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Abstract 
 

Cystic fibrosis (CF) is an autosomal recessive disorder caused by pathogenic variants in the 

CFTR gene. Limited genetic research has been conducted on the Black South African 

population, and molecular testing is frequently the only way a diagnosis can be made. At the 

NHLS, testing is performed for the common 3120+1G>A (c.2988+1G>A) variant in the Black 

population, and other common European CF variants. Recent studies in the Division of Human 

Genetics show evidence of other recurrent CFTR variants. The aim of this study was to screen 

for these and other variants to update the CFTR variant profile and carrier frequency in the 

Black population. NGS data on 395 unaffected individuals was used for CFTR variant 

identification, annotation, prioritisation, and classification using the ACMG-AMP guidelines. 

The c.2988+1G>A variant accounted for 36.4% of CF alleles, which is less than previously 

reported (46%), suggesting that there are other common CF-causing variants in this population. 

The recurrent variants previously identified were not detected in this cohort, possibly due to 

limitations in NGS, the bioinformatic pipeline, or small sample size. Three novel likely 

pathogenic variants (c.3392T>C, c.3038C>G, and c.2594G>C) were identified, with carrier 

frequencies of 1 in 395 each, which could potentially be African-specific variants. Identifying 

these variants, not currently included in commercial panels, allows for targeted molecular 

testing in this population group. Additionally, a revised CF carrier rate of 1 in 36 was estimated 

which is consistent with literature, highlighting the accuracy of NGS data for carrier screening, 

leading to accurate risk counselling.   
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1. Abstract for Journal Submission 

Cystic fibrosis (CF) is an autosomal recessive disorder caused by pathogenic variants in the 

CFTR gene. Limited genetic research has been conducted on the Black South African 

population. CF is underdiagnosed due to its broad phenotype which overlaps with conditions 

frequently encountered in an African setting, and due to limitations of sweat testing, which is 

presently the gold standard for diagnosing CF. Molecular testing is therefore, in most 

circumstances, the only way in which a diagnosis can be confirmed. At the NHLS, testing is 

performed for the common 3120+1G>A (c.2988+1G>A) variant, which is the only common 

and unique variant known in the Black population, and other common European CF variants. 

Recent studies in the Division of Human Genetics show evidence of other recurrent CFTR 

variants in individuals of African ancestry. The aim of this study was therefore to screen for 

these and other recurrent CFTR variants and to update the CFTR variant profile and revise the 

CF carrier frequency in the Black South African population. Available NGS data on a cohort 

of 395 unaffected individuals was used for variant identification, annotation, prioritisation, and 

classification of CFTR variants using the ACMG-AMP guidelines. Variants that were classified 

as pathogenic or likely pathogenic were used to estimate the revised overall carrier frequency 

and predicted birth rate of CF, and the carrier frequency of the c.2988+1G>A variant. A revised 

CF carrier rate of 1 in 36 was estimated, which is consistent with literature (reported as 1 in 

14-59), with a predicted birth rate of 1 in 5184. Furthermore, the 3120+1G>A variant was 

observed to account for 36.4% of CF alleles, which is less than previously reported (46%), 

which could be due to the small sample size. Additionally, the recurrent variants from recent 

studies were not detected in this cohort, indicative of possible limitations in sequencing, the 

bioinformatic pipeline, or small sample size. Three novel likely pathogenic variants 

(c.3392T>C, c.3038C>G, and c.2594G>C) were identified, with carrier frequencies of 1 in 395 

each, which could potentially be African-specific variants. This study highlights the value of 

carrier screening, using routinely generated NGS data for the identification of novel, potentially 

African-specific variants in CFTR. Identifying these variants, not currently included in 

commercial testing kits, allows for targeted molecular testing in this population group. This 

study allowed for the updated estimation of the carrier frequency of c.2988+1G>A, and the 

findings suggest the presence of other common CF-causing variants in the Black population. 

Furthermore, the estimated carrier frequency of CF is concurrent with literature, highlighting 

the accuracy of this type of study for carrier screening, which is important for accurate risk 

counselling.  



 xiv 
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2. Introduction 

Cystic fibrosis (CF) is a fatal, autosomal recessive disorder, caused by pathogenic variants in 

the cystic fibrosis transmembrane conductance regulator (CFTR) gene (1). CFTR forms part of 

the ATP-binding cassette protein family (2), and acts as a chloride channel in epithelial/apical 

membranes in tissues found in the lungs, liver, intestinal tract, and pancreas (3). CFTR is 

responsible for the transport of electrolytes across these membranes, allowing for water to 

follow, which in turn leads to the thinning of mucus secretions (4). Pathogenic variants in CFTR 

lead to a decrease in CFTR protein function (2,5,6), resulting in a broad phenotypic 

manifestation, including respiratory disease, pancreatic insufficiency, failure to thrive and male 

infertility. (3). The disease therefore presents with variable expressivity and variable disease 

progression (5). Currently, there are over 2000 identified variants in CFTR with 719 disease-

causing variants identified (5, http://cftr2.org/mutations_history accessed on 28 August 2023). 

The pathogenicity of a variant is dependent on its location within the gene, and the effect on 

CFTR function (6,7).  

More than 15 years ago, research on CF in South Africa (and globally) was mostly focused on 

variants found in individuals of European descent (8), as it was believed that CF was far more 

common in this specific population group (9). However, it is now known that CF is more 

common in Black individuals than previously reported (10). The most common pathogenic 

variant found in the European population is p.Phe508del (c.1521_1523del or deltaF508), which 

accounts for 70% of CF variants globally (11). Common CF variants such as p.Phe508del are 

usually population specific and differ in frequency between different ethnic groups (3,12). In 

the South African White population, the p.Phe508del variant is reported in 81% of CF alleles, 

but this variant is not found to be common in the Black population (13–15).  

Another common European variant is the R117H (c.350G>A) variant (16), and patients with 

this variant can present with a wide phenotypic range of typical CF-symptoms to milder 

symptoms such as the clinical absence of the vas deferens (17). The severity of the impact of 

the variant relies on the splicing of exon 9 in CFTR, which is directly influenced by the 

polypyrimidine tract found in intron 8 (IVS8) (17).  The tract is polymorphic and can have 5, 

7 or 9 thymidines (18). R117H must be in cis with a 5T allele (IVS8-5T) to be considered a 

pathogenic CF-causing variant (17).  

CF is frequently misdiagnosed in an African setting, due to its broad phenotype, with symptoms 

that may be masked by common conditions encountered in Africa, such as HIV, chronic 
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pulmonary infections, protein energy malnutrition (PEM), and tuberculosis (14,19). The sweat 

chloride test is presently the gold standard for diagnosing CF (9,15). However, this testing 

method is for the most part inaccessible in a South African setting (13,15,19), and its reliability 

could be influenced by conditions such as PEM which has been shown to increase sweat 

chloride levels (20–22). Despite its limitations, the sweat test remains the gold standard testing 

method for CF (21).  

Diagnostic testing is also limited by the unavailability of sequencing of the full CFTR gene in 

the state sector, resulting in some causative variants remaining undetected and unknown (12). 

However, in most circumstances, molecular testing is the only reliable way in which a CF 

diagnosis can be confirmed in South Africa. Commercially available genetic testing kits or 

assays are designed based on European data, which might also lead to variants in the Black 

population being unaccounted for (19). Currently, the Division of Human Genetics, NHLS uses 

the commercial Elucigene CF-EU2v1 kit (known as the CF50 panel), which screens for 50 

known pathogenic variants (personal communication from Ms F. Essop). Even though the kit 

is designed based on European data, and the variant profile in the Black South African 

population has not yet been fully characterized (13,14), it is still used in a South African setting. 

Therefore, only 46% of CFTR variants are detected in the Black population using the Elucigene 

kit. This is due to the common 3120+1G>A variant (now referred to as c.2988+1G>A), which 

accounts for 46% of all CF alleles in the Black population with no other common CFTR variant 

identified to date (14). This drives the reasoning for using this kit in a South African setting, as 

a significant proportion of variants are still being covered by the kit, even though other variants 

are unaccounted for (personal communication from Ms F. Essop).  

Thus far, limited data have been generated to investigate the profile of CFTR variants and their 

carrier frequencies, as well as the prevalence of CF in the South African Black population 

(12,14). Only one study has been conducted in the Division to determine the carrier frequency 

of the c.2988+1G>A variant, which was reported to be 1 in 34 (23). The carrier frequency of 

CF in the Black population is consequently estimated to be 1 in 14-59 (15,23). Since then, only 

a few other variants have been detected in this population group, including G1249E 

(p.Gly1249Glu), 3196del54, -94G>T, and 2183delAA (8,12,24).   

