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Characterization of the genetic profile of CYP2C19
in two South African populations
Aims: This study was aimed at elucidating the common sequence variation present in the CYP2C19 gene
within the South African Xhosa population and comparing it with the Cape Mixed Ancestry (CMA)
population for possible future pharmacogenetic applications. Materials & methods: Common sequence
variation was identified through the resequencing of 15 Xhosa individuals. The detected variants were
prioritized for genotyping in an additional 85 Xhosa and 75 CMA individuals, while 5´-upstream variants
were analyzed using dual luciferase reporter assays. Results: Resequencing of the Xhosa population
revealed 30 variants, including the novel CYP2C19*27 and CYP2C19*28 alleles. CYP2C19*27, characterized
by -1041G>A, caused a twofold decrease in luciferase activity, while CYP2C19*28 is characterized by the
nonsynonymous V374I variant. In addition, the previously characterized variants, CYP2C19*2, CYP2C19*9
and CYP2C19*17, were present in both populations, while CYP2C19*3 was only observed in the CMA
population. Conclusion: Our data demonstrate that both the Xhosa and CMA populations exhibit unique
genetic profiles that could influence the outcome of drug therapy in these populations.
KEYWORDS: Cape Mixed Ancestry n CYP2C19 n pharmacogenetics n South Africa
n Xhosa

The frequent occurrence of adverse drug reactions (ADRs) and treatment failure contribute
significantly to the economic and healthcare
burdens worldwide, with fatal ADRs falling in
the top ten causes of death [1,2] . It has, however,
been argued that through the implementation
of pharmacogenetics, the rate of ADRs could
be reduced by 10–20%, and the efficiency of
drugs could be increased by 10–15% [3] . CYP
genes, which encode Phase I drug-metabolizing
enzymes, have been demonstrated to be good
candidates for pharmacogenetic studies [4] , and
may provide information to aid in the attainment of optimal treatment plans. Members of
the CYP2C subfamily are collectively involved
in the metabolism of approximately 20% of prescribed drugs [5] and have been categorized as
known ‘valid’ pharmacogenomic biomarkers as
they express measurable genetic polymorphisms
proven to be associated with a variable drug
response [6] . More specifically, the CYP2C19
gene has been shown to be of particular value
in the context of drugs such as antidepressants,
antiulcer, antimalarial, anti-HIV and anti
platelet agents. All of these therapeutic agents are
metabolized by the CYP2C19 enzyme and have
been associated with ADR and/or treatment failure [7,8] . The examination of the CYP2C19 gene
is thus of value to the field of pharmacogenetics.
Several polymorphisms affecting the functioning of the CYP2C19 enzyme have been

identified and individuals can be categorized into
poor metabolizers (PMs), intermediate metabolizers (IMs), extensive metabolizers (EMs) and
ultrarapid metabolizers (UMs), according to
the level of enzyme functionality coded by the
CYP2C19 gene. Several populations have been
genotyped for the nonfunctional CYP2C19*2
and CYP2C19*3 alleles and significant differences in the frequencies of these variants have
been widely documented [9] . Unfortunately,
thorough characterization of populations to
identify novel variants using moderate-to-large
sample sizes remains limited, especially in the
genetically diverse African populations. A
recent article highlighting the importance of
CYP2C19*17 [7] emphasized the need for thorough genotyping panels, with special attention to the 5´-upstream areas. Furthermore,
the CYP2C19 gene should be characterized for
copy number variants (CNVs) that have not
been reported for CYP2C19 to date, but which
are present in the CYP2D6 and CYP2A6 genes
in African populations [10,11] .
African populations are of special interest as
they are the most ancient of populations and,
consequently, their genomes have been exposed
to greater diversification pressures than nonAfrican populations, as reiterated in a recent
paper by Tishkoff et al. [12] . The large number
of ethnolinguistic groups present in Africa [101] ,
although not necessarily dividing the groups
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into isolated populations, may play a role in
further subdividing the already genetically
diverse African populations. More specifically, the 11 official languages spoken in South
Africa hint at the number of diverse populations residing within the country. Although
there remains a vast amount of information
to be obtained from these populations, to our
knowledge, only one South African population,
the Venda population, which comprises only
2.3% of the South African population [102] ,
has been examined for CYP2C19 variation to
date [13,14] .
This study places its focus on the Xhosa population, while also examining the Cape Mixed
Ancestry (CMA) or Cape Coloured population.
The Xhosa population comprises 17.6% of the
South African population, making it the second largest unique South African population,
while the CMA comprises 8.9% of the country’s
population [102] . The Xhosa, like the Venda, are
a Bantu-speaking population belonging to the
Niger–Kordofanian African macrofamily [15] ;
however, in a focused study by Lane et al. [16] ,
comparing South African populations, the Venda
and Xhosa were shown to cluster apart from one
another. In addition, the CMA population is of
special interest to population-based studies as
this population has been shown to exhibit the
highest level of intercontinental admixture
observed worldwide [12] , with genetic contributions from European, South Asian, Indonesian
and Xhosa populations [17] .
Therefore, this study performed a detailed
analysis of the entire CYP2C19 gene in the
Xhosa population, creating a comprehensive
CYP2C19 genetic profile for these individuals. The information was subsequently used to
genotype a cohort of CMA samples, in order to
compare the frequencies of CYP2C19 variants in
the Xhosa to another large South African population group. Together, these data could aid in
the development of successful pharmacogenetic
profiles for other South African populations.

