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Abstract

The Pharmacogene Variation Consortium (PharmVar) provides nomenclature for the highly
polymorphic human CYP2D6 gene locus. CYPZD6 genetic variation impacts the metabolism of
numerous drugs and thus can impact drug efficacy and safety. This GeneReview provides a
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comprehensive overview and summary of CYPZD6 genetic variation and describes how the
information provided by PharmVar is utilized by the Pharmacogenomics Knowledgebase
(PharmGKB) and the Clinical Pharmacogenetics Implementation Consortium (CPIC).

CYP2D6 brief history

In the 1970s polymorphic oxidation of the antihypertensive agent debrisoquine and the
antiarrhythmic agent sparteine was first described (1, 2). It was observed that a small
percentage of individuals had ‘deficient’ metabolism of these drugs and were thus termed
‘poor metabolizers’ (PMs). Similar observations soon followed for numerous other drugs
(3). Human CYP2D6 protein was eventually purified in 1984 (4) and the gene mapped to
chromosome 22q13 in 1987 (5). Two years later, the CYP2D6 gene was cloned and
sequenced (6) and discovered that the gene locus contains two additional genes, the
nonfunctional CYPZD7 gene, and the CYP2D8 pseudogene. Not long thereafter the first
genetic variations responsible for the PM phenotype were identified (7). In 1990, the first
test for detecting CYPZD6 allelic variation (alleles now known as CYPZ2D6*3and *4) was
published (8). In the early 1990s, technical advancements, namely polymerase chain reaction
(PCR) and Sanger sequencing, revealed additional variants in the CYP2D6 gene in subjects
presenting with no or diminished metabolic capacity. Anticipating an ‘explosive number’ of
variants to be discovered, a group of experts recognized the need to systematically catalog
the growing number of variants which led to the 1996 landmark paper by Daly and
colleagues describing a system to track CYP2D6 allelic variation, which became known as
the star (*) allele nomenclature system (9). This haplotype-based system was readily
embraced by the field and became the standard for all CYPgenes (9). The Human
Cytochrome P450 nomenclature webpage was launched in 2001 (10) and served the global
pharmacogenetics (PGx) community until it was transitioned to PharmVar in 2017 (11).

Status of nomenclature before PharmVar

In its 15 year period of operation, over one hundred unique star alleles (not counting
suballeles) were cataloged for CYP2D6 by the Human Cytochrome P450 nomenclature
webpage. Initially, only exons were required to be sequenced. As sequencing the entire gene
became more routine, single nucleotide polymorphisms (SNPs) and small insertions and
deletions (indels) (collectively referred to as single/small nucleotide variants, or SNVs, from
here onward) located in the upstream and intronic gene regions were also submitted and
included in haplotype definitions. It became difficult, however, to know whether an allele
definition without SNV annotations in these regions did not in fact have any SNVs, or
whether these regions were not sequenced when the allele was first defined. Also, the P450
nomenclature webpage eventually ceased to list suballeles, upon which the community
missed out on information that may be important for assay design and/or the interpretation
of sequence data. The webpage, however, was missing information and features that were
considered to be ‘must-haves’ (11). Furthermore, the need to establish consistent allele
definition criteria that could be applied across pharmacogenes was recognized. Still, the
information provided by the P450 nomenclature webpage was highly valuable and heavily
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relied upon by knowledge resources like PharmGKB (12) as well as the pharmacogenetic
testing and implementation communities (e.g. reporting of clinical test results).

Clinical relevance

There are many cytochrome P450 enzymes encoded in the human genome that carry out a
wide range of oxidative metabolic processes, including the biotransformation of endogenous
molecules, dietary components and drugs or prodrugs (13-16). Of these, CYP2D6 is among
the most extensively studied and is arguably one of the most important drug metabolizing
enzymes (17). CYP2D6 activity can range from complete absence to increased activity (18—
20) and this marked inter-individual variation in activity can have significant clinical
consequences (13, 21).

CYP2D6 contributes to the metabolism of many drugs including antidepressants (e.g.,
paroxetine, fluoxetine, venlafaxine), a number of atypical and typical antipsychotics (e.g.,
aripiprazole, clozapine, pimozide), antineoplastic agents (e.g., tamoxifen), adrenergic
antagonists (e.g., carvedilol, metoprolol), and analgesics (e.g., codeine and tramadol). We
refer to the PharmGKB drug label annotations (22), the FDA table on Pharmacogenomic
Biomarkers in Drug Labeling (23), and the CPIC drug-gene pairs pages (24) for more
information. Links to resources mentioned here and throughout this GeneReview are
summarized in Table 1.

Drug-drug interaction, polypharmacy, and enzyme inhibition and induction

A patient’s metabolic profile may be profoundly impacted by one or multiple co-
medications. In psychiatry, for example, there is widespread combined treatment with both
antipsychotics and antidepressants. If both (or multiple) drugs are CYP2D6-dependent, each
may be metabolized at a lower rate. CYP2D6 metabolic capacity may also be compromised
by CYP2D6-inhibiting drugs. PMs are generally least affected by drug-drug interactions and
drug inhibitors of the polymorphic enzyme, as these have no function to inhibit. In contrast,
ultrarapid (UMs), normal (NMs) and intermediate metabolizers (IMs) often pheno-convert to
IM or PM status (25-28). Fluoxetine, for example, is not only metabolized by CYP2D6, but
also acts as a non-reversible inhibitor that causes most subjects to convert to PM status (29,
30). For more information on CYP2D6 inhibitors we refer to the Drug Interactions Flockhart
Table™ (31). Some common dietary supplements including herbal remedies may also
become clinically significant by inhibiting CYP2D6 activity, e.g. sesamin, turmeric, lotus
herbals in cosmetics and teas (32, 33). While many agents have been known for their
inducing capabilities towards many Cytochrome P450 enzymes, there are no known clinical
CYP2D6 inducers.

CