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Characterization of CYP2D6 Pharmacogenetic 
Variation in Sub- Saharan African Populations
David Twesigomwe1,2 , Britt I. Drögemöller3 , Galen E.B. Wright4,5 , Clement Adebamowo6,7, 
Godfred Agongo8,9, Palwendé R. Boua1,10 , Mogomotsi Matshaba11,12, Maria Paximadis13,14,  
Michèle Ramsay1,2 , Gustave Simo15 , Martin C. Simuunza16, Caroline T. Tiemessen13 ,  
Zané Lombard2  and Scott Hazelhurst1,17,*

Cytochrome P450 2D6 (CYP2D6) is a key enzyme in drug response owing to its involvement in the metabolism 
of ~ 25% of clinically prescribed medications. The encoding CYP2D6 gene is highly polymorphic, and many 
pharmacogenetics studies have been performed worldwide to investigate the distribution of CYP2D6 star alleles 
(haplotypes); however, African populations have been relatively understudied to date. In this study, the distributions 
of CYP2D6 star alleles and predicted drug metabolizer phenotypes— derived from activity scores— were examined 
across multiple sub- Saharan African populations based on bioinformatics analysis of 961 high- depth whole genome 
sequences. This was followed by characterization of novel star alleles and suballeles in a subset of the participants 
via targeted high- fidelity Single- Molecule Real- Time resequencing (Pacific Biosciences). This study revealed varying 
frequencies of known CYP2D6 alleles and predicted phenotypes across different African ethnolinguistic groups. 
Twenty- seven novel CYP2D6 star alleles were predicted computationally and two of them were further validated. This 
study highlights the importance of studying variation in key pharmacogenes such as CYP2D6 in the African context 
to better understand population- specific allele frequencies. This will aid in the development of better genotyping 
panels and star allele detection approaches with a view toward supporting effective implementation of precision 
medicine strategies in Africa and across the African diaspora.
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 CYP2D6 genetic variation contributes to differences in cy-
tochrome P450 2D6 (CYP2D6)– mediated drug metabolism 
across individuals and populations. CYP2D6 is therefore an 
important gene in clinical pharmacogenetics implementation 
initiatives globally. Current catalogs of CYP2D6 star alleles 
(haplotypes) are incomplete in part due to the high CYP2D6 
polymorphism and difficulty in interrogating the CYP2D6 
genomic locus.
WHAT QUESTION DID THIS STUDY ADDRESS?
 The proportion of individuals with African ancestry across 
CYP2D6 pharmacogenetics studies has been relatively low to 
date despite the known high genetic diversity in Africa. This 
study addresses the paucity of information about CYP2D6 ge-
netic variation across diverse African populations.
WHAT DOES THIS STUDY ADD TO OUR 
KNOWLEDGE?
 This study highlights the largely nonuniform distribu-
tions of known and novel CYP2D6 star alleles, and predicted 

metabolizer phenotypes across previously underrepresented 
African populations. We find that over 5% of the sub- Saharan 
African participants carried potential novel CYP2D6 star al-
leles. Predicted novel CYP2D6 star alleles from our compara-
tive analysis involving other global biogeographical groups 
are also provided. Furthermore, this study exemplifies the 
utility of high- coverage whole genome sequence data and 
validated bioinformatics algorithms in catalyzing the inves-
tigation of haplotypes in hypervariable pharmacogenes such 
as CYP2D6.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 This study highlights the need for clinical pharmacogenetics 
implementation across Africa and in global settings to optimize 
drug efficacy and safety, especially for commonly prescribed 
medications metabolized by CYP2D6. Our findings empha-
size the fact that one African population should not be used as 
a general proxy for another— and certainly not for the whole of 
Africa or the African diaspora— when developing personalized 
medicine strategies.
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Genetic variation is a major contributing factor to interindi-
vidual differences in drug response. Therefore, it is important to 
consider an individual’s genetic profile in drug therapy (along with 
age, sex, environment, lifestyle, and other factors) in order to adjust 
treatment accordingly.1– 3 This personalized medicine approach is 
aimed at promoting drug efficacy and minimizing the risk of ad-
verse drug reactions. Individualizing treatment relies heavily on 
the ability to translate information about actionable variants and 
haplotypes into phenotype predictions, especially for key pharma-
cogenes involved in the absorption, distribution, metabolism, and 
excretion (ADME) of drugs. However, the distribution of known 
alleles in such genes varies considerably within and between pop-
ulations.4– 6 In addition, the full catalog of pharmacogenetic vari-
ants is yet to be ascertained, even for major pharmacogenes such as 
CYP2D6.7 This presents major challenges toward the application 
of current ADME genotyping panels and effective use of the activ-
ity score (AS) system for genotype– phenotype translation,8 espe-
cially in understudied populations.

CYP2D6 is a major ADME enzyme that has been widely stud-
ied given its involvement in the metabolism of 25% of clinically 
prescribed medications including opioids, antipsychotics, antide-
pressants, and anticancer agents (https://www.pharm gkb.org). 
The highly polymorphic CYP2D6 gene is located on chromosome 
22q13 alongside two homologous pseudogenes, CYP2D7 and 
CYP2D8.9 The Pharmacogene Variation Consortium (PharmVar) 
has cataloged over 140 CYP2D6 haplotypes (herein referred to as 
star alleles) to date (https://www.pharm var.org). The functional im-
pact of these star alleles ranges from no function to increased func-
tion as assigned by the Clinical Pharmacogenetics Implementation 
Consortium (CPIC) based on published experimental studies 
(https://cpicp gx.org). CYP2D6 genotyping is complicated due to 
the occurrence of numerous combinations of star allele- defining 
single- nucleotide polymorphisms (SNPs) and indels (herein col-
lectively referred to as SNVs) as well as structural variations.10 
Star allele- defining SNVs typically include missense, frameshift, 
splice- site, stop- gain, inframe deletion variants, and high- impact 
regulatory region variants. SNVs that have no effect on the result-
ing protein sequence and/or function are typically included in 
“suballele” definitions by PharmVar. For example, CYP2D6*2 has 
over 25 suballeles (numbered from CYP2D6*2.001 onwards) due 
to the defining SNVs (rs16947 and rs1135840) occurring with 
various combinations of synonymous and benign intronic SNVs. 
Regarding structural variants (SVs), the CYP2D6 copy number 

variations— gene deletion (CYP2D6*5) and gene duplication/mul-
tiplication alleles— are generally more common. However, other 
SVs such as hybrid gene copies comprising CYP2D6 and CYP2D7 
portions have also been described. In particular, among East Asian 
populations, tandem rearrangements comprising CYP2D6*36 
(exon 9 conversion to CYP2D7) and CYP2D6*10 are more com-
mon than typical copy number variations. CYP2D6 SVs are notori-
ously difficult to investigate on currently available genotyping and/
or targeted sequencing platforms.11,12

At present, very few African ethnolinguistic groups have been 
represented in CYP2D6 pharmacogenetics studies5 (see also 
https://www.pharm gkb.org/page/cyp2d 6RefM aterials). This 
has been in part due to lack of sufficient high- coverage genomic 
data sets, and also because of the genotyping challenges associated 
with the complex CYP2D6 genomic locus.13 The most common 
African- ancestry CYP2D6 star alleles include the decreased- 
function CYP2D6*17 and *29 alleles.14,15 However, recent studies 
on more sub- Saharan African cohorts have demonstrated unique 
CYP2D6 star allele distributions and found novel, albeit relatively 
rare alleles. These rarer star alleles include CYP2D6*70, *73, *74, 
*84, and *106.16– 19 Some of the newer alleles, e.g., CYP2D6*73 
(unknown function), *74 (unknown function) and *106 (uncer-
tain function) represent new combinations of known potentially 
function- altering variants on other existing haplotypes (https://
www.pharm var.org). Conversely, other alleles such as CYP2D6*84 
were completely novel on discovery and submission to PharmVar. 
Furthermore, some star allele frequency differences are expected 
across Africa given that the population structure tends to correlate 
with geographical location as detailed by Choudhury et al.,20 da 
Rocha et al.,21 and Sengupta et al.22 This underscores the need 
for investigation of the CYP2D6 allelic landscape across diverse 
African populations to reliably inform the design of comprehen-
sive genotyping panels and the much- needed clinical pharmacog-
enomics implementation strategies across Africa.