Materials & methods

Patient samples
Institutional approval was granted by the
Committee for Human Research of Stellenbosch
University (Stellenbosch, South Africa). For
DNA collection purposes; written, informed
consent was obtained from 100 Xhosa and
75 CMA healthy individuals from the Western
Cape region, whose ethnicity was determined
via self-report. Genomic DNA was extracted
from the venous blood using the Miller et al.
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protocol [18] . A total of 15 of the Xhosa individuals were randomly selected for bidirectional
sequencing of CYP2C19, in order to detect variants occurring at a frequency of more than 10%
in the population with 95.8% certainty (from
the binomial distribution). The remaining
Xhosa and CMA individuals were genotyped
for selected SNPs using PCR-RFLP.

PCR amplification &
sequencing reactions
Primers were designed according to the
CYP2C19 DNA reference sequence (Ensembl
Gene ID ENSG00000165841) [103] to amplify
all nine exons, including at least 30 bp of the
adjacent introns, 346 bp of the 3´-UTR and
2095 bp of the 5´-upstream region (refer to
O nline supplementary Table A for primer sequences;
www.futuremedicine.com/doi/suppl/10.2217/
pgs.10.90). PCR amplification reactions were
prepared to a final volume of 25 µl (refer to
Online supplementary Table B for PCR specifications;
www.futuremedicine.com/doi/suppl/10.2217/
pgs.10.90) and were purified using SureClean
(Bioline, London, UK) for subsequent bidirectional semi-automated sequencing, using
BigDye ® Terminator v3.1 Cycle Sequencing
chemistry (Applied Biosystems, CA, USA), Half
Dye mix (Bioline) and the addition of 0.2%
sodium dodecyl sulfate, at a purification cycle of
98°C for 5 min and 25°C for 10 min to remove
unincorporated dye terminators. Capillary
electrophoresis was performed by the Central
Analytical Facility of Stellenbosch University
on a 3130Xl Genetic Analyzer (Applied
Biosystems) and the obtained sequencing data
were compared with the reference sequence for
the identification of variants.

Prioritization & genotyping
of variants
The identified variants were prioritized for
genotyping in an additional 85 healthy Xhosa
and 75 CMA individuals according to the
following criteria:

Nonsynonymous mutations [19,20,104] ;

Data obtained from the Human CYP Allele
Nomenclature website [105] ;

In silico splice site [21,22] , transcription factor
binding site [106,23,24] and nucleic acid folding
and hybridization prediction (mFold) analyses [25] ;

Linkage disequilibrium data from Haploview
v3.31 [26] .
future science group
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In addition, the nonfunctional CYP2C19*3
variant (rs4986893) and upstream CYP2C19*17
variant (rs11188072) were genotyped in the
entire Xhosa and CMA cohorts. All CYP2C19*2
(rs4244285) variants identified in the Xhosa
cohort were genotyped for the adjacent
CYP2C19*10 (rs6413438) variants to confirm
which of these two variants were present. The
prioritized variants were subsequently genotyped
using PCR-RFLP analysis, through the preparation of a 20 µl restriction enzyme digestion reaction mix according to the manufacturer’s recommendations (refer to Online supplementary Table C
for restriction enzyme digest specifications;
www.futuremedicine.com/doi/suppl/10.2217/
pgs.10.90).

