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Pharmacogenomics is a rapidly evolving field with a strong foundation in basic science
dating back to 1960. Pharmacogenomic findings have been translated into clinical care
through collaborative efforts of clinical practitioners, pharmacists, clinical laboratories,
and research groups. The methods used have transitioned from targeted genotyping of rel-
atively few variants in individual genes to multiplexed multi-gene panels, and sequencing-
based methods are likely on the horizon; however, no system exists for classifying and re-
porting rare variants identified via sequencing-based approaches. Laboratory testing in
pharmacogenomics is complex for several genes, including cytochrome P450 2D6
(CYP2D6), HLA-A, and HLA-B, owing to a high degree of polymorphisms, homology with
other genes, and copy-number variation. These loci require specialized methods and famil-
iarity with each gene, which may persist during the transition to next-generation sequenc-
ing. Increasing implementation across laboratories and clinical facilities has required co-
operative efforts to develop standard testing targets, nomenclature, and reporting prac-
tices and guidelines for applying the results clinically. Beyond standardization, harmoniza-
tion between pharmacogenomics and the broader field of genomic medicine may be es-
sential for facilitating further adoption and realizing the full potential of personalized medi-
cine. In this review, we describe the evolution of clinical laboratory testing for pharmacoge-
nomics, including standardization efforts and the anticipated transition from targeted ge-
notyping to sequencing-based pharmacogenomics. We speculate on potential upcoming
developments, including pharmacoepigenetics, improved understanding of the impact of
non-coding variants, use of large-scale functional genomics to characterize rare variants,
and a renewed interest in polygenic risk or combinatorial approaches, which will drive the
progression of the field.
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INTRODUCTION

Pharmacogenomics is a dynamic field that started with a strong
research foundation and has been translated into the clinic, with
many pharmacogenomic tests available today to facilitate treat-
ment selection in clinical care. The field continues to grow and
evolve through regular interactions between clinical practitio-
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ners, pharmacists, clinical laboratories, and research groups.
The term “pharmacogenetics” was first coined by Friedrich Vo-
gel in 1959 to describe a new type of research aimed at better
understanding the effects of genetic variation on the response
to medications [1]. An article published in 1961 by Evans and
Clarke in the British Medical Bulletin is the earliest publication
on pharmacogenetics in PubMed [2]. Since the publication of
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Fig. 1. Number of citations in PubMed returned from a search of “pharmacogenetics or pharmacogenomics” by year is displayed, from the

first citation in 1961 up to 11/27/2024.

these early articles that launched the field, a steady but rela-
tively small number of manuscripts was published each year on
this topic until the early 2000s when the field advanced rapidly
with a considerable increase in the number of publications (Fig.
1). This acceleration was partly attributed to the Human Ge-
nome Project in the United States, which drove awareness of all
facets of genetics and perhaps led to the introduction of the
term “pharmacogenomics” to capture the growing interest in
evaluating broader genetic contribution to drug response be-
yond the metabolic genes recognized at the time. In addition, in
the late 1990s and early 2000s, few laboratories began to offer
pharmacogenetic tests (Fig. 2). Since the early implementation
of pharmacogenetic testing, the methods have changed and en-
abled more complex testing involving multiple genes.

In this review, we describe the evolution of clinical laboratory
pharmacogenomic testing (Fig. 2), including standardization ef-
forts and the early stages of the transition from targeted-geno-
typing technology to sequencing-based pharmacogenomics. We
also speculate on potential upcoming developments that will ad-
vance the field.

EARLY CLINICAL IMPLEMENTATION OF
PHARMACOGENETICS

By the mid-to-late 1990s, pharmacogenetic research had ad-
vanced sufficiently to justify the implementation of clinical test-
ing [3, 4] (Fig. 2). The Food and Drug Administration (FDA) and
drug manufacturers recognized the impact of genetic variation
on the safety and efficacy of some medications; however, the
specific information required and the stage at which it should be
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Fig. 2. Timeline of advancements in pharmacogenomics.

collected and presented during the drug approval process re-
mained uncertain [5]. The industry was concerned that a re-
quirement for genetic data at the end of a clinical trial could hin-
der the approval of new medications when the DNA samples
had not been stored. Additionally, new requirements for genetic
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analysis might lengthen the drug approval process [5]. Although
pharmacogenomics may help identify population subsets for
whom a certain medication is unsuitable, potentially signaling
the decline of the “blockbuster” drug model, pharmaceutical
companies have cautiously adopted a more optimistic stance.
The ability to use genetic testing to identify individuals at risk for
toxicity has been recognized as a strategy to facilitate the ap-
proval of medications that might otherwise fail to meet accept-
able safety standards.

For existing medications, the early clinical implementation of
pharmacogenomics to guide therapy for individual patients was
limited to a small number of academic laboratories. One of the
first examples of clinical pharmacogenetic testing was red blood
cell phenotyping to determine thiopurine methyltransferase
(TPMT) activity and adjust thiopurine dosing [6, 7]. Although
TPMT-activity measurements technically involve biochemical as-
says, researchers recognized a trimodal level of red cell TPMT
activity and hypothesized that a single gene with autosomal co-
dominant inheritance may underlie the observed individual dif-
ferences. Ultimately, variants in TPMT that segregated with this
phenotype were identified, leading to the development of tests
for genetic variants rather than enzyme activity [8].

Laboratories implementing pharmacogenomics developed
tests independently that were generally limited to a single gene
for a specific drug. This independent approach led to variability
in terms of which alleles were tested [9] and how the results
were reported [10]. Variants shown to impact drug metabolism
through research (and thus clinically implemented) were typi-
cally relatively common variants or single-nucleotide polymor-
phisms (SNPs). Although haplotype structures were beginning to
become recognized, owing to the cost of molecular testing, the
variants included in tests in both research and clinical settings
were often “tag SNPs” corresponding to one or more variants
that were thought to be in linkage disequilibrium with the func-
tional variant(s) [11, 12].

Several molecular techniques were utilized for early pharma-
cogenetic testing. In most cases, testing was limited to one gene
at a time and few variants per gene. Laboratory-developed tests
were offered by a small number of clinical laboratories and uti-
lized a wide variety of techniques, including allele-specific PCR,
real-time PCR, a bead-based flow cytometry platform (the Lu-
minex XMAP system, Austin, TX, USA), a microelectronic DNA ar-
ray (the eSensor, GenMark, Carlsbad, CA, USA), or other simple
PCR-based techniques [13-16] (for a review of methods utilized,
please see [17]). Microarray technology was also utilized, such as
the AmpliChip (Roche, Pleasanton, CA, USA) test for CYP2D6 and
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CYP2C19, which was the first FDA-approved pharmacogenetic
test [18]. Another technique involved amplifying DNA surround-
ing a variant of interest, followed by dot blotting onto nitrocellu-
lose squares and hybridizing the amplified DNA on each dot with
a biotinylated probe specific to the normal or variant allele [19].
Although this method was labor-intensive, its potential for auto-
mation and flexibility enabled its application across multiple
variants and clinical laboratory settings. As molecular tech-
niques became more widespread, some laboratories adopted
them, whereas others continued to use biochemical methods,
such as TPMT activity assays; a few laboratories also developed
newer alternative methods and testing strategies. For example,
a method was developed that used flow cytometry to screen for
HLA-B*57:01 in the setting of HIV before the use of abacavir.
The assay used a monoclonal anti-B17 antibody, and patients
who tested positive with this method were then reflexed to a mo-
lecular assay specific for the HLA-B*57:01 allele [20]. When
clinical laboratories first began to offer pharmacogenetics, test-
ing was relatively expensive, and adoption was limited. Although
some methods for multiplexing many variants were available in
research laboratories, the clinical test volume was initially too
low to make these methods cost-effective without compromising
turn-around time as large sample batches may be required. As
testing volumes increased, higher throughput methods followed.

During the early years of clinical testing, CYP2D6 was already
known to be a highly polymorphic gene with copy-number varia-
tion (CNVs), including full gene deletions, duplications, and hy-
brid alleles resulting from recombination with the CYP2D7 pseu-
dogene [21-24]. Given that CYP2D6 metabolizes approximately
25% of clinically available medications, PCR-based methods to
detect these important CNV events were developed [25]; how-
ever, not all laboratories testing CYP2D6 adopted the CNV-de-
tection methods. Some laboratories also developed methods for
performing long-range PCR to fully characterize all copies of CYP2D6
present and to isolate different forms (e.g., CYP2D6::CYP2D7 hy-
brids, CYP2D7::CYP2D6 hybrids, and the upstream vs. down-
stream copy of CYP2D6 in a duplication) [26-28]. Targeted ge-
notyping and PCR-based methods to detect CNVs were the most
cost-effective approaches and could resolve most samples. The
ability to isolate individual copies of CYP2D6 using long-range
PCR followed by Sanger sequencing enabled more precise geno-
type and phenotype calling in challenging cases [29]. Differ-
ences in CNV detection among laboratories remain today and
may result in variability in genotype and phenotype assignments
when CNVs are present.
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CURRENT TESTING

As pharmacogenetics gained acceptance, interest grew in offer-
ing panel testing. Panels that tested multiple genes simultane-
ously could be useful in several scenarios: to optimize medical
therapy for patients on multiple medications, when deciding the
most appropriate medication when several medications metabo-
lized through different pathways are reasonable options, or for
pre-emptive testing where the results could be used for a cur-
rent medication question or to guide future medications. Some
early panels involved simply running individual gene tests and
combining the results into a single report [30]. As molecular
testing technology advanced, simultaneous testing of multiple
genes became feasible and facilitated the development of cost-
effective panels. Current methods include mass spectrometry
(e.g., Mass Array), highly multiplexed real-time PCR using array-
based technology, microarrays, and next-generation sequencing
(NGS). In general, each laboratory selects the most suitable
platform for its workflow. The anticipated test volume, turn-
around-time requirements, cost of testing, gene(s) included, and
instrumentation are all important variables that impact clinical
laboratory decision-making. Some genes, such as those within
the HLA locus (e.g., HLA-A and HLA-B) and CYP2D6, are particu-
larly challenging to analyze and may require the use of a sepa-
rate assay [29, 31]. Notably, modern genotyping and short-read
NGS techniques often cannot be used to determine the phase
of multiple variants within a sample. Laboratories must develop
expertise in pharmacogenetics to accurately assign diplotypes,
as these are typically inferred based on allele frequencies within
the tested population. Additionally, specialized software or NGS
pipelines may be required for testing genes within the HLA locus
[31].

Although targeted genotyping is commonly used by clinical
laboratories, these techniques are limited in that only relatively
common genetic variants are detected. In addition, a subset of
genes is highly polymorphic such that targeted genotyping-
based approaches may exclude a substantial number of clini-
cally impactful variants (e.g., GBPD and DPYD). At present, CNV
is primarily only considered for CYP2D6 in clinical pharmacoge-
nomic testing. Although examples of clinically significant deletions
in other genes (e.g., DPYD, UGT2B17, and potentially CYP2B6)
have been reported and are of growing clinical interest, many of
these are population-specific, and unique assays may be re-
quired for each CNV in the setting of targeted genotyping, which
could be cost-prohibitive [32-36].

250

Moyer AM, et al.
Future of clinical laboratory pharmacogenomics

STANDARDIZATION EFFORTS

Laboratories that were early adopters of pharmacogenomic test-
ing had few resources to guide their test design and reporting
strategies, aside from the literature, until the Pharmacogenom-
ics Knowledge Base (PharmGKB) was launched (Fig. 2) [37].
Each laboratory developed a system that was based on their in-
terpretation of the literature. This situation resulted in variability
in almost all aspects of testing, including terminology, gene and
allele selection, the method of translation from genotype to phe-
notype, and reporting strategies. Given this variability, a test per-
formed in one laboratory typically worked well and was under-
stood by those using the results at that institution; however, the
results could differ from those generated in a different labora-
tory. A lack of standardization was problematic, both for patients
who moved and took their medical records (including laboratory
test results) to different institutions and for data analysis in re-
search settings. As pharmacogenomic testing was increasingly
adopted, standardization efforts began. The College of American
Pathologists launched a pharmacogenetics proficiency testing
survey in 2007, which allowed laboratories to compare their re-
sults to those of other laboratories (Fig. 2) [38].

The star-allele nomenclature system, initially proposed in
1989 [39], was first applied in 1996 to CYP2D6 [40] and later
to other CYP enzyme-encoding genes [41]. Recognizing the im-
portance of this system to the rapidly growing field of pharma-
cogenomics, the Human Cytochrome P450 Allele Nomenclature
Database was established in 1999 by Magnus Ingelman-Sund-
berg at the Karolinska Institutet and made publicly accessible
[42]. Later, in 2017, the Pharmacogene Variation Consortium
(PharmVar) was created to continue to host and update the star-
allele nomenclature [43-45]. PharmVar expanded curation to
several non-CYP genes, including DPYD, NUDT15, SLCO1B1,
and, most recently, NAT2. Today, several other sources of stan-
dardized star-allele nomenclature relevant to pharmacogenom-
ics exist, including the UGT nomenclature website maintained by
the Université Laval in Quebec City, Canada (http://www.phar-
macogenomics.pha.ulaval.ca/cms/ugt-alleles-nomenclature/;
last accessed, February 8, 2025), the TPMT nomenclature web-
site maintained by Linkdping University in Linkdping, Sweden
(https://liu.se/en/research/tpmt-nomenclature-committee; last
accessed, February 8, 2025) [46], and the HLA nomenclature
website (https://hla.alleles.org/nomenclature/index.html; last
accessed, February 8, 2025) [47-49].

