Study justification:

Over 80% of the 429 000 pediatric cancers that are annually diagnosed occur in low- and middle-income countries
(LMICs). Additionally, the lack of accurate population-based data in LMICs hinders efforts to develop better
therapies and improve survival rates. Whole Exome Sequencing (WES) enables the detection of both single
nucleotide variants (SNVs) and copy number variants (CNVs).

Aim:

The aim of this study is to analyze WES data and identify germline SNVs and CNVs in pediatric cancer patients with
four of the most common types of childhood solid cancers, namely: nephroblastoma, retinoblastoma,
rhabdomyosarcoma and osteosarcoma.

Proposed methodology:

Sixteen patients were selected for this study. Whole Exome Sequencing was performed from blood samples using
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1. Introduction:

Cancer is caused by genetic alterations changing normal cellular growth and functioning due to
somatic or germline variants (Kuhlen et al., 2019). Sporadic cancers are not passed on from parent to
child and variants arise largely due to environmental factors (Kuhlen et al., 2019). Germline variants
are present in reproductive cells, therefore if they are inherited, they will be present in every cell that

contains the offspring’s DNA. (Uchimura et al., 2015).

In 1991, Narod et al., reported that only 10% of paediatric cancer cases may be attributed to a germline
genetic predisposition (as reviewed in Gargallo et al., 2021). Unlike in adults, environmental factors
such as Ultraviolet (UV) exposure, smoking and alcohol consumption are less relevant in children,
suggesting an underestimated proportion of paediatric cancers may result from germline variants in

cancer predisposition genes (Kuhlen et al., 2019).

Recent studies have additionally highlighted that 8.5% of paediatric cancers may be associated with
cancer predisposition syndromes (CPSs), where individuals who carry a mutant variant within a group
of genes, called cancer predisposition genes, have an increased susceptibility to develop cancer
(Kuhlen et al., 2019). Paediatric cancers often result from variants in tumour-suppressor genes (TSGs)
and proto-oncogenes (reviewed in Davidoff, 2010). The normal function of TSGs is to regulate cell
growth, and variants in these genes can lead to uncontrolled cellular proliferation and tumour
formation (reviewed in Davidoff, 2010). Proto-oncogenes, which regulate normal cell division, can
mutate into oncogenes, promoting cancer development by stimulating cell growth and inhibiting cell

death (reviewed in Davidoff, 2010).

The full range of variants that predispose children to cancer remains partially understood, and the
precise proportion of paediatric malignancies attributable to underlying CPS remains unclear (Gargallo

et al., 2021).

1.1 Common paediatric malignancies:

The most common paediatric cancers include leukaemia’s, brain and spinal tumours, lymphomas,
rhabdomyosarcoma, neuroblastoma, nephroblastoma, osteosarcoma, germ cell tumours and
retinoblastoma (Figure 1) (Wu et al., 2022). The focus of the Paediatric Cancer (PeCan) parent study is
on solid paediatric tumours that excludes leukaemia’s. For this sub-study nephroblastoma,
retinoblastoma, rhabdomyosarcoma and osteosarcoma were selected due to them being amongst the
most common paediatric cancers observed, accounting for approximately 19% of all cancers seen in

children (Figure 1) (Wu et al., 2022).
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Figure 1: The most common paediatric cancers worldwide. Adapted from Wu et al., 2022

Nephroblastoma is typically characterised by its origin from abnormal kidney development (reviewed
in Capasso et al., 2020). Retinoblastoma is an intraocular paediatric cancer, primarily affecting the

neural retina (reviewed in Pandey, 2014).

The two-hit hypothesis by Knudson and Strong applies to all cancers that develop due to germline
variants in TSGs (Murphy et al., 2023). Heritable cases of nephroblastoma and retinoblastoma involves
a pre-zygotic germline variant as a first hit, followed by a second variant post-zygotically, while somatic

cases result when both variants occur post-zygotically in a somatic cell (Murphy et al., 2023).

Rhabdomyosarcoma affects skeletal muscle and often results from the inability of skeletal myoblasts
to mature (Kim et al., 2021). Osteosarcoma is a bone cancer affecting osteoblast cells (Liu et al., 2020).
Since these paediatric cancers exhibit distinct genetic differences, they present unique challenges in

diagnosis and treatment options (reviewed in Baldovini et al., 2019).

