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The global spectrum of protein-coding pharmacogenomic
diversity
GEB Wright1,2, B Carleton2,3, MR Hayden1,2,5 and CJD Ross2,4,5

Differences in response to medications have a strong genetic component. By leveraging publically available data, the spectrum of
such genomic variation can be investigated extensively. Pharmacogenomic variation was extracted from the 1000 Genomes Project
Phase 3 data (2504 individuals, 26 global populations). A total of 12 084 genetic variants were found in 120 pharmacogenes, with
the majority (90.0%) classified as rare variants (global minor allele frequency o0.5%), with 52.9% being singletons. Common
variation clustered individuals into continental super-populations and 23 pharmacogenes contained highly differentiated variants
(FST40.5) for one or more super-population comparison. A median of three clinical variants (PharmGKB level 1A/B) was found per
individual, and 55.4% of individuals carried loss-of-function variants, varying by super-population (East Asian 60.9%4African 60.1%
4South Asian 60.3%4European 49.3%4Admixed 39.2%). Genome sequencing can therefore identify clinical pharmacogenomic
variation, and future studies need to consider rare variation to understand the spectrum of genetic diversity contributing to drug
response.
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INTRODUCTION
Inter-individual differences in response to medications are known
to have a strong genetic component and several genes that
influence either response to medications or adverse drug
reactions (ADRs) have been identified.1,2 The majority of previous
pharmacogenomic studies, however, have either assessed indivi-
dual candidate genes or analyzed a subset of genetic variation
interrogated with genotyping arrays. Current sequencing technol-
ogies therefore offer an opportunity to assess the full spectrum of
variation present in populations,3 as well as to determine how
genes of pharmacogenomic importance are affected by rare
genetic variation, the class of genetic variants that are most likely
to be deleterious.4 Further, sequencing approaches present a
means to investigate understudied populations and identify
groups of individuals at risk to certain ADRs on a scale not
previously possible.
The 1000 Genomes Project (1000GP) aimed to detect the

majority of variants with minor allele frequencies (MAFs) 41% in
numerous human populations through the use of current
sequencing and array genotyping technologies.5 The final stage
consisted of 2504 individuals from 26 populations.6 The current
study aimed to leverage these genomic data to determine the
spectrum of variation found in pharmacogenes across human
populations. A previous study investigated an earlier release of the
1000GP, analyzing 15 populations and a subset of pharmacoge-
nomic variation present on a commercial array (that is, 1156
markers).7 We therefore analyzed the full catalogue of diversity in
the protein-coding regions of genes of relevance to pharmaco-
genomics, incorporating data from across the entire allele
frequency spectrum.

The protein-coding regions of these pharmacogenes were the
focus of investigation, since these areas were subjected to
the most comprehensive sequencing coverage in the 1000GP
(mean coverage, complete exome= 65.7 × ), compared with the
rest of the genome (mean coverage, whole-genome
sequencing = 7.4 × ).5 Performing pharmacogenomic studies of
inclusive population cohorts will lead to a better understanding of
the pattern of genetic factors that influence drug safety and
effectiveness.

MATERIALS AND METHODS
Selection of pharmacogenes
Pharmacogenes were selected based on curated Pharmacogenomics
Knowledgebase (PharmGKB) data and the literature. Autosomal genes
annotated as ‘very important pharmacogenes’ and/or containing variants
with high to moderate levels of clinical annotation (PharmGKB levels 1
and 2) were prioritized (www.pharmgkb.org/downloads, accessed 26
August 2014). In addition, pharmacogenes with emerging evidence, as
highlighted in recent reviews, were included if they had not already
fulfilled these criteria.1,2 Human leukocyte antigen (HLA) and UDP-
glucuronosyltransferases (UGT) genes were excluded from analyses due
to their complex nomenclature and difficulties associated with current
sequencing.8,9