Around the same time, an international workgroup was cre-
ated to improve the standardization of pharmacogenomic no-
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menclature. The workgroup included stakeholders from the
pharmacogenomics community (Pharmacogenomics Knowledge
Base [PharmGKB], Pharmacogenomics Research Network
[PGRN], Clinical Pharmacogenetics Implementation Consortium
[CPIC], European Pharmacogenetic Implementation Consortium
[Eu-PIC], Ubiquitous Pharmacogenomics [U-PGx], European Soci-
ety for Pharmacogenomics and Personalized Therapy [ESPT], In-
ternational Federation for Clinical Chemistry [IFCC], and the Clin-
Gen PGx Working Group), regulatory and governmental agen-
cies, genetic-nomenclature committees, gene-variant data-
bases, PGx gene-specific nomenclature committees and data-
bases, professional societies, pharmacogenomic test develop-
ers, and clinical and research laboratories. Together, in 2016,
this group published recommendations for variant nomenclature
to be used when reporting test results [10]. Using Human Ge-
nome Variation Society nomenclature based on a reference ge-
nome or reference transcript (rather than legacy nomenclature)
was among the recommendations of this group. PharmVar pro-
vides a simple mechanism to toggle among the various nomen-
clature systems to facilitate this transition.

Standardized star-allele nomenclature laid the foundation for
many other standardization efforts. Although the CPIC was ini-
tially formed from the PGRN and PharmGKB to create guidance
for using pharmacogenomic results [50], applying the test re-
sults is challenging when laboratories report differently. The
CPIC also worked with stakeholders to propose standardized ter-
minology, specifically to describe allele function as well as geno-
type-to-phenotype translation [51]. Although this terminology
was generally accepted by clinical laboratories, CYP2D6 proved
to be more difficult. In the setting of one normal function allele
and one nonfunctional allele, some laboratories reported the re-
sult as an intermediate metabolizer, whereas others reported
this result as a normal metabolizer. The CPIC, along with the
Dutch Pharmacogenetics Working Group, gathered experts in the
field to come to a consensus to allow for more uniform CYP2D6
reporting [52]. Although the prior CPIC article standardizing
terms for clinical pharmacogenetic test results introduced the
term “rapid metabolizer” to describe the predicted phenotype
associated with the combination of a normal and increased-
function allele, this term was ultimately excluded for CYP2D6
during the consensus process for this gene.

In addition to nomenclature and genotype-to-phenotype trans-
lation recommendations, those for standardizing the selection
of alleles that laboratories tested were also created (Fig. 2). The
Association for Molecular Pathology (AMP) Working Group, along
with other professional societies, created recommendations for
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selecting alleles for CYP2C19, CYP2C9, CYP2D6, CYP3A4,
CYP3A5, DPYD, TPMT, NUDT15, and warfarin-related genes
[53-59]. For each gene, this group recommended a “must test”
list of alleles, referred to as Tier 1, based on a known function of
the allele, the availability of reference materials, an appreciable
minor allele frequency in any known population, and an absence
of major technical difficulties for testing. An additional list of al-
leles for each gene, referred to as Tier 2, was also recom-
mended, but these alleles did not meet all the Tier 1 criteria.
Typically, these recommendations focus on alleles that should
be included in testing, although the CYP2D6 recommendations
also address copy-number testing. Specifically, the use of a sin-
gle probe, which does not enable differentiation between hybrid
alleles and true duplication, vs. multiple probes to overcome this
limitation was discussed [53].

As laboratories transition to sequencing-based pharmacoge-
nomic testing, rare variants will inevitably be interpreted and re-
ported. Failure to develop a standardized approach swiftly may
reintroduce variability, as laboratories independently develop
methods for classifying and reporting rare variants.

TRANSITION TO SEQUENCING-BASED
PHARMACOGENOMIC TESTING

As sequencing costs have decreased, a transition to sequencing-
based approaches to pharmacogenomic testing has begun. To-
day, most laboratories use targeted genotyping-based ap-
proaches for PGx. However, some laboratories are beginning to
use sequencing methods for PGx, either due to the consolida-
tion of laboratory instrumentation and workflows or due to inter-
est in interrogating rare variants. Sanger sequencing is widely
used in laboratories, particularly for confirming variants or spe-
cific applications (such as CYP2D6 after long-range PCR); how-
ever, it is impractical for multi-gene panels. Most laboratories
adopting sequencing-based approaches are utilizing or consid-
ering short-read NGS, with a smaller subset considering long-
read methods [60]. In addition to detecting both common and
rare variants, a potential advantage of using NGS is that most
diagnostic laboratories routinely perform exome and genome
sequencing and have developed bioinformatic algorithms capa-
ble of detecting CNVs. The chemistry run by these laboratories
already includes most genes important in pharmacogenomics,
and their bioinformatic algorithms for CNVs may also be applied
to pharmacogenes. Historically, CNVs were not thought to play a
major role in pharmacogenomics, aside from CYP2D6, and most
targeted-genotyping platforms are not designed to detect CNVs.
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However, in recent years, large population databases and stud-
ies have revealed that large deletions and duplications are more
common than previously recognized, and in many cases, they
are population-specific [32-36]. A transition to sequencing with
CNV calling would improve the panels available today.

Although short-read NGS works well for many pharmaco-
genes, limitations exist for genes that share substantial homol-
ogy with pseudogenes (e.g., CYP2D6) as well as complex, highly
polymorphic regions (e.g., HLA genes, such as HLA-A and HLA-
B). These genes may require special software or algorithms for
accurate genotype calling or an alternate method [29]. When
multiple genetic variants are identified, determining the phase
of the variants is not feasible unless they are within 100-150
bp of each other. Phasing is also generally not possible with tar-
geted genotyping. However, long-read sequencing platforms are
emerging as effective tools for resolving complex and homolo-
gous gene regions while providing the added capability to deter-
mine haplotypes definitively [60].

Given the applicability of NGS for multiple purposes, laborato-
ries that have traditionally performed genetic testing for inher-
ited disorders may now begin to include pharmacogenomic re-
sults in exome or genome sequencing or consider adding phar-
macogenomic panels to their test menus. A potential challenge
for these laboratories is that bioinformatic pipelines may incor-
porate filters that exclude variants over a set minor-allele fre-
quency threshold. Because many pharmacogenomic variants
are common, they could inadvertently be filtered out unless pro-
visions are taken to specifically call these variants. In addition,
converting individual variant genotypes to star alleles, diplo-
types, and phenotypes requires specialized software, processes,
and expertise, which may not be familiar to laboratories per-
forming traditional hereditary genetic testing [61].

