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ABSTRACT
Background: The implementation of pharmacogenetics in clinical practice increasingly relies on multigene panels.
Objectives: The objective of this study is to develop harmonized recommendations for the design and analytical implementation 
of multigene pharmacogenetic panels, defining clinically relevant genes and associated regions of interest (ROIs) based on evi-
dence strength, therapeutic applicability, and compatibility with genotyping or sequencing technologies.
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Methods: The French-Speaking Network of Pharmacogenetics (RNPGx) evaluated 81 candidate genes across five therapeutic 
domains (i.e., oncology and supportive care, anesthesia and pain management, cardiology, neurology and psychiatry and immu-
nology and infectious diseases) using a structured, evidence-based scoring system. Each gene was evaluated using a 25-point 
scoring system integrating pharmacogenetic importance, regulatory and professional society recommendations, and expert con-
sensus. For the genes ultimately selected for the core panel, clinically relevant regions of interest were defined and assigned to 
one of three analytical classes. Class 1 includes variants with established clinical actionability; Class 2 adds optional variants 
suitable for extended testing in specialized settings; and Class 3 covers broader genomic regions mainly intended for rare variant 
or structural analyses.
Results: A 28-gene core panel was retained. Class 1 included 76 prioritized variants (including CYP2D6 CNV variants), and 
Class 2 comprised 62 additional variants (with extended analysis for CYP2D6). Class 3 eligibility was retained for 18 genes.
Conclusion: The RNPGx recommendations offer a harmonized and flexible framework for pharmacogenetic panel design and 
for the extraction and interpretation of pharmacogenetic data from whole-exome or whole-genome sequencing.

1   |   Introduction

Pharmacogenetics (PGx) aims to optimize drug therapy by 
using patients' genetic profiles to guide individualized drug 
and dose selection. Given that nearly 99% of the population 
carries at least one actionable PGx variant and that 60.4% of in-
dividuals in the general population are likely to receive at least 
one pharmacogenetically actionable drug [1], PGx panel testing 
is increasingly recognized as a promising strategy for enhanc-
ing drug safety and efficacy [2]. This recognition is supported 
by robust evidence from multiple studies, including random-
ized controlled trials, demonstrating that individualizing drug 
therapy based on pharmacogenetic profiling leads to improved 
patient outcomes [3–5]. Specifically, a recent real-world imple-
mentation study conducted across seven European countries 
involving 6944 patients demonstrated that genotype-guided 
prescribing using a 12-gene pharmacogenetic panel signifi-
cantly reduced the incidence of clinically relevant adverse drug 
reactions [3]. Although the study has faced methodological crit-
icisms, mainly related to its open-label crossover design, end-
point selection, and outcome interpretation, Guchelaar et al. [6] 
provided a balanced review of these issues, turning them into 
practical lessons for future pharmacogenetic implementation 
research. Compared to targeted genotyping, which identifies 
key variants relevant to specific drug-gene pairs, gene panels 
provide a more comprehensive dataset, allowing for the selec-
tion of alternative therapies and anticipating responses to addi-
tional drugs beyond the initial clinical indication. This broader 
perspective is particularly valuable when PGx data are ob-
tained from whole exome or whole genome sequencing (WES 
and WGS) performed as part of the diagnostic of the primary 
disease, as increasingly seen with the use of next-generation 
sequencing (NGS) in clinical care. Two main types of panel-
based testing are currently employed: (1) disease-oriented pan-
els, which combine genes relevant to drugs commonly used in 
a particular therapeutic area, and (2) large pretherapeutic pan-
els, which include a wide array of clinically actionable variants 
related to multiple clinical contexts.

This categorization has been reviewed in detail by Mosch et al. 
[2], highlighting the rationale, opportunities, and limitations be-
hind each approach. The advent of second-generation sequenc-
ing favored the second approach by enabling the simultaneous 
analysis of multiple genes.

The content of PGx panels and the interpretation of their results 
are facilitated by the existence of guidelines issued by consor-
tia such as the Clinical Pharmacogenetics Implementation 
Consortium (CPIC), the Dutch Pharmacogenetics Working 
Group (DPWG), the Canadian Pharmacogenomics Network 
for Drug Safety (CPNDS), and the French-Speaking Network of 
Pharmacogenetics (RNPGx). Additionally, regulatory agencies 
such as the European Medicines Agency (EMA), US Food and 
Drug Administration (FDA), SwissMedic, or Health Care Service 
Corporation (HCSC) influence the design and application of 
PGx panels through their drug labeling and safety communica-
tions, which can differ from one country to another. ClinPGx 
serves as a comprehensive knowledge base that compiles these 
guidelines and recommendations. However, obtaining a global 
overview of which genes to include in PGx panels remains chal-
lenging due to some divergences in recommendations between 
different consortia and regulatory agencies. These discrepancies 
can be attributed to differences in the interpretation of evidence 
levels, population-specific allele frequencies, and clinical imple-
mentation strategies.

To address these gaps and support clinical application of PGx, 
including the reanalysis of WES/WGS data generated as part of 
patient care, the RNPGx conducted a comprehensive selection of 
genes based on the latest evidence available. For each core gene, 
regions of interest were identified to target using low-, medium-, 
and high-throughput analytical strategies. The aim of this work 
was to establish a validated list of genes that can serve as a ref-
erence for the design and implementation of pharmacogenetic 
panels. To reflect differences in clinical utility and context of 
testing, the recommendations distinguish three classes of vari-
ants or genomic regions.

Class 1 variants correspond to the minimal set of pharmacoge-
netic markers with well-established clinical actionability; they 
are supported by strong evidence and international guidelines 
and can be used directly in routine clinical practice, possibly 
in preemptive settings. Class 2 variants remain clinically rele-
vant but represent an optional extension of the Class 1 content; 
they may be considered in selected clinical situations where a 
more comprehensive analysis is warranted, such as unexplained 
drug response or severe adverse reactions. Class 3 regions in-
clude broader genomic areas (exons, untranslated regions, and 
promoter sequences). Their inclusion primarily serves to enable 

 14728206, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fcp.70068 by U

niversite C
atholique D

e L
ouvain, W

iley O
nline L

ibrary on [06/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 21Fundamental & Clinical Pharmacology, 2026

the detection of rare variants that may refine metabolizer phe-
notype prediction and to explore genes that may harbor copy 
number variations, structural variants, or multiple co-occurring 
variants. The recommendations are organized into five major 
therapeutic domains: oncology and supportive care, anesthe-
sia and pain management, cardiology, neurology and psychia-
try, and immunology and infectious diseases. These guidelines 
are intended to provide valuable insights for professionals in-
volved in PGx and to serve as a resource for biotechnology or 
decision-support companies developing solutions tailored to 
clinical needs.

2   |   Methods

2.1   |   RNPGx Gene Selection Process

The RNPGx working group employed a scoring system to 
identify and prioritize genes for inclusion in the pharmacoge-
netic panel. The initial selection of genes for evaluation came 
from two sources: on the one hand, 41 genes derived from the 
Pharmacogenomics Community Panel developed by SOPHiA 
GENETICS in collaboration with RNPGx (i.e., ABCB1, ABCC2, 
ABCC4, ABCG2, ACE, ADRB1, ADRB2, BCHE, CDA, COMT, 
CYP1A2, CYP2B6, CYP2C19, CYP2C8, CYP2C9, CYP2D6, 
CYP3A4, CYP3A5, CYP4F2, DPYD, DRD2, G6PD, HTR2A, ITPA, 
MTHFR, NAT2, NR1I2, NR1I3, NUDT15, OPRM1, P2RY12, POR, 
RYR1, SLC22A1, SLCO1B1, TPMT, TYMS, UGT1A1, UGT1A4, 
UGT2B7, and VKORC1) and, on the other hand, 40 additional 
genes identified during a preliminary open consultation with 
RNPGx members regarding five clinical situations: oncology 
and supportive care, anesthesia and pain management, cardiol-
ogy, neurology and psychiatry, and immunology and infectious 
diseases (i.e., ALDH5A1, CACNA1S, CDKL5, CEP72, CES1, 
CES2, CNR1, CPS-1, CTH, CYP1A1, CYP2A6, CYP2C clus-
ter, CYP2E1, ERCC1, ERCC2, GGCX, GSTM1, GSTP1, HLA-A, 
HLA-B, HTR1C, HTR2B, IMPDH1, IMPDH2, INFL4, KCNJ6, 
MT-RNR1, OTC, PEAR1, POLG, PON1, RARG, SLC22A2, 
SLC28A3, SLC6A4, SLCO1B3, TRPV1, UGT1A6, UGT2B4, and 
XRCC1).

The gene selection process followed a structured, multistep 
methodology involving domain-specific expertise and mul-
tiple levels of validation. The RNPGx working group was 
divided into five subgroups, each focusing on the specific 
pharmacological domain mentioned above. Each subgroup 
was led by a coordinator with expertise in the field, who over-
saw the scoring and decision-making process. The experts 
within each subgroup assigned scores to genes based on the 
predefined scoring system on a total score of 25 points, distrib-
uted across four criteria:

1.	 Very important pharmacogene (VIP) status (0–7.5 points): 
Genes were classified according to their pharmacogenetic 
importance as nonranked (0 points), Tier 2 (2.5 points), or 
Tier 1 (7.5 points) using the VIP classification system from 
ClinPGx.org.

2.	 Regulatory agency recommendations (0–7.5 points): We 
used ClinPGx website which consolidates recommenda-
tions from multiple agencies, including the US Food and 

Drug Administration (FDA), the European Medicines 
Agency (EMA), Swissmedic, and Health Canada–Santé 
Canada (HCSC). Genes were scored based on the highest 
level of annotation provided by regulatory agencies in the 
clinical contexts considered, as detailed on ClinPGx.org. 
Scores were assigned as follows: 7.5 points for genes anno-
tated at least once as “testing required”; 5 points for “test-
ing recommended”; 2.5 points for “actionable PGx”; and 1 
point for “informative PGx”.

3.	 Scientific society recommendations (0–7.5 points): The 
number of endorsements from professional societies was 
quantified. Each recommendation contributed 2.5 points 
(up to a maximum of 7.5 points). Recommendations were 
primarily derived from CPIC, DPWG and RNPGx, but 
other expert groups indexed in ClinPGx were also taken 
into consideration when applicable.

4.	 RNPGx expert opinion (0–2.5 points): Experts provided 
qualitative evaluations, classifying genes as “to exclude” 
(0 point), “to consider” (1 point), or “to include” (2.5 
points).