Study population, genetic data retrieval and functional annotation
The 1000GP Phase 3 consists of 2504 individuals from 26 global populations
(Supplementary Table 1), grouped according to five super-populations:
African, admixed American, East Asian, European and South Asian. GRCh37
exon locations of pharmacogenes were extracted with the R (R Foundation
for Statistical Computing, Vienna, Austria) package, biomaRt, and an
intersection between these coordinates and the exome region targeted
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by the 1000GP was created (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
technical/reference/exome_pull_down_targets, accessed 10 May 2016).
The intersection was padded by 25 bp with bedtools (v2.24.0) to capture
flanking exon/intron boundaries. Sequencing coverage for the exome
capture regions was then calculated with samtools (v0.1.19). Variants were
extracted (ftp://ftp-trace.ncbi.nih.gov/1000genomes/ftp/release/20130502,
accessed 2 June 2016) using tabix (v1.3) and annotated with the Ensembl
Variant Effect Predictor (VEP v83) (per gene, default ranking criteria). Variants
were assigned CADD scores and values of ⩾ 15 were considered deleterious
(http://cadd.gs.washington.edu/info, accessed 9 June 2016). The VEP-plugin,
Loss-Of-Function Transcript Effect Estimator (LOFTEE), was employed to
annotate high-confidence loss-of-function (LOF) variants. LOF variants with a
global MAF 430% were manually curated. In order to generate a list of
robust LOF variants, we selected variants annotated using GENCODE (v19)
transcripts that were annotated as ‘high confidence’ and were not flagged
by LOFTEE.

Population genetic analyses
Principal component analysis was performed on a pruned subset of the
data with EIGENSOFT (v5.0). Pruning was based on linkage disequillibrium
and MAF (parameters: 50 variant window, shifted by a 5-variant interval,
r240.2, global MAF40.01) with PLINK (v1.07), and these data were used
exclusively for principal component analysis. VCFtools (v0.1.14) was used
to calculate global and population-specific allele frequencies, fixation index
(FST) statistics and analyze variants in inaccessible regions and/or
segmental duplications. Rare variants were defined as those with a MAF
o0.5%, while singletons were variants with an allele count of one in all
1000GP individuals. Highly differentiated variants in individual populations
were defined as variants that were rare in the global sample (MAF o0.5%),
but common in one population (MAF 45.0%).

Clinical pharmacogenomic variants
Clinical variants were defined as variants with a PharmGKB clinical
annotation level of evidence of 1A/B with unambiguous allele-defining
variants. Level 1A/B variants represent those that are being implemented
in clinical practice or have an unequivocal influence on a pharmacoge-
nomic trait, while level 2 variants are ones that are either found in known
pharmacogenes or have been replicated with moderate evidence for
association (https://www.pharmgkb.org/page/clinAnnLevels, accessed 9
June 2016). Due to pleiotropic effects, the number of minor alleles carried
per individual was used to calculate clinical variant statistics. Downstream
statistical analyses and plotting were performed in R (dplyr, reshape2 and
ggplot2).

Short-read sequencing accessibility and variant site assessment
Pharmacogenes were assessed for accessibility to short-read sequencing
technologies by investigating variants located in (i) potentially inaccessible
regions defined by the 1000GP ‘strict mask’ and (ii) segmental duplications
(41000 bp with 490% identity, http://humanparalogy.gs.washington.
edu/build37/data/, accessed 23 February 2015). Extreme outlier
genes (43 × interquartile range) with regards to proportion of variants
located in either the ‘strict mask’ or segmental duplication regions
were flagged as being potentially problematic for short-read technologies.
In order to assess the quality of variant calls in the data set, we
generated a list of variants that are found in the 1000GP data, but are more
likely to be sequencing artefacts. The 1000GP used a support vector
machine (SVM) classifier to select high-quality variants and the final
call set included single-nucleotide variants with SVM40. We therefore
described marginal quality variants as those close to the SVM separating
hyperplane (that is, 0oSVMo0.3), using an upper limit similar to that
used by other large-scale sequencing projects.10 Finally, to provide
independent in silico verification of the 1000GP variants we compared
allele frequency data for overlapping markers found in either the Exome
Aggregation Consortium (ExAC)11 and the Human Genome Diversity
Project.12

Code availability
The code used to perform these analyses will be made available via GitHub
(https://github.com/GalenWright/1000gpPGX).

