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Abstract

Oesophageal squamous cell cancer is highly prevalent in the Black South African population,
yet its germline mutation landscape remains poorly understood. This study aimed to identify
pathogenic germline variants in known cancer predisposition genes in a cohort of 16 Black
South African patients diagnosed between the ages of 26 and 38. Whole exome sequencing
data were generated using the Agilent SureSelect Human All Exome Capture assay (version 8)
and sequenced on the lllumina NextSeq 2000 platform. Sequencing data were analysed using
a curated set of 109 genes implicated in oesophageal squamous cell cancer, derived from
literature, clinical panels, and the Fanconi Anaemia pathway. Variants were filtered and
prioritised using a stepwise approach: exonic and splicing variants were retained, while
downstream, upstream, intergenic, intronic, and synonymous single nucleotide variants were
excluded. Population frequency filtering was applied using gnomAD exomes, removing
variants with a minor allele frequency >1%. Variants classified as benign or likely benign based
on American College of Medical Genetics and Association for Molecular Pathology guidelines
were excluded, while pathogenicity was further assessed using in silico prediction tools.
Seventeen candidate variants were identified in 14 genes, including 15 missense variants
classified as variants of uncertain significance and two frameshift deletions classified as likely
pathogenic. Notably, rs5742973, a “hot VUS,” was identified in PMS1, and two frameshift
deletions were found in MSH3 (rs766700228 and rs759756736). The findings highlight the
potential involvement of the mismatch repair and Fanconi Anaemia pathways in oesophageal
squamous cell cancer . This study highlights the importance of germline studies in
underrepresented populations, providing a basis for future research on the genetic aetiology
of oesophageal squamous cell cancer and its potential applications in risk prediction, early

diagnosis, and targeted therapies.
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Oesophageal squamous cell cancer is highly prevalent in the Black South African population,
yet its germline mutation landscape remains poorly understood. This study aimed to identify
pathogenic germline variants in known cancer predisposition genes in a cohort of 16 Black
South African patients diagnosed between the ages of 26 and 38. Whole exome sequencing
data were generated using the Agilent SureSelect Human All Exome Capture assay (version 8)
and sequenced on the lllumina NextSeq 2000 platform. Sequencing data were analysed using
a curated set of 109 genes implicated in oesophageal squamous cell cancer, derived from
literature, clinical panels, and the Fanconi Anaemia pathway. Variants were filtered and
prioritised using a stepwise approach: exonic and splicing variants were retained, while
downstream, upstream, intergenic, intronic, and synonymous single nucleotide variants were
excluded. Population frequency filtering was applied using gnomAD exomes, removing
variants with a minor allele frequency >1%. Variants classified as benign or likely benign based
on American College of Medical Genetics and Association for Molecular Pathology guidelines
were excluded, while pathogenicity was further assessed using in silico prediction tools.
Seventeen candidate variants were identified in 14 genes, including 15 missense variants
classified as variants of uncertain significance and two frameshift deletions classified as likely
pathogenic. Notably, rs5742973, a “hot VUS,” was identified in PMS1, and two frameshift
deletions were found in MSH3 (rs766700228 and rs759756736). The findings highlight the
potential involvement of the mismatch repair and Fanconi Anaemia pathways in oesophageal
squamous cell cancer . This study highlights the importance of germline studies in
underrepresented populations, providing a basis for future research on the genetic aetiology
of oesophageal squamous cell cancer and its potential applications in risk prediction, early

diagnosis, and targeted therapies.
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1. Introduction

Oesophageal Cancer (OC) is the seventh most prevalent cancer worldwide, with over 600,000
new cases diagnosed each year. It is responsible for more than 540,000 deaths annually,
ranking sixth in cancer mortality (Sung et al., 2021). Oesophageal cancer is characterised by
two major histologic subtypes with distinct epidemiological and clinical features: oesophageal
adenocarcinoma (OAC) and oesophageal squamous cell cancer (OSCC). Globally, OSCC is the
more common type, contributing to approximately 90% of OC cases (Sung et al., 2021).
Oesophageal squamous cell cancer is characterised by the growth of malignant tumours in
the squamous epithelium that lines the oesophagus (Strickland et al., 2012). The histologic
progression of OSCC involves the transition from normal squamous epithelium to
hyperproliferative epithelium, low, intermediate and high-grade dysplasia followed by
metastasis (Zhang and Guo, 2010).Non-specific clinical features often develop during
advanced stages of the disease, with dysphagia being the most frequently reported symptom.
Other symptoms include hoarseness, epigastric pain, heartburn and chest pain (Jiang et al.,
2015). The largely asymptomatic disease progression and late clinical presentation result in

late-stage diagnosis and poor prognosis.

OSCC is endemic in specific regions and exhibits the highest global divergence in cancer
prevalence, with high incidence reported in China, as well as southern and eastern Africa
(Abnet et al., 2018). Oesophageal cancer hotspots in Africa have been termed the African
OSCC corridor and they include Ethiopia, Kenya, Malawi, Tanzania, and South Africa. According
to Global Cancer Observatory (GLOBOCAN) 2020, Southern Africa has the second-highest
incidence rate worldwide (Sung et al., 2021). Furthermore, the South African National Cancer
Registry reported that 720 females and 942 males were histologically diagnosed with OC in
2020 alone, of which 79% (568) of females and 70% (663) of males were Black (NCR Cancer
Statistics 2020). This highlights the high prevalence of this cancer in the Black South African

population.

The aetiology of OSCC is multifactorial and marked by striking heterogeneity across

populations worldwide (Murphy et al., 2017). The risk factors associated with this cancer



include several environmental, lifestyle and genetic factors (Huang and Yu, 2018). An

improved understanding of the genetic causes of this cancer in Africa is of great importance.

To date, the genetic aetiology of OSCC in Africa has been primarily investigated through
genetic association studies in the form of candidate gene association studies and genome-
wide association studies (GWAS). In brief, Simba et al. (2019) reviewed genetic variants
associated with OSCC in African populations, including 23 studies published between 1990
and 2019. These studies, consisting of 17 case-control genetic susceptibility studies,
investigated 37 genes and identified 25 statistically significant variants across 20 genes
(ADH1B, ADH3, ALDH2, AR, CASP8, CHEK2, CP, CYP2E1, CYP3A5, GSTT2B, MGMT, MLH3, MSH3,
NAT2, PLCE1, PMS1, PTGS2, RUNX1, SLC11A, TP53). Of these, 16 SNPs were considered
potentially reliable, with 10 showing associations with increased OSCC risk in genes like
ALDH2, CASP8, CHEK2, CYP2E1, MGMT, MLH3, MSH3, PMS and RUNX1. Chen et al. (2023)
conducted the first African OSCC GWAS in a Black South African cohort (1,686 cases, 3,217
controls), discovering a novel risk locus on chromosome 9 near FAM120A (rs12379660, P =
4.58x10%, OR=1.28, 95% Cl=1.22-1.34) and an African-specific locus on chromosome 2 within
MYO1B (rs142741123, P = 5.49x108, OR= 2.66, 95% CI=2.43-2.89). A meta-analysis with a
Chinese OSCC GWAS identified three loci—FAM120A (chromosome 9), PLCE1 (chromosome
10), and CHEK2 (chromosome 22)—that reached genome-wide significance (p < 5 x 1078),

highlighting new potential genetic risk factors for OSCC.

These studies aimed to identify the common variants associated with this disease to better
understand its genetic aetiology. However, association studies cannot directly identify
functional causality variants that drive disease aetiology. No candidate gene list for OSCC has
been defined to facilitate disease detection. A well-curated gene list is more likely to harbour
causal mutations, reducing noise in analyses and increasing statistical power. Furthermore,
leveraging prior knowledge through a candidate gene list can facilitate functional validation
and improve efficiency in rare variant studies (MacArthur et al., 2014). This highlights the need

for germline mutation analysis as the appropriate next step in African OSCC research.

Pathogenic variants in distinct DNA repair pathways increase susceptibility to various cancer

types (Torgovnick and Schumacher, 2015).0ne such pathway is the Fanconi Anaemia (FA)



pathway, a genetically heterogeneous chromosomal instability syndrome associated with
multiple congenital abnormalities, aplastic anaemia, and cancer (Morgan et al.,
2005).Numerous studies have identified the FA pathway as a contributor to cancer
predisposition in OSCC (Akbari et al., 2011; Zeng et al., 2021).Research into the molecular
basis of FA in Black sub-Saharan African populations has revealed a founder mutation in the
FANCG gene (NM_004629.1:c.637_643delTACCGCC), present in >80% of Black patients with
FA. This highlights the importance of including FA pathway genes in OSCC studies to better

understand this population’s genetic mechanisms underlying OSCC susceptibility.

Whole-exome sequencing (WES) enables the investigation of cancer-related genetic
aberrations that are predominantly located in the exonic regions of the genome (Bartha and
Gy6rffy, 2019). This makes WES a suitable target and attractive technique for identifying
germline mutations in known cancer predisposition genes. Germline mutation analysis in
patients with OSCC has the potential to improve the understanding of the underlying
mechanisms of OSCC and may provide information for the early detection, diagnosis, and risk
management of this cancer (Deng et al., 2019). Identifying pathogenic germline variants is
particularly crucial in patients with OSCC who present at an early age, as these individuals are
often diagnosed at a younger age and tend to develop more aggressive cancer forms. The
presence of germline mutations in known cancer predisposition genes is commonly linked to
earlier onset and more severe disease outcomes, highlighting the importance of genetic

testing in these cases (Goodwin et al., 2012).

Thus, this study aimed to identify pathogenic variants in the known cancer predisposition
genes of Black African patients with OSCC. The objectives of this study included: (1) to conduct
a targeted literature review to compile a list of cancer predisposition genes associated with
OSCC; (2) to perform variant annotation, prioritisation and classification in the curated set of
genes; (3) to identify pathogenic germline variants potentially implicated in the development

of OSCC.

