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Abstract

Oculocutaneous albinism is a group of rare, inherited pigmentation disorders characterised by
hypopigmentation of the hair and skin and impaired vision. The most common form of albinism is
oculocutaneous albinism type 2 (OCA2) which has a high prevalence in African populations. The
most common cause of OCAZ2 in African individuals is a 2.7 kb intragenic deletion variant in the
OCAZ2 gene, and in the Southern African population, it accounts for 78% of all OCAZ2 pathogenic
variants. The aim of this study was to identify pathogenic variants in African individuals with OCA2
that were negative or heterozygous for the common African OCAZ2 2.7 kb deletion. Whole exome
sequencing (WES) data was available for eight individuals who were clinically diagnosed with
OCAZ2 and referred to the Molecular Genetics Diagnostic Laboratory, Division of Human Genetics,
NHLS for genetic testing. The WES data was analysed to identify possible pathogenic variants in
the OCAZ2 gene, besides the 2.7kb deletion, and variants in other OCA-related genes (where no
variants were identified in the OCAZ2 gene). Variants were annotated using Ensembl’s Variant
Effect Predictor and then filtered based on functionality and minor allele frequency. Frameshift,
missense, non-synonymous and splice site variants with a low minor allele frequency (MAF<5%)
were prioritised. Prioritised variants were classified according to the American College of Medical
Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines.
This study identified a likely pathogenic variant, NM_000275.3: ¢.1239+2T>A, in the OCA2 gene
and a variant of uncertain significance, NM_000550.3: c. 291G>C, in the TYRP1 gene in separate
patients. These results suggest that WES is a useful technique for identifying variants in individuals
with albinism, a disorder that exhibits locus heterogeneity. Limitations regarding copy number
analysis using WES data, and difficulties encountered in interpretation of variants due to lack of
population data and functional studies, should be addressed in future research. Identification of
these potentially clinically significant variants contributes to our understanding of the variant profile

of the OCA2 phenotype in individuals of African descent.
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Abstract for journal submission

Introduction: Oculocutaneous albinism (OCA) is a group of rare, inherited pigmentation disorders
characterised by hypopigmentation of the skin and impaired vision. The most common form of
OCA is oculocutaneous albinism type 2 (OCA2) which has a high prevalence in African
populations. The most common cause of OCAZ2 in African individuals is a 2.7kb intragenic deletion
variant in the OCAZ2 gene. This deletion accounts for 78% of all pathogenic variants in the
Southern African population, leaving 22% of alleles with an unknown (non-2.7kb deletion) variant.
In order to investigate these ‘other’ alleles, this study aimed to identify pathogenic variants in
African individuals with OCAZ2 that were known to be negative, or heterozygous, for the common
OCAZ2 2.7 kb deletion.

Methods: Whole exome sequencing (WES) data was available for eight individuals who were
suspected to have / clinically diagnosed with OCA2 and sent to the Molecular Genetics Diagnostic
Laboratory, Division of Human Genetics, National Health Laboratory Service (NHLS) for genetic
testing; individuals who tested negative or heterozygous for the 2.7kb deletion were included in this
study. This WES data was analysed in an attempt to identify other possible OCA2 pathogenic
variants. This was done through bioinformatics analysis of WES data including variant annotation,
prioritisation, visualisation and interpretation. Variants were annotated using Ensembl’s Variant
Effect Predictor (VEP) and then prioritised based on genes of interest, functionality, and minor
allele frequency (MAF). The genes of interest included: OCA2, TYR, MC1R, TYRP1, SLC45A2,
SLC24A5, and C100RF11/LRMDA. Frameshift, missense, non-synonymous and splice site
variants with a low MAF (<5%) were prioritised. Variants were visualised using the Integrative
Genomics Viewer. Prioritised variants were classified according to the American College of Medical

Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP) guidelines.

Results: In a cohort of eight patients, this study identified one likely pathogenic variant,
NM_000275.3: ¢.1239+2T>A, in the OCAZ2 gene, in one patient and one variant of uncertain
significance, NM_000550.3: c. 291G>C, in the TYRP1 gene in another patient.

Conclusion: These results suggest that WES is a useful approach for identifying variants in the
OCAZ2 gene. It also suggests that clinical phenotyping can be inaccurate, and patients sent in for
OCAZ2 testing may have a different type of albinism - variants in the TYRP1 gene are associated
with OCA type 3. These findings underscore the need for further genetic investigation in larger
cohorts to fully characterise the spectrum of OCA-associated variants in individuals negative or
heterozygous for the 2.7kb deletion. Such insights are crucial for improving diagnostic accuracy

and understanding the genetic basis of OCA in African populations.

Keywords: Oculocutaneous albinism type 2, OCA2, Southern African, whole exome sequencing,
variant analysis



1 INTRODUCTION

Albinism is a group of rare, inherited pigmentation disorders characterised by hypopigmentation
and impaired vision (Kromberg and Manga, 2018). Albinism exhibits an autosomal recessive
pattern of inheritance. There are two main types of albinism, ocular albinism and oculocutaneous
albinism (OCA). OCA is characterised by a lack of melanin pigment (hypopigmentation) from the
skin, hair, and eyes from birth (King et al., 1995). There are eight types of OCA, each caused by
variants in different genes (Kromberg et al., 2012). The most prevalent form of OCA worldwide is
OCAZ2, due to its high frequency in individuals of African descent. In the Southern African
population, the disorder has a frequency of 1/3900 (Kromberg and Jenkins, 1982). OCA results
from defects in the melanin biosynthesis pathway, where variants in the OCAZ2 gene can cause
disruptions in the biochemical reactions that produce melanin, the pigment responsible for skin,

hair, and eye coloration (Riley, 1997).

Individuals with OCA2 present with creamy white skin, impaired vision, nystagmus , strabismus
and photophobia (Witkop, 1989). Some affected individuals present with skin patches called
ephelides (large freckles) and hair that appears straw-coloured (yellow — blonde) or even light
brown as some pigment may accumulate over time (Kromberg et al., 1989). Individuals with OCA2
lack melanin in the skin, leading to an increased risk of skin damage and skin cancers, commonly

squamous cell carcinoma (Kromberg et al., 1989).

Oculocutaneous albinism type 2 results from variants in the OCA2 gene on chromosome 15q
(OMIM 203200). In 1994, Durham-Pierre and colleagues identified the 2.7kb deletion in the OCA2
gene, which removes a single exon (exon 7) of the gene and leads to a frameshift deletion,
resulting in a truncated and non-functional protein (Durham-Pierre et al., 1994). This 2.7kb deletion
was found to be a founder variant in the Southern African population and accounts for 78% of all
OCAZ2 pathogenic variants in this population (Stevens et al., 1995). This means that 22% of
pathogenic variants are not accounted for by the 2.7kb deletion, resulting in a proportion of
individuals with OCA2 being either heterozygous for the deletion, or homozygous negative. The
carrier frequency for this specific variant was found to be 1/40 in the Southern African population
(Stevens et al., 1997).

Epistasis is the phenomenon of gene-gene interactions, whereby variants at one locus can
influence the expression of variants present at another locus. This circumstance is usually
observed between genes that function within the same pathway. The melanin biosynthesis
pathway involves multiple genes such as TYR, TYRP1, SLC24A5, MC1R and OCA2 (Chang et al.,
2024). Changes to any of the genes in this pathway could affect melanin production and result in
disease. For example, a previous study (Manga et al., 1997), found that the classic OCA2
phenotype was modified by a variant present at the TYRP1 locus. Investigating the genes in this

pathway may prove beneficial for researching non-2.7kb deletion variants.



Genetic testing for OCA2 can be performed using various molecular techniques, including targeted
variant analysis, deletion and duplication analysis, exon mutation scanning, exon sequence
analysis and sequence analysis of the entire coding region through techniques like next-generation
sequencing (NGS). Internationally, comprehensive genetic testing for OCA2 often includes NGS-
based methods that can analyze the entire gene and detect both single nucleotide variants (SNVs)
and structural changes. These methods are widely available in high-resource settings, enabling
accurate identification of causative variants. In South Africa, the only genetic test for OCA2
currently available through the NHLS is the gap-polymerase chain reaction (PCR) test developed
by Durham-Pierre et. al., (1996) for the common 2.7kb deletion, which has been used since 1996
due to its efficacy and affordability (Kerr et al., 2000). Follow-up testing is not available due to the

resource-constrained setting in South Africa.

Whole exome sequencing is a technique used to sequence the protein coding regions of the
genome. This technique is useful because most known disease-causing variants are found in the
coding regions, thus WES allows for detection of variants in all genes simultaneously at relatively
low cost (Meienberg et al., 2016). The OCAZ2 gene is large (about 345 kb) and consists of 24
exons. Sequencing all the exons of the OCAZ2 gene, as well as the other OCA related genes,
requires an efficient, cost-effective and high throughput technique such as WES (Hawkes et al.,
2013). WES can detect SNVs and small insertions or deletions with high accuracy (Meienberg et
al., 2016). This approach is useful for identifying genetic variants in individuals of African descent
with OCA2 who are negative or heterozygous for the common African OCA2 2.7 kb deletion, as
these individuals may carry other variants in OCAZ2 or variants in other genes entirely, even though

they are presenting with a similar phenotype (Meienberg et al., 2016).

Exploring the underlying variants that cause OCA2 will enable researchers and healthcare
providers to provide better diagnosis and genetic counselling to individuals affected by this
condition. Continued genetic studies should also aim to increase awareness of the biological
nature of the disorder, serving to dispel myth and superstition that surrounds the aetiology of

albinism in Africa.