This study therefore aims to investigate the distribution of 
known and potential novel CYP2D6 star alleles across diverse sub- 
Saharan African (SSA) populations, and to predict the metabolizer 
phenotype distribution (based on diplotypes). In our analysis, we 
leverage the capabilities of recently developed and benchmarked 
star allele calling bioinformatics algorithms23– 27 for determining 
CYP2D6 diplotypes from short- read high- coverage whole genome 
sequence (WGS) data. In addition, we present the experimental 
validation of novel CYP2D6 star alleles and suballeles identified in 
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a subset of the African participants. The findings from this study 
have potential implications for clinical pharmacogenetics imple-
mentation strategies across Africa and in global settings with indi-
viduals of African ancestry.

METHODS
Ethics statement
This study was approved by the Human Research Ethics Committee 
(Medical) of the University of the Witwatersrand (Wits HREC- 
Medical) (M200993). We performed secondary analysis of African 
WGS data that had been generated by other projects. This included data 
from public repositories and data from contributing Africa- based stud-
ies/centers, each of which obtained additional local ethics approval (see 
Supplementary Note S1).

Study population and whole genome sequence data sources
Figure 1 and Table 1 provide a summary of the African whole genome 
sequence data sets used in this study. These data were all sequenced at 
high- depth (average depth of coverage = 30×)  on Illumina platforms 
(San Diego, CA, USA). The bulk of the data sets are from the Human 
Heredity and Health in Africa (H3Africa) Consortium and the 1000 
Genomes Project, mainly representing Niger- Congo ethnolinguistic 
groups, with limited representation from Nilo- Saharan and individuals 
of Khoe and San heritage.

The H3Africa- Baylor data set comprises WGS data from 272 individ-
uals who were enrolled by various H3Africa studies. These individuals are 
representative of populations from Benin (FNB, Fon in Benin; n = 50), 
Botswana (BOT; n  =  47), Cameroon (CAM; n  =  26), Nigeria (BRN, 
the Berom of Nigeria; n = 49), Zambia (BSZ, Bantu speakers in Zambia; 
n = 41), Ghana (GHA; n = 26) and Burkina Faso (BFA; n = 33). The de-
tails about the sample preparation and sequencing (Illumina 150 base pair 
(bp) reads; > 30× depth of coverage) have been previously described.20,21

The Wits- INDEPTH partnership for Genomic studies (AWI- Gen) 
contributed WGS samples from 100 southeastern Bantu speakers (SEB) 
from South Africa.14 These were all high- coverage genomes.

The data set from the Cell Biology Research Laboratory (CBRL) con-
sists of 40 samples from South African participants (39 African ancestry 
and one of mixed ancestry). Details relating to sample preparation and 
Illumina sequencing (depth of coverage > 30×) have been previously de-
scribed by da Rocha et al.21

We included 15 participants from the Southern African Human 
Genome Programme (SAHGP).28 These participants are from two 
Bantu- speaking ethnolinguistic groups: Sotho- Tswana speakers (n  =  8) 
and Xhosa speakers (n = 7). The WGS data consist of 101 bp paired- end 
reads at a depth of > 30× and ~ 314 bp insert size.

Among the publicly available WGS data, we included 30 high- 
coverage (average depth of 43×) African genomes generated by the 
Simon’s Genome Diversity Project (SGDP)29 in the study. These samples 
were from individuals that are representative of various ethnolinguistic 
groups in Congo, Namibia, Kenya, Senegal, Nigeria, Gambia, Sudan, 
and South Africa. We also analyzed 504 high- coverage (> 30×) genomes 
from continental African populations represented in the 1000 Genomes 
Project data set.30 We included the rest of the global 1000 Genomes 
Project data set in our analysis for comparison of the CYP2D6 allele dis-
tribution in resident African populations vs. that in global populations. 
These data (n  =  2000) are representative of African American/Afro- 
Caribbean (n = 157), European (n = 503), East Asian (n = 504), South 
Asian (n = 489), and admixed American (n = 347) participants.

DNA samples for CYP2D6 star allele validation
Genomic DNA from 192 study participants was used during our long- 
read- based CYP2D6 star allele validation under ethics amendment 
terms in protocol M200993. This included DNA samples from the 

CBRL participants, the SEB AWI- Gen participants, and aliquots of 
samples provided by AWI- Gen to H3Africa Baylor (GHA and BFA 
participants).

Star allele analysis
Given the known challenges related to genotyping CYP2D6, we called 
CYP2D6 star alleles from the African WGS samples using five sepa-
rate tools, namely StellarPGx (v1.2.4),23 Cyrius (v1.1),26 Aldy (v3.1),24 
Stargazer (v1.0.8)25 and Astrolabe (v0.8.7.0).27 Thereafter, we obtained a 
consensus CYP2D6 diplotype call- set from the output of these algorithms 
(Supplementary Materials S2). For each participant we determined the 
consensus diplotype by considering star alleles called by at least two of 
the tools. In a few cases, for example, samples for which no concordant 
diplotype was obtained between at least two of the algorithms and sam-
ples that seemed to have challenging structural rearrangements between 
CYP2D6 and CYP2D7, we performed manual visual inspection of the 
read depth plots output by Stargazer and SAMtools depth,31 as well as 
manual variant inspections on the Integrative Genomics Viewer.32

Metabolizer phenotype prediction
The CYP2D6 consensus diplotype calls were translated to phenotypes 
by using the standardized activity score system recommended by CPIC.8 
For each haplotype, activity values were assigned as follows: 0, 0.5, 1, 
and > 1 (dependent on gene copies) for no- function, decreased- function, 
normal- function, and increased- function haplotypes, respectively. 
However, the CYP2D6*10 allele was assigned an activity value of 0.25 
as recommended.8 The activity score for each diplotype was obtained by 
adding up the activity values of component haplotypes. The participants 
were then classified as either poor metabolizers (AS = 0), intermediate 
metabolizers (0 < AS < 1.25), normal metabolizers (1.25 ≤ AS ≤ 2.25), or 
ultrarapid metabolizers (AS > 2.25).8