Genes with a score of ≥ 12.5 were automatically included in the 
preliminary core panel list, whereas those with a score of zero 
were excluded. Genes scoring above zero but below 12.5 were 
assigned to a secondary list.

The coordinator of each subgroup reviewed all assignments, 
either validating the decisions or suggesting further discus-
sion. Independent reviewers, who did not participate in the 
scoring process, provided additional evaluations of the sub-
group's choices. In cases of disagreement, decisions were 
made collegially through discussions within a steering group 
composed of the subgroup coordinators and the independent 
reviewers.

The final proposal of the steering group for classifying genes 
in the final core panel, including the discussion of genes with 
borderline scores, was circulated to all members of the working 
group for review and comments over a feedback period and was 
subsequently adopted by consensus during the RNPGx plenary 
assembly held in June 2024.

2.2   |   RNPGx Region-of-Interest Selection Process

The selection of regions of interest (ROI) within the genes of the 
core panel selection prioritized clinical relevance while ensuring 
adaptability to different analytical strategies. A hierarchical ap-
proach allowed for a gradation of targeted regions, ranging from 
precise hot-spot variants (Class 1 or 2) to broader genomic ROIs in-
dicated for a more extensive exploration in case of negative results 
for Class 1 or 2 or for research approaches (Class 3). A decision tree 
was applied to distinguish between Classes 1 and 2 variants based 
on functionality and clinical recommendation levels (Figure 1).

2.2.1   |   Class 1

This class corresponds to the minimal set of variants required 
for clinical analysis using low-throughput, routine hospital 
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techniques, focusing on key pharmacogenetic insights essen-
tial for direct patient care. Only variants corresponding to the 
two highest levels of functional evidence as defined by the 
RNPGx in 2017 were considered (i.e., “demonstrated func-
tionality” or “probable functionality”) [7]. In addition, vari-
ants in this class must be associated either with the highest 
RNPGx level of recommendation for testing (i.e., essential or 
advisable tests) or with a Level 1A or 1B clinical annotation 
in the ClinPGx database. For variants lacking annotations 
from ClinPGx or RNPGx, the classification was determined 
by the expert group responsible for this work, based on expert 
consensus.

2.2.2   |   Class 2

This class is designed for medium-throughput technologies, 
allowing for broader analyses that include additional clini-
cally relevant variants while remaining feasible for special-
ized laboratories. To maintain the functional relevance of 
selected variants, only variants with “demonstrated function-
ality” or “probable functionality” based on the RNPGx 2017 
definitions were included [7]. Variants categorized as Class 2 
must meet the RNPGx requirement of a “possibly useful” test 
[7] or be associated with a Level 2A or 2B clinical annotation 
in the ClinPGx database. Similarly, for variants without prior 
annotations, classification decisions relied on expert review. 
Class 2 variants are not intended for first-line testing but may 
be considered when Class 1 testing is inconclusive or in re-
search settings.

2.2.3   |   Class 3

Unlike Classes 1 and 2, which focus on individual variants, 
Class 3 targets broader genomic regions. These ROIs may 

include entire exons, untranslated regions (UTRs), or promoter 
regions, providing a more comprehensive genomic coverage. 
The precise extent of these regions may vary depending on the 
analytical platform and data availability. The aim of this class 
is to draw attention to the potential added value of extended ex-
ploration, particularly for detecting structural or complex vari-
ants that may not be captured by standard Class 1 or 2 analyses. 
Some complex pharmacogenes, such as CYP2B6, CYP2D6, and 
HLA, indeed require specific sequencing and analytical strat-
egies due to the presence of highly homologous pseudogenes 
and structural variants. For such regions, long-read sequencing 
technologies can provide more accurate characterization, as 
illustrated for the CYP2D6 locus, which contains the CYP2D7 
and CYP2D8 pseudogenes.

3   |   Results

Of the 81 genes included in the screening process, eight were 
excluded from further consideration as their score reflected a 
complete lack of evidence supporting their inclusion (i.e., CTH, 
HTR2B, IMPDH1, IMPDH2, NR1I3, SLC22A1, SLC22A2, and 
SLCO1B3).

3.1   |   Core Gene Panel

From the 73 remaining genes, 22 were automatically assigned 
to the core panel, reflecting their supportive evidence and 
pharmacogenetic relevance (i.e., ABCG2, CACNA1S, CYP2B6, 
CYP2C19, CYP2C9, CYP2D6, CYP3A4, CYP3A5, CYP4F2, 
DPYD, G6PD, HLA-A, HLA-B, MT-RNR1, MTHFR, NUDT15, 
RYR1, SLCO1B1, TPMT, TYMS, UGT1A1, and VKORC1; 
Table S1).

Among the 51 genes initially assigned to the secondary list, six 
genes were reassigned to the core selection after thorough dis-
cussion (i.e., ABCB1, BCHE, CYP2C cluster, GGCX, NAT2, and 
POR). The reassignment was based on emerging evidence, spe-
cific clinical contexts, and the consensus of the RNPGx working 
group. Specifically, the reassignment of ABCB1 was justified by 
its potential clinical importance, as highlighted in a case report 
on Ivermectin [8]. The study described severe ivermectin tox-
icity linked to nonsense mutations in ABCB1, demonstrating 
the relevance of rare variants in this gene. The inclusion of the 
BCHE gene in the panel appeared justified by its critical role in 
diagnosing plasma cholinesterase deficiency detected through 
activity measurements in the context of prolonged neuromus-
cular block following the administration of curare. The CYP2C 
cluster region (i.e., rs12777823 and CYP2C:TG haplotype) was 
reassigned to the core panel due to its endorsement by CPIC in 
warfarin guidelines [9] for the first one and the phenotype im-
pact of the CYP2C19 substrate for the second one. The GGCX 
(Gamma-glutamyl carboxylase) gene was also reassigned in 
the core selection due to its integration into warfarin dosing 
models [10].

The inclusion of NAT2 was justified by a ClinPGx variant-drug 
annotation at Level 1B (regarding isoniazid) and its historical im-
portance in PGx. A recent systematic review and meta-analysis 

FIGURE 1    |    Decision tree for classification of variants into Classes 
1 and 2.

 14728206, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/fcp.70068 by U

niversite C
atholique D

e L
ouvain, W

iley O
nline L

ibrary on [06/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 21Fundamental & Clinical Pharmacology, 2026

study further highlighted its critical role in predicting hepato-
toxicity risk during tuberculosis treatment [11]. Finally, the POR 
gene was reassigned in the core panel due to its potential clinical 
relevance in optimizing tacrolimus dosing [12] and because only 
one variant is required for the pharmacogenetic analysis of this 
gene, which simplifies its inclusion and application in clinical 
algorithms.

Table 1 summarizes the 28 core panel genes selected by RNPGx 
as well as the clinical situations and drugs to which each gene 
is linked. Additional details, including gene-specific charac-
teristics (e.g., chromosomal location, transcripts, exon count, 
and RNPGx scoring details), are provided in Table S1. In ad-
dition, Figure 2 provides another overview of the clinical do-
mains in which their analysis is recommended. For each gene 
of the core panel, the recommended ROIs for Classes 1 and 2 
analysis and eligibility for Class 3 analysis are summarized 
in Table 2.

3.1.1   |   ABCB1

No Class 1 or 2 variants were retained for this gene (Table 2). 
Most studies investigating the associations between ABCB1 
genetic variants and drug effects have often produced inconsis-
tent results. A key reason for this inconsistency is that the most 
extensively studied variants, such as c.1236C > T, c.2677G > T/A, 
and c.3435C > T, are highly prevalent in the general population, 
complicating the establishment of robust genotype–phenotype 
correlations. Sequencing overcomes the limitations of focusing 
exclusively on common variants.

As a result, RNPGx advocates for CDS sequencing for ABCB1 
(Class 3) as a more effective approach, allowing for the identifi-
cation of rare variants that may have significant pharmacologi-
cal impacts but remain unidentified. This interest is illustrated 
by the reported case of ivermectin toxicity in the literature [8].

3.1.2   |   ABCG2

Over 80 single nucleotide polymorphisms (SNPs) of the ABCG2 
gene have been identified in DNA samples of ethnically different 
origins. The most common are p.V12M (c.34G > A, rs2231137) 
and p.Q141K (c.421C > A, rs2231142), highly prevalent in East 
Asians (MAF ∼ 17%–45% and 22%–34%, respectively) and with 
relatively low allele frequencies in Caucasians (MAF ∼ 3%–10% 
and 6%–14%, respectively) and African-American populations 
(MAF ∼ 2%–12% and 1%–17%, respectively). All other genetic 
variants have an allelic frequency of 1% or less [13]. Among the 
two SNPs, only the missense variant (rs2231142) is ranked as 
Class 1 because it has been shown to reduce protein expression 
(30%–40%) and transport activity in vitro [14], and it is associ-
ated with Level 1A variant-drug annotations for rosuvastatin 
and allopurinol. Because ABCG2 is a physiologically important 
urate transporter, congenital dysfunction of ABCG2 could be a 
risk factor for gout or hyperuricemia. Other rare low or no func-
tion genetic variants of ABCG2 were identified in a European 
cohort with hyperuricemia risk and should be researched in 
second intention, with large sequencing technology (i.e., Class 
3) [15].

3.1.3   |   BCHE

The gene encodes butyrylcholinesterase (BChE), an enzyme es-
sential for the hydrolysis of neuromuscular blocking agents such 
as succinylcholine and mivacurium [16].

Among the most studied BCHE variants, the atypical variant 
(rs1799807, p.Asp70Gly, also known as A-variant) is associated 
with reduced catalytic efficiency. It is a rare variant: Data from 
the 1000 Genomes Project indicate a MAF of 1% in the global 
population, with occurrence of the variant only in Europeans 
(MAF = 2%) and Americans (MAF = 1%). The presence of the 
atypical variant in a homozygous state is associated with a sig-
nificant decrease in BChE activity (i.e., 50%–70% reduction). As 
a result, this mutation, which is found in a linkage disequilib-
rium (> 0.9) with the Kalow variant, is the most frequently found 
in cases of prolonged neuromuscular block in Indo-European 
patients. The Kalow variant (rs1803274 or K variant) has a 
MAF ranging from 12% to 19% in the general population (1000 
Genomes Project). It has a limited impact on BChE activity (i.e., 
approximately −30% in a patient harboring this mutation in the 
homozygous state) and is not definitively considered deleteri-
ous. Compound heterozygote patients (e.g., individuals carrying 
both A and K variants) do not exhibit significantly higher risk 
of severe and prolonged paralysis. Although the two variants 
are not associated with PharmGKB-level 1 variant-drug inter-
actions, they are classified as Class 1 by RNPGx because they 
fall into the “advisable test definition” for succinylcholine or 
mivacurium (Figure 1) [7]. Clinical data suggest that the pres-
ence of other rare BCHE variants further exacerbates the effects 
of common mutations, leading to significantly prolonged neu-
romuscular blockade in affected individuals [17, 18]. Given the 
availability of robust enzymatic assays for characterizing vari-
ants, RNPGx classifies the sequencing of the BCHE gene as a 
Class 3 recommendation.