This study is a continuation of a previous study (Mmbi et al., 2024), conducted on different
patients, both of which fall under a larger parent study that is investigating the genetic basis of the
different types of OCA in African populations. Mmbi and colleagues investigated individuals
heterozygous for the 2.7kb deletion and identified one likely pathogenic variant, NM 000275.3:
¢.1503+5G>A, in the OCAZ2 gene and two common rufous oculocutaneous albinism (ROCA)
causing variants, NM 000550.3: ¢.497C>G and NM 000550.3: ¢.1103del in the TYRP1 gene. In
this present study, the aim was to increase the sample size and to further include individuals who
were homozygous negative for the 2.7kb deletion, in an effort to contribute towards the knowledge

of the variant spectrum underlying the genetic aetiology of OCA2.



2 METHODS AND MATERIALS

2.1. Study Participants
The study participants consisted of eight anonymised individuals of African descent with OCA2
who were found to be either negative (n=3) or heterozygous (n=5) for the 2.7kb deletion in the

OCAZ2 gene (confirmed by gap-PCR as part routine diagnostic testing).

2.2. Data generation using whole exome sequencing

The WES data for each of the participants had already been generated under the parent study
(larger OCA2 study) and was available for analysis. The data was generated using the lon
Torrent™ lon S5 and was available in the form of variant call format (VCF) files and binary map

alignment (BAM) files. All data was aligned to the GRCh37 human reference genome build.

2.3. Single nucleotide variant analysis:
The WES data generated from the lon Torrent™ S5 sequencer was analysed through various

bioinformatics and clinical approaches as summarised by Figure 1:

Variant Variant Variant Variant

annotation prioritisation visualisation interpretation

Figure 1: Flow diagram illustrating variant analysis steps performed in this study.

2.3.1. Variant annotation

Variants for each patient VCF file were annotated using Ensembl’s VEP tool (release 112). The
variant annotation assigned functional information and significance to variants in DNA, such as the
type of variant and the level of pathogenicity of the variant (McCarthy et al., 2014). Information
such as gene symbols, accession numbers, population frequency data and in-silico consequence

prediction scores were also provided.

2.3.2. Variant prioritisation

Variants were then filtered and prioritised based on the gene of interest, functionality and allele
frequency. The genes of interest include: OCA2, TYR, MC1R, TYRP1, SLC45A2, SLC24A5, and
C100RF11/LRMDA and variants in these genes were prioritised. Frameshift, missense, non-

synonymous and splice site variants with a low MAF (<5%) were then prioritised.

2.3.3. Variant visualisation
A quality assessment and visualisation of the identified variants was performed using the
Integrative Genomics Viewer (IGV) tool (version 2.17.4), which is used to visualise large genomic

datasets (Thorvaldsdottir et al., 2013). This tool was used to assess the depth of coverage and



confirm zygosity for each prioritised variant. A control sample was included and was a random,

anonymised sample available from the Diagnostics Laboratory with no known diagnosis of OCA2.

2.3.4. Variant interpretation and classification

Prioritised variants were classified based on the ACMG-AMP guidelines for variant interpretation
(Supplementary document 1). The ACMG-AMP guidelines provide a framework for classifying
genetic variants into different categories based on evidence such as population data,
computational predictions, functional studies, segregation with disease, de novo occurrence, and
allelic data. After combining the evidence and assessing their strength, the prioritised variants were
classified into five categories: pathogenic, likely pathogenic, variant of uncertain significance
(VUS), likely benign, and benign (Richards et al., 2015).

3 RESULTS

3.1. Patient demographics and WES data summary
Patient clinical and demographic information for the eight individuals was available from their test

request forms sent to the Diagnostic Laboratory at the time of the test request (Table 1).

Table 1: Clinical information for patients as was available in the clinical files

Patient

ID Ethnicity Phenotype 2.7kb deletion Clinical information*

Generalised hypopigmentation, slight

P009 Black Affected Heterozygous grey hair, white eyelashes/eyebrows

P010 Black Affected Heterozygous  Ephelides

P011 Black Affected Negative No data provided

P013 Black Affected Heterozygous  Affected with OCA2

Patient is said to present with OCA, one

P014 Black Affected Heterozygous unidentified variant

Generalised hypopigmentation, slight

P015 Black Affected Negative grey hair, white eyelashes/eyebrows

P016 Black Affected Heterozygous = OCA2 phenotype

P017 Black Affected Negative No data provided

*Clinical information available on request form provided by clinician



The previously generated WES produced data with a mean depth coverage of 4.8x — 5.5x and a
mean read length of 190 base pairs. For all samples, at least 99% of the sequenced reads were
aligned to the GRCh37 reference sequence. The VEP annotation of each patient file produced
between 41000 to 62000 variants per patient. The most common variants per patient were SNVs,

specifically intronic variants, synonymous variants and missense variants, respectively (Figure 2).
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Figure 2: MultiQC plots summarizing WES data for the eight patients.

a) Distribution of the variant classes identified through the VEP annotation across all eight patients.

b) Type of variant consequences called from the VEP annotation for each patient in the South

African cohort.

After the annotation, variants were filtered based on the genes of interest, functionality and impact
and MAF (<5%). Only variants in the OCA2, TYR, MC1R, TYRP1, SLC45A2, SLC24A5, and
C100RF11/LRMDA genes were prioritised for further analysis. This filtering step resulted in 162
prioritised variants. The next filtering step (functionality and impact) produced 11 variants for further
assessment: nine missense variants, one stop-gain and one splice donor variant. Lastly, only
variants with a low MAF of less than 5% were prioritised, resulting in a shortlist of five prioritised

variants (Table 2).

The five variants that met the filtering criteria were identified in the MC1R, OCA2 and TYRP1
genes. These five variants were visualised using IGV and were not found in homopolymer regions
nor located in regions with many insertions and deletions. The coverage of these regions were all

greater than 44x (Supplementary table 1).



3.2. Five variants met the filtering criteria

No variants that met the filtering criteria were identified for patients 9, 14, 15 and 17. The variant
analysis of the eight South African patients resulted in a shortlist of five variants across four
patients (Table 1). A likely pathogenic variant in the was identified in the OCA2 gene
(NM_000275.3: ¢.1239+2T>A) in patient 11 and a VUS was identified in patient 16, in the TYRP1
gene (NM_000550.3: ¢.291G>C). Three variants were identified and classified as benign in the
MC1R, OCA2 and TYRP1 genes.



Table 2: Variant shortlist from the cohort of African patients with OCA2

Patient Gene Location HGVSc HGVSp I:cllmor aIIeIf Variant Zygosity ACMG Classification
requency* consequence codes
, NM_002386.4: . BS1, BS2, :
1 MC1R  16:89986252 C586T>C p.Phe196Leu 0.0339 Missense Heterozygous BPG Benign
, NM_000275.3: . BS1, BS2, .
10,13 OCA2 15:28259959 c1007C>T p.Ala336Val 0.0246 Missense Heterozygous BP4, BP6 Benign
NM_000275.3: Not PVST, Likely
1 OCA2 15:28231731 C.1239+2T>A N/A observed Splice donor Heterozygous PM%PPSPS, Pathogenic
. BS1, BS2,
13 TYRP1 912709125 NM_000550.3: & si9Ter  0.0386 Stop gain Heterozygous BP6, Benign
c.1557T>G
PVS1
16 TYRP1  9:12694287 N'\(":—z(gﬂoé’fg'& 0.Arg97Ser  0.0000 Missense Heterozygous PM2 VUS

*Minor allele frequency in normal African population (the African/African American ancestry group as defined in gnomAD v2.1.1))

Version 2.1.1 of gnomAD was used for this analysis because the WES data generated for this project was aligned to the reference genome GRCh37.
This version of gnomAD is the only one compatible with GRCh37 for SNV analysis, ensuring accurate and consistent allele frequency estimations
relevant to this project.

This table summarises the SNVs identified in three OCA-related genes (MC1R, OCA2, and TYRP1) across six different patients, highlighting their
potential clinical significance. Each variant is described with its coding DNA (HGVSc) and protein (HGVSp) changes using standardised Human Genome

Variation Society (HGVS) nomenclature. Minor allele frequencies within the African population are provided, illustrating the prevalence of these variants

in this population. The table also outlines the functional consequences of each variant, such as missense variants in MC1R, OCA2 and TYRP1, a splice

donor alteration in OCA2, and a stop-gain variant in TYRP1. Each variant has been classified according to ACMG-AMP guidelines, with specific codes

indicating the evidence level supporting each classification. Variants are classified as likely pathogenic, a VUS or benign.



3.2.1. Identification of a likely pathogenic variant and VUS in the OCA2 and TYRP1 genes

3.2.1.1. A likely pathogenic variant identified in the OCA2 in patient 11
A splice donor variant, in the OCA2 gene, NM_000275.3: ¢.1239+2T>A, was identified in patient

11. The variant results in abnormal splicing of the transcript. This type of variant can disrupt normal
RNA splicing, often resulting in an abnormal protein due to exon skipping, intron retention, or a
frameshift, potentially leading to a non-functional or degraded protein. The variant was visualised
using IGV, confirming its heterozygous zygosity (Supplementary figure 1). Code PVS1 can be
applied to this variant because a splice donor variant is a null variant, and it occurs in the OCA2
gene where loss of function is a known mechanism of disease. This variant has not been reported
in population databases such as gnomAD, thus the ACMG-AMP code PM2 was applied to this
variant (Table 2). Several in silico prediction tools on Varsome (27/29) predict the variant to be
pathogenic, thus PP3 was applied. The code PP5 was also applied because this variant was
reported as likely pathogenic on ClinVar, supported by previous publications that provide evidence
for the pathogenicity of splice-site variants and OCA2. Specifically, these studies highlighted the
role of splice-site disruptions in disease causation (Baralle and Baralle, 2005) and include
comprehensive analyses of OCAZ2 variants in affected individuals (Preising et al., 2011; Wei et al.,
2010). While these publications do not explicitly analyse this specific splice donor variant, they
support the general classification framework applied to OCAZ2 splice-site variants. This variant was

therefore classified as likely pathogenic based on this information.

