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Targeted Next-Generation Sequencing for
Comprehensive Genetic Profiling of
Pharmacogenes
SM Han1, J Park1, JH Lee2, SS Lee3, H Kim4, H Han4, Y Kim4, S Yi5, J-Y Cho5, I-J Jang5 and MG Lee1
Phenotypic differences in drug responses have been associated with known pharmacogenomic loci, but many remain to be
characterized. Therefore, we developed next-generation sequencing (NGS) panels to enable broad and unbiased inspection
of genes that are involved in pharmacokinetics (PKs) and pharmacodynamics (PDs). These panels feature repetitively
optimized probes to capture up to 114 PK/PD-related genes with high coverage (99.6%) and accuracy (99.9%). Sequencing
of a Korean cohort (n 5 376) with the panels enabled profiling of actionable variants as well as rare variants of unknown
functional consequences. Notably, variants that occurred at low frequency were enriched with likely protein-damaging
variants and previously unreported variants. Furthermore, in vitro evaluation of four pharmacogenes, including cytochrome
P450 2C19 (CYP2C19), confirmed that many of these rare variants have considerable functional impact. The present study
suggests that targeted NGS panels are readily applicable platforms to facilitate comprehensive profiling of pharmacogenes,
including common but also rare variants that warrant screening for personalized medicine.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE
TOPIC?
þ The genetic basis of phenotypic variations in drug responses
has not been completely elucidated by existing PGx approaches
with the limited number of available genetic markers.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ We demonstrated the performance of ADME-PGx panels as
readily applicable targeted capture platforms. By applying these
panels to a large cohort, genetic variants of PK/PD-associated
genes were presented with regard to frequency spectra and functional impact.
WHAT THIS STUDY ADDS TO OUR KNOWLEDGE
þ Despite recent large-scale sequencing projects, there
are still a considerable number of novel variants, mostly

Genetic variation among pharmacogenes greatly contributes to
interindividual variability in drug response. Past pharmacogenomic
studies have reached fruition, with implementation of wellcharacterized genetic variants for drug therapy decisions in clinics.1–3 However, early pharmacogenomic platforms were conﬁned
to the analysis of common variants.4,5 Consequently, there may be
unreported, low-frequency variants, the effects of which are signiﬁcant enough to be considered in determining therapeutic regimens.
Indeed, approaches that focus exclusively on common genetic variants might have impeded clinical implementation of genetically
tailored medicine by inadvertently excluding a potentially

occurring at low frequency. As predicted in silico, rare variants disturbed functions of proteins associated with
ADME as shown for CYP2C19 and three transporters. In
particular, novel or rare variants of CYP2C19 exempliﬁed
under-rated variants of functional signiﬁcance in drug
phenotypes.
HOW THIS MIGHT CHANGE CLINICAL PHARMACOLOGY OR TRANSLATIONAL SCIENCE
þ Results suggest the importance of rare variants and the necessity of comprehensive PGx proﬁling. Targeted NGS-based panels will meet such needs both in preclinical research and clinical
translation of pharmacogenomic discoveries.

important class of variants and reducing their explanatory powers.
There have been few studies showing rare variants with considerable functional impact. Variants with potential damaging consequences seem to be rare in populations6 and play a role in drugresponse phenotypes.7 Even for drugs with an established genetic
evidence-based dosing regimen, rare variants can increase the power to estimate the optimal dosing.8
Nevertheless, it is intrinsically more difﬁcult and costlier to study
the associations of rare variants than common variants due to the
need for a large sample size. Therefore, the role of rare variants in
variable drug-response phenotypes has not been fully evaluated,
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Figure 1 Target genes of the absorption, distribution, metabolism, and excretion (ADME)-pharmacogenetic (PGx) capture panels. Both ADME-PGx (n 5 74
genes) and Extended ADME-PGx (n 5 114 genes) panels capture pharmacokinetic (PK) genes of drug-metabolizing enzymes, transporters, modifiers, and
pharmacodynamic (PD) genes. The Extended ADME-PGx panel includes more PD genes, which have been reported to be associated with drug response.
Genes were categorized according to the PharmaADME database (http://www.pharmaadme.org/). ABC, ATP-binding cassette; SLC, solute carrier.