RESULTS
Summary of pharmacogenomic variation
A total of 120 pharmacogenes were included, spanning 369 kb of
genomic sequence and containing 12 084 variants, with a mean
coverage of 105.2 × for the analyzed pharmacogenomic exome
region (Supplementary Table 2). Notably, 6398 (52.9%) of the
variants were singletons. Rare variants, with global MAFs o0.5%,
made up 90.0% of the data set. Variants that could influence
protein function (for example, missense, stop gained, splice
acceptor) were enriched in the rare variant classes, while,
conversely, those more likely to be benign (for example,
synonymous, intronic and 3′UTR) were more frequent in the most
common positional annotations (Figure 1). The most significant
enrichment was observed for missense variants (corrected
P= 9.7 × 10− 40), where this class was over twice as prevalent in
singletons (41.0%) compared with common (global MAF 45.0%)
variants (19.5%). Further, rare variants had 50.1% higher mean
CADD scores than variants with higher allele frequencies (13.1
versus 8.6 CADD). Supplementary Table 3 presents a per gene
summary of the number of variants and select functional
annotations.
The number of missense variants per coding sequence length

ranged from 0.001 (YEATS4, missense variant every ~ 684 bp) to
0.058 (IFNL3, missense variant every ~ 17 bp). Seventeen pharma-
cogenes exclusively carried rare missense variants, while ADRB1
was an outlier with regards to this statistic, with only 66.7%
missense variants classified as rare (Supplementary Table 3). Some
of the most conserved pharmacogenes were those where somatic
mutations are predictive of cancer treatment response (for
example, BRAF, KRAS and NRAS), indicating their important role
in biological processes. Many of the other conserved pharmaco-
genes are important for hypertension (NEDD4L, PRKCA and PTGS2),
statins (HMGCR) and beta blockers (ADRB1, ADRA2C and PTGS2).
Principal component analysis and FST analyses (Supplementary

Figures 1 and 2) revealed that pharmacogenomic variation tends
to separate continental super-populations into different clusters
(that is, African, European, South Asian and East Asian). African
populations had the highest number of polymorphic sites in their
pharmacogenes (Supplementary Figure 3). The average number of
singletons per individual per population ranged from 1.2 to 3.6,
with the Finnish population displaying the least number of
singletons per individual (Supplementary Figure 4). There were 23
pharmacogenes (19.2%) that contained highly differentiated
pharmacogenomic variants (pairwise FST40.5 for one or more
continental comparison, Supplementary Figure 5 and Table 1) and
17 (14.1%) possessed a rare variant that was common in one
population (Supplementary Table 4 and Supplementary Figure 6).
A total of 22 clinical variants were found in 11 pharmacogenes

with 7 of these variants displaying global MAF ⩾ 5.0%. The
number of clinical variants per individual varied between 0 and 11
(median 3), with 97% of individuals being carriers (Figure 2). Apart
from ANKK1, the coverage of clinical pharmacogenes did not vary
substantially between populations (Supplementary Figure 7).
High-confidence LOF variants were found in 69 pharmacogenes
(57.5%) and we detected 175 unique variants, comprising 1968
alleles (Figure 3). Individuals carried 0–5 of such LOF variants, with
55.4% of individuals being carriers, but this varied by super-
population (East Asian 60.9%4African 60.1%4South Asian 60.3%
4European 49.3%4Admixed 39.2%). Apart from 12 variants
(6.9%), all high-confidence LOF variants were rare (global
MAFo0.5%) and many of the higher frequency LOF variants
allele frequencies were driven by one super-population. CYP2D6
provided the largest contribution to the LOF allele count and
CYP2D6*4 (rs3892097, splice acceptor) displayed the highest
global MAF (9.3%).
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Sequencing performance and variant assessment
As our assessment of sequencing performance criteria is
stringent8, no pharmacogenes were removed from subsequent
analyses, and these metrics should be considered as a reflection of
pharmacogenes that should be treated with caution when short-
read sequencing technologies are applied. Of 120 pharmaco-
genes, 16 had variants located within segmental duplications, of
which 50% were cytochrome P450 (CYP) genes (Supplementary
Table 2). This overrepresentation of CYP genes in the segmental