2. Materials and methods

2.1 Study participants

The study population for this study included 16 Black South African patients with histologically

confirmed OSCC. These patients were selected from the Johannesburg Cancer Study (JCS), a

4



large case-control study conducted from 1995 through 2016. In brief, the JCS recruited newly
diagnosed cancer patients of Black African ancestry to examine whether cancer risk factors
identified in Western countries applied to the Black African population in Johannesburg (Chen
et al., 2020).Upon enrolment in the JCS, these 16 patients received a clinical and pathological
diagnosis of OSCC between the ages of 26-38. Young patients were selected for this study
given the association between early age of cancer diagnosis and inherited cancer (Goodwin

etal., 2012).

2.2Development of a curated set of cancer predisposition genes associated with OSCC

Germline WES data were generated from patients with histologically confirmed OSCC.
Although the sequencing encompassed the entire exome, the analysis focused on a curated
subset of cancer predisposition genes previously implicated in OSCC. This targeted approach
reduced computational complexity and analysis time while providing flexibility for future
investigations to include additional genes (Molina-Ramirez et al., 2022).

The curated gene set was developed by integrating three primary sources. First, a targeted
literature review was conducted using PubMed. Search terms included “Oesophageal

vy “"

Squamous Cell Cancer,”, “Esophageal Squamous Cell Cancer” “germline mutations in

”n “"

Oesophageal Squamous Cell Cancer,” “Oesophageal Squamous Cell Cancer in Africa,”

i

“aetiology of Esophageal Squamous Cell Carcinoma in African Populations,” “genetic factors
associated with Oesophageal Squamous Cell Cancer,” and “cancer susceptibility genes,”
combined with boolean operators to refine the search. Second, established diagnostic cancer
gene panels, such as those from Invitae, were consulted to identify genes commonly
associated with inherited cancer syndromes. Third, genes integral to the Fanconi Anaemia
(FA) pathway, a critical DNA repair pathway linked to cancer predisposition, were specifically
investigated, as germline variants in these genes have been associated with an elevated risk

of OSCC (Akbari et al., 2011).The integration of these sources allowed for the development of

a curated gene set tailored to investigating the germline mutation landscape of OSCC.

2.3 Whole exome seguencing

A typical WES workflow is divided into sample collection, DNA extraction, library preparation,
exome capture, sequencing and data analysis (Bartha and Gydérffy, 2019). Sample collection,
DNA extraction, library preparation, exome capture and sequencing were performed prior to

this study. In brief, sample collection and DNA extraction were performed for the JCS. Blood



samples were drawn from patients, and germline DNA was isolated using the Qiagen Flexigene
DNA kit (Qiagen,USA) and stored at -30°C (Chen et al., 2018). The exonic regions of the
genome were captured using the Agilent SureSelect Human All Exome Capture assay (version
8) (Agilent,USA).Sequencing was then performed on the lllumina NextSeq 2000 instrument
(llumina,USA). The sequencing data were provided for the analysis of variants in selected
genes. This approach allowed for detailed bioinformatic analysis, with an emphasis on

identifying relevant genetic variants.

2.4 Data processing, variant calling and annotation

Sequencing quality control (QC), alignment, and variant calling were conducted using the
llumina DRAGEN-GATK software (Behera et al.,, 2024). Following these steps, data
preprocessing was performed to extract essential gene information such as gene IDs, gene
names, transcript details, chromosomal locations, and other metadata from Ensembl using
the biomaRt R package (Drost and Tjeldnes, 2015). The data, now enriched with relevant gene
information, were analysed. Variants were annotated with ANNOVAR version (2023Aug30), a
command-line driven tool designed for the functional annotation of genetic variants derived

from high-throughput sequencing data (Wang et al., 2010).

Variant annotation involves adding auxiliary metadata and knowledge to quality-filtered raw
putative variant calls to enhance the assessment of variants likely to impact function (Sefid
Dashti and Gamieldien, 2017)Variant annotation integrates multiple databases and tools to
provide detailed insights into genetic variants. This process begins with three primary gene
annotation databases refGene (last updated 2020-08-22), knownGene (last update 2022-05-
15), and ensGene (last update 2024-2024-05-13) (Wang et al., 2010). RefGene, derived from
the NCBI RefSeq database, provides highly curated annotations that serve as a reliable
reference for clinical and research applications(Pruitt et al., 2012) . KnownGenes, sourced
from the UCSC Genome Browser, integrates data from multiple resources for comprehensive
annotations and is particularly useful for large-scale analyses (Karolchik et al., 2003).
EnsGenes, maintained by Ensembl, employs automated computational analysis to deliver
broad, up-to-date annotations suited for comparative genomics and large-scale studies

(Hubbard et al., 2002).

The annotation process generates different outputs that offer detailed information about
geneticvariants(https://annovar.openbioinformatics.org/en/latest/userguide/startup/#:~:tex

6



t=The%20rest%200f%20the%20columns,HVAR%20scores%2C%20LRT%20scores%2C%20Mu
tationTaster.) . Basic Information (variant id, chr, start, end, ref, alt) describes the variant’s
location and nucleotide changes. Functional Annotations were derived from RefSeq
(funcrefgene, generefgene, genedetailrefgene, exonicfuncrefgene, aachangerefgene)
classified the variant’s location within the genome (e.g., exonic, intronic) and its functional

effects, such as nonsynonymous coding changes or amino acid alterations (Pruitt et al., 2012).

Population Frequency Data (gnomad40_exome_af, esp6500siv2_all,1000g2015aug_all)
provided allele frequencies from global and population-specific datasets. For example,
gnomAD highlights variant frequency in diverse populations, aiding in the identification of rare
variants that are more likely to be pathogenic (Chen et al., 2024). Protein Function Prediction
Scores (sift_score, fathmm_score, provean_score) predict whether variants impact protein
function (Ng and Henikoff, 2003; Choi et al., 2012; Shihab et al., 2015), while Meta-prediction
Scores (metasvm_score, metalr_score) integrate results from multiple tools for a robust

pathogenicity assessment (Kim et al., 2017; Chen et al., 2023).

To integrate and refine the outputs of individual in silico predictors, the REVEL (Rare Exome
Variant Ensemble Learner) tool was employed. This approach is particularly advantageous, as
individual tools often yield conflicting results due to their use of different predictive features.
REVEL, an ensembl-based model, combines predictions from multiple established tools
including MutPred, Functional Analysis through Hidden Markov Models (FATHMM), Variant
Effect Scoring Tool (VEST), Polymorphism Phenotyping v2 (PolyPhen2), Sorting Intolerant from
Tolerant (SIFT), Protein Variation Effect Analyzer (PROVEAN), MutationAssessor,
MutationTaster and Genomic Evolutionary Rate Profiling (GERP). It is designed to generate a
comprehensive meta-score that reflects the likelihood of a variant being pathogenic. By
consolidating data from various tools, REVEL provides improved accuracy compared to single-
tool assessments (loannidis et al., 2016). REVEL scores are calculated using dbNSFP, a database
designed for the functional prediction and annotation of all possible non-synonymous single-
nucleotide variants in the human genome (Liu et al., 2020) . REVEL produces a score for a
missense variant of between 0 and 1, with larger scores indicating a higher chance that the

variant is pathogenic (Chen et al., 2024).

Clinical Predictions (cInsig, cIndn) provide information on variant significance from resources
like Clinvar (Landrum et al., 2013). Conservation Scores (phylop100way vertebrate,
7



phastcons100way_vertebrate) highlight evolutionary constraints, indicating functionally
important regions. Additional tools such as GTEx Annotations (gtex_v8 _gene, gtex v8_tissue)
link variants to tissue-specific gene expression (Lonsdale et al., 2013), while Structural and
Functional Domain Information (interpro_domain) identifies associations with protein
domains (Apweiler et al., 2001). This integrated framework of metadata and tools enabled

detailed functional and clinical interpretations of genetic variants.

2.5 Variant filtering and prioritisation

We prioritised variants to generate a shortlist of germline variants in the cancer predisposition
genes. A stepwise filtering approach was applied to perform this step as depicted in Figure 1.
The proposed strategy that was employed was compiled using previously described strategies
(Sefid Dashti and Gamieldien, 2017; Nissen et al., 2018). Each step includes one exclusion

criterion that will be applied to filter out variants.

| > Exonic variants
l n=376

| MAF 20.01, ClinVar
l significance

n=72
Prioritized variants ( in silico
prediction tools)
n=17

v

Classification by ACMG/AMP
guidelines
VUS=15 LP=2

Figure 1. Inclusion and exclusion criteria applied during bioinformatic analysis, with the number of
variants shown at each step.

To assess the pathogenicity of the identified variants, a thorough multi-step filtering strategy

was applied to prioritize variants that are both functionally significant and clinically relevant,

8



focusing specifically on the subset of cancer predisposition genes. First, functional categories
were used to retain only exonic and splice site variants, as these are more likely to affect gene
function by altering protein sequences or disrupting mRNA splicing. Variants in non-coding
regions, such as upstream, downstream, untranslated regions (UTRs), introns (except those at
splice sites), and intergenic regions, were excluded due to their generally lower likelihood of
directly impacting protein function. Next, synonymous single nucleotide variants (SNVs) and
non-splicing intronic variants were removed, as synonymous mutations typically do not affect
protein structure and function unless they impact splicing or regulatory elements. Variants in
introns that do not affect splice sites were similarly de-prioritised.