and their contributions in pharmacogenomics remain unclear. To
examine the role of rare variants, there is a need for (1) efﬁcient,
comprehensive platforms that allow unbiased inspection of genetic
variability in pharmacogenes; and (2) high-throughput molecular
or in silico tools that can functionally validate variants.
Target-enrichment approaches have facilitated the efﬁcient
sequencing of genes of interest. Among three main target-capture
approaches,9 the molecular inversion probe (MIP)-based method
has evolved into various versions with many improvements and
been applied to large-scale sequencing.10–12 The MIP-based
approach enables capture with high speciﬁcity from small amounts
of input DNA. Further, various modiﬁcations on the backbone
sequence are possible to generate more efﬁcient protocols, such as
molecular tagging.11,13 We previously suggested that the duplex
MIP-based capture could be made less costly and laborious by synthesizing probes on a microarray.13 By using this approach with a
target-capture panel for 74 pharmacogenes (absorption, distribution, metabolism, and excretion (ADME)-pharmacogenetic
(PGx)), we were able to circumvent the high cost of column-based
probe synthesis and inaccurate genotype calling due to allelic bias.
For an additional target-capture panel (extended ADME-PGx), we
used in-solution hybridization capture to scale up the number of
target genes. Hybridization capture by RNA probes in solution has
been increasingly used for commercial exome capture kits.14,15
Here, by applying current target-enrichment strategies, we
generated next-generation sequencing (NGS)-based target capture
panels to sequence genes involved in pharmacokinetics (PKs) and
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pharmacodynamics (PDs). Probes consisting of these panels were
sufﬁciently optimized to capture and sequence almost all target bases
with adequate sequencing depth. By applying these panels to a large
Korean cohort (n 5 376), genetic variants in pharmacogenes were
elucidated with regard to expected functional consequences and frequency in the population. In addition, the functional consequences
of rare and previously unreported variants in the drug-metabolizing
enzyme cytochrome P450 2C19 (CYP2C19) gene and three transporter genes (SLC22A1, SLCO1B1, and ABCB1) were validated
in vitro. Collectively, our data suggest that these NGS panels are
readily applicable platforms that enable comprehensive proﬁling of
pharmacogenes. These NGS-based approaches will provide fertile
ground for future applications of pharmacogenomics in precision
medicine and drug development by considering rare variants that
may contribute to interindividual variations in drug response.
RESULTS
NGS-based target capture panels for pharmacogenes

Two kinds of NGS-based target capture panels were generated to
sequence PK/PD-related genes. Both panels covered 600 bp
upstream and 100 bp downstream of untranslated regions and
-50 bp/110 bp of each splice junction of the target genes. Probes
targeting markers of Affymetrix’ DMET Plus array were also
included in panels. Target genes of two ADME-PGx panels are
presented in Figure 1. Initially, we developed an MIP capturebased ADME-PGx panel for 74 genes. The panel focused mainly
on genes involved in ADME processes, including genes encoding
397
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Table 1 Overall performance of two ADME-PGx panels
ADME-PGx
panel (n 5 74
genes)

Extended
ADME-PGx panel
(n 5 114 genes)

191

185

4003

4553

20

40

Covered fraction 13,
%, mean

96.1

99.8

Covered fraction 153,
%, mean

91.5

99.6

Covered fraction 203,
%, mean

90.5

99.6

Precision, %a

99.8

99.9

98.1

99.7

Coverage (3) 153,
VAF 0.3

VAF 0.29

99.4 (mean)

NA

Captured samples, no.
Mean depth
Plex-level

a

Sensitivity, %

Filter condition of
genotype calls
Concordance rate with
DMET Plus assay, %b

ADME-PGx, absorption, distribution, metabolism, and excretion-pharmacogenetic;
NA; not available; Plex-level, number of samples pooled per lane in the Hiseq 2500
sequencing system; Precision, true positive variant calls by panels among all
variants from next generation sequencing (NGS); Sensitivity, true positive variant
calls within covered regions by panels among the benchmark variant call set; VAF,
variant allelic fraction, meaning the fraction of sequence reads carrying variant
alleles.
a
Precision and sensitivity of genotype calls by two panels were measured by
comparing genotypes of NA12878 to the benchmark genotype calls. Although a
total of 486 single nucleotide variations (SNVs) and in-del genotypes were available
for comparison for ADME-PGX, a total of 685 SNVs and in-del genotypes were
compared for Extended ADME-PGX panel. bThe concordance rate was derived from
the data of 191 samples for 1,831 markers that passed quality controls for the
DMET Plus assay (call rate 98%) and the post-filter for NGS variant calls
(sequencing depth 153 and VAF 0.3) by the ADME-PGx panel.