Recent findings in the Division (listed in Table 1) indicate that there are other recurrent CFTR 

variants aside from the c.2988+1G>A variant in the African population. CFTR screening by 

using next generation sequencing (NGS) for 10 patients with a clinical diagnosis of CF and 
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heterozygous for the c.2988+1G>A variant was performed (Study A). Four different variants 

in exons 23 and 26 of the CFTR gene were identified in seven of the 10 patients. Sanger 

sequencing (Study B) of exons 23 and 26 was subsequently performed for 15 other suspected 

CF patients who were positive for only one CFTR variant (M/U patients), with three variants 

identified in this cohort. Following this, in 2022 NGS data generated within the Division using 

the Inherited Disease Panel (IDP), which is a custom designed NGS targeted panel, designed 

to test for single nucleotide variants in the 5’ and 3’ untranslated regions, the exons, and 10bp 

of intron-exon boundaries of ~500 genes (including CFTR) associated with Mendelian 

disorders, was used for CFTR heterozygous variant screening on a larger cohort of 227 

individuals (Study C). The c.2988+1G>A variant and two other likely pathogenic variants, 

c.3983T>A (I1328T) and c.2594G>A (W865S) were identified. Frequency data for these two 

variants (Study C), as well as the variants identified on NGS (studies A and B) need to be 

obtained to determine its prevalence and review the classification thereof using updated data 

as likely pathogenic (from unpublished data; personal communication from Ms. F Essop and 

Ms. N. Botha).  

Table 1. Three recent studies in the Division, with the identified CFTR variants  (classified as 

either likely pathogenic and pathogenic), and the counts for each variant out of the total sample 

size (n) 

 

Despite recent advances in knowledge, research on the genetics of CF in the Black South 

African population group remains limited, and therefore an incomplete variant profile exists 

(10). Updating the genetic profile in the Black population will direct molecular testing, which 

will lead to a more complete molecular diagnosis of CF, as well as improve carrier screening, 

recurrence risk predictions, and genetic counselling (10). The variant profile for the Black 

South African population can be expanded on and further characterized by screening additional 

datasets for variants identified in the recent NGS, Sanger and IDP studies (studies A, B, and C) 

 Study A Study B Study C 

 NGS  Count 
(n = 10) Sanger sequencing  Count 

(n=15) IDP dataset  Count 
(n=224) 

CFTR 
variants 

identified 

c.3746G>A  2 c.3746G>A(G1249E)  2 c.2988+1G>A  2 
c.4242+1G>T  3 c.3763T>C 1 c.3983T>A  2 
c.4144C>T   1 c.4137-89A>G 2 c.2594G>C 1 

c.3773dupT   1         
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done in the Division, as well as for the identification of potential novel variants in the CFTR 

gene. A large amount of data is generated by routine NGS (using the IDP), and was therefore 

used in this study to identify heterozygous CFTR variants in the Black population. Together 

with the findings from the previous studies conducted in the Division, this study (Study D) was 

conducted to provide an estimation on how common the identified CFTR variants are. The aim 

of this study was therefore to characterize and update the genetic profile of CF and revise the 

carrier frequency in the Black South African population.  

3. Methods 

3.1.Ethics 

An application for ethics approval was submitted to the Human Research Ethics Committee 

(HREC), School of Pathology, at the University of Witwatersrand, for permission to conduct 

the study. Clearance was granted as a sub-study (clearance number M230693) under the parent 

study (clearance number M210989), to use the IDP data generated in the Division as part of 

routine testing, for further research and analyses. Approval from the Head of Division, Prof 

Amanda Krause, for permission to conduct the study, was granted.  

3.2.Dataset 

The dataset consisted of Ion Torrent NGS data (IDP v3.0), from 168 unaffected individuals of 

African descent that were referred for routine testing for genetic disorders, excluding CF. The 

dataset, consisting of Variant Call Format (VCF) files and Binary Alignment Map (BAM) files 

generated from IDP was completely anonymized and de-identified upon receipt. Data from 

nine different runs were used.  

3.3.Variant annotation 

The VCF files generated from sequencing each of the 168 individuals were annotated using the 

Variant Effect Predictor (VEP) tool (https://www.ensembl.org/Tools/VEP), which allocates 

metadata to the called variants (referenced to the Human Reference genome GRCh37/hg19). 

Annotations included HGVS nomenclature (descriptions for variants as recommended by the 

Human Genome Variation Society (25)), the variant type (nonsense, synonymous, missense, 

frameshift deletion or insertion, splice site etc.) and frequency data from gnomAD 

(https://gnomad.broadinstitute.org/). In silico pathogenicity prediction scores generated by 

tools such as SIFT (Sorting Intolerant From Tolerant) (26), Polyphen-2 (Polymorphism 

Phenotyping v2) (27), and CADD (Combined Annotation Dependent Deletion) (28) were also 

https://www.ensembl.org/Tools/VEP
https://gnomad.broadinstitute.org/


 5 

included along with the predicted outcomes of the variant on protein function (pathogenic, 

likely pathogenic, benign, or likely benign). Splice predictor scores from SpliceAI (with a score 

ranging from 0 to 1, which represents the probability of the variant altering the splice site) (29) 

were included, and a combination of interpretations of the variants from different variant 

classification submissions on the genomic disease variant database, ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/). The Ensembl VEP output files (in Excel format) 

containing the called variants along with their annotations, were used for downstream filtering.  

3.4.Variant prioritization 

Only variants found in the CFTR gene were selected, and subsequently different filtering steps 

were applied to shortlist variants for classification. This included a minor allele frequency 

(MAF) < 0.05, which is defined as the frequency at which the less common allele occurs in the 

population (30,31). CF is a recessive disorder and individuals that are heterozygous carriers for 

pathogenic variants in CFTR could be present in the general population, and therefore a higher 

MAF was used (31). Furthermore, the variant type was considered and missense, frameshift, 

indels, splice site, and nonsense variants were prioritized. Missense variants were retained as 

this variant type accounts for the majority of variants in the CFTR gene 

(https://varsome.com/gene/hg38/CFTR accessed on 11 February 2024). Some intronic and 

synonymous variants were also retained due to their potential impact on correct splicing, and a 

possible lack of information rendering them Variants of Uncertain Significance (VUS). Even 

though the design of IDP only targets exons, intronic variants are frequently detected depending 

on the primers used, and due to the sequencing of intron-exon boundaries which may extend 

beyond 10bp.  

If this data was available for the variant in question, Polyphen scores (0.85 – 1.00 is damaging), 

SIFT scores (0.0 is deleterious and 1.0 is tolerated), and CADD scores (1.0 – 99.0 with higher 

values indicative of a deleterious effect) were considered as indicators of a potential pathogenic 

effect. A quality control check was performed on the final list of variants obtained from the 

filtering steps, by viewing the BAM files of individuals in which the variants were present on 

the Integrative Genomics Viewer (IGV) (https://igv.org/) tool. This tool was used to investigate 

the position of the variant within CFTR and the quality of the call. A minimum depth of 

coverage of 30x with balanced reads had to be present to ensure confidence in the base calls 

and distinguish true variants from sequencing artefacts.  

 

https://varsome.com/gene/hg38/CFTR
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3.5.Variant classification 

The prioritized variants that met the quality criteria, as well as the variants from Study C (Table 

1) were individually classified according to the American College of Medical Genetics and 

Genomics and the Association for Molecular Pathology (ACMG-AMP) guidelines (32). The 

guidelines use weighted pathogenic (very strong, strong, moderate, or supporting) and benign 

(stand-alone, strong, or supporting) criteria/codes to classify variants as pathogenic, likely 

pathogenic, VUS, benign or likely benign. It was decided as part of this project to further 

categorize the VUS into two classes, namely, VUS due to a lack of information/reports of the 

variant on public databases, and VUS due to conflicting interpretations (where both benign and 

pathogenic codes could be applied to the variant).  

Evidence for the fulfilment of each code was collected from various resources, such as Varsome 

(https://varsome.com/) and Franklin by Genoox (https://franklin.genoox.com/), from which a 

region browser could be used to determine the location of the variant and whether it resides in 

a functional domain. Functional domains in the CFTR protein were interrogated through 

literature searches (33), as well as from the UniProt database (https://www.uniprot.org/). 

Previous submissions and classifications of the variant were retrieved from ClinVar, and variant 

frequencies from population variant frequency databases (gnomAD). Literature for in vitro or 

in vivo functional studies and gene/variant associated information was collected (32). 