To focus on rare, potentially pathogenic variants, population allele frequency filtering was
applied using gnomAD exomes v4 African population data (Chen et al., 2024). Variants with a
Minor Allele Frequency (MAF)>1% in the African population were excluded, as they are more
likely to represent benign polymorphisms rather than disease-causing mutations. Given the
study population of Black South Africans, this step ensured that only variants with low
population frequency, and thus a higher probability of pathogenicity, were retained. Despite
the high prevalence of OSCC in this population, rare variants were prioritised as they are more
likely to represent high-penetrance risk factors that significantly increase individual

susceptibility.

Following this step, missense variants and frameshift and non-frameshift indels were analysed
separately to avoid inadvertently filtering out these indels, as frameshift and non-frameshift

variants lacked pathogenicity scores.

Further refinement was achieved using ClinVar significance to assess the clinical significance
of the variants. Variants classified as likely benign or benign were excluded from further
analysis, while variants classified as uncertain significance (VUS), likely pathogenic (LP), or
pathogenic (P) were retained for further investigation. The variants that remained after
applying the filtering criteria up to this point are presented in Supplementary Table 1. Lastly,

variants with a low pathogenicity prediction were excluded using the REVEL score.

By combining these filters based on functional categories, functional impact within exonic
regions, population frequency, clinical significance from ClinVar, and computational
predictions, a refined list of potentially pathogenic germline variants in OSCC was generated

for downstream analysis.



2.6 Variant classification

Once a shortlist of missense variants and indels was generated, they were classified according
to the American College of Medical Genetics and Genomics and Association for Molecular
Pathology (ACMG/AMP) guidelines (Richards et al., 2015) using the InterVar webserver and

Varsome, respectively. The InterVar webserver (version last updated 2022-June-13 17:57:28),

also known as winterVar, provides an intuitive graphical user interface for variant

interpretation (https://wintervar.wglab.org/) . Missense variants were queried by entering

their chromosomal position, dbSNP identifier, or gene name, along with the corresponding
nucleotide change. The webserver automatically generates and displays detailed information
for each variant, including the classification criteria, supporting evidence, and relevant sub-
population data. Additionally, the classification criteria can be manually adjusted, allowing for
variant re-interpretation and resubmission for further analysis (Li and Wang, 2017). Varsome
is a variant search engine for human genomic variation, aggregates data from multiple
genomic databases and reports variant pathogenicity through an automated classification

system (https://varsome.com/ ) (loannidis et al., 2016). The frameshift deletions were queried

on Varsome version 12.6.1 by entering their chromosomal position or dbSNP identifier to

assess their pathogenicity.

3. Results

Seventeen candidate variants were identified in 14 cancer predisposition genes across 16
Black South African OSCC patients. These included 15 missense variants classified as VUSs and
two frameshift deletions classified as likely pathogenic. Notably, a “hot VUS” (rs5742973) was
identified in PMS1, while two frameshift deletions in MSH3 suggest a role for the mismatch

repair and Fanconi Anaemia pathways in OSCC susceptibility.

3.1. Development of curated gene set for Oesophageal Squamous Cell Cancer

Variants in a curated set of cancer predisposition genes were analysed to investigate the
germline mutation landscape of OSCC. This set was derived from three sources as shown in
Table 1. The Invitae Multi-Cancer Panel contributed 70 genes to the analysis, selected due to
Invitae’s reputation as an established clinical diagnostic laboratory with expertise in
developing highly validated cancer panels ( https://www.invitae.com/us/providers/test-

catalog/test-01101).From the targeted literature search, 28 genes were identified as being
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associated with or implicated in the development of OSCC. The FA pathway, a critical DNA

repair mechanism, contributed 21 genes to the curated set.

Table 1| Curated set of cancer predisposition genes derived from three sources

Source Genes

Invitae Multi- AIPALK,APC,ATM,AXIN2,BAP1,BARD1,BLM,BMPR1A,BRCA1,BRCA2,BRIP1

Cancer Panel CDC73, CDH1,CDK4,CDKN1B,CDKN2A,CHEK2, CTNNA1,DICER1,EGFR,
EPCAM,FH,FLCN, GREM1,HOXB13,KIT,LZTR1,MAX, MBD4,MEN1,MET,
MITEMLH1,MSH2,MSH3,MSH6, MUTYH,NF1,NF2,NTHL1,PALB2,PDGFRA,
PDGFRA,PMS2,POLD1,POLE,POT1, PRKAR1A, PTCH1,PTEN,RAD51C,RAD51D
RB1,RET,SDHA,SDHAF2, SDHB,SDHC, SDHD,SMAD4,SMARCA,SMARCB1,
SMARCE1,STK11,SUFU, TMEM127, TP53,TSC1,TSC2,VHL

Literature ADH1B, ADH3, ALDH2, AR, CASP8, CHEKZ2, CP, CYP2E1, CYP3A5, FAM120A,
GJB2, GSTT2B, MGMT, MLH3, MSH3, MUTYH, MYO1B, NAT2, PLCE1, PMS,
PMS1, PMS11, PMS2, PTGS2, RECQL4, RUNX1, SLC11A, TP53.

FA pathway FANCA,FANCB,FANCC,BRCA2,FANCD2,FANCE,FANCF FANCG,FANCI, BRIP1,
FANCL,FANCM,PALB2,RAD51C,SLX4,ERCC4,RAD51,BRCA1,UBE2TMAD2L2,
RFWD3

An overlap between the sources accounts for the reduction in the final gene count from 119
to 109 unique genes. Specifically, six genes, CHEK2, MLH3, MSH3, MUTYH, PMS2, and TP53,
were shared between the Invitae Multi-Cancer Panel and the targeted literature search.
Additionally, five genes, BRCA1, BRCA2, BRIP1, PALB2, and RAD51C, overlap between the
Invitae Multi-Cancer Panel and the FA pathway. BRIP1 also appears in both the FA pathway
and the literature search. Focusing on this curated set of 109 cancer predisposition genes
significantly reduced the complexity and computational burden of analysing the entire exome.
At the same time, this approach maintained flexibility for future expansions to incorporate
additional genes, enabling a tailored and scalable investigation of the genetic landscape of

0OSCC (Molina-Ramirez et al., 2022).

3.2 Patient characteristics and Whole Exome Sequencing Summary Statistics

A total of 16 Black South African patients, aged 26—38, with histologically confirmed OSCC
were included in this study. All patients received a clinical and pathological diagnosis of OSCC,
and their samples were anonymized and assigned unique identifiers. No additional clinical

features or family history were available for these individuals.
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Across the 16 patients, a total of 11,511 genetic variants were identified within the curated
set of genes. Of these, 759 variants were located within coding regions. According to
ANNOVAR annotations, these coding sequence variants primarily consisted of synonymous
single nucleotide variants (SNVs, n=386), followed by missense variants (n=319), and

insertions or deletions (indels, n=29).

3.3 Identification and classification of candidate variants

A shortlist of 17 candidate variants in 14 genes was generated and classified according to
ACMG/AMP guidelines. Of the 14 genes identified in this study, four (ATM, MSH3, POLE, and
TMEM) originated from the Invitae Multi-Cancer panel, six (MARCHF9, MUTYH, NAT2, PMS1,
PMS2, and RUNX1) were derived from the targeted literature review and the remaining four

(FANCA, FANCC, FANCI, and FANCM) were classified as part of the FA pathway

3.3.1 Truncating variants classified as likely pathogenic

Two truncating variants were identified in the MSH3 gene, a known cancer predisposition
gene, in a single patient (Patient ID: 11749), as shown in Table 4. rs76700228, is a frameshift
deletion located on chromosome 5 at position 80654930. This alteration involves the deletion
of four base pairs (TCCC) in the coding region, leading to a frameshift starting at position 705
and resulting in a premature stop codon. It has been classified as likely pathogenic based on
the ACMG/AMP evidence code PVS1, which indicates very strong pathogenicity due to the
null effect of the frameshift on the gene product. rs75975673, is another frameshift deletion
located at position 80654937 on chromosome 5. This variant involves deletion of seven base
pairs (TTCCCGC), causing a frameshift and subsequent early termination of the protein. It is
also classified as likely pathogenic, supported by PVS1 (very strong pathogenicity) and PM2
(moderate pathogenicity based on its rarity in the population). Both variants have MAFs,
derived from gnomAD exomes v4 African population data, significantly below 1% in the
population, with MAFs of 0.0034 and 0.0020, respectively, providing additional evidence for
their pathogenicity. These two heterozygous (0/1) variants were identified in the same
individual (Patient ID: 11749), suggesting compound heterozygosity in MSH3. This genetic
configuration indicates that each allele of the gene carries a pathogenic mutation, likely

leading to a complete loss of protein function.
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Table 4 | Likely pathogenic frameshift deletions

SNP ID Gene HGVS_P Location ACMG codes MAF Patient ID Zygosity
(Hg38)

rs766700228 MSH3 p.A70Sfs*9  5:80654930 PVS1! 0.0034 11749 Heterozygous

rs759756736 MSH3 p.F71Pfs*7 5:80654937 PVS1, PM2? 0.0020 11749 Heterozygous

LPVS1 Null variant in a gene where LOF is a known mechanism of disease.

2 PM2 Absent from controls in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation
Consortium

3.3.2 Missense variants classified as variants of uncertain significance

A total of 15 missense variants were identified in 13 cancer predisposition genes across 11
patients, as shown in Table 2. Four of these patients harboured more than one variant, as
detailed in Table 3. These variants were classified as variants of uncertain significance (VUSs)
according to ACMG/AMP guidelines, with classification performed using InterVar. Supporting
evidence included criteria such as PM1 (location in mutational hotspots or functional domains
of known importance), PM2 (rarity in population databases), and BP4 (benign computational
evidence) (Richards et al., 2015).The MAF of the identified variants, derived from gnomAD
exomes v4 African population data, ranged from 0.00000 to 0.00230, highlighting their rarity
within this population. REVEL scores, which predict variant pathogenicity, ranged from 0.129
to 0.824. Zygosity information is also provided, with 0/0 (major allele) and 1/1 (minor allele)
indicating homozygosity, and 0/1 indicating heterozygosity. Notably, all identified variants

were present in the heterozygous state.

