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Introduction: Large-scale whole genome and exome resequencing studies

have revealed that humans have a high level of deleterious rare variation,

which has important implications for the design of future pharmacogenetics

studies.

Areas covered: Current pharmacogenetic guidelines focus on the implemen-

tation of common variation into dosing guidelines. However, it is becoming

apparent that rare variation may also play an important role in differential

drug response. Current sequencing technologies offer the opportunity to

examine rare variation, but there are many challenges associated with such

analyses. Nonetheless, if a comprehensive picture of the role that genetic

variants play in treatment outcomes is to be obtained, it will be necessary to

include the entire spectrum of variation, including rare variants, into

pharmacogenetic research.

Expert opinion: In order to implement pharmacogenetics in the clinic,

patients should be genotyped for clinically actionable pharmacogenetic

variants and patients responding unfavourably to treatment after

pharmacogenetics-based dosing should be identified and resequenced to

identify additional functionally relevant variants, including rare variants. All

derived information should be added to a central database to allow for the

updating of existing dosing guidelines. By routinely implementing such

strategies, pharmacogenetics-based treatment guidelines will continue to

improve.
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1. Introduction

Next-generation sequencing (NGS) technologies have enabled the characterisation
of human genetic variation on a scale that has not been possible until recently.
These NGS-based methodologies for calling genetic variants are flexible with
regards to the portions of the genome that can be targeted for genotyping and can
vary from whole genome sequencing, to exome sequencing (i.e., the protein coding
regions of the genome), to smaller targeted candidate regions of interest. Studies
utilising these technologies have not only characterised the vast majority of common
single-nucleotide variants (SNVs) [minor allele frequency (MAF) > 5%], but they
have also revealed that rare SNVs (MAF < 0.5%) comprise the largest proportion
of human genetic variation [1-6]. This configuration of human genetic variation is
very much a function of population history and can probably be ascribed to recent
accelerated population growth and the subsequent limited time for selection to
eliminate deleterious variants, except those with severe damaging effects [3]. Fu
and colleagues [6] estimated that > 86% of potentially functional SNVs in protein
coding regions are only between 5000 and 10,000 years old and are thus
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geographically confined. The population-specific nature of
the majority of rare variants was also eloquently illustrated
by the 1000 Genomes Project, which showed that 17% of
low-frequency variants (MAF between 0.5 and 5%) and
53% of rare variants were observed in a single population [1].
Consequently, population-specific rare variant profiles need
to be established for different populations from the major
global ancestry groups [4], including closely related popula-
tions that have been shaped by unique local demographic
events [7].
One of the distinctive characteristics of rare variants is their

enrichment for deleterious functional effects [1,3,5,8-10]. The
1000 Genomes Project Consortium [1] reported that rare
variants comprised the bulk of nonsynonymous (82%) and
stop-gain and splice site mutations (> 90%) in highly
conserved coding regions, and comprised only 65% of synon-
ymous variants, while Tennessen et al. [5] found that rare
variants are more likely to be functional compared with
variants with a MAF > 0.5% (odds ratio: 4.2, 95% CI:
4.0 -- 4.3, p < 10-15). Genome-wide sequence data also
showed that regulatory regions, such as transcription factor
binding motifs, contain a high proportion of rare variation,
which is predicted to have a moderate effect on the function
of these binding motifs [1]. The abundance of rare variants
in modern human populations may thus have a major impact
on genetically determined phenotypic variation. This holds
important implications for study designs that aim at identify-
ing variants associated with disease and, importantly in the
context of this paper, drug response traits [6].

2. Previous approaches to pharmacogenetic
studies

Prior to the introduction of NGS and the corresponding
ability to sequence entire pharmacogenes (or whole genomes)
at affordable prices, past pharmacogenetic studies have been

reliant on examining candidate genes [11-14]. The candidate
genes were usually selected from genes encoding drug metab-
olising enzymes (DMEs), transporters and targets [13], and
there are numerous examples of the successful utility of this
candidate gene approach, with particular reference to candi-
date genes relating to DMEs. Variants in candidate genes
were mostly identified by means of Sanger sequencing, and
many studies placed their focus on the identification of
common functional variation, for example, the identification
of the genetic variants in CYP2D6 causing the poor metabo-
liser (PM) phenotype in 5 -- 10% of individuals of European
descent [15,16]. These variants were occasionally further exam-
ined in larger cohorts and other populations using alternate
affordable genotyping strategies [17-22]. Subsequent detection
of novel alleles often followed the discovery of novel allelic
haplotypes for candidate genes or discordant phenotype/
genotype profiles [23]. Nonetheless, the majority of past phar-
macogenomic research has focused on common variation [24]