Furthermore, pathogenicity prediction tools on Varsome were used in combination with the 

VEP pathogenicity annotations, and depending on how many tools were used, codes supporting 

either pathogenicity or benign variants could be applied.   

https://varsome.com/
https://franklin.genoox.com/
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3.6.Carrier frequency calculations 

After completion of the variant analysis on 168 samples, the dataset was combined with the 

cohort of 227 individuals from the previous NGS carrier screening study (Study C). A total 

cohort size of 395 individuals was thus used for carrier frequency and birth rate (which is the 

number of live births per thousand individuals per year) calculations. We define the number of 

individuals carrying the variant as , the total cohort as 395, the total alleles as 790, and the 

total number of carriers for both pathogenic and likely pathogenic variants (or the combined 

carrier frequency) as :  

The carrier frequency for each pathogenic and likely pathogenic variant was calculated as: 

   395 

The allele frequencies were then calculated as: 

  790  

A 95% confidence interval was calculated for both the allele and carrier frequencies of each 

variant, using the Wilson Score Interval in the R package binom 

(https://rdocumentation.org/packages/binom/versions/1.1-1.1) to increase statistical 

significance. The Fisher’s exact test on R Studio was used to calculate a p-value to determine 

if there is a significant difference between the allele frequency of the c.2988+1G>A variant, as 

this is the only known common and unique variant in the Black population, compared to its 

allele frequency reported on gnomAD  for African populations. A significance threshold of p < 

0.05 was used.  

The carrier rate for CF was calculated as: 

  395  

The birth rate was calculated as:  

carrier rate  carrier frequency  ¼ (as there is a 25% chance of having an affected 

child if both parents are carriers)  

Furthermore, due to it being the only common variant known, the birth rate for c.2988+1G>A 

was calculated as: 

the carrier frequency  carrier frequency  ¼.  

https://rdocumentation.org/packages/binom/versions/1.1-1.1
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4. Results 

4.1.Variant prioritization 

After variant annotation, filtering and prioritization, a final shortlist of 26 CFTR variants 

remained (Table S1), including missense, intronic, synonymous, splice region (within 3-10 bp 

of the exon), splice (1-2 bp from the exon),  untranslated region (UTR), and frameshift variants 

as shown in Figure 1. Intronic and synonymous variants were initially retained for further 

investigation, as they may play a role in CF pathogenicity (34). Notably, the second most 

common variant type was intronic.  

Figure 1. Line-column chart depicting CFTR variant types and percentages after prioritization 

 

4.2.Variant classification 

By using the ACMG-AMP guidelines, three variants out of 26 were classified as pathogenic 

and two as likely pathogenic (Table 2). The three pathogenic variants, c.2988+1G>A 

c.3883_3886del, and c.350G>A are well known variants, however the latter two are not specific 

to the African population. The likely pathogenic variants c.3392T>C, c.3038C>G, and 

c.2594G>C, are novel variants.  In addition to this, the classification of the c.3983T>C and 

c.2594G>C variants from the IDP dataset (Study C) were confirmed as likely pathogenic, and 

therefore included for the CF carrier frequency calculation, however, these two variants were 

not detected in this cohort (Study D). The relevant evidence for each ACMG code applied 

during the classification of the likely pathogenic and pathogenic variants can be found in Table 

S2. Furthermore, 18 variants were classified as VUS, and one as likely benign which was 

therefore removed from the analysis. 
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Table 2. List of CFTR variants identified and classified as pathogenic and likely pathogenic using ACMG codes 

HGVS 
nomenclature 
(nucleotide) 

HGVS nomenclature 
(protein) 

Legacy 
name 

Variant 
type 

ACMG codes 
applied1 

ACMG 
classification 

Carrier 
frequency  95% CI Allele 

frequency 95% CI Reported on 
gnomAD 

Reported on 
ClinVar 

c.2988+1G>A   3120+1G>A splice 
variant 

PVS1, PS3, 
PM2, PP3, PP5 Pathogenic 0,0101 

(4/395) 
0.0039 to 

0.026 
0,0051 
(4/790) 

0.0020 to 
0.0129 Yes Yes 

c.3883_3886del  p.Ile1295PhefsTer32 I1295fs frameshift  PVS1, PP2, 
PM5, PP5 Pathogenic 0,0025 

(1/395) 
0.0004 to 

0.0142 
0,0013 
(1/790) 

0.0002 to 
0.0071 No Yes 

c.350G>A p.Arg117His R117H missense 
PS3, PM1, 
PM2, PM5, 

PP2, PP3, PP5 
Pathogenic 0,0025 

(1/395) 
0.0004 to 

0.0142 
0,0013 
(1/790) 

0.0002 to 
0.0071 Yes Yes 

c.3392T>C  p.Ile1131Thr N/A missense PM1, PM2, 
PP2, PP3 

Likely 
Pathogenic 

0,0025 
(1/395) 

0.0004 to 
0.0142 

0,0013 
(1/790) 

0.0002 to 
0.0071 No No 

c.3038C>G p.Pro1013Arg N/A missense PM1, PM2, 
PP2, PP3 

Likely 
Pathogenic 

0,0025 
(1/395) 

0.0004 to 
0.0142 

0,0013 
(1/790) 

0.0002 to 
0.0071 No No 

c.3983T>C* p.Ile1328Thr N/A missense PM1, PM2, 
PP2, PP3  

Likely 
Pathogenic 

(reclassified) 

0,0051 
(2/395) 

0.0014 to 
0.0183 

0,0025 
(2/790) 

0.0007 to 
0.0092 Yes Yes 

c.2594G>C* p.Trp865Ser N/A missense PM1, PM2, 
PP2, PP3  

Likely 
Pathogenic 

(reclassified) 

0,0025 
(1/395) 

0.0004 to 
0.0142 

0,0013 
(1/790) 

0.0002 to 
0.0071 No No 

1PVS1 - Null variant such as frameshift or canonical +/−1 or 2 splice sites where loss of function is a known mechanism of disease. PS3 - Well-established in vitro or in vivo functional studies show 

evidence of a damaging effect of variant. PM1 – variant is located in a mutational hot spot or functional domain. PM2 – The variant is at extremely low frequency on databases such as gnomAD. 

PM5 - Novel missense change at an amino acid residue where a different pathogenic missense change has been observed. PP2 - Missense variants are a common mechanism of disease with a low 

rate of benign missense variants observed. PP3 - Multiple lines of computational evidence support a pathogenic effect. PP5 - Dependable source recently reports variant as pathogenic but the evidence 

is not available to the laboratory to perform an independent evaluation.*Variants identified in Study C
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The c.350G>A (R117H) pathogenic variant was investigated further, as this variant in cis with 

a 5T polypyrimidine tract of intron 8 (IVS8-5T) is disease-causing when coupled with a classic 

CFTR variant (De Nooijer et al., 2011; https://cftr2.org/mutation/general/R117H%253B7T 

accessed on 9 October 2023). To determine whether the NGS panel testing had the ability to 

detect the polypyrimidine tract, intron 8 of the CFTR gene in the individual carrying this variant 

was inspected on IGV. The tract could be observed (Supplementary Figure 5), however, the 

number of T’s present in the tract and the chromosome phase could not be determined from 

IGV. 

Any VUS that was observed to have evidence of a likely benign effect was excluded from the 

analysis. Synonymous variants with a SpliceAI score of 0.00 and low conservation scores were 

also excluded, due to a lack of African data and functional studies. Their predicted effects on 

protein function are not entirely accurate as it is reliant only on in silico tools. One synonymous 

variant (c.1584G>A) was very close to a splice site (splice distance -1) compared to the other 

synonymous variants; however, 52 homozygous individuals were reported on gnomAD in the 

general population, and the variant was therefore excluded as it could thus be a benign variation 

in the population. It was decided to categorize the 11 remaining VUS into one of two categories: 

either a VUS due to a lack of information on the variant on databases and in literature, or a 

VUS due to conflicting interpretations, that is, both benign and pathogenic codes were applied 

during classification (Table 3).  
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Table 3. Categorization of CFTR VUS, with their relevant ACMG codes and carrier frequencies 

HGVS nomenclature 
(nucleotide) 

HGVS nomenclature 
(protein) 

VUS type  ACMG codes applied2 Lack of 
information 

Conflicting 
interpretations 

Carrier 
frequency 

c.2421A>G  p.Ile807Met Missense  PM2, PP2, BS3   x 1/395 
c.853A>T  p.Ile285Phe PM2, PP2, PP3, BP6   x 3/395 
c.2079T>G  p.Phe693Leu PM2, PP2, BS3   x 1/395 
c.224G>A  p.Arg75Gln PP2, BS1,BS3   x 1/395 
c.1767-109G>A   Intronic PM2 x   1/395 
c.2658-107G>A   PM2 x   1/395 
c.273+38A>G   PM2 x   1/395 
c.4242+49G>C   PM2 x   1/395 
c.4242+10T>C   PM2 x   1/395 
c.4242+13A>G   PM2, BP6   x 1/395 
c.164+28A>G   NONE x   1/395 