Single nucleotide variants (SNVs), characterised by alterations in a single nucleotide within the DNA
sequence, have been implicated in causing changes in protein structure or function, potentially driving
cancer development (Grobner et al., 2018). Previous studies indicate that SNVs contribute to
approximately 93%, 58%, 68% and 74% of Nephroblastoma, Retinoblastoma, Rhabdomyosarcoma and
Osteosarcoma cases, respectively (Czarnecka et al., 2020; Grébner et al., 2018; Singh et al., 2016; Xu

et al., 2018).

Conversely copy number variants (CNVs), including deletions or duplications of DNA segments, can
modulate changes in gene dosage, disrupting normal cellular processes and facilitating tumour
formation (Grébner et al., 2018). Previous studies suggest that CNVs account for approximately 7%,
42%, 32% and 26% of Nephroblastoma, Retinoblastoma, Rhabdomyosarcoma and Osteosarcoma

cases, respectively (Czarnecka et al., 2020; Grobner et al., 2018; Singh et al., 2016; Xu et al., 2018).

51



1.1.1 Genetic characteristics of nephroblastoma

Pre-zygotic germline variants in bilateral nephroblastoma often involve variants in oncogenes such as
Wilms’ tumour 1 (WT1). Several CPSs that increases the risk of nephroblastoma development are
caused by variants in WT1, including Wilms tumour-aniridia syndrome (WGAR) and Denys-Drash

syndrome (DDS) (Ruteshouser et al., 2008).

In addition to variants that effect the DNA, epigenetic modifications have also been reported in the
aetiology of nephroblastoma including hypermethylation at the 11p15.5 H19/ICR1 locus or loss of
heterozygosity (LOH) at the 11p15.5 locus, which contains the Insulin-like Growth Factor 2 (IGF2)
oncogene (Murphy et al., 2023). Beckwith-Wiedemann syndrome, characterised by multiple germline
variants at the 11p15 locus, is also associated with an increased risk of nephroblastoma (Ruteshouser

et al., 2008).

1.1.2 Genetic characteristics of retinoblastoma

Germline variants in retinoblastoma are notably associated with germline variants in the
Retinoblastomal (RB1) TSG (reviewed in Capasso et al., 2020). In addition, a CPS impacting the onset
of retinoblastoma has been observed in 13q deletion syndrome, characterised by a deletion including

the RB1 gene (reviewed in Capasso et al., 2020).

New studies have indicated that the development of retinoblastoma may be influenced by variants in
genetic modifier genes such as Murine Double Minute 2 (MDM?2), Murine Double Minute 4 (MDM4) or
Mediator complex subunit 4 (MED4) that alters the expression of the RB1 gene (reviewed in Capasso

et al., 2020).

1.1.3 Genetic characteristics of rhabdomyosarcoma

Germline variants in oncogenes such as Harvey Rat Sarcoma Virus (HRAS) have been identified in the
development of rhabdomyosarcoma (Kim et al., 2021). Additionally, Castello syndrome, characterised
by a variant in HRAS, is a recognized CPS associated with an elevated risk of rhabdomyosarcoma
development (reviewed in Pal et al., 2019). Germline variants in several TSGs associated with
rhabdomyosarcoma have also been identified, including Tumour Protein p53 (TP53) and
Neurofibrominl (NF1) (Kim et al., 2021). Neurofibromatosis type 1 (NF1), linked to deletions in NF1, is

further associated with an increased risk of rhabdomyosarcoma (Kim et al., 2021).
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1.1.4 Genetic characteristics of osteosarcoma

Similarly to retinoblastoma, a study on various sarcomas identified germline variants in the RB1 TSG
to be linked to osteosarcoma (reviewed in Pal et al., 2019). Therefore, patients with congenital
retinoblastoma have an increased risk of developing osteosarcoma due to RB1 variants (reviewed in
Pal et al., 2019). Additionally, germline variants in TSGs that are associated with rhabdomyosarcoma
including TP53 and NF1 are also linked to osteosarcoma (Alba-Pavon et al., 2023). Therefore, NF1l is a

CPSs that is also associated with an increased risk of osteosarcoma (reviewed in Pal et al., 2019).