and rare variants have remained largely neglected.
The validity of examining variation in DME genes to

optimise various therapeutic strategies is highlighted by the
fact that there are several groups that have provided pharma-
cogenetic guidelines for these genes, such as the Clinical
Pharmacogenetics Implementation Consortium (CPIC) [25]

and the Dutch Pharmacogenetics Working Group [26], to
name just two examples. For the purpose of this paper, the
information provided by the CPIC, which is updated every
2 years [25], has been chosen to serve as an example of such
guidelines. These CPIC guidelines are provided for robust
drug--gene pairs, some of the most convincing examples of
which include the genotyping of: i) CYP2C19 alleles to
optimise clopidogrel treatments [27,28]; ii) CYP2D6 alleles to
optimise codeine treatments [29]; iii) CYP2D6 and CYP2C19
alleles to optimise tricyclic antidepressant treatments [30];
and iv) CYP2C9 and VKORC1 variants to optimise warfarin
treatments [31].

Dosing algorithms for these drug--gene pairs are available,
and one of the best examples of these dosing algorithms is
the one provided for CYP2C9 and VKORC1 variants to
optimise warfarin treatments. This algorithm takes other
important factors such as age, gender and weight into
account, and it has been estimated that the common variants
included in this algorithm account for approximately 50% of
the variability that is observed with regards to the doses of
warfarin that are required [31]. Nonetheless, it has been shown
that rare variants in both CYP2C9 and VKORC1 influence
warfarin response outcomes and the inclusion of these variants
in dosing algorithms may improve their performance [31,32].
However, as the CPIC guidelines are designed to guide the
interpretation of results, they focus only on clinically action-
able variants. In order for the CPIC to consider a variant
clinically actionable and therefore of high relevance to phar-
macogenetics, a strict protocol is implemented whereby
consistent results from well-designed studies are required [33].
Due to the low frequency of rare variants, it will be difficult to

Article highlights.

. Whole genome and exome sequencing studies have
revealed that humans contain a large amount of rare
variation, including rare deleterious variants.

. Current pharmacogenetic-based dosing guidelines focus
on the examination of common variation.

. There is a large amount of rare functional variation
present in important drug metabolising enzyme genes.

. Rare variation in pharmacogenes can be detected
through the use of sequencing technologies; however,
there are many challenges associated with
these analyses.

. The examination of rare variation can be facilitated by
resequencing the relevant pharmacogenes of
genotype--phenotype discordant individuals.

This box summarises the key points contained in the article.
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achieve this level of evidence [31], as cost restrictions may
prohibit many studies from examining the entire spectrum
of variation in enough samples to detect these rare variants
in additional studies for replication purposes. It is for this rea-
son that rare variants are not frequently included in current
pharmacogenetic guidelines, even though this variation plays
an important role in modern day human populations.

The lack of consistent results obtained for rare variants may
in part be attributed to insufficient technological advance-
ments, which in the past have prevented the examination of
rare variants. However, with the constantly decreasing costs
associated with NGS technologies, as well as improvements
in bioinformatic algorithms to asses variant functionality,
the information pertaining to the role that rare variants play
in pharmacogenomics may increase. NGS technologies may
facilitate the ability to obtain a comprehensive picture of the
variation contributing to drug response outcomes, which is
likely to include rare variants. The need to examine such
variants in DME genes is further highlighted by the fact
that genes such as CYP2A6, CYP2B6 and CYP2D6 are
included in the 110 genes in the human genome that have
unusually high proportions of rare variants [5], and this abun-
dance of rare variants has also been reported for other drug
target genes [4]. It should however be noted that some of these
genes, particularly CYP2A6 and CYP2D6, may not be ideally
suited to NGS technologies due to the sequence complexities
associated with these genes and thus variants called in these
areas may be false positives [34] (refer to Section 4.2 for
more details). Nonetheless, the need to examine rare variants
in DMEs remains important and may be of particular rele-
vance to certain populations, such as those originating from
Africa [20]. Strategies such as NGS-directed approaches may
be especially relevant in these populations due to the frequent
occurrence of low-frequency variants [1] and the fact that pre-
vious pharmacogenetic and genomic studies have been largely
restricted to European and Asian populations [35], potentially
limiting the applicability of current pharmacogenetic tests for
African individuals. Furthermore, the ‘missing heritability’ of
complex traits such as variable drug response has been
ascribed to the fact that the role of rare variants has not
been explored widely to date [5]. Thus, future pharmacoge-
netic research should include the examination of rare variants
in many diverse individuals.