Table 2| VUSs identified in cancer predisposition genes

SNP ID Gene HGVS_P  Location ACMG codes MAF REVEL Patient Zygosity
(Hg38) ID

rs587782041 MUTYH p.R98W 1:45333297 PM1,PM2,PP3,BP1 0.00003 0.642 9527 Heterozygous
rs5742973 PMS1 p.E27Q 2:189791888  PM1!PM2%PP33BP1* 0.00230 0.824 3410 Heterozygous
rs114185660 PMS2 p.E202D | 7:5992037 PM1,PM2,BP1° 0.00040 0.573 16695 Heterozygous
rs45477599 NAT2 p.L24I 8:18400073 PM2,BP4 0.00180 0.332 11749 Heterozygous
rs185822330 FANCC p.R535C | 9:95101781 PM1,PM2,BP1,BP4 0.00020 0.175 13054 Heterozygous
rs553326913 FANCC p.A238P | 9:95135477 PM1,PM2,BP1 0.00006 0.350 13054 Heterozygous
rs776596331 TMEM p.Y57H 11:67469024 PM1,PM2 0.00160 ' 0.255 10115 Heterozygous
rs150143957 ATM p.D44G 11:108227834 PM1,PM2,BP1 0.00080 0.269 10923 Heterozygous
rs774466216 MARCHF9 p.T107I 12:57755848 PM1 0.00080 0.141 10115 Heterozygous
rs141519273 POLE p.R1839C 12:132639162 PM1,PM2,BP1 0.00000 0.678 13054 Heterozygous
rs142747831 FANCM p.P266A | 14:45148951 PM1 0.00170 0.129 23312 Heterozygous
rs112345761 FANCM p.V960I 14:45175710 PM1,PM2,BP4 0.00000 0.031 9527 Heterozygous
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rs544848412 FANCI p.E1243K | 15:89315372 PM1,PM2,BP1 0.00009 0.186 16695
rs376089640 FANCA p.S1087L @ 16:89748747 PM1,PM2,BP1 0.00006 0.432 9992
rs759227406 RUNX1 p.P251L | 21:34799435 PM1,PM2,PP3,BP1 0.00006 0.491 11749

Heterozygous
Heterozygous

Heterozygous

1PM1 Located in a mutational hot spot and/or critical and well-established functional domain without benign variation.
2PM2 Absent from controls in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium
3PP3 Multiple lines of computational evidence support a deleterious effect on the gene or gene product

4BP1 Missense variant in a gene for which primarily truncating variants are known to cause disease

°BP4 Multiple lines of computational evidence suggest no impact on gene or gene product

Table 3| Summary of germline variants and zygosity across patient samples harbouring more than

one variant

Patient ID Gene Transcript ID Exon number HGVS_C HGVS_P

13054 FANCC NM_000136 15 c.C1603T p.R535C
FANCC NM_000136 18 c.G712C p.A238P

10115 MARCHF9 NM_138396 1 c.C320T p.T107I
FANCI NM_018193 36 c.G3727A p.E1243K

11749 NAT2 NM_000015 2 c.T70A p.L24l
RUNX1 NM_001001890 5 c.C752T p.P251L

16695 PMS2 NM_001322008 7 ¢.G606C p.E202D
FANCI NM_018193 36 c.G3727A p.E1243K

A total of 17 variants were identified in 14 genes, including 15 missense variants and two
frameshift deletions. The frameshift deletions were classified as likely pathogenic, while the
missense variants were categorized as variants of uncertain significance. The identified
variants were distributed across genes involved in DNA repair pathways, particularly the

mismatch repair and Fanconi Anaemia pathways.

4. Discussion

This study describes a targeted exome analysis of the germline mutation landscape of OSCC
in 16 Black South African patients. The high prevalence of OSCC in this population, combined
with the early age of diagnosis in the selected cohort, highlights the need to investigate the
germline mutation profiles associated with OSCC. Given the complexity of identifying germline
variants across numerous cancer predisposition genes, this study focused on a curated set of
genes linked to OSCC and other cancers as an initial framework for analysis. This approach
identified many variants refined through filtering to 17 candidate variants across 14 genes.
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Advances in genomic technologies have made WES faster, more affordable, and widely
accessible. These developments have increased the use of sequencing in diverse populations
and research settings. In cancer research, such approaches are particularly valuable for
identifying germline mutations associated with inherited cancers. However, broader
sequencing efforts inevitably detect many VUSs (Amano et al., 2022). Over time, as new data
are generated, the clinical relevance of VUSs may be reassessed. Many are eventually
reclassified, with most downgraded to benign and a smaller subset upgraded to pathogenic

(Mersch et al., 2018).

The 15 missense VUSs identified in the selected cancer predisposition genes, represented a
large proportion of these candidate variants. Similar WES OSCC studies have also detected a
large proportion of VUSs in cancer predisposition genes (Deng et al., 2019). Variants of
uncertain significance are genetic variants identified through sequencing whose impact on
protein function and clinical significance remains unclear (Richards et al.,, 2015).
Consequently, these variants cannot currently be used in clinical practice to predict cancer risk

or guide treatment decisions (Lucci-Cordisco et al., 2022).

VUSs occur across all populations but are disproportionately prevalent in individuals of African
ancestry. For example, a multi-centre study in the United States, which used the Invitae Multi-
Cancer Panel to analyse 2,571 patients of European ancestry (EA) and 110 patients of African
ancestry (AA) with solid tumours, reported similar rates of pathogenic variants in both groups
(13.3% in EAs; 12.7% in AAs). However, the prevalence of VUSs was significantly higher in AAs
(65.5%) compared to EAs (46.1%) (Samadder et al., 2021), and this has also recently been
demonstrated in a high rate of VUS in the mixed ancestry and African ancestry populations of
South Africa (Osler et al., 2024). This disparity highlights the challenges associated with of
germline mutation analysis in individuals of African ancestry, as the higher prevalence of VUSs
increases the complexity of the actionable insights provided by sequencing results. The
difficulties of these analyses likely reflect the underrepresentation of African populations in
genomic databases, and their greater genomic diversity, as well as a lack of tools to
functionally validate VUSs(McDonald and Ricks-Santi, 2022). Addressing these limitations is
essential to improving the relevance and accuracy of genomic testing for populations of

African descent.
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While the clinical significance of the identified missense variants remains unclear, one variant
of particular interest is rs5742973, with a REVEL score of 0.824. This variant was classified as a
'hot VUS,' suggesting that it is potentially pathogenic and requires further investigation. A 'hot
VUS' refers to a subclass of variants of uncertain significance considered particularly
suspicious. Such variants are of high concern and may be classified as pathogenic if additional
evidence supporting their pathogenicity is obtained (Joynt et al., 2021). The PMS1 gene
encodes a protein which forms part of the mismatch repair (MMR) system, responsible for
correcting DNA mismatches and small insertions and deletions that may arise during DNA
replication and homologous recombination (NCBI,2024). Polymorphisms in PMS1 have been
associated with an increased risk of OSCC in African populations (Vogelsang et al., 2012).
Thus, mutations in PMS1 can disrupt the MMR system, which may be linked to an increased
risk of developing OSCC (Zeng et al., 2021).However, further evidence and the application of

additional ACMG/AMP criteria are needed to determine this variants’ clinical relevance.

Five of the candidate missense variants span multiple genes involved in the FA pathway
including FANCA, FANCC, FANCI and FANCM, which are integral to maintaining genome
stability and DNA repair. Genes in the FA pathway are involved in the repair of DNA interstrand
cross-links (ICLs) (Mirchandani and D’Andrea, 2006). Pathogenic variants in these genes have
been implicated in the development of OSCC (Akbari et al., 2011).Similar studies have
reported that the FA pathway was the most significantly enriched pathway among
pathogenically mutated cancer predisposition genes in OSCC, suggesting it as a primary
pathway for OSCC predisposition (Zeng et al., 2021). Additionally, it is well established that
squamous cell carcinomas of the head and neck (HNSCC) and oesophagus are among the most
common solid tumours observed in patients with Fanconi anaemia (Alter, 2003). These
findings have potential therapeutic implications for OSCC patients. Specifically, patients with
heterozygous mutations in FA genes may benefit from treatment with DNA cross-linking
chemotherapeutic agents. However, as previously noted, due to the uncertain significance of
these variants, no definitive conclusions can be drawn regarding their clinical implications at
this stage. Overall, these findings emphasise the importance of rare missense variants in the
genetic landscape of OSCC within this cohort, with particular attention to variants like

rs5742973 which may have clinical relevance in further studies.
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The two frameshift deletions, rs766700228 and rs759756736, identified are protein
truncating variants (PVT) which occurred in the same patient. The presence of compound
heterozygosity in this patient calls for further investigation into the clinical significance of
these variants. The MSH3 gene encodes a protein that forms part of the MutSB complex, a
key component of the DNA MMR pathway. This pathway is critical for correcting replication
errors and maintaining genomic stability (NCBI,2024.). Loss-of-function mutations in MSH3
are associated with an increased risk of cancer due to elevated mutation rates, which can drive
carcinogenesis (Graham et al., 2019). These findings highlight the potential impact of PTVs in
the MSH3 gene on DNA mismatch repair, suggesting an increased risk of developing cancers

such as colorectal and breast cancers.

This study had several limitations. The underrepresentation of African genomic data in public
databases contributed to the identification of a larger proportion of VUSs, but this is also
driven by the greater genomic diversity of African populations . Additionally, given the strong
association between a family history of OC and an increased risk for OSCC, an important
consideration in inherited cancer studies is familial aggregation (Chen et al., 2015). However,
family history was not available for the patients in this study, preventing the application of
additional ACMG/AMP criteria, such as PP1 (supporting pathogenicity), which relies on

evidence of co-segregation of variants within families.