Although a major advantage of sequencing is that both com-
mon and rare variants can be detected, classified, and clinically
interpreted, most laboratories that adopt NGS for PGx have lim-
ited their analysis to a predefined set of variants with known
functions. Thus, rare variants are often excluded, and the ad-
vantages of sequencing are not fully realized today. Interpreta-
tion of variants that have not yet been classified by the CPIC or
other expert groups can be challenging because the guidelines
for hereditary sequence variant classification published by the
American College of Medical Genetics and Genomics (ACMG)
and AMP were not designed for pharmacogenomics [62]. The
Mayo Clinic conducted a study using short-read NGS to perform
clinical pharmacogenomic testing, and the results were depos-
ited into the electronic health record for clinical use. In that
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study, all variants detected were classified and clinically inter-
preted [63, 64]. The laboratory used the ACMG/AMP guidelines
with modifications, as well as professional judgment, to classify
variants. Some rare variants clearly impacted protein function
(e.g., single-base deletion resulting in a frameshift early in the
gene sequence). In contrast, in other cases, rare variants had
unknown functions and were classified as variants of uncertain
significance owing to limited data. A major challenge in the clini-
cal reporting of rare pharmacogenomic variants beyond classifi-
cation was also identified. When variants that comprise a known
diplotype (i.e., star alleles) are identified along with a rare vari-
ant, no system exists for clinical reporting aside from submitting
them to PharmVar to create a new star allele, which does not fit
the timeline required for clinical reporting. In addition, when
variants of uncertain significance are encountered, the pre-
dicted phenotype is also uncertain. The Mayo Clinic laboratory
developed a system for reporting both genotypes and pheno-
types, including rare variants, while conveying uncertainties.
This system is illustrated in Fig. 3 and detailed by Lopes, et al.
(2022) [63]. Whether this approach will be adopted more widely
or a different system will be created remains unclear.

To evaluate the importance of transitioning to sequencing-
based approaches, an in silico panel was constructed that incor-
porated variants present in over 50% of current clinical pharma-
cogenomic tests. This panel was applied to sequencing results
generated in the Mayo Clinic study. Variants were categorized
into those that are commonly tested by current clinical tests and
those that would remain undetected. Comparisons of genotype
results revealed that approximately 28% of individuals harbored
at least one rare variant that may be clinically significant and
would be undetected using a typical genotyping panel [63].
CYP2D6 and DPYD accounted for the highest number of unique
variants not identifiable by current panel-based approaches. Ex-
panding genotyping panels to gain equivalency to sequencing-
based approaches would be impractical, given the sheer volume
of unigue variants.

Despite challenges in variant classification, the importance of
rare variants is becoming increasingly recognized. As sequenc-
ing costs continue to drop, the field will likely transition to se-
quencing-based approaches in the coming years. These changes
may paradoxically lead to a step backward in standardization for
several reasons: (1) no framework currently exists for classifying
rare pharmacogenomic variants detected during routine clinical
testing; (2) as indicated earlier, no system exists for reporting
rare variants along with star alleles; (3) each laboratory may
have different preferences for including or excluding rare vari-
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lecular Diagnostics [63], Copyright 2022, with permission from Elsevier.

ants or variant types; and (4) there are no standard reporting
guidelines for laboratories including PGx results as an add-on to
diagnostic exome or genome sequencing. Efforts to develop a
framework of tiered standard terminology for gene-drug re-
sponse validity and definitions for classifying PGx genes and
variants are underway by the newly established Clinical Genome
Resource (ClinGen) Pharmacogenomics Working Group (PGXWG)
[65]. In terms of variability in reporting, laboratories should be
encouraged to increase transparency in their reports by includ-
ing the variants that were detected, as well as information re-
garding the pharmacogenes and variants or regions of interest
that were included in the test. For example, some laboratories
may choose to limit analysis to only variants with a known func-
tion, other laboratories may also classify and report variants
with a clear loss-of-function (i.e., non-sense variants or frame-
shifts), and others may choose to interpret all variants detected
using their system or a modified form of the ACMG/AMP system
[62]. Notably, in pharmacogenomics, negative results are also
clinically significant. Excluding results for pharmacogenes with
no detected variants from reports can create ambiguity regard-
ing whether the gene was tested and no variants were found or
the gene was not interrogated. Developing guidance for labora-
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tories for reporting pharmacogenomics in the context of diag-
nostic exome or genome sequencing may help maintain the
progress made in standardization.

FUTURE PERSPECTIVES

Pharmacogenomic testing in clinical laboratories has rapidly
evolved and will undoubtedly continue to progress as the under-
lying science advances. A summary of the advances we antici-
pate in the coming years is described in this section and high-
lighted in Table 1. Currently, the functional consequences of rel-
atively common variants in coding regions of genes are under-
stood, whereas rare and non-coding variants are not well-char-
acterized. Clinically, many rare and non-coding variants are typi-
cally not considered, partly owing to the lack of a system to eval-
uate these variants, as well as limited data. Although in silico
tools to predict changes in splicing and the impact of amino acid
changes exist, they are not robust enough to be used in isolation
[66, 67]. Other variables, such as evolutionary conservation and
the minor allele frequency (which are used to evaluate germline
variants in the context of disease), may not be applicable due to
a lack of selective pressure against deleterious variants in drug-
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Table 1. Future opportunities for clinical laboratory pharmacogenomics

Future opportunities for pharmacogenomics

Transition to sequencing and detection of rare variants

Advances in variant classification

Drug-response predictions using many genes

Methods to classify variants as clinically encountered
CNV detection across pharmacogenes
Phasing by using long-read sequencing

Improved in silico tools using artificial intelligence
High-throughput functional studies (MAVE analysis)
Inclusion of non-coding variants and epigenetics

Combinatorial pharmacogenomics
Polygenic risk scores
Increased focus on pharmacodynamic genes

Abbreviations: CNV: copy-number variation; MAVE: multiplexed analysis of variant effects.

metabolizing enzymes. Functional studies are particularly impor-
tant in pharmacogenomics. Functional studies have traditionally
been quite labor-intensive, but newer high-throughput tech-
niques, referred to as either deep mutational scans or multi-
plexed analysis of variant effects (MAVES), have been developed
and are starting to be applied to pharmacogenomics [68-71].

Large data sets that provide functional data for many variants
within a gene (generated using MAVE analysis) can also be uti-
lized to improve in silico prediction tools. Early tools for predict-
ing the impact of missense changes relied on biochemical dif-
ferences between amino acids, evolutionary conservation, or
patterns of genomic constraint. Currently, proteome-wide predic-
tions of structural changes and stability are beginning to be-
come incorporated, as is the use of artificial intelligence to iden-
tify patterns and assess data [72, 73]. The lack of large data
sets of functionally characterized variants across many genes
has been a limitation; however, MAVE analysis with additional
genes will provide more training data and improve these algo-
rithms, perhaps facilitating increased adoption of sequencing-
based pharmacogenomic testing methods along with the inter-
pretation of rare variants.