TaqMan® copy number assays
To detect CYP2C19 CNVs in the Xhosa
cohort, a TaqMan ® copy number assay
(Applied Biosystems) was performed, using
probes Hs02932336_cn (located in intron 6 of
CYP2C19) and the TaqMan Reference Copy
Number Assay (RNase PH1), in a duplex realtime reaction. The assays were prepared to a
final volume of 10 µl according to the manufacturer’s instructions in a 384-well plate, using
an EpMotion® pipetting robot (Eppendorf,
Hamburg, Germany), with four replicates for
each sample, and loaded onto a 7900HT Fast
Real-Time PCR system (Applied Biosystems)
at the specified reaction cycle. The results were
then analyzed with CopyCallerTM Software
(Applied Biosystems), with the ‘Most Frequent
Sample Copy Number’ set as 2 owing to the
fact that no deletion or duplication controls
are available and the manual cycle threshold
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(C T ) set to 0.2. All samples used were diluted
to 5 ng/µl, with A260:A280 ratios of greater
than 1.7, as recommended by the manufacturers
for consistency.

Plasmid preparation, cell
transfection & dual luciferase
reporter assays
Dual luciferase reporter assays were used to
determine the effect of selected 5´-upstream
variants. After initial amplification of heterozygous CYP2C19*28 and CYP2C19*27 samples
for the P+E1 fragment, a nested PCR was performed with Invitrogen (CA, USA) reagents
(refer to O nline supplementary Ta ble A for primer
sequences) to obtain a 2059 bp fragment ranging from directly upstream of the ATG start
codon to 2095 bp upstream, to include the
-2030C>T (ss230394406) and -2020C>A
(ss230394407) variants. The promoterless
pGL4.10 vector (Promega, WI, USA) [107] and
purified fragments were digested with BglII and
XhoI, and subsequently ligated, using T4 DNA
ligase (Invitrogen). The resulting constructs
were then transformed into E.cloni® chemically competent cells (Lucigen Corporation,
WI, USA) and colonies were grown on LB
agar plates (Lucigen Corporation) containing 50 µg/ml ampicilin. White recombinant
colonies were selected, the orientation of the
inserted fragments was verified using a vector
specific primer and the constructs were genotyped for the relevant variants using PCRRFLP analysis (refer to Online supplementary Table C
for restriction enzyme digest specifications),
after which all three of the desired fragments
(Figure 1) were sequence verified. After extraction
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Figure 1. Fragments inserted into pGL4.10 vectors. Fragment A represents the 5’-upstream area
of CYP2C19*1, fragment B represents the 5’-upstream area of CYP2C19*27 and fragment C
represents the 5’-upstream area of CYP2C19*28.
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using a GenElute™ Plasmid Miniprep Kit
(Sigma-Aldrich [Pty] Ltd, South Africa) the
constructs were transfected into HepG2 cells,
which were used as representative of cells in
liver metabolism in vitro owing to the fact
that CYP2C19 is predominantly expressed in
the liver [27] . Last, the luminescence was measured on a GloMax™ 96 Plate Luminometer
(Promega). All transfection experiments were
performed independently, in triplicate, to validate the data obtained.

African–American individual [28] , provide proof
for all four haplotypic combinations in populations of African ancestry. After classification of
the 100 Xhosa individuals according to metabolizer class, it was observed that PMs, IMs, EMs
and UMs occurred at a frequency of 0.03, 0.49,
0.39 and 0.09, respectively, while the frequencies in the CMA population were 0.08, 0.40,
0.35 and 0.17, respectively. The metabolizer
class genotype classification system is described
in Table 2 .


Statistical analysis
The genotyped SNPs were tested for
Hardy–Weinberg equilibrium using an analog
to Fisher’s exact test in Tools For Population
Genetic Analysis (TFPGA) Software v1.3 [108] .
The data obtained from the luciferase assays were
tested for normality using a Shapiro–Wilks test,
and subsequent differences in luciferase activity
were tested using a student’s t-test. P-values of
less than 0.05 were considered significant.