3.1.4   |   CYP2B6

Among the 49-star allele haplotypes defined by the 
Pharmacogene Variation Consortium (PharmVar) for the 
CYP2B6 gene, three variants are well known to experts, because 
of their allelic frequency in the general population and their 
established functionality: CYP2B6*4 (rs2279343), CYP2B6*9 
(rs3745274), and CYPB6*18 (rs28399499). The first allele is as-
sociated with an increased CYP2B6 activity (as for CYP2B6*22, 
in Class 2) with a MAF ranging from 13% to 34% in the gen-
eral population, including all ethnic group. The last two alleles 
are, respectively, classified as reduced (*9 and several other 
associated alleles; see below) and loss-of-function (*18) alleles. 
Although rs3745274 has a MAF ranging from 22% to 38% in the 
general population, including all ethnic groups, rs28399499 is 
mainly present in African populations with a MAF between 
6% and 12% in this ethnic group. Interestingly, the very well de-
scribed CYP2B6*6 allele is defined by the simultaneous presence 
of rs3745274 and rs2279343 Class 1 variants and is associated 
with a global reduced CYP2B6 activity, as for CYP2B6*9. In ad-
dition to CYP2B6*9 and *6, rs3745274 is also present in several 
other CYP2B6 alleles associated with reduced CYP2B6 activity 
(*7, *13, *19, *20, *26, *34, *36, *37, *38, *39, *40, *41, *42, and *43), 
which is why this variant is clearly classified as Class 1 variant by 
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TABLE 1    |    Pharmacogenes from the core selection, along with their associated clinical situations where testing is recommended, and the related 
drugs (i.e., those subject to a least one ClinPGx Level 1 or 2 clinical annotation or for which testing is ranked essential, advisable or potentially useful 
by RNPGx). Additional details, including gene-specific characteristics (e.g., chromosomal location, transcripts, exon count, and RNPGx scoring 
details), are provided in the Supporting Information.

Gene Protein nature Associated clinical situation(s) Related drug(s)

ABCB1 Transporter Immunoinfectiology Ivermectin

ABCG2 Transporter Cardiology Allopurinol; rosuvastatin

BCHE Enzyme Pain-anesthesia Succinylcholine; mivacurium

CACNA1S Other (calcium channel) Pain-anesthesia Desflurane; enflurane; 
halothane; isoflurane; 

methoxyflurane; sevoflurane; 
succinylcholine;

CYP2B6 Enzyme (Cytochrome P450) Immunoinfectiology Efavirenz; nevirapine

Neuropsychiatry Bupropion; methadone; 
sertraline

CYP2C cluster 
(rs12777823) and TG 
haplotype
(rs2860840/rs11188059)

Enzyme (Cytochrome P450) Cardiology
Neuropsychiatry/miscellaneous

Warfarin
Sertraline; escitalopram; 

omeprazole

CYP2C19 Enzyme (Cytochrome P450) Immunoinfectiology Voriconazole

Neuropsychiatry Amitriptyline; citalopram; 
clomipramine; doxepin; 

escitalopram; imipramine; 
sertraline; trimipramine

Cardiology Clopidogrel; mavacamten

Miscellaneous Dexlansoprazole; 
lansoprazole; omeprazole; 
pantoprazole; rabeprazole

CYP2C9 Enzyme (Cytochrome P450) Cardiology Acenocoumarol; 
fluvastatin; warfarin

Neuropsychiatry Phenytoin; siponimod

Pain-anesthesia Celecoxib; flurbiprofen; 
ibuprofen; lornoxicam; 
meloxicam; piroxicam; 

tenoxicam

CYP2D6 Enzyme (Cytochrome P450) Cardiology Flecainide; metoprolol; 
propafenone

Neuropsychiatry Amitriptyline; aripiprazole; 
atomoxetine; clomipramine; 

desipramine; doxepin; 
fluvoxamine; imipramine; 
mirtazapine; nortriptyline; 

paroxetine; risperidone; 
trimipramine; venlafaxine; 
vortioxetine; zuclopenthixol

Pain-anesthesia Codeine; hydrocodone; 
oxycodone; tramadol

Oncology and supportive care Ondansetron; tamoxifen; 
tropisetron

(Continues)
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Gene Protein nature Associated clinical situation(s) Related drug(s)

CYP3A4 Enzyme (Cytochrome P450) Immunoinfectiology Tacrolimus

Cardiology Mavacamten

Neuropsychiatry Fentanyl; quetiapine; 
aripriprazole; brexpiprazole

CYP3A5 Enzyme (Cytochrome P450) Immunoinfectiology Tacrolimus

Cardiology Atorvastatin; anti-Xa direct-
acting oral anticoagulants

CYP4F2 Enzyme (Cytochrome P450) Cardiology Warfarin

DPYD Enzyme Oncology and supportive care Capecitabine; 
fluorouracile; tegafur

G6PD Enzyme Cardiology Aspirin; rasburicase

Pain-anesthesia Aspirin; methylene blue

Immunoinfectiology Dapsone; nalidixic acid; 
nitrofurantoïne; primaquine; 
sulfadiazine; sulfafurazole; 

sulfamethoxazole; 
sulfaquanidine; sulfasalazine

GGCX Enzyme Cardiology Warfarin

HLA-A Other (HLA Class I) Neuropsychiatry Carbamazepine

Oncology TEDOPI, tebentafusp

HLA-B Other (HLA Class I) Immunoinfectiology Abacavir; dapsone; 
flucloxacillin; 

sulfamethoxazole/
trimethoprim

Neuropsychiatry Carbamazepine; lamotrigine; 
oxcarbazepine; phenytoin

Miscellaneous Allopurinol

MT-RNR1 Other (Mitochondrial rRNA) Immunoinfectiology Aminoglycosides

MTHFR Enzyme Oncology and supportive care Methotrexate (at 
high dose only)

NAT2 Enzyme Immunoinfectiology Isoniazid

NUDT15 Enzyme Immunoinfectiology Azathioprine

Oncology and supportive care Mercaptopurine

POR Enzyme Immunoinfectiology Tacrolimus

RYR1 Other (Ryanodine Receptor) Pain-anesthesia Desflurane; enflurane; 
halothane; isoflurane; 

methoxyflurane; sevoflurane; 
succinylcholine

SLCO1B1 Transporter Cardiology Atorvastatin; fluvastatin; 
lovastatin; pitavastatin; 

pravastatin; rosuvastatin; 
simvastatin

TPMT Enzyme Immunoinfectiology Azathioprine

Oncology and supportive care Mercaptopurine

(Continues)

TABLE 1    |    (Continued)
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RNPGx. These three Class 1 variants are associated with Level 
1A variant-drug annotations and CPIC guidelines for efavirenz 
[19] and sertraline [20] and with Level 2A variant-drug anno-
tations for nevirapine, bupropion, and methadone (PharmGKB 
website). The RNPGx classified CYP2B6*4, *9 (and related al-
leles among which *6), and *18 as Class 1 variants, whereas 
other loss-of-function alleles *8, *12, *13, *28, and *38 may be 
investigated as a second-line approach (Class 2). Finally, rare 
CYP2B6 structural variants are identified as CYP2B7:CYP2B6 
and CYP2B6:CYP2B7 hybrid genes and designated by PharmVar 
as CYP2B6*29 and *30 alleles, respectively. Their detection 
could improve metabolizer phenotype prediction, in the general 
population. The gene is thus eligible for Class 3 analysis.

3.1.5   |   CYP2C Cluster

The CYP2C cluster on Chromosome 10 is a SNP rs12777823, 
identified through a GWAS in African American patients 
treated with warfarin [21].

RNPGx classifies this SNP as Class 2 due to its significant im-
pact on warfarin dose, independently of CYP2C9 reduced-
function alleles and its inclusion in the IWPC dosing algorithm 
accounting for 21% of warfarin dose variability. Although pres-
ent in other ethnic groups, its impact on warfarin dose has been 
confirmed only in African Americans [22]. A novel haplotype 
CYP2C18 NM_000772.3: c.*31 T (rs2860840) and NM_000772.2: 
c.819 + 2182G 385 (rs11188059), referred to as “CYP2C:TG,” en-
coding increased rate of metabolism of the CYP2C19 substrate, 
as escitalopram [23], sertraline [24], and omeprazole [25] was 
identified but not clopidogrel [26]. RNPGx classifies this SNP 
as Class 2 due to its influence on rate of metabolism of some 
CYP2C19 substrates.

3.1.6   |   CYP2C19

Among the 35-star allele haplotypes defined by the Pharmacogene 
Variation Consortium (PharmVar) for the CYP2C19 gene, three 
have been ranked as Level 1 by the experts because of their allelic 
frequency in the general population and their established func-
tionality: CYP2C19*2 (rs4244285), CYP2C19*3 (rs4986893), and 
CYP2C19*17 (rs12248560). CYP2C19*2 and CYP2C19*3 alleles, 
both loss-of-function alleles, result in abnormal splicing for the 
first one and in a premature stop codon for the second one [27]. 
These predicted a poor metabolizer phenotype in homozygous 
CYP2C19*2 or CYP2C19*3 carriers' patients. Although the first 

one has a MAF ranging from 11% to 36% in the general popula-
tion and up to 41% in the South Asian population, the second is 
mainly observed in the Asian population, with a MAF of up to 
8% [28]. Moreover, a promoter variant (rs12248560) associated 
with an increased CYP2C19 gene expression defined the in-
creased function CYP2C19*17 allele, with a MAF of 1%–24% in 
the general population. These three variants are associated with 
Level 1A variant-drug annotations and CPIC guidelines for an-
tidepressants (including selective serotonin reuptake inhibitors) 
[20], clopidogrel [29], mavacamten [30], voriconazole [31], and 
proton pump inhibitors [32].