3.2.1.2. A variant of unknown significance identified in the TYRP1 gene
A missense variant, in the TYRP1 gene, NM_000550.3: c. 291G>C (p.Arg97Ser), was identified in

patient 16. This variant results in a change of amino acid at position 97. This type of variant alters
the protein sequence and possibly its function. The variant was visualised using IGV, confirming its
heterozygous zygosity (Supplementary figure 2). This variant has been reported in population
databases, such as gnomAD, with an African frequency of 0.000, thus the ACMG-AMP codes PM2
was applied to this variant (Table 2). European populations were also reported to have a frequency
of 0.000 on gnomAD. This code is applied when the allele frequency is extremely low in the

population. No further information is available for this variant; therefore, it was classified as a VUS.

3.2.2. Benign variants identified in the OCA2, TYRP1 and MCR1 genes

3.2.2.1. Benign missense variant identified in the OCA2 gene in two patients
A missense variant, in the OCA2 gene, NM_000275.3: c.1007C>T (p.Ala336Val), was identified in

patient 10 and 13. This variant results in a change of amino acid at position 336. This type of
variant may alter the protein sequence and thus its function. The variant was visualised using IGV,
confirming its heterozygous zygosity (Supplementary figure 3). This variant has been reported in
population databases such as gnomAD, with an African frequency of 0.02456, thus the ACMG-
AMP codes BS1 and BS2 were applied to this variant (Table 2). These codes are applied when the
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allele frequency is greater than expected and the variant was observed in a homozygous state in
population databases more than expected for the disease (OCA2). Code BP4 was applied
because multiple in silico prediction tools on Varsome (54/58) predict that the variant is benign.
The code BP6 was also applied because this variant was reported as benign or likely benign on
UniProt and ClinVar with a two-star rating (indicating multiple submitters agree with the
classification) and supporting publications (Kamaraj and Purohit, 2014; Thomas et al., 1993). This

variant was therefore classified as benign based on this information.

3.2.2.2. Benign TYRP1 stop gain variant identified in patient 13
A stop gain variant, in the TYRP1 gene, NM_000550.3: ¢.1557T>G (p.Tyr519%), was identified in

patient 13. This variant results in a premature stop codon and thus early termination of the amino
acid sequence, and truncation of the protein. This type of variant usually results in non-functional
or degraded protein. Code PVS1 can be applied to this variant because a stop gain variant is a null
variant, and it occurs in the TYRP1 gene where loss of function is a known mechanism of disease.
The variant was visualised using IGV, confirming its heterozygous zygosity (Supplementary figure
4). However, this variant has been reported in population databases such as gnomAD, with an
African frequency of 0.03856, thus the ACMG-AMP codes BS1 and BS2 were applied to this
variant (Table 2), strongly supporting a benign classification. These codes are applied when the
allele frequency is common in the population and when the variant has been observed in a
homozygous state in population databases more often than expected. The code BP6 was also
applied because this variant was reported as benign by six independent submitters in ClinVar with

a two-star rating. This variant was therefore classified as benign based on this information.

3.2.2.3. Benign missense variant identified in the MC1R gene in patient 11
This missense variant, in the MC1R gene, NM_002386.4: ¢.586T>C (p.Phe196Leu), was identified

in patient 11. This variant results in a change of amino acid at position 196 (p.Phe196Leu). This
type of variant may alter the protein sequence and thus its function. The variant was visualised
using IGV, confirming its heterozygous zygosity (Supplementary figure 5). This variant has been
reported in population databases such as gnomAD, with an African frequency of 0.03391, thus the
ACMG-AMP codes BS1 and BS2 were applied to this variant (Table 2). The code BP6 was also
applied because this variant was reported as benign or likely benign on ClinVar with a two-star
rating and the support of several publications (Demenais et al., 2010; Puig-Butillé et al., 2013;

Thomas et al., 1993). This variant was therefore classified as benign based on this information.

3.2.3. Common variants in the OCA2 and SLC24A5 genes identified in a majority of the
patients

Analysis of this cohort also revealed two common missense variants observed across multiple
individuals. These include one variant in OCA2, NM_000275.3: ¢.913C>T (present in 5 of 8

10



patients) and one variant in SLC24A5, NM_205850.3: ¢.331A>G (present in 7 of 8 patients). Based
on their high MAF in the gnomAD database for African populations, these variants are likely benign
polymorphisms or represent normal population variation. Specifically, the OCAZ2: ¢.913C>T variant

has a reported MAF of 0.1385, while SLC24A5: c.331A>G has a MAF of 0.8088.

3.3. Summation of results

No variants meeting the filtering criteria were identified for patients 9, 14, 15, and 17. For patient
11, who is negative for the 2.7 kb deletion, a likely pathogenic splice donor variant (NM_000275.3:
€.1239+2T>A) was identified. Additionally, a benign variant was found in the MC1R gene for this
patient. In patient 16, who is heterozygous for the 2.7 kb deletion, a VUS in the TYRP1 gene
(NM_000550.3: ¢.291G>C) was identified. Patients 10 and 13 are both heterozygous for the 2.7 kb
deletion, but no second variant (pathogenic or likely pathogenic) was identified in the OCA2 gene

or any other OCA-related genes; only benign variants were found in these patients.

4 DISCUSSION

This study aimed to identify germline variants in African patients clinically diagnosed with OCA2.
Whole exome sequencing data produced using the lon Torrent™ lon S5 system, was available for
analysis. Five variants in the MC1R, OCAZ2 and TYRP1 genes met the filtering criteria and were
analysed further. The study was successful in identifying one likely pathogenic variant in OCAZ2 in
patient 11 and one VUS in TYRP1T in patient 16.

4.1. Variants identified

4.1.1. One likely pathogenic variant identified in a 2.7kb deletion negative patient

A likely pathogenic variant was identified in patient 11 in the OCAZ2 gene (OCA2: NM_000275.3:
€.1239+2T>A). It is a splice-donor variant, which has been previously reported and classified as
likely pathogenic on ClinVar with a one-star rating (Preising et al., 2011; Wei et al., 2010). Splicing
variants in the OCAZ2 gene can disrupt the normal processing of mMRNA, leading to abnormal or
incomplete protein production. This can cause exon skipping, intron retention, or the creation of a
frameshift, resulting in a truncated or non-functional OCA2 protein (Baralle and Baralle, 2005).
Since the OCAZ2 protein plays a key role in melanin production, these splicing disruptions can
reduce or eliminate melanin synthesis, leading to the hypopigmentation and visual impairments
characteristic of OCA2 (Blakes et al., 2022; Kromberg and Manga, 2018). Code PVS1 was applied
to splice-donor variant which is considered a null variant. It occurs in the OCA2 gene, where loss of
function is a well-established disease mechanism. Further analysis, using SpliceAl, supports this
by demonstrating an extremely high likelihood (99%) that the original donor splice site is disrupted

and a high likelihood (91%) of a new donor splice site forming, consistent with significant splicing

11



disruption (Supplementary table 2). This prediction from SpliceAl along with several in silico
prediction tools on Varsome (27/29) predict the variant to be pathogenic, so PP3 was applied. The
code PM2 was applied because the variant is absent in population databases such as gnomAD.
This splice-donor variant is classified as likely pathogenic in ClinVar, supported by references to
prior studies that highlight the role of splicing disruptions in OCAZ2 (Baralle and Baralle, 2005;
Preising et al., 2011; Wei et al., 2010). Although these publications do not specifically examine this
variant, they support the pathogenicity framework for splice-site variants in OCA2. ClinVar assigns
this variant a one-star rating, which means that its classification is based on evidence submitted by
a single submitter (Labcorp Genetics, formerly Invitae), that has yet to be reviewed by an
independent expert. While this one-star rating highlights the need for further validation, it does not
detract from its clinical relevance, given the strong evidence supporting the splice-site disruption in
the OCAZ2 gene. As PP5 only provides supporting evidence rather than pivotal justification, it
contributes to the weight of evidence for pathogenicity (Richards et al., 2015). Unfortunately,
clinical information was unavailable for this patient (P011), thus no codes associated with specific
phenotype could be applied. For example, if this case is followed up and OCAZ2 specific clinical
features can be confirmed, PP4 could also be applied to this variant providing more supporting
evidence of pathogenicity. The inclusion of PVS1, PM2, PP3 and PP5 ACMG-AMP criteria in its
classification reflect strong evidence that this variant could disrupt gene function (Riggs et al.,
2020).

4.1.2. Classification of variant of uncertain significance identified in patient 16

One VUS, TYRP1 c.291G>C (p.Arg97Ser), was identified, which has not been previously reported
and has an African minor allele frequency of zero in gnomAD. Variants in the TYRP1 gene are
usually associated with OCA type 3 (Manga et al., 1997; Patel et al., 2021). This VUS could
potentially play a role in the phenotype, although further functional studies would be necessary to
determine its exact consequence and clinical relevance. Code PVS1 can be applied to this variant
because a stop gain variant is a null variant, and it occurs in the TYRP1 gene where loss of
function is a known mechanism of disease. This patient may have been clinically misdiagnosed
due to the significant overlap between different types of OCA and often only molecular testing can
differentiate between the types (Kromberg and Manga, 2018). Similar findings were reported by
Mmbi et al., (2024) who highlighted the challenges in accurately distinguishing OCA phenotypes
based on clinical features alone, particularly in African populations where limited molecular data is
available. It is possible that this patient has oculocutaneous albinism type 3 (OCA3) - although this
is unlikely as a second variant was not found. Another possibility for this variant is that it has an
epistatic effect on variation in the OCAZ2 gene, or another OCA-related gene, and the combination
of variants produces an OCA clinical picture. The absence of any information on this variant
highlights the challenges associated with VUS classification, particularly in understudied

populations where comprehensive variant data may be lacking.
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4.1.3. Benign variants identified in patients 10, 11 and 13

Three out of five prioritised variants in this study were classified as benign (MC1R: NM_002386.4:
c.586T>C, OCA2: NM_000275.3: ¢.1007C>T and TYRP1: NM_000550.3: ¢.1557T>G). Each of
these benign variants had been previously classified as benign on ClinVar (with supporting
publications) and appear in the population with higher frequency than expected, providing further
evidence of their non-pathogenicity. The MC1R variant was only found in patient 11, the OCA2
variant was found in patients 10 and 13 and the TYRP1 variant was found in patient 13. The
consistent benign classification of these variants across different databases and clinical reports
underscores the utility of existing variant databases in streamlining clinical decision-making (Riggs
et al., 2020).