3. Rare variants in drug metabolising genes

3.1 Databases and strategies to examine the genetic

variation present in DME genes
As highlighted in the section above, DME pharmacogenetic
research has predominantly focused on examining the allele
frequency differences that are observed with regards to
common variants. However, with the more frequent use of
sequencing technologies, studies have also begun to shift
their focus towards the large-scale resequencing of these
genes [36-38]. Research that has utilised resequencing strategies,

particularly strategies that employ the resequencing of genoty-
pe--phenotype discordant cases [39], has consistently identified
novel variants. This is reflected by the large number of alleles
that are recorded on the various allele nomenclature websites
for DME genes [40-44] (accessed 21 January 2014) and specif-
ically highlighted in the studies by Dai et al. [36] and
Qian et al. [37]. Allele nomenclature sites [43-45] are valuable
resources that provide information regarding the alleles that
have been identified to date, including the predicted effects
of the variants and links to supporting evidence. Thus, these
databases provide a resource whereby researchers can record
rare variants and their associated effects, which can
subsequently be utilised in future research. For CYP alleles,
a novel allele will only be assigned if a haplotype is identified
that contains at least one variant (the allele-defining variant)
that has a functional impact on the corresponding gene [45].
Furthermore, there remain a large number of variants that
are not yet recorded on the CYP allele nomenclature site
and not all haplotypes associated with the allele defining var-
iants are documented. It should also be noted that in the case
of variants that are recorded as CYP alleles, it is not always
known what the effect of these alleles on pharmacogenetic
traits will be. Therefore, although these databases provide
valuable resources for assigning function to DME genes based
on the variants detected, including rare variants, the exact
effect that these variants have on the function of the protein
is in many cases unknown, limiting the clinical utility of
these data.

In order to critically examine the variation present in
genes coding for DMEs, the seven DME genes that have
dosing algorithms available in the CPIC guidelines
(CYP2C9, CYP2C19, CYP2D6, TPMT, UGT1A1, DPYD
and VKORC1) [25] were focused on in this paper. When
examining the available allele nomenclature websites for
these DME genes, it was found that not all of the genes
have allele nomenclature databases. In addition, although
there are several alleles recorded on these websites, only a
few of these variants are included in the CPIC dosing algo-
rithms. This is either due to the fact that these variants are
rare or the effect that the variants exert on the corresponding
protein product is not well characterised [31]. Table 1 provides
a summary of the seven DME genes that are present on the
CPIC gene--drug pairs website [25] (accessed 21 January
2014), including information regarding the alleles that are
included in these dosing guidelines, as well as which of these
genes have active allele nomenclature websites and how many
alleles are recorded on these websites. As can be seen from
this table, not only are there no active nomenclature sites
for two of the genes (DPYD and VKORC1), but only a small
percentage of the recorded alleles are currently included in
the dosing guidelines. This highlights two key points:
i) databases recording the alleles present in these genes
need to be regularly updated and maintained; and ii) the
effects of these variants need to be determined so that they
can be included in dosing algorithms.

Considerations for rare variants in drug metabolism genes and the clinical implications
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One of the genes for which numerous alleles are included
in the CPIC dosing algorithm is CYP2D6. There are three
likely reasons for this: i) the gene is highly polymorphic
with numerous alleles, including gene deletions, duplications
and hybrid genes [46,47] (refer to Section 4.2 and Dr€ogem€oller
et al. [34] for potential issues that these sequence complexities
may cause with reference to NGS); ii) the gene has been the
focus of a large number of studies, with 1536 articles recorded
on PubMed with CYP2D6 in their title [48]; and iii) the gene
is small enough (~ 5 kb, including the exons, introns,
5¢-upstream and 3¢-downstream regions) [49] to allow for
complete resequencing (including Sanger sequencing) to
detect rare alleles, which further highlights the value of rese-
quencing studies for other DME genes. Due to the large
amount of variation that has been detected in this gene [27],
individuals are grouped according to the predicted function
of the CYP2D6 alleles present with the use of the activity
score system as described by Gaedigk et al. [50]. These activity
scores can then be used to place individuals into metaboliser
classes [PMs, intermediate metabolisers, extensive metabolis-
ers or ultrarapid metabolisers (UMs)], and this information
can subsequently be incorporated into dosing algorithms.
This system may be a useful template for other DME genes.
If the functionality of rare variants can be predicted, the genes
can be given an activity score and the prescription recommen-
dations can subsequently be determined based on these scores.
A lack of allele nomenclature websites and the inaccurate
predictive capabilities of current prediction algorithms will,
however, be confounders to this process.