CYP2D6 long- range PCR
CYP2D6 6.6 kb- long amplicons (Fragment A) that contain the CYP2D6 
gene as well as upstream and downstream noncoding regions were gen-
erated following the long- range (XL) polymerase chain reaction (PCR) 
protocol described by Gaedigk et al.33,34 with some modifications. 
The XL- PCR forward and reverse primers were tailed with universal 
 sequences (5′- GCAGTCGAACATGTAGCTGACTCAGGTCAC- 3′  
and 5′- TGGATCACTTGTGCAAGCATCACATCGTAG- 3′, respec-
tively) on the 5′ end to enable sample barcoding of pooled amplicons via 
a second PCR and subsequent multiplexing. For samples where a gene 
duplication was computationally inferred from the short- read WGS, 
the duplicated CYP2D6 gene copy was amplified with FragD33 primers 
which produced 8.6 kb fragments. FragD primers are also used to amplify 
CYP2D6- 2D7 hybrid alleles (~ 10.2 kb). For samples where CYP2D6*13 
was predicted, FragH primers33 were used to amplify the ~ 5 kb- long 
CYP2D7- 2D6 hybrid amplicons. Each 20 μL reaction mix contained 
60– 120 ng of genomic DNA, 10 μL of 2X LongAmp Taq ReadyMix 
(New England Biolabs, South Africa), 1 μL of 100% dimethyl sulfox-
ide (DMSO) (Sigma- Aldrich/Merck, South Africa), and 1 μL each of 
10 μM forward and reverse primers (Inqaba Biotech, South Africa). The 
details about the specific primers used to amplify the aforementioned 
XL- PCR fragments and the PCR cycling conditions are provided in 
Supplementary Materials S2.

Amplicon pooling and barcoding
Quality control of the PCR products from the first- round PCR was car-
ried out using a 0.8% agarose gel for visual inspections and the Agilent 
4200 TapeStation (Agilent, Santa Clara, CA, USA) for quantification 
using the D5000 Screen tape kit. For each participant, CYP2D6 ampl-
icons were pooled equimolarly with CYP2A6 and CYP2B6 amplicons 
from a related subproject. All amplicons were in the size range of 5– 12 kb. 
The amplicon pools were purified using the AMPure PB bead purification 
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(Pacific Biosciences, Menlo Park, CA, USA), Thereafter, barcodes were 
added to the purified amplicons via a second round of PCR. The 25 μL re-
action mix contained 5– 10 ng/μL of initial pooled PCR product, 11 μL of 
2X longAmp Taq ReadyMix (New England Biolabs, Ipswich, MA, USA), 
1 μL of DMSO (100%), and 5.0 μL of 2 μM barcoded universal primers 
(Inqaba Biotech, Pretoria, South Africa). The PCR cycling conditions 

were as follows: 20 cycles of 95°C for 1 minute, 65°C for 30 seconds, 72°C 
for 11 minutes.

Single- Molecule Real- Time sequencing
As with amplicon pooling and barcoding, high- fidelity (HiFi) se-
quencing (Pacific Biosciences) for the CYP2D6 XL- PCR amplicons 

Figure 1 African geographical regions represented in the study. The size of the circles (not drawn to scale) reflect the relative number of 
participants from each population group. AWI- Gen, Africa Wits- INDEPTH partnership for Genomics studies; CBRL, Cell Biology Research 
Laboratory (National Institute of Communicable Diseases, Wits University, Johannesburg); DRC, Democratic Republic of the Congo; H3Africa, 
Human Heredity and Health in Africa Consortium; SAHGP, Southern African Human Genome Programme.
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was outsourced to Inqaba Biotech (Pretoria, South Africa). SMRTbell 
libraries were constructed from ~ 500 ng of pooled fragments by fol-
lowing standard end- repair, adapter ligation, and purification strategies 
detailed in the Pacific Biosciences protocols (https://www.pacb.com/
wp- conte nt/uploa ds/Proce dure- Check list- Prepa ring- HiFi- SMRTb 
ell- Libra ries- using - SMRTb ell- Expre ss- Templ ate- Prep- Kit- 2.0.pdf ). 
Annealing and binding of SMRTbell templates was performed using 
the Sequel II Binding kit 2.2 and sequencing primer v5, and circular 
consensus sequencing was performed for a movie time of 30 hours to 
generate HiFi reads via the SMRT Link software on the Sequel IIe 
instrument (Pacific Biosciences) at Inqaba Biotech (Pretoria, South 
Africa).

Raw HiFi sequence data were demultiplexed and processed into indi-
vidual samples according to the corresponding barcode sequences using 
the NGSutils next- generation sequencing data analysis software kit.35 
CYP2D6 HiFi reads were aligned to the CYP2D6 region in GRCh38 and 
GRCh37, and also to the NG_008376.4 (LRG_303) reference sequence 
using pbmm2 v1.7.0 (https://github.com/Pacif icBio scien ces/pbmm2). 
Variant calling was done using DeepVariant.36 Thereafter, variant phasing 
and read haplotagging was carried out for samples containing more than 
one heterozygous variant using WhatsHap.37

Variant functional prediction
CYP2D6 variants were annotated using the Ensembl Variant Effect 
Predictor (VEP).38 The functional effects (corresponding to the 
NM_000106.6 transcript) of potential novel star allele- defining vari-
ants were predicted using VEP plugins including sorting intolerant 
from tolerant,39 Polyphen- 2,40 combined annotation- dependent de-
pletion,41 likelihood ratio test,42 protein variation effect analyzer,43 
and variant effect scoring tool v4,44 taking into account the ADME- 
optimized parameters suggested by Zhou et al.45 sorting intolerant 
from tolerant Indel46 was used to annotate frameshift variants while 
loss- of- function transcript effect estimator47 was used to identify loss 
of function variation.

Statistical analysis
Allele frequencies were calculated and tested for deviation from 
Hardy– Weinberg equilibrium using the Fisher exact test in R (R 
Foundation for Statistical Computing) (https://www.r- proje ct.org). 
The Fisher exact test was also used to determine significant differ-
ences in population CYP2D6 allele and diplotype frequencies. P 
values of < 0.05 were considered statistically significant. Allele fre-
quency data for previous studies across SSA was obtained from the 
Pharmacogenomics Knowledgebase (PharmGKB) (https://www.
pharm gkb.org/page/cyp2d 6RefM aterials).

RESULTS
Sample populations
Our study data set was mainly representative of Niger- Congo 
ethnolinguistic groups (Table 1) (see also previous analyses 
by Choudhury et al. and da Rocha et al.). Only a few genomes 
(n  =  5) from Nilo- Saharan populations were analyzed in this 
study. There is a modest representation of participants (n = 6) 
with Khoe and San heritage. The genomes of the Khoe and San 
are typically deeply divergent from those of Niger- Congo speak-
ers.22 Results from the CYP2D6 star allele analysis of African 
American/Afro Caribbean (ASW and ACB), European (EUR), 
admixed American (AMR), South Asian (SAS), and East Asian 
(EAS) populations represented in the 1000 Genomes Project 
high coverage data set30,48 are included for comparison.