The TYRP1 gene has been implicated in OCAS3 in the Southern African population, with specific
variants leading to loss of function and distinct pigmentation phenotypes (Manga et al., 1997).
There are two common variants described by Manga et al., (1997): a nonsense variant
(NM_000550.3: ¢.497C>A) and a frameshift variant (NM_000550.3: c.1118delA). Both these
variants result in premature stop codons which truncate the protein. In contrast, the identified stop-
gain variant (NM_000550.3: ¢.1557T>Q) is classified as benign based on allele frequency and
lacks clear pathogenicity evidence. This variant has an African allele frequency of 0.03856 in
gnomAD, which is significantly higher compared to its frequency in the European population
(0.00001555). This suggests that the variant is most likely a population-specific polymorphism
rather than a pathogenic variant in African individuals. However, while its high frequency in Africans
supports its benign classification, its role as a potential modifier or its population-specific effects
cannot be entirely excluded without further study. Given the high prevalence of TYRP1 variants in
hypopigmentation disorders, even benign variants could contribute to phenotypic variability or

represent adaptation within specific genetic backgrounds.

4.1.4. Common variants and likely normal variation

After analysis of this South African cohort with query-OCA2, two common missense variants were
observed across multiple individuals. These variants, located in OCA2: NM_000275.3: ¢.913C>T
(in 5/8 patients) and SLC24A5: NM_205850.3: ¢.331A>G (in 7/8 patients), are most likely benign
polymorphisms and represent normal population variation. This is supported by the African minor
allele frequencies observed in the population database, gnomAD. The OCA2: ¢.913C>T variant,
has an allele frequency of 0.1385 and the SLC24A5: ¢.331A>G variant, has an allele frequency of
0.8088. Both of these frequencies are relatively high and thus considered to be common since rare
variants are described to have a MAF of less than 0.01 (1%) (Goswami et al., 2021). This

highlights the importance of population-specific data, as variants that appear frequently within one
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population might be erroneously classified as significant if diverse-population data is not available
(Choudhury et al., 2014; Christen and Schnell, 2023; Gudmundsson et al., 2021).

4.2. Implications for clinical and genetic counselling

The identification of both benign and pathogenic variants provides valuable insights into the
genetic background of OCA2 within Southern African populations. The commonality of the
identified benign variants and their previous classifications help mitigate potential over-
interpretation in clinical settings. However, the detection of a VUS and a likely pathogenic variant
highlights the need for careful interpretation and potential expansion of molecular testing for OCA2.
This expanded knowledge of OCAZ2 variants allows for more accurate and supportive genetic
counselling, which improves care and empowers patients and families with actionable information
(Patch and Middleton, 2018). These findings underscore the significance of establishing well-
curated and diverse population databases to avoid misclassification and ensure accurate variant

interpretation.

4.3. Limitations

In this cohort, no significant variants were identified in six patients (only benign variants were
found), and even in the two patients with the VUS or the likely pathogenic variant, an additional
variant is required for clinical confirmation and diagnosis, as OCAZ2 is a recessive disorder. Whole
exome sequencing would not be able to detect the second variant if it were in a regulatory region,
or a deep intronic variant, or if the variation was epigenetic (Yao et al., 2017). Furthermore, WES
only focuses on protein-coding regions, limiting its ability to detect variants in non-coding regions
like regulatory elements and introns, despite their potential impact on gene function and disease
(Meienberg et al., 2016). There are also other challenges with WES such as incomplete exon
coverage and its limited ability to detect structural variants (copy number variants - CNVs). A
further limitation of this study was the inability to perform CNV analysis due to technical and
resource constraints, which prevented the detection of potential structural variants. A previous
study (Mmbi, 2024) was also unable to detect CNVs (including the 2.7 kb deletion) using lon
Reporter software, suggesting that this software is not well designed/adapted for smaller CNVs.
Additionally, since only a small subset of genes was analysed within the WES data, it is possible
that variants in other important pigmentation-related genes, genes involved in epistasis, and
modifier genes, were missed. Lastly, since all the patients included in this study were of African
ancestry, there were challenges in variant interpretation. This is because some of the identified
variants are poorly characterised in genetic databases and published literature, due to the lack of

African-specific population data.
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4.4. Future directions

While this study focused on a limited subset of seven genes, future research could expand to a
larger virtual gene panel or whole genome sequencing (WGS) to capture variants in non-coding
regions and other genes involved in pigmentation. This broader approach could uncover novel
variants and regulatory elements that impact the OCA2 phenotype, providing a more
comprehensive genetic view of OCA2 (Diallo et al., 2024). Additionally, pathway analyses of the
identified genes could reveal genetic interactions and modifier effects, offering deeper insights into
the genetic basis of OCA. For further investigation of the VUS in TYRP1, functional studies are
recommended. Techniques such as gene editing or expression assays could help determine the
impact this variant has on protein function or gene expression, adding valuable context to the
genetic findings and aiding in future variant classification (Guidugli et al., 2013). The study
highlighted the need for more population-specific genetic data. Developing a comprehensive and
robust database of African-specific allele frequencies would reduce uncertainty in variant
interpretation and improve classification accuracy for African patients. This could prevent the
misclassification of common polymorphisms as pathogenic variants (Christen and Schnell, 2023).
Given the limitations of WES and lon Reporter for detecting CNVs, future studies could incorporate
additional CNV-specific techniques, such as quantitative PCR (gPCR), multiplex ligation-dependent
probe amplification (MLPA), or array comparative genomic hybridization (aCGH), to validate and
confirm any CNV findings (Morice-Picard et al., 2014). This could improve CNV detection accuracy,
especially for known deletions like the 2.7 kb deletion in OCA2, which could not be confirmed in
related studies using lon Reporter (Mmbi et al., 2024). Additionally, another option for CNV
analysis could be long read sequencing (LRS) if there is an option to curate new sequencing data
from the original samples. LRS is ideal for CNV analysis because it provides continuous, extensive
reads that accurately detect and characterise complex and large structural variants, even in

repetitive regions (Yuan and Jia, 2024).

5 CONCLUSION

This study successfully identified a likely pathogenic variant in OCA2 and a VUS in TYRP1,
offering further insights into the genetic landscape of OCA2 in a South African cohort. Findings are
in-keeping with the knowledge that the 2.7kb deletion is the common OCAZ2 variant in this
population, and besides this founder variant, few other pathogenic variants can be found. Common
benign variants were also detected, highlighting the importance of population-specific data to avoid
misclassifications. Limitations of WES, including its inability to detect non-coding variants and
CNVs, suggest the use of broader techniques like aCGH or WGS in future studies. Expanding
research to include additional genes, as well as analysis of the melanin biosynthesis pathway,
could provide a more comprehensive understanding of OCA2 and the genetics of

hypopigmentation, while population-specific databases, enriched with African specific data, would
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enhance the accuracy of variant interpretation in African populations. Furthermore, this study
contributes to scientific innovation in Southern Africa by advancing research in genomic medicine
and encouraging the development of resources that address unique genetic disorders within this

under-represented region, which may ultimately improve diagnostic precision and health outcomes.
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Appendix A: Supplementary material

Supplementary table 1: Coverage of identified variants in each patient

Patient ID Gene Variant Coverage

10 OCA2 NM_000275.3: c.1007C>T 93x

11 MC1R NM_002386.4: ¢.586T>C 44x

11 OCA2 NM_000275.3: ¢.1239+2T>A 115x

13 OCA2 NM_000275.3: ¢.1007C>T 88x

13 TYRP1 NM_000550.3: c.1557T>G 297x

16 TYRP1 NM_000550.3: ¢.291G>C 258x
IGV plots:
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Supplementary figure 1: IGV visualisation of the OCA2: NM_000275.3: ¢.1239+2T>A variant in
patient 11.

The variant is located in chromosome 15:28231731and appears to be heterozygous, with a total
read depth of 115. Panel A and B displays the VCF and BAM files of patient 11, panel C displays

the random comparison patient file (non-OCAZ2 patient).
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Supplementary figure 2: IGV visualisation of the TYRP1

patient 16.

TYRPI

: NM_000550.3: c. 291G>C variant in

The variant is located in chromosome 9:12694287 and appears to be heterozygous, with a total

read depth of 258. Panel A and B displays the VCF and BAM files of the patient and panel C

displays the random comparison patient file (non-OCAZ2 patient).
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Supplementary figure 3: |GV visualisation of the OCA2: NM_000275.3: ¢.1007C>T variant in

patient 10 and 13.

The variant is located in chromosome 15:28259959 and appears to be heterozygous, with a total
read depth of 93 (P10) and 88 (P13). Panel A and B displays the VCF and BAM files of patient 10,
panel C displays the BAM file of patient 13 and panel D displays the random comparison patient

file (non-OCAZ2 patient).
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Supplementary figure 2: IGV visualisation of the TYRP1: NM_000550.3: ¢.1557T>G variant

in patient 13.