In silico analysis
Transcription factor binding site analysis with
three distinct programs consistently predicted
the removal of GATA-factor binding sites as a
result of the -2030C>T (CYP2C19*28) variant.
Two of the three programs utilized predicted the
removal of a GATA-1 or GATA-2 site ( Online
supplementary Table D; www.futuremedicine.com/
doi/suppl/10.2217/pgs.10.90). The addition of
an octamer binding protein-1 (Oct-1) binding
site as a result of the -1041G>A (CYP2C19*27)
variant was only predicted by the MATCH transcription factor binding site predictive program;
however, this was the only change that could
explain the decrease in expression as a result of
the -1041G>A variant ( Online supplementary Table E;
www.futuremedicine.com/doi/suppl/10.2217/
pgs.10.90). Additional in silico analyses, such as
splice site, mFold and nonsynonymous mutation
analysis, did not reveal any significant results for
any of the previously uncharacterized variants.

Results

Identification of variants
The resequencing data obtained from the 15
Xhosa individuals revealed 30 variants, all of
which were in Hardy–Weinberg equilibrium.
Among the detected variants were five novel
variants, of which the novel nonsynonymous
V374I variant (ss230394410) has been designated CYP2C19*28 [105] . In addition, the
-1041G>A (rs7902257) variant has been designated CYP2C19*27 [105] . After identification
of these variants in the 15 sequenced Xhosa
individuals, the variants were prioritized as
described in the ‘Materials & methods’ section and genotyped using PCR-RFLP in the
remaining Xhosa and CMA individuals (refer
to Table 1 and Online supplementary Figure 1 for the
detected and genotyped variants; www.futuremedicine.com/doi/suppl/10.2217/pgs.10.90).
CYP2C19*3, CYP2C19*10 and CNVs were not
detected in the Xhosa cohort. The calculated
copy numbers of the examined samples ranged
from 1.71 to 2.21, the DCT standard deviation
was more than 0.21 and all samples showed
confidence values greater than 95%.
Interestingly, the CYP2C19*17 -3402C>T
(rs11188072) variant, which has been reported
to occur in perfect linkage disequilibrium with
the CYP2C19*17 -806C>T (rs12248560) variant in all cases with one exception [28] , was
found to occur in five Xhosa individuals in the
absence of the -806C>T variant. These individuals, along with the previously reported
1098
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Dual luciferase reporter assays
Statistical analysis showed that there was a
significant decrease in the fold induction of
the construct containing the CYP2C19*27
5´-upstream region (-1041A) when compared
with the construct containing the CYP2C19*1
5´-upstream region (-1041G; p = 0.0077)
(F igure 2) . Although the construct containing
the CYP2C19*28 5´-upstream variants showed
a trend towards decreased luciferase activity
when compared with the CYP2C19*1 construct,
no significant difference in fold induction was
observed (p = 0.0928) (Figure 2) .

Discussion
This study focused on elucidating common
CYP2C19 sequence variation in the South
African Xhosa population. Novel variants
were identified, and it was revealed that the
Xhosa exhibits a unique genetic profile, differing from other populations examined to date,
including the South African CMA and Venda.
future science group
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89909C>T
90011A>G
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rs4244285
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rs12248560
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number

*2C
*2C
*2C
*2C
*2C
*2C/*27/*28
*28

*2C
*9
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I>V
V>I
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R>H
Premature stop
codon
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*2C
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*2C

Effect on
enzyme
activity

Decrease in vitro
Increase

I>L
None

Effect on protein

*27
*17

*17
*28
*28
*28

Allele

†

Novel SNPs.
CMA: Cape Mixed Ancestry; gDNA: Genomic DNA; H: Histidine; I: Isoleucine; L: Leucine; R: Arginine; V: Valine.