The promoter variant (rs12248560) could lead to misinterpre-
tation of the CYP2C19*17 allele in rare cases because a second 
SNP suppressing the initiation codon (rs28399504) defines the 
nonfunctional CYP2C19*4 allele [27]. After in vitro functional 
assessments [33], 12 other low or no function genetic variants of 
CYP2C19, characteristics of CYP2C19*5, *6, *7, *8, *9, *10, *22, 
*24, *25, *26, and *35 (Table 2), are ranked as Class 2 variants 
because of low frequency in the general population. Finally, 
rare CYP2C19 structural variants are identified from cases of 
the Database of Genomic Variants and ClinGen, with ~1 in 2000 
being a CYP2C19 full gene or partial-gene deletion carrier, desig-
nated by PharmVar as CYP2C19*36 and *37 alleles, respectively 
[34]. Their detection could improve metabolizer phenotype pre-
diction in the general population. The gene is thus eligible for 
Class 3 analysis.

3.1.7   |   CYP2C9

Among the 85-star allele haplotypes defined by the Pharmacogene 
Variation Consortium (PharmVar) for the CYP2C9 gene, two 
variants are well known to experts because of their allelic fre-
quency in the general population and their established function-
ality: CYP2C9*2 (rs1799853) and CYP2C9*3 (rs1057910). These 
two most common decreased function alleles among European 
patients impair the metabolism of warfarin by 30%–40% and 80%, 
respectively [35], reduce coumarin derivatives (warfarin and 
acenocoumarol) clearance, and are associated with a higher risk 
of bleeding [36]. Moreover, CYP2C9*5, CYP2C9*6, CYP2C9*8, 
and CYP2C9*11 alleles, four of the most common CYP2C9 de-
creased function alleles among African populations contribute 
to warfarin dose variability [22]. The CPIC recommends geno-
typing CYP2C9*2 and CYP2C9*3 alleles in the European pop-
ulation and CYP2C9*5, CYP2C9*6, CYP2C9*8, and CYP2C9*11 
alleles in African populations to prevent bleeding risk and adapt 
the warfarin initial dose in CYP2C9 PM [9].

Gene Protein nature Associated clinical situation(s) Related drug(s)

TYMS Enzyme Oncology and supportive care 5-fluorouracil; methotrexate

UGT1A1 Enzyme (UDP-
glucuronosyltransferase)

Immunoinfectiology Atazanavir

Oncology and supportive care Irinotecan; govitecan; 
nilotinib; erlotinib; belinostat

VKORC1 Enzyme Cardiology Acenocoumarol; warfarin

TABLE 1    |    (Continued)
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The RNPGx classified CYP2C9*2, *3, *5, *6, *8, and *11 as Class 
1 variants, whereas the other loss-of-function alleles *12, *13, 
*15, *24, *25, *33, *35, *39, *42, *43, *45, and *52 may be investi-
gated as a second-line approach (Class 2).

3.1.8   |   CYP2D6

CYP2D6 is a key member of the cytochrome P450 superfamily 
involved in Phase I metabolism of several drugs [37]. CYP2D6 
is mainly known to be involved in the metabolism of psy-
chotropic (e.g., venlafaxine and paroxetine), analgesic (e.g., 
tramadol), antitumoral (e.g., tamoxifen), and cardiovascular 
(e.g., propafenone and metoprolol) agents. Moreover, CYP2D6 
is a highly polymorphic gene, with at least 164 star-alleles 
described to date (from *1 to *177). In this context, the rela-
tionship between CYP2D6 genotype and enzymatic activity, 
assessed through pharmacokinetic or clinical parameters, has 
been thoroughly documented [38, 39]. Thus, an activity score 
(AS) reflecting enzymatic activity (ranging from no function 
to increased function) can be assigned to alleles, enabling the 
identification of the phenotype group (from poor metabolizer 
to ultrarapid metabolizer) [40]. Consequently, allele selection 
was based on functional activity characterized by the AS and 
their population frequency. For Class 1, we retain alleles as-
signed to a modified phenotype (no function, decreased func-
tion, or increased function) and with a MAF greater than 0.10 
in at least one ancestry group or 0.01 in the European popula-
tion. Technical gene-specific limitations were also considered, 
leading to the exclusion of *36 structural variant from this cat-
egory. Therefore, 12 single nucleotide polymorphisms (SNP) 
and copy number variation (CNV) research were selected: 
rs16947, rs1135840, rs35742686, rs3892097, rs5030655, 
rs5030656, rs1065852, rs28371706, rs59421388, rs61736512, 
rs1058164, rs28371725, and CNV (which enable the determi-
nation of CYP2D6*2, *3, *4, *6, *9, *10, *17, *29, *41, duplica-
tions/multiplications, and deletion, i.e., *5).

For Class 2, the RNPGx recommends sequencing the coding 
exons of CYP2D6 with the flanking regions (allowing the inclu-
sion of splicing sites) along with hybrid genes. In order to align 
our recommendations with those proposed by a joint consensus 
of international organizations [41], particular attention should 

be given to the following SNP: rs5030867, rs5030865, rs5030862, 
rs774671100, rs72549352, rs267608319, rs72549356, rs72549346, 
rs1135822, rs72549347, rs79292917 (defining CYP2D6*7, *8, *12, 
*14, *15, *21, *31, *40, *42, *49, *56, and *59), and structural vari-
ants (CYP2D6*36, CYP2D6::CYP2D7, and CYP2D7::CYP2D6 hy-
brid genes). Nevertheless, the RNPGx recommends interpreting 
thoroughly all variants associated with modified phenotypes 
according to PharmVar [42]. When suitable high-throughput 
technologies are available, whole gene sequencing of the CYP2D 
locus, including promoter and UTR regions, corresponding to 
Class 3, would be more suitable. Of note, it is important to state 
that, due to the presence of different structural variants (such as 
CNV and hybrid genes) and closely related pseudogenes (CYP2D7 
and CYP2D8), CYP2D6 sequencing is particularly challenging 
and requires great caution in its implementation [43].

3.1.9   |   CYP3A

The human cytochrome P450 Family 3 Subfamily A (CYP3A), 
including CYP3A4 and CYP3A5, is located in a CYP3A gene 
locus on chromosome 7. CYP3A enzymes are important for 
metabolizing 30%–50% of clinical drugs in several domains, 
including immunoinfectiology, neuropsychiatry, and cardiol-
ogy (Table 2). CYP3A4/CYP3A5 testing recommendations are 
recently synthesized by Pratt et al. [44], and it is considered that 
the CYP3A4 and CYP3A5 alleles recommended for inclusion 
in tier 1 include CYP3A4*22 and CYP3A5*3, CYP3A5*6, and 
CYP3A5*7, and for inclusion in Tier 2, the CYP3A4*20 allele.

For CYP3A4, the CYP3A4*22 Intron 6 variant (rs35599367) 
has been associated with reduced enzyme activity and ex-
plained 12% of the variability in CYP3A4 enzyme activity 
among individuals [45]. The CYP3A4*22 allele predominantly 
occurs in individuals of European ancestry with a MAF of 
5% and American (MAF = 3%) and is less common among in-
dividuals of African (MAF < 0.1%) and Asian (MAF < 0.6%) 
ancestry. The loss of function CYP3A4*20 allele is charac-
terized by a single-nucleotide duplication within Exon 13 
(rs67666821) that causes a frameshift and generation of a pre-
mature stop codon. The CYP3A4*20 allelic frequency is high 
in the Hispanic population (3.8%) and is found among the 
Latin-American population at a frequency of 0.1%, whereas 

FIGURE 2    |    Genes included in the RNPGx core panel and their recommended pharmacotherapeutic domains. Each colored dot represents a phar-
macotherapeutic domain where the analysis of the corresponding gene is recommended.
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TABLE 2    |    Recommended Classes 1 and 2 regions of interest (ROIs) and gene eligibility for Class 3 analysis for RNPGx core selection. Identifiable 
Star Alleles or common haplotype name are given when applicable.

Core gene Recommended Classes 1 and 2 ROIs
Eligibility for 

Class 3 analysis

ABCB1 Class 1 None recommended Yes

Class 2 None recommended

ABCG2 Class 1 rs2231142 Yes

Class 2 None recommended

BCHE Class 1 rs1799807 (A-variant), rs1803274 (K-variant) Yes

Class 2 None recommended

CACNA1S Class 1 rs1800559, rs772226819 No

Class 2 None recommended

CYP2B6 Class 1 rs3745274 (*9, *6 and several other alleles with reduced activity), 
rs28399499 (*18), rs2279343 (*4 or *6 with distinct functionality)

Yes

Class 2 rs12721655 (*8, *13), rs36060847 (*12), rs34223104 (*22), 
rs34698757 (*28), rs34097093 (*28), rs281864907 (*38)

CYP2C cluster Class 1 None recommended No

Class 2 rs12777823, rs2860840, rs11188059

CYP2C19 Class 1 rs4244285 (*2), rs4986893 (*3), rs12248560 (*17) Yes

Class 2 rs28399504 (*4), rs56337013 (*5), rs72552267 (*6), rs72558186 (*7), 
rs41291556 (*8), rs17884712 (*9), rs6413438 (*10), rs140278421 (*22), 

rs118203757 (*24), rs118203759 (*25), rs375781227 (*26), rs12769205 (*35)

CYP2C9 Class 1 rs1799853 (*2), rs1057910 (*3), rs28371686 (*5), 
rs9332131 (*6), rs7900194 (*8), rs28371685 (*11)

Yes

Class 2 rs9332239 (*12), rs72558187 (*13), rs72558190 (*15), rs749060448 (*24), 
rs1304490498 (*25), rs200183364 (*33), rs72558189 (*35), rs762239445 (*39), 

rs12414460 (*42), rs767576260 (*43), rs199523631 (*45), rs988617574 (*52)

CYP2D6 Class 1 rs16947, rs1135840, rs35742686, rs3892097, rs5030655, rs5030656, 
rs1065852, rs28371706, rs59421388, rs61736512, rs1058164, 

rs28371725, and CNV (allowing identification of *2, *3, *4, *6, *9, 
*10, *17, *29, *41, *5 [deletion], and duplication/multiplication).