phase I/II drug-metabolizing enzymes, drug transporters, and
modiﬁers of other ADME genes. Compared with existing methods, the MIP-based capture used in the panel featured efﬁcient
probe preparation by adopting microarray-based duplex MIP with
minor modiﬁcations.13 We initially designed 10,927 probes and
repetitively optimized them in order to improve capture performance (Supplementary Figure S1a online). Melting temperature
of the annealing sequence for ligation and extension is known to
be one predictor of capture efﬁciency and can be easily adjusted.10
The ideal range of melting temperatures of two annealing sequences was empirically deﬁned at the pilot stage and ranged from
55–62.58C. We found that even one probe with adequate target
capture performance (ligation or extension) could overcome
the poor capture efﬁciency of the other probe (Supplementary
Figure S1b online). After the initial run, a total of 2,099 MIPs,
target regions of which were covered by less than the mean 253
sequencing coverage or for which melting temperatures of both
annealing arms were out of the optimal range, were speciﬁed as
probes with poor capture performance (Supplementary Figure
S1c online). To complement those, we generated 3,206 new
probes whose melting temperatures fell within the optimal range.
398

The newly designed probes showed increased coverage over target
regions (Supplementary Figure S1d online).
In addition to the MIP-based platform, we generated the
Extended ADME-PGx panel covering 114 pharmacogenes based
on hybridization capture using RNA probes in order to compare
the capture performance of the two platforms and to establish
the best NGS platform for PGx testing. We optimized the probes
by repetitively measuring sequencing coverage and the uniformity
of each probe. Regions that were less uniform due to repeat
sequences or high guanine-cytosine (GC) or adenine–thymine
(AT) ratios were chosen to be rebalanced. These rebalancing procedures improved the capture performance of the Extended
ADME-PGx panel. For example, coverage uniformity at 0.23 of
mean depth of coverage was improved from 92.3% to 97.3% after
rebalancing (Supplementary Figure S2 online).
Overall performance of capture panels

Optimized MIPs (ADME-PGx) captured 96.1% of target
genome sequences and 91.5% at sequencing depth of 153, which
met the minimum requirement of variant calls for high precision
and sensitivity (Table 1, Supplementary Figure S3a,b online).
Covered regions were sequenced to the mean depth of 4003. At
minimum conditions of accurate and sensitive variant calling,
genotyping of NA12878 by the ADME-PGx panel was 99.8%
concordant with validated genotypes with 98.1% sensitivity
(Table 1). When compared to genotyping using the commercial
genotype platform, the DMET Plus panel, genotypes called by
the ADME-PGx panel showed 99.4% concordance (Table 1).
The hybridization-based Extended ADME-PGx panel showed
better overall capture performance. Greater than 99% of target
bases were covered at sequencing depth of 203 by the extended
panel. By sequencing target regions with the mean depth of
4553, the Extended ADME-PGx panel captured nearly all target
bases of 114 genes (Figure 2). With regard to variant calls from
the hybrid-capture, ﬁltering based on variant allele fraction
(VAF), but not ﬁltering based on sequencing depth (3),
improves precision and sensitivity (Supplementary Figure S3c,d
online). The Extended ADME-PGx panel provided 99.9% accurate variant calls of NA12878 with 99.7% sensitivity (Table 1).
When the sequencing depth of both panels were normalized at
3753, again the hybridization-based Extended ADME-PGx
panel showed better performance than the MIP-based panel in
the present dataset (Supplementary Figure S4 online).
Analysis of variants in pharmacogenes

We sequenced the DNA of 376 healthy Koreans with two
ADME-PGx panels. Among 376 individuals, sequencing of 191
individuals was performed with the MIP-based ADME-PGx panel. For the remaining 185 individuals, the Extended ADME-PGx
panel was applied. There was no sample overlap for target
captures by the two panels. The number of variants per gene,
their minor allele frequency (MAF), and novelty are presented in
Figure 3 (Extended ADME-PGx) and Supplementary
Figure S5 online (ADME-PGx). The overall statistics of the
identiﬁed variants are provided in Supplementary Table S1
online. Of the genes sequenced, RYR1 had the largest number of
VOLUME 101 NUMBER 3 | MARCH 2017 | www.cpt-journal.com