gene list was statistically significant (P= 0.001) as CYPs only
comprise 10% of the complete set.
Ten pharmacogenes (CES1, CYP2A6, CYP2B6, CYP2D6, CYP3A4,

CYP4F2, FCGR3A, GSTT1, IFNL3 and SULT1A1) were extreme outliers
with regards to the proportion of variants located in either the
1000GP ‘strict mask’ regions or segmental duplications (that is,
464%). These 10 pharmacogenes had a higher proportion of
variants that failed the filtering steps performed by the 1000GP
quality control (14.3% versus 1.9%) and more variants that were

Figure 1. Summary of the functional annotation of the pharmacogenomic variants in the 1000 Genomes Project individuals. (a) Counts of the
different variant classes according to consequence type. (b) Relative proportion of variants across consequence type stratified by global minor
allele frequency (MAF) bins. Consequence types that differ significantly in frequency according to global MAF are annotated with Bonferroni
corrected P-values. Missense variants displayed the most significant differences in relative frequencies (P= 9.68 × 10− 40).
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Table 1. Pharmacogenes containing highly differentiated genetic variants. Twenty-three genes showed at least one variant that had FST values of greater than or equal to 0.5 for one or more super-
population comparison (bolded values). These genes are important for various drug classes, with the table presenting the highest mean FST variant for each of these genes.

Gene ID Annotation CADD AFR EAS AFR EUR AFR SAS EUR EAS EUR SAS SAS EAS AMR AFR AMR EAS AMR EUR AMR SAS Important drugs