Yes

Class 2 CDS; CYP2D7::CYP2D6 hybrid gene, CYP2D6::CYP2D7 hybrid gene

CYP3A4 Class 1 rs67666821 (*20), rs35599367 (*22) Yes

Class 2 rs4986910 (*3), rs28371759 (*18)

CYP3A5 Class 1 rs776746 (*3), rs10264272 (*6), rs41303343 (*7) Yes

Class 2 None recommended

CYP4F2 Class 1 rs2108622 (*3 and *4) No

Class 2 None recommended

DPYD Class 1 rs3918290 (DPYD*2A), rs55886062, (DPYD*13), rs67376798 
(c.2846A > T), rs115232898 (c.557A > G), rs75017182 (HapB3)

Yes

Class 2 rs72549303 (DPYD*3), rs72549309 (DPYD*7), rs1801266 (DPYD*8), 
rs1801268 (DPYD*10), rs78060119 (DPYD*12), rs1801160 (DPYD*6), 

rs2297595 (c.496A > G), rs146356975 (c.868A > G), rs112766203 
(c.2279C > T), rs186169810 (c.1314 T > G), rs72549304 (c.1475C > T), 

rs59086055 (c.1774C > T), rs55674432 (c.2639G > T)

(Continues)
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the frequency is < 0.03% in European (non-Finnish) and 
African/African American populations.

The data for the association of CYP3A4 genetic variants with 
drug response are most consistent for quetiapine, an atypical 
antipsychotic indicated for the treatment of schizophrenia and 
bipolar disorder [46].

For CYP3A5, the CYP3A5*3 no function allele, defined by the 
intronic variant (rs776746), is associated with poor metabolism 
(historically also known as the nonexpressor phenotype). It has 
a MAF of 94% in European individuals and 18% in African in-
dividuals. MAF ranges between 67% and 71% in South and East 
Asian, respectively. Two other no function alleles, CYP3A5*6 
(rs10264272) and CYP3A5*7 (rs41303343), occur predominately 

Core gene Recommended Classes 1 and 2 ROIs
Eligibility for 

Class 3 analysis

G6PD Class 1 None recommended Yes

Class 2 None recommended

GGCX Class 1 None recommended No

Class 2 rs11676382

HLA-A Class 1 HLA-A*31:01, HLA-A*02:01 No

Class 2 None recommended

HLA-B Class 1 HLA-B*15:02, HLA-B*15:11, HLA-B*58:01, HLA-B*57:01 No

Class 2 HLA-B*13:01

MT-RNR1 Class 1 rs267606619, rs267606618, rs267606617 No

Class 2 None recommended

MTHFR Class 1 None recommended No

Class 2 rs1801133, rs1801131

NAT2 Class 1 rs1208, rs1801280, rs1799930, rs1799931, rs1801279, rs4986996, 
rs72554616, rs1805158, rs1799929, rs1041983, rs56054745 (*4 *16 *12, 

*5 *16, *6, *7, *14, *12D, *17, *19, *11 *12A,B,C, *12A,B,C *13, *18)

Yes

Class 2 None recommended

NUDT15 Class 1 rs746071566, rs116855232 (*2 *6 *9, *2 *3) Yes

Class 2 None recommended

POR Class 1 None recommended No

Class 2 rs1057868 (*28)

RYR1 Class 1 None recommended Yes

Class 2 None recommended

SLCO1B1 Class 1 rs4149056 (*5, *15, *46, *47), rs2306283 (*14, *15, *31, *37, 
*46, *47), rs11045819 (*14), rs59502379 (*9, *31)

Yes (*48, *49)

Class 2 rs373327528 (*23)

TPMT Class 1 rs1800462, rs1800460, rs1142345, rs1800584 (*2, *3B, *3C, *4) Yes

Class 2 rs72552738 (*11), rs9333569 (*14), rs9333570 (*15), 
rs74423290 (*23), rs267607275 (*29), rs1142345 (*41)

TYMS Class 1 None recommended No

Class 2 rs45445694 (2RC), rs2853542 (3RC), rs11280056

UGT1A1 Class 1 rs4148323 (*6), rs3064744 (*28 *36 *37) Yes

Class 2 None recommended

VKORC1 Class 1 rs9923231, rs9934438 Yes

Class 2 None recommended

TABLE 2    |    (Continued)
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in individuals of the African population, with reported MAFs of 
5%–24% and 9%–14%, respectively.

Practice guideline for CYP3A5 genotype-based dosing for tacro-
limus is provided by the CPIC [47] and recommendations from 
RNPGx [48].

RNPGx classifies these SNPs as Class 1 due to its PharmGKB 
Level 1A annotation for CYP3A4/quetiapine and CYP3A5/tac-
rolimus. Two other CYP3A4 alleles (*3 and*18) are classified as 
Class 2 due to their PharmGKB Level 2 tacrolimus. The exis-
tence of reported rare variants justifies considering a Class 3 ap-
proach for this gene.

3.1.10   |   CYP4F2

Vitamine K is metabolized by hepatic CYP4F2 enzyme to 
hydroxy-vitamine K1 and removed from the vitamin K cycle. 
This enzyme limits vitamin K excessive accumulation. The 
SNP CYP4F2*3 (c.1297G > A, p.V433M, rs2108622), found in 
CYP4F2*3 and *4 alleles, decreases enzyme CYP4F2 activ-
ity [49] and increases variability in warfarin dose in European 
and Asian populations [50]. RNPGx classifies this SNP as Class 1 
due to its PharmGKB Level 1A annotation. Meta-analysis shows 
that the CYP4F2*3 allele is associated with interindividual vari-
ability in response to coumarin drugs, but with a lower effect 
size (8%–11% higher warfarin doses in allele A carriers) than 
those contributed by VKORC1 and CYP2C9 polymorphisms 
[51]. Another nonsynonymous genetic variant (rs3093015) in-
cluded is in CYP4F2*2 and *4 alleles, found frequently in both 
African and European American sampling panels (23%–40% 
MAF), without any functional effect on the ω-hydroxylation of 
arachidonic acid or leukotrienes LTB4 [49]. This variant has not 
been retained in the RNPGx selection.

3.1.11   |   DPYD

Dihydropyrimidine dehydrogenase (DPD) is the rate-limiting 
enzyme involved in nearly 85% of the catabolism of fluoropy-
rimidines antimetabolite drugs (FP), including 5-fluorouracil 
(5-FU), capecitabine, and tegafur, which are widely used to treat 
solid tumors (colorectal, breast, pancreatic, head, and neck). 
DPD protein is encoded by the DPYD gene, which is located on 
chromosome 1p21.3, spans 843 317 bp in length, and contains 23 
exons. Over 1598 sequence variants in the DPYD gene have been 
identified according to Genome Aggregation Database version 
4.0.0, but the functional and clinical roles remain uncertain for 
most of these variants, especially those that are rare (DPYD | 
gnomAD v4.1.0 | gnomAD).

It has been thoroughly demonstrated that preemptive DPYD ge-
notyping avoids potentially life-threatening toxicity in patients 
carrying DPYD deleterious germline variants. Hence, the CPIC 
has developed guidelines based on a DPYD activity score to de-
termine the predicted DPD phenotype. Briefly, normal function 
variants have an activity value of 1, whereas a value of 0 defines 
nonfunctional variants, and decreased activity variants are as-
signed a value of 0.5.

In the same way, to identify patients at an elevated risk of FP 
toxicity, the RNPGx considers as a first tier (1) uracilemia as a 
more sensitive and accurate biomarker of DPD activity and rec-
ommends in conjunction (2) targeted DPYD genotyping when 
biochemical phenotyping is not contributing (e.g., uracilemia 
close to the cutoff value, discordance between uracilemia and 
dihydrouracil/uracil ratio, and renal dysfunction). Taking into 
account the recent joint AMP, CPIC, and DPWG recommen-
dations [52], AOIM guidelines [53], two limited sets of DPYD 
variants to test as Class 1 or 2 were retained (Table 2). The core 
panel consists of five variants with well-established functional 
impact and significant allele frequencies in various populations, 
including c.1905 + 1G > A (DPYD*2A, rs3918290—MAF: 0.3% 
in the whole population; 0.1% in African; 0.5% in European; 
and 0.8% in South Asian populations), c.1679 T > G (DPYD*13, 
p.I560S, rs55886062—MAF: 0.02% in the whole population 
and 0.1% in the European non-Finnish population), c.2846A > T 
(rs67376798, p.D949V—MAF: 0.2% in the whole population; 
2.3% in African; 2% in Utah residents with European ances-
try; and 0.3% in other European populations), c.557A > G 
(rs115232898, p.Y186C—MAF: 0.6% in the whole population; 
2.3% in African; 0% in European; and 0.3% in American pop-
ulations), and c.1129-5923C > G (rs75017182, HapB3—MAF: 
1% in the whole population; 0.1% in African; 2.4% in European; 
0.6% in American; and 1.9% in South Asian populations). 
Additionally, the secondary panel includes other variants with 
lower allele frequencies or uncertain but potentially deleterious 
effects (Table 2).

Given the contribution of rare deleterious variants to FP toxicity 
published in many case reports, such as c.2872A > G recently de-
scribed by de Haar-Holleman et al. [54], sequencing of all coding 
regions (Class 3) is encouraged for the DPYD gene.

Regarding the DPYD copy number variation, RNPGx does not 
currently have recommendations for routine clinical testing. 
However, deletions in Exons 4, 6, 9–10, 12, and 14–16, predicted 
to result in complete loss of function, have been identified 
[52, 55, 56], which emphasizes the importance of DPYD coding 
regions sequencing over targeted genotyping to detect both com-
mon and rare variants, as well as structural variants. In case 
multiple variants are detected, RNPGx underscores the neces-
sity of determining their phase to accurately assess their com-
bined functional impact [54].

3.1.12   |   G6PD

The G6PD gene encodes glucose-6-phosphate dehydrogenase, 
a key enzyme in the pentose phosphate pathway that protects 
red blood cells from oxidative stress by producing NADPH. 
G6PD deficiency, caused by genetic variants, predisposes indi-
viduals to episodes of acute hemolytic anemia (AHA) triggered 
by oxidative stress from certain drugs (Table 2), infections, or 
foods (notably fava beans). This X-linked disorder primarily 
affects males, with a global prevalence of approximately 5%, 
rising to 30% in malaria-endemic regions because the het-
erozygous state (females) confers protection from severe in-
fection by Plasmodium falciparum and possibly Plasmodium 
vivax [57]. In Europe, the World Health Organization (WHO) 
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estimated the prevalence at 0.4%, but this figure is presum-
ably underestimated due to population migrations from high-
prevalence regions and the increasing genetic admixture 
observed in contemporary European populations. Over 230 
G6PD variants have been identified, most of which are SNPs 
[58]. Historically, the WHO classified these variants into four 
phenotypic categories (I–IV).