The variant is located in chromosome 9:12709125 and appears to be heterozygous, with a total
read depth of 115. Panel A and B displays the VCF and BAM files of patient 11, panel C displays

the random comparison patient file (non-OCAZ2 patient).
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Supplementary figure 3: IGV visualisation of the MC1R: NM_002386.4: ¢.5686T>C variant in

patient 11.

The variant is located in chromosome 16:89986252 and appears to be heterozygous, with a total
read depth of 44. Panel A and B displays the VCF and BAM files of the patient and panel C
displays the random comparison patient file (non-OCAZ2 patient).
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Supplementary table 2: SpliceAl scores and their functional implications for the OCA2:

c.1239+2T>A variant

SpliceAl scores

Explanation

Position for Donor

Indicates a new donor splice site could be gained 2

Gain -2 bases upstream of the variant.
Position for Donor ° Indicates the original donor splice site might be lost 2
Loss bases downstream of the variant.

T o .
Score for Donor Gain 0.91 Suggestg a high likelihood (91%) of a new donor splice

site forming.
: o o

Score for Donor Loss 0.99 Indicates an extremely high likelihood (99%) that the

original donor splice site is disrupted.
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Supplementary document 1: ACMG summarised guidelines

Genetics
© American College of Medical Genetics and Genomics ACMG STANDARDS AND GUIDELINES lnMEdICIne

Standards and guidelines for the interpretation of sequence
variants: a joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology
Sue Richards, PhD?, Nazneen Aziz, PhD?'¢, Sherri Bale, PhD3, David Bick, MD?# Soma Das, PhD?>,
Julie Gastier-Foster, PhD®”#, Wayne W. Grody, MD, PhD?*'"*!", Madhuri Hegde, PhD,

Elaine Lyon, PhD', Elaine Spector, PhD', Karl Voelkerding, MD' and Heidi L. Rehm, PhD'5;
on behalf of the ACMG Laboratory Quality Assurance Committee

The ACMG classification system differentiates sequence variants in Mendelian diseases regardless of the type of
analysis used to identify them (Sanger or next-generation sequencing).

Variants are divided into 5 classes in accordance with IARC recommendations (Plon et al.; Hum Mutat 2008):

Class | benign

Class 2 likely benign

Class 3 variant of uncertain significance (VUS)
Class 4 likely pathogenic

Class 5 pathogenic

The following 3 tables are based on the primary literature and provide a schematic overview of the ACMG
classification system. For detailed information we recommend reading the publication in its entirety.

Table Ilists the criteria for classifying a variant as pathogenic. Table 2 shows the criteria for classifying a variant as
benign. In order to make an unambiguous classification of detected variants, these criteria are combined according to
the rules laid out in Table 3.



Criteria for classifying pathogenic variants (table 1)

Evidence of

pathogenicity Category

Null variant (nonsense, frameshift, canonical 1 or 2 splice sites, initiation codon, single or multiexon deletion)
in a gene where LOF is a known mechanism of disease.

Caveats:
e  Beware of genes where LOF is not a known disease mechanism (e.g., GFAP, MYH7)
e  Use caution interpreting LOF variants at the extreme 3’ end of a gene

e  Use caution with splice variants that are predicted to lead to exon skipping but leave the remainder of the
protein intact

e Use caution in the presence of multiple transcripts

Same amino acid change as a previously established pathogenic variant regardless of nucleotide change
e Example: Val->Leu caused by either G>C or G>T in the same codon

e Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level

De novo (both maternity and paternity confirmed) in a patient with the disease and no family history
Note: Confirmation of paternity only is insufficient. Egg donation, surrogate motherhood, errors in embryo transfer,
and so on, can contribute to non maternity.

Well-established in vitro or in vivo functional studies supportive of a damaging effect on the gene or gene
product

Note: Functional studies that have been validated and shown to be reproducible and robust in a clinical diagnostic
laboratory setting are considered the most well established.

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

Note 1: Relative risk or OR, as obtained from case—control studies, is >5.0, and the confidence interval around the
estimate of relative risk or OR does not include 1.0.

See the article for detailed guidance.

Note 2: In instances of very rare variants where case—control studies may not reach statistical significance, the prior
observation of the variant in multiple unrelated patients with the same phenotype, and its absence in controls, may
be used as moderate level of evidence.

‘é‘ Located in a mutational hot spot and/or critical and well-established functional domain (e.g., active site of an
a | enzyme) without benign variation.
~ Absent from controls (or at extremely low frequency if recessive) (Table 6) in Exome Sequencing Project, 1000
S | Genomes Project, or Exome Aggregation Consortium
a. . . . . . .
e Caveat: Population data for insertions/deletions may be poorly called by next-generation sequencing.
g For recessive disorders, detected in trans with a pathogenic variant
(V)
"(; Q. | Note: This requires testing of parents (or offspring) to determine phase.
S
3 <
o 2 | Protein length changes as a result of in-frame deletions/insertions in a nonrepeat region or stop-loss variants
S o
Novel missense change at an amino acid residue where a different missense change determined to be
n | pathogenic has been seen before
E e  Example: Arg156His is pathogenic; now you observe Arg156Cys
e Caveat: Beware of changes that impact splicing rather than at the amino acid/protein level.
O
E Assumed de novo, but without confirmation of paternity and maternity




PP1

Co segregation with disease in multiple affected family members in a gene definitively known to cause the
disease

Note: May be used as stronger evidence with increasing segregation data

PP2

Missense variant in a gene that has a low rate of benign missense variation and in which missense variants are a
common mechanism of disease

Supporting

PP3

Multiple lines of computational evidence support a deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc.)
e Caveat: Because many in-silico algorithms use the same or very similar input for their predictions, each
algorithm should not be counted as an independent criterion. PP3 can be used only once in any evaluation
of a variant.

Patient’s phenotype or family history is highly specific for a disease with a single genetic etiology

PP5 [PP4

Reputable source recently reports variant as pathogenic, but the evidence is not available to the laboratory to
perform an independent evaluation

Criteria for classifying benign variants (table 2)

Evidence of

benign

impact

Category

Allele frequency is >5% in Exome Sequencing Project, 1000 Genomes Project, or Exome Aggregation Consortium

—
8 Allele frequency is greater than expected for disorder (see Table 6)
o Observed in a healthy adult individual for a recessive (homozygous), dominant (heterozygous), or X-linked
a0 0 | (hemizygous) disorder, with full penetrance expected at an early age
= o0
e 2 Well-established in vitro or in vivo functional studies show no damaging effect on protein function or splicing
e
v
Lack of segregation in affected members of a family
3, e Caveat: The presence of phenocopies for common phenotypes (i.e., cancer, epilepsy) can mimic lack of
© segregation among affected individuals. Also, families may have more than one pathogenic variant
contributing to an autosomal dominant disorder, further confounding an apparent lack of segregation.
H . - . - . . . . .
% Missense variant in a gene for which primarily truncating variants are known to cause disease
2 Observed in trans with a pathogenic variant for a fully penetrant dominant gene/disorder or observed in cis with
o0 | a pathogenic variant in any inheritance pattern
o0
% In-frame deletions/insertions in a repetitive region without a known function
o0 Multiple lines of computational evidence suggest no impact on gene or gene product (conservation,
g = evolutionary, splicing impact, etc.)
s g e (Caveat: Because many in silico algorithms use the same or very similar input for their predictions, each
& algorithm cannot be counted as an independent criterion. BP4 can be used only once in any evaluation of
= a variant.
L2 n
% Variant found in a case with an alternate molecular basis for disease
2 Reputable source recently reports variant as benign, but the evidence is not available to the laboratory to
0 | perform an independent evaluation
E A synonymous (silent) variant for which splicing prediction algorithms predict no impact to the splice consensus
o0 | sequence nor the creation of a new splice site AND the nucleotide is not highly conserved




Rules for combining criteria to classify sequence variants
(Table 3)

(i) 1 Very strong (PVS1) AND
a) 21 Strong (PS1-PS4) OR
b) 22 Moderate (PM1-PM6) OR

¢) 1 Moderate (PM1-PM6) and 1 supporting (PP1-PP5) OR

d) 22 Supporting (PP1-PP5)

(ii) 22 Strong (PS1-PS4) OR

(iii) 1 Strong (PS1-PS4) AND
a) 23 Moderate (PM1-PM6) OR

b) 2 Moderate (PM1-PM6) AND >2 Supporting (PP1-PP5) OR

¢) 1 Moderate (PM1-PM6) AND 24 supporting (PP1—PP5)

(i) 1 Very strong (PVS1) AND 1 moderate (PM1-PM6) OR

(ii) 1 Strong (PS1-PS4) AND 1-2 moderate (PM1-PM6) OR

(iii) 1 Strong (PS1-PS4) AND 22 supporting (PP1-PP5) OR

(iv) 23 Moderate (PM1-PM6) OR

(v) 2 Moderate (PM1-PM6) AND 22 supporting (PP1-PP5) OR

(vi) 1 Moderate (PM1-PM6) AND 24 supporting (PP1-PP5)

(i) 1 Stand-alone (BA1) OR

(ii) 22 Strong (BS1-BS4)

(i) 1 Strong (BS1-BS4) and 1 supporting (BP1-BP7) OR

(ii) 22 Supporting (BP1-BP7)

(i) Other criteria shown above are not met OR

(ii) the criteria for benign and pathogenic are contradictory
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Introduction:

Albinism is a group of rare, inherited pigmentation disorders characterized by hypopigmentation of the skin and
impaired vision. The most common form of albinism is oculocutaneous albinism type 2 (OCA2) which has a high
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Aim:
The aim of this study is to identify pathogenic variants in African individuals with OCAZ2 that are negative for the

common African OCA2 2.7 kb deletion variant.

