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A B S T R A C T

Background: Esophageal squamous cell carcinoma (ESCC) accounts for 85 % of the global esophageal cancer 
incidence, with a high disease burden in Eastern and Southern Africa. The etiology of ESCC is complex, with 
several factors such as tobacco smoking and alcohol consumption contributing to disease risk. Somatic mutations 
involved in the development of ESCC have been described but are under-studied in Africa. Our study reports the 
first whole-exome sequencing analysis of ESCC in a South African population who were not exposed to tobacco or 
alcohol.
Methods: Fifteen female patients of African ancestry with ESCC who had never smoked or consumed alcohol were 
enrolled. Demographic and epidemiological data were obtained. DNA was extracted from matched blood and 
tumor tissue and subjected to whole exome sequencing. Bioinformatic analysis was used to identify somatic 
mutations, somatic copy number variations, and identify mutation signatures.
Results: The genes TP53, MUC2, KMT2D, and KMT2C were the most commonly mutated among genes previously 
reported to be mutated in ESCC tumors from other populations. The most common copy number variations 
detected were amplifications of chromosome 11q13, containing the CCND1 gene; 3q26, containing PIK3CA and 
SOX2; and 8q24, containing MYC. The most common mutation signature detected in the tumors was SBS5, 
associated with aging.
Conclusions: Despite the lack of two major risk factors for ESCC in our patients, DNA sequencing detected somatic 
mutation profiles comparable to those found in patients from other populations, suggesting similar molecular 
pathways. This may stimulate their access to new therapeutic approaches developed in high-income countries.
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1. Introduction

Esophageal squamous cell carcinoma (ESCC) is common in Eastern 
and Southern Africa, where tobacco and alcohol are known risk factors 
(Morgan et al., 2022). The molecular etiology of ESCC is heterogeneous, 
with multiple somatic mutations implicated (Murphy et al., 2017).

While multiple factors have been implicated in the development of 
ESCC, tobacco and alcohol are considered the strongest environmental 
risk factors, and the two factors combined have been shown to have a 
synergistic effect (Businello et al., 2020). Despite this, a large number of 
female patients from Africa, diagnosed with ESCC, have no history of 
consumption of either (Ferndale et al., 2020). This lack of exposure to 
these well-known carcinogens has been observed in other high- 
incidence areas (Tran et al., 2005). The reasons for this observation 
are unknown, but genomic factors may play a role.

We investigated the somatic mutation profiles of a subgroup of fe
male patients with ESCC with no exposure to tobacco and alcohol.

2. Methods

Female patients with no history of tobacco use or alcohol con
sumption, with a histologically diagnosed ESCC, presenting to Grey's 
Hospital, Pietermaritzburg, South Africa, were enrolled in this study. 
None of the patients in the cohort had any co-morbidities or family 
history of esophageal cancer. Data collection and bio-sample processing 
are described in Ferndale et al. (Ferndale et al., 2022). Detailed meth
odology is available in the Supplementary Methods.

In brief, whole-exome sequencing was performed on DNA libraries 
prepared from tumor and germline DNA using the Agilent SureSelect 
Human All Exon V6 kit (Agilent, USA). The libraries were quantified by 
Qubit (Thermofisher, USA) and sized by Bioanalyzer (Agilent, USA). 
Quantified libraries were pooled and sequenced on the Illumina Nova
Seq (Illumina, USA) with the PR150 strategy, with a target sequencing 
depth of 100× for tumor DNA and 50× for germline DNA.

Raw unmapped reads that passed quality checks were mapped to 
GRCh38 using Burrow-Wheeler Aligner (BWA-MEM) (v0.7.17) (Li and 
Durbin, 2009) SAMtools (v1.8) was used for sorting the BAM output files 
and Picard was used to mark duplicate reads (Danecek et al., 2021). 
GATK germline short variant discovery workflow (v4.0) was used for 
germline variant discovery. MuTect (v1.1.4) was used for somatic SNV 
discovery and Strelka (v2.9.4) was used for somatic Indel dis. Tumor 
mutation burdens (TMB) were compared against 33 datasets from The 
Cancer Genome Atlas (TCGA) covery (Sougnez et al., 2013; Kim et al., 
2018). Control-FREEC (v11.4) was used for somatic CNV discovery 
(Boeva et al., 2012). SNVs and Indels with a minimum sequencing depth 
of 10× or more were retained for further analysis. Mutant variant allele 
frequencies (MAF) were calculated as the number of mutant-allele reads 
divided by the total number of reads for each variant. Variants with an 
MAF of 10 % or more were retained for analysis.

