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Pharmacogenomics (PGx) studies the use of genetic data to optimize drug therapy.
Numerous clinical centers have commenced implementing pharmacogenetic tests in
clinical routines. Next-generation sequencing (NGS) technologies are emerging as a
more comprehensive and time- and cost-effective approach in PGx. This review
presents the main considerations for applying NGS in guiding drug treatment in clinical
practice. It discusses both the advantages and the challenges of implementing NGS-
based tests in PGx. Moreover, the limitations of each NGS platform are revealed, and the
solutions for setting up and management of these technologies in clinical practice are
addressed.

Keywords: pharmacogenomics, clinical implementation, next generation sequencing, clinical practice, PGx testing

INTRODUCTION

The Importance of Pharmacogenomics in Modern Medicine
Pharmacogenomics (PGx) utilizes individuals’ genomic profiles to identify those who are at greater
risk for adverse drug reactions or ineffectiveness. Many studies clearly indicate that drug-related
genes, also referred to as “pharmacogenes,” in the human genome contain extensive functional
genetic variations (FGVs) and that different alleles are associated with diverse outcomes of drug
treatments (Madian et al., 2012; Guchelaar, 2018; Suarez-Kurtz and Parra, 2018). Around 97–98% of
people have at least one actionable FGV in their drug-related genes. In addition, the possibility of the
presence of a genetic variant which could result in a loss of function (LOF) variant in pharmacogenes
is 93% for every individual (Schärfe et al., 2017). Hence, the identification of the different genetic
variants associated with the drug metabolism would impact on the prescription of medication,
allowing for the selection of the right drug and dose, thereby reducing the potential adverse effects or
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the therapeutic inefficacy. For clinical interpretation of PGx tests,
the Clinical Pharmacogenetics Implementation Consortium
(CPIC) and the Dutch Pharmacogenetics Working Group
(DPWG) guidelines are available as well as FDA drug-gene
interaction recommendations. CPIC originally started as a
shared project between PharmGKB and the
Pharmacogenomics Research Network (PGRN) in 2009, and
DPWG was launched in 2005 by the Royal Dutch Pharmacists
Association. The two consortia have developed and published
recommendations for numerous gene-drug interactions (JJ Swen
et al., 2011; Relling and Klein, 2011). Both CPIC and DPWG
provide updated, evidence-based, free access guidelines to
facilitate and accelerate the establishment of a link between
the results of PGx tests and specific dose recommendations.
Nowadays, an increasing number of specified PGx tests are
available in specialized CAP/CLIA approved clinical
pharmacology/genome analysis centers around the world and
can be found in the genetic testing registry (GTR, https://www.
ncbi.nlm.nih.gov/gtr/) (Jiang and You, 2015).

The introduction of next-generation genome sequencing in
PGx practice is an interesting and promising, albeit challenging,
step. Currently, the field of PGx is moving from reactive testing of
a single gene towards scanning an entire panel of genes involved
in drug absorption, distribution, metabolism, and excretion
(ADME) before prescribing (pre-emptive genotyping) by
applying different types of next-generation sequencing (NGS)
platforms (Bielinski et al., 2014; van Der Wouden et al., 2019).
The results include all the PGx-related genetic variants in the
genome which will be utilized to prepare drug dosing
recommendations based on the predicted phenotype provided
by the sequencing tests (Figure 1).

While the topic is highly popular and an overview of the
current state of the NGS technologies for use in PGx testing has

been offered in the literature previously (Schwarz et al., 2019), this
article will discuss the challenges of detecting specific types of
variants in PGx and interpreting such data in clinical practice.
Solutions for the establishment and management of NGS devices
in clinical practice are also addressed. A number of useful tables
that provide detailed NGS-PGx-related information are also
included. To aid with the terminology used throughout this
manuscript, we included a concise glossary of NGS-related
terminology in Appendix 1.

HOW CAN WE USE NGS FOR PGX
ANALYSIS?

In this section, we firstly discuss the SNP-based PGx testing,
which is currently the most frequently used test in the clinical
PGx profiling of individuals, followed by targeted sequencing and
whole-exome and whole-genome sequencing (WES/WGS).

SNP-Based PGx Testing in Clinical Practice
Fast, accurate, and inexpensive genotyping methods are key to
the implementation of PGx in clinical practice. Currently,
specific genotyping methods which mostly utilize different
types of SNP-based genotyping approaches including real-
time PCR with TaqMan probes and restriction fragment
length polymorphism (RFLP) technique as well as gene
panel-based genotyping methods such as ADME arrays are
used in everyday clinical practice (Dorado et al., 2005; Johnson
et al., 2012; Larsen and Rasmussen, 2017; Rasmussen-Torvik
et al., 2017; Lemieux Perreault et al., 2018; Hippman and
Nislow, 2019). In principle, genome-wide genotyping arrays
such as Infinium Global Screening Array (GSA) could be used
for routine PGx testing but are not yet commonly applied for

FIGURE 1 | A prospective view of the use of pharmacogenomics in modern medicine. Every person (sick or healthy individuals) will undergo comprehensive
genomic screening before going to the physician/clinicians. The genetic variations in all pharmacogenes of an individual will be identified through data annotation and
visualization by specific bioinformatics tools. The final report for each individual will be available through a private portable PGx electronic card. PGx trained clinicians will
use an individual’s genetic make-up report to tailor treatment to the patient’s needs.
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TABLE 1 | Summary of the recent studies that used the NGS technologies for functional PGx variant detection.