1.2 Study rationale

The advantages of elucidating the role of germline variants in the development of paediatric cancers
includes the implementation of familial genetic counselling, to offer screening and management
options for individuals with an increased risk (Villani et al., 2023). Whole Exome Sequencing (WES) has
proven to be a valuable tool in identifying germline variants in paediatric cancers, since it enables the

detection of both SNVs and CNVs (Zhang et al., 2015).

Since cancer is a genetic disease, scientific studies investigating its causes, diagnosis and treatment
should focus more on genetics and genomics to include diverse African populations (reviewed in
Rotimi et al., 2021). African individuals are represented in 0.016% of cancer publications globally
(reviewed in Rotimi et al., 2021). The goal of this study is to partake in increasing the variant profile

data for common paediatric cancers in an African context.

1.3 Aim

The aim of this study is to analyse WES data and identify germline SNVs and CNVs in paediatric cancer
patients with four of the most common types of childhood solid cancers, namely; nephroblastoma,

retinoblastoma, rhabdomyosarcoma and osteosarcoma.

2. Objectives

To identify candidate genes associated with the respective cancers
To annotate and prioritise SNVs
To annotate and prioritise CNVs

To visualise variants using Integrative Genomics Viewer (IGV)

A N

To classify the variants according to American College of Medical Genetics and Genomics

(ACMG) and Association of Medical Pathology (AMP) guidelines
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3. Methods

3.1 Study cohort

This study forms part of a larger study, namely the PeCan project, which is investigating the genetics
of paediatric cancers in South Africa. Sixteen patients were selected for this study, that were recruited
for the PeCan project, and have not previously undergone genetic screening. Four patients have been
diagnosed with each of the four cancers, either nephroblastoma, retinoblastoma, rhabdomyosarcoma
or osteosarcoma. All patients, except two, are of African ancestry. One Osteosarcoma patient is of

European ancestry, and one Rhabdomyosarcoma patient’s ancestry is unknown.

3.2 Identifying candidate genes

Research on paediatric oncology will be performed with the use of reliable journal articles to write a
literature review. The purpose of the review is to identify the 10% most common genes associated
with each of the four cancers. These genes will be further be compared and prioritised with genes in
commercial cancer  gene panels, such as the Invitae multi-cancer  panel
(https://www.invitae.com/us/providers/test-catalog/test-01101). Germline SNVs and CNVs in an

approximate 100 candidate genes will be investigated.

3.3 Bioinformatic analysis

3.3.1 Single nucleotide variant annotation and prioritisation

After sequencing, SNVs will be annotated using Ensembl Variant Effect Predictor (VEP). Annotation is
the process of assigning functional information including the location, functional consequences and
minor allele frequencies for each variant (reviewed in Bartha and Gyé&rffy, 2019). The Ensembl VEP
input data is each patient’s Variant Call Format (VCF) file that stores gene sequence variations
(reviewed by Bartha and Gy&rffy, 2019). The effect of SNVs could be further predicted using various in
silico tools such as Combined Annotation Depletion (CADD), Polymorphism Phenotyping (PolyPhen-2)
and Sorting Intolerant from Tolerant (SIFT) to prioritise SNVs with a damaging effect on protein

function.

3.3.2 Copy nhumber variant annotation and prioritisation

Primary data analysis for CNV detection and annotation will be performed using Torrent Suite™
Software. Raw sequencing data will be imported and aligned against a reference genome with Torrent
Suite™, whereafter this software will be integrated with lon Reporter™ Software 5.20 to further detect
CNVs with the use of a Hidden Markov Model (HMM). A HMM classifies CNVs as either a deletion or

duplication based on the sequencing depth of exons (Guernier-Cambert et al., 2021). In addition to
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CNV type, Torrent Suite™ Software provides further annotation information such as the size, location
and functional impact of CNVs. The effect of CNVs on protein function could be further predicted using

in silico tools such as CNVkit, cm.MOPS and DECoN (Foong et al., 2015).