Table 1 Sources of the high- coverage whole genome 
sequence data sets used in the study

Populations Project/Institution n

H3Africa Consortium data

Fon from Benin (FNB) H3Africa Baylor; 
University of Montréal

50

Berom of Nigeria (BRN) H3Africa Baylor; Institute 
of Human Virology

49

Cameroon (CAM) H3Africa Baylor; 
University of Dschang

26

Ghana (GHA) H3Africa Baylor; AWI- Gen 26

Burkina Faso (BFA) H3Africa Baylor; AWI- Gen 33

South Africa AWI- Gen 100

Botswana (BOT) H3Africa Baylor; CAfGEN 47

Bantu- speakers from 
Zambia (BSZ)

H3Africa Baylor; 
University of Zambia

41

Data from other Africa- based projects

South Africa SAHGP 15

South Africa CBRL (NICD; Wits 
University)

40

African genomes in public repositories

Botswana/Namibia SGDP 3

Namibia SGDPa 3

DRC SGDPb 4

Gambia SGDP 2

Kenya SGDPc 5

Nigeria SGDP 4

Senegal SGDP 3

South Africa SGDPa 3

South Sudan SGDPc 3

Luhya in Webuye, Kenya 
(LWK)

1000 Genomes Project 99

Esan in Nigeria (ESN) 1000 Genomes Project 99

Yoruba in Ibadan (YRI) 1000 Genomes Project 108

Mende in Sierra Leone 
(MSL)

1000 Genomes Project 85

Gambian in Western 
Division, Mandinka (GWD)

1000 Genomes Project 113

Public data sets with genomes from other global superpopulations 
(for comparative analysis)

African Caribbean in 
Barbados (ACB)

1000 Genomes Project 96

People with African 
Ancestry in Southwest 
United States (ASW)

1000 Genomes Project 61

European (EUR) 1000 Genomes Project 503

Admixed American (AMR) 1000 Genomes Project 347

South Asian (SAS) 1000 Genomes Project 489

East Asian (EAS) 1000 Genomes Project 504

The genomes of all the study participants were sequenced to an average read 
depth of ∼30× by the respective projects indicated in the table.
AWI- Gen, Africa Wits- INDEPTH partnership for Genomics studies; CAfGen, 
The Collaborative African Genomics Network; CBRL, Cell Biology Research 
Laboratory; NICD, National Institute for Communicable Diseases; SAHGP, 
Southern African Human Genome Programme; SGDP, Simons Genome 
Diversity Project.
The majority of the continental African participants referred to in this table are 
from the Niger- Congo language family, except the following:
aKhoe and San hunter- gatherers. bPygmy hunter- gatherers. cNilo- Saharan 
(n = 2 for the Kenyan SGDP participants).
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CYP2D6 star allele frequencies
For previously characterized alleles, the nomenclature used here 
is in accordance with PharmVar definitions (https://www.pharm 
var.org/gene/CYP2D6). All CYP2D6 variant denotation follows 
the numbering based on NG_008376.4 counting from the se-
quence start, and/or protein change where applicable.

Of the known CYP2D6 star alleles cataloged by PharmVar 
(https://www.pharm var.org), 38 distinct star alleles were detected 
in the SSA data sets in this study, including 11 CYP2D6 structural 
variants (Tables 2 and 3). These CYP2D6 SVs (*1xN, *2xN, *4xN, 
*5, *13, *17x2, *29x2, *36, *43x2, *45xN, *68 + *4) accounted for 
14% of the CYP2D6 haplotypes called from SSA populations (see 
Supplementary Materials S3). Notably, some star alleles con-
sidered under the SNV- defined allele bracket are known to har-
bor smaller benign SVs e.g., the CYP2D6 intron 1 conversion to 
CYP2D7 (https://www.pharm var.org).

Of the continental African study participants, 27% harbored 
at least one SV- defined CYP2D6 star allele. This was similar to 
the proportion of individuals with CYP2D6 SVs in the ASW 
(29.5%) and ACB (28%) populations, higher than the proportion 
in European participants (22.7%), significantly higher than the 
proportion in admixed American participants (17%, P = 0.00015) 
and South Asian participants (14.1%, P = 1.4 × 10−8), and signifi-
cantly less than the proportion in East Asian participants (66.3%, 
P < 2.2 × 10−16).

Among the known normal- function star alleles, CYP2D6*1 
(reference allele, but known to have many suballeles) was the 
most frequent in SSA, followed by CYP2D6*2 and CYP2D6*45 
(Table 2). The CYP2D6*1 frequency observed in SSA in this study 
(24.7%) is higher than the average frequency (7.8%) from previous 
SSA studies curated by PharmGKB, while the reverse is true for 
the observed SSA CYP2D6*2 frequency (13.4%) in this study. 
CYP2D6*45 is largely African- specific as expected (Table 2). The 
CYP2D6*17x2 and CYP2D6*29x2 structural variant alleles found 
in SSA are grouped under normal- function alleles as the two cop-
ies combined make up for the function deficiency of individual 
CYP2D6*17 and *29 alleles, respectively.

We detected CYP2D6*17, *29, *41, and *84 in SSA among 
the known decreased function CYP2D6 star alleles. As expected, 
CYP2D6*17, which is defined mainly by 6041C>T (T107I), 
was the most frequent decreased function allele found in SSA 
participants and among the African American / Afro- Caribbean 
individuals, followed by CYP2D6*29 (Table 2). CYP2D6*17 
was found to be most frequent among the Fon from Benin 
(AF  =  30%) and significantly less frequent among the partici-
pants from Cameroon (AF = 5.8%) compared with participants 
from both neighboring and distant groups within SSA (Table 3). 
CYP2D6*29, which is defined mainly by 6679G>A+6681G>C 
(V136I) and 8203G>A (V338M), was also nonuniformly dis-
tributed across SSA (Table 3). In addition, the frequency of 
CYP2D6*29 was found to be significantly lower (P = 0.01598) 
in African American / Afro- Caribbean participants (com-
bined AF = 5.7%) compared with the average frequency in SSA 
(Table 2). Notably, the observed frequency of CYP2D6*41 in 
our SSA cohorts (AF  =  0.8%) was significantly less than the 
average frequency (11.5%) calculated by the PharmGKB from 

previous studies in the region (see https://www.pharm gkb.org/
page/cyp2d 6RefM aterials). Also, none of the SSA participants 
with the CYP2D6*10 allele had the *36 allele in tandem.

Among the no- function CYP2D6 alleles, we found the 
CYP2D6 full gene deletion (CYP2D6*5) to be more frequent in 
SSA (AF  =  8.1%) compared with previously reported frequen-
cies5 and to all the other global biogeographical groups (Table 2). 
CYP2D6*5 accounted for over 52% of the no- function haplotypes 
called from SSA populations, and it occurred most frequently 
among the participants from Botswana (AF = 13.8%) and South 
Africa (AF = 14.7%), but it was less frequent among the East and 
West African population groups, e.g., LWK (AF = 4.7%) and ESN 
(AF = 3.5%), respectively (Table 3). In addition, the CYP2D6*5/*5 
diplotype (i.e., homozygous CYP2D6 gene deletion) was observed 
in 10 SSA individuals, including 3 from Botswana and 3 from 
South Africa, but it was virtually absent across other global bio-
geographical groups. The CYP2D6*4 allele defined by rs3892097 
(splice defect) occurred at a significantly lower frequency (1.7%) 
in the SSA populations in this study compared with the frequency 
in European populations (AF = 11.8%) and was also less frequent 
than the estimated average frequency from previous studies in SSA 
(P  =  0.0002; Table 2). Conversely, we found CYP2D6*4xN al-
leles to be more frequent in SSA than in European populations, 
which have a higher frequency of CYP2D6*68+*4 and the rarer 
CYP2D6*4+*4.013. The virtually African- specific no- function 
star alleles called in SSA diplotypes were CYP2D6*12, *15, *40, 
*42, and *56. The no- function hybrid alleles which were detected, 
albeit rarely in SSA, include CYP2D6*13, CYP2D6*36, and 
CYP2D6*68+*4 (Tables 2 and 3).