Study objective n = Applied NGS
platform(s)

Covered
drug-
related
genes

Identified
variants

Result Reference

Platform
validation and
variant discovery

3 × 96 Targeted
sequencing

84 SNVs A custom-designed panel (PGRNseq) could be
an ideal platform for both the common and the
rare PGx variants identification in large cohorts
and suitable for the clinical tests

Gordon et al.,
2016

Platform
validation and
variant discovery

376 Targeted
sequencing

114 SNVs Targeted sequencing panels are ready-to-use
platforms for comprehensive pharmacogene
profiling including common plus rare variants in
ADME core genes towards the implementation
of the personalized medicine

Han et al., 2017

Platform
validation

2 (cell culture) Targeted
sequencing

3 SNVs Variants and haplotype detection of
challenging ADME genes were successfully
achieved

Ammar et al.,
2015CNVs

InDels
Platform
validation and
variant discovery

235 Targeted
sequencing

100 SNVs Designed PGxSeq panel with high accuracy
identified clinically relevant variants in 39 genes
including CYP2D6 CNV and UGT1A1*28 TAA
repeats in the promoter. The allele frequency
and the homozygosity were also determined

Gulilat et al.,
2019CNVs

Platform
validation and
variant discovery

150 Targeted
sequencing

340 SNVs Panel-based NGS pipeline developed and
revealed 7,273 novel variants in 340 ADME
genes of 150 Caucasian liver donors with an
accuracy of >99%. The functional prediction
allowed for the prioritization of the variants for
further analysis

Klein et al., 2019
Small InDels

Validation of
known variants

60 Targeted
sequencing

20 SNVs Prediction model of the atorvastatin plasmatic
concentrations in healthy volunteers through
the sequencing results explained well

Cruz-Correa
et al., 2017InDels

Platform
validation

98 Targeted
sequencing and
WGS data

19 SNVs The concordance between the two platforms
estimated to >97% for identified variants. The
CNVs concordance in CYP2D6 gene also
demonstrated 90% of accuracy. 95 children
had at least one clinically actionable
pharmacogenetic variant

Cohn et al.,
2017CNVs

Validation of
known variants

1,583 Whole-exome
sequencing data

11 SNVs At least one actionable phenotype was present
in 86% of individuals. Repurposing WES data
can yield meaningful pharmacogenetic profiles
for 7 of 11 important pharmacogenes, which
can be used to guide the drug treatment

van der Lee
et al., 2020a

Validation of
known variants

94 Whole-exome
sequencing

3 SNVs Diagnostic genotyping identified PGx variants
in CYP2C19, CYP2C9, and VKORC1 genes in
91% of all cases. Of this, 20% indicated
potential immediate effects on the currently
used medications

Cousin et al.,
2017

Platform
validation

36 + 12 Whole-exome
sequencing

36 SNVs High concordance revealed through cross-
comparison of WES and other platforms as
well as the MiSeq amplicon sequencing data
and the IPLEX ADME PGx panel. WES was
introduced as a promising tool in PGx profiling
with a low error rate of <1%

Wee Chua et al.,
2016InDels

Platform and
discovery rate
validation

2504 of WGS data +
59,898 of WES data

WGS and WES
data

208 SNVs The population-specific deletion and the
duplications were revealed in 97% of the
analyzed subjects and the related frequencies
were reported and confirmed via Sanger
sequencing

Santos et al.,
2018CNVs

Platform
validation and
variant discovery

1,000 Genomes data Whole-genome
sequencing data

160 SNVs Putatively functional variants within known
pharmacogenomics loci identified that could
account for association signals and represent
the missing causative variants underlying drug
response phenotypes

Choi et al.
(2019)InDels

Variants validation
and discovery

547 individuals from in-
house cohort data +

gnomAD data

Whole-genome
sequencing data

11 SNVs For improved precision medicine, PGx testing
should move towards WGS-based

Caspar et al.
(2020)InDels

(Continued on following page)
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this purpose. While the technology is still developing, the main
limitation is that the identification of the structural PGx
variants such as Copy Number Variations (CNVs) and
hybrid genes as well as CYP2D6/7 is mostly ignored.
Moreover, the variants in the pharmacogenes that are tested
are limited to currently known and common alleles. Although
several versions of arrays are being enriched with more specific
PGx variants (thousands of drug-related biomarkers) (Arbitrio
et al., 2016; Thermofisher.com/Pharmacoscan, 2018; Illumina,
2020), no phasing information will be obtained through these
tests, which makes it more challenging to provide an accurate
phenotype prediction.

Hence, the properties of NGS technologies make them an
interesting approach to performing clinical PGx testing. In recent
years, several investigators have explored different approaches
utilizing NGS platforms, namely, targeted sequencing, WES, and
WGS in pharmacogenomics. Table 1 shows several studies
stratified by different approaches.

Targeted Sequencing Panels
Research into PGx over the years has resulted in the identification
of numerous genes which may play an essential role in drug
metabolism, transport, and targeting in the human body.
However, not all of them are strongly associated with drug
response phenotypes and therefore CPIC and DPWG only
provide clinical recommendations for specific variants in well-
known pharmacogenes.

Gordon et al. developed the PGRNSeq panel as a balance
between cost, throughput, and depth of coverage. The panel
included clinically actionable CPIC genes as well as genes for
which little was known, although a primary association with the
PGx trait existed. It was concluded that the PGRNSeq panel is
suitable for both the clinical investigations and the discovery
studies. However, some non-coding parts and complex structural
variants for specific pharmacogenes (including CYP2A6,
CYP2D6, and HLA-B) alongside better computational
resources for data interpretation remain to be developed. In a
similar approach, Han et al. developed an unbiased and broad-
range NGS panel and suggested that the utilization of such panels
may be a valuable tool in the comprehensive study of PGx genes.
The selection of genes for inclusion in the panel was based on the
pharmaadme and Www.pharmaadme.org database (Gordon
et al., 2016; Han et al., 2017).

Customized PGx panels can also serve as a highly accurate
approach to variant detection in the clinical PGx testing. Gulilat
et al. developed a targeted exome panel, named PGxSeq, for
capturing both SNVs and CNVs in pharmacogenes. They
demonstrated that PGxSeq could be employed as a reliable
tool for common and novel SNVs alongside CNV detection in
pharmacogenes in clinical use. However, a limitation of the work
was that the validation was restricted to 39 loci in 16 genes in
specific population samples. Moreover, pharmacogenetic variants
in non-coding and regulatory parts were not included (Gulilat
et al., 2019). A comprehensive PGx panel that includes all coding

TABLE 1 | (Continued) Summary of the recent studies that used the NGS technologies for functional PGx variant detection.