3.3.3 Variant visualisation

A Binary Alignment Map (BAM) file will be retrieved for each of the 16 study samples. These BAM files
will represent DNA sequences that are aligned against the reference sequence and will be visualised
using Integrative Genomics Viewer (IGV). The IGV tool will be used to assess the zygosity of the variants

and the coverage of the target sequence, to assess whether the variants are true positives.

3.3.4 Theoretical variant classification

American College of Medical Genetics and Genomics (ACMG) and Association of Medical Pathology
(AMP) codes will be assigned to all the shortlisted variants (Nicora et al., 2022). A combination of these
ACMG-AMP codes will be used to classify the pathogenicity of the shortlisted variants (Nicora et al.,

2022). The classification of these variants will lastly be evaluated with the use of scientific literature.
4 Ethics

The ethics certificate numbers for the PeCan project are M180855 and M240262. An ethics application
has been submitted to the University of the Witwatersrand Human Research Ethics Committee (HREC)
on the 15t of March 2024, to be assessed on the 19t of April 2024. This study will commence as soon

as ethics approval is obtained.

5. Timing

March | April | May | June | July | August | September | October | November

Literature
Review
Ethics
application

Protocol
preparation

Protocol
presentation

Protocol
assessment
Ethics
clearance

Data analysis

Write-up
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Final
presentation

Final project
hand-in

6. Funding

Funding for the pre-generated WES data for this project has been made available by the; PeCan Project,
National Research Foundation, South African Medical Research Council, Female Academic Leaders
Fellowship, National Health Laboratory Service, University of the Witwatersrand Faculty of Health

Science. No additional funding is needed for this project.

7. Study challenges

Whole Exome Sequencing enables the sequencing of all protein-coding regions in the human genome,
therefore variants that are found in non-coding regions will not be detected with this study design
(Burdick et al., 2020). CNV sizes between approximately 10 kb and 100 kb can be detected with WES
(zhao et al., 2020). Another limitation of WES is therefore to detect large CNVs that span across coding
and non-coding regions (Burdick et al., 2020). A variant of uncertain significance is when the analysis
of a patient’s genome identifies a variant with insufficient or conflicting evidence to classify the variant
as pathogenic, likely pathogenic, likely benign or benign (Nicora et al., 2022) . Due to the quantity and
complexity of the genetic information generated by WES, the number of VUS makes it challenging to

interpret the results (Nicora et al., 2022).
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presented by the author(s) on behalf of a consortium/group, it should be included in the author list
separated with the wording 'for' or 'on behalf of.' The consortium/group will not retain authorship

and will only appear in the author list.

Example: John Smith and Barbara Smith on behalf of The Collaborative Working Group.
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Artificial intelligence
These guidelines cover acceptable uses of generative Al technologies such as Large Language Models
(ChatGPT, Jasper) and text-to-image generators (DALL-E 2, Midjourney, Stable Diffusion) in the writing

or editing of manuscripts submitted to Frontiers.

Al use by authors

Authors should not list a generative Al technology as a co-author or author of any submitted
manuscript. Generative Al technologies cannot be held accountable for all aspects of a manuscript

and consequently do not meet the criteria required for authorship.

If the author of a submitted manuscript has used written or visual content produced by or edited using
a generative Al technology, this use must follow all Frontiers guidelines and policies. Specifically, the
author is responsible for checking the factual accuracy of any content created by the generative Al
technology. This includes, but is not limited to, any quotes, citations or references. Figures produced
by or edited using a generative Al technology must be checked to ensure they accurately reflect the
data presented in the manuscript. Authors must also check that any written or visual content

produced by or edited using a generative Al technology is free from plagiarism.

If the author of a submitted manuscript has used written or visual content produced by or edited using
a generative Al technology, such use must be acknowledged in the acknowledgements section of the
manuscript and the methods section if applicable. This explanation must list the name, version, model,
and source of the generative Al technology. We encourage authors to upload all input prompts
provided to a generative Al technology and outputs received from a generative Al technology in the

supplementary files for the manuscript.