ABCG2 rs2231153 Intron 3.91 0.43 0.66 0.51 0.12 0.06 0.01 0.38 0.00 0.17 0.03 Various
ADCY9 rs2230738 Synonymous 10.52 0.60 0.22 0.49 0.22 0.12 0.02 0.33 0.15 0.01 0.07 Dalcetrapib
ADH1B rs1229984 Missense 8.98 0.72 0.03 0.02 0.65 0.00 0.66 0.07 0.58 0.01 0.02 Alcohol
ADH1C rs2241894 Synonymous 0.05 0.14 0.14 0.02 0.44 0.24 0.06 0.19 0.51 0.01 0.31 Anticancer
ALK rs2246745 Synonymous 0.09 0.58 0.59 0.48 0.00 0.02 0.02 0.48 0.02 0.03 0.00 Anticancer
ANKK1 rs11214596 Intron 3.67 0.01 0.50 0.28 0.41 0.09 0.19 0.30 0.19 0.09 0.00 Antipsychotics, antidepressants
BRAF rs3789806 Intron 6.63 0.47 0.52 0.30 0.00 0.08 0.05 0.50 0.00 0.00 0.08 Anticancer
CFTR rs213950 Missense 13.09 0.52 0.47 0.40 0.00 0.01 0.03 0.41 0.03 0.01 0.00 Ivacaftor
COL22A1 rs3935045 Splice region 2.93 0.47 0.54 0.33 0.01 0.07 0.03 0.32 0.04 0.08 0.00 Salbutamol
CYP1A2 rs2470890 Synonymous 2.09 0.11 0.57 0.10 0.33 0.34 0.00 0.32 0.07 0.13 0.08 Antipsychotics, caffeine
CYP2D6 rs1081003 Synonymous 4.54 0.43 0.04 0.00 0.53 0.03 0.42 0.01 0.45 0.01 0.01 Various
CYP2E1 rs2480257 3′UTR 7.13 0.31 0.59 0.42 0.12 0.05 0.02 0.46 0.02 0.04 0.00 Analgesics, antituberculosis
CYP3A4 rs2242480 Intron 3.78 0.52 0.74 0.40 0.11 0.21 0.02 0.39 0.03 0.25 0.00 Various
CYP3A5 rs15524 3′UTR 2.60 0.27 0.58 0.23 0.18 0.22 0.00 0.40 0.03 0.08 0.05 Immunosuppressives, anticancer
ERCC1 rs11615 Synonymous 0.30 0.20 0.58 0.41 0.23 0.05 0.08 0.37 0.03 0.10 0.01 Anticancer
F5 rs13306334 Missense 1.68 0.63 0.02 0.19 0.56 0.12 0.33 0.12 0.43 0.04 0.03 Contraceptives, anticancer
GRIK4 rs644057 Synonymous 3.51 0.54 0.13 0.30 0.30 0.06 0.15 0.22 0.24 0.02 0.01 Antidepressants
GSTP1 rs4147581 Intron 8.01 0.58 0.37 0.53 0.07 0.04 0.00 0.21 0.21 0.05 0.17 Anticancer
IFNL3 rs8103142 Missense 0.00 0.55 0.26 0.34 0.15 0.01 0.08 0.16 0.26 0.02 0.06 Interferon
P2RY1 rs701265 Synonymous 0.64 0.45 0.56 0.51 0.02 0.00 0.01 0.43 0.00 0.03 0.01 Antiplatelet
PTGS1 rs5788 Synonymous 14.54 0.60 0.46 0.52 0.06 0.01 0.03 0.33 0.17 0.03 0.07 Antiplatelet
TCF7L2 rs1056877 3′UTR 0.00 0.58 0.58 0.58 0.00 0.00 0.00 0.47 0.07 0.05 0.07 Sulfonamides
TXNRD2 rs5748469 Missense 28.60 0.59 0.05 0.20 0.43 0.07 0.23 0.20 0.25 0.06 0.00 Antidepressants

Abbreviations: AFR, African; AMR, admixed American; EAS, East Asian; EUR, European; SAS, South Asian; UTR, untranslated region.
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classified in this study as marginal quality variants (3.4% versus
0.1%; Supplementary Figure 8 and Supplementary Table 2). Of
note, none of the clinical variants (that is, PharmGKB level 1A/B)

failed the 1000GP filtering or fell into our marginal variant
category. Further, only four high-confidence LOF variants (SCN5A
rs202196386, ABCG2 rs573803020, C8orf34 rs554409474 and

Figure 2. Pharmacogenomic variants with a high level of clinical annotation (that is, PharmGKB Level 1A/B). (a) Scatterplot of allele frequencies
of clinically relevant variants in the different population groups. Variants in certain genes, such as CY2C19 and CYP4F2, displayed differences in
allele frequencies between super-populations. (b) Violin plot of the number of clinically relevant pharmacogenomic variants carried per
individual, grouped by population, and coloured by super-population. Ninety-seven percent of the individuals in the 1000 Genomes Project
carried at least one such variant (median of 3).
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SLC28A3 rs548288413) were in the marginal quality variant
category. A complete list of the 110 marginal quality variants
can be found in Supplementary Table 5.
Validation of our results using genomic data from external

projects showed a strong correlation between the 1000GP
pharmacogenomic data and results that were generated either
by genotyping arrays or exome sequencing (Supplementary
Figure 9). Comparison with the ExAC data showed that the allele
frequencies for 10 871 variants were comparable, even though
different bioinformatic analyses were employed. Previously
identified array-genotyped markers (n= 136) from the Human
Genome Diversity Project correlated well between super-
population group (R2⩾ 0.95) for all populations except the
admixed American populations, indicating the difficulty of
predicting allele frequencies in highly admixed populations.