ARTICLES

Figure 2 Percentage of bases with a minimum of 203 coverage by target capture panels. Percentage of bases with >203 coverage by the ADME-PGx
(hatched) and Extended ADME-PGx (filled) panels is shown for six classes of target genes (a–c). Using the Extended ADME-PGx panel, >99% of target bases
for 114 genes were captured and sequenced. Bars representing the greater coverage of the two panels are labeled with the numeric value. *Mean coverage
(%) was calculated without carriers of nonfunctional alleles (GSTT1*0 and GSTM1*0) as confirmed by the polymerase chain reaction-based method (see Supplementary Figure S9 online). ABC, ATP-binding cassette; SLC, solute carrier.

variants. However, when the number of variations was normalized to its gene length, RYR1 was not a highly variable gene for
its size (Supplementary Figure S6 online). Similarly, ATPbinding cassette (ABC) family transporters were likely to have
more variants compared to solute carrier (SLC) family, (Figure 3
and Supplementary Figure S5 online), due to their large gene
size (Supplementary Figure S6 online), as shown by a recent
study.16 Interestingly, CYP2R1 harbored the least number of variants among cytochrome P450 (CYPs), as reported earlier.17
Considering that CYP2R1 has an essential role in vitamin D
metabolism,18 it seems that variants of CYP2R1 have been under
natural selections.
One parameter that might provide insights into the sequencing
results of pharmacogenes is the DMET Plus coverage (variants
covered by the DMET Plus array/total variants identiﬁed in the
NGS panel for each DNA sample, %). Of the 231 genes on the
DMET Plus array, 61 genes were targeted by the ADME-PGx
panel, and 64 genes were targeted by the Extended ADME-PGx
panel. Average DMET Plus coverage of ADME-PGx and Extended ADME-PGx was 33.9% and 31.1%, respectively, which is
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consistent with a recent study reporting that DMET Plus
coverage of a whole-genome sequencing-based analysis was
26.4–40.0%, depending on the samples.19
After normalizing the number of variants by their gene size,
CYP2A6 and CYP2D6 had the highest rate of genetic variability
(Supplementary Figure S6 online), which is in line with previous studies.17,20 However, due to the high complexity of these
loci, as listed in problematic regions for short read NGS
approach,21 we cannot completely exclude false-positive variant
calls derived from misalignment of short reads. Therefore, we further examined our sequencing results on CYP2D6 using the following methods. First, the sequencing results of 191 individuals
in the ADME-PGx panel were compared with 30 target loci of
CYP2D6 in the DMET Plus panel. The targeted sequencing
of CYP2D6 by ADME-PGx showed 99.7% concordance with
the DMET Plus panel, suggesting that results between our genotyping and DMET plus panels are reproducible on CYP2D6 loci.
Second, genotyping data of the reference sample NA12878 by
Extended ADME-PGx were compared with those from open
databases composed of ﬁve NGS-based platforms and a Sanger399
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Figure 3 The overview of the number of functional variants in 114 pharmacogenes. Summarized data of DNA samples from 185 individuals, captured by
the Extended ADME-PGx panel, are shown. Functional variants were defined as nonsynonymous (shown in light blue), synonymous (shown in orange), nonsense (shown in green), splice-site (shown in red), stop-loss (shown in purple) variants, and frameshift insertion and deletion (shown in gray). Novel variants were defined based on database-single-nucleotide polymorphism (dbSNP) build 142 (black square) and variants that were evaluated in vitro
functional tests were shown with red slash. Rare variants (minor allele frequency (MAF) 1%, less than three alleles among 370 alleles) are separately
shown in each right panel. ABC, ATP-binding cassette; SLC, solute carrier.

based CYP2D6 genotyping dataset22 (Supplementary Table S2
online). Of the 14 loci analyzed, genotyping on a CYP2D6 locus
(rs1058172) did not agree with that of the Sanger validation.
Although our Extended ADME-PGx panel showed the highest
concordance rate with the Sanger genotyping data (13/14;
92.9%) among the currently available NGS-based data sets
(Supplementary Table S2 online), this result indicates that
there is still room for improvement in NGS-based genotyping of
high-complexity regions.
Novel and rare functional variants across healthy Koreans