The increased- function CYP2D6 star alleles identified in SSA 
in this study include CYP2D6*1xN, *2xN, and *45xN. These ac-
counted for 20% of the CYP2D6 structural variants identified in 
SSA and were generally more frequent in western African popu-
lations compared with southern African populations (Table 3). 
For example, CYP2D6*2x2 was absent from Zambian and South 
African participants but had a frequency of ≥ 2% among the FNB, 
BFA, CAM, ESN, YRI, and GWD populations. However, this al-
lele was found to be frequent in Botswana (AF = 3.2%) as well.

Regarding the CYP2D6 star alleles with unknown/uncertain 
function, these were more frequent in SSA (AF = 3.6%) and South 
Asian (AF = 5.5%) populations compared with other global bio-
geographical groups (Figure 2). Across SSA, the star alleles in 
this category were the relatively common CYP2D6*106 (SSA 
AF = 1.5%), and *73, *74, *125, and *149, which were relatively 
rare (Table 2). The CYP2D6*43 allele was most frequent among 
the LWK (AF  =  3.2%) compared with other SSA populations 
(Table 3).

Overall, SSA populations were found to have a statistically 
significant higher frequency of decreased function CYP2D6 
star alleles compared with European (P  =  2.2 × 10−16), admixed 
American (P = 2.2 × 10−16), and South Asian (P = 2.2 × 10−16) 
populations (Figure 2) largely due to the high prevalence of the 
African- ancestry- associated CYP2D6*17 and *29 alleles. However, 
East Asian populations had the highest frequency of decreased- 
function CYP2D6 star alleles (57.6%), mainly due to the high 
occurrence of CYP2D6*10, which is often involved in various 
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Table 2 CYP2D6 star allele frequencies

Allele frequencies (%)

CYP2D6 
allele

CPIC 
function

SSA in 
this study 
(n = 947)

Previous 
SSA studiesa 
(n = 2,248)

African American/
Afro Caribbean 

(n = 157)
EUR 

(n = 498)
AMR 

(n = 345)
SAS 

(n = 481)
EAS 

(n = 502)

*1 Normal 24.7 7.8 31.5 35.8 45.1 39.5 26

*2 Normal 13.4 19.8 9.6 15.9 18.3 20.8 7.8

*27 Normal 0.3 0.5 0.3 0 0.3 0 0

*34 Normal 0.1 0 0 0 0 0

*39 Normal 0.1 0 0.3 0.1 0.1 0.4 0.3

*45 Normal 3.7 4.2 2.2 0 0.3 0 0

*46 Normal 0.5 0.2 1 0 0.1 0 0

*17x2 Normal 0.2 0 0 0 0 0

*29x2 Normal 0.3 0.3 0 0 0 0

*41x2 Normal 0 0.2 0 0 0 0 0

*10 Decreased 3.9 5.6 3.8 1.2 1.6 3.5 15.2

*17 Decreased 19.5 19.3 16.9 0.2 0.9 0 0

*29 Decreased 10 12.1 5.7 0 0.3 0 0

*41 Decreased 0.8 11.5 2.9 8.5 6.1 11.4 3.4

*84 Decreased 0.1 0.3 0 0 0 0

*3 No function 0 0.2 1 1.8 0.6 0.2 0

*4 No function 1.7 3.4 4.1 11.8 9.6 8.2 0.2

*4x2 No function 2.2 3.8 0.3 0.1 0 0

*4x3 No function 0.1 0.1 0 0 0 0

*5 No function 8.1 5.2 7 2.4 2.2 2.5 3.5

*12 No function 0.2 0.3 0 0 0 0 0

*13 No function 0.1 0.3 0.2 0.1 0.1 0

*15 No function 0.2 0.6 0 0 0 0 0

*36 No function 0.4 0.3 0 0 0 0.2

*40 No function 1.4 1.3 0.3 0 0 0 0

*42 No function 0.1 0 0 0 0 0

*56 No function 0.2 0 0 0 0 0

*69 No function 0.1 0 0.1 0 0.2 0.3

*68 + *4 No function 0.1 1 5.7 2.6 2.2 0

*1x2 Increased 0.4 1.1 0.3 0.5 1.2 0.6 0.3

*1x3 Increased 0.2 0 0 0.1 0 0

*2x2 Increased 1.9 1.7 1.3 1.5 0.6 0.4 0.5

*2x3 Increased 0.1 0 0.1 0 0 0.1

*2x4 Increased 0.2 0 0 0 0 0

*45x2 Increased 0.1 0 0 0 0 0

*45x3 Increased 0.1 0 0 0 0 0

*32 Uncertain 0 0.3 0 0.3 0 0.2 0

*43 Uncertain 0.8 1.7 1 0.1 0 1 0

*43x2 Uncertain 0.1 0 0 0.1 0 0

*52 Uncertain 0 0.8 0 0 0 0 0.1

*73 Unknown 0.2 0.5 0 0 0 0 0

*74 Unknown 0.1 0.5 0 0 0 0 0

*106 Unknown 1.5 0 0 0.1 0 0

*122 Unknown 0.1 0.3 0 0 0 0

*125 Unknown 0.3 0.3 0 0 0 0

*139 Unknown 0.1 0 0 0 0.1 0

*149 Unknown 0.3 0 0 0 0 0.1

CYP2D6 star allele frequencies in sub- Saharan African populations compared with previous studies in this region and global frequency distributions. See 
Supplementary Materials S3 for the full list including CYP2D6 star alleles called in the global biogeographical groups but not in SSA.
AMR, Admixed American; CPIC, Clinical Pharmacogenetics Implementation Consortium; EAS, East Asian; EUR, European; n, individuals; PharmGKB, 
Pharmacogenomics Knowledge Base; SSA; sub- Saharan Africa; SAS, South Asian.
 aSee PharmGKB and CPIC CYP2D6 reference materials (https://www.pharm gkb.org/page/cyp2d 6RefM aterials).
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tandem rearrangements with the *36 hybrid (Supplementary 
Materials S3).

CYP2D6 phenotype distribution
The predicted CYP2D6 metabolizer phenotype distributions, 
translated from the CYP2D6 diplotype calls using the AS sys-
tem, are highlighted in Figures 3 and 4. Twenty- two participants 
(2.3%) were predicted to be CYP2D6 poor metabolizers (PMs) 
across the SSA populations in the study (Figure 3). There were 
no significant differences between the PM phenotype distribu-
tions across SSA. Each SSA population in the study had at least 
one CYP2D6 PM except for the BRN, YRI, GHA, and BSZ 
(Figure 4). The highest frequencies of PM diplotypes respon-
sible for the PM phenotype were observed among participants 
from Botswana (6.4%) and South Africa (3.9%). In comparison, 
the CYP2D6 PM phenotype was common among the Europeans 
(6.6%) mainly due to CYP2D6*4, and no occurrence was observed 
among the East Asian participants (Figure 3).