DISCUSSION
This study presents an extensive surveillance of pharmacoge-
nomic variation in global populations. Analysis of these regions
with current sequencing technologies was shown to be feasible in
genes of relevance to drug safety and effectiveness. By assessing
the full spectrum of genetic variation, the importance of rare
variation in influencing the protein function of pharmacogenes

was highlighted. Future pharmacogenomic approaches in clinical
practice will need to develop methods to address this class of
variation to ensure the maximum predictive value for diagnostic
tests. Furthermore, 97% of individuals carried at least one well-
established variant of pharmacogenomic relevance, indicating the
valuable clinical information related to drug response and/or ADRs
that can be obtained through genomic sequencing.

Summary of pharmacogenomic variation
Sequence analysis facilitated the identification of protein-coding
pharmacogenomic variation across a globally representative
cohort at a scope not previously feasible. The majority of the
variation was made up of rare variants and singletons (~90%).
Further, the relative frequency of deleterious variants is inversely
correlated with allele frequency (Figure 1b), since deleterious
variants are more likely to be rare.13 This was demonstrated by the
high prevalence of rare missense variants in the pharmacogenes
examined in this study and is in line with research involving re-
sequencing of drug target genes.14 This is of particular importance
to pharmacogenomics, as rare variants are an understudied class
of pharmacogenomic variation15 and such low-frequency func-
tional variants are unlikely to be adequately covered on
conventional genotyping arrays. One of the pharmacogenes with

Figure 3. Pharmacogenes that carried high-confidence loss-of-function (LOF) variants as designated by LOFTEE. (a) The size of the points is
proportional to the number of unique LOF variants in the gene, with the cumulative allele count per gene indicated. (b) Combined allele
frequencies of LOF variants per gene in each of the global super-populations. Common LOF variants were frequently driven by one super-
population.
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a highest proportion of missense variants, SLC22A1, encodes the
major hepatic uptake transporter of the antidiabetic drug,
metformin.16 Over 20 SLC22A1 variants have been associated
with either changes in protein function in vitro or clinical traits,
such as treatment response.17 Future studies should ensure that
variation in highly polymorphic pharmacogenes is adequately
genotyped to ensure robust findings. Variation in conserved
germline pharmacogenes may be easier to capture through
conventional genotyping, although regulatory genetic variants
may still have an important role.

Population genetics
The inclusion of diverse populations in genomic studies ensures
that the benefits of precision medicine can be applied globally, in
accordance with the ethical principle of justice.18 Common
pharmacogenomic variants stratified individuals into continental
super-populations, with the admixed individuals separating along
clines between these clusters (Supplementary Figure 1). This was
also observed for the FST analyses of synonymous variants
(Supplementary Figure 2). Rare variants have been shown to be
geographically localized14 and this clustering makes the design of
arrays that adequately capture global variants difficult. This
indicates that sequencing is the most appropriate way to assess
pharmacogenomic variation across the frequency spectrum.
The pharmacogenes that displayed highly differentiated

variants are important for a variety of drug classes (Table 1,
Supplementary Figure 5). Consistent with the history of modern
humans, most differences were observed between African
populations in relation to the other super-populations (91% of
such variants displayed differences involving an African popula-
tion) and there were no highly differentiated variants for the
European-South Asian comparisons. The most differentiated
polymorphism was a missense ADH1B variant (rs1229984), which
is involved in alcohol metabolism. This variant has been linked to
an increased oesophageal cancer risk,19 and could contribute
towards the elevated prevalence of this cancer in certain Asian
populations,20 although this phenotype is multifactorial and the
effect size of the variant is modest. The CYP3A4*1G allele
(rs2242480), which has been associated with increased tacrolimus
metabolism,21 displayed the greatest individual FST statistic (0.74
between Africans-Europeans). Unique patterns of genetic diversity
for CYP3A4 in African populations have been documented,22 and
this, combined with the fact that African populations have higher
frequencies of active CYP3A5,23 indicate that these individuals
would require higher dosages of immunosuppressive drug on
average.
The angiotensin converting enzyme (ACE) gene, contained the