Methods:

Whole exome sequencing (WES) has been performed on samples as part of the parent study (M210203). Whole
exome sequencing data of ten individuals who were clinically diagnosed with OCA2 and sent to the Diagnostic
Laboratory, Division of Human Genetics, NHLS for genetic testing, but who tested homozygous negative for the
2.7kb deletion, will be analysed to identify OCAZ2 pathogenic variants. This will be done through bioinformatics
analysis of WES data and will include variant annotation, prioritization, visualization and interpretation. Copy number
variant analysis will also be performed using ThermoFisher’s lon Reporter software and other open source tools.
Prioritised variants will be classified according to the American College of Medical Genetics and Genomics (ACMG)

and the Association for Molecular Pathology (AMP) guidelines.

Expected outcomes:

Possible identification of any other clinically significant variants, in OCAZ2 as well as other skin pigmentation related
genes, which contribute to an OCA2 phenotype in individuals that have tested negative for the common OCA2 2.7kb

deletion variant.
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1. Background literature analysis and critique

1.1. Introduction
Albinism is a group of rare, inherited pigmentation disorders characterized by hypopigmentation
and impaired vision (Kromberg and Manga, 2018). Albinism exhibits an autosomal recessive
pattern of inheritance. There are two main types of albinism, ocular albinism (OA) and
oculocutaneous albinism (OCA). OCA is characterized by a lack of melanin pigment

(hypopigmentation) of the skin, hair, and eyes from birth (King et al., 1995).

The worldwide prevalence for all forms of albinism varies greatly, but is estimated at
approximately 1/17000 (Witkop et al., 1983). There are nine types of OCA, and the other types
are caused by variants at different loci (Kromberg et al., 2012). The most prevalent form of OCA
worldwide is oculocutaneous albinism type 2 (OCA2), as it is the type of OCA affecting
individuals of African descent. The prevalence for OCA2 is 1/36000 for individuals of European

descent and 1/3900 for individuals of African descent (Kromberg et al., 2020).

OCA is caused by defects in the melanin biosynthesis pathway. This pathway comprises of a series
of biochemical reactions that lead to melanin production, which is the pigment responsible for
skin, hair, and eye pigmentation (Riley, 1997). There are two melanin precursors: eumelanin,
which creates a brown or black coloured pigment, and pheomelanin, which creates a red or yellow
coloured pigment (Riley, 1997). Eumelanin is also ultraviolet absorbent, thus protects the skin
from the sun’s radiation (Thody et al., 1991). Pheomelanin is photo-chemically unstable and after
sun exposure can promote carcinogenesis (Thody et al., 1991). An imbalance of these pigments in
the body will result in disorders like OCA2. OCAZ2 is differentiated from the other types of OCA

because pheomelanin is present and accumulates over time (Thody et al., 1991).

1.2.0culocutaneous albinism type 2: clinical and genetic aspects
Oculocutaneous albinism type 2, is the most common form of albinism. It is especially prevalent

amongst individuals of African descent. The condition most commonly results from variants in



the OCA?2 gene, affecting melanin production. This lack of melanin leads to very light skin and
hair and can cause various vision problems (Kromberg and Manga, 2018). Exploring the
underlying variants that cause OCA2 will enable researchers and healthcare providers to provide
better diagnosis, management, and support to individuals affected by this condition, ultimately

improving their quality of life.

1.2.1. Clinical presentation of oculocutaneous albinism type 2
Individuals with OCA2 present with creamy white skin, impaired vision, nystagmus , strabismus
and photophobia (The National Institutes of Health, 2024; Witkop, 1989). Some affected
individuals present with skin patches called ephelides (appear like large freckles) and hair that
appears straw-coloured (yellow — blonde) or even light brown as some pigment accumulates over
time (Kromberg et al., 1989). In individuals with OCA2, eumelanin is absent from skin, hair, and
eyes however pheomelanin is present in smaller quantities and accumulates with age. This can
lead to an increased risk of skin damage and skin cancers such as melanoma for OCA2 individuals

(Kromberg et al., 1989).

1.2.2. Genetic aetiology of OCA2
Initially, it was thought albinism resulted from various pathogenic variants at a single genetic
locus, but investigations disproved this hypothesis, revealing locus heterogeneity in OCA. OCA2
is commonly associated with variants in the OCA2 gene on chromosome 15q (OMIM 203200).

OCAZ2 exhibits allelic heterogeneity in black individuals from southern Africa (Kedda et al., 1994).

In 1994, Durham-Pierre et al discovered the 2.7kb deletion in the OCA2 gene, which is the most
common pathogenic variant in populations of African descent. The study found that the deletion
was an insertional frameshift deletion, which removes a single exon of the OCA2 gene, resulting

in a truncated and non-functional gene (Durham-Pierre et al., 1994).

There are various genes involved in skin pigmentation. D’Arcy et al have compiled a
comprehensive list of over 200 genes that are associated with pigmentation and pigmentation
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disorders (D’Arcy et al., 2022). A shortlist of these genes associated with albinism has been

included in appendix A (pg. 13).

An important concept to keep in mind is epistasis (gene-gene interactions). Epistasis within the
melanin biosynthesis pathway involves multiple genes such as TYR, TYRPI, TYRP2, SLC24A5,
MCIR, OCA2 and PMEL (Chang et al., 2024). Changes to any of the genes in this pathway could
affect melanin production and result in disease. A more specific example is the interaction between
the HERC?2 and OCA?2 genes. HERC? is said to have an influence of OCA2 because it has an effect
on the transcriptional activity of OCA2, being able to regulate the gene's expression. Single
nucleotide variants (SNVs) in this region of HERC2 which controls OCA2 have also shown to

decrease melanin production (as reviewed by Brancato et al., 2023).

With regards to albinism specifically, many studies have been carried out in other populations such
as the Japanese and Polynesian population groups, however studying albinism in African
populations will provide more insight into the disease for the population it affects most (Kromberg

and Manga, 2018).

The most common variant that causes OCA?2 in individuals of African descent is the 2.7kb deletion
variant that includes exon 7 and it accounts for 78% of all pathogenic variants in this population,
leaving the variant unknown for 22% of alleles (Stevens et al., 1995). This means that several
individuals with OCA2 are either heterozygous for the deletion, or do not have it at all.
Investigation into individuals who are negative 2.7kb deletion individuals can provide great insight
into the disease for these individuals as they may have variants in other genes or may even have a

different condition entirely, which manifests with a similar phenotypic presentation as OCA2.

1.3. Genetic testing for albinism
There are various molecular genetic tests available for OCA2 such as targeted variant analysis,
deletion and duplication analysis, exon mutation scanning, exon sequence analysis and sequence
analysis of the entire coding region through techniques like next-generation sequencing (NGS).
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Generally, a molecular test is not needed to clinically diagnose OCA2, however molecular tests
can be done for research purposes, prenatal testing or to identify a specific mutation (especially
within families that have the same phenotype) (The National Institutes of Health, 2022). Currently,
the only testing available through the National Health Laboratory Service (NHLS), Johannesburg
in South Africa is the gap-polymerase chain reaction (PCR) test developed by Durham-Pierre et al
for the common 2.7kb deletion, which has been used since 1996 as it is efficient and affordable
(Kerr et al., 2000). Follow-up testing is not available due to the resource-constrained setting in

South Africa.

Whole exome sequencing (WES) is a technique used to sequence the protein coding regions of the
genome. This technique is useful because most disease-causing known mutations are found in the
coding regions and it allows for detection of variants in any gene rather than a select few
(Meienberg et al., 2016). WES is an appropriate technique to use for investigating variants in
OCA2 and other skin pigmentation related genes. The OCA2 gene is quite large, having 24 exons
and sequencing all the exons of the OCA2 gene as well as the other related genes will require an
efficient and high throughput technique such as WES (Hawkes et al., 2013). This also makes WES
a cost-effective choice. WES can detect single nucleotide variants (SNVs) and small insertions or
deletions with high accuracy. Moreover, it is also useful for patients whose initial testing did not
yield a diagnosis (Meienberg et al., 2016). This is useful in identifying novel genetic variants, such
as identifying any variants in individuals of African descent with OCA2 who were negative for

the common African 2.7kb deletion variant (Meienberg et al., 2016).

2. Rationale
This sub-study is part of a larger OCA2 study that is investigating individuals who are either
heterozygous for the 2.7kb deletion or do not have the deletion at all. Previously a project was

done looking at the heterozygous individuals and now, for this current project, the individuals who



did not have the 2.7kb deletion will be investigated. The findings will inform future OCA testing

and contribute to the understanding of the OCA2 variant profile.

3. Aim of the study
The aim of this study is to identify pathogenic variants in African individuals with OCA2 that are

negative for the common African OCA2 2.7 kb deletion variant.

4. Study objectives

1. Identify and analyse variants in the OCA2 gene using previously generated WES data.

1.1.  Single nucleotide variant (SNV) analysis: annotation of variants using Ensembl’s
Variant Effect Predictor (VEP) tool, then filtering and prioritisation and lastly
classification according to the American College of Medical Genetics and Genomics

and the Association for Molecular Pathology (ACMG-AMP) guidelines for SNVs.

1.2.  Copy number variant (CNV) analysis: annotation, filtering and prioritisation of
variants using Thermofisher’s lon Reporter software, then classification according to

the ACMG-AMP guidelines for CNVs.

2. Identify and analyse other genes associated with OCA in patients with no clinically

significant OCA2 variants using previously generated WES data as in objective 1.