Abstract

As a primary goal, the abstract should make the general significance and conceptual advance of the
work clearly accessible to a broad readership. The abstract should be no longer than a single
paragraph and should be structured, for example, according to the IMRAD format. For the specific
structure of the abstract, authors should follow the requirements of the article type or journal to
which they're submitting. Minimize the use of abbreviations and do not cite references, figures or
tables. For clinical trial articles, please include the unique identifier and the URL of the publicly-

accessible website on which the trial is registered.

Keywords
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All article types require a minimum of five and a maximum of eight keywords.

Text

The entire document should be single-spaced and must contain page and line numbers in order to
facilitate the review process. The manuscript should be written using either Word or LaTeX. See above

for templates.

Nomenclature

The use of abbreviations should be kept to a minimum. Non-standard abbreviations should be avoided
unless they appear at least four times, and must be defined upon first use in the main text. Consider

also giving a list of non-standard abbreviations at the end, immediately before the acknowledgments.

Equations should be inserted in editable format from the equation editor.

Italicize gene symbols and use the approved gene nomenclature where it is available. For human
genes, please refer to the HUGO Gene Nomenclature Committee (HGNC). New symbols for human
genes should be submitted to the HGNC here. Common alternative gene aliases may also be reported,
but should not be used alone in place of the HGNC symbol. Nomenclature committees for other

species are listed here. Protein products are not italicized.

We encourage the use of Standard International Units in all manuscripts.

Chemical compounds and biomolecules should be referred to using systematic nomenclature,
preferably using the recommendations by the International Union of Pure and Applied Chemistry

(IUPAC).

Astronomical objects should be referred to using the nomenclature given by the International

Astronomical Union (IAU) provided here.

Life Science Identifiers (LSIDs) for ZOOBANK registered names or nomenclatural acts should be listed
in the manuscript before the keywords. An LSID is represented as a uniform resource name (URN) with

the following format: urn:lsid:<Authority>:<Namespace>:<ObjectID>[:<Version>]

For more information on LSIDs please see the 'Code' section of our polices and publication ethics.

Sections
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The manuscript is organized by headings and subheadings. The section headings should be those
appropriate for your field and the research itself. You may insert up to 5 heading levels into your

manuscript (i.e.,: 3.2.2.1.2 Heading Title).

For Original Research articles, it is recommended to organize your manuscript in the following sections

or their equivalents for your field.

Introduction Succinct, with no subheadings.

Materials and methods This section may be divided by subheadings and should contain sufficient
detail so that when read in conjunction with cited references, all procedures can be repeated. For
experiments reporting results on animal or human subject research, an ethics approval statement
should be included in this section (for further information, see the 'Bioethics' section of our polices

and publication ethics.)

Results This section may be divided by subheadings. Footnotes should not be used and must be

transferred to the main text.

Discussion This section may be divided by subheadings. Discussions should cover the key findings of
the study: discuss any prior research related to the subject to place the novelty of the discovery in the
appropriate context, discuss the potential shortcomings and limitations on their interpretations,
discuss their integration into the current understanding of the problem and how this advances the
current views, speculate on the future direction of the research, and freely postulate theories that

could be tested in the future.

For further information, please check the descriptions defined in the journal's 'Article types' page, in

the 'For authors' menu on every journal page.

Acknowledgments

This is a short text to acknowledge the contributions of specific colleagues, institutions, or agencies
that aided the efforts of the authors. Should the content of the manuscript have previously appeared
online, such as in a thesis or preprint, this should be mentioned here, in addition to listing the source

within the reference list.

Scope statement

When you submit your manuscript, you will be required to summarize in 200 words your manuscript's

scope and its relevance to the journal and/or specialty section you're submitting to. The aim is to
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convey to editors and reviewers how the contents of your manuscript fit within the selected journal's
scope. This statement will not be published with your article if it is accepted for publication. The
information will be used during the initial validation and review processes to assess whether the
manuscript is a suitable fit for the chosen journal and specialty. We encourage you to consider
carefully where to submit your manuscript, as submissions to an unsuitable journal or specialty will
resultin delays and increase the likelihood of manuscript rejection. If you are submitting to a Research

Topic, please also clarify how your submission is suited to the specific topic.