most variants that were globally rare, yet common in one
population, with four independent signals (three African and
one admixed, Supplementary Table 4). ACE inhibitors display
differences response profiles, with African patients displaying less
effective blood pressure reduction from these medications than
Europeans24 and higher risk for the ADR, angio-oedema.25 Genetic
variants identified through these analyses are therefore good
candidates for future pharmacogenomic research.
Three variants of potential relevance to CYP-related drug

metabolism—CYP2B6 (rs28399501, 3′UTR), CYP2C8 (rs11572079,
splice region) and CYP2C19 (rs181297724, missense/splice region)
—were common in the Finnish, but rare in the global population.
Allele frequency differences between the Finnish and other
European populations have been documented for other CYP2
polymorphisms.26 Pharmacogenomic studies of related medica-
tions and cohorts should include these variants to determine
clinical relevance. For example, 27% of patients in Finland were
found to discontinue statins (CYP2C8 substrate) during the first
year of treatment, and ADRs potentially contributed towards this
statistic.27 Another notable finding in the Finnish population was

the depletion of singletons in this bottlenecked population
(Supplementary Figure 4), which is in line with previous genomic
research in these individuals,28 and provides the opportunity to
study the effect of rare pharmacogenomic variants in these
individuals.

Clinical pharmacogenomics and high-confidence LOF variants
Almost every 1000GP individual (97%) carried a high evidence
clinical variant (Figure 2), indicating the clinical utility of current
sequencing technologies. In addition, if a patient presents with
the absence of pharmacogenomic risk variants for a particular
drug, the treating physician can have more confidence prescribing
that medication.
Pharmacogenes relevant for anticancer agents featured promi-

nently on this clinical list (DPYD–fluorouracil, MTFHR–methotrex-
ate, TMEM43/XPC–cisplatin, TPMT–mercaptopurine), reflecting an
active research field, with several biomarkers available for clinical
intervention. This was followed by pharmacogenes involved in
warfarin-related traits (CYP2C9 and CYP4F2), with CYP2C9*3
(rs1057910) also having relevance for severe skin reactions from
phenytoin.29 The highly polymorphic pharmacogene, CYP2D6,
along with CYP2C19, each contributed four clinical variants.
CYP2D6 is important in the metabolism of many drugs, including
antidepressants as well as analgesics (for example, codeine and
tramadol), indicating that carriers of these clinical variants are
likely to benefit from receiving these pharmacogenomic results.
The European super-population had the highest mean number

of clinical variants (4.1), while the African populations had the
lowest number of such variants (2.3) (Figure 2), which is similar to
the findings for disease-related variants in different populations.5

This most likely represents database bias, as the clinical
pharmacogenomic variants assessed in this study rely on
previously published evidence. African populations have been
underrepresented in past pharmacogenomic research,6,30,31 there-
fore reiterating the importance of performing research in diverse
populations. These genetically diverse individuals are likely to
harbour pharmacogenomic variants that are common in African
populations, with similar effect sizes, but remain to be identified as
being clinically relevant. As only the coding regions were assessed,
these clinical carrier counts are underestimated in all populations.
For example, increasing the capture region to include a more
comprehensive set of transcripts incorporating untranslated
regions would allow for the inclusion of additional clinical variants
(for example, CYP3A5*3 and VKORC1 rs7294/rs9934438). With the
addition of these variants, every individual in the 1000GP would
carry a clinical variant, providing support for the use of
augmented exome approaches.32