ANNOVAR (2015Dec14) was used for variant annotation (Wang 
et al., 2010). Mutation annotations were visualized using Maftools 
(v2.14.0) (Li and Durbin, 2009) using the Maftools package (Mayakonda 
et al., 2018). Somatic mutations were defined as protein-truncating 
SNVs and/or Indel where MAF ≥ 0.1, not present in germline DNA. A 
two-sided Wilcoxon rank-sum test was used to evaluate whether the 
tumor mutation burdens of our ESCC tumors differed from the TCGA- 
esophageal cancer dataset (TCGA-ESCA). Mutation signature profile 
for each sample were fitted into known Single-Base Substitution 
(SBS96), Doublet-Base Substitution (DINUC), and Small Insertion and 
Deletion (ID) Signatures, as defined by the COSMIC Mutational Signa
tures classification (https://cancer.sanger.ac.uk/signatures/). The best 
fitting mutation signatures were assigned per sample using SigProfiler
Assignment (v0.1.4) (Islam et al., 2022). The study was approved by the 
Biomedical Research Ethics Committee of the University of KwaZulu- 

Natal (UKZN), Durban, South Africa (Certificate number BF270/15), 
and the Human Research Ethics Committee (Medical) at the University 
of the Witwatersrand (Certificate number M170871).

3. Results

Fifteen patients with a median age of 63 (IQR: 60–73) were enrolled. 
Demographic and clinical data are shown in Supplemental Table 1.

The average total effective yield was 11,599.57 Mb (SD. 3008.29) 
and 7221.84 Mb (SD. 714.54 Mb) per sample for tumor and blood DNA 
whole exome sequencing (WES), respectively. The most common type of 
somatic mutations identified were single nucleotide missense mutations, 
with C>T changes being the predominant type. The median number of 
mutations observed per sample was 101 (IQR: 62–280) (Supplemental 
Fig. 1).

The most commonly mutated genes were SPATA31D1 in 60 % of 
patients and TP53 in 53 % of patients (Fig. 1). TP53, MUC2, KMT2D, and 
KMT2C were the most commonly mutated genes among those previ
ously described in ESCC (Supplemental Fig. 2 & Supplemental Table 2). 
Five of the patients had mutations in one or more members of the FAT 
gene family. Two patients' tumors did not carry somatic mutations in the 
top 22 genes, as described in the remaining 13 tumors.

Regions of the genome known to be amplified or deleted frequently 
in ESCC from other populations were assessed and are presented in 
Supplemental Fig. 3. Eleven of the 15 tumors (73 %) contained CNVs in 
one or more of these regions.

The most common SBS96 signature was SBS5, of unknown etiology. 
SBS5 was assigned to 14/15 tumors as the top SBS96 signature with 
cosine similarity ranging from 0.82 to 0.97 (Fig. 2). One tumor was 
assigned the SBS40b signature (cosine similarity: 0.93) as its top SBS96 
signature. DBS signatures were assigned to 12/15 tumors with DBS17 
present in 7 of 12. However, most DBS had low cosine similarities and 
high L2 errors. ID signatures were assigned to all 15 tumors, but simi
larly to DBS signatures, large variations in cosine similarities were 
observed. (Fig. 2).

4. Discussion

To our knowledge, this is the first report of an exome-wide study of 
the genes mutated in ESCC from a female, non-smoking, and non- 
drinking South African population. Previous studies investigated 
candidate genes and copy number changes (Brown et al., 2020; Moodley 
et al., 2007; Gamieldien et al., 1998).

Although the TMB in our study was lower than the esophageal cancer 
data in The Cancer Genome Atlas, the TCGA data included both squa
mous cell carcinoma and adenocarcinoma. The wide variability in TMB 
in our cohort has been found in other studies (Erkizan et al., 2021; Liu 
et al., 2016) and may be typical for ESCC.

The most common type of somatic, C>T substitution, in our study, is 
consistent with results from other studies on ESCC genomics (Erkizan 
et al., 2021). It is related to spontaneous cytosine deamination, a known 
mutagenic process in ESCC (Barnes and Lindahl, 2004; Song et al., 
2014). The significance of the high mutation rate in the SPATA31D1 
gene is unclear since this gene is only expressed in testes tissue (Cancer 
Genome Atlas Research Network T, 2017).