Region

gDNA
position

0.17
0.07

0.03
0.07

0.17
0.20
0.17
0.13
1.00

0.07

0.83
0.17
0.03
0.10
0.77
0.03
0.03
0.20

0.07
0.17

0.17

Xhosa
(n = 15)

0.01

0.21

0.09
0.00

0.09

0.33
0.10

0.13
0.09
0.09
0.09

0.01

0.17

0.04
0.07

0.08

0.08
0.14

0.14
0.08
0.08
0.08

0.17
1.00
0.00
0.06
0.06
0.11
0.17
0.11

0.22

0.00
0.17

0.11
0.00
0.17
0.06
0.11
0.00
0.28
0.00
0.06
0.22
0.06
0.00

[14]

Xhosa
CMA
Venda
(n = 100) (n = 75) (n = 9)

0.22

0.00

[13]

Venda
(n = 75)

Frequencies

Table 1. CYP2C19 variants identified in the Xhosa population and the corresponding frequency comparisons in other populations.
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0.00

0.13
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Caucasian
(n = 400) (n = 283)
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Table 2. Metabolizer class genotype classification systems.
Category

Grouping

Score

Allele

*2

0

*3
*9

0
0.5

*1, *15, 27*†, 28*†
*17

1
1.5

Poor metabolizer
Intermediate metabolizer

0
1

Extensive metabolizer
Ultrarapid metabolizer

2
2.5

Metabolizer class

The two CYP2C19 gene copies present in each individual are each given a score based on the allele
present. The sum of these scores is then calculated to determine the metabolizer class.
†
As the in vivo functional effect of the novel alleles has not yet been determined, they were classified
as functional.

Fold induction

Where most studies have examined only the
CYP2C19*2 and CYP2C19*3 variants, this
analysis has revealed the presence of other relevant variants in both the Xhosa and CMA populations, which could influence the phenotype
of patients. This correlates to data obtained for
CYP2D6 in the Xhosa and CMA populations,
where the novel variants CYP2D6*64, *65,
*66, *73 and *74 were detected [10,29] . These
data emphasize the requirement for appropriate
genotyping platforms in these and other South
African populations.
The novel variant CYP2C19*28, V374I,
does not appear to exert a major effect on the
CYP2C19 enzyme, as none of the algorithms
used predicted a significant impact on the protein structure. To our knowledge, there are no
known data indicating that the substituted
amino acid plays an essential role in the active
site of the protein; however, these predictions
should be verified in vivo. The CYP2C19*27
allele was, however, shown to result in a
decrease in luciferase activity. As the area in
which this variant occurs has not been shown
to be involved in CYP2C19 expression [30,31] ,
the addition of a repressor transcription factor
1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

*

CYP2C19*1 CYP2C19*27 CYP2C19*28

Figure 2. Fold induction ± standard error of
the mean of constructs containing
CYP2C19*1, CYP2C19*27 and CYP2C19*28
5’-upstream variants.
*p = 0.0077.
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binding site, namely Oct-1, was the only in silico
prediction providing a possible explanation for
the obtained results. Oct-1 has been shown to
repress the expression of the rat CYP1A1 and
CYP4A2 genes [32,33] ; therefore, the role of Oct-1
on CYP2C19 expression warrants examination
in the future.
Although preliminary bioinformatic analyses
suggested that -2030C>T results in the removal
of a GATA-factor binding site, more specifically
GATA-2, which has recently been shown to
stimulate CYP2C19 [34] , these results were not
validated by the dual luciferase reporter assays.
It is important to bear in mind that the other
CYP2C19*28 variants occurring alongside
the -2030T variant could have influenced the
results obtained for that construct. In addition,
other factors, such as additional GATA factors
within the 5´ region [34] , may compensate for
the disruption of this GATA transcription factor binding site.
To our knowledge, this is the first report of
CYP2C19*17 in a South African population.
Although this variant has been shown to affect the
plasma concentration of several substrates [7,8] , it
has remained largely neglected in most studies.
CYP2C19*10 (rs6413438) has been detected
in the African–American population at a frequency of 0.03 [35] and may thus contribute to the
erroneous genotyping of CYP2C19*2 in other
populations of African descent. Nonetheless,
the re-examination of all individuals genotyped
for CYP2C19*2 in this study did not reveal the
presence of the CYP2C19*10 allele in the Xhosa
population. As CYP2C19*10 and CYP2C19*2
are both nonf unctional [36] , their misclassification will not impact pharmacogenetic applications. The absence of CYP2C19*10 in the
Xhosa population and the different linkage pattern of the CYP2C19*17 variants serve as valuable reminders that data from studies involving
African–American individuals cannot necessarily be inferred on to other African populations.
Similarly, differences in the frequency and presence of variants were observed between the South
African Xhosa and Venda populations [14,15] ,
indicating that these two groups may be distinct
from each other. Furthermore, all variants genotyped in the CMA population, including the
novel and CYP2C19*3 variants, were detected,
emphasizing a high level of admixture and suggesting that additional variants, both previously
identified and novel, may be present (refer to
Table 1 for frequency comparisons). The comparisons of these populations highlight the need
to consider the pharmacogenetic applications of
future science group
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8%