We identiﬁed novel variants of PK/PD-associated genes that
have not been reported in large sequencing projects, such as the
1000 Genome Project and the Exome Aggregation Consortium.
When predicting functional effects of variants by in silico, functional prediction programs, such as SIFT, PolyPhen-2,
and Combined Annotation Dependent Depletion (CADD) rare
variants showed a tendency to have detrimental effects on protein
functions (Figure 4). Most of these variants occurred at low
400

frequency and showed varying degrees of damaging effects predicted by the three prediction algorithms. To provide insight
into novel and rare variants, the functional consequences of variations in four clinically important PK genes (CYP1C19,
SLC22A1, SLCO1B1, and ABCB1; Supplementary Figure S7
online) were examined in vitro. Variants were selected using the
following criteria: (1) nonsynonymous variant with MAF
<0.5%; (2) functionality not previously reported in the literature
or databases; and (3) predicted to have damaging or deleterious
effects by more than two in silico prediction algorithms. We initially examined variants of CYP2C19, which is one of the most
frequently listed genes in the US Food and Drug Administration
table of pharmacogenomic biomarkers.23 We have identiﬁed seven nonsynonymous CYP2C19 variants across 376 individuals
(Table 2, Supplementary Table S3 online). Not only common
actionable variants, such as p.W212X (CYP2C19*3), but also unreported and novel variants of unknown function were found. To verify actual functional changes by novel rare genetic variants, we
investigated in vitro functional changes of two variants in CYP2C19
VOLUME 101 NUMBER 3 | MARCH 2017 | www.cpt-journal.com
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Table 2 Nonsynonymous variants of CYP2C19 including common and rare variants (n 5 376)
Nucleotide change
(transcript version)

Amino acid
change

Minor allele
frequency
(n 5 376)

1000 GP

ExAC

No. of algorithms
predicting as
damaginga

chr10:96541753

c.818A>C
(NM_000769)

p.K273T

0.001

Novel

Novel

3/6

Significant decrease
(in this study)

chr10:96522541

c.79G>C
(NM_000769)

p.G27R

0.001

Novel

Novel

1/6

Not investigated

chr10:96540403

c.629C>A
(NM_000769)

p.T210N

0.003

Novel

AF 5 0.00002
(3/121142)

3/6

Significant decrease
(in this study)

chr10:96580264

c.831C>A
(NM_000769)

p.N277K

0.003

rs559628884

AF 5 0.00098
(12/121362)

1/6

No significant
difference44

chr10:96535296

c.481G>C
(NM_000769)

p.A161P

0.004

rs181297724

AF 5 0.0048
(581/121408)

4/6

Significant decrease45

chr10:96602623

c.991G>A
(NM_000769)

p.V331I

0.048

rs3758581

AF 5 0.0624
(7577/121394)

0/6

No significant
difference46

chr10:96540410

c.636G>A
(NM_000769)

p.W212X

0.102

rs4986893

AF 5 0.0055
(667/121120)

2/6

Significant decrease

Genomic
coordinate

In vitro function

1000 GP, 1000 Genomes Project; ExAC, Exome Aggregation Consortium.
Target variants for in vitro investigation were confined to only rare (minor allele frequency <0.005) or novel variants with predicted damaging impacts but unknown functional
consequence: these were p.K273T and p.T210N.
a
PolyPhen-2, SIFT, MutationTaster, Scaled C-scores, MutationAssessor, and I-Mutant 2.0 algorithms were applied for in silico functional prediction.

(p.T210N and p.K273T). These two variants were predicted to be
deleterious by most in silico prediction algorithms but were never
investigated regarding actual impacts on the protein. Both variants
signiﬁcantly lowered CYP2C19 activity, which is responsible for 40 hydroxylation of (S)-mephenytoin (Figure 5). In addition, we investigated in vitro functional impacts of rare or novel variants of three
transporters (SLC22A1/OCT1, SLCO1B1/OATP1B1, and
ABCB1/MDR1) on reference substrates (Supplementary Table S4
online). The three transporters have been reported to be clinically relevant to several drugs with varying strength of evidence (Supplementary Figure S7 online). Most functional target variants of the three
transporter genes signiﬁcantly impaired the intrinsic functions of the