However, in 2022, a new classification was proposed, dividing 
variants into four classes: A (< 20% activity with chronic he-
molysis), B (< 45% activity with acute, triggered hemolysis), C 
(60%–150% activity with no hemolysis), and U (uncertain clini-
cal significance). The CPIC provides recommendations for drug 
use in the context of G6PD genotype, including stratification of 
drug risk based on enzymatic activity [59]. Given the number of 
variants associated with deficiency, sequencing methods (Class 
3) are suggested as the first-line approach for comprehensive 
and accurate detection by RNPGx.

3.1.13   |   GGCX

Gamma-glutamyl carboxylase (GGCX) catalyzes the posttrans-
lational carboxylation of vitamin K-dependent blood coagula-
tion factors to make them functionally active, with the reduced 
vitamin K serving as an essential cofactor. Some rare nonsyn-
onymous GGCX variants are associated with clotting disor-
ders; thus, some GGCX genetic variants were investigated for 
their influence on warfarin dose variability [60]. One variant, 
rs11676382, is associated with a 6% reduced warfarin dose per G 
allele [10] and is assigned as Class 2 by RNPGx.

3.1.14   |   HLA

Despite the great polymorphism of the HLA system, only a 
limited number of alleles have been described in the litera-
ture as having a link with the onset of adverse drug reactions 
through the triggering of immune responses. As the frequency 
of HLA alleles differs from one population to another, it is in-
teresting to confirm these links in studies of populations of 
different origins.

A case in point is B*57:01/abacavir, first published in 2002 and 
confirmed in 2008 by other teams. This allele is most common 
in the Caucasian (MAF around 6%) and African-American (2%–
3%) populations.

Among people with abacavir hypersensitivity, 44% of Caucasians 
and 100% of African-Americans were positive for the HLA-
B*57:01 allele [61]. The European Medicines Agency, the US 
Food and Drug Administration, and the FDA recommend test-
ing for HLA-B*57:01 before starting treatment. In this context, 
PharmGKB and RNPGx classify it as Level 1A and Class 1, 
respectively.

At the same level of recommendation, authorities recommend 
testing the presence of A*31:01, HLA-B*15:02, and B*15:11 be-
fore starting carbamazepine, oxcarbazepine, phenytoin, and 
lamotrigine in Asian populations where these alleles are more 

frequent, in view of the increased risk of Stevens–Johnson syn-
drome (SJS) and toxic epidermal necrolysis (TEN) [62].

Similarly, initially identified as a genetic marker for allopurinol-
induced SCAR in a Taiwanese study [63] (incidence 0.4% of new 
users, half hospitalized, and high mortality rate [0.39/1000]), 
the association with B*58:01 was subsequently validated in nu-
merous ethnic populations worldwide (Thailand, Japan, South 
Korea, Hong Kong, Australia, Portugal, and Europe). The 
American College of Rheumatology has therefore been recom-
mending HLA-B*58:01 genetic screening for new allopurinol 
users in Asian populations since 2012.

The strong association of the HLA-B*13:01 allele with dapsone-
induced SCAR has been well established in the Asian population, 
particularly in the Chinese and Southeast Asian populations, but 
has not been identified in the European, Caucasian, American, 
African, or Oceanic populations, either because of a lower fre-
quency of the allele or perhaps because it is less prescribed and, 
therefore, fewer studies or cases are reported in the literature. 
This is why PharmGKB and RNPGx are aligned on a Level 2a/
Class 2 [64]. Conversely, it is interesting to note that certain tar-
geted therapies in oncology have been designed to be adapted to 
a population carrying the most frequent allelic sequence (A*02, 
e.g., Tedopi, Phase 3 study) or even a specific allele (A*02:01, e.g., 
Tebentafusp, marketing authorization).

The search for these alleles makes them a prerequisite for de-
fining a patient's eligibility for treatment and therefore a com-
panion diagnosis. This is why the RNPGx is proposing to test 
A*02:01 in oncology, Class 1, for existing and future therapies.

3.1.15   |   MT-RNR1

MT-RNR1 is a mitochondrial gene encoding the small subunit 
of the mitochondrial ribosome (12S rRNA). Specific variants in 
this gene predispose individuals to highly prevalent ototoxicity 
following aminoglycoside administration, regardless of the spe-
cific aminoglycoside used.

Three Class 1 variants were prioritized by RNPGx for this gene: 
rs267606617 (m.1555A > G), rs267606619 (m.1494C > T), and 
rs267606618 (m.1095 T > C). These variants exhibit demon-
strated functional impacts by enhancing the aminoglycosides' 
affinity for 12S rRNA or by enhancing apoptosis after admin-
istration. The population frequencies range from 1/1000 to 
1/10 000. Additionally, numerous pedigrees with maternal inher-
itance of these variants have been documented in the literature 
[65]. PharmGKB has classified these three variants as Level 1A, 
and RNPGx emphasizes the importance of testing for them when 
aminoglycoside administration is anticipated or in the context of 
posttoxicity investigations [65]. RNPGx recommendations focus 
exclusively on these three MT-RNR1 variants for clinical testing.

3.1.16   |   MTHFR

The methylenetetrahydrofolate reductase (MTHFR) cata-
lyzes the conversion of 5,10-methylenetetrahydrofolate to 
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5-methyltetrahydrofolate (a cosubstrate for homocysteine 
remethylation to methionine), which can in turn be converted 
to tetrahydrofolate. The human MTHFR gene is located on chro-
mosome 1p36.22 and is composed of 12 exons.

Frosst et al. [66] identified a c.677C > T mutation in the MTHFR 
gene, resulting in a p.Ala222Val substitution, but this polymor-
phism is actually referred to as c.665C > T (rs1801133). The al-
lele frequency of the substitution is about 24.5% in the whole 
population, 36% in European, 47% in American, 9% in African, 
and 30% in East-Asian individuals. Patients homozygous for this 
mutation undergo a decreased activity of 70% and present sig-
nificantly elevated plasma homocysteine levels. The rs1801133 
variant may thus represent an important genetic risk factor in 
vascular disease. A second polymorphism c.1286A > C (legacy 
name c.1298A > C, rs1801131—MAF: 25% in the whole popula-
tion; 15% in African and American; 22% in East-Asian; 31% in 
European; and 42% in South-Asian individuals) is less relevant, 
as it reduces the activity of MTHFR by only 40% in homozygous 
individuals.

The toxicity of methotrexate might be linked to a decrease in 
intracellular tetrahydrofolate concentrations. Hence, as meth-
otrexate inhibits dihydrofolate reductase, which converts dihy-
drofolate to tetrahydrofolate, the presence of rs1801133 could 
increase the toxicity risk. Subsequently, the need for folic acid 
could be increased. Although the DPWG did not conclude that 
MTHFR variants are a clinical interest for methotrexate therapy 
adjustment [67], the Canadian HCSC indicates in the product 
monograph of norelgestromin and ethinyl estradiol (EVRA) that 
the drugs are contraindicated in women with the presence of 
severe or multiple risk factor(s) for arterial or venous thrombo-
sis such as hyperhomocysteinemia (e.g., due to rs1801133 in the 
MTHFR gene). RNPGx thus classified rs1801133 and rs1801131 
as Class 2 variants.

3.1.17   |   NAT2

The NAT2 gene (1 coding exon—873 bps) encodes the enzyme 
N-acetyltransferase type 2 (290 aminoacids), which plays a criti-
cal role in the metabolism of various xenobiotics.

Genotyping the NAT2 gene is of interest for improving ther-
apeutic efficacy while minimizing adverse effects, especially 
for isoniazid treatment. Genetic polymorphisms in NAT2 
significantly influence the rate of acetylation, categoriz-
ing individuals as rapid, intermediate, or slow acetylators. 
This classification is based on the genotyping of 11 common 
SNPs: rs1208, rs1801280, rs1799930, rs1799931, rs1801279, 
rs4986996, rs72554616, rs1805158, rs1799929, rs1041983, 
and rs56054745. RNPGx classifies these SNPs as Class 1 due 
to its PharmGKB Level 1B annotation for NAT2/isoniazid. 
For instance, isoniazid, commonly used to treat tuberculosis, 
can cause peripheral neuropathies and hepatotoxicity in slow 
acetylators (alleles NAT*5-*6-*7, for example). Genotyping 
NAT2 allows the identification of patients at risk of isoniazid-
induced peripheral neuropathy and hepatotoxicity (partic-
ularly slow acetylator carriers of NAT2 *5, *6, or *7 alleles), 
enabling dose adjustments or the selection of safer alternative 

therapies. Practice guidelines for NAT2 genotype-based 
dosing before isoniazid treatment are supported by several 
studies that show a significantly reduced incidence of hepa-
totoxicity [11].

3.1.18   |   POR

The POR gene, short for P450 (cytochrome) oxidoreductase, 
encodes an enzyme called cytochrome P450 oxidoreductase, 
which is essential for the proper function of CYPs enzymes. 
Its primary role is to transfer electrons from NADPH (nicotin-
amide adenine dinucleotide phosphate) to all microsomal P450 
enzymes, enabling them to catalyze various chemical reactions 
including the biotransformation of xenobiotics. Rare mutations 
in the POR gene can lead to a spectrum of health issues. One 
notable condition is congenital adrenal hyperplasia, which af-
fects steroid hormone production and can lead to problems with 
sexual development and adrenal gland function. Additionally, 
POR gene variants may also be involved in PGx [68]. The main 
PGx variant studied so far is c.1508C > T, p.A503V, rs1057868, 
and POR*28.

Studies have shown that the impact of this variant depends not 
only on the nature of the CYP isoforms but also on the nature 
of the substrate considered. Indeed, this variant was shown to 
significantly reduce CYP3A5 activity, but not CYP3A4 activity, 
towards midazolam [69]. Conversely, it significantly increased 
CYP3A5 activity towards tacrolimus, again without affecting 
CYP3A4 activity towards the same substrate [12].

3.1.19   |   RYR1 and CACNA1S

Variants in CACNA1S and in RYR1 genes have been found 
to be associated with Malignant Hyperthermia Susceptibility 
(MHS) related to inhaled anesthetics (sevoflurane, halothane, 
enflurane, isoflurane, methoxyflurane, and desflurane) or 
succinylcholine. In addition, there is some evidence that the 
risk of rhabdomyolysis in individuals taking statins for hyper-
cholesterolemia increased with some RYR1 and CACNA1S 
variants [70].