Study objective n = Applied NGS
platform(s)

Covered
drug-
related
genes

Identified
variants

Result Reference

approaches as a feasible and most
comprehensive method

Platform
validation

44,000 biobank
participants

WGS and WES
data + microarray
data

11 SNVs WGS and microarray demonstrate more
concordances for the obtained results. WES is
not suitable for PGx preemptive predictions.
However, the microarrays are more cost-
effective than the sequencing platforms.
Overall, the implementation of the PGx tests
and the recommendations may affect at least
50 daily drug doses per 1,000 inhabitants

Reisberg et al.
(2019)CNVs

Variant discovery 3 Targeted
sequencing

16 SNVs The functional alterations and variants with
potential impact on anti-TNF drug response
successfully introduced by rapid, sensitive, and
cost-effective NGS-based pharmacogenetics
methodology

Walczak et al.,
2019

Variant discovery 392 Whole-exome
sequencing

21,000 SNVs Exome sequencing revealed novel genetic loci
with a strong association with on-treatment
reactivity and hereditability of platelet and
clopidogrel response

Price et al., 2012
InDels

Variant discovery 482 + 7 Whole-genome
sequencing

231 SNVs 17,733 ADME variants/individuals detected. In
addition to known PGx markers, 1,012 novel
variants with potential deleterious function
identified in exons, introns, gene promoters,
and proximal regulatory regions

Mizzi et al., 2014
InDels
Tandem
substitutions

Variant discovery 100 Whole-genome
sequencing

437 SNVs The analysis revealed 227 common and 466
rare population-specific potentially functional
SNVs

Sivadas et al.,
2017

Frontiers in Pharmacology | www.frontiersin.org August 2021 | Volume 12 | Article 6934534

Tafazoli et al. Next-Generation Sequencing and Pharmacogenomics

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


regions, adjacent introns, and 5′ and 3′ UTRs in flanking
sequences of 340 ADME genes has recently been developed by
investigators in Germany. The identification of genes for
inclusion in the panel was based on multiple sources including
PharmaADME, PharmGKB, and ADME-related genes from the
literature. Compared with other genotyping methods, accuracy
was high, with >99% correct calls. The obtained data allowed for
the covering of coding and functional non-coding parts and
provided related data for both common and rare variants in
addition to revealing novel associations. The detection of some
limited InDels and integration of rare variants into PGx by the
current computational predictors alongside the sample size were
reported as limitations of the panel (Klein et al., 2019).

Long-Read Sequencing for Gene Panels
Several PGx genes involve complex variants such as tandem
repeats, pseudogenes, and CNVs. Long-read sequencing
approaches (on average over 10 kb in one single read) have
been used previously in the profiling of different complex
genomic loci and have been proposed for the identification of
such challenging genomic areas in PGx (Ardui et al., 2017;
Mantere et al., 2019; van der Lee et al., 2020a). In this field,
Ammar et al. applied long-read sequencers to identify PGx
variants and haplotypes in three challenging pharmacogenes:
CYP2D6, HLA-A, and HLA-B. The constructed haplotypes
were confirmed by HapMap data and statistically phased
Complete Genomics (WGS data from the public 69 genomes
project) and Sequenom genotypes (for 36 SNP, InDels, and CNVs
for CYP2D6). The results demonstrated the potential of long-
read sequencing in clinical PGx (Ammar et al., 2015). In addition
to haplotyping, variant phasing is also a challenge in PGx. Long-
read sequencing has also been employed to resolve phasing issues
and provide a solution to the accurate genotyping of complex
PGx genes. Yusmiati Liau et al. utilized the GridION platform for
sequencing and haplotyping of the entire CYP2D6 gene. Known
and new alleles and subvariants plus duplicated alleles were
assigned accurately with correct phasing. The approach also
demonstrated the capability of processing multiple samples
simultaneously and appeared to be a time- and cost-effective
method (Liau et al., 2019).

Whole-Exome Sequencing
More comprehensive methods such as WES and WGS identify
high numbers of pharmacogenetic biomarkers. In addition, these
sequencing approaches may facilitate the discovery of novel loci.
While it is possible to reuse WES for PGx purposes for known
variants, the application for novel variants is challenging as the
investigators would need a confirmative study or extensive in-
vitro research to attribute potential, newly identified variants in a
particular gene to drug response. This is particularly true if it is
not clear what functional effect the genetic variation exerts on
protein function and/or expression. Van der Lee et al. investigated
the feasibility of repurposing WES data for the extraction of a
PGx panel of 42 variants in 11 pharmacogenes to provide a
pharmacogenomic profile. Based on the Ubiquitous
Pharmacogenomics (U-PGx; www.upgx.eu) panel which
includes all the actionable genes and variants in the DPWG

guidelines, the authors successfully extracted information
regarding 39 variants out of the total 42. At least one
actionable phenotype was present in 86% of the analyzed data
from the included subjects. Although structural variants (SVs)
and copy numbers in some pharmacogenes as well as CYP2C19,
UGT1A1, CYP3A5, and CYP2D6 were not detected, and the
study suffered from a small number of drug-related genes and a
limited sample size, the authors concluded that the WES data can
yield meaningful pharmacogenetic profiles for 7 out of 11
important pharmacogenes (van der Lee et al., 2020b). To
assess the potential benefits and the limitations of using the
clinical WES data for PGx analysis as a secondary finding,
Cousin et al. analyzed the clinical WES data for the detection
of any FGVs in three important pharmacogenes. PGx variants
were extracted from the WES test results of patients and used in
addition to their medical history data. A pharmacist interpreted
the PGx data based on multiple resources including CPIC,
UpToDate, Micromedex, and AskMayoExpert and used the
information to perform a genotype-informed medication
review. The authors concluded that PGx testing early in life
would be helpful for prescribing physicians to make future
prescribing decisions (Cousin et al., 2017). The accuracy and
the concordance rate for the WES variant calling were also
investigated by Wee Chua et al. The researchers performed a
cross-comparison between the WES and MiSeq amplicon
sequencing data in addition to the WES and iPLEX ADME
PGx panel in 36 and 12 samples, respectively. The rate
obtained for both comparisons was high (99%), which
indicates that WES is a promising tool in PGx profiling of
individuals with an estimated error rate of <1% (Chua et al.,
2016). However, despite these positive results, an important
limitation of WES is that several important PGx variants,
including CYP2C19*17 and VKORC1, are located outside of
the captured regions of routine whole-exome sequencing.

Whole-Genome Sequencing
Complete genomic variants (including PGx-related markers) for
an individual would be available through the utilization of the
WGS approach. Although the big data interpretation of such tests
is still challenging, a decrease in sequencing costs alongside the
comprehensiveness ofWGSmay result in the method becoming a
standard platform for clinical PGx tests.