Figure and table guidelines

CC-BY license

All figures, tables, and images will be published under a Creative Commons CC-BY license, and
permission must be obtained for use of copyrighted material from other sources (including re-
published/adapted/modified/partial figures and images from the internet). It is the responsibility of
the authors to acquire the licenses, follow any citation instructions requested by third-party rights

holders, and cover any supplementary charges.

For additional information, please see the 'Image manipulation' section of our polices and publication

ethics.

Figure requirements and style guidelines

Frontiers requires figures to be submitted individually, in the same order as they are referred to in the
manuscript; the figures will then be automatically embedded at the end of the submitted manuscript.

Kindly ensure that each figure is mentioned in the text and in numerical order.

For figures with more than one panel, panels should be clearly indicated using labels (A), (B), (C), (D),
etc. However, do not embed the part labels over any part of the image, these labels will be replaced
during typesetting according to Frontiers' journal style. For graphs, there must be a self-explanatory

label (including units) along each axis.

For LaTeX files, figures should be included in the provided PDF. In case of acceptance, our production
office might require high-resolution files of the figures included in the manuscript in EPS, JPEG or

TIF/TIFF format.

To upload more than one figure at a time, save the figures (labeled in order of appearance in the

manuscript) in a zip file and upload them as 'Supplementary Material Presentation.’
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Please note that figures not in accordance with the guidelines will cause substantial delay during the

production process.

Captions

Captions should be preceded by the appropriate label, for example 'Figure 1.' Figure captions should
be placed at the end of the manuscript. Figure panels are referred to by bold capital letters in brackets:

(A), (B), (C), (D), etc.

Image size and resolution requirements

Figures should be prepared with the PDF layout in mind. Individual figures should not be longer than

one page and with a width that corresponds to 1 column (85 mm) or 2 columns (180 mm).

All images must have a resolution of 300 dpi at final size. Check the resolution of your figure by
enlarging it to 150%. If the image appears blurry, jagged, or has a stair-stepped effect, the resolution

is too low.

The text should be legible and of high quality. The smallest visible text should be no less than eight

points in height when viewed at actual size.

Solid lines should not be broken up. Any lines in the graphic should be no smaller than two points

wide.

Please note that saving a figure directly as an image file (JPEG, TIF) can greatly affect the resolution of
your image. To avoid this, one option is to export the file as PDF, then convert into TIFF or EPS using a

graphics software.

Format and color image mode

The following formats are accepted: TIF/TIFF (.tif/.tiff), JPEG (.jpg), and EPS (.eps) (upon acceptance).

Images must be submitted in the color mode RGB.

Chemical structures

Chemical structures should be prepared using ChemDraw or a similar program. If working with

ChemDraw please use our ChemDraw template. If working with another program please follow the

guidelines below.
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e Drawing settings: chain angle, 120° bond spacing, 18% width; fixed length, 14.4 pt; bold
width, 2.0 pt; line width, 0.6 pt; margin width, 1.6 pt; hash spacing, 2.5 pt. Scale 100%
Atom Label settings: font, Arial; size, 8 pt

e Assign all chemical compounds a bold, Arabic numeral in the order in which the

compounds are presented in the manuscript text.

Table requirements and style guidelines

Tables should be inserted at the end of the manuscript in an editable format. If you use a word
processor, build your table in Word. If you use a LaTeX processor, build your table in LaTeX. An empty

line should be left before and after the table.

Table captions must be placed immediately before the table. Captions should be preceded by the

appropriate label, for example 'Table 1.' Please use only a single paragraph for the caption.

Kindly ensure that each table is mentioned in the text and in numerical order.

Please note that large tables covering several pages cannot be included in the final PDF for formatting

reasons. These tables will be published as supplementary material.

Tables which are not according to the above guidelines will cause substantial delay during the

production process.

Accessibility

Frontiers encourages authors to make the figures and visual elements of their articles accessible for
the visually impaired. An effective use of color can help people with low visual acuity, or color

blindness, understand all the content of an article.

These guidelines are easy to implement and are in accordance with the W3C Web Content Accessibility

Guidelines (WCAG 2.1), the standard for web accessibility best practices.

Ensure sufficient contrast between text and its background People who have low visual acuity or
color blindness could find it difficult to read text with low contrast background color. Try using colors

that provide maximum contrast.