The frequency of TP53 mutations in our study (53 %) was low 
compared to many other studies of ESCC, although it was also relatively 
low in other studies from Africa (Brown et al., 2020). The mutations like 
KMT2D, KMT2C, and the NOTCH and FAT gene families are consistent 
with other studies (Liu et al., 2016; Gao et al., 2014; Van Loon et al., 
2018).

Our finding that amplification of chromosome 11q13.3, which con
tains the CCND1 gene, was the most frequent CNV in our study is 
consistent with previous studies on South African ESCC patients (Brown 

L. Ferndale et al.                                                                                                                                                                                                                                Gene Reports 39 (2025) 102174 

2 

https://cancer.sanger.ac.uk/signatures/


et al., 2020). CCND1 gene is a key regulator of cell cycle progression 
through its interaction with CDK4/6 (Montalto and Amicis, 2020). 
CCND1 amplification is associated with increased proliferation and has 
been implicated in resistance to endocrine therapy in hormone receptor- 
positive breast cancer (Montalto and Amicis, 2020). Given the clinical 
relevance, CDK4/6 inhibitors (e.g., palbociclib, ribociclib, abemaciclib) 
have been developed to target this pathway, demonstrating significant 
efficacy in advanced breast cancer (Braal et al., 2021). Moreover, since 
11q13 amplifications frequently co-occur with PIK3CA mutations, 
combination therapies with PI3K inhibitors (e.g., alpelisib) may provide 
an enhanced therapeutic benefit (Chang et al., 2021). Future studies 
should explore the predictive value of CCND1 amplification for response 
to CDK4/6 inhibitors and the potential for rational combination strate
gies to overcome resistance (Ying et al., 2012) Several tumors in our 
study had copy number losses at chromosomes 3p and 9p, which is 
consistent with findings in the Malawian study (Liu et al., 2016). The 
overlap of mutated genes and CNVs between our patients and other 
populations suggests that progression from dysplasia to carcinoma may 
involve similar molecular pathways.

The SBS5 signature, which was the most common mutational 
signature in our patients, is commonly associated with ESCC in a global, 
multicentre study of mutational signatures in ESCC (Moody et al., 2021). 
The etiology of SBS5 is unknown but it is a shared signature between 
patients from the two regions where ESCC is most common, the Asian 
esophageal cancer belt and the African esophageal cancer corridor (Liu 
et al., 2016; Schaafsma et al., 2015). In a global study of 552 ESCC cases, 
SBS5 was among the top six COSMIC reference signatures that were 
responsible for >80 % of the average ESCC mutation burden. SBS5 and 
SBS40, both thought to be age-related were present in 76 % of the cases 
and on average accounted for 38 % of the mutation burden (Moody 
et al., 2021).

The presence of the SBS92 signature, associated with tobacco 
smoking, suggests that despite our cohort not smoking tobacco or its 

related products, they may have been exposed to tobacco smoke. A 
possible connection between mutation signatures and exposure to 
cooking fires has not yet been established, but it is worthy of further 
investigation.

The main limitations of this study were sample size and lack of data 
on other risk factors for ESCC, particularly exposure to indoor wood fire 
smoke. These limitations make it difficult to draw firm conclusions and 
apply the data to other populations with ESCC. A follow-up study, with a 
larger sample size and data on additional risk factors for ESCC is 
currently underway.

5. Conclusions

Although our patients were not exposed to some of the established 
risk factors for ESCC, there appears to be significant overlap in the 
molecular pathways involved in our patients and other populations. 
Thus, if high-income countries develop targeted therapies for some of 
these shared molecular pathways, it is possible that local patients with 
known genomic profiles could be enrolled in clinical trials of such 
treatments. This would go some way to redress the degree to which 
populations of African ancestry are underserved regarding access to new 
therapeutic advances in cancer.

Abbreviations

ESCC Esophageal squamous cell carcinoma
DNA deoxyribonucleic acid
CNV copy number variant
TMB Tumor mutation burden
TCGA The Cancer Genome Atlas
SBS Single base substitution
ID insertion deletion
DINUC Dinucleotide

Fig. 1. Oncoplot of the top 22 mutated genes found in 13 out of 15 SA ESCC tumors.
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IQR inter-quartile range
SD standard deviation
WES Whole exome sequencing

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.genrep.2025.102174.
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Fig. 2. Single base substitution (SBS) 96 mutation signatures found in the 15 SA ESCC tumors. SBS mutation signatures fitted using COSMIC version 3.4 exome 
reference signatures, with the artificial signature subgroup removed.
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