Through using the WGS data from phase 1 of the 1,000
Genomes project and subsequent annotation, 69,319 variants
including SNVs (94%) and InDels (6%) were revealed in 160
pharmacogenes (127 CPIC genes and 64 VIP genes from
PharmGKB). Minor allele frequency for the variants was >1%,
of which 8,207 were in strong linkage disequilibrium (LD) (r2 >
0.8) with known PGx variants. The alterations were distributed in
various parts of the genome including intronic, coding, and 5′
upstream and 3′ downstream regions. In the end, the authors
identified putatively functional variants within known
pharmacogenomic loci underlying drug response phenotypes
and suggested direct testing instead of relying on LD, which is
going to be different among populations. A limited sample size
and exclusion of rare variants (MAF <0.01) in addition to a lack
of an experimental validation study were reported as the main
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limitations of the investigation. However, the results from such
PGx studies facilitate the translation of the findings of the
genomic analysis into clinical practice (Choi et al., 2019).
While the known PGx gene panels could be included in the
WGS data and considered a source for clinical PGx and drug
prescribing, the remainder of the information could still be useful
for discovery studies.

The functional CNVs in ADME genes are distributed with
significantly different frequencies across diverse populations (He
et al., 2011; Martis et al., 2013). The NGS data could also be used
for CNV calling in different ethnic backgrounds. The
investigators used the integrated WGS and WES data from
1,000 Genome and ExAC repositories for CNV identification
in 208 pharmacogenes. Novel CNVs (deletion in 84% and
duplications in 91% of genes) across six different populations
of non-Finnish Europeans, Africans, Finns, East Asians, South
Asians, and admixed Americans were decoded successfully. The
final result highlighted the necessity for the comprehensive NGS-
based genotyping of the pharmacogenes for the CNV
identification alongside their allele frequencies. The assessment
of the contribution of such CNVs to the drug response outcomes
is also possible through a population-specific analysis of rare
variants (Santos et al., 2018). Applying NGS for recognizing the
actionable variants in genomic profiles may lead to lifetime
utilization of PGx information for related individuals.
Furthermore, future bioinformatics tools could potentially be
utilized for the NGS data re-analysis and the functional
prediction of novel variants (Cousin et al., 2017).

As demonstrated, the targeted sequencing approaches are
most suitable for genotyping of known PGx genes, including
the low-frequency variants. For the discovery of novel
pharmacogenes of interest, WGS and WES are considered
better choices (Reisberg et al., 2019). WES and WGS also offer
the possibility of data repurposing, which means that the
clinicians can benefit from the existing clinical sequencing
data to extract a PGx profile to inform drug treatment.
Although the NGS data from different platforms offer many
potential benefits, there are still several challenges and limitations
which are discussed in the following sections.

CHALLENGES IN THE APPLICATION OF
NGS PLATFORMS FOR THE DECODING OF
PGX VARIANTS IN SPECIFIC
PHARMACOGENES

From the studies presented above, it appears that most types of
variants in the coding and non-coding or regulatory parts of
drug-related genes including SNVs, InDels, CNVs, and some
structural alterations such as tandem substitutions could be
identified with NGS, particularly with long-read sequencers
and WGS. However, some well-known clinically actionable
pharmacogenetic variants still pose a challenge for the NGS
methods. Challenging genes include some core ADME genes,
such as CYP2D6 which contains many different known (>100 *
alleles, www.pharmvar.org) variants in different populations.

Moreover, high sequence similarity and genetic recombination
between real genes and close pseudogenes, such as CYP2D7 and
CYP2D8, structural rearrangement complexities, and high CNVs
among individuals present substantial challenges. Here, the
routine short-read NGS approaches will not clarify the genetic
profile of an individual and offer proper phenotype prediction.
Furthermore, difficulties in the alignment procedures make
interpretation and translation into clinical use complicated.
Although some of these problems can be resolved by high-
resolution techniques, including long-read sequencing, such
sequencers with lower error rates (as well as PacBio Sequel
HiFi II) are only available through highly specialized centers
and are not yet applied in routine clinical practice (Yang et al.,
2017). In addition, the technology is currently not being
considered for the large-scale genome analysis in the PGx
studies (van der Lee et al., 2020a).

Another example of a challenging pharmacogene is UGT1A1,
with some important variants in the non-coding parts of the gene
(TA repeats in the promoter of the gene, particularly
UGT1A1*28, which affect the gene transcription and hence
enzyme activity) (Bosma et al., 1995; Dalén et al., 1998;
Numanagić et al., 2015). The gene harbors more than 113
functionally relevant variants, most of which reduce or
enhance enzyme function, in addition to many other variants
with unknown significance. The allele frequency is heavily
population-specific, too. However, most of the panels focus on
commonly known genotypes and could easily miss predictive
variants in particular cases. By way of illustration, FDA approved
the test for *28 allele but not *6 allele for irinotecan, although the
latter is the main cause of the altered activity of the UGT1A
enzyme in the Asian populations (Ikediobi et al., 2009). Also, the
utilization of more comprehensive platforms such as WES is
accompanied by poor and insufficient coverage for non-coding
parts, which may result in the lower concordance and weak
diplotype and CNV calls for the UGT1A1 gene (van der Lee
et al., 2020b).

A third challenging region is the HLA genes. They are
characterized by high sequence homology and prone to error
in the capturing procedure and possible misalignment in the
mapping processes. In addition, more than 21,000 known alleles
and several pseudogenes and some InDels in the intronic regions
of HLA class I and class II genes require the utilization of a proper
platform, and more advanced IT infrastructure for the
bioinformatics analysis and the identification of various
potential predictive PGx markers, particularly in the newly
studied populations (Klasberg et al., 2019). HLA alleles are
important not only in PGx but also in other medical fields,
including the genomic evaluation of multifactorial disorders
and organ transplantation. Unfortunately, most of the HLA
variants are rare and population-specific and are not included
in routine clinical PGx testing (Nakkam et al., 2018). Today,
many bioinformatics tools and algorithms available for HLA
variant calling and haplotype phasing based on the WGS,
WES, and targeted sequencing results. However, the high
coverage of the genomic region is preferred as input for the
allelic imputation by most software (Karnes et al., 2017). The
available tools and their pros and cons have been discussed
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comprehensively in the literature (Ka et al., 2017; Kawaguchi
et al., 2017; Xie et al., 2017). In general, to overcome the
challenges of decoding PGx variants in specific genes, up-to-
date knowledge of PGx-related genomics for physicians
requesting the test in addition to the selection and utilization
of an appropriate platform and interpretation tools for each
situation by PGx test centers is required. This may also
include previous knowledge of some particular PGx alleles
with substrate-specific effects. For example, CYP2D6*17
encodes an enzyme with an increased capacity to metabolize
haloperidol but an impaired ability to metabolize codeine
(Oscarson et al., 1997; Wennerholm et al., 2002). In addition,
occasional discrepancies between guidelines on the classification
of genotypes into metabolic groups (which is key to formulating
corresponding therapeutic recommendations) must also be
considered (Caudle et al., 2020). Table 2 summarizes some
challenging pharmacogenes and their main features that need
to be taken into consideration during sequencing or panel design.