Non-coding variants may impact splicing, transcription, RNA
stability, RNA processing, translation, and chromatin interactions
across loci, and while several known non-coding variants are
routinely included in pharmacogenomic tests (i.e., DPYD ¢.1129-
5923C>G; VKORC1 ¢.-1639G >A), most are excluded. The chal-
lenge of classifying non-coding variants is not unique to pharma-
cogenomics and is increasingly recognized in germline diagnos-
tic testing as genome sequencing is adopted. Recommenda-
tions were recently published for the clinical classification of
variants in non-coding regions [74]. Most recommendations pro-
vided may be applicable to pharmacogenomics; however, inves-
tigating the underlying biology of non-coding regions and devel-
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oping tools to predict the impact of variants in these regions is
essential for effectively interpreting the impact of non-coding
variants on drug-response phenotypes. These challenges are
not unique to non-coding variants. Similarly, epigenetic variation
also contributes to variable drug responses and may alter cod-
ing or non-coding regions [75]. Pharmacoepigenetics is an area
of active research; however, limited data and potential tissue-
specific epigenetic modifications are barriers to clinical applica-
tion. As this field advances, it will likely be incorporated to at
least some degree into clinical testing to further refine drug-re-
sponse predictions.

Although most clinical pharmacogenomics currently involves
testing for one or a few genes to predict the toxicity or efficacy of
a drug, the associated metabolic pathways are much more com-
plex. Combinatorial pharmacogenomic algorithms have been
developed to account for the contributions of multiple enzymes.
However, in many cases, these algorithms have been largely
theoretical and are often proprietary to a specific commercial
laboratory. Some algorithms have been supported by clinical
studies, whereas others have not, and these algorithms might
not provide consistent results [76, 77]. Despite the limitations of
some algorithms, the concept that variation across multiple
genes with smaller effect sizes may be important in addition to
the commonly tested single gene-drug pairs with large effect
sizes is generally accepted. Polygenic risk scores (PRSs) have
begun to emerge for inherited disorders and pharmacogenom-
ics.

In many cases, PRSs have been developed for a disease, fol-
lowed by an attempt to apply them to pharmacogenomics; how-
ever, pharmacogenomic-specific methods may be preferable
[78, 79]. PRSs are also difficult to create for pharmacogenomics
due to the paucity of large data sets that include detailed infor-
mation with pharmacological outcomes. Additionally, many data
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sets include patients with polypharmacy and/or underlying dis-
orders, which adds complexity [80]. Furthermore, existing data
are biased toward individuals of European ancestry, which limits
the generalizability and implementation for other populations
[80]. Despite these limitations, ongoing research may lead to
the development of more robust PRSs that will ultimately be-
come incorporated into clinical testing in the coming years.
Most pharmacogenes commonly tested today are part of
pharmacokinetic pathways, with few examples of routinely
tested genetic variants in pharmacodynamic pathways (e.g.,
VKORC1). In the future, pharmacogenomic testing may merge
with diagnostic testing for inherited disorders as genetic varia-
tion in pharmacodynamic targets is identified and found to be
important for drug selection. Lumacaftor-ivacaftor combination
therapy, which is used to treat cystic fibrosis, represents an early
example [81]. Lumacaftor acts as a chaperone that facilitates
folding and processing to allow more of the otherwise misfolded
F508del CFTR protein to be expressed on the cell surface,
whereas ivacaftor serves as a potentiator that can keep the
CFTR channel open. While this combination is used for individu-
als homozygous for the F508del variant, ivacaftor is effective for
several pathogenic variants. A more recent example involves
monoclonal antibody drugs targeting amyloid beta (e.g., adu-
canumab and lecanemab) that are used for Alzheimer’s disease
[82, 83]. These medications include a boxed warning indicating
that individuals homozygous for the APOE e4 haplotype may
have a higher incidence of amyloid-related imaging abnormali-
ties (ARIAs). ARIAs are usually asymptomatic, but serious and
life-threatening events can occur on rare occasions. The warning
indicates that APOE testing should be performed before initiat-
ing therapy to inform the risk of developing ARIAs. Casimersen,
which is used to treat individuals with Duchenne muscular dys-
trophy and mitigates the effects of pathogenic variants by pro-
moting exon 45 skipping, is another example [84]. Although
these are examples of pharmacogenomics involving pharmaco-
dynamic genes, the inclusion of CFTR, APOE, and DMD in phar-
macogenomic tests is not practical as most patients do not have
cystic fibrosis, Alzheimer’s disease, and/or Duchenne muscular
dystrophy. Instead, this information would come from a diagnos-
tic test for cystic fibrosis or muscular dystrophy or a test specifi-
cally for APOE, which may also be used to guide medication
therapy. As medicine continues to advance, genetic variation in
pharmacodynamic genes is anticipated to be leveraged to cre-
ate more specific, targeted therapies to help patients. As phar-
macogenomic testing transitions to sequencing-based methods,
the lines between diagnostic testing and pharmacogenomics
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may blur with both being reported simultaneously.

CONCLUSIONS

Clinical pharmacogenomic testing has a strong foundation.
Today, the field is prepared for a rapid expansion that will be
necessary to accommodate the testing of an increasing number
of patients as clinical adoption continues. In addition to the an-
ticipated growth of existing testing, a transition to sequencing,
adoption of PRSs, incorporation of epigenetics, and a larger fo-
cus on pharmacodynamic targets are on the horizon. Ultimately,
the success thus far of pharmacogenomics has been due to
knowledge sharing between research groups, clinical practitio-
ners, and clinical laboratories. Continued knowledge-sharing
and standardization efforts will be necessary to make the dream
of personalized medicine through pharmacogenomics for all pa-
tients a reality.

ACKNOWLEDGEMENTS

None.

AUTHOR CONTRIBUTIONS

Moyer AM and Black JL contributed to the conception and de-
sign of the study. Moyer AM wrote the original draft. Moyer AM
and Black JL edited the manuscript.

CONFLICTS OF INTEREST

Moyer AM has no conflicts of interest to declare. Black JL de-
clares intellectual property and royalties with AssureX Health
(Myriad) and stock, royalties, and intellectual property with
Oneome LLC.

RESEARCH FUNDING

None declared.

REFERENCES

1. Vogel F. Moderne Probleme der Humangenetik. In: Ergeb Inn Med Kin-
derheilkd. Heilmeyer L, Schoen R, et al., eds. Berlin, Heidelberg: Spring-
er 1959:52-125.

2. Evans DA and Clarke CA. Pharmacogenetics. Br Med Bull 1961;17:234-
40.

3. Snow JL and Gibson LE. A pharmacogenetic basis for the safe and ef-

255



ANN
LAB
MED

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

fective use of azathioprine and other thiopurine drugs in dermatologic
patients. J Am Acad Dermatol 1995;32:114-6.

. Spielberg SP. Pharmacogenetics and blood dyscrasias. Eur J Haematol

Suppl 1996;60:93-7.

. Hodgson J and Marshall A. Pharmacogenomics: will the regulators ap-

prove? Nat Biotechnol 1998;16:243-6.