3.2 The patterns of DME gene variation present in

the 1000 Genomes Project individuals
To examine the number of low-frequency (MAF between
0.5 and 5%) or rare variants (MAF < 0.5%) in the seven
DME genes that were selected for examination in this paper,
the 1000 Genomes Project data (accessed 21 January 2014)

were utilised. However, due to the fact that it has previously
been reported that the use of whole genome sequence data
to identify variants in CYP2D6 may not be reliable [34],
CYP2D6 was excluded from the downstream analyses. To
examine the variation in the remaining six genes, the variant
call format (vcf) files were obtained from the 1000 Genomes
Browser using the default gene region for all 14 populations.
The variants present in these files were then separated into:
i) those with MAF ‡ 5%; ii) those with MAF between
0.5 and 5%; and iii) those with MAF < 0.5%, employing
the Genome Analysis Toolkit’s (GATKs) SelectVariants
utility [51]. These vcf files were then submitted to Seattle-
SeqAnnotation137 [52], and the number of functional variants
(missense, splice site, stop/start and frameshift variants) occur-
ring in the genes of interest was determined. When the allele
frequencies of the variants were examined, it was observed
that there were a far greater number of potentially functional
variants with MAF < 0.5% compared with the potentially
functional variants with MAF ‡ 0.5% (Figure 1). Once again,
a note of caution should be made here with reference to the
fact that these variants have been detected from the NGS
short read data generated by the 1000 Genomes Project and
confirmatory genotyping has not been performed. Further
studies will therefore be required to determine whether these
are true variants or sequencing artefacts, as well as to deter-
mine the haplotypes associated with these variants. Nonethe-
less, as the 1000 Genomes Project whole exome sequence
data have been shown to exhibit a 90% accuracy compared
with HLA-typing [53], the presence of rare variants should
not be ignored and strategies to account for the potential
effects of rare variants on drug metabolism need to be devel-
oped. It should, however, be noted that future studies should
assess the functionality of the missense variants as < 45% of
rare missense variants are expected to be deleterious [10]. These
analyses will unfortunately not be trivial due to the scarcity of
the variants [54].

Table 1. The drug metabolising enzyme genes and the alleles included in the CPIC dosing algorithms.

Gene Allele nomenclature website Number of

alleles recorded

(accessed 21

January 2014)

Alleles/variants included in

CPIC dosing algorithm

(accessed 21 January 2014)

Percentage alleles

included in CPIC

dosing algorithm

CYP2C9 CYP2C9 allele nomenclature [40] 58 *1 -- 3 5.17
CYP2C19 CYP2C19 allele nomenclature [41] 34 *1 -- 8, *17 26.47
CYP2D6 CYP2D6 allele nomenclature [42] 105 *1 -- 21, *27, *29, *31, *33,

*35, *36, *38 -- 42, *44 -- 51,
*53 -- 57, *59, *62, *69, *72,
gene duplications

46.67

TPMT TPMT allele nomenclature [43] 36 *1 -- 4 11.11
UGT1A1 UGT1A1 and common exons

allele nomenclature [44]

113 *1, *28 1.77

DPYD No active site NA *1, *2A, *13, rs67376798 NA
VKORC1 No active site NA -1639 G>A NA

CPIC: Clinical Pharmacogenetics Implementation Consortium; NA: Not applicable.

B. I. Dr€ogem€oller et al.

4 Expert Opin. Drug Metab. Toxicol. (2014) 10 (6)

E
xp

er
t O

pi
n.