CHALLENGES AND OPPORTUNITIES FOR
DATA ACQUISITION AND
INTERPRETATION
The NGS data annotation, in the form of PGx phenotype
prediction, is a highly specialized task that requires both
molecular knowledge and clinical knowledge. The extraction of
actionable, putative, or likely pathogenic variants from large,
sophisticated raw data requires considerable time and effort as
well as accurate validation methods. The current approaches
include newly developed PGx dedicated tools for star allele
calling in pharmacogenes (discussed in the following sections).
Here, we address the key considerations, discuss some features of
the common PGx-related tools, and propose solutions for
managing the challenges.

Targeted Sequencing Panels
Unlike with other genotyping approaches, performing a
sequencing run always offers the possibility of decoding novel
variants in the sequenced part(s). This has also been observed in

the targeted sequencing panels of known pharmacogenes, where
novel variations appeared in addition to common markers
(Gulilat et al., 2019). Indeed, the variants with unknown
clinical significance (VUS) in the NGS data and with no clear
connection to pharmacogenetics present a real challenge as far as
the implementation of such technologies in clinical practice is
concerned. Nevertheless, handling VUS as potentially important
identified variants is essential since if appropriate approaches to
the correct interpretation were not available, the real functional
alleles might simply be introduced as non-actionable. Therefore, a
prediction is not feasible easily on the functionality of VUS to
interpret the potential effects on the drug responses in a patient.
However, because of the lower number of such findings in panels,
replication and validation studies using other orthogonal
genotyping methods, in silico algorithms, genetic screening for
first degree relatives of the proband, and use of GWAS, HapMap,
or gnomAD datasets for meta-analysis will be faster and more
easier with regard to predicting and confirming the negative or
neutral functionality of variants and demonstrating the
phenotype associations in the targeted sequencing approaches
(Svidnicki et al., 2020).

Whole-Exome and Whole-Genome
Sequencing
As expected, VUS are more common in WES and WGS. The
situation becomes even more complicated when the results
involve novel PGx genes. Online tools such as SIFT and
PolyPhen2 as well as other algorithms, including CADD and
PROVEAN, plus Ensembl based sources with multiple integrated
tools like VEP and REVEL, are available for the prediction of the
damaging effects of a large number of variants. However, these
tools rely primarily on evolutionary conservation and utilize
amino acid or nucleotide sequence alignment, which is less
applicable to pharmacogenes. Also, low predictive value of
these tools has recently been demonstrated (Lee et al., 2019;
Zhou et al., 2019).

Furthermore, incidental findings (IFs), referred to as
secondary findings in the ACMG recommendations (Kalia
et al., 2017), can be expected in different types of high

TABLE 2 | Pharmacogenes with the associated challenges that render them difficult to genotype.

Gene Challenge(s) Reference

CYP2D6 –Structural variants and gene rearrangements Taylor et al. (2020)
–Pseudogenes PharmVar structural variations CYP2D6
–Copy Number Variations
–Presence of novel variants
–Highly polymorphic region
–Substrate-specific effects of some alleles

UGT1A1 –Rare population-specific variants Barbarino et al. (2014)
–Variants in non-coding parts of the gene Marques and Ikediobi, 2010
–Independent haplotypes with less linkage disequilibrium

VKORC1 –Important variants in non-coding parts of the gene Saminathan et al. (2010)
Owen et al., 2010

HLA –Rare population-specific variants Illing et al. (2017)
–Highly polymorphic regions Klasberg et al., 2019

SLC6A4 –Rare population-specific variants Lam (2013)
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throughput sequencing and genotype screening methods. They
are mostly defined as annotated functional variants in major
drug-related genes which were not expected in the specified
assessment but may be either related or unrelated to the
particular medication taken by the patient. This adds to the
complexity of reporting findings from PGx profiling, where the
DNA variants may alter the drug efficacy or increase the risk of
serious adverse drug reactions. Such findings could be reported
as variants with potential usage in guiding therapy if they are
managed properly through appropriate clinical genomic
assays, vigorous genotype-phenotype correlation studies,
and utilization of PGx-related sources for data
interpretation and variant scoring (Lee et al., 2016).
However, the existence of secondary findings would also be
associated with some technical issues in the employed NGS
platform. These issues include the percentage of coverage and
type of sequencing methods as well as the number of evaluated
individuals, evaluation of family members or randomly
selected patients (Westbrook et al., 2013). Yet, not all
secondary findings that are identified need to be reported in
the result of a clinical test. The ACMG also declared a policy
statement for reporting particular secondary findings in the
clinical setting (L Blackburn et al., 2015; Miller et al., 2021).
However, the statement is related to non-PGx secondary
findings. Moreover, many pharmacogenetic variants are not
disease-causing. Therefore, the relevance of reporting
secondary findings may not be obvious at the time of
submitting the report, particularly when only a specific set
of pharmacogenes is tested. For the pharmacogenes connected
with disease risk, the secondary findings may be handled in
accordance with the current ACMG recommendations; that is,
it is not necessary to provide a separate set of

recommendations for those genes. Nevertheless, while the
purpose of PGx testing is to exhaustively (and pre-
emptively) profile genes that may potentially alter the drug
response, curating and storing the information relevant to the
future drug therapy may indicate that no findings should be
considered “secondary,” particularly when untargeted
methods as well as WES and WGS are employed.