proteins. Three SLC22A1/OCT1 variants (p.A33V, p.Y91C, and
p.A407T) signiﬁcantly decreased uptake of (3H)-methyl-4-phenylpyridinium and (14C)-tetraethylammonium (Supplementary Figure S8
online). These results were consistent with predictions by most computational algorithms (Supplementary Table S4 online). The functional consequences of two SLCO1B1/OATP1B1 variants (p.V84L
and p.V405F) were also in line with most in silico predictions. The
p.V84L variant signiﬁcantly decreased the cellular inﬂux of (3H)estrone-3-sulfate (Supplementary Table S4, Supplementary
Figure S8 online). Among three likely protein-damaging variants of
ABCB1/MDR1, two variants (p.G251R and p.L760V) decreased
the MDR1-mediated calcein efﬂux in HEK 293T cells

Figure 4 Functional prediction of genetic variants shown by minor allele frequency (MAF) and novelty in 376 healthy Koreans. Expected functional
consequences of genetic variants in target pharmacokinetic/pharmacodynamic (PK/PD) genes were plotted with regard to MAF in the population and
novelty. Predictions were based on three different in silico prediction algorithms, PolyPhen-2 (a), SIFT (b), and Combined Annotation Dependent Depletion
(CADD) (c). Variants that could not be analyzed by PolyPhen-2 and SIFT, such as nonsense variants, were not included in the plots. Results were based
on data from genes targeted by ADME-PGx (191 individuals) and Extended ADME-PGx panels (185 individuals).
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Figure 5 Reduced carbon monoxide (CO)-difference spectra and functional consequences of rare variants of cytochrome P450 2C19 (CYP2C19).
(a–c) Reduced CO-difference spectra in an E. coli system were monitored for wild-type (WT) and mutant CYP2C19s (p.T210N and p.K273T). The P450
content was determined by measuring the maximum CO-reduced spectrum at 450 nm. Representative spectra for measuring P450 content of protein
samples of WT (a), p.T210N (b), and p.K273T (c) CYP2C19s are shown. (d) Relative enzymatic activity of WT and two mutated forms of CYP2C19 for
40 -hydroxylation of (S)-mephenytoin (n 5 6). Results are expressed as mean 6 SEM. **P < 0.01, ***P < 0.001 relative to WT activity.

(Supplementary Table S4, Supplementary Figure S8 online).
These data show that, although these novel variants in core PK/PDrelated genes are present at low frequency, they have considerable
functional impact in pharmacotherapy.
DISCUSSION

We developed NGS-based capture panels that consist of optimized
probe sets based on two different capture techniques. The overall
performance of the panels was acceptable for genetic studies in
terms of precision and sensitivity (Table 1). As the panels were
developed with ﬂexible addition and deletion of probes, these platforms will be useful for various PGx testing applications after some
modiﬁcations. Notably, the hybridization-based Extended ADMEPGx panel seems to be a readily applicable platform that meets the
need of high performance for clinical sequencing. Although
MIP-based methods are ideally more speciﬁc to capture targets,
this feature would make it more difﬁcult to capture GC-rich or
AT-rich regions or repeated sequences. In contrast, even with less
402