 D
ru

g 
M

et
ab

. T
ox

ic
ol

. D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

U
ni

ve
rs

ity
 o

f 
St

el
le

nb
os

ch
 o

n 
03

/2
8/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

http://informahealthcare.com/journal/EMT


4. Strategies to detect rare variation in drug
metabolism genes

4.1 NGS of drug metabolism genes
As mentioned in the Section 1, recent large-scale resequencing
studies in human populations have harnessed the power of
NGS to determine the spectrum of rare variation in genomes
more accurately than previously possible [1] and these technolo-
gies may be useful for pharmacogenetic research. However,
compared with precision medicine research in cancer, where
studies examine somatic mutations [55], pharmacogenomic
research of germline variation has been slower to adopt NGS
technologies. Nonetheless, as a proof of principle, Ashley
et al. [56] performed a clinical assessment of a patient’s genome
and generated a pharmacogenomic profile from the genome
sequence. These analyses showed that the patient had DME
genetic mutations contributing towards impaired warfarin
metabolism (i.e., VKORC1 and CYP4F2) and clopidogrel (i.e.,
CYP2C19), therefore highlighting the power of these NGS-
based analyses for downstream pharmacogenomic applications.
Furthermore, NGS has also proven to outperform traditional
genotyping methods in certain pharmacogenomic studies [57],
and it has been suggested that targeted resequencing strategies
will improve pharmacogenomic research [58]. A development
that offers the potential to accelerate the use of NGS-based tech-
nologies in pharmacogenomics is the PGRNSeq Test that the
National Institutes of Health Pharmacogenomics Research
Network is developing. This genotyping assay utilises a targeted

pharmacogenomic resequencing strategy, which includes the
capture of 84 important pharmacogenes [59].

4.2 Considerations for the NGS of drug metabolism

genes
Although NGS technologies are likely to improve the
predictive capabilities of pharmacogenomic tests, an addi-
tional consideration relates to the fact that the sheer volume
of data that are generated with these technologies increases
the risk of incidental findings (i.e., those unrelated to the
original research hypothesis) [60]. The role that incidental
findings play in pharmacogenomics has been reviewed in
Brothers et al. [61], and researchers and clinicians should
have contingency plans for dealing with such results when
performing NGS studies focusing on rare variants. Addition-
ally, pharmacogenes can display pleiotropy, which further
complicates the interpretation of the results of a pharmacoge-
nomic test [61]. Deciding which results to return to research
participants or patients is context dependent, but incidental
findings that are believed to have clinical relevance and are
medically actionable are the most important to consider in
this regard [62].

Furthermore, despite the numerous advantages of NGS
methodologies, they remain imperfect technologies and
certain regions of the genome remain refractory to this
kind of sequence analysis. The 1000 Genomes Project
estimated that 94% of the genome was accessible for their
analyses and released the coordinates of these regions in

0
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CYP2C9 CYP2C19 DPYD TPMT UGT1A1 VKORC1
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5% > MAF ≥ 0.5%

MAF < 0.5%

Figure 1. The number of variants predicted to have functional consequences in each of the examined DME genes, stratified

according to allele frequencies.
MAF: Minor allele frequency.
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the form of mask files [1]. It is essential to keep such issues
in mind as, even though rare variants are four times more
likely to confer a functional consequence on the resulting
protein product than common variants [5], rare and deleteri-
ous variants are also more prone to be false positives [63] and
the reliable detection of these variants also depends on the
sequence coverage and technology that is used [1]. These
considerations are highly relevant to pharmacogenomic
analyses (including those involving studies of DMEs) as
accurate genotyping of many pharmacogenes, such as those
belonging to the CYP and HLA families, is hampered by
high sequence similarity to pseudogenes as well as other iso-
forms [34]. For example, of the DMEs discussed in previous
sections, < 70% of the genomic regions of CYP2C9,
CYP2C19, CYP2D6, TPMT and VKCOR1 are accessible
to current sequencing technologies, according to the 1000
Genomes Project mask files. Furthermore, with regards to
the complexity of the variation present in genes such as
CYP2D6, it seems likely that variants such as gene deletions,
duplications and hybrid genes may not be reliably detected
with the use of whole genome/exome sequencing
(WGES) [34]. Fortunately, some of these issues are likely
to improve as sequencing technologies become more
accurate and read lengths become longer.
In order to achieve robust results with regards to the