Recently Developed Bioinformatics
Algorithms for PGx Variant Calling
Concentrated efforts have been undertaken to design and
develop specific PGx tools for the identification of SNVs,
CNVs, structural rearrangements, gene deletion, gene
duplication/multiplication, haplotype phasing, diplotype
calling, and phenotype prediction out of the NGS data in
the clinical setting. The tools as well as Stargazer,
PharmCAT, Astrolabe, Aldy, Cypripi, include special
algorithms, which were designed for the interpretation of
the PGx variants (Numanagić et al., 2015; Twist et al., 2016;
Klein and Ritchie, 2018; Numanagić et al., 2018; Lee et al.,
2019). Furthermore, some other tools including g-Nomic
and PHARMIP were developed for providing
recommendations based on the general information
obtained from a PGx test (Sabater et al., 2019; Zidan
et al., 2020). The advantages and the disadvantages of
each of the tools have been demonstrated previously in
the literature (Twesigomwe et al., 2020). Table 3 provides
a concise overview of the key features of these tools.
Stargazer, Astrolabe, and Aldy have been fully analyzed
and are widely used in the field. Twesigomwe and
colleagues have recently performed a comprehensive and

TABLE 3 | Key features of the PGx dedicated variant functional prediction tools.

Tool/Algorithm Main features Reference

Stargazer Stargazer calls the star alleles from the NGS data by detecting SNVs, InDels, and structural variants. Stargazer detects
variations with structural changes including gene duplications, deletions, and conversions by calculating the paralog-specific
copy numbers from read depth

Lee et al. (2019)

PharmCAT Pharmacogenomics Clinical Annotation Tool (PharmCAT) captures the variants indicated in guidelines from a genomic data
set derived from sequencing or genotyping technologies (i.e., VCF), infers haplotypes and diplotypes, and generates a report
containing genotype/diplotype-based annotations, as well as guidelines and recommendations according to CPIC
guidelines

Sangkuhl et al. (2020)

Aldy Aldy is a computational tool that performs allelic decomposition of highly polymorphic, multi-copy genes through the use of
the whole or targeted genome sequencing data and identifies multiple rare and novel alleles for several important
pharmacogenes

Numanagić et al. (2018)

Astrolabe Astrolabe (former Constellation) is a computational method and probabilistic scoring system that enables automated
ascertainment of CYP2D6 and CYP2D19 activity scores from the unphased NGS data, aligned with the catalog of
pharmacogenetic alleles with high percentage of analytic sensitivity and specificity

Twist et al. (2017)

Cypripi Cypripi is an algorithm that computationally assumes CYP2D6 genotype at base-pair resolution from the high throughput
sequencing data. It can resolve complex genotypes, including the alleles that are the product of the duplication, deletion, and
fusion events involving CYP2D6 and its related pseudogene, CYP2D7

Numanagić et al. (2015)

g-Nomic g-Nomic is PGx interpretation software that provides recommendations on the suitability of a given combination of drugs for
each patient according to their genes and polymedication

Sabater et al. (2019)

PHARMIP PHARMIP uses drug modeled structure and up-to-date bioinformatics tools and/or databases to understand the genetic
factors that cause drug-related adverse reactions

Zidan et al. (2020)

Cyrius Superior, accurate genotyping of CYP2D6 compared to other existing methods as well as Aldy and Stargazer. All types of
variants and haplotype calling in addition to the structural and homology analysis will be covered for both GRCh38 and 37
genome builds

Chen et al. (2021)
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systematic comparison of the functions of these three tools
in calling different CYP2D6 variants. The results of the study
demonstrate that Aldy and Astrolabe are better common and
rare SNV callers compared to Stargazer. Yet, Stargazer
outperformed the other tools in rare homozygous allele
phasing due to its in-built supplementary algorithm.
Calling InDel star alleles in the short-read NGS data and
the hybrid rearrangements was challenging for all three
algorithms. For other structural variants, gene deletion,
duplication, and multiplications, Aldy demonstrated
higher concordance in comparison to Stargazer and
Astrolabe, respectively. Noticeably, Astrolabe performed
weak structural variant calling in comparison to the other
two tools. Although Stargazer displayed better performance
in CNV calling and the identification of hybrid
rearrangements, it simultaneously revealed the highest
number of non-genotyped diplotypes for the samples
including structural variants. Unfortunately, all three tools
had difficulty calling diplotypes with high copy numbers.
While these genotypes are very rare, they may still be
considered an important variant in some isolated
populations. The phenotype prediction and the clinical
accuracy of Aldy, Astrolabe, and Stargazer were also
evaluated. Remarkably, the concordances were higher than
the diplotype concordances as the activity scoring systems
may assign the same values as the true function of the
wrongly genotyped samples. The impact of the sequencing
coverage and the misalignment of InDels on genotyping
accuracy was also investigated. The study, however, had
some limitations. It used simulated data for most rare and
structural variants, did not compare the performances of the
three tools across the NGS data from the targeted custom-
capture panels, and did not compare the impacts of different
aligners on the variant calling processes. Novel SNVs calling
was also not analyzed in the study and reliable validation
studies were not included (Twesigomwe et al., 2020). Aldy
and Stargazer may also result in false-positive/false-negative
results in small variant calling, since they rely on initial read
alignments. Another major obstacle is that two of the three
tools does not support the GRCh38 genome assembly and
that the investigators may need to lift their alignments to
GRCh37 (i.e., https://genome.ucsc.edu/cgi-bin/hgLiftOver).
To address these challenges, Chen et al. developed Cyrius, a
novel bioinformatics method for all classes of variants and
haplotype calling from CYP2D6 in the WGS data (also
included in Table 3). The tool can overcome CYP2D6 and
CYP2D7 homology challenges and work with both GRCh37
and 38 to accurately genotype CYP2D6 with a higher overall
concordance rate with true genotypes (99.3%). Compared to
Aldy and Stargazer, superior genotyping was demonstrated
for both GeT-RM and long-read data, and the application of
the method led to improved understanding of CYP2D6
genetic diversity within five ethnic groups. The authors
are currently extending the method to genotype other
pharmacogenes with a paralog, CYP2A6 and CYP2B6, and
plan to apply it to more genes in the future (Chen et al.,
2021). Overall, it is useful to be aware of the specifications

and the features of each of the tools in order to increase their
utility while applying such algorithms to calling different
PGx variants out of high throughput sequencing results.

Solutions for the Management of
Challenges in Applying the NGS-PGx Tests
in the Clinic
Here, we present threemain problems whichmay arise during clinical
NGS testing for PGx in everyday practice and discuss solutions.