. Lennard L and Lilleyman JS. Individualizing therapy with 6-mercaptopu-

rine and 6-thioguanine related to the thiopurine methyltransferase ge-
netic polymorphism. Ther Drug Monit 1996;18:328-34.

. Weinshilboum RM, Otterness DM, Szumlanski CL. Methylation pharma-

cogenetics: catechol O-methyltransferase, thiopurine methyltransferase,
and histamine N-methyltransferase. Annu Rev Pharmacol Toxicol
1999;39:19-52.

. Wang L, Pelleymounter L, Weinshilboum R, Johnson JA, Hebert JM, Alt-

man RB, et al. Very important pharmacogene summary: thiopurine S-
methyltransferase. Pharmacogenet Genomics 2010;20:401-5.

. Moyer AM, Rohrer Vitek CR, Giri J, Caraballo PJ. Challenges in ordering

and interpreting pharmacogenomic tests in clinical practice. Am J Med
2017;130:1342-4.

Kalman LV, Aglindez J, Appell ML, Black JL, Bell GC, Boukouvala S, et al.
Pharmacogenetic allele nomenclature: international workgroup recom-
mendations for test result reporting. Clin Pharmacol Ther 2016;99:172-
85.

Andrawiss M. First phase of HapMap project already helping drug dis-
covery. Nat Rev Drug Discov 2005;4:947.

De La Vega FM, Dailey D, Ziegle J, Williams J, Madden D, Gilbert DA.
New generation pharmacogenomic tools: a SNP linkage disequilibrium
map, validated SNP assay resource, and high-throughput instrumenta-
tion system for large-scale genetic studies. Biotechniques 2002;32:
S48-54.

Bender K. SNaPshot for pharmacogenetics by minisequencing. Meth-
ods Mol Biol 2005;297:243-52.

Griese EU, Lapple F, Eichelbaum M. Detection of CYP2C19 alleles *1,
*2 and *3 by multiplex polymerase chain reaction. Pharmacogenetics
1999;9:389-91.

Pickering JW, McMillin GA, Gedge F, Hill HR, Lyon E. Flow cytometric as-
say for genotyping cytochrome P450 2C9 and 2C19: comparison with a
microelectronic DNA array. Am J Pharmacogenomics 2004;4:199-207.
Shi MM, Bleavins MR, de la Iglesia FA. Technologies for detecting genet-
ic polymorphisms in pharmacogenomics. Mol Diagn 1999;4:343-51.
Koch WH. Technology platforms for pharmacogenomic diagnostic as-
says. Nat Rev Drug Discov 2004;3:749-61.

de Leon J, Susce MT, Murray-Carmichael E. The AmpliChip CYP450 ge-
notyping test: integrating a new clinical tool. Mol Diagn Ther 2006;10:
135-51.

Hajra A, Sorenson RC, La Du BN. Detection of human DNA mutations
with nonradioactive, allele-specific oligonucleotide probes. Pharmacoge-
netics 1992;2:78-88.

Martin AM, Krueger R, Aimeida CA, Nolan D, Phillips E, Mallal S. A sensi-
tive and rapid alternative to HLA typing as a genetic screening test for
abacavir hypersensitivity syndrome. Pharmacogenet Genomics 2006;
16:353-7.

Gaedigk A, Blum M, Gaedigk R, Eichelbaum M, Meyer UA. Deletion of
the entire cytochrome P450 CYP2D6 gene as a cause of impaired drug
metabolism in poor metabolizers of the debrisoquine/sparteine poly-
morphism. Am J Hum Genet 1991;48:943-50.

Johansson |, Lundqvist E, Bertilsson L, Dahl ML, Sjéqvist F, Ingelman-
Sundberg M. Inherited amplification of an active gene in the cytochrome
P450 CYP2D locus as a cause of ultrarapid metabolism of debriso-
quine. Proc Natl Acad Sci U S A 1993;90:11825-9.

256

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

Moyer AM, et al.
Future of clinical laboratory pharmacogenomics

Johansson |, Yue QY, Dahl ML, Heim M, Sawe J, Bertilsson L, et al. Ge-
netic analysis of the interethnic difference between Chinese and Cauca-
sians in the polymorphic metabolism of debrisoquine and codeine. Eur J
Clin Pharmacol 1991;40:553-6.

Panserat S, Mura C, Gérard N, Vincent-Viry M, Galteau MM, Jacoz-Ai-
grain E, et al. An unequal cross-over event within the CYP2D gene clus-
ter generates a chimeric CYP2D7/CYP2D6 gene which is associated with
the poor metabolizer phenotype. Br J Clin Pharmacol 1995;40:361-7.
Johansson |, Lundqvist E, Dahl ML, Ingelman-Sundberg M. PCR-based
genotyping for duplicated and deleted CYP2D6 genes. Pharmacogenet-
ics 1996;6:351-5.

Black JL 3rd, Walker DL, O’Kane DJ, Harmandayan M. Frequency of un-
detected CYP2D6 hybrid genes in clinical samples: impact on pheno-
type prediction. Drug Metab Dispos 2012;40:111-9.

Kramer WE, Walker DL, O’Kane DJ, Mrazek DA, Fisher PK, Dukek BA, et
al. CYP2D6: novel genomic structures and alleles. Pharmacogenet Ge-
nomics 2009;19:813-22.

Steen VM, Andreassen OA, Daly AK, Tefre T, Bgrresen AL, Idle JR, et al.
Detection of the poor metabolizer-associated CYP2D6(D) gene deletion
allele by long-PCR technology. Pharmacogenetics 1995;5:215-23.

Ji'Y, Skierka JM, Blommel JH, Moore BE, VanCuyk DL, Bruflat JK, et al.
Preemptive pharmacogenomic testing for precision medicine: a compre-
hensive analysis of five actionable pharmacogenomic genes using next-
generation DNA sequencing and a customized CYP2D6 genotyping cas-
cade. J Mol Diagn 2016;18:438-45.

Matey ET, Ragan AK, Oyen LJ, Vitek CR, Aoudia SL, Ragab AK, et al.
Nine-gene pharmacogenomics profile service: the Mayo Clinic experi-
ence. Pharmacogenomics J 2022;22:69-74.

Moyer AM and Gandhi MJ. Human leukocyte antigen (HLA) testing in
pharmacogenomics. Methods Mol Biol 2022;2547:21-45.

Malekkou A, Tomazou M, Mavrikiou G, Dionysiou M, Georgiou T, Papae-
vripidou |, et al. A novel large intragenic DPYD deletion causing dihydro-
pyrimidine dehydrogenase deficiency: a case report. BMC Med Genom-
ics 2024;17:78.

Saarenheimo J, Wahid N, Eigeliene N, Ravi R, Salomons GS, Ojeda MF,
et al. Preemptive screening of DPYD as part of clinical practice: high
prevalence of a novel exon 4 deletion in the Finnish population. Cancer
Chemother Pharmacol 2021;87:657-63.