variants examined in pharmacogenes, stringent quality
control needs to be performed, especially when working
with NGS data. The current gold standard with regards to
NGS analysis is the GATK’s ‘Best Practices For Calling
Variants’, which includes numerous steps to ensure high-
quality genotypes are produced [64]. Nonetheless, there are
certain complications that need to be considered in terms
of the detection of SNVs and these issues are highlighted
when examining the variation present in the seven DME
genes that were focused on in this paper (Figure 1). The first
issue relates to the presence of regulatory variants, such as
CYP2C19*17 and VKORC1 -1639 G>A. Although both of
these variants are included in the CPIC dosing guidelines,
even with the vast amount of regulatory information that
has been provided by the Encyclopedia of DNA Elements
project [65] and corresponding prediction programs [66], the
significance of noncoding variants is difficult to interpret.
Thus, without functional evidence it is currently not feasible
to include rare regulatory variants in dosing algorithms. The
second issue relates to the fact that although CYP2C19*2 is
known to result in a nonfunctional protein [67], the annota-
tion program predicted that this variant would result in a
synonymous amino acid change with no functional conse-
quences. This incorrect assignment of function is related
to the fact that this variant does not occur within a known
splice site, but instead creates a new splice site, the effects of
which are more complicated to predict. With the large
amounts of data that are generated by WGES studies, it is
difficult to extensively assess the effects of individual
variants.

4.3 Alternative strategies to detect rare variation in

drug metabolism genes
In addition to NGS, there are alternative approaches to detect
rare variation in DMEs. Recently introduced exome chips
form an intermediate between WGES approaches and geno-
typing arrays employed in genome-wide association studies
as rare variants that have been identified through large-scale
resequencing studies are included. However, these arrays
remain unable to detect novel SNVs [68,69]. Genotyping arrays
that have been designed for pharmacogenomic applications
can genotype multiple alleles, but do not cover rare variants
comprehensively [70]. Additionally, such arrays may not be
representative of understudied and genetically diverse popula-
tions, such as those found in Africa, and should therefore be
implemented with caution when analysing cohorts including
these individuals. Finally, traditional Sanger-based sequenc-
ing, although low throughput, may be more accurate for cer-
tain genes encoding DMEs, such as CYP2D6 [17,23,35,37,71-74],
until NGS technologies mature sufficiently to allow for
accurate genotyping of these challenging regions.

5. Computational and statistical
considerations for the analysis of rare
variation in drug metabolism genes

Once rare variants in genes encoding DMEs have been
identified following quality control, the functionality of these
variants needs to be evaluated if no prior information regarding
impact on the drug metabolism phenotype is available. Cur-
rently, in silico approaches provide an efficient manner to assess
the deleteriousness of variants, especially because the experi-
mental validation of rare variants is not always feasible. Numer-
ous prediction algorithms are available for this task, but a
comprehensive analysis of computational methods to predict
amino acid function is beyond the scope of this review as
more comprehensive descriptions are available elsewhere [75-77].

The majority of current computational approaches to assess
the impact of genetic variants rely on evolutionary informa-
tion to facilitate prediction. Additionally, algorithms designed
to assess the impact of missense variants can also make use of
the biochemical (i.e., characteristics of the amino acid that is
changed) and structural properties of the position of these var-
iants [76]. Examples of popular protein-based predictors are
the ‘Sorting Intolerant From Tolerant’ [78] and PolyPhen [79]

algorithms, whereas an example of a nucleotide-based predic-
tor is the ‘Genomic Evolutionary Rate Profiling’ (GERP)
algorithm [80]. A previous study showed that the correct
prediction of damaging effect for studies of polymorphisms
in genes encoding DMEs is around 68% [81]. Various genes
encoding for DMEs, such as the CYP genes, have many
paralogues that may affect the predictive power of certain
algorithms. Thus, nucleotide constraint score-based
approaches, such as GERP, may be more appropriate for these
genes in certain situations [76].
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In addition to the difficulties associated with the
detection of rare variation and the assignment of function
to these variants, statistical methods to determine whether
these variants are associated with treatment response
outcomes are hampered by a lack of statistical power [82].
Thus, in order to detect associations with rare variants, large
cohorts of patients are required. However, obtaining large
cohorts of patients that are treated with the same medica-
tion and/or have comparable phenotypes for pharmacoge-
netic studies can be challenging. In addition, specific
adverse drug reactions (ADRs) and treatment response
outcomes are often rare and thus it is difficult to collect a
large number of individuals displaying the trait of interest
for association analyses [54,83]. Therefore, to improve the
power of statistical analyses, instead of considering rare
variants as separate entities, deleterious variants occurring
in the same genes may be examined in combination with
one another using statistical strategies such as those
described by Panoutsopoulou et al. [82]. Novel bioinformat-
ics tools are also available to combine rare variants for
further analysis, based on various levels of biological knowl-
edge obtained from public databases [84].