2BS1 – The variant allele frequency is higher than expected for disorder. BS3 – Well-established in vitro or in vivo functional studies indicate no damaging effect of variant on 

protein function or splicing. BP4 – Multiple lines of computational evidence support no impact on protein function. BP6 – Reliable source has recently reported the variant as 

benign, but an evaluation cannot be made in the laboratory to confirm this as the evidence is not available.   
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4.3. Carrier frequency calculations 

Carrier and allele frequencies for all the pathogenic and likely pathogenic variants were 

calculated (Table 2). Variants from the two other studies in the Division (Study A and B) were 

not detected in this cohort. The Fisher’s exact test for the c.2988+1G>A variant showed that 

there is a significant difference (p-value = 0.02) in the carrier frequency reported on gnomAD 

in the African population (1 in 400; reported as 30 in 12486), compared to that found in this 

cohort (1 in 100). The carrier frequency in this study is therefore significantly higher. The birth 

rate of c.2988+1G>A was estimated as 1 in 40 000. Lastly, to calculate the overall carrier rate 

of CF, the pathogenic and likely pathogenic variant counts were combined (11/395), to give a 

carrier rate of 1 in 36, and the birth rate was estimated as 1 in 5184 individuals.  

5. Discussion 

Currently, the use of variant panels to diagnose CF patients in the Black South African 

population is not comprehensive using current panel designs based on European variant 

profiles, as it only accounts for 46% of CF alleles found in this population group. It is therefore 

imperative to determine the common variants in this population group to characterize the 

variant profile and direct molecular testing through updated panels. If all the pathogenic and 

likely pathogenic variants found in this study are assumed to be disease-causing (and correctly 

classified), it would imply that the c.2988+1G>A variant is observed to account for 

approximately one third (~36.4%) of CF alleles in this cohort. This is less than the 46% that 

has been reported in the literature thus far (23), and is therefore an indication that there are 

other common CF-causing variants in the Black South African population (albeit not 

necessarily the variants found in this study or in this cohort). The expected birth rate for this 

variant was calculated as 1 in 40000 individuals. Furthermore, the reported carrier frequency 

of c.2988+1G>A on gnomAD is significantly lower (1 in 400) than what was observed in this 

study (1 in 100). This is indicative of a possible geographic-specific difference, due to African 

data on gnomAD being based on West African, East African, and African American population 

groups. This once again confirms that gnomAD is not representative of the Southern African 

population.  Furthermore, the small sample size could explain the difference seen in carrier 

frequencies, as the gnomAD database calculates frequencies using a cohort of approximately 

31 500 individuals.  

Three of the likely pathogenic variants (c.3392T>C, c.3038C>G, and c.2594G>C) found in 

this cohort have not yet been reported on ClinVar and gnomAD (Table 2). Therefore, these 
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variants are novel and could possibly be African-specific variants. This highlights the relevance 

of this study and how the use of IDP panel data for carrier screening is advantageous. It allows 

for the discovery/identification of variants that are specific to the Black population. Identifying 

these variants, not currently included in commercial panels, allows for targeted molecular 

testing in this population group. Furthermore, the classification of pathogenic and likely 

pathogenic variants may change as new information becomes available and as research on this 

population group advances. This study is investigating “healthy” individuals/carriers and not 

patients, which might add to the complexity of the classification process.  

The c.3883_3886del variant (detected in one sample) was an interesting finding, even though 

this variant has previously been reported in Ashkenazi Jews, and the Lebanese population 

(36,37). This variant has not yet been observed in African populations. Furthermore, the R117H 

variant is known to lead to a variable phenotype ranging from severe, to CF-like lung disease, 

to the congenital absence of the vas deferens (CAVD). For it to be pathogenic it must be in cis 

with a 5T allele (17,35). Its interpretation is therefore challenging. Even though the polyT tract 

could be observed in individuals with this variant, it is not a completely accurate way of 

determining the number of thymidines and the chromosome phase. Furthermore, the tract 

consists of repeats, and due to limitations of Ion Torrent NGS in sequencing homopolymers, it 

might lead to sequencing artefacts and errors.  

Unexpectedly, the variants from the previous studies conducted in the Division that were 

suspected to be recurrent variants in the Black population, were not detected in this cohort. 

This could be due to many factors such as limitations of sequencing, where coverage in these 

regions is too low. The coverage and depth of sequencing was inspected on IGV for randomly 

selected BAM files from the cohort, and the read depths appeared to be of good quality (> 

100x). However, some strand bias/unbalanced reads were observed in select BAM files, 

especially in the region of the c.4242+1G>T variant. Ion Torrent sequencing can introduce 

strand bias during template amplification (38), which can lead to false negatives. This could be 

an explanation as to why the variant was not detected. Other reasons could include the variants 

being missed due to the small sample size, which remains the biggest limitation of this study. 

Also, low sensitivity of the IDP assay may have played a role, especially if the variants are 

located in regions that are difficult to sequence. Additionally, the bioinformatics pipeline used 

to analyze the IDP datasets could have been too stringent, therefore leading to the exclusion of 

these variants.  Variants may also have been filtered out based on the quality cut-offs that the 

Ion torrent software uses for the primary analysis to compile the VCF files. A suggestion would 
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be to lower the quality control measures and minimum read depth used by Ion Torrent software, 

however, this increases the risk of including low quality variants/artefacts in the analysis.  

As was expected, many intronic VUS were found in the cohort. This is due to the high diversity 

and a general lack of research in the Black South African population. Furthermore, ACMG-

AMP guidelines are known to be biased to the classification of coding variants, and therefore 

non-coding variants in particular will, for the most part, be classified as VUS (32). Importantly, 

targeted testing/panels for CF have thus far not been able to detect deep-intronic variants, and 

a limited amount of research has been conducted on these variants (39). Intronic variants may 

play an important role in CF, as the CFTR gene has many cis-regulatory elements within the 

intronic regions that facilitate correct protein folding and expression (34). It is therefore 

important not to disregard these variants without further investigation.  

For most of the intronic variants, the only ACMG code that could be applied was PM2 (the 

variant is at extremely low frequency on databases such as gnomAD). The application of this 

code is complicated by contradicting frequency cut-off values specified on Varsome and 

Franklin, with no specified allele frequency on ClinGen (https://www.clinicalgenome.org/). 

This leads us to question how applicable this code is for variant classifications in South Africa, 

given that the African population is not represented by frequency databases. This could 

therefore have consequences for many existing variant classifications, not only for VUS but 

for pathogenic and likely pathogenic variants as well. Furthermore, adding to the challenges of 

classification, there is a lack of guidelines and curated variants for CFTR on ClinGen and thus 

there is no standard approach or recommendations on how to classify certain variants in this 

gene.  

Synonymous VUSs were excluded, due to no obvious effect on protein function through 

investigation of in silico pathogenicity tools. This, and SpliceAI scores, were the only available 

information on these variants due to a lack of African data. A synonymous variant would only 

be retained  if the SpliceAI score was indicative of an effect on splicing. However, all the 

synonymous variants identified in this cohort had  scores of 0.00. The remaining VUS were 

further categorized according to whether enough information is available on the variant and 

which codes were applied during the classification process. As research on the Black South 

African population progresses, these variants might be reclassified. 

The CF disease carrier rate estimated in this study (1 in 36) is concurrent with what is 

previously reported in South Africa in literature to date (1 in 14-59) (23), meaning that the IDP 

https://www.clinicalgenome.org/
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data was useful in determining the carrier rate from a cohort of unaffected individuals. The CF 

disease birth rate was therefore calculated as 1 in 5184 affected births. The findings from this 

study suggest that CF is the most common autosomal recessive Mendelian disorder in the Black 

South African population, which is currently thought to be albinism (40,41). This could have 

implications for new-born carrier screening in the state sector, such as changes in healthcare 

policies or practices, for example, improving or introducing new-born screening for early 

detection, treatment, etc. However, with the small sample size being a limitation of this study, 

it will have to be repeated in a bigger cohort to determine the true CF carrier rate and variant 

carrier frequencies for the pathogenic and likely pathogenic variants, which would give an 

indication of how common they actually are. A power calculation was done, and a sample size 

of more than 1000 individuals would be required as a minimum for optimal statistical power.  