WC3 recommends the following contrast ratio levels:

e Level AA, contrast ratio of at least 4.5:1
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e Level AAA, contrast ratio of at least 7:1

You can verify the contrast ratio of your palette with these online ratio checkers:

e WebAIM
e Color Safe
Avoid using red or green indicators More than 99% of color-blind people have a red-green color vision

deficiency.

Avoid using only color to communicate information Elements with complex information like charts
and graphs can be hard to read when only color is used to distinguish the data. Try to use other visual
aspects to communicate information, such as shape, labels, and size. Incorporating patterns into the

shape fills also make differences clearer; for an example please see below:

Supplementary material

Data that are not of primary importance to the text, or which cannot be included in the article because
they are too large or the current format does not permit it (such as videos, raw data traces, PowerPoint
presentations, etc.), can be uploaded as supplementary material during the submission procedure and
will be displayed along with the published article. All supplementary files are deposited to Figshare for
permanent storage and receive a DOI.

Supplementary material is not typeset, so please ensure that all information is clearly presented
without tracked changes/highlighted text/line numbers, and the appropriate caption isincluded in the
file. To avoid discrepancies between the published article and the supplementary material, please do

not add the title, author list, affiliations or correspondence in the supplementary files.

The supplementary material can be uploaded as:

e data sheet (Word, Excel, CSV, CDX, FASTA, PDF or Zip files)
e presentation (PowerPoint, PDF or Zip files)

e image (CDX, EPS, JPEG, PDF, PNG or TIF/TIFF),

e table (Word, Excel, CSV or PDF)

e audio (MP3, WAV or WMA)

e video (AVI, DIVX, FLV, MOV, MP4, MPEG, MPG or WMV).

Technical requirements for supplementary images:

e 300 DPIs
e RGB color mode.
For supplementary material templates (LaTeX and Word), see our supplementary material templates.
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References

Frontiers' journals use one of two reference styles, either Harvard (author-date) or Vancouver
(numbered). Please check our help center to find the correct style for the journal to which you are
submitting.
e All citations in the text, figures or tables must be in the reference list and vice-versa
e The names of the first six authors followed by et al. and the DOI (when available) should
be provided
e Given names of authors should be abbreviated to initials (e.g., Smith, J., Lewis, C.S., etc.)
e The reference list should only include articles that are published or accepted
e Unpublished data, submitted manuscripts, or personal communications should be cited
within the text only, for article types that allow such inclusions
e For accepted but unpublished works use 'in press' instead of page numbers
e Data sets that have been deposited to an online repository should be included in the
reference list. Include the version and unique identifier when available
e Personal communications should be documented by a letter of permission
o Website URLs should be included as footnotes
e Anyinclusion of verbatim text must be contained in quotation marks and clearly reference
the original source
e Preprints can be cited as long as a DOI or archive URL is available, and the citation clearly
mentions that the contribution is a preprint. If a peer-reviewed journal publication for the
same preprint exists, the official journal publication is the preferred source. See

the preprints section for each reference style below for more information.

Harvard reference style (author-date)

Many Frontiers journals use the Harvard referencing system; to find the correct reference style and
resources for the journal you are submitting to, please visit our help center. Reference examples are
found below, for more examples of citing other documents and general questions regarding the

Harvard reference style, please refer to the Chicago Manual of Style.

In-text citations
e For works by a single author, include the surname, followed by the year

e For works by two authors, include both surnames, followed by the year
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e For works by more than two authors, include only the surname of the first author followed
by et al., followed by the year

e For humanities and social sciences articles, include the page numbers.

Reference examples

Article in a print journal Sondheimer, N., and Lindquist, S. (2000). Rngl: an epigenetic modifier of

protein function in yeast. Mol. Cell. 5, 163-172.

Article in an online journal Tahimic, C.G.T., Wang, Y., Bikle, D.D. (2013). Anabolic effects of IGF-1
signaling on the skeleton. Front. Endocrinol. 4:6. doi: 10.3389/fendo.2013.00006

Article or chapter in a book Sorenson, P. W., and Caprio, J. C. (1998). "Chemoreception," in The

Physiology of Fishes, ed. D. H. Evans (Boca Raton, FL: CRC Press), 375-405.