5. Methods

5.1. Study Participants
The study participants consist of ten individuals of African descent with OCA2 who were found
to be negative for the 2.7kb deletion in the OCA2 gene. The WES data has already been generated

under the parent study (larger OCA2 study) and is available for analysis.



5.2. Data analysis
The ten samples have been genotyped by gap PCR to confirm the presence of the 2.7kb deletion
(as part of the parent study). Gap PCR to genotype the deletion will be completed for each sample
in the parent study. PCR products will be visualised on a 3% agarose gel, and these will be used
to determine the 2.7kb deletion genotypes. This is an example of the gel image that will be

o = = . & 1 we @ analysed:

Negative | Heterozygous Homozygous (2.7kb deletion)

Figure 1: Gel electrophoresis image of OCA2 2.7kb deletion genotypes generated by a gap-PCR
(Ngcungcu, 2023)

Whole exome sequencing data has already been generated using the Ion Torrent™ Ion S5 and the
data is available in the form of a variant call format (VCF) file, binary map alignment (BAM) file
and index file. The raw sequencing data generated from WES will be analysed as indicated in

figure 2:

Variant Variant Variant Variant

annotation prioritization visualization interpretation

Figure 2: Flow diagram illustrating variant analysis

Variants will be annotated using Ensembl’s VEP tool. The VEP tool is a bioinformatics tool that
is used to analyse and annotate sequencing data. VEP determines the effect of variants on genes,
transcripts, protein sequences and regulatory regions (McLaren et al., 2016). Variant annotation

involves assigning functional information and significance to variants in DNA, such as the type of



variant and the level of pathogenicity of the variant (McCarthy et al., 2014). Information such as
gene symbols, accession numbers, population frequency data and in-silico prediction scores are
also provided. Then, the variants will be filtered and prioritised based on functionality. Frameshift,
missense, non-synonymous and splice site variants with a low minor allele frequency (MAF<5%)

will be prioritised.

Next, a quality assessment will be done, using the Integrative Genomics Viewer (IGV) tool, which
is used to visualize large genomic datasets. Variants in the human genome can be visualized using
IGV since it can manage larger sets of data (Thorvaldsdottir et al., 2013). This tool was used to
assess the depth of coverage, confirm zygosity, and exclude artefacts for each prioritised variant.
If the variant cannot be located it is most likely unreliable, a false call or there may be low coverage

(reads < 100) of that region on IGV.

Prioritised variants will be classified based on the ACMG-AMP guidelines for variant
interrogation. The ACMG-AMP guidelines provide a framework for classifying genetic variants
into different categories based on evidence such as population data, computational predictions,
functional studies, segregation with disease, de novo occurrence, and allelic data. After combining
the evidence and assessing their strength, variants are classified into five categories: pathogenic,
likely pathogenic, uncertain significance, likely benign, and benign. This helps geneticists,
clinicians, and researchers determine whether a genetic variant might be responsible for a disease
or condition (Richards et al., 2015). For the purpose of this project, the following clinically
significant classifications will be assigned: pathogenic, likely pathogenic and variant of uncertain

significance (VUS).

Copy number variant analysis will also be performed using ThermoFisher’s Ion Reporter software.
Ion Reporter Software detects copy number variants (CNVs) by first aligning sequencing reads to
a reference genome and calculating normalized read depth. It then uses segmentation algorithms

and statistical analysis to identify regions with significant changes in read depth, indicating



potential CNVs. Finally, the software annotates and visualizes these CNVs, providing detailed
reports on their genomic locations and potential clinical implications (Thermo Fisher Scientific,
2020). Copy number variants with structural consequences (predicted loss-of-function (LoF) and
copy gain variants), rare or novel CNVs (based on frequency on DGV) will be prioritised and

classified according to ACMG-AMP guidelines.

If no variants meet the filtering criteria within the OCA2 gene, the same methods will be performed
for other skin pigmentation related genes, that cause other types of OCA. There are eight other
genes, associated with OCAZ2, that will be investigated (TYR, MCIR, TYRPI1, SLC45A42, SLC24A5,
CIOORF11, LRMDA, DCT). Variants will be identified, analysed and assessed according to the
above criteria.

6. Ethics

This research project is a sub-study that falls under the “The identification of causal mutations of
classic oculocutaneous albinism type 2 and brown albinism in individuals of African descent”
parent study (PI - Dr Thandiswa Ngcungcu, ethics number M210203). This MSc research project
is currently under consideration by the Wits Human Research Ethics Committee. Ethics
application was submitted on 15" March 2024. This project will begin once ethics has been

approved, possibly beginning of June 2024.



7. Timing

2024
FEB | MAR | APR | MAY | JUN | JUL | AUG | SEP | OCT | NOV

Literature Review
Ethics Application
Protocol Preparation

Protocol Assessment
Data Analysis
Write Up

8. Funding

This research project is a sub-study that falls under a parent study that received funding for the
resources and services required from the Medical Research Council Self-Initiated Research (MRC-
SIR) award. The WES data required for the current MSc research project was generated from this

parent study, therefore, no funding is required for the analysis of the sub-study.

9. Limitations

This project has some limitations regarding the sample size, WES and variants of uncertain
significance. The small sample size (10 individuals) may hinder the ability to detect common
variants in negative deletion individuals and hinder the generalizability of the findings to broader
populations. Whole exome sequencing only targets the protein-coding regions of the genome,
leaving out non-coding regions, which overlaps with many regulatory elements. Structural
variations that could be relevant for OCA2 and skin pigmentation may be missed. Certain covered
by WES regions may also have poor coverage and read depth. Data from WES may identify many
VUS, which can complicate clinical interpretation. Historically, African populations have been
underrepresented in genomic studies and databases. African populations exhibit high levels of
genetic diversity, which can lead to a greater number of rare variants and potentially unique genetic
variants not being well characterised in existing databases. Variants identified in African

populations may be classified as VUS due to insufficient data on their frequency or functional



consequences. Without robust population-specific data, it can be challenging to determine the

clinical significance of these variants.
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Appendix A

Table of genes shown to be associated with albinism

OCA type
OCAl

OCA2

OCA3
0CA4

OCAS
OCA6

OCA7

OCAS8

Gene symbol
TYR
0CA2

MCIR
TYRPI

SLC4542

Region on chromosome
4q24 (14 genes)

SLC2445

CI0ORF11/LRMDA

LRMDA

Gene name
Tyrosinase

Oculocutaneous albinism type II

Melanocortin 1 receptor

Tyrosinase related protein 1

Solute carrier family 45, member 2

Solute carrier family 24, member 5

Leucine rich melanocyte differentiation
associated
Leucine rich melanocyte differentiation
associated
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Writing and formatting
Title

The title should be concise, omitting terms that are implicit and, where possible, be a
statement of the main result or conclusion presented in the manuscript. Abbreviations should
be avoided within the title.

Witty and creative titles are welcome, but only if relevant and within measure. Considerif a
title meant to be thought-provoking might be misinterpreted as offensive or alarming. In
extreme cases, the editorial office may veto a title and propose an alternative.

Authors should avoid:
o titles that are a mere question without giving the answer

e« unambitious titles, for example starting with 'Towards, 'A description of, 'A
characterization of' or 'Preliminary study on'

e vague titles, for example starting with 'Role of’, 'Link between', or 'Effect of' that do not
specify the role, link, or effect

e including terms that are out of place, for example the taxonomic affiliation apart from
species name.

Abstract

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

For clinical trial articles, please include the unique identifier and the URL of the publicly
accessible website on which the trialis registered.

Manuscript length

We encourage you to closely follow the article word count lengths given in the 'Article types'
page of the journals. The manuscript length includes only the main body of the text, footnotes,
and all citations within it, and excludes the abstract, section titles, figure and 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
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The manuscript is organized by headings and subheadings. The section headings should be
those appropriate for your field and the research itself. You may insert up to 5 heading levels
into your manuscript (i.e.,: 3.2.2.1.2 Heading Title).

For Original Research articles, it is recommended to organize your manuscript in the following
sections or their equivalents for your field.

Introduction
Succinct, with no subheadings.

Materials and methods

This section may be divided by subheadings and should contain sufficient detail so that when
read in conjunction with cited references, all procedures can be repeated. For experiments
reporting results on animal or human subject research, an ethics approval statement should
be included in this section (for further information, see the 'Bioethics' section of our 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 discoveryin
the appropriate context, discuss the potential shortcomings and limitations on their
interpretations, discuss their integration into the current understanding of the problem and
how this advances the current views, speculate on the future direction of the research, and
freely postulate theories that could be tested in the future.

For further information, please check the descriptions defined in the journal's 'Article types'
page, in the 'For authors' menu on every journal page.

Language editing

Frontiers requires manuscripts submitted to meet international English language standards to
be considered for publication.

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
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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.

FrontiersHF & E A X B ESRENR NI EB AN EMEREF SN E/RINKBES
AR5 - WWIARSSEHSE = AR HE - Frontierstp EF & BT LR IR R HIT O 3R1510%HY

%55, www.cwauthors.com.cn/frontiers.

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
questions 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.

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
e language that could be deemed insulting, profane, or derogatory.

e 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.
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¢ anyform 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.
o 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
qguotes, citations or references. Figures produced by or edited using a generative Al
technology must be checked to ensure they accurately reflect the data presented in the
manuscript. Authors must also check that any written or visual content produced by or edited
using a generative Al technology is free from plagiarism.

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

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.
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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 homenclature 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.

Enhancing search engine optimization (SEO)

There are a few simple ways to maximize your article's discoverability and search results.
¢ Include afew of your article's keywords in the title of the article
e Do notuse long article titles

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

¢ Use the maximum amount of keywords in the first two sentences of the abstract

e Use some of the keywords in level 1 headings
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Authors are welcome to use online referencing tools in preparation of their manuscript. Some
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content), as well as anonymous sources or commercial websites should be avoided or
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The length of the reference list should be appropriate depending on the article type,
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Authors should ensure that references are accurate, that all links are accessible, and
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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.
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¢ Personal communications should be documented by a letter of permission.
e Website URLs should be included as footnotes.

e Anyinclusion 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.