Future studies can build upon this work to deepen our understanding of the germline
mutation landscape of OSCC in African populations. The exome data generated offers the
advantage of enabling the analysis of additional cancer predisposition genes, by building a
more robust list of candidate genes. This could aid in the identification of pathogenic variants
driving the disease aetiology. Additionally, including parents and/or affected family members
in future studies will provide critical insights into segregation patterns and inheritance
allowing for definitive conclusions regarding the pathogenicity of identified variants. A large-
scale exome sequencing study of OSCC cases and controls would help to establish whether
specific genes had higher mutation burdens in OSCC patients Finally, functional assays should
be employed to clarify the significance of the VUSs identified and their potential role in

tumorigenesis (Woods et al., 2016).
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5. Conclusion

This study represents an important step toward understanding the germline genetic landscape
of OSCC in Black South African patients, a population disproportionately affected by this
cancer. By leveraging whole-exome sequencing and focusing on a curated set of cancer
predisposition genes, we have identified several candidate variants, including two likely
pathogenic frameshift deletions in the MSH3 gene: rs76700228 and rs759756736. These
variants, which disrupt the DNA MMR pathway, may significantly contribute to OSCC risk.
Future studies should expand this research by analysing additional cancer predisposition
genes, incorporating familial segregation data, and employing functional assays to validate the
pathogenicity of the VUSs. These efforts will enhance our ability to interpret the genetic
mechanisms underlying the development of OSCC and pave the way for precision medicine

approaches in African populations.
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Appendix A: Supplementary Tables and Figures

Supplementary Figure 1. Script for data preprocessing in RStudio

get_gene_info.R
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if (!requireNamespace('BiocManager", quietly = TRUE))
install.packages("BiocManager")

BiocManager::install("biomaRt")

library(biomaRt)

ensembl = useEnsembl(biomart="ensembl")
listDatasets(ensembl)

mart <- useDataset("hsapiens_gene_ensembl", mart=ensembl)

genes <- c("AIP", "ALK", "APC", "ATM", "AXIN2", "BAP1", "BARD1", "BLM", "BMPRIA", "CDC73", "CDH1", "CDK4", "CDKN1B",
"CDKN2A", "CTNNA1", "DICER1", "EGFR", "EPCAM", "FH", "FLCN", "GREM1", "HOXB13", "KIT", "LZTR1", "MAX", "MBD4", "MEN1",
“MET", “MITF", "MLH1", "MSH2", "MSH6", "NF1", "NF2", "NTHL1", "PDGRRA", "POLD1", "POLE", "POT1", "PRKARIA", "PTCH1",
"PTEN", "RADS1D", "RB1", "RET", "SDHA", "SDHAF2", "SDHB", "SDHC", "SDHD", "SMAD4", "SMARCA4", "SMARCB1", "SMARCE1",
"STK11", “SUFU", "TMEMI27", "TSC1", "TSC2", "VHL", "FANCA", "FANCB", "FANCC", "BRCA2", "FANCD2", "FANCE", "FANCF",
"FANCG", "FANCI", "BRIP1", "FANCL", "FANCM", "PALB2", "RAD51C", "SLX4", "ERCC4", "RAD51", "BRCA1", "UBE2T", "MAD2L2",
"RFWD3", "GSTT2B", "ADH1B", "CP", "ADH3", "AR", "CYP3AS", "PTGS2", "SLCIIA", "NAT2", "PMS11", "MLH3", "ALDH2", "PMS",
"CASP8", "PMS1", "CYP2E1", "MGMT", "MSH3", "RUNX1", "FAM120A", "MYO1B", "PLCE1", "CHEK2", "TP53", "GJB2", "RECQL4",
“MUTYH", "PMS2")

attributes <- c('chromosome_name', 'start_position', 'end_position', 'strand', 'hgnc_symbol')
gene_info <- getBM(attributes=attributes,

filters="hgnc_symbol',

values=genes,

mart=mart)
print(gene_info)

setwd("E:")

write.csv(gene_info, "oscc_wes_gene_info.csv", row.names = FALSE)
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Supplementary Table 1. 72 variants remaining prior to pathogenicity prediction and classification.

Chr Ref Alt Gene name Exonic function aa Change SNP ID ClinVar Sig MAF

chrl G A MUTYH nonsynonymous SNV p.R98W rs587782041 VUS 0.00003
chrl A G FH nonsynonymous SNV p.Y2H rs112335468 Conflicting interpretations  0.00080
chr2 C G ALK nonsynonymous SNV p.E859D rs61754865 Conflicting interpretations  0.00410
chr2 G C EPCAM nonsynonymous SNV p.D241H . . 0.00006
chr2 C T MSH6 nonsynonymous SNV p.P42S rs34014629 Conflicting interpretations  0.00210
chr2 G C PMS1 nonsynonymous SNV p.E27Q rs5742973 VUS 0.00230
chr2 A G PMS1 nonsynonymous SNV p.N608S rs55680602 . 0.00060
chr2 A C CASP8 nonsynonymous SNV p.K305T . VUS 0.00000
chr2 G T FLACC1 nonsynonymous SNV p.A198E rs142608789 . 0.00150
chr2 G A BARD1 nonsynonymous SNV p.P262L rs367890377 Conflicting interpretations  0.00070
chr5 TT - SDHA frameshift deletion p.L568Efs*4 rs112307877 VUS 0.00150
chr5 CTCC - MSH3 frameshift deletion p.A70Sfs*9 rs766700228 . 0.00050
chr5 G C MSH3 nonsynonymous SNV p.A70P rs765698219 VUS 0.00007
chr5 CTTCCCG - MSH3 frameshift deletion p.F71Pfs*7 rs759756736 . 0.00010
chr5 C T MSH3 nonsynonymous SNV p.A438V rs35121792  Conflicting interpretations  0.00500
chr5 T G APC nonsynonymous SNV p.D2288E . 0.00000
chr7 C T PMS2 nonsynonymous SNV p.D678N rs143340522 Conflicting interpretations  0.00700
chr7 C G PMS2 nonsynonymous SNV p.V632L rs758225108 VUS 0.00060
chr7 A G PMS2 nonsynonymous SNV p.Y413H rs370236216 Conflicting interpretations  0.00030
chr7 C G PMS2 nonsynonymous SNV p.E202D rs114185660 VUS 0.00040
chr7 G T PMS2 nonsynonymous SNV p.T171K rs1805322 Conflicting interpretations  0.00410
chr?7 G A PMS2 nonsynonymous SNV p.S22L rs116373169 Conflicting interpretations  0.00490
chr7 G A CYP3AS5 nonsynonymous SNV p.T110M rs371669684 0.00006
chr7 A T MET nonsynonymous SNV p.M35L rs375353223 Conflicting interpretations  0.00090
chr8 T A NAT2 nonsynonymous SNV p.L24| rs45477599 0.00180
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clinical features: oesophageal adenocarcinoma (OAC) and oesophageal squamous cell cancer (OSCC).
Globally, OSCC is the more common type, contributing to approximately 90% of cases.

Study rationale.

The genetic aetiology of OSCC in Africa has been primarily investigated through multiple case-control
association studies identifying SNPs in candidate genes and a single GWAS. These studies identify the
common variants associated with OSCC. However, these studies are unable to identify functional causality
variants that drive disease aetiology. Currently, there are no germline gene sequencing studies for OSCC
conducted in Africa. This highlights the need for germline mutation analysis as the appropriate next step in
African OSCC research.

Aim

The aim of this study is to analyse the germline mutation landscape in the known cancer predisposition genes

in Black African patients with OSCC.

IF Y SUPPLY ETHICS
CLEARANCE CERTIFICATE
AS ATTACHMENT AND
WITS ETHICS NOT REQUIRED: Yes No INCLUDE ETHICS NUMBER
WITS ETHICS PENDING: No HERE:

WITS ETHICS APPROVED: Yes No
(circle appropriate symbol)*

*Please note the final human ethics clearance certificate or animal
ethics certificate must be available prior to starting research




As supervisor/s, I/we confirm that I have read the protocol which has been submitted for assessment.

SIGNATURE OF M,Mj;
SUPERVISOR/S: ZA < d\w
SIGNATURE PG OFFICE

STAFF REGISTERED STAMP
....................................... YES.... NO....
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Proposed methodology

The methodology of this study involves the construction of a virtual gene panel of known cancer

predisposition genes as well as the bioinformatic analysis of Whole Exome Sequencing data obtained from

16 Black South African patients with OSCC. This workflow will be divided into variant annotation, variant

classification, and variant prioritisation. A list of pathogenic variants will be generated for each sample file.

Expected outcome

Pathogenic variants are present in some of the known cancer predisposition genes in Black South African

patients with OSCC.
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1. Introduction

1.1 Oesophageal squamous cell cancer

Oesophageal Cancer (OC) is the seventh most prevalent cancer worldwide, with over 600,000 new
cases diagnosed each year, and is responsible for more than 540,000 deaths annually, ranking sixth
in cancer mortality (Sung et al., 2021). Oesophageal cancer is characterised by two major
histologic subtypes with distinct epidemiological and clinical features: oesophageal
adenocarcinoma (OAC) and oesophageal squamous cell cancer (OSCC). Oesophageal
adenocarcinoma arises through the uncontrolled, abnormal proliferation of glandular tissue,
whereas OSCC arises through the rapid proliferation and dysplasia of squamous epithelial cells
(Alema & Iva, 2014). Globally, OSCC is the more common type, contributing to approximately

90% of OC cases (Sung et al., 2021).