In conclusion, this study allowed for the identification of novel, potentially African-specific 

variants, and a proposed method to update the disease carrier frequency of CF as well as for 

the common c.2988+1G>A variant, if repeated in a bigger cohort. Given the limitations, this 

study showed the value of carrier screening using NGS data that is routinely generated in the 

Division. Expanding on the cohort size in future, will generate more accurate results. This study 

furthermore highlights the importance of the establishment of guidelines for the classification 

of variants in CFTR, as this process can be very subjective and challenging, especially with the 

lack of information in the Black population. This could be useful in expanding on the variant 

profile or updating the panel used for diagnostic testing in South Africa, which will have many 

benefits for this population group such as targeted molecular testing, therapies that are variant-

specific, and accurate genetic counselling (42). 
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12. Supplementary Material 

Table 1.  Short list of 26 CFTR variants after filtering and prioritization 

  HGVS nomenclature 
(nucleotide) 

Variant type Carrier 
Frequency 

Allele 
Frequency 

1 c.2988+1G>A splice variant 4/395 4/790 
2 c.3883_3886del frameshift 1/395 1/790 
3 c.3392T>C missense 1/395 1/790 
4 c.3038C>G missense 1/395 1/790 
5 c.350G>A missense 1/395 1/790 
6 c.3983T>C missense 2/395 2/790 
7 c.2594G>C missense 1/395 1/790 
8 c.2421A>G missense 1/395 1/790 
9 c.1365G>A synonymous 3/395 3/790 

10 c.2657+78G>A intronic 5/395 5/790 
11 c.1767-109G>A intronic 1/395 1/790 
12 c.853A>T missense 3/395 3/790 
13 c.2658-107G>A intronic 1/395 1/790 
14 c.2898G>A synonymous 3/395 3/790 
15 c.2571G>A synonymous 3/395 3/790 
16 c.273+38A>G intronic 1/395 1/790 
17 c.1584G>A synonymous 2/395 2/790 
18 c.4242+49G>C intronic 1/395 1/790 
19 c.164+28A>G intronic 1/395 1/790 
20 c.2079T>G missense 1/395 1/790 
21 c.4272C>T synonymous 1/395 1/790 
22 c.224G>A missense 1/395 1/790 
23 c.4242+10T>C splice region variant 1/395 1/790 
24 c.4242+13A>G intronic 1/395 1/790 
25 c.2820T>G synonymous 1/395 1/790 
26 c.-8G>C UTR 1/395 1/790 
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Table 2. Variant classification codes with relevant evidence for pathogenic and likely pathogenic variants in CFTR 

Variant Legacy name Classification ACMG code applied Evidence 

c.2988+1G>A  
 
3120+1G>A 

 
Pathogenic 

PVS1 (very strong 
pathogenic) 

A +1 splicing variant, with the known mechanism of disease for CF being a loss of 
function (43). The recommended flow chart (Figure 1) was followed.  

   PS3 (strong) Well-established functional studies on the variant show that the variant leads to the 
skipping of exon 18 (44), that has a negative/damaging impact on CFTR protein 
function, with the complete absence of the CFTR protein altogether (45).  

   PM2 (moderate) A low African frequency of 0.00142 is reported on gnomAD for this variant.  
   PP3 (supporting) Pathogenicity prediction tools on Varsome show 13 individual predictions of 

pathogenicity along with 6 pathogenic META scores.  
   PP5 (supporting) Submissions on ClinVar were investigated, with approximately 26 pathogenic 

submissions on this variant. One submission has also been reviewed by an expert 
panel (46) from the CFTR2 database (https://cftr2.org), where the variant is also 
described as CF-causing. This variant has been identified in multiple Black South 
African CF patients (14).  

c.3883_3886del 
(p.Ile1295PhefsTer32) 

 
4010del4 

 
Pathogenic 

PVS1 (very strong 
pathogenic) 

Frameshift variant (therefore null variant), with the known mechanism of disease 
of CF being loss of function (43). The recommended flow chart (Figure 2) was 
followed. 

   PM2 (moderate) The variant is absent from the gnomAD database (with good coverage of in 
gnomAD exomes and genomes samples, 91.19% and 93.57% respectively). 

   PP5 (supporting) Submissions on ClinVar were investigated, and the variant has been reviewed by 
an expert panel (46), with two very recent reputable sources (Invitae and the 
Institute of Human Genetics, University of Leipzig Medical Center) reporting the 
variant as pathogenic. The variant is also found on the CFTR2 database, which 
reports the variant as disease-causing 
(https://cftr2.org/mutation/general/4010del4/). 

c.350G>A 
(p.Arg117His) 

 
R117H 

 
Pathogenic 

PS3 (strong) Well-established functional studies on the variant show that the variant has a 
damaging effect on protein function, surface expression, and channel opening 
(16,35,47). 

   PM1 (moderate) Functional domains on UniProt (https://www.uniprot.org/) indicate that this variant 
is located at amino acid position 117, and therefore lies within the ABC 
transmembrane type 1-1 domain which is a functional domain (Figure 3) (33). No 
benign variation is reported close to this position.  

   PM2 (moderate) A very low African frequency of 0.000369 is reported on gnomAD for this variant.  
   PM5 (moderate) Different missense changes at this position have previously been described as 

pathogenic which has been reviewed by an expert panel (46).  

https://cftr2.org/
https://cftr2.org/mutation/general/4010del4/
https://www.uniprot.org/
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   PP2 (supporting) Varsome (https://varsome.com/) reports that out of the total missense variants 
found within CFTR, 563 are pathogenic and 48 are benign, meaning that there is a 
low rate of benign missense variation within this gene (Figure 4).  

   PP3 (supporting) Pathogenicity prediction tools on Varsome shows 15 individual predictions of 
pathogenicity along with 10 pathogenic META scores. An aggregated moderate 
pathogenic score of 0.846 was recorded on the Franklin by Geenox database 
(https://franklin.genoox.com/). 

   PP5 (supporting)  There are approximately 34 pathogenic submissions on ClinVar, one of which has 
also been reviewed by an expert panel. 

c.3392T>C 
(p.Ile1131Thr)  

  
Likely 
Pathogenic 

PM1 (moderate) Functional domains on UniProt (https://www.uniprot.org/) indicate that this variant 
is located at amino acid position 1131, and therefore lies within the ABC 
transmembrane type 1-2 domain which is a functional domain (Figure 3) (33). No 
benign variation is reported close to this position.  

   PM2 (moderate) The variant is absent from the gnomAD database (with good coverage of in 
gnomAD exomes and genomes samples, 99.86% and 93.25% respectively). 

   PP2 (supporting) Varsome (https://varsome.com/) reports that out of the total missense variants 
found within CFTR, 563 are pathogenic and 48 are benign, meaning that there is a 
low rate of benign missense variation within this gene (Figure 4). 

   PP3 (supporting) Pathogenicity prediction tools on Varsome shows 17 individual predictions of 
pathogenicity along with 11 pathogenic META scores. An aggregated moderate 
pathogenic score of 0.867 was recorded on the Franklin by Geenox database 
(https://franklin.genoox.com/).  

c.3038C>G 
(p.Pro1013Arg) 

 
P1013L 

 
Likely 
Pathogenic 

PM1 (moderate) Functional domains on UniProt (https://www.uniprot.org/) indicate that this variant 
is located at amino acid position 1031, and therefore lies within the ABC 
transmembrane type 1-2 domain which is a functional domain (Figure 3) (33). No 
benign variation is reported close to this position. 

   PM2 (moderate) The variant is not reported in the African population on gnomAD with a total 
frequency of 0.00000737. 

   PP2 (supporting) Varsome (https://varsome.com/) reports that out of the total missense variants 
found within CFTR, 563 are pathogenic and 48 are benign, meaning that there is a 
low rate of benign missense variation within this gene (Figure 4). 

   PP3 (supporting) Pathogenicity prediction tools on Varsome shows 22 individual predictions of 
pathogenicity along with 13 pathogenic META scores. An aggregated moderate 
pathogenic score of 0.859 was recorded on the Franklin by Geenox database 
(https://franklin.genoox.com/).  

c.3983T>C 
(p.Ile1328Thr) 
(reclassification) 

 
I1328T 

 
Likely 
Pathogenic 

PM1 (moderate) Functional domains on UniProt (https://www.uniprot.org/) indicate that this variant 
is located at amino acid position 1328, and therefore lies within the ABC 
transporter 2 domain which is a functional domain (Figure 3) (33). No benign 
variation is reported close to this position. 

https://varsome.com/
https://franklin.genoox.com/
https://www.uniprot.org/
https://varsome.com/
https://franklin.genoox.com/
https://www.uniprot.org/
https://varsome.com/
https://franklin.genoox.com/
https://www.uniprot.org/
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   PM2 (moderate) The variant is reported on gnomAD with a total frequency of 0.0000159, with no 
African frequency reported.  