Harvard reference style (author-date)

Reference examples for Frontiers’ journals using the Harvard referencing system can be found
below. For examples of other sources, and for general questions regarding the Harvard
reference style, please refer to the Chicago Manual of Style.

o References should include the full last name and first name initials of the first six
authors, followed by et al. and the year of publication in brackets.

e Alphabetical order is followed for the reference list.
EXAMPLES:
e Articlein a printjournal:

Sondheimer, N., and Lindquist, S. (2000). Rng1: an epigenetic modifier of protein function in
yeast. Mol. Cell. 5, 163-172.

(Sondheimer and Lindquist, 2000)
e Article in anonline journal:

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

(Tahimic et al., 2013)
e Article or chapterin a book:

Sorenson, P. W., and Caprio, J. C. (1998). “Chemoreception,” in The Physiology of Fishes, ed.
D. H. Evans (Boca Raton, FL: CRC Press), 375-405.

(Sorenson and Caprio, 1998)
e Book:

Cowan, W. M., Jessell, T. M., and Zipursky, S. L. (1997). Molecular and Cellular Approaches to
Neural Development. New York: Oxford University Press.

(Cowan et al., 1997)
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e Abstract:

Hendricks, J., Applebaum, R., and Kunkel, S. (2010). A world apart? Bridging the gap between
theory and applied social gerontology. Gerontologist 50, 284-293. Abstract retrieved from
Abstracts in Social Gerontology database. (Accession No. 50360869)

(Hendricks et al., 2010)
e Website:

World Health Organization. (2018). E. coli. https://www.who.int/news-room/fact-
sheets/detail/e-coli [Accessed March 15, 2018].

(World Health Organisation, 2018)
e Patent:

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

(Marshall, 2000)
e Data:

Perdiguero P, Venturas M, Cervera MT, Gil L, Collada C. Data from: Massive sequencing of
Ulms minor's transcriptome provides new molecular tools for a genus under the constant
threat of Dutch elm disease. Dryad Digital Repository. (2015)
http://dx.doi.org/10.5061/dryad.ps837

(Perdiguero et al., 2015)
e Theses and dissertations:

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

(Smith, 2008)
e Preprint:

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

(Smith, 2008)
e One author:

Hesse-Biber, S. (2010). Qualitative Approaches to Mixed Methods Practice. Qualitative Inquiry,
16(6), 455-468. https://doi.org/10.1177/1077800410364611

(Hesse-Biber, 2010)

e Two authors:
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Duvail, S., Hamerlynck, O. (2007) The Rufiji River flood: plague or blessing?. Int. J.
Biometeorol. 52, 33-42. https://doi.org/10.1007/s00484-007-0105-8

(Duvail and Hamerlynck, 2007)
e More than two authors:

Leemhuis C, Thonfeld F, Naschen K, Steinbach S, Muro J, Strauch A, Lopez A, Daconto G,
Games |, Diekkrliger B. (2017) Sustainability in the Food-Water-Ecosystem Nexus: The Role of
Land Use and Land Cover Change for Water Resources and Ecosystems in the Kilombero
Wetland, Tanzania. Sustainability. 9(9):1513. https://doi.org/10.3390/su9091513

(Leemhuis et al., 2017)
e Same author(s); same year:

Huang, X-G. (2016a). Electromagnetic fields and anomalous transports in heavy-ion
collisions—a pedagogical review. Rep. Prog. Phys. 79 076302. doi: 10.1088/0034-
4885/79/7/076302 Huang, X-G. (2016b). Simulating Chiral Magnetic and Separation Effects
with Spin-Orbit Coupled Atomic Gases. Scientific Reports. 6:20601. doi: 10.1038/srep20601

(Huang, 2016a, 2016b)
e Same author(s); different years:

Sedrakian, A. (2007). The physics of dense hadronic matter and compact stars. Progress in
Particle and Nuclear Physics. 58(1):168-246. doi: 10.1016/j.ppnp.2006.02.002

Sedrakian, A. (2016). Axion cooling of neutron stars. Phys. Rev. D 93:065044. doi.
10.1103/PhysRevD.93.065044

(Sedrakian, 2007, 2016)
e Same first author; different author list:

Quimque, M. T., Notarte, K. I, Letada, A., Fernandez, R. A., and Pilapil, D. Y. 4th., Pueblos,
K.R., Agbay, J.C., Dahse, H.M., Wenzel-Storjohann, A., Tasdemir, D., Khan, A., Wei, D.Q., Gose
Macabeo, A.P. (2021a). Potential Cancer- and Alzheimer’s Disease-Targeting
Phosphodiesterase Inhibitors fromUvaria alba: Insights from In Vitro and Consensus Virtual
Screening. ACS Omega. 6, 8403-8417. doi: 10.1021/acsomega.1¢c00137

Quimque, M. T. J., Notarte, K. I. R., Fernandez, R. A. T.,Mendoza,M. A. O., Liman, R. A. D., Lim,
J.A. K., etal. (2021b). Virtual screening-driven drug discovery of SARSCoV2 enzyme inhibitors
targeting viral attachment, replication, post-translational modification and host immunity
evasion infection mechanisms. J Biomol Struct Dyn. 39, 4316-4333. doi:
10.1080/07391102.2020.1776639

(Quimque et al., 2021a; Quimque et al., 2021b)

e Different authors; same surname:
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Khan, S. M., Khan, M., Alouffi, A., Almutairi, M. M., Numan, M., Ullah, S., et al. (2023).
Phylogenetic position of Haemaphysalis kashmirensis and Haemaphysalis cornupunctata,
with Notes on Rickettsia spp. Genes. 14, 360. doi: 10.3390/genes14020360 Khan, Z., Shehla,
S., Alouffi, A., Kashif Obaid, M., Zeb Khan, A., Almutairi, M. M., et al. (2022). Molecular survey
and genetic characterization of Anaplasma marginale in ticks collected from livestock hosts
in Pakistan. Animals. 12, 1708. doi: 10.3390/ani12131708

(Khan Z. et al., 2022; Khan S. M. et al., 2023)
e Publishing in a Humanities and Social Sciences journal:

Farrell, H. (2012). The Consequences of the Internet for Politics. Annual Review Political
Science. 15, 35-52. http://dx.doi.org/10.1146/annurev-polisci-030810-110815

(Farrell, 2012, p. 40)

e Personal communications:
“We thank L. Li (personal communication, December, 2018) for noting this ambiguity.”
Citation of retracted articles

Authors are responsible for ensuring the integrity of the references they cite, including
verifying whether any article they intend to cite has been retracted. Citing retracted articles
can undermine the credibility of your manuscript and should only occur where it is essential
for the context of your discussion.

Guidelines for citing retracted articles:

1. Verification: Authors are responsible for checking the status of all cited works before
submission. Lists of retracted articles can often be found in databases such as
PubMed and the Retraction Watch database. Authors can check the version of the
record which is expected to include a visible notice of retraction.

2. Disclosure: If it is necessary to cite a retracted article, authors must clearly indicate
the retraction status in the reference list.

3. Justification: Authors are encouraged to discuss the reasons for citing the retracted
article in the manuscript, explaining its relevance and the implications of its retracted
status on the discussion.

Adhering to these guidelines is considered best practice as it helps maintain the scientific
integrity of the published literature and ensures that all references within the manuscript
contribute validly to the scholarly discourse. Ensuring the accuracy and transparency of
citations protects authors from inadvertently perpetuating misinformation and supports the
overall trustworthiness of research publications.
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previously appeared online, such as in a thesis or preprint, this should be mentioned here, in
addition to listing the source within the reference list.

Acknowledgements are desighed to recognize individuals directly involved in the research.
We request that authors avoid personal expressions of gratitude toward figures or entities
unrelated or indirectly related to the production of the manuscript. While such
acknowledgements are understood to be significant to the authors, they are considered
indirectly involved in the research unless they pertain to specific research activities. It
remains the responsibility of the authors to ensure that these guidelines are adhered to in the
final publication.

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). Itis
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.
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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

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 colorimage 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.

o 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 numeralin the order in which the
compounds are presented in the manuscript text.

Table requirements and style guidelines
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Tables should be inserted at the end of the manuscript in an editable format. If you use a word
processor, build your table in Word. If you use a LaTeX processor, build your table in LaTeX. An
empty line should be left before and after the table.

Table captions must be placed immediately before the table. Captions should be preceded by
the appropriate label, for example 'Table 1. Please use only a single paragraph for the caption.

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 subheading

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

o Level AAA, contrast ratio of at least 7:1
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You can verify the contrast ratio of your palette with these online ratio checkers:

¢ WebAIM
e Color Safe

Avoid using red or green indicators
More than 99% of color-blind people have a red-green color vision deficiency.

Avoid using only color to communicate information

Elements with complex information like charts and graphs can be hard to read when only
color is used to distinguish the data. Try to use other visual aspects to communicate
information, such as shape, labels, and size. Incorporating patterns into the shape fills also
make differences clearer; for an example please see below:
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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
captionisincluded 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:
o datasheet (Word, Excel, CSV, CDX, FASTA, PDF or Zip files)
e presentation (PowerPoint, PDF or Zip files)
e image (CDX, EPS, JPEG, PDF, PNG or TIF/TIFF),
+ table (Word, Excel, CSV or PDF)
e audio (MP3, WAV or WMA)

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

Technical requirements for supplementary images:
e 300DPIs
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.
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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.

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
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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
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 (T) 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
e 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

¢ 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
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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
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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