OSCC is characterised by the growth of malignant tumours in the squamous epithelium that lines
the oesophagus (Strickland et al., 2012). The histologic progression of OSCC involves the
transition from normal squamous epithelium to hyperproliferative epithelium, low, intermediate
and high-grade dysplasia followed by metastasis (Zhang & Guo, 2010). Non-specific clinical
features often develop during advanced stages of the disease, with dysphagia being the most
frequently reported symptom. Other symptoms include hoarseness, epigastric pain, heartburn and
chest pain (Jiang et al., 2015). The largely asymptomatic disease progression and late clinical

presentation result in late-stage diagnosis and poor prognosis.



1.2 Oesophageal squamous cell cancer in Africa

OSCC is endemic in specific regions and exhibits the highest global divergence in cancer
prevalence, with high incidence reported in China, as well as southern and eastern Africa (Abnet
et al., 2018). Oesophageal cancer hotspots in Africa have been termed the African OSCC corridor
which includes Ethiopia, Kenya, Malawi, Tanzania, and South Africa. According to GLOBOCAN
2020, Southern Africa has the second-highest incidence rate worldwide (Sung et al., 2021).
Furthermore, the South African National Cancer Registry reported that 720 females and 942 males
were histologically diagnosed with OC in 2020 alone, of which 568 and 663 were black,
respectively (NCR Cancer Statistics, 2023). This highlights the high prevalence of this cancer in

the Black South African population.

1.3 Disease aetiology

The aetiology of OSCC is multifactorial and marked by striking heterogeneity across populations
worldwide (Murphy et al., 2017). The risk factors associated with this cancer include several
environmental, lifestyle and genetic factors (Huang & Yu, 2018). An improved understanding of

the causes of this cancer in Africa, particularly the genetic causes, is of great importance.

1.3.1 Lifestyle and Environmental Risk Factors

Lifestyle and environmental risk factors postulated to be linked to OSCC in Africa include
dietary deficiencies, tobacco smoking, domestic smoke exposure from wood fires, alcohol
consumption, poor oral hygiene and drinking hot beverages (Munishi et al., 2015; Simba et al.,
2023). Several case-control studies have been performed to elucidate the lifestyle risk factors for
this cancer in Black Africans. (Simba et al., 2023) systematically assessed all environmental and

lifestyle risk factors reported in relevant African literature and tested for an association with the



progression of OSCC. A meta-analysis was performed on studies that reported on odds ratios
(OR) or relative risk (RR) and 95% confidence intervals (CI). This meta-analysis generated a
pooled analysis for each of the seven risk factors’ effect sizes, as shown in Table 1.

Table 1. Pooled analysis of lifestyle and environmental risk factors associated with OSCC in

Africa from (Simba et al., 2023).

Risk factor Odds-ratio 95% CI
Tobacco use 3.01 2.37-3.83
Alcohol consumption 1.79 1.35-2.37
Combined alcohol and tobacco | 3.85 2.49-5.93
use

Hot food and beverage exposure | 1.68 1.13-2.49
Poor oral hygiene 3.52 2.64-4.69
PAH exposure 2.08 1.27-3.42
Fruit and vegetable 0.51 0.37-0.71
consumption

1.3.2 Genetic risk factors

To date, the genetic aetiology of OSCC in Africa has been primarily investigated through genetic
association studies in the form of candidate gene association studies and genome-wide association
studies (GWAS) (Simba et al., 2019). These studies aim to identify the common variants associated

with this disease for an improved understanding of its genetic aetiology.

Simba et al. (2019) performed a comprehensive review of existing evidence of variants associated
with OSCC in Africa. The primary aim of this was to bridge the knowledge gaps in the OSCC
genetic aetiology and outline the role of genetic risk factors in the molecular pathogenesis of this
cancer in African populations. Twenty-three genetic studies were included in their review, all of
which were carried out on African populations between 1990 and 2019. These genetic studies
comprised 17 genetic susceptibility studies, all of which were case-control studies which
collectively studied 37 genes (Bye et al., 2011, 2012; Chelule et al., 2006; Chen et al., 2019;
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Dandara et al., 2005, 2006; Dietzsch et al., 2003; Eltahir et al., 2012; D. Li et al., 2005, 2010; Li
et al., 2008; Matejcic et al., 2011, 2015; Strickland et al., 2012; Vogelsang et al., 2012; Vos et al.,
2003; Zaahl et al., 2005). The sample sizes of these studies ranged between 18-880 patients, with
a mere six studies having over 200 samples. Findings included 25 statistically significant variants
in 20 genes (GSTT2B, ADHIB, CP, ALDH2, CASPS, ADH3, CHEK?2, CYP2EI, AR, CYP3A45,
MGMT, MLH3, MSH3, PTGS2, SLC114, RUNXI, PLCEI, NAT2, PMS11, and TP53). However,
only the findings from 16 SNPs were potentially reliable, given the small sample sizes. Of the 16
SNPs, 10 were associated with an increased risk in the genes MLH3, ALDH?2 (ALDH2*1/*2), PMS
(c.-214+639G > A; rs5742938), CHEK? (1s4822983 C > T, and rs1033667, C > T,) CASPS
(Asp302His; rs1045485), PMSI, CYP2EI (7632T > A), MGMT (Leu84Phe; rs12917), MSH3

(Alal045Thr; rs26279) and RUNXI (rs2014300).

Chen et al. (2023) conducted the first African OSCC GWAS to further investigate genetic risk loci
associated with OSCC. This study was conducted in the Black South African population,
comprising 1,686 cases and 3,217 controls. Samples were genotyped using an H3Africa array, an
array designed to enrich African genomic diversity. The findings of this study included one novel
risk locus located on chromosome 9, upstream of the FAM120A4 gene (rs12379660, P = 4.58x10-
8, OR=1.28, 95% CI=1.22-1.34). One African-specific risk locus was discovered on chromosome
2 (rs142741123, P = 5.49x10-8, OR= 2.66, 95% CI=2.43-2.89) within the MYOI1B gene. Next, a
meta-analysis was carried out using the African OSCC GWAS and a Chinese OSCC GWAS. This
revealed three associated loci on chromosome 9 at FAMI120A4, chromosome 10 at PLCEI and
chromosome 22 at CHEK?2, all of which reached genome-wide significance. The findings of this
study provide evidence and motivation for further investigation into the functional effects of these

risk loci.



1.4 Germline mutation analysis using Germline Whole Exome Sequencing

Whole Exome Sequencing (WES) involves the analysis of protein-coding regions in the human
genome. This technology enables the investigation of cancer-related genetic aberrations that are
predominantly located in the exonic regions (Bartha & Gyo6rffy, 2019). This makes WES a suitable
and attractive technique for the identification of germline mutations in known cancer

predisposition genes.

Little to no WES has been conducted for OSCC in Africa compared to other high-incident regions
such as China (Chang et al., 2017). Larger research efforts have been made to identify the risk
factors present in Chinese patients. (Zeng et al., 2021) employed WES to identify pathogenic
germline variants in known cancer susceptibility genes. The rationale behind this study was that
the profile of pathogenic germline variants in OSCC remains unclear, and the discovery of
oncogenic alternations associated with OSCC is urgently needed. In order to conduct this study,
the researchers utilised Whole Genome Sequencing (WGS) and WES data from 592 OSCC
patients. A shortlist of pathogenic germline variants was generated following a bioinformatic
analysis pipeline, including sequence alignment, variant calling variant annotation, pathogenicity
evaluation, identification of potential double-hit events, and various statistical analyses. This
study's findings include identifying 157 variants in cancer predisposition genes, accounting for
25.0% of the OSCC cases. More than five variants were identified in six of the genes included in
the analysis: 7P53(n= 15 mutations), G/B2(n= 8), BRCA2(n= 6), RECQOL4 (n=
6), MUTYH (n = 6), and PMS2 (n = 5). Additionally, 84 double-hit events were identified in 18
tumour suppressor genes from 83 patients. Genes in the Fanconi anaemia pathway had the highest
number of pathogenic variants compared to other pathways included (Zeng et al., 2021).

Overall, germline mutation analysis in OSCC improves the understanding of the underlying



mechanisms of OSCC and may provide information for the early detection, diagnosis, and risk
management of this cancer (Deng et al., 2019). Similar studies are needed in Africa to improve or

understanding of the germline mutational landscape in OSCC.

1.6 Study Rationale

As detailed, the genetic aetiology of OSCC in Africa has been primarily investigated through
multiple case-control association studies identifying SNPs in candidate genes (Simba et al., 2019),
and a single GWAS (Chen et al., 2023). These studies identify the common variants associated
with OSCC. However, these studies are unable to identify functional causality variants that drive
disease aetiology. Currently, there are no germline mutation studies for OSCC conducted in Africa.
This highlights the need for germline mutation analysis as the appropriate next step in African

OSCC research.

2. Aim

The aim of this study is to identify pathogenic variants in the known cancer predisposition genes

of Black African patients with OSCC.

3. Objectives

1. To conduct an extensive literature review to compile a list of cancer predisposition genes

associated with OSCC.
2. To perform variant annotation, classification and prioritisation in the genes of interest.

3. To identify pathogenic germline variants potentially associated with OSCC.



1. Methods

4.1 Study participants.

The study population for this project includes 16 Black South African patients with histologically
confirmed OSCC. These patients have been selected from the Johannesburg Cancer Study (JCS),
a large case-control study conducted from 1995 through 2016 (PI: Dr M Muchengeti & Dr WC
Chen). In brief, the JCS recruited newly diagnosed cancer patients of Black African ancestry to
examine whether cancer risk factors identified in Western countries applied to the Black African
population in Johannesburg (Chen et al., 2020). Upon enrolment in the JCS, these 16 patients
received a clinical and pathological diagnosis of OSCC between the ages of 26-38. The patients

have been de-identified and assigned a unique sample ID for the purpose of this study.