For the intermediate metabolizer (IM) phenotype, considerable 
differences in proportions were observed across SSA ranging from 
26.5% in the GWD to 42% in the FNB (Figure 4). This includes 
a statistically significant difference between the MSL and GWD 
(P  =  0.033). The average frequency of diplotypes predicting the 
IM phenotype across SSA (33.9%) was found to be less than that 
in African American / Afro- Caribbean (43.3%, P  =  0.0244), 
European (37.6%, P  =  0.1671, i.e., not statistically significant), 
and East Asian (43.7%, P  =  0.00027) participants, but signifi-
cantly higher than the frequency in admixed American (23.9%, 
P = 0.0006) and South Asian participants (24.1%, P = 1.4 × 10−4; 
Figure 3).

We observed a higher frequency of diplotypes predicting the 
ultrarapid metabolizer phenotype in SSA (4.7%) compared with 
that in other global biogeographical groups based on the data 
sets analyzed in this study (Figure 3). These diplotypes were dis-
proportionately more frequent among participants from western 
Africa compared with east, central, and southern Africa (Figure 4), 
with the highest frequencies being among the Berom (10.2%) 
and the Esan (9.1%) in Nigeria, and the lowest frequencies being 
among the BSZ (0%) and the South African participants (1.3%). 
These frequency differences (highest vs. lowest) were statistically 
significant.

Potential novel CYP2D6 star alleles inferred from short- read 
WGS data
We identified 27 potential novel CYP2D6 star alleles in 5% of 
the SSA participants. Nineteen of these predicted novel star al-
leles were fully phased computationally (Table 4) while 8 were 
observed in individuals whose diplotypes could not be resolved 
(Supplementary Materials S3). Although all the core variants 
for these novel star alleles were found to be already cataloged in 
the Single- Nucleotide Polymorphism Database (dbSNP), the 
haplotypes themselves had not been assigned star allele (or subal-
lele) status by PharmVar at the time of our analysis and were thus 
considered as novel. For the phased potential novel alleles, the 
phasing was made possible either by having the same background 
allele on both chromosomes or observing multiple participants 
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with the same novel core variant combination. However, subal-
leles could not be determined using this approach, so the potential 
novel alleles are indicated in Table 4 using only the core variants. 
These core variants were all found to be deleterious by at least one 
of the VEP plugins used in the study, except for rs140900383 
(A226V), rs141756339 (R474Q), and rs374616348 (V119L) 
(Supplementary Materials S3). Potential novel CYP2D6 star al-
leles inferred from global biogeographical groups other than SSA 
are highlighted in Supplementary Materials S3.

CYP2D6 novel allele characterization using targeted long- 
read sequencing
CYP2D6 XL- PCR was used to generate fragments for long- read 
sequencing involving 190 participants, 32 from Burkina Faso, 
26 from Ghana, and 132 from South African studies (AWI- 
Gen and CBRL). For one participant who was predicted to have 
CYP2D6*13/*45, the *13 CYP2D7- 2D6 hybrid fragment did not 
amplify— we could not resolve whether the issue related to sample 
quality or absence of CYP2D6*13. For all the other participants, 

the corresponding XL- PCR CYP2D6 fragments were successfully 
amplified in preparation for subsequent long- read sequencing.

From the three batches of samples (n = 189) sent for CYP2D6 
HiFi sequencing (along with CYP2A6 and CYP2B6 XL- PCR 
fragments from a related study), CYP2D6 XL- PCR fragments 
were successfully barcoded for only 141 of these participants. 
Generally, the CYP2D6 diplotypes derived from targeted PacBio 
HiFi resequencing were concordant to those inferred from short- 
read- based calls across all the samples included in the laboratory 
validation study.

HiFi sequencing enabled the characterization of two predicted 
novel major alleles (Figure 5) in this batch of samples and revealed 
novel suballeles in multiple participants (see Supplementary 
Materials S3 for examples).

Case 1: Referring to the short- read- based allele calling, StellarPGx 
and the other algorithms used could not assign a diplo-
type to three of the individuals carrying CYP2D6*70 core 
SNVs, while two other participants had been genotyped as 
CYP2D6*34/*70. However, our HiFi data analysis for one of 

Figure 2 Frequency distribution of CYP2D6 star alleles grouped by function across African and global populations. SSA populations had a 
higher frequency of decreased- function CYP2D6 star alleles compared with European, admixed American, and South Asian populations in 
part due to a higher frequency of CYP2D6*17 and *29. Conversely, CYP2D6*10 accounts for the high proportion of decreased- function alleles 
in East Asian populations. SSA and South Asian populations had a relatively higher proportion of alleles with unknown or uncertain function 
which warrants more functional assays to determine the CPIC function of these alleles. The sample sizes were as follows: sub- Saharan 
African = 961 participants; African American/Afro- Caribbean = 157 participants; European = 503 participants; Admixed American = 347 
participants; South Asian = 489 participants; East Asian = 504 participants. CPIC, Clinical Pharmacogenetics Implementation Consortium.
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the South African participants revealed that the CYP2D6*2 
SNP (rs16947, NG_008376.4:g.7870C>T, R296C) was in 
phase with the current CYP2D6*70 allele- defining variants 
(Figure 5). This participant had CYP2D6*5 (gene deletion) 
as the second allele in the diplotype.

Case 2:  The second validated novel major allele (Haplotype 17, 
Table 4) was also found in a South African participant 
with CYP2D6*5 as the second allele in the diplotype. HiFi 
sequencing showed that the rs141824015 missense variant 
(NG_008376.4:g.8206A>C, I339L) is in phase with the 
CYP2D6*41 defining variant rs28371725 (NG_008376.4: 
g.8008G>A, splice defect) on a *2 background (Figure 5) in 
this haplotype.

Suballeles: Among the novel suballeles, we ascertained the pres-
ence of subvariants not yet cataloged by PharmVar 
for CYP2D6*149 and CYP2D6*36 (Supplementary 
Materials S3).

DISCUSSION
African populations have been understudied for CYP2D6 phar-
macogenetic variation in comparison with European and Asian 
populations. To our knowledge, this study represents the most 
comprehensive investigation of CYP2D6 genetic variation across 
SSA to date. We analyzed 961 high- depth African genomes gen-
erated mainly by H3Africa projects, other collaborative projects 
within Africa, and the 1000 Genomes Project Consortium, for 
common, rare, and novel CYP2D6 star alleles, including structural 
variants. In addition, we assessed the distribution of CYP2D6 me-
tabolizer phenotypes predicted from participant diplotypes across 
SSA, and performed laboratory validation for a subset of the novel 
star alleles via XL- PCR and SMRT (Single- Molecule Real- Time) 

sequencing (Pacific Biosciences). Furthermore, we analyzed high 
coverage genomic data sets generated by the 1000 Genomes 
Project for comparison of the CYP2D6 allele and phenotype dis-
tributions in other global biogeographical groups with the allelic 
landscape observed in SSA.