stringent ﬁltering thresholds, the hybrid-capture data were sufﬁcient for precise variant calls once they reached a signiﬁcant depth
(>203). We expect that, especially for diagnostic purposes, use of
the hybrid-capture for targeted NGS would continue for a while as
the most efﬁcient alternative to whole-genome sequencing.
Meanwhile, genes encoding glutathione transferase enzymes,
such as GSTM1 and GSTT1, were not evenly captured by both
panels despite repetitive rebalancing. We speculated that common null functional alleles of both genes resulted in the failure to
capture such regions and further conﬁrmed this by a polymerase
chain reaction-based method24 (Supplementary Figure S9
online). We identiﬁed that null alleles of two genes (GSTT1*0
and GSTM1*0) are quite common in the Korean population, in
which allele frequencies were 0.71 and 0.77, respectively. When
counting only samples possessing more than one copy of GSTM1
and GSTT1, almost all bases were sufﬁciently sequenced through
the extended panel. Interestingly, the number of copies could be
predicted from the mean number of sequencing reads, which was
VOLUME 101 NUMBER 3 | MARCH 2017 | www.cpt-journal.com
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proportional to copy number conﬁrmed by the polymerase chain
reaction-based method (Supplementary Figure S9 online).
The NGS-based investigation of relevant pharmacogenes and
drug-response phenotypes is still in its beginning stages. Recent
efforts have identiﬁed novel and actionable gene variants from
thousands of patients through sequencing-based panels.25 The
results show that a considerable proportion of patients harbor
potentially damaging rare gene variants relevant to frequently
prescribed drugs. By using capture panels to analyze the DNA of
376 Koreans, we identiﬁed a number of unreported genetic variants, including those occurring at low frequency. Pathogenicity
prediction programs suggest that rare genetic variants are likely to
have deleterious effects on protein function (Figure 4). We compared the performance of six in silico algorithms with results of
an in vitro function test (Supplementary Table S4 online).
Interestingly, the predictions of algorithms based on evolutionary
conservation, such as SIFT,26 MutationTaster,27 and CADD
scaled C scores,28 seemed to be more accurate than those of algorithms incorporating structural stability, such as PolyPhen-2,29
Mutation Assessor,30 and I-Mutant 2.0.31 These results may be
due to insufﬁcient information on the relevant protein structure
or local structural motif of unknown genetic variations. However,
the limited number of gene variants examined in vitro in the present study were not sufﬁcient to evaluate the overall performance
of the six in silico algorithms. A more comprehensive comparison
between in silico algorithms and in vitro function is required to
draw a valid conclusion. However, the current versions of the
better performing algorithms (SIFT, MutationTaster, and
CADD) predict functional consequences of rare variations with
an accuracy of 80% (Supplementary Table S4 online). This
reinforces the need to develop a high-throughput molecular
method or clinically acceptable algorithm to estimate the effects
of rare genetic variations on PK/PD in individual patients. Of
interest, when all three algorithms made consistent predictions,
the results matched those of the in vitro assay.
The in vitro evaluation of four PK genes in this study indicated
that low-frequency genetic variants can have considerable functional impact. For instance, we found that two rare CYP2C19
variants (p.T210N and p.K273T) signiﬁcantly decreased enzymatic activity (Figure 5, Table 2). Because these two sites are
not within the speciﬁc binding sites of (S)-mephenytoin,32 they
seem to change the catalytic efﬁciency of the enzyme. In OCT1,
three nonsynonymous rare variants (p.A33V, p.Y91C, and
p.A407T) decreased transmembrane transport activity of the protein (Supplementary Table S4 online), which may affect the PK
of several clinically important drugs, such as metformin.33
Reduced OATP1B1 activity by common genetic variants is associated with statin-induced myopathy,34 suggesting that decreased
OATP1B1 function by the rare variant p.V84L (Supplementary
Table S4 online) may also increase the risk of statin-induced
adverse drug reactions. MDR1 is one of the most widely
distributed proteins in the body and is involved in PK of many
drug molecules.35 Consequently, decreased MDR1 function by
p.G251R and p.L760V may inﬂuence the absorption and
elimination of MDR1 substrate drugs. Interestingly, a different
MDR1 allele at Gly251 (p.G251V) was previously reported as a
CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 101 NUMBER 3 | MARCH 2017