Marathe DD, Jauslin PM, Kleijn HJ, de Miranda Silva C, Chain A, Bate-
man T, et al. Population pharmacokinetic analyses for belzutifan to in-
form dosing considerations and labeling. CPT Pharmacometrics Syst
Pharmacol 2023;12:1499-510.

Santos M, Niemi M, Hiratsuka M, Kumondai M, Ingelman-Sundberg M,
Lauschke VM, et al. Novel copy-number variations in pharmacogenes
contribute to interindividual differences in drug pharmacokinetics. Gen-
et Med 2018;20:622-9.

Wigle TJ, Medwid S, Ross C, Schwarz Ul, Kim RB. DPYD Exon 4 deletion
associated with fluoropyrimidine toxicity and importance of copy num-
ber variation. Curr Oncol 2023;30:663-72.

Whirl-Carrillo M, Huddart R, Gong L, Sangkuhl K, Thorn CF, Whaley R, et
al. An evidence-based framework for evaluating pharmacogenomics
knowledge for personalized medicine. Clin Pharmacol Ther 2021;110:
563-72.

Moyer AM, McMillin GA, Long TA, Gandhi MJ, Mao R, Smock KJ, et al.
Genotype and phenotype concordance for pharmacogenetic tests
through proficiency survey testing. Arch Pathol Lab Med 2020;144:1057 -
66.

Nebert DW, Nelson DR, Adesnik M, Coon MJ, Estabrook RW, Gonzalez
FJ, et al. The P450 superfamily: updated listing of all genes and recom-
mended nomenclature for the chromosomal loci. DNA 1989;8:1-13.

https://doi.org/10.3343/alm.2024.0652



Moyer AM, et al.
Future of clinical laboratory pharmacogenomics

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Daly AK, Brockmoéller J, Broly F, Eichelbaum M, Evans WE, Gonzalez FJ,
et al. Nomenclature for human CYP2D6 alleles. Pharmacogenetics
1996;6:193-201.

Ingelman-Sundberg M, Daly AK, Oscarson M, Nebert DW. Human cyto-
chrome P450 (CYP) genes: recommendations for the nomenclature of
alleles. Pharmacogenetics 2000;10:91-3.

Oscarson M and Ingelman-Sundberg M. CYPalleles: a web page for no-
menclature of human cytochrome P450 alleles. Drug Metab Pharmaco-
kinet 2002;17:491-5.

Gaedigk A, Casey ST, Whirl-Carrillo M, Miller NA, Klein TE. Pharmaco-
gene Variation Consortium: a global resource and repository for phar-
macogene variation. Clin Pharmacol Ther 2021;110:542-5.

Gaedigk A, Ingelman-Sundberg M, Miller NA, Leeder JS, Whirl-Carrillo M,
Klein TE, et al. The pharmacogene variation (PharmVar) consortium: in-
corporation of the human cytochrome P450 (CYP) allele nomenclature
database. Clin Pharmacol Ther 2018;103:399-401.

Gaedigk A, Whirl-Carrillo M, Pratt VM, Miller NA, Klein TE. PharmVar and
the landscape of pharmacogenetic resources. Clin Pharmacol Ther
2020;107:43-6.

Appell ML, Berg J, Duley J, Evans WE, Kennedy MA, Lennard L, et al. No-
menclature for alleles of the thiopurine methyltransferase gene. Phar-
macogenet Genomics 2013;23:242-8.

Barker DJ, Maccari G, Georgiou X, Cooper MA, Flicek P, Robinson J, et
al. The IPD-IMGT/HLA Database. Nucleic Acids Res 2023;51:D1053-
60.

Robinson J, Barker DJ, Marsh SGE. 25years of the IPD-IMGT/HLA Data-
base. HLA 2024;103:e15549.

Robinson J, Malik A, Parham P, Bodmer JG, Marsh SG. IMGT/HLA data-
base - a sequence database for the human major histocompatibility
complex. Tissue Antigens 2000;55:280-7.

Relling MV and Klein TE. CPIC: Clinical Pharmacogenetics Implementa-
tion Consortium of the Pharmacogenomics Research Network. Clin
Pharmacol Ther 2011;89:464-7.

Caudle KE, Dunnenberger HM, Freimuth RR, Peterson JF, Burlison JD,
Whirl-Carrillo M, et al. Standardizing terms for clinical pharmacogenetic
test results: consensus terms from the Clinical Pharmacogenetics Im-
plementation Consortium (CPIC). Genet Med 2017;19:215-23.

Caudle KE, Sangkuhl K, Whirl-Carrillo M, Swen JJ, Haidar CE, Klein TE, et
al. Standardizing CYP2D6 genotype to phenotype translation: consen-
sus recommendations from the clinical pharmacogenetics implementa-
tion consortium and Dutch pharmacogenetics working group. Clin Transl
Sci 2020;13:116-24.

Pratt VM, Cavallari LH, Del Tredici AL, Gaedigk A, Hachad H, Ji Y, et al.
Recommendations for clinical CYP2D6 genotyping allele selection: a
joint consensus recommendation of the Association for Molecular Pa-
thology, College of American Pathologists, Dutch Pharmacogenetics
Working Group of the Royal Dutch Pharmacists Association, and the Eu-
ropean Society for Pharmacogenomics and Personalized Therapy. J Mol
Diagn 2021;23:1047-64.

Pratt VM, Cavallari LH, Del Tredici AL, Hachad H, Ji Y, Kalman LV, et al.
Recommendations for clinical warfarin genotyping allele selection: a re-
port of the Association for Molecular Pathology and the College of Amer-
ican Pathologists. J Mol Diagn 2020;22:847-59.

Pratt VM, Cavallari LH, Del Tredici AL, Hachad H, Ji Y, Moyer AM, et al.
Recommendations for clinical CYP2C9 genotyping allele selection: a
joint recommendation of the Association for Molecular Pathology and
College of American Pathologists. J Mol Diagn 2019;21:746-55.

Pratt VM, Cavallari LH, Fulmer ML, Gaedigk A, Hachad H, Ji Y, et al.
TPMT and NUDT15 genotyping recommendations: a joint consensus
recommendation of the Association for Molecular Pathology, Clinical

https://doi.org/10.3343/alm.2024.0652

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

ANN
LAB
MED

Pharmacogenetics Implementation Consortium, College of American
Pathologists, Dutch Pharmacogenetics Working Group of the Royal
Dutch Pharmacists Association, European Society for Pharmacogenom-
ics and Personalized Therapy, and Pharmacogenomics Knowledgebase.
J Mol Diagn 2022;24:1051-63.