   PP2 (supporting) Varsome (https://varsome.com/) reports that out of the total missense variants 
found within CFTR, 563 are pathogenic and 48 are benign, meaning that there is a 
low rate of benign missense variation within this gene (Figure 4). 

   PP3 (supporting) Pathogenicity prediction tools on Varsome shows 15 individual predictions of 
pathogenicity along with 11 pathogenic META scores. An aggregated strong 
pathogenic score of 0.984 was recorded on the Franklin by Geenox database 
(https://franklin.genoox.com/). 

 
c.2594G>C 
(p.Trp865Ser) 
(reclassification) 

  
Likely 
Pathogenic 

PM1 (moderate) Functional domains on UniProt (https://www.uniprot.org/) indicate that this variant 
is located at amino acid position 865, and therefore lies within the ABC 
transmembrane type 1-2 domain which is a functional domain (Figure 3) (33). No 
benign variation is reported close to this position. 

   PM2 (moderate) The variant is absent from the gnomAD database (with good coverage of in 
gnomAD exomes and genomes samples, 99.63% and 88.04% respectively). 

 
  PP2 (supporting) Varsome (https://varsome.com/) reports that out of the total missense variants 

found within CFTR, 563 are pathogenic and 48 are benign, meaning that there is a 
low rate of benign missense variation within this gene (Figure 4). 

 

  PP3 (supporting) Pathogenicity prediction tools on Varsome showed conflicting interpretations, 
however, the CADD tool (https://cadd.gs.washington.edu/snv) generated a score of 
25.8, Mutation Taster (https://www.mutationtaster.org/) indicated that the variant is 
disease-causing, and the Mendelian Clinically Applicable Pathogenicity (M-CAP) 
score of 0.448 is indicative of a likely pathogenic outcome for this variant.  

https://varsome.com/
https://www.uniprot.org/
https://varsome.com/
https://cadd.gs.washington.edu/snv
https://www.mutationtaster.org/


Figure 1. Recommended flow chart by Abou Tayoun et al., 2018, with the fulfilment of each 

criterion for the c.2988+1G>A variant marked in green 

 

 

 

 

 

 

The c.2988+1G>A variant is found in intron 18 and leads to exon skipping (44,48) (and therefore it is not found 

in the most 3’ exon,  which means that it is predicted to undergo nonsense-mediated decay). The skipped exon 

(exon 18) is found in the biologically-relevant transcript, which is the MANE select transcript of this gene 

(NM_000492.4) is curated by the HUGO Gene Nomenclature Committee (https://www.genenames.org/data/gene-

symbol-report/#!/hgnc_id/HGNC:1884), and therefore PVS1 can be applied to this variant.  

Figure 2. Recommended flow chart by Abou Tayoun et al., 2018, with the fulfilment of each 

criterion for the c.3883_3886del variant marked in green 

 

 

 

 

For the c.3883_3886del variant (p.Ile1295PhefsTer32), the premature stop codon caused by the variant is not 

found in the most 3’ exon, as it occurs in exon 24 of 27 in the CFTR gene, and it is known that this variant causes 

a premature stop-codon (37). Furthermore, the MANE select transcript of this gene (NM_000492.4) is curated by 

the HUGO Gene Nomenclature Committee (https://www.genenames.org/data/gene-symbol-

report/#!/hgnc_id/HGNC:1884) meaning that exon 24 is present in the biologically relevant transcript, and 

therefore PVS1 could be applied.  

 

 

https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:1884
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:1884
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:1884
https://www.genenames.org/data/gene-symbol-report/#!/hgnc_id/HGNC:1884
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Figure 3. Functional domains within the CFTR gene as illustrated on UniProt 

 

Figure 4. Variant types and counts found in CFTR as reported on Varsome 

 

Figure 5: screenshot of IGV analysis of intron 8 in the individual with the c.350G>A variant, 

to assess the poly-T tract (red block) and the ability of NGS to detect the number of T’s present 
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1. Title 

Cystic fibrosis: An update on the variant profile and carrier frequency in the Black South 

African population 

2. Investigators  

Ms. Fahmida Essop (MSc (Med) Human Genetics, Medical Scientist) 

Ms. Nadine Botha (MSc (Med) Human Genetics, Medical Scientist) 

3. Introduction 

3.1.Cystic Fibrosis  

Cystic fibrosis (CF) is a fatal, autosomal recessive disorder, affecting multiple organs in the 

body that have mucus-secreting functions, such as the lungs, liver, intestinal tract, and pancreas 

(as reviewed by Cutting, 2015; Van Rensburg et al., 2018). CF is caused by mutations (variants) 

in both copies of the cystic fibrosis transmembrane conductance regulator (CFTR) gene (as 

reviewed by Bareil & Bergougnoux, 2020). The CFTR gene is 189 Kb in size and encodes a 

protein, CFTR, which acts as a chloride channel in epithelial membranes throughout the body. 

The protein is responsible for transporting electrolytes across these membranes, allowing for 

water to follow, thereby thinning out mucus secretions (50,51).  

3.2.Variants in the CFTR gene 

Currently, there are 2114 identified variants (both benign and pathogenic), 

(http://www.genet.sickkids.on.ca/cftr accessed on 15 March 2023) in CFTR. Pathogenicity of 

variants is dependent on its position within CFTR and the effect on the function of the CFTR 

protein, for example, if a variant is located in the CFTR domain that is involved in protein 

folding, this will lead to instability, having severe consequences and ultimately leading to a CF 

manifestation (as reviewed by Bareil & Bergougnoux, 2020). There are six different classes 

(Class I to VI) of pathogenic variants found in CFTR, grouped according to variant type and 

effect (50). The classes are indicative of the level of severity of the effect on the protein 

function, from most severe (Class I) to least (Class VI) (Rafeeq & Murad, 2017; Ramalho et 

al., 2016).  The classes can be used to direct CFTR therapies, for example potentiators, such as 

Ivacaftor, can be used in instances where the CFTR protein is present in a small amount (Class 

V) or is dysfunctional (Class III and IV), to improve channel opening. Correctors, such as 

Lumacaftor, can be used for Class II variants that lead to trafficking defects, to essentially 

improve transportation of the protein to the epithelial membrane  (53).  
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The most common pathogenic variant found in the European Caucasian population, is 

p.Phe508del (c.1521_1523del), a Class II variant, leading to defective localization/trafficking 

of CFTR due to a 3bp deletion at codon 508 (Ramalho et al., 2016). This variant accounts for 

70% of CF variants globally (Mutesa & Bours, 2009; Schrijver et al., 2016). Common CF 

variants such as p.Phe508del are usually population specific and differ in frequency between 

different ethnic groups (12,54).  

3.3.CF diagnosis and clinical testing in South Africa 

More than 15 years ago, it was believed that CF only affected Caucasian individuals (8), and 

therefore research in South Africa (and globally) was mostly focused on variants found in this 

specific population group (9). However, reports of CF in Black South Africans started 

increasing since 1954, and it is now known to be much more common than previously thought 

(10,24). CF is frequently misdiagnosed in South Africa (14) due to the broad phenotype of CF 

with symptoms that may be masked by conditions commonly found in Africa, such as HIV, 

chronic pulmonary infections, protein energy malnutrition (PEM), and tuberculosis (19,21).  

Sweat chloride testing is the gold standard for diagnosing CF (9), however, it is for the most 

part inaccessible in a South African setting, due to the technical skills and training with 

experienced staff required to perform the test (13,19). The reliability of the sweat chloride test 

could be influenced by conditions such as PEM that has been shown to increase sweat chloride 

levels (20), and in a study by Mutesa et al. conducted in 2009, 37 out of 52 patients that tested 

positive for a sweat chloride test (>60 mmol/L), did not have any variants causative of CF in 

CFTR (21,22). Elevated sweat levels from disorders that are difficult to differentiate from CF 

will therefore lead to false positives and is insufficient in a CF diagnosis (55). The sweat test 

remains the gold standard despite its limitations, yet it is still not accessible in many African 

countries (21). A pancreatic insufficiency (PI) screening test is usually done when sweat testing 

is not available, as PI occurs in about 83% of all CF patients (Masekela et al., 2013; Zampoli, 

2019). 