Although there are many challenges related to the examina-
tion of rare variation, which include the difficulty in detect-
ing, recording and accurately assigning function to these
variants, the development of cheaper and more accurate
NGS data may aid in overcoming these obstacles. Together
with these data, it may be necessary to collect large cohorts
of samples to increase the likelihood of detecting rare variants
for discovery and replication purposes, as well as to improve
the power of such studies [85]. Furthermore, due to the infancy
of strategies that examine rare variants, it may be necessary to
initially focus only on variants that abolish the function of the
corresponding protein, the effect of which can be determined
in a more reliable and accurate manner [85]. If these variants
can be examined as a proof of concept, statistical methods
and prediction algorithms can be improved so that rare
variants with less clear effects may also be included in the
future. As strategies that focus on rare variants are improved,
the understanding of the role that these variants play in
pharmacogenomics can be improved.

This will allow for the ability to include rare variants in
dosing algorithms, the importance of which is highlighted
by the fact that previous research has demonstrated the pre-
dictive utility of including rare variants in dosing guidelines.
For example, Sagrieya et al. [32] demonstrated that including
pooled rare CYP2C9 variants of known functional effect on
a warfarin dosing algorithm increased the capacity to estimate
drug dose. Furthermore, Ramirez et al. [86] highlighted the
increased frequency of rare deleterious variants in patients
experiencing QT interval and ventricular tachycardia ADRs
compared with controls. Thus, ideally, the effects of both
rare and common variation in DME genes should be exam-
ined simultaneously to improve prediction of the drug
metabolism phenotype.

6. Conclusion

NGS technologies have played a large role in characterising
human variation and have highlighted the abundance of rare
variants, particularly rare deleterious variation, found in
human populations and the role that this class of variant
may play in human disease and treatment response outcomes.
Although the pharmacogenetic role of DMEs in treatment
outcomes has been established and guidelines for the inclu-
sion of this genetic information into dosing algorithms are
available [25], rare variation has largely been neglected to
date. Despite the fact that the inclusion of these types of var-
iation into pharmacogenetics research offers many challenges,
this article has demonstrated the prevalence of this variation
in DME genes and has also highlighted that inclusion of these
variants into dosing guidelines may improve therapeutic
outcomes in the future.

7. Expert opinion

Previous research has shown that DMEs play a large role in
drug response outcomes [87], which has led the CPIC and
other groups to develop guidelines that facilitate the utilisa-
tion of this pharmacogenetic information to optimise
treatment regimes [25]. These guidelines are user-friendly and
offer the potential to act as a predictive tool to optimise
treatment prior to dosing and reduce the socioeconomic
burdens associated with nonoptimal treatments. However,
unfortunately, the variants included in these guidelines are
predominantly from the common frequency spectrum [25].
Therefore, variants that: i) have not been well characterised;
ii) are rare; and iii) occur in understudied populations are
usually not accounted for. These shortcomings need to be
addressed due to the role of rare variants in human popula-
tions, which has recently been described, and more specifi-
cally, this paper has highlighted the large number of rare
functional variants that are present in DMEs (Figure 1).

It is therefore important that pharmacogenomic strategies
include as many functionally relevant variants in dosing
guidelines as possible, including those from the rare frequency
spectrum. In order to detect these variants, sequencing strate-
gies and analyses pipelines will be required. Due to the fact
that the CPIC have reported that none of the seven DME
genes examined in this paper have consistently been linked
to any diseases to date [27,29-31,88], incidental findings in these
genes should not be of ethical concern. It is, however,
important to note that there are several challenges that need
to be considered with regards to the implementation of
sequencing-based pharmacogenetic strategies. These include
the fact that: i) not all of the genes have well-currated allele
nomenclature websites that can guide decision-making
processes; ii) it is not always trivial to predict the functional
consequences of novel, uncharacterised or regulatory variants;
iii) NGS technologies remain imperfect and thus variants may
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be called as a result of sequencing artefacts; and iv) the cost-
effectiveness of these pharmacogenetic tests needs to be
assessed [89]. Therefore, future research should focus on:
i) examining the cost-effectiveness of sequencing-based phar-
macogenomic tests; ii) creating well-currated and regularly
updated databases for pharmacogenes; iii) improving the
capabilities of prediction algorithms for novel and regulatory
variants; iv) enhancing the reliability of sequencing technolo-
gies by, for example, increasing the sequence read lengths; and
v) procuring the required funding and resources for the devel-
opment of databases, prediction algorithms and sequencing
technologies.
Furthermore, in addition to the information pertaining to