Young patients were selected given the association between early age of cancer diagnosis and
inherited cancer (Goodwin et al., 2012). An example of this association was demonstrated in a
study conducted by (Goodwin et al., 2012) which compared the age of diagnosis of breast cancer
in individuals who were heterozygous for germline mutations in the known breast cancer
predisposition genes BRCAI and BRCA2 with that in patients with sporadic disease. Findings
included that patients carrying germline mutations in BRCAI and BRCA2 had a younger age of
diagnosis than those with sporadic disease (39.8 and 42.2 v 45.7 years). These germline mutation
carriers were also more likely to have high-grade tumours. This study showed that individuals with
germline mutations in known cancer predisposition genes tend to be diagnosed at an earlier age

and often develop more aggressive forms of cancer.

4.2 Whole exome sequencing

A typical WES workflow is divided into sample collection, DNA extraction, library preparation,



exome capture, sequencing and data analysis (Bartha & Gyo6rfty, 2019). Sample collection, DNA
extraction, library preparation, exome capture and sequencing were performed prior to this study.
In brief, sample collection and DNA extraction were performed for the JCS. Blood samples were
drawn from patients, and germline DNA was isolated using the Qiagen Flexigene DNA kit and
stored at -80C. The exonic regions of the genome were captured using the Agilent SureSelect
Human All Exome Capture assay (version 8). Next, sequencing was performed on the Illumina
NextSeq 2000 instrument. Sequencing quality control (QC), alignment and variant calling was
performed using the Illumina DRAGEN-GATK software. The sequencing data will be provided

for bioinformatic analysis in the form of raw Fastq files and Variant Call Format (VCF) files.

4.3 Compiling a list of cancer predisposition genes

In our study, germline WES data was generated from patients diagnosed with histologically
confirmed OSCC. Although sequence data from the full complement of protein-coding genes will
be available, in the limited scope of this study the exome dataset will be mined for a list of cancer
predisposition genes associated with OSCC to reduce the time required and complexity of the
analysis. The literature search that will be conducted to generate this list of genes forms part of the
study’s methodology. This list will include genes from the Invitae Multi Cancer panel, previously
described genes known to be associated with OSCC, and genes that form part of the Fanconi
anaemia (FA) pathway. The Invitae Multi Cancer panel, containing 70 genes, was selected as
Invitae is an established clinical diagnostic laboratory that performs genetic testing and has done
extensive research to develop these panels. Genes associated with OSCC will be selected following
a literature search, including some of the genes identified by the genetic susceptibility studies
summarised above. Lastly, genes that form part of the FA pathway will be included based on data

that has linked variants in these genes with an increased predisposition to OSCC (Akbari et al.,



2011).

4.3 Data analysis

The data analysis of this project involves the bioinformatic analysis of WES data. This analysis
will be divided into a three-step workflow: variant annotation, variant classification, and variant
prioritisation. Variant annotation will be conducted using ANNOVAR (ANNOtate VARiation).
ANNOVAR is a command-line-driven software tool designed for the annotation of genetic
variants identified from high throughput sequencing data, including WES data. This tool can
perform gene-based annotation to identify whether sequence variants result in amino acid changes,
region-based annotation to identify variants in specific regions and provide genomic coordinates,
and filter-based annotation to identify variants that are reported in databases such as the 1000
genomes project and gnomAD. Additionally, the functional consequence of variants is reported

using in silico prediction tools such as SIFT, PolyPhen-2 and CADD, (Wang et al., 2010).

Next, variants will be classified using InterVar, a software tool designed for the clinical
interpretation of genetic variants based on the American College of Medical Genetics and
Genomics and Association for Molecular Pathology guidelines (ACMG/AMP) guideline
(Richards et al., 2015). The input for this tool is the annotated file generated from ANNOVAR,
while the output of InterVar is the variant class. It integrates the criteria outlined in these guidelines
to provide an automated classification of variants (Li & Wang, 2017). Variants are classified as
benign, likely benign, variant of uncertain significance (VUS), likely pathogenic and pathogenic.
The ACMG/AMP classification will form part of the variant prioritisation strategy to filter out

likely benign and benign variants.

One of the primary obstacles in disease gene discovery lies in the vast number of variants present

in individual exomes. Approximately 30,000 variants are harboured in an individual exome,



10,000 of which are predicted to be nonsynonymous, splice site variants and small indels.
(Robinson et al., 2011). Therefore, variants must be prioritised to generate a shortlist of germline
variants in the cancer predisposition genes. A stepwise filtering approach will be applied to
perform this step, as depicted in Figure 1. The proposed strategy that will be employed was
compiled using previously described strategies (Nissen et al., 2018; Sefid Dashti & Gamieldien,

2017). Each step includes one exclusion criterion that will be applied to filter out variants.

Variants with poor coverage (less than
50X)

Synonymous, likely benign and
benign variants

Common SNPs (population based
MAF>0.01)

\ariants with no predicted functional consequenc/

Figure 1: Stepwise filtering approach to prioritise variants and generate a shortlist of variants.

Following variant prioritisation, a shortlist of germline variants will be obtained for each of the 16
patients. Further analyses are required to interpret this data and determine which of the variants
are pathogenic. The variant class provided by the variant classification step will be utilised to
identify pathogenic variants specifically. Given the limited scope of this study, VUS will not be
analysed further. Existing literature and databases such as ClinVar will be utilised to provide

additional lines of evidence supporting the pathogenicity of the remaining variants.

Given that this study is concerned with the germline mutation landscape of OSCC, Knudson’s
two-hit hypothesis must be considered. In contrast to sporadic cancers, up to 10% of all cancers

occur due to inherited genetic mutations in cancer predisposition genes. According to Knudson’s
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two-hit hypothesis, these genes follow a loss-of-function model. Therefore, an individual may
inherit one mutant allele of a predisposition gene (Knudson, 1971). These germline heterozygote
mutations are usually not disease-causing because their normal function is partially compensated
by the presence of one wild-type allele. However, if a somatic mutation occurs in the second allele
as a result of environmental or endogenous events, the given predisposition gene becomes
inactivated, leading to the total loss of function and resultant carcinogenesis (Knudson, 1971).
Therefore, in contrast to sporadic cancers in which two somatic events are required to inactivate a
key cancer predisposition gene, germline mutations increase the carrier’s risk for cancer as a single
somatic event is required (Knudson, 1971; Wang, 2016). In the context of this study, this
knowledge translates to specifically identifying protein-truncating mutations such as nonsense
mutations, frameshift mutations and splice site mutations, as these disrupt the normal function of

cancer predisposition genes, increasing the risk of cancer development.

Given the strong association between a family history of OC and an increased risk for OSCC, an
important consideration in inherited cancer studies is familial aggregation (Chen et al., 2015).

However, family history is not available for the patients in this study.

4 Ethics

This study will analyse germline whole exome sequencing data from patients with OSCC enrolled
in the JCS. Patient data has already been de-identified, and no patients will be contacted during

this study. The data will be analysed on the ZA-Wits-Core computing cluster.

This sub-study will fall under the parent studies M220881 (The Johannesburg Cancer Study, PI:
Dr M Muchengeti & Dr WC Chen) and M2111154 (Investigation of genetic risk factors for African

breast, cervical and oesophageal cancer, PI: Prof C Mathew). The germline WES dataset comprises
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data from 16 histologically confirmed OSCC patients enrolled under M220881, and the whole
exome data will be generated as part of M2111154. This MSc research project is under

consideration by the Wits Human Research Ethics Committee (Medical).

S Timing

Literature review

Ethics application

Preparing protocol

Protocol assessment

Construction of

virtual gene panel

Data analysis

Research report

writing

Submission and
presentation of

research report

6 Funding

The WES data was generated using the parent study’s NRF Thuthuka funding (PI: Dr WC Chen).
Bioinformatic analysis of this data does not require any funding as (1) the computational resources
needed for the study are accessible via the ZA-Wits-Core Cluster (2) all the required bioinformatics
tools such as ANNOVAR and InterVar open-source. In addition, the student will be supported by

the Wits Postgraduate Merit Award.
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7 Limitations

The limitations of this study include the fact that variants outside of the list of cancer predisposition
genes panel will be missed. Given the technical limitations of WES, this study will also be unable
to detect de novo CNVs. Additionally, the small study population of 16 individuals limits variant
discovery as the chances of finding pathogenic variants in all 16 individuals are low. Lastly, the
lack of representation of Southern African genomes in publicly available databases such as 1000
genomes and gnomAD (Ramsay, 2022) limits the estimation of robust variant allele frequencies,

which forms part of the filtering steps in the analysis.
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cite references, figures or tables.
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table captions, funding statement, acknowledgments, and references in the bibliography.
Please indicate the number of words and the number of figures and tables included in your
manuscript on the first page.

Sections

The manuscript is organized by headings and subheadings. The section headings should be
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For Original Research articles, it is recommended to organize your manuscript in the
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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 policies 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
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For further information, please check the descriptions defined in the journal's 'Article types'
page, in the 'For authors' menu on every journal page.

Language editing

Frontiers requires manuscripts submitted to meet international English language standards
to be considered for publication.
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For authors who would like their manuscript to receive language editing or proofreading to
improve the clarity of the manuscript and help highlight their research, we recommend the
language-editing services provided by the following external partners.

Note that sending your manuscript for language editing does not imply or guarantee that it
will be accepted for publication by a Frontiers journal. Editorial decisions on the scientific
content of a manuscript are independent of whether it has received language editing or
proofreading by these partner services or other services.

Editage

We recommend the language-editing service provided by our external partner Editage.
These services may be particularly useful for researchers for whom English is not the primary
language. They can help to improve the grammar, syntax, and flow of your manuscript prior
to submission. Frontiers' authors will receive a 10% discount by visiting the following

link: editage.com/frontiers.