3.4.Genetic testing in South Africa 

Molecular testing in South Africa is, in most circumstances, the only way in which a CF 

diagnosis and be confirmed, but diagnostic testing is ultimately limited due to a lack of 

sequencing of the full CFTR gene for causative variants in the state sector, meaning that other 

causative variants remain undetected and unknown (12). With commercially available genetic 

testing kits or assays designed based on European data, this might also lead to variants in the 
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Black population being unaccounted for (19). For example, in the South African Caucasoid 

population, the p.Phe508del variant is reported in 81% of CF alleles, but this variant is not 

found to be common in the Black population (13,14), further demonstrating that CF variants 

are population-specific (12).  

Currently, the commercial Elucigene CF-EU2v1 kit (known as the CF50 panel) is used at the 

NHLS, which screens for 50 known pathogenic variants (Zampoli, 2019; personal 

communication from Ms F. Essop). Even though the kit is based on Caucasian data, it is still 

used in a South African setting, as some variants may be shared between Caucasians and other 

ethnic groups due to high levels of admixture in the South African population (11,24). Using 

the Elucigene kit, 46% of CFTR variants are accounted for in the Black population, and this is 

due to the common 3120+1G>A variant (c.2988+1G>A) accounting for 46% of all CF alleles 

with no other common CFTR variant identified to date, as the variant profile in this population 

group has not yet been fully characterized (13,14). This further drives the reasoning behind 

using this kit in a South African setting, as a significant proportion is still being covered by the 

kit, even though other variants are unaccounted for (Zampoli, 2019; personal communication 

from Ms F. Essop).  

3.5. Research of CF in Black South African individuals 

Currently, limited data have been generated to investigate the profile of CFTR variants and 

their carrier frequencies, as well as the prevalence of CF in the Black population (12,14). Thus 

far, only one study has been conducted to determine the carrier frequency of the common 

3120+1G>A variant, which was reported to be 1 in 34 (23). Since then, only a few other 

variants have been detected in this population group, including G1249E (p.Gly1249Glu), 

3196del54, -94G>T, and 2183delAA (8,12,24).  

Recent findings in the Division (listed in Table 1 from left to right) indicate that there are other 

recurrent CFTR variants aside from the 3120+1G>A variant in the African population: next 

generation sequencing (NGS) for 10 patients with a clinical diagnosis of CF, and heterozygous 

carriers for the common 3120+1G>A variant, was performed. Four different variants in exons 

23 and 26 of the CFTR gene were identified in seven of the 10 patients. This led to the decision 

to perform Sanger sequencing in exons 23 and 26 for 15 other suspected CF patients who were 

positive for only one CFTR variant (M/U patients), with three variants identified in this cohort. 

Following this, NGS data from the Inherited Disease Panel (IDP) was used for CFTR 

heterozygous variant screening on a larger cohort of 224 individuals, with the common 
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3120+1G>A variant being identified, including two other likely pathogenic variants, 

c.3983T>A and c.2594G>A. Frequency data for these two variants needs to be obtained to 

determine its prevalence and confirm the classification thereof as likely pathogenic (from 

unpublished data; personal communication from Ms. F Essop and Ms. N. Botha).  

Table 1: Three recent studies in the Division, with the variants that were found listed (classified 

as either likely pathogenic and pathogenic), along with the counts/frequencies for each variant 

out of the total sample size in brackets. 

Study: NGS Sanger sequencing IDP dataset 

Variants 

identified: 

c.3746G>A (2/10) 

c.4242+1G>T (3/10) 

c.4144C>T (1/10) 

c.3773dupT (1/10) 

c.3746G>A(G1249E) (2/15) 

c.3763T>C (1/15) 

c.4137-89A>G (2/15) 

 

c.2988+1G>A (2/224)  

c.3983T>A (2/224) 

c.2594G>C  (1/224) 

 

 

3.6.Study rationale 

At present, despite recent increases in knowledge, CF genetics in the Black South African 

population group is insufficiently researched, and therefore an incomplete variant profile exists 

(10). The variant profile for the Black South African population can be expanded on and further 

characterized by screening additional datasets for previously identified variants from the recent 

NGS, Sanger and IDP studies done in the Division, as well as for the identification of potential 

novel variants in the CFTR gene. A large amount of data is generated by routine NGS testing 

offered by the NHLS that can be used to identify CF variants in the CFTR gene in the Black 

population. By combining these results with results from larger cohorts from previous studies, 

this will provide an estimation on how common the identified CFTR variants are, as well as an 

estimation of their carrier frequencies and overall disease prevalence. Ultimately, by updating 

the genetic profile, this will direct molecular testing, which will lead to a more complete 

molecular diagnosis of CF, as well as improved carrier screening, recurrence risk predictions, 

and genetic counselling that Black CF patients will receive (10).  

4. Aims & Objectives 

4.1.Aim 

To characterize and update the genetic profile of CF and revise the carrier frequency and 

prevalence in the Black South African population.  
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4.2.Objectives 

4.2.1. To review previously identified variants and identify novel pathogenic 

heterozygous variants in the CFTR gene using NGS data from individuals of 

African ancestry. 

4.2.2. To classify the identified (novel and previously identified) variants using ACMG 

guidelines.  

4.2.3. To estimate carrier frequencies of identified likely pathogenic and pathogenic 

variants and review the carrier frequency of cystic fibrosis in Black South Africans. 

5. Methods  

5.1.Dataset 

Next generation sequencing (NGS) data from an additional 104 unaffected individuals of 

African descent that were referred for routine testing for disorders, excluding CF, using the 

IDP version 3 (IDP v3.0) will be used in this study. The IDP v3.0 is a custom designed NGS 

targeted panel, designed to test for single nucleotide variants in the 5’ and 3’ untranslated 

regions, the exons, and 10bp of intron-exon boundaries of ~500 genes (including CFTR) 

associated with Mendelian disorders.  

The dataset, consisting of Variant Call Format (VCF) files and Binary alignment MAP (BAM) 

files generated from IDP will be completely anonymized and de-identified upon receival. Upon 

completion of the methodology, this cohort of 104 individuals will be combined with 224 

individuals from the previous study undertaken in the Division. By using the full dataset 

consisting of 328 individuals, the carrier frequency and prevalence of CF can be estimated 

(Objective 3).  

5.2.Objective 1 

To achieve this objective, the identification of previously identified pathogenic variants and 

novel pathogenic variants in the CFTR gene will be done through variant annotation and 

prioritization:  

5.2.1. Variant annotation 

Variant annotation will be performed using online tools such as IonReporter software 

(https://ionreporter.thermofisher.com/ir/) and the Variant Effect Predictor (VEP) 

(https://www.ensembl.org/info/docs/tools/vep/index.html) using VCF files that were generated 

after sequencing as input. These tools allocate metadata to the called variants (30), such as 
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HGVS nomenclature (descriptions for variants as recommended by the Human Genome 

Variation Society (25)), variant location within the gene (coding, non-coding, splice position), 

variant type (nonsense, synonymous, missense, frameshift deletion or insertion, splice site 

etc.), allele frequencies from databases such as GnomAD (https://gnomad.broadinstitute.org/), 

as well as a combination of interpretations of variants from different variant classification 

submissions from ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/). Whether the variant has 

been previously reported or not (thus novel) (from GnomAD), and in silico pathogenicity 

prediction scores with outcomes from pathogenicity prediction tools, will also be added to the 

variants. The data gathered during variant annotation will be used for variant prioritization.  

5.2.2. Variant prioritization 

To prioritize the called variants, variants will be filtered using GnomAD 

(https://gnomad.broadinstitute.org/), based on the population variant frequency or Minor Allele 

Frequency (MAF), which is the reported frequency of the variant in a given population (30,31). 

Variants will be retained according to a MAF < 5%, and this cut-off is chosen because CF is 

an autosomal recessive disorder and unaffected individuals that are carriers of a heterozygous 

variant may be present in the general population (31). Other filtering factors will include variant 

type, if the variant has been reported in association with the disease or not (thus potentially 

novel), and pathogenicity prediction scores.  

For the variant type (from the VEP tool), retained variants will include missense, frameshift, 

indels, splice site, and nonsense variants, as these variants are known to have a greater impact 

on the protein than noncoding and synonymous variants, which will be excluded (30). ClinVar 

is a publicly available database that has information regarding a history of interpretations of 

variants throughout the human genome (56), and by using this database, identified variants 

(from variant annotation) that are not available in the database could potentially be novel. 

Lastly, pathogenicity prediction tools such as Polyphen and SIFT, will help identify likely 

candidates for deleterious effects, and to identify those that are predicted to have the highest 

impact on the protein by using pathogenicity prediction scores, taking into consideration the 

effect of the variant on different levels, such as DNA, mRNA, and protein level (31).  