Book Cowan, W. M., Jessell, T. M., and Zipursky, S. L. (1997). Molecular and Cellular Approaches to

Neural Development. New York: Oxford University Press.

Abstract Hendricks, J., Applebaum, R., and Kunkel, S. (2010). A world apart? Bridging the gap between
theory and applied social gerontology. Gerontologist 50, 284-293. Abstract retrieved from Abstracts

in Social Gerontology database. (Accession No. 50360869)

Website World Health Organization. (2018). E. coli. https://www.who.int/news-room/fact-

sheets/detail/e-coli [Accessed March 15, 2018].

Patent Marshall, S. P. (2000). Method and apparatus for eye tracking and monitoring pupil dilation to
evaluate cognitive activity. U.S. Patent No 6,090,051. Washington, DC: U.S. Patent and Trademark
Office.

Data Perdiguero P, Venturas M, Cervera MT, Gil L, Collada C. Data from: Massive sequencing of Ulms
minor's transcriptome provides new molecular tools for a genus under the constant threat of Dutch

elm disease. Dryad Digital Repository. (2015) http://dx.doi.org/10.5061/dryad.ps837

Theses and dissertations Smith, J. (2008) Post-structuralist discourse relative to phenomological
pursuits in the deconstructivist arena. [dissertation/master’s thesis]. [Chicago (IL)]: University of

Chicago
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Preprint Smith, J. (2008). Title of the document. Preprint repository name [Preprint]. Available at:
https://persistent-url (Accessed March 15, 2018).

Vancouver reference style (humbered)

Many Frontiers journals use the numbered referencing system; to find the correct reference style and

resources for the journal you are submitting to, please visit our help center.

Reference examples are found below, for more examples of citing other documents and general

questions regarding the Vancouver reference style, please refer to Citing Medicine.

In-text citations
e Please apply the Vancouver system for in-text citations
e In-text citations should be numbered consecutively in order of appearance in the text —
identified by Arabic numerals in the parenthesis (use square brackets for physics and

mathematics articles).

Reference examples

Article in a print journal Sondheimer N, Lindquist S. Rnq1l: an epigenetic modifier of protein function

in yeast. Mol Cell (2000) 5:163-72.

Article in an online journal Tahimic CGT, Wang Y, Bikle DD. Anabolic effects of IGF-1 signaling on the
skeleton. Front Endocrinol (2013) 4:6. doi: 10.3389/fend0.2013.00006

Article or chapter in a book Sorenson PW, Caprio JC. "Chemoreception". In: Evans DH, editor. The

Physiology of Fishes. Boca Raton, FL: CRC Press (1998). p. 375-405.

Book Cowan WM, Jessell TM, Zipursky SL. Molecular and Cellular Approaches to Neural Development.

New York: Oxford University Press (1997). 345 p.

Abstract Christensen S, Oppacher F. An analysis of Koza's computational effort statistic for genetic
programming. In: Foster JA, editor. Genetic Programming. EuroGP 2002: Proceedings of the 5th
European Conference on Genetic Programming; 2002 Apr 3-5; Kinsdale, Ireland. Berlin: Springer

(2002). p. 182-91.

Website World Health Organization. E. coli (2018). https://www.who.int/news-room/fact-
sheets/detail/e-coli [Accessed March 15, 2018].
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Patent Pagedas AC, inventor; Ancel Surgical R&D Inc., assignee. Flexible Endoscopic Grasping and

Cutting Device and Positioning Tool Assembly. United States patent US 20020103498 (2002).

Data Perdiguero P, Venturas M, Cervera MT, Gil L, Collada C. Data from: Massive sequencing of Ulms
minor's transcriptome provides new molecular tools for a genus under the constant threat of Dutch

elm disease. Dryad Digital Repository. (2015) http://dx.doi.org/10.5061/dryad.ps837

Theses and dissertations

Smith, J. (2008) Post-structuralist discourse relative to phenomological pursuits in the deconstructivist

arena. [dissertation/master’s thesis]. [Chicago (IL)]: University of Chicago

Preprint Smith, J. Title of the document. Preprint repository name [Preprint] (2008). Available at:
https://persistent-url (Accessed March 15, 2018).
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