genetic variants, it will be important to include data relating
to gene--gene interactions, drug--drug interactions and other
nongenetic factors in future research [90], as well as considering
information obtained from other ‘omics’ disciplines (e.g., tran-
scriptomics, epigenomics, proteomics and metabolomics) [91].
A review of these aspects of pharmacogenomic research is

beyond the scope of this article; however, other more exten-
sive reviews on these topics are available [92-96]. The data
obtained from these studies should be utilised in combination
with genetic data to better predict treatment outcomes in
the future.

In terms of implementing pharmacogenetic data in current
dosing algorithms, the following hypothetical standardised
protocol (Figure 2) has been recommended. If an individual
undergoes Clinical Laboratory Improvement Amendments
(or equivalent) validated WGES or alternate genotyping, the
variation detected should be recorded in a central storage
database to allow for access to these data in the future. How-
ever, due to the immense amount of data generated by WGES
and other genotyping strategies, a prioritisation strategy
should be implemented. The strategy could utilise the pipe-
line described by St. Jude’s PG4KDS, which is a study that
focuses on the clinical implementation of pharmacogenomics
(more details are given in Hicks et al. [97]), as a guideline.
Genes that are considered robust in terms of pharmacogenetic

Patients requiring medication

Genotyped using CLIA validated
genotyping protocols for relevant
genes

Patients assigned genotypes for relevant DME genes

Individuals assigned metaboliser status based on activity score system

PM/IM/UM status EM status

Change medication dose or type Standard treatment

Identify genotype-phenotype discordant individuals

Resequence the relevant genes

Identify variants contributing to non-optimal response

Add information to a central database

Figure 2. Dosing guidelines for implementation of pharmacogenetic information, including rare variants into the clinic.
CLIA: Clinical Laboratory Improvement Amendments; DME: Drug metabolising enzyme; EM: Extensive metaboliser; IM: Intermediate metaboliser; PM: Poor metabo-

liser; UM: Ultrarapid metaboliser.
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applications can be prioritised for integration into patients’
electronic medical records (EMRs), if such records are avail-
able. The variation detected in these genes can be further pri-
oritised by only including variants that have been deemed
clinically actionable. WGES may be of particular value to
this system due to the fact that as more information becomes
available regarding other variants that are considered clinically
actionable, as well as additional genes that are found to be
involved in treatment response outcomes, the relevant data
will already be available for inclusion in the EMRs. To sim-
plify the EMR updating system, it may be linked to the
CPIC guideline updates. Using the information recorded in
the EMR, the individual can be assigned an activity score
based on the alleles present in the gene(s) of interest, which
will be used to determine the metaboliser status of the individ-
ual. This information should be linked to an easily interpret-
able program, which will guide the dosing of the patient (e.g.,
a change in dose or medication type for PM and UM individ-
uals). Thereafter, the patient should be monitored and all
individuals showing an unfavourable response to the medica-
tion should be identified. If no explanation can be found for
this unfavourable response, the genes relevant to the drug of
interest should be resequenced (or if WGES data are available,
the relevant genes should be examined) to identify novel or
rare variants that may contribute to the nonoptimal treatment
response that was observed [71,98]. All variants identified from
these resequencing studies should be added to a central

database (e.g., the CYP allele, CPIC dosing guideline and
NCBI’s ClinVar websites [25,45,99]) to facilitate the dosing of
future patients.

If such strategies can be routinely implemented, more
information can be incorporated into dosing algorithms. In
so doing, our knowledge regarding the effects of variants
will be improved and the implementation of pharmacogenetic
data, including information pertaining to rare variants, can be
streamlined. Utilisation of this strategy should provide
comprehensive personalised pharmacogenetic data on an
individualised level across populations [100], and this informa-
tion should be more effective in predicting the treatment
outcomes of patients.
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