processing mutant with decreased activity.36 Although both
p.G251V and p.G251R variants decrease MDR1 function, only
the known variant p.G251V is listed in conventional genotyping
platforms, such as the DMET Plus panel. These results highlight
the utility of NGS-based methods even for known pharmacogenomic loci.
Clinical implementation of NGS-based tests requires appropriate turnaround times and cost-effectiveness.37 This will be one of
the priority issues to integrate NGS-based genetic proﬁling for
clinical therapeutics. Although rapid progress in sequencing technology will overcome practical challenges of whole exome and
genome analyses, targeted NGS panels might be suitable for
genetic testing at present to satisfy the requirements of clinically
applicable turnaround times and cost-effectiveness. In addition, a
number of pilot models integrating preemptive pharmacogenomic testing have validated its utility.38–40 Multiplex genotyping
in advance could reduce the overall number of tests and, therefore, was expected to be more cost-efﬁcient.41 Preemptive testing
with NGS-based panels would enable the further investigation of
variants with unknown functional consequences for novel pharmacogenomics discovery.42 Furthermore, we expect that NGSbased genetic proﬁling at an earlier phase of clinical trials will
provide the foundation for understanding unknown metabolic
pathways of drugs by taking rare variants into account. In conclusion, novel and rare variants of in vitro functional signiﬁcance in
our cohort imply the necessity of comprehensive genetic screening. We suggest that targeted NGS panels are readily applicable
platforms both in preclinical and clinical settings for unbiased
proﬁling of pharmacogenes.
METHODS
Sample collection
Genomic DNA (gDNA) was obtained from peripheral whole blood
samples of 376 healthy Korean male volunteers at Seoul National University Hospital. Whole blood samples were anonymized and stored at
temperatures below -708C until gDNA extraction. DNA was isolated
using the Gentra Puregene DNA Isolation Kit (Qiagen, Hilden, Germany). All participants gave written informed consent prior to sample collection, which was approved by an Institutional Review Board of Seoul
National University Hospital (project number: H-0803-022-237) and
Yonsei University College of Medicine (project number: 1-2015-0056).
All procedures were performed in compliance with guidelines for the
Declaration of Helsinki. Of the 376 individuals, 191 individuals were
genotyped ﬁrst by using the DMET Plus panel and then with the
MIP-based ADME-PGx panel. The DNA of the remaining 185 individuals was sequenced by using the hybrid-capture method with the Extended ADME-PGx panel. The gDNA from HapMap sample NA12878 was
purchased from the Coriell Institute and used as a reference.
Design, generation, and optimization of probes
Probes were designed by fetching sequences of desired length from the
reference genome sequences (hg19/Build 37), while maintaining overlap
of ends of adjacent probes. For the MIP-based approach, we assigned
annealing sequences within the ideal range of melting temperatures for
each probe, determined at the pilot stage. To circumvent genotyping
errors due to polymerase chain reaction bias of the MIP-based capture,
we added 15 randomly distributed bases as molecular tags to be used to
eliminate duplicated reads. Microchip-based synthesis of oligonucleotides
was followed by ampliﬁcation to obtain a sufﬁcient amount of probes to
capture target genes from hundreds of genomes. For even and efﬁcient
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MIP ampliﬁcation, emulsion polymerase chain reaction was carried out
following minor modiﬁcation of the previous protocol.43 From highthroughput sequencing data, we speciﬁed probes of poor capture efﬁciency by measuring the mean sequencing depth of 16 samples. MIPs, target
regions of which were covered by <253, or for which melting temperatures for both annealing arms were out of the optimal range, were redesigned. New probes were designed by adjusting the length of annealing
sequences or shifting the location of annealing sequences from GC-rich
or AT-rich regions. Probes with low capture performance but within the
optimal range of melting temperatures were increased in amount. Redesigned probes were simply mixed with the original probes at a 1:1 ratio
after verifying the presence of negligible competition between probes.
For hybridization capture in the Extended ADME-PGx panel, target
regions of 114 genes were deﬁned by merging all transcript isoforms and
nearby regions. Two different sets of oligonucleotide probes were initially generated by shifting positions within target regions and their performance was tested using reference samples (NA12878, NA12891, and
NA12892). After evaluating the target-capture efﬁciency of the initial
probe sets, inefﬁcient probes were increased in concentration or replaced
with redesigned probes. These rebalanced probes showed the performance of 97.3% uniformity (at 0.23 mean depth of coverage) and
98.8% coverage (at 203 depth) (Supplementary Figure S2 online). The
ﬁnal probe combination was determined through repetitive rebalancing
procedures, and then the ﬁnal probe sets were chemically synthesized as
a single pool of optimized probes. These probes, which comprise the
Extended ADME-PGx panel, exhibited 99.6% coverage (at 203 depth;
Table 1).

Target-capture and high-throughput sequencing
Target-capture sequencing using the ADME-PGx panel was performed
as described previously with slight modiﬁcations.13 A total of 1 lg
gDNA was used for the MIP-based capture (gDNA:probe ratio of
1:100). Sequencing was performed in a 20-plex assay for the MIP-based
ADME-PGx panel. For target-capture sequencing in the Extended
ADME-PGx panel, we sheared 0.2–1 lg gDNA (150–250 bp) using the
Diagenode Bioruptor Pico Ultrasonicator. We performed 40-plex
sequencing for the hybrid capture-based Extended ADME-PGx panel.
Additional details of procedures for target-capture and NGS sequencing
are described in Supplementary Supporting Information online.
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