Firstly, based on the type of panel or other selected
approaches, the setup and the initiation of NGS tests (covering
PGx markers) in every clinic will require a substantial investment
and reimbursement by insurance companies, bioinformatics
infrastructure, specific software and computational tools, and
professional clinical experts for data interpretation. In addition,
validation studies to determine and improve the clinical utility
and the validity are essential. Once a positive evaluation has been
performed by public and private payers, relevant NGS-derived
PGx tests could be considered for implementation in routine
clinical practice. Estimated costs of PGx profiling may vary
substantially depending on the type of test applied. Is the PGx
assessment a pre-emptive NGS test or repurposed findings from
diagnostic WES/WGS? Currently, the test coverage and
reimbursement are still considered major barriers to routine
clinical use. Enhancing physicians’ awareness of the type of
test to be requested, gaining third-party support, increasing
the number of clients through direct-to-consumer genetic
testing companies, and decreasing the cost of tests due to
advances in diagnostic technologies may play an essential role
in bringing the clinical utility of PGx tests to the attention of
insurance companies (L Rogers et al., 2020). While many related
services are currently limited to reactive single-gene testing, some
clinical centers offer routine pre-emptive PGx tests. For example,
all patients treated for an active disease at St. Jude Research
Hospital are offered PGx testing (www.stjude.org/pg4kds).
Recently, Anderson et al. performed a large-scale study in the
United States and demonstrated that only a few core
pharmacogenes, including CYP2C19, CYP2D6, CYP2C9,
VKORC1, UGT1A1, and HLA class I, were covered by the
patients’ insurance (Anderson et al., 2020).

Secondly, as mentioned previously, the evolutionary conservation
is less applicable to the drug-related genes and therefore the
conventional computational algorithms have low predictive
accuracy when applied to the pharmacogenetic variants. The
difficulties with novel and big data interpretation could be
overcome by applying combined and optimized calculation tools
and algorithms (at least 6-7 of such bioinformatics tools) for allele
imputation (see Appendix 1) of PGx single- or multi-marker
signatures, as well as confirming such genetic variants as predictive
for the drug response with more accuracy (Zhou et al., 2019; Tafazoli
et al., 2021). However, not all pharmacogenes have this limitation.
Indeed, some genes appear relatively free of evolutionary constraints
and are highly similar to other genes. This is particularly true for the
genes that are involved in the transfer of endogenous substances
(i.e., OTC1). Whenever a novel PGx variant is identified in
evolutionarily conserved positions, such genes may still benefit
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TABLE 4 | Useful databases for PGx results interpretation in the clinical practice.

Database Main Activities and Features Link Reference

PharmGKB The Pharmacogenomics Knowledgebase is a truly
comprehensive and publicly available, online
knowledgebase responsible for the aggregation, curation,
integration, and dissemination of the knowledge regarding
the impact of the human genetic variation on the drug
response

https://www.pharmgkb.org/index.jsp Barbarino et al. (2018)

CPIC The Clinical Pharmacogenetics Implementation
Consortium (CPIC

®
) is an international consortium to

address the clinical implementation of the
pharmacogenetic tests by creating, curating, and posting
freely available, peer-reviewed, evidence-based,
updatable, and detailed gene/drug clinical practice
guidelines

https://cpicpgx.org/ Relling and Klein (2011)

DPWG The Dutch Pharmacogenetics Working Group includes
clinical pharmacists, physicians, clinical pharmacologists,
clinical chemists, epidemiologists, and toxicologists to
develop pharmacogenetics-based therapeutic (dose)
recommendations and assist the drug prescribers and the
pharmacists by integrating the recommendations into
computerized systems for drug prescription and
automated medication surveillance

https://www.pharmgkb.org/page/dpwg JJ Swen et al. (2011)

PharmVar The Pharmacogene Variation (PharmVar) Consortium is a
central repository for the pharmacogene (PGx) variation
that focuses on the haplotype structure and the allelic
variation. The information in this resource facilitates the
interpretation of the pharmacogenetic test results to guide
the precision medicine

https://www.pharmvar.org/ Gaedigk et al. (2018)

PMKB The Precision Medicine Knowledgebase (PMKB) is a
project of the Institute of Precision Medicine (IPM) at Weill
Cornell Medicine, which is organized to provide information
about the clinical cancer variants and the interpretations in
a structured way as well as allowing the users to submit and
edit the existing entries for the continued growth of the
knowledgebase. All changes are reviewed by cancer
pathologists

https://pmkb.weill.cornell.edu Huang et al. (2017)

PharmaADME An industry-initiated effort launched to develop a
consensus, “Core List” of standardized “evidence-based”
drug metabolizing (ADME) genetic biomarkers that are
broadly applicable to many pharmaceutical clinical trials
and FDA drug submissions

http://www.pharmaadme.org/joomla/ pharmaadme and
www.pharmaadme.org

Flockhart Table The website provides a table designed as a hypothesis
testing, teaching, and reference tool for the physicians and
researchers interested in the drug interactions that are the
result of the competition for or effects on the human
cytochrome P450 system. The table contains lists of drugs
in columns under the designation of specific cytochrome
P450 isoforms

https://drug-interactions.medicine.iu.edu/
MainTable.aspx

Flockhart and Oesterheld
(2000)

SEAPharm The Southeast Asian Pharmacogenomics Research
Network (SEAPharm) established in Asia to enable and
strengthen the PGx research among various PGx
communities within but not limited to countries in SEA, with
the ultimate goal of supporting PGx implementation in the
region

– Chumnumwat et al. (2019)

PGRN The Pharmacogenomics Research Network, PGRN I–III,
was funded from 2000 through 2015 by multiple Institutes
and Centers of the NIH. The network catalyzed
pharmacogenomics discoveries both nationally and
internationally through the conduct of collaborative
research focused on the discovery and the translation of
the the genetic determinants of the drug response, to
enable safer and more effective drug therapies

https://www.pgrn.org/ –

SuperCYP A comprehensive database on cytochrome P450 enzymes
including a tool for analysis of the CYP-drug interactions

https://bioinformatics.charite.de/supercyp/ Preissner et al. (2010)

(Continued on following page)
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from routine predictor tools to indicate their functional impact (Shu
et al., 2003). However, in the absence of distinct clinical data, both
computational and laboratory models are needed for the genotype-
guided drug therapy based on previously unreported genomic variants
(Shrestha et al., 2018).