The CACNA1S gene lies on Chromosome 1, spans 73 kb, is com-
posed of 44 exons, and encodes the α 1 s subunit of the dihydro-
pyridine receptor (DHPR), which functions by activating RYR1 
channels. The 161.6 kb RYR1 gene is located on chromosome 19, 
includes 106 exons, and encodes the ryanodine receptor isoform 
1 protein (RYR1).

In any individuals known to harbor pathogenic RYR1 or 
CACNA1S variants, the risk for a Malignant Hyperthermia 
event can be avoided by using nontriggering anesthetics [71].

Among the 8787 RYR1 variants known to date, the EMHG con-
sortium set a list of 66 variants considered as “diagnostic mu-
tations” (https://​www.​emhg.​org/​recom​menda​tions​-​1/​2025/1/​6/​
use-​of-​penth​rox-​metho​xyflu​rane) and 2 very rare mutations of 
interest (with MAF < 0.01%) in the CACNA1S gene (rs1800559 
and rs772226819).
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The ClinGen RYR1 Variant Curation Expert Panel from the 
ACMG and AMP has classified a total of 335 variants, includ-
ing 29 considered pathogenic, 57 likely pathogenic, 17 likely 
benign, 13 benign, and 219 of uncertain significance variants 
[72]. Both initiatives should ease the interpretation burden 
for reporting diagnostic mutations. The true predicted prev-
alence of MH-associated RYR1 pathogenic variants should 
lie between 1 in 300 and 1 in 1075 individuals. The RNPGx 
is confident in the work of both consortia and recommends 
following their guidelines. RNPGx retained two Class 1 vari-
ants in CACNA1S (rs1800559 and rs772226819). Given the 
number of variants to consider in RYR1, a Class 3 approach is 
recommended for this gene.

3.1.20   |   SLCO1B1

Among the 44 alleles described on the Pharmacogene 
Variation Consortium (PharmVar), only 5 SLCO1B1 (solute 
carrier organic anion transporter family member 1B1) alleles 
have to be investigated in the first intention, due to their clin-
ically relevant functional impact, and were ranked as Class 
1 for RNPGx: SLCO1B1*14 allele classified as increased func-
tion, SLCO1B1*1 and SLCO1B1*37 alleles classified as normal 
function and loss-of-function SLCO1B1* 5, *9, and *15 alleles. 
The SLCO1B1* 5, *9, and *15 alleles are associated with de-
creased OATP1B1 hepatic transporter function impairing sta-
tin hepatic uptake [73], increasing the systemic exposure to 
statin [74] and the risk of statin-associated musculoskeletal 
symptoms (SAMS) [75]. The most common nonsynonymous 
c.521 T > C variant, rs4149056, identified by GWAS and as-
sociated with the occurrence of SAMS, is contained within 
SLCO1B1*5 and *15 alleles, with MAF around 14%–21% in 
European and American populations. Although the nonsyn-
onymous genetic variant c.388A > G (rs2306283) is common 
to the SLCO1B1*14, *15, and *37 alleles, the identification of 
the genetic variant c.463 C > A (rs11045819), also constitut-
ing the SLCO1B1*14 haplotype, enables it to be discriminated 
from the normal function SLCO1B1*37 allele.

The nonsynonymous c.1463G > C (rs59502379) defines the 
SLCO1B1*9 allele, more frequent in the African American 
population (MAF = 4%). This rs59502379 is also present, along 
with rs2306283, in the *31, *46, and *47 loss-of-function alleles. 
SLCO1B1*23 is another loss-of-function allele characterized by 
an isolated SNP occurring at low frequency in European pop-
ulations. It is ranked as Class 2 by RNPGx because it could 
be genotyped to explain SAMS in second intention. Finally, 
some rare low or no function genetic variants of SLCO1B1, 
which were associated with reduced methotrexate clearance, 
another OATP1B1-transported drug, could be genotyped [76]. 
Rare SLCO1B1 structural variants are identified from cases of 
the Database of Genomic Variants, with a frequency of about 
0.07% and 0.06% being SLCO1B1 partial-gene or full gene dele-
tion, respectively, designated by PharmVar as SLCO1B1*49 and 
*48 alleles, respectively. Complete OATP1B1 deficiency due to a 
405-kb deletion gene causes human Rotor syndrome, leading to 
the interruption of conjugated bilirubin reuptake into the liver 
[77] and should be researched with large sequencing technology 
(i.e., Class 3).

3.1.21   |   TPMT and NUDT15

Thiopurine-S-methyltransferase (TPMT), located on chromosome 
6p22.3 (NM_000367.5), and Nudix hydrolase 15 (NUDT15), lo-
cated on chromosome 13q14.2, encode two key enzymes involved 
in the metabolic pathway of thiopurine medications (azathioprine, 
6-mercaptopurine, and 6-thioguanine) commonly prescribed as 
chemotherapeutic agents for the treatment of acute lymphoblastic 
leukemia, as immunosuppressant agents for the treatment of auto-
immune disorders, as well as to prevent organ transplant rejection. 
Genetic variations in these two genes would explain approximately 
45% of the interpatient variability in thiopurine-induced myelo-
suppression. TPMT variants are found predominantly in White 
patients, whereas NUDT15 variants are prevalent in individuals of 
Hispanic or Asian origin.

Among the 46-star allele haplotypes currently referenced for 
TPMT [78], 11 are associated with a loss of function. RNPGx 
classified five alleles (corresponding to five individual variants) 
as Class 1 (Table 2). TPMT*2 (rs1800462), *3A (rs1800460 and 
rs1142345), *3B (rs1800460), and *3C (rs1142345) alleles were 
found in the Latino/European populations at MAF of 0.35%/0.2%, 
4.2%/3.4%, 0.2%/0.3%, and less than 1%, respectively. TPMT*2 
is found more commonly in individuals of African ancestry 
(MAF = 0.5%), whereas the TPMT*3C allele is most common in 
the African and East Asian populations (MAF = 7% and 2%, re-
spectively). The TPMT*4 allele (rs1800584) is a rare allele, with a 
frequency of 0.01% in the European population. The other six al-
leles are considered Class 2 (TPMT*11, *14, *15, *23, *29, and *41).

Regarding NUDT15, two SNPs are considered of major inter-
est: rs116855232 and rs746071566 and classified as Class 1 by 
RNPGx. The rs116855232 variant is a missense variant located 
in Exon 3 of the NUDT15 gene (c.415C > T, p.Arg139Cys). It is 
found in the nonfunctional NUDT15*3 allele, which is common 
in South Asian (MAF of 7%) and East Asian (10%) populations 
but has a frequency below 1% in Latin American and European 
populations.

The rs746071566 variant corresponds to a six-base pair inser-
tion (GAGTCG) in Exon 1 of the NUDT15 gene (c.50_55dup, 
p.Gly17_Val18dup). The NUDT15*6 allele is characterized by 
the presence of four copies of this repeat sequence. It has a fre-
quency of approximately 5% in the East Asian population but 
remains below 0.5% in European, Central/South Asian, and 
Latin American populations. The Association for Molecular 
Pathology (AMP) has classified it as Tier 2, despite its uncertain 
functional significance, as its detection is essential for accurately 
distinguishing NUDT15*2 from NUDT15*3 (NUDT15*2 con-
tains both rs746071566 and rs116855232 whereas NUDT15*3 
contains only rs116855232). If only the second is analyzed, it is 
recommended that the genotype be reported as “NUDT15*2 or 
NUDT15*3” [79].

The NUDT15*2 allele is found at frequencies of 3.7% in Latin 
American populations and 3.5% in East Asian populations. The 
GAGTCG repeat sequence of rs746071566 is also present in two 
copies in the NUDT15*9 allele, which has a frequency of 0.2% 
in the European population and below 0.05% in Central/South 
Asian and Latin American populations.
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3.1.22   |   TYMS

The major target of the 5FU is thymidylate synthase (TS). TS is 
encoded by the TYMS gene, located on chromosome 18p11.32, 
consisting of seven exons and spanning 16 kb in length. A 28-bp 
variable number of tandem repeats (rs45445694—MAF: 0.08% in 
the whole population; 2.6% in African/African American; 0.04% 
in European non-Finnish; and 0.1% in East-Asian populations) 
in the nontypical 5′UTR promoter region (TYMS enhancer re-
gion or TSER) has been reported to affect transcription [80]. Most 
patients have either two (2R) or three repeats (3R) in this regu-
lating region. As many as nine TSER repeats have been reported 
in some rare cases  [81]. The so-called “Upstream Stimulatory 
Factor 1” (USF1) transcription factor has been shown to bind 
to the consensus recognition domains in the TSER to activate 
TYMS transcription. The number of USF1-binding sites varies 
depending on the number of repeat sequences and determines 
the gastrointestinal toxicity risk [82]. It was classically described 
that at Position 12 of the second repeat of the 3R allele, a G > C 
SNP (rs2853542—MAF: 44% in the whole population; 26% in 
African; 50% in European non-Finnish; 50% in American; and 
43% in East-Asian populations) reduces transcription by abol-
ishing an (USF1) binding site. Although the SwissMedic fluoro-
uracil drug label indicates that in patients 2R/2R the probability 
of Grade 3–4 toxicity is 20 times higher and in patients 2R/3R six 
times higher than in patients 3R/3R (Annotation of Swissmedic 
Label for fluorouracil and TYMS), this association is still con-
troversial. RNPGx thus classified rs45445694 and rs2853542 as 
Class 2 variants.

In addition, a 6-bp deletion in the 3′UTR (rs11280056) has been 
extensively studied in patients with methotrexate or FP regimen, 
but the results are still conflicting [83]. The RNPGx considers 
this polymorphism as potentially useful and classifies it as a 
Class 2 variant.