After variant prioritization, a quality control check of variants will be performed by visualizing 

variants on binary alignment map (BAM) files using the Integrative Genomics Viewer (IGV) 

(https://igv.org/). A quality control check of variants will also be performed, and variants of 

low quality will be excluded from the analysis (31). 
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5.3.Objective 2 

5.3.1. Variant classification 

The ACMG guidelines will be used to classify the prioritized variants (Richards et al., 2015). 

The guidelines use a weighted pathogenic (very strong, strong, moderate, or supporting) and 

benign (stand-alone, strong, or supporting) criteria to classify variants as pathogenic, likely 

pathogenic, variant of uncertain significance (VUS), benign or likely benign.  Evidence for the 

fulfillment of each criterion would be collected from various resources, such as publicly 

available disease variant databases (HGMD (Human Gene Mutation Database 

(http://www.hgmd.cf.ac.uk/ac/index.php)) and ClinVar) and population variant frequency 

databases (GnomAD), as well as literature for functional studies and gene/variant associated 

information (32).  

5.4.Objective 3 

5.4.1. Carrier frequency estimation 

Variant carrier frequencies will be estimated from the GnomAD database, and a combination 

of these frequencies will be used to estimate the overall disease carrier frequency. By using the 

principle of Hardy-Weinberg equilibrium, the disease prevalence will be estimated. A 95% 

confidence interval will be estimated, using the exact binomial method as described in 

Verlander et al. (1995) for both the disease carrier frequency and prevalence, to increase the 

level of statistical significance (57). The variant carrier frequencies from the cohort of this 

study can potentially be compared to reported frequencies found on GnomAD, because we 

know that frequency information available for the African population on this database is not 

representative of South Africans.  

6. Ethics 

An application for ethical clearance as a sub study has already been submitted to the University 

of the Witwatersrand Human Research Ethics Committee (Medical). Once approval has been 

granted, the diagnostic runs will be made available for use. Approval from the Head of 

Department for permission to conduct the study, and approval from the PI of the parent study 

for the use of the IDP dataset (ethics clearance number: M210989) has already been granted.  

http://www.hgmd.cf.ac.uk/ac/index.php)
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7. Timeline 

 

 

 

 

 

 

 

8. Funding 

No funding will be needed for this project, as data from an existing database will be analyzed. 

9. Limitations 

The main limitation of this study is the small sample size. There is a risk that variants may not 

be identified, and it might not be reflective of the real carrier frequencies in this population 

group. The cohort will, however, be combined with a larger sample from a previous study, 

which will increase the statistical significance of the study. Furthermore, if the prioritization 

method used is too stringent, along with limited information on variants, this can result in VUS 

classifications, meaning that once again there is a risk of not identifying pathogenic or likely 

pathogenic variants. HWE calculations for carrier frequencies are based on certain assumptions 

in a given population, which is rarely the case when studying data from a human population 

(58). Also, due to the IDP dataset consisting of information from exons only, any relevant 

causative variants found in deep intronic regions of the CFTR gene will be missed.  In addition, 

scores generated by pathogenicity prediction tools only assess the probability of pathogenicity, 

and therefore a combination of different tools and different types of information will be used 

to prevent the inclusion of variants not likely to be pathogenic (30).  
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manuscript Word or LaTeX file. Tables should not be uploaded individually. 

When creating a table, please use the Microsoft Word table function. Do not place an Excel table into a Word 

document. Tables not created with the Microsoft Word table function will be sent back for revision. Do not 

submit a table in PDF format. 

 Word tables should not be tab or space delineated and should not include colored text or shading, 

but embedded graphics with color are OK. 

 Do not use paragraph returns to separate data within a cell. 

 Tables should include a title, and footnotes and/or legends should be concise. 

 Table titles may not contain parenthetical information, reference citations, or footnote citations. 

 Use superscripted lowercase letters (beginning with “a”) for footnotes in tables. Do not use 

numbers or symbols. 

 Tables must be numbered as Table 1, Table 2, Table 3, etc., rather than as Table 1a, Table 1b, Table 

1c, etc. 

 If italic font is used within a table to indicate some feature of the data, an explanation of its 

meaning must be given in the table legend. Bold text may not be used in tables. 

 If a referenced paper or study is mentioned within a table, it must be included in the References list 

and must be followed by its appropriate citation number (e.g., “Author et al.1”) within the table. 

 All abbreviations within a table must be defined in the table legend or footnotes. 

Permissions 

Please provide proof of permission to include any work cited as “personal communication.” This may be in the 

form of an e-mail communication, letter, or other appropriate form of permission. 

For figures that have been reprinted from an outside source, please provide proof of permission for their use. 

Organization of the supplemental information 



 6 

Supplemental files are restricted to (1) figures that cannot be rendered in print with enough detail to be 

informative, (2) tables that have too many columns and/or rows to fit across two printed pages, (3) clinical 

descriptions, tables, and figures that would substantially lengthen the print version of the manuscript, (4) 

movies, and (5) supplemental methods. 

For full-length articles, supplemental material and methods should be limited to those materials or methods 

related to the supplemental display items, detailed analytical methods, and tabular presentations of primers or 

other information that would not fit well in the main text for formatting reasons. 

Reports, however, may include a complete methods section. If included, such a section should present a 

comprehensive description of the methods, reagents, and statistics required to reproduce the experiments in the 

paper. We encourage authors to provide complete descriptions rather than referring to previous publications. 

Please note that the main paper also needs to give brief explanations of all the methods with enough detail to 

allow readers to understand the general experimental design and the results of the experiments. 

Any tables, such as a list of primers, included in the supplemental material and methods should not be 

numbered. 

Supplemental information should be provided with the original submission. Please follow the figure guidelines 

below for preparing figures. All figures and tables should have titles and legends. 

Please provide a single PDF that contains all supplemental case reports, supplemental figures and legends, 

supplemental tables, and supplemental references (in this order). If a supplemental table cannot fit onto two 8.5" 

x 11" pages, please instead supply the table as an Excel file. Please do NOT include the title or author list in 

the PDF; we will add a coversheet with this information. Please also do not include movie titles and legends; 

leave those in the main text, and we will move them to a separate online page that links to the movies. In 

addition, please do not include page numbers in your final PDF. We strongly recommend that the final size 

of this PDF be less than 10 MB in order to ensure successful downloads for all readers. In addition, this PDF 

should be considered the FINAL version; it will be published as is, except for the coversheet that we will add. 

Scientific errors detected in the supplemental information after publication will require that a correction be 

published (as with errors in the main paper). 

Please follow the following style preferences to ensure that your supplemental PDF is consistent with the 

copyedited version of your main text: 

 Case reports should be titled "Supplemental note: Case reports." These descriptions should fully 

describe the phenotypes of the affected individuals and are not subject to a word limit. 

 Figures should be titled Figure S1, Figure S2, etc. (NOT Supplemental Figure 1, Supplemental 

Figure 2, etc.) 

 Similarly, tables should be titled Table S1, Table S2, etc. (NOT Supplemental Table 1, 

Supplemental Table 2, etc.) 
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 Please use the word “Supplemental” rather than “Supplementary” in headings (e.g., “Supplemental 

Material and Methods,” “Supplemental References,” etc.) 

 

As with main-text figures, supplemental figures should include error bars where appropriate, and these error 

bars should be clearly defined in the figure legends 

Supplemental movies and Excel spreadsheets 

Supplemental movies may be submitted through EM. Our preferred format is .mp4, but we also accept .mov, 

.avi, and .mpg files. Please note that we cannot accept movie files that require the reader to download particular 

codecs; the files must be playable on computers with standard media players, such as QuickTime or Windows 

Media Player. To create high-quality files with maximum compression, as well as ensure that your video can be 

played on our website and ScienceDirect's flash media player, the following specifications are strongly 

recommended: 

 File size: <150 MB 

 Frame rate: 30 frames per second  

 Field order: none (progressive, not interlaced) 

 Aspect ratio: widescreen 16:9 

 Video codec: H.264 

 Video bitrate: 2 Mbps 

 Audio codec: AAC 

 Audio bitrate: 128 kbps  

 

If you choose the submission item "supplemental movies and spreadsheets," the PDF builder will embed links 

within the PDF where editors and reviewers will be able to download files. This also works for Excel files that 

do not display properly once converted to a PDF.  

Figure organization, format, and style 

Digital figure files submitted through EM must conform to our digital figure guidelines, or authors will be asked 

to revise them. 

If you have any questions about digital files, please contact AJHG senior production editor, Kerry Evans, 

at kevans@cell.com. 

 

 
 

http://www.cell.com/figureguidelines
mailto:kevans@cell.com
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