Other PGx specific computational models and algorithms with a
high sensitivity and specificity have also been developed for the
prediction of the loss of function and/or the functionally neutral
variations. The scores obtained with the models could provide
quantitative estimation of the impact of different variants on the
gene function. A comprehensive analysis of the computational
prediction methods and evaluation of the recent progress in the
functional interpretation of non-coding variants for drug-
metabolizing enzymes and transporters is provided by Zhou and
colleagues (Zhou et al., 2018). Once the functionality of a variant is
known, the effect on drug pharmacology needs to be estimated. For
this, pathway analysis databases as well as DAVID, Human
Metabolome Database, String-db, and KEGG could be used to
identify the molecular connections between the altered allele(s) in
specific genes and the other related genes in the cell. Moreover, newly
developed PGx specific tools such as Aldy, Stargazer, Astrolabe, and
Cyrius can also help with NGS data processing in the PGx analysis
(Klein andRitchie, 2018; Lee et al., 2019).Table 4 lists some databases
which are useful in interpreting the results of the clinical PGx analysis.
We have also recently reviewed the software and the algorithms
dedicated to the functional prediction alongside the related
mechanism of action in such tools while using the PGx functional
analysis (Tafazoli et al., 2021). After finding a potentially strong
relationship between the identified variant(s) and the drug response,
particular in-vitro assessments as well as cell line modifications may
be considered for exploring the functional consequences of the altered
alleles and diplotypes on the activity of the related protein. However,
the latter is not appropriate in clinical use as it increases the
turnaround time considerably. As the final step, the clinical
association analysis will confirm the connection between the novel
variants and the drug response phenotypes in the patients. Needless
to say, it is suitable solely for the patient data analysis and not pre-
emptive PGx profiling of a healthy individual with no clinically
observable phenotype (Ji et al., 2013).

Finally, while well-known and annotated PGx variant(s) can be
used immediately in patient care, the clinical translation and utilization
of newly introduced variants requires substantial evidence and records
of gene-drug interaction as well as phenotyping data. Nevertheless,
such data would be stored primarily for the research purposes and the
patient may be recontacted for further investigations. Since the
prediction of an individual’s metabolic status is very important for
drug dosage modifications in a clinic, the translation of the sequencing
results into phenotype assignment must follow the universal
standardized test interpretation approaches. A gene continuum

activity score system has been introduced to deal with such
situations and may be accepted by reference laboratories and
medical centers for converting the genotype data to the clinically
actionable recommendations (Hicks et al., 2014). However, to facilitate
the incorporation of the high throughput derived PGx reports in the
clinical setting, it is necessary to provide the healthcare professionals
with more applicable, evidence-based results and employ standardized
and updated cohort and case reports (Giri et al., 2019; Krebs and
Milani, 2019).

CONCLUSION

The NGS technologies have been used in the PGx research studies
for a decade. The rapid development in accessories and
supporting bioinformatics tools in addition to the reduced cost
and the technological advancement that will allow for testing of a
larger number of drug-related genes and biomarkers will result in
the widespread use of such methods in various clinical settings.
The main challenges are management of identified VUS, a lack
of specific variant caller software, poor haplotype phasing,
insufficient coverage of some parts of the genome by different
platforms, limited capacity to assess variant functionality in-vitro,
and limited ability to assess functionality through computational
approaches. Nevertheless, the application of NGS in PGx
testing in the clinical practice is continually increasing, paving
the way for new PGx variant discovery and a bright future for
pharmacogenomics-guided drug treatment.

AUTHOR CONTRIBUTIONS

ATdesigned the study, conducted the search for literature, andwrote
the entire manuscript. H-JG and JS supervised the study thoroughly
and revised and edited the manuscript. WM performed the search
for literature andmodified the text as well. AK provided the idea and
introduced the topic for the manuscript. All authors have read and
agreed to the current version of the manuscript.

FUNDING

This article was conducted within the projects which have received
funding from the European Union’s Horizon 2020 research and
innovation program under the Marie Skłodowska-Curie grant,
agreement no. 754432, and the Polish Ministry of Science and
Higher Education and from financial resources for science in
2018–2023 granted for the implementation of an international
co-financed project.

TABLE 4 | (Continued) Useful databases for PGx results interpretation in the clinical practice.

Database Main Activities and Features Link Reference

FDA-
Pharmacogenomic

Table of pharmacogenomic biomarkers in drug labeling https://www.fda.gov/drugs/science-and-research-
drugs/table-pharmacogenomic-biomarkers-drug-
labeling

–
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APPENDIX 1: MINI-GLOSSARY OF THE
NGS TERMINOLOGIES USED IN THIS
ARTICLE

Targeted sequencing Sequencing of specific parts of the genome or sets of genes (multiple genes) at once

Whole-exome sequencing Sequencing of all exonic (protein-coding) regions of the genome. It also includes some important flanking sequences
Whole-genome sequencing Sequencing of the entire genome of an organism, including all the non-coding and coding parts in addition to the

mitochondrial DNAs. It is the most comprehensive sequencing method among others
Long-read sequencing Newer sequencing methods (also called third-generation technologies) with the ability to read and produce long sequences

of DNA between 10,000 and 100,000 base pairs at one runtime. The method is useful, particularly for the structural variant
detection and haplotype phasing

Gene panel A specific set of genes selected for particular analysis purposes as well as sequencing methods or disease-specific gene
profiling

PGx panel A specific set of pharmacogenes or drug target genes selected for particular analysis purposes
Coverage The number of times a portion of the genome is sequenced in a sequencing reaction. Frequently expressed as “depth of

coverage” and numerically as 1X, 2X, 3X, etc.
Depth of coverage See above
VCF file Variant calling format is a standard variant reporting format which was invented during the 1,000 Genomes project. Such files

display the genomic variants with their coordinates in the NGS results
Secondary findings Unrelated genomic variants to the primary purpose of the test revealed during a sequencing run
Haplotype phasing Determination of paternal or maternal origins (inheritance) of each chromosome while putting into haplotypes. In this way, the

researchers can assign the alleles to the paternal and maternal chromosomes and obtain a comprehensive picture of
genomic variants for the specific haplotype
Statistical estimation of the haplotypes from the genotyping data is also called haplotype phasing

Allele imputation A statistical method for inferring the genotypes that are not directly measured. Estimation of unobserved genotype, including
genetic markers from known haplotype or reference genotype. Particularly beneficial in GWAS studies

VUS A genetic variant for which the association with a specific phenotype cannot be determined definitively
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