40%

49%

35%
44%

UM

EM

IM

PM

Figure 3. Differences in the frequencies of metabolizer classes observed in the Xhosa,
Asian [40] , Caucasian [41] and CMA populations (determined as described in Table 2 using
data from Table 1). Of note, the Caucasian population was not genotyped for CYP2C19*9, which
contributed to the number of IMs observed in both the Xhosa and CMA populations. However, this
allele has been reported to occur predominantly in individuals of African descent [35] ; thus, it is not
likely to contribute significantly to the number of IMs observed in the Caucasian population.
CMA: Cape Mixed Ancestry; EM: Extensive metabolizer; IM: Immediate metabolizer; PM: Poor
metabolizer; UM: Ultrarapid metabolizer.

these groups independently from one another.
When comparing the genotype-inferred metabolizer classes of the Xhosa with the CMA and published data for the Caucasian and Asian populations, the Asians showed the highest frequency of
PMs, the Xhosa showed the highest frequency of
IMs and the Caucasians showed the highest frequency of UMs. The CMA population appears
to form intermediate frequencies of the metabolizer groups (Figure 3) , reflecting the high level
of admixture observed in this population. The
differences in frequencies of metabolizer classes
observed between the Xhosa and CMA populations serve, once again, as a reminder that the
different populations residing in South Africa
may need to be considered independently.
The results obtained from this study may
aid in the reduction of ADRs and treatment
failure if applied in South Africa. At present,
the application of CYP2C19 pharmacogenetics shows most promise with regards to therapeutic agents such as clopidogrel [37] , antimalarial agents [8] , proton pump inhibitors and
antidepressants [7] , as these drugs are utilized
in South Africa. The urgent requirement for
pharmacogenetic applications in South Africa
is highlighted by a study reporting that 14% of
all patients admitted to a South African hospital exhibited ADRs, with a fatality rate five- to
ten-fold higher than that reported in US and
UK populations [38] .

Conclusion
The data obtained from this study demonstrate
that the CYP2C19 genetic profile of the Xhosa
population differs from that of the Caucasian,
future science group

Asian, CMA and other African populations. This
emphasizes the need to determine the genetic
profiles of other South African populations in
order to obtain comprehensive pharmacogenetic
guidelines for the much needed implementation
of optimal treatment plans within the South
African context.

Future perspective
DNA sequencing technology is advancing at
an exponential rate, allowing for quicker and
cheaper analyses of genomes. The challenges
inherent in analyses of the highly diverse
African genomes will gradually lessen and allow
for the identification of rare variants contributing to altered metabolic enzyme function. In
future, applicable algorithms will need to be
developed to allow for the calculation of the
correct dosage and drug to be administered,
based on, among other things, genotype, physiological/disease status, environmental factors
and concomitant drugs. This may be useful in
African countries with the high infection rate
of HIV/AIDS, as it has been reported that the
CYP enzyme activity of infected individuals
is significantly altered [39] . In addition, non
traditional genetic variation such as CNVs,
epigenetics and expression profiling, will need
to be further considered.
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Executive summary
Identification of variants
 Resequencing of the Xhosa population revealed 30 variants, five of which were novel.
Detection of CYP2C19 alleles
 Two novel alleles, designated CYP2C19*27 and CYP2C19*28, were detected in both the Xhosa and Cape Mixed Ancestry populations.
 The previously identified CYP2C19*2, CYP2C19*9, CYP2C19*15 and CYP2C19*17 variants were detected in both populations, while
CYP2C19*3 was only detected in the Cape Mixed Ancestry population.
Dual luciferase reporter assays
 CYP2C19*27 was shown to cause a twofold decrease in luciferase activity.
Conclusion
 The South African populations examined displayed unique genetic profiles that are likely to affect drug metabolism.
 It remains to be determined whether the high frequency of intermediate metabolizers in these populations contributes to the high
number of adverse drug reactions observed.
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