A recent study also highlighted the importance of rare variation
in a predominantly European-descent cohort of patients from the
eMERGE Network analyzed with the PGRNseq platform.33 This
represents a significant advance in incorporating sequencing-
based pharmacogenomic approaches into the clinic. Our study
adds important additional support for these findings through
capturing the diversity of pharmacogenomic alleles observed
across the globe, surveying population genetic differences and
annotating high-confidence pharmacogenomic LOF variants.
LOF variants have a marked impact on protein function, and

consequently, pharmacogenomic traits. We generated a list of
pharmacogenes that are impaired by LOF variants that have been
annotated with a high degree of confidence, minimizing potential
false positives. Of possible clinical relevance, 50% of the top 10
pharmacogenes contributing towards the high-confidence LOF
allele count also contain variants with PharmGKB level 1A/B
evidence (CYP2C19, SLCO1B1, ANKK1, CYP3A5 and CYP2D6). The
high number of CYP2D6 poor metabolizer (PM) alleles is of
relevance since poor metabolizers will not receive therapeutic
benefit from pro-drugs such as codeine,34 while being placed at
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risk for ADRs from other medications (for example, tricyclic
antidepressants).35 Although 450% of pharmacogenes possessed
high-confidence LOF variants, the majority of genes were only
affected by rare LOF variation. Sequencing should therefore be
considered the best strategy to capture the variation in drug
response phenotypes. Finally, the true number of LOF variants is
also likely to be higher due to our stringent annotation strategy
and because the 1000GP did not report singleton indels,6 a type of
variation likely to cause frameshift mutations.

Limitations of current sequencing technologies
This study highlighted pharmacogenes that could be problematic
with regards to short-read technologies (Supplementary Figure 8).
Our results reiterate the difficulties associated with analyzing the
CYP genes with such technologies,8,36 although our criteria used
to flag potential problematic genes could be overly strict for
research purposes.8 For clinical sequencing applications, however,
variation in these pharmacogenes should be confirmed via
alternative methods. The inadequacy of sequencing for highly
complex HLA and UGT genes also needs to be addressed since this
group represents many important clinical pharmacogenes. The
UGT loci play a major role in phase II drug metabolism,9 while the
HLA region is important for drug hypersensitivity reactions.37

1000GP Phase 3 employed 76-101bp paired-end sequencing and
many limitations will be prevented with longer read technologies.
There have been attempts to address some of these issues
through novel bioinformatic pipelines and individuals that have
been genotyped with numerous platforms.38–40 Despite these
limitations, the overall concordance between the 1000GP and
external data with regards to allele frequency patterns was strong
(Supplementary Figure 9).
Reference transcripts can have a substantial influence on the

annotation of variants, with LOF variants being particularly difficult
to assess.41,42 For example, the important PM allele, CYP2C19*2,
was not annotated as a high-confidence LOF variant in our
analyses. It has also recently been shown that tools to infer
pharmacogenomic alleles are currently inadequate when being
used on current sequencing data and need to be improved.43 An
additional limitation of only assessing the exome is that non-
coding regulatory variation, which is not captured with this
approach, can have an important role in pharmacogenomic
phenotypes,44 highlighting one of the advantages of performing
whole-genome sequencing. Finally, as this was beyond the scope
of this study, a dedicated analysis of copy number of pharmaco-
genes is still required.

CONCLUSIONS
Sequencing technologies will continue to be used for pharmaco-
genomic applications in both research and clinical settings at an
increasing rate. This study highlighted that this approach remains
the best way to capture rare variants, which although indepen-
dently rare, make up the bulk of the variation in pharmacogenes.
To facilitate clinical uptake, it will be important to address the

analysis burden associated with high-throughput sequencing-
related data. Developing variant interpretation systems that
include drug response prediction beyond well-characterized
clinical factors will help achieve this goal. Rare variants will need
to be considered in such approaches, a task that will be assisted
by improvements in computational prediction.
Sequencing is a globally inclusive technique, as genotypes are

not restricted to a predetermined panel of variants. Our clinical
analyses detected variants that were mainly relevant to anticancer
agents and warfarin, suggesting literature biases. Additional
robust pharmacogenomic studies using globally representative
cohorts are therefore essential. Further, once sequenced, a
genome can be used throughout a patient’s lifetime and can

provide a constant source of medically relevant information that
can be used to achieve a balance between mitigating ADRs and
achieving drug efficacy.
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