The Charlesworth Group

We recommend the Charlesworth Group's author services, who has a long-standing track
record in language editing and proofreading. This is a third-party service for which Frontiers'
authors will receive a 10% discount by visiting the following

link: www.cwauthors.com/frontiers.
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Language style

The default language style at Frontiers is American English. If you prefer your article to be
formatted in British English, please specify this on the first page of your manuscript. For any
guestions regarding style, we recommend authors to consult the Chicago Manual of Style.

Inclusive language guidelines

Frontiers is an inclusive publisher and we ask that all submissions are in line with our
inclusive language policy. When preparing your manuscript for submission, take a mindful
approach towards personal biases and a concerted effort to limit their influence. Authors
should remove any suggestion or implication of superiority or inferiority of one person over
another based on age, gender, race, ethnicity, culture, sexual orientation, disability, religion,
or socio-economic class. We ask authors to use inclusive language practices and awareness
of diversity, equity, and inclusion into their research and keep it at the forefront during the
composition of their findings.
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External guidance that may be useful is available at C4DISC’s Guidelines on Inclusive

Language and Images in Scholarly Communication.

Furthermore, when drafting your work, please take into account the following
considerations

In general, seek to avoid
¢ language that could be deemed insulting, profane, or derogatory.

o descriptors that identify personal attributes such as age, gender, race, ethnicity,
culture, sexual orientation, disability, or health conditions, where they are not
critically relevant to the discussion.

e any form of language that suggests a particular culture or group as the default or
standard.

And where feasible:
e proactively ask individuals or groups how they would prefer to be referenced.
e adhere to the SAGER guidelines for reference to sex and gender in research.

Remember, the language we use can influence perceptions, evoke emotions, and shape
perspectives. Let’s work together to nurture an inclusive, respectful, and empowering
discourse in science.

Guidelines for artificial intelligence and related technologies

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.

Use of Al to create written or visual content

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.

39


https://c4disc.pubpub.org/guidelines-on-inclusive-language-and-images-in-scholarly-communication
https://c4disc.pubpub.org/guidelines-on-inclusive-language-and-images-in-scholarly-communication

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.

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.

Abbreviations and nomenclatures

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 policies and publication

ethics.
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Enhancing search engine optimization (SEO)

There are a few simple ways to maximize your article's discoverability and search results.
e Include a few of your article's keywords in the title of the article
e Do not use long article titles

e Pick 5-8 keywords using a mix of generic and more specific terms on the article
subject(s)

e Use the maximum amount of keywords in the first two sentences of the abstract
e Use some of the keywords in level 1 headings

References

Preparing and formatting references

Submissions to Frontiers must be grounded in relevant and up to date peer-reviewed,
academic research, and this should be reflected in the accompanying reference lists.

Authors are welcome to use online referencing tools in preparation of their manuscript.
Some useful resources include RefMe, Zotero, and Mendeley.

e The citation of non-academic and non-peer-reviewed sources (e.g. blog posts,
website content), as well as anonymous sources or commercial websites should be
avoided or kept to a minimum

e Authors should avoid citing content that is not directly relevant to the scope of the
article and the journal

o Reference lists should reflect the current status of knowledge in the field, avoid bias,
and not include a high proportion of citations to the same authors or sources, school
of thought, etc.

e The length of the reference list should be appropriate depending on the article type,
covering the relevant literature through sufficient referencing

¢ Authors should ensure that references are accurate, that all links are accessible, and
that the citations/references adhere to the reference styles outlined below

Frontiers' journals use one of two reference styles, either Harvard (author-date) or
Vancouver (numbered). These formats should be adhered to for the in-text citations and the
reference lists. Please check our help center to find the correct style for the journal to which
you're submitting.

o All citations of published works in the text, figures, or tables must be in the reference
list and vice-versa.
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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.).

o 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. Where
additional details are available, these will be included as footnotes.

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.
e Website URLs should be included as footnotes.

e Any inclusion of verbatim text must be contained in quotation marks and should
clearly reference the original source.

e Preprints can be cited provided that 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.
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Templates

If working with Word please use our Word templates. If you wish to submit your article as

LaTeX, we recommend our LaTeX templates.

For LaTeX files, please ensure all relevant manuscript files are uploaded: .tex file, PDF, and
.bib file (if the bibliography is not already included in the .tex file).

During the interactive review, authors are encouraged to upload versions using track

changes. Editors and reviewers can only download the PDF file of the submitted manuscript.
Figures, tables, and images
Figures, tables, and images: rights and permissions

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 policies and
publication ethics.

Figures and images: style guidelines

We require 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. 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.'

Please note that figures not in accordance with the guidelines will cause substantial delay
during the production process.

Captions
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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 one column (85 mm) or two
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.

Images of 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.

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.
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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.

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

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.

During production, tables will be formatted according to Frontiers' house style. Here is an
example of a formatted table.

This is a heading This is a heading

This is a subheading
This is an example text This is an example text

This is an example text This is an example text

This is an example text This is an example text

Accessibility

We encourage authors to make the figures and visual elements of their articles accessible for
the visually impaired. 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:
o Level AA, contrast ratio of at least 4.5:1

e Level AAA, contrast ratio of at least 7:1
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Contrast ratio 9.5:1

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

e WebAIM
o 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:
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Supplementary material
Selecting 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, and PowerPoint presentations), 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 is included 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.

File type requirements
The supplementary material can be uploaded as:

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

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).
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Technical requirements for supplementary images:
e 300 DPIs
e RGB color mode.

For supplementary material templates (LaTeX and Word), see our supplementary material
templates.

Submitting information
Choosing where to submit
Open access and copyright

All Frontiers' articles from July 2012 onwards are published with open access under the
Creative Commons CC-BY license (the current version is CC-BY, version 4.0). This means that
the author(s) retains copyright, but the content is free to download, distribute, and adapt for
commercial or non-commercial purposes, given appropriate attribution to the original
article.

Upon submission, the author(s) grants Frontiers a license to publish, including to display,
store, copy, and reuse the content. The CC-BY Creative Commons attribution license enables
anyone to use the publication freely, given appropriate attribution to the author(s) and citing
Frontiers as the original publisher. The CC-BY Creative Commons attribution license does not
apply to third-party materials that display a copyright notice to prohibit copying. Unless the
third-party content is also subject to a CC-BY Creative Commons attribution license, or an
equally permissive license, the author(s) must comply with any third-party copyright

notices.

Registration with Frontiers

Corresponding and all submitting authors must register with Frontiers before submitting an
article. You must be logged in to your personal Frontiers account to submit an article.

For any co-author who would like their name on the article abstract page and PDF to be
linked to a Frontiers profile on the Loop network, please register before the final publication
of the paper.

Article type

We require authors to select the appropriate article type for their manuscript and to comply
with the article type descriptions defined in the journal's 'Article types' page, which can be
found under the 'About journal' menu in 'For authors' on every Frontiers journal page.
Please pay close attention to the word count limits.
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Keywords
All article types require a minimum of five and a maximum of eight keywords.
CrossMark policy

CrossMark is a multi-publisher initiative to provide a standard way for readers to locate the
current version of a piece of content. By applying the CrossMark logo Frontiers is committed
to maintaining the content it publishes and to alerting readers to changes if and when they
occur.

Clicking on the CrossMark logo will tell you the current status of a document and may also
give you additional publication record information about the document.

For Corrigenda, General Commentaries, and Editorials, the title of your manuscript should
have the following format.

e 'Corrigendum: [Title of original article]'

e General Commentaries:
'Commentary: [Title of original article]'
'Response: Commentary: [Title of original article]'

o 'Editorial: [Title of Research Topic]'
Authors and affiliations

All names are listed together and separated by commas. Provide exact and correct author
names as these will be indexed in official archives. Affiliations should be keyed to the
author's name with superscript numbers and be listed as follows:

e Laboratory, Institute, Department, Organization, City, State abbreviation (only for
United States, Canada, and Australia), and Country (without detailed address
information such as city zip codes or street names).

Example: Max Maximus1
1 Department of Excellence, International University of Science, New York, NY, United States.

Correspondence

The corresponding author(s) should be marked with an asterisk in the author list. Provide
the exact contact email address of the corresponding author(s) in a separate section.

Example: Max Maximus*
maximus@iuscience.edu

If any authors wish to include a change of address, list the present address(es) below the
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correspondence details using a unique superscript symbol keyed to the author(s) in the
author list.

Equal contributions

The authors who have contributed equally should be marked with a symbol (1) in the author
list of the doc/latex and pdf files of the manuscript uploaded at submission.

Please use the appropriate standard statement(s) to indicate equal contributions:
e Equal contribution: These authors contributed equally to this work
o First authorship: These authors share first authorship
e Senior authorship: These authors share senior authorship
e Last authorship: These authors share last authorship

e Equal contribution and first authorship: These authors contributed equally to this
work and share first authorship

e Equal contribution and senior authorship: These authors contributed equally to this
work and share senior authorship

e Equal contribution and last authorship: These authors contributed equally to this
work and share last authorship

Example: Max Maximus 11, John Smith2t and Barbara Smith1
tThese authors contributed equally to this work and share first authorship

Consortium/group and collaborative authors
Consortium/group authorship should be listed in the manuscript with the other author(s).

In cases where authorship is retained by the consortium/group, the consortium/group
should be listed as an author separated by a comma or 'and'. The consortium/group name
will appear in the author list, in the citation, and in the copyright. If provided, the
consortium/group members will be listed in a separate section at the end of the article.

For the collaborators of the consortium/group to be indexed in PubMed, they do not have to
be inserted in the Frontiers submission system individually. However, in the manuscript
itself, provide a section with the name of the consortium/group as the heading followed by
the list of collaborators, so they can be tagged accordingly and indexed properly.

Example: John Smith, Barbara Smith and The Collaborative Working Group.

In cases where work is presented by the author(s) on behalf of a consortium/group, it should
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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.

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.

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 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 result in 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.
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