The known CYP2D6 allele distributions in SSA populations are 
from studies among participants from Ethiopia, Kenya, Tanzania, 
Zimbabwe, South Africa, and Ghana.14– 16,49– 54 Most of these 
studies were relatively small- scale by design, thus limiting the ca-
pacity for making allele distribution comparisons across diverse 
SSA populations and also for detecting novel alleles. In this study, 
we systematically present the CYP2D6 allele distributions and 
predicted novel alleles from understudied populations for whom 
high- coverage WGS data has recently been generated, e.g., the 
Berom in Nigeria, Fon in Benin, and participants from Burkina 
Faso, Botswana, Zambia, Cameroon, and South Africa.20,21 In ad-
dition, our study included well- studied populations (GWD, MSL, 
ESN, LWK, YRI) where previous lack of high- coverage WGS data 
had made it virtually impossible to characterize the allelic variation 
in the hypervariable CYP2D region.55

Our CYP2D6 star allele analysis reveals largely distinct allele 
distributions across the different SSA populations in this study, 
including differences between populations in neighboring coun-
tries and/or ethnolinguistic groups within the same country (e.g., 
the Berom, Esan, and Yoruba in Nigeria). However, the estimated 
frequencies of the rarer star alleles should be interpreted with cau-
tion given the relatively small sample sizes in the SSA populations 
included in this study. The frequencies of the key largely African- 
specific decreased- function CYP2D6 alleles (i.e., *17 and *29) 
are consistent with previously reported frequencies from studies 

Figure 3 Distribution of CYP2D6 phenotypes predicted from diplotypes called from high- coverage WGS data. IM, intermediate metabolizer; n, 
sample size; NM, normal metabolizer; PM, poor metabolizer; UM, ultrarapid metabolizer; WGS, whole genome sequence.
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within SSA.16,17,19 However, they are by no means uniform across 
the whole of SSA— which is in keeping with the high genetic di-
versity across Africa. The frequencies of other key alleles such as 
CYP2D6*1, *41, and *5 in SSA were significantly different from 
the average frequency estimated by the PharmGKB from previ-
ous studies in the region (Table 2). For CYP2D6*1 and *41, the 
frequency discrepancies could be due to differences in the data 
generation (e.g., WGS vs. genotyping) and/or star allele calling 
approaches across various studies. These star alleles (as well as *2) 
are common “backbone” alleles (i.e., their defining SNVs occur 
in multiple other haplotypes); hence their frequencies should be 
interpreted with caution especially from genotyping, panel- based, 
or low- coverage WGS analysis. The relatively high frequency (14– 
15%) of CYP2D6*5 (gene deletion) among southern African 
Bantu speakers is consistent with previously observed frequen-
cies, for example among the Xhosa.17 Furthermore, some of the 
CYP2D6 alleles, e.g., *4xN (no function), *36 (no function), *106 
(uncertain function), *125 (unknown function), *1xN (increased 
function), and *2xN (increased function), not included in the SSA 
catalog in the current PharmGKB and CPIC CYP2D6 reference 
materials were identified in SSA in this study. This is mostly due to 

the diverse sampling in our study and highlights the utility of high- 
coverage WGS over allele- specific genotyping, exome sequencing, 
and/or gene panel- based approaches used in some of the previous 
SSA studies. A high prevalence (26%) of CYP2D6*2xN alleles has 
been reported among Ethiopian participants.50 However, it re-
mains to be seen as to whether this relatively high CYP2D6*2xN 
frequency would be replicated using current orthogonal star allele 
characterization approaches33 and/or analysis of high- coverage 
WGS data from Ethiopia. The added information about the distri-
bution of CYP2D6 star alleles across diverse African populations 
in our study will inform future research and precision medicine 
strategies such as pre- emptive pharmacogenetic testing in clinical 
settings across Africa and globally.

There were some allele frequency differences observed between 
the SSA populations and the African American/Afro- Caribbean 
participants included in the study. For example, CYP2D6*29 was 
found to be less frequent in the African American/Afro Caribbean 
populations than in SSA populations in the study, except for the 
FNB, GHA, and BOT participants where it was similar, while 
CYP2D6*4 (no function) was more frequent in the African 
African American/Afro Caribbean participants than in SSA. In 

Figure 4 CYP2D6 phenotype distribution across the SSA populations in the study. BFA, participants from Burkina Faso; BOT, participants from 
Botswana; BRN, Berom in Nigeria; BSZ, Bantu- speakers in Zambia; CAM, Cameroonian participants; ESN, Esan in Nigeria; FNB, Fon in Benin; 
GHA, Ghanaian participants; GWD, Gambian (Mandinka) in Western Divisions  of the Gambia; LWK, Luhya in Webuye (Kenya); MSL, Mende in 
Sierra Leone; SA, South African participants (south eastern Bantu- speakers); SSA, sub- Saharan African; YRI, Yoruba in Ibadan, Nigeria.
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line with previous pharmacogenomics studies in Africa,21,56 our 
findings emphasize the fact that one African population should 
not be used as a general proxy for another, and certainly not for 
the whole of Africa, while developing personalized medicine im-
plementation strategies. In addition, the differences in allele fre-
quencies observed between SSA and European, East Asian, and 
South Asian populations underline the need for more comprehen-
sive genotyping panels and/or sequencing approaches to assay the 
extensive CYP2D6 allelic diversity in the different biogeographical 
groups.

We observed unique distributions of the CYP2D6 metabo-
lizer phenotypes across different SSA populations and also in 
comparison with African American/Afro- Caribbean, European, 
East Asian, and South Asian populations as a result of differ-
ences in the diplotype frequencies and in the distribution of key 
alleles. However, the relatively low sample sizes among the SSA 
populations in our study made it difficult to ascertain whether 

some of the observed differences in CYP2D6 phenotype distri-
bution were statistically significant. We observed a relatively high 
proportion of SSA participants (over 10%) with indeterminate 
CYP2D6 metabolizer phenotype which exemplifies the limita-
tions of the current CPIC guidelines for genotype– phenotype 
translation. These were mostly individuals carrying novel alleles 
or known alleles with uncertain function. This emphasizes the 
need for extensive allele characterization and phenotypic stud-
ies across Africa in order to develop effective precision medicine 
strategies on the continent, in particular for medications metab-
olized by CYP2D6.

Twenty- seven potential novel CYP2D6 star alleles were ob-
served among the SSA populations included in this study given 
the high depth of the WGS data analyzed. The core variants defin-
ing these alleles were all rare and are not novel variants per se, but 
rather they are nonsynonymous variants that had either not been 
cataloged as allele- defining by PharmVar at the time of our analysis 

Table 4 Potential novel African ancestry CYP2D6 star alleles inferred from short- read high- coverage whole genome 
sequence data

Haplotype
Background 

allele Additional core variant(s) Variant type Count Country / data seta

1 *1 rs140900383∼7471C>T Missense (A226V) 1 Gambia (1000G)

2 *1 rs141756339∼9164G>A Missense (R474Q) 1 Nigeria

3 *1 rs565013903∼7600G>A Missense (R269P) 3 Namibia (SGDP)

4 *1 rs567606867∼7004G>A Missense (E215K) 1 Sierra Leone (1000G)

5 *2 rs368858603∼7610_7611insT Frameshift (T272TX) 2 Botswana; Kenya 
(1000G)

6 *2 rs368858603∼7610_7611insT + 
rs374616348∼6628G>T

Frameshift/stop- gained 
(T272TX) + Missense (V119L)

2 Cameroon; Congo 
(SGDP)

7 *2 rs28371704∼6002A>G + 
rs28371703∼5992C>A

Missense (H94R, L91M) 1 Kenya (1000G)

8 *2 rs375715419∼9115A>G Missense (T458A) 1 Zambia

9 *2 rs376636053∼6655T>C Missense (W128R) 1 Sierra Leone (1000G)