3.1.23   |   UGT1A1

High unconjugated bilirubin level known as Gilbert's syndrome 
is a consequence of Uridine diphosphate glucuronosyl trans-
ferase 1A1 (UGT1A1) deficiency. UGT1A1 is mainly expressed 
in the liver and the gut. It is encoded by the UGT1A complex 
locus. The UGT1A1 gene is located on Chromosome 2 (2q37.1) 
and spans 13 kb in length. It consists of five exons, of which 
the first exon at the 5′ terminus is unique and Exons 2–5 are 
common to nine UGT1A transcripts with unique 5′ ends and 
identical 3′ ends. Among the 943 alleles described to date for 
UGT1A1 (gnomADv4.1.0), a “TA” repeat in the promoter region 
is of particular interest. Indeed, a 67%–82% decrease in gene ex-
pression is linked to seven “TA” repeats instead of six (referred 
to *28 in the rs3064744 variant). When the “TA” number is 5, the 
expression level of UGT1A1 is increased, resulting in enhanced 
enzymatic activity (referred to *36 in the rs3064744 variant). A 
second relevant missense mutation within Exon 1 (c.211G > A; 
p.Gly71Arg) decreases the enzymatic activity (referred to *6 or 
rs4148323). The frequency of the various UGT1A1 alleles shows 
considerable interethnic variability. The prevalence ranges from 
12% (European non-Finnish) to 35% (South Asian populations) 
for *28 and is about 14% in East-Asian populations for *6 (0% in 
African, 1% in American, and European individuals).

The most efficient way to eliminate the SN-38 (irinotecan's 
active metabolite) is glucuronidation by UGT1A1. The risk of 
severe irinotecan toxicities, such as diarrhea or febrile neutro-
penia, is linked to an increase in SN-38 concentrations due to 
UGT1A1 deficiency.

The RNPGx/GPCO guideline recommends (1) genotyping 
before starting irinotecan (2) to adjust the dose with respect 
to regimen and genotype [84]. Based on a genotype–pheno-
type translation system and a “Clinical Implication Score” for 
UGT1A1/Irinotecan, the DPWG considers (1) to genotype all pa-
tients treated with irinotecan, even at low doses, and (2) to start 
with a 30% dose decrease in poor metabolizers [85]. Decreased 
function genotypes of UGT1A1 may affect toxicity and/or tol-
erability of other drugs. Such drugs include the antiprotease 
atazanavir, oncology medications (belinostat and sacituzumab 
govitecan), or antimalaria drugs such as pegvisomant. For ex-
ample, in a poor metabolizer with decreased UGT1A1 activity, 
there is a high likelihood of developing jaundice that results in 
atazanavir discontinuation [86]. RNPGx classified two variants 
as Class 1 and recommends a Class 3 approach for further anal-
ysis (Table 2).

3.1.24   |   VKORC1

The target enzyme of coumarin derivatives is the vitamin K ep-
oxyde reductase protein (coding by VKORC1), which regulates 
the step limiting in vitamin K recycling. A common VKORC1 
c.-1639G > A variant, rs9923231, located in the promoter region 
of the VKORC1 gene, affects VKOR protein expression and is 
associated with greater sensitivity to warfarin in Asian, African, 
and European populations [87]. VKORC1 c.-1639G > A variant 
is on linkage disequilibrium between five other SNPs as demon-
strated by Rieder; the correspondence values for c.-1639G > A 
were calculated in Caucasian (R2 = 0.967), Asian (R2 = 0.996), 
and African American (R2 = 0.815) populations with VKORC1 
c. 1173 C > T (rs9934438) located in intron 1 VKORC1 [88]. 
Genotyping VKORC1 c.1173 C > T could be useful to explain 
bleeding events in some African American patients treated with 
low warfarin doses and c.-1639GG VKORC1 carriers. RNPGx 
classifies these two SNPs (rs9923231 and rs9934438) as Class 1, 
due to its PharmGKB Level 1A annotation and in accordance 
with AMP PGx working group, to prevent bleeding risk and 
adapt warfarin dose [89].

Multiple rare nonsynonymous SNPs (including rs104894539, 
rs61742245, rs104894540, rs104894541, rs72547529, rs72547528, 
and rs104894542) in VKORC1 confer warfarin resistance and 
must be identified preferably through sequencing techniques 
(Class 3 approach) in case of high warfarin dose intake associ-
ated with low INR values [90].

4   |   Discussion

From an initial list of 81 genes, a group of 19 experts from the 
RNPGx network evaluated gene relevance across five ther-
apeutic areas using a structured, evidence-based approach. 
Their work was independently reviewed by three additional 
RNPGx members and further adjusted by seven external experts 
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consulted on specific points. This process led to the identifica-
tion of a core selection of 28 genes that should be included in any 
pharmacogenetic panel intended for clinical use.

Specific regions of interest (ROIs) were defined for each of the 
28 selected genes of the core panel. ROIs were categorized into 
three analytical classes according to clinical utility and compat-
ibility with available technologies.

In total, 76 and 62 variants (plus CYP2D6 CDS and hybrid genes 
analysis) were retained in Classes 1 and 2, respectively, across 
the 28 core genes. Class 1 variants are SNP for the vast majority 
but also include six HLA variants and CNV events for CYP2D6 
(i.e., gene deletion and duplication/multiplication). Class 2 con-
tains one HLA allele.

Notably, CYP2D6 represents a particular case within Class 2. 
Due to the complexity of its locus, including numerous star al-
leles defined by SNPs, CNVs (e.g., deletion and duplication), and 
hybrid genes, standard genotyping is often insufficient. Full se-
quencing of the coding region with flanking introns is already 
recommended to ensure accurate characterization.

Given its high polymorphism and the presence of closely related 
pseudogenes, whole-locus sequencing (Class 3) may be prefera-
ble when technically feasible.

Class 3 eligibility was retained for 18 genes. This means that 
RNPGx considers extended sequencing to be relevant for these 
18 genes out of the 28 in the core panel. For the remaining genes, 
the added value of such analysis was considered more limited. 
In many cases, particularly for cytochrome P450 genes, Class 3 
selection was motivated by the need to accurately identify star 
alleles. For genes such as DPYD, the inclusion of Class 3 reflects 
the contribution of rare variants with functional impact. Gene 
size was also taken into account when evaluating feasibility and 
expected yield. In some specific cases, such as SLCO1B1, the rec-
ommendation is supported by the presence of copy number vari-
ation. This three-level classification allows flexible adaptation 
to diverse laboratory workflows and supports implementation 
through various technological platforms, from targeted geno-
typing to high-throughput sequencing.

Compared to existing panels used in recent studies, the RNPGx 
core selection offers broader coverage in both genes and variants. 
For instance, the pharmacogenetic panel used in the PREPARE 
study included 12 genes and covered 50 variants, whereas the 
INGENIOUS trial relied on a 13-gene panel analyzing 43 vari-
ants [2, 3]. These panels were designed as fixed-content assays, 
based on the clinical evidence and genotyping technologies 
available at the time. In contrast, the RNPGx recommendations 
propose a tiered and flexible structure, in which each gene has 
Class 1, 2, or 3 according to the current levels of evidence and 
clinical applicability.

This approach is intended primarily for clinical use in situations 
where pharmacogenetic testing is already indicated and does 
not imply systematic preemptive testing of all listed genes or 
variants. Class 1 variants correspond to those that may be used 
in routine care, including preemptively in well-defined clinical 
contexts. Class 2 variants are optional and may be considered 

when Class 1 testing does not explain a patient's response or in 
exploratory or research settings. Class 3 reflects an analytical 
strategy based on broader sequencing or structural variant anal-
ysis, whose use depends on laboratory capabilities and clinical 
timelines rather than systematic implementation. This grada-
tion allows for flexible implementation, ranging from minimal, 
high-priority variant sets to more comprehensive or exploratory 
analyses depending on clinical context or technological capac-
ity. Such a framework will be useful for targeted clinical appli-
cations and broader use cases, including the reanalysis of exome 
or genome data. Importantly, the cost-effectiveness of testing 
was not assessed in this work, as it is highly dependent on local 
organization and testing strategy; in particular, costs may be 
negligible when pharmacogenetic information is secondarily 
extracted from existing WES/WGS data generated for diagnos-
tic purposes. Overall, the proposed structure is consistent with 
the evolution of knowledge and the growing feasibility of inte-
grating PGx into routine care but can also be adapted according 
to economic and organizational constraints when selecting the 
level of analysis.

Some limitations should be acknowledged. The selection process 
focused on a defined set of clinical scenarios, which may have ex-
cluded certain therapeutic areas where pharmacogenetics is rele-
vant but less frequently encountered in routine care. For example, 
eliglustat, used in Gaucher Disease Type 1 (a genetic disorder), 
was not considered in this work, although CYP2D6 genotyping 
is mandatory for its prescription. Similarly, lonafarnib, a drug 
indicated for Hutchinson–Gilford progeria syndrome, includes 
CYP3A-based dosing guidance in the FDA label. Although these 
two drugs were not explicitly considered during the gene selec-
tion process due to their restricted and highly specialized use, 
their associated genes (i.e., CYP2D6 and CYP3A) are included in 
the RNPGx core panel, and the recommendations for these genes 
apply to these drugs. This illustrates that the RNPGx framework 
might be helpful, even for additional drugs or rare indications not 
explicitly considered during panel design.

Another limitation concerns the clinical applicability of Class 
2 variants. Their clinical relevance may require further valida-
tion. In most cases, these variants correspond to ClinPGx Levels 
2A and 2B annotations or their equivalent RNPGx classification, 
which describe moderate evidence supporting the variant-drug 
association. This level reflects findings supported by multiple 
studies but also includes a minority of studies with negative re-
sults, leading to a lower overall confidence in the association. 
As such, Class 2 variants are not suitable for preemptive testing 
and should be used for secondary or exploratory purposes only. 
Their further study will help validate their clinical applicability.

Looking forward, these recommendations are intended to serve 
as a reference for the development of decision support tools. By 
providing both a curated list of genes and a detailed framework 
for their technical analysis, this work facilitates integration into 
electronic medical records (EMRs), clinical decision support 
systems (CDS), and institutional laboratory workflows, opening 
up the possibility of generating pharmacogenetic alerts for clini-
cians when prescribing drugs [91]. It also offers a foundation for 
assay design by diagnostic companies and laboratories aiming 
to align their PGx offerings with current clinical needs and reg-
ulatory expectations.
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Importantly, as genomic data increasingly originate from ex-
ome- or genome-wide sequencing, the challenge is shifting 
from data generation to the interpretation and clinical exploita-
tion of relevant pharmacogenetic information. In this context, 
the RNPGx recommendations provide a structured reference 
to identify, prioritize, and extract clinically actionable variants 
from large-scale sequencing datasets.

5   |   Conclusion

In summary, the RNPGx recommendations aim to support the 
harmonized deployment of pharmacogenetics in routine care 
by defining a core set of genes to be systematically analyzed 
and proposing adaptable strategies for their analysis. Their in-
tegration into decision support infrastructures and prospective 
validation in real-world settings represents key perspectives for 
advancing the clinical utility of pharmacogenetics.
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