Pratt VM, Cavallari LH, Fulmer ML, Gaedigk A, Hachad H, Ji Y, et al. CY-
P3A4 and CYP3A5 genotyping recommendations: a joint consensus rec-
ommendation of the Association for Molecular Pathology, Clinical Phar-
macogenetics Implementation Consortium, College of American Pathol-
ogists, Dutch Pharmacogenetics Working Group of the Royal Dutch
Pharmacists Association, European Society for Pharmacogenomics and
Personalized Therapy, and Pharmacogenomics Knowledgebase. J Mol
Diagn 2023;25:619-29.

Pratt VM, Del Tredici AL, Hachad H, Ji Y, Kalman LV, Scott SA, et al. Rec-
ommendations for clinical CYP2C19 genotyping allele selection: a report
of the Association for Molecular Pathology. J Mol Diagn 2018;20:269-
76.

Pratt VM, Cavallari LH, Fulmer ML, Gaedigk A, Hachad H, Ji Y, et al.
DPYD genotyping recommendations: a joint consensus recommenda-
tion of the Association for Molecular Pathology, American College of
Medical Genetics and Genomics, Clinical Pharmacogenetics Implemen-
tation Consortium, College of American Pathologists, Dutch Pharmaco-
genetics Working Group of the Royal Dutch Pharmacists Association,
European Society for Pharmacogenomics and Personalized Therapy,
Pharmacogenomics Knowledgebase, and Pharmacogene Variation Con-
sortium. J Mol Diagn 2024;26:851-63.

Neu M, Yang Y, Scott SA. Long-read sequencing for germline pharma-
cogenomic testing. Adv Mol Pathol 2023;6:99-109.

Ly RC, Tayeh MK, Ji Y. Education of future pharmacogenomics laborato-
ry directors. Adv Mol Pathol 2024;7:33-41.

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Stan-
dards and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genet-
ics and Genomics and the Association for Molecular Pathology. Genet
Med 2015;17:405-24.

Lopes JL, Harris K, Karow MB, Peterson SE, Kluge ML, Kotzer KE, et al.
Targeted genotyping in clinical pharmacogenomics: what is missing? J
Mol Diagn 2022;24:253-61.

Wang L, Scherer SE, Bielinski SJ, Muzny DM, Jones LA, Black JL 3rd, et
al. Implementation of preemptive DNA sequence-based pharmacoge-
nomics testing across a large academic medical center: the Mayo-Bay-
lor Right 10K study. Genet Med 2022;24:1062-72.

Gong L, Whirl-Carrillo M, Scott S, Caudle K, Moyer A, Klein C, et al. P179:
the ClinGen Pharmacogenomics Working Group: developing frameworks
for evaluating pharmacogenomic gene validity and actionability. Genet
Med Open 2024;2:101076.

Oh RY, AlMail A, Cheerie D, Guirguis G, Hou H, Yuki KE, et al. A system-
atic assessment of the impact of rare canonical splice site variants on
splicing using functional and in silico methods. HGG Adv 2024;5:
100299.

AlSaeed MJ, Ramdhan P, Malave JG, Eljilany I, Langaee T, McDonough
CW, et al. Assessing the performance of in silico tools and molecular dy-
namics simulations for predicting pharmacogenetic variant impact. Clin
Pharmacol Ther 2024;116:1082-9.

Claussnitzer M, Parikh VN, Wagner AH, Arbesfeld JA, Bult CJ, Firth HV, et
al. Minimum information and guidelines for reporting a multiplexed as-
say of variant effect. Genome Biol 2024;25:100.

Devarajan S, Moon |, Ho MF, Larson NB, Neavin DR, Moyer AM, et al.
Pharmacogenomic next-generation DNA sequencing: lessons from the
identification and functional characterization of variants of unknown

257



ANN
LAB
MED

70.

71.

72.

73.

74.

75.

76.

significance in CYP2C9 and CYP2C19. Drug Metab Dispos 2019;47:
425-35.

Suiter CC, Moriyama T, Matreyek KA, Yang W, Scaletti ER, Nishii R, et al.
Massively parallel variant characterization identifies NUDT15 alleles as-
sociated with thiopurine toxicity. Proc Natl Acad Sci U S A 2020;117:
5394-401.

Gasperini M, Starita L, Shendure J. The power of multiplexed functional
analysis of genetic variants. Nat Protoc 2016;11:1782-7.

Cagiada M, Johansson KE, Valanciute A, Nielsen SV, Hartmann-Peters-
en R, Yang JJ, et al. Understanding the origins of loss of protein function
by analyzing the effects of thousands of variants on activity and abun-
dance. Mol Biol Evol 2021;38:3235-46.

Cheng J, Novati G, Pan J, Bycroft C, Zemgulyté A, Applebaum T, et al. Ac-
curate proteome-wide missense variant effect prediction with AlphaMis-
sense. Science 2023;381:eadg7492.

Ellingford JM, Ahn JW, Bagnall RD, Baralle D, Barton S, Campbell C, et
al. Recommendations for clinical interpretation of variants found in non-
coding regions of the genome. Genome Med 2022;14:73.

Smith DA, Sadler MC, Altman RB. Promises and challenges in pharma-
coepigenetics. Camb Prism Precis Med 2023;1:e18.

Mukerjee G, Huston A, Kabakchiev B, Piquette-Miller M, van Schaik R,
Dorfman R. User considerations in assessing pharmacogenomic tests
and their clinical support tools. NPJ Genom Med 2018;3:26.

258

77.

78.

79.

80.

81.

82.

83.

84.

Moyer AM, et al.
Future of clinical laboratory pharmacogenomics

Bousman CA and Dunlop BW. Genotype, phenotype, and medication
recommendation agreement among commercial pharmacogenetic-
based decision support tools. Pharmacogenomics J 2018;18:613-22.
Zhai S, Mehrotra DV, Shen J. Applying polygenic risk score methods to
pharmacogenomics GWAS: challenges and opportunities. Brief Bioin-
form 2023;25:bbad470.

Zhai S, Zhang H, Mehrotra DV, Shen J. Pharmacogenomics polygenic
risk score for drug response prediction using PRS-PGx methods. Nat
Commun 2022;13:5278.

Simona A, Song W, Bates DW, Samer CF. Polygenic risk scores in phar-
macogenomics: opportunities and challenges-a mini review. Front Gen-
et 2023;14:1217049.

Connett GJ. Lumacaftor-ivacaftor in the treatment of cystic fibrosis: de-
sign, development and place in therapy. Drug Des Dev Ther 2019;13:
2405-12.

Hampel H, Elhage A, Cho M, Apostolova LG, Nicoll JAR, Atri A. Amyloid-
related imaging abnormalities (ARIA): radiological, biological and clinical
characteristics. Brain 2023;146:4414-24.

Filippi M, Cecchetti G, Spinelli EG, Vezzulli P, Falini A, Agosta F. Amyloid-
related imaging abnormalities and B-amyloid-targeting antibodies: a sys-
tematic review. JAMA Neurol 2022;79:291-304.

Shirley M. Casimersen: First approval. Drugs 2021;81:875-9.

https://doi.org/10.3343/alm.2024.0652