10 *2 rs769157652∼8873G>A Missense (E410K) 1 Sierra Leone (1000G)

11 *17 rs747089665∼8885C>T + 
rs769157652∼8873G>A

Missense (R414C, E410K) 1 South Africa

12 *17 rs1450231864∼8231T>C Missense (M347T) 1 South Africa (SGDP)

13 *29 rs76802407~6012C>Gb Missense (D97E) 5 Burkina Faso, Ghana; 
Gambia, Sierra Leone 

(1000G)

14 *29 rs201006451∼6767C>T Missense (A165V) 1 Nigeria (1000G)

15 *29 rs536109057∼5173C>T Stop- gained 2 Gambia (1000G)

16 *29 rs760940331∼9096G>A Missense (M451I) 2 Gambia (1000G), 
Nigeria (1000G)

17 *41 rs141824015∼8206A>C Missense (I339L) 4 Kenya (1000G), South 
Africa

18 *45 rs3915951∼8177G>T Missense (R329L) 2 Gambia (1000G)

19 *70 rs16947∼7870C>Tc Missense (R296C) 5 Cameroon, South 
Africa

SGDP, Simons Genome Diversity Project; 1000G, 1000 Genomes Project.
 aIDs for Coriell and SGDP samples are provided in Supplementary Materials S3 as these samples can potentially be used as reference materials.
 bThis haplotype has recently been validated by Gaedigk et al.7— see published haplotype at https://www.pharm var.org/gene/CYP2D6. Confirmatory submissions 
to PharmVar for the suballeles identified in this study are ongoing.
 cMatimba et al.16 identified CYP2D6*70 (moderate evidence on PharmVar) in their study. In our analysis and laboratory validation, we found that individuals with 
the *70 - defining variants also had 7870C>T (R296C) in cis.
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or were found in different combinations in our study and evalu-
ated based on the PharmVar criteria. The novel combinations of 
known core variants identified in our study represent allelic infor-
mation that could be missed if comprehensive haplotyping is not 
done, e.g., when relying on genotyping arrays and imputation. In 
particular, rs368858603 (frameshift variant that introduces a stop 
codon on a *2 backbone) and rs536109057 (stop- gain variant on 
a *29 backbone) have likely debilitating implications for the CPIC 
function of the relevant CYP2D6 haplotypes. Further functional 
assays are needed before most of the novel star alleles predicted 
in this study are included in CPIC drug dosing guidelines. Given 
the genotyping and star allele calling challenges associated with 
CYP2D6, computationally inferred novel alleles should be inter-
preted with caution— especially for singletons.

Third- generation sequencing approaches for characterizing 
star alleles in hypervariable pharmacogenes such as CYP2D6 have 
been previously validated.57– 60 Through targeted HiFi long- read 
sequencing (Pacific Biosciences), we characterized two of the novel 

CYP2D6 star alleles and also found multiple novel suballeles. The 
process of submitting these novel alleles to PharmVar is ongoing. 
Furthermore, validation of predicted novel CYP2D6 star alleles 
occurring in the SSA participants with corresponding DNA sam-
ples available from the Coriell Institute (Camden) is already un-
derway as part of an ongoing collaboration with three labs led by 
PharmVar Consortium members.7

Our study had some limitations. Firstly, we focused our anal-
ysis on SSA and did not analyze any northern African genomes. 
We also had a limited number of samples from speakers of non- 
Bantu languages in SSA, such as the Khoe and San. Secondly, we 
were unable to computationally resolve 13 CYP2D6 diplotypes 
in SSA either due to presence of novel core variants that could 
not be phased or due to potential uncharacterized structural 
variations that were novel to all the algorithms used in the star 
allele calling. Coriell sample IDs of participants with these diplo-
types have been summarized in Supplementary Materials S3 as 
they could be useful in follow- up studies to this work. Thirdly, 

Figure 5 Novel CYP2D6 star alleles in SSA characterized via XL- PCR and HiFi sequencing. Panel (a) shows the two haplotypes in a South 
African south eastern Bantu- speaking participant with the novel CYP2D6*70+rs16947 (R296C) haplotype. The submission of this allele for 
consideration by PharmVar is ongoing. The variant phasing and frequency information from our analysis suggests that CYP2D6*70, which has a 
“moderate” PharmVar level of evidence, should be redefined to include rs16947 but the final decision on this rests with the PharmVar CYP2D6 
expert panel. Panel (b) shows the two alleles identified in a South African participant with the novel CYP2D6*41+rs141824015 (I339L) allele. 
Two suballeles of this haplotype have been predicted in the Luhya in Webuye, Kenya (LWK) from the 1000 Genomes Project data set and they 
are being characterized in a collaborative project with 3 labs led by PharmVar members. SNVs (single- nucleotide variations) indicated in black 
text are from the “backbone” haplotype. HiFi, high fidelity; PharmVar, Pharmacogene Variation Consortium; SSA, sub- Saharan Africa; XL- PCR, 
long- range polymerase chain reaction.

(a) (b)
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in vitro and in vivo function studies were out of the scope of this 
work, thus limiting our assessment of the impact of star alleles 
with unknown function and novel alleles on CYP2D6- mediated 
drug metabolism. The variant deleteriousness predictions by the 
VEP plugins used in the study may not necessarily correlate with 
the CPIC clinical function and they are difficult to apply when 
examining the functional impact of haplotypes. Future studies 
employing in vitro assays such as deep mutational scans61 and/or 
in vivo assays are therefore warranted to investigate the impact 
of alleles with unknown or uncertain function on CYP2D6- 
mediated drug metabolism. Regarding phenotype prediction in 
general, there are a number of factors that could influence the 
CYP2D6 phenotype such as phenoconversion, which we did not 
investigate due to insufficient metadata. Considering that there 
is variability in geography- associated selection pressures across 
Africa, gene– environment interactions could also potentially in-
fluence the star allele clinical function and treatment outcomes 
in general. Fourthly, in our laboratory validation, CYP2D6 XL- 
PCR products for 48 participants failed to barcode during the 
HiFi sequencing library preparation due to technical challenges 
that arose from pooling the CYP2D6 amplicons with those from 
CYP2A6 and CYP2B6. We mitigated this by doing separate bar-
coding for select amplicons from samples that had predicted 
novel CYP2D6 star alleles or suballeles.

In conclusion, this study has revealed key insights regarding the 
CYP2D6 pharmacogenetic variation mainly in SSA populations. 
Our results emphasize the need for precision medicine across 
Africa and within the African diaspora to ensure safety and effi-
cacy of treatments, particularly those metabolized by CYP2D6. 
The relatively high number of potential novel CYP2D6 star alleles 
observed in SSA highlights the need for in- depth pharmacogene 
star allele characterization across Africa, especially in understudied 
ethnolinguistic groups. We recommend the consensus CYP2D6 
star allele calling approach used in this study for similar analyses 
focusing on African and other global populations especially when 
researchers and clinical geneticists have high- depth WGS data 
available to them. Future work entailing the unequivocal charac-
terization of the novel alleles not validated in this study as well as 
functional studies to determine their clinical implications will be 
critical in supporting clinical pharmacogenomics implementation 
strategies across Africa and in global settings.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical 
Pharmacology & Therapeutics website (www.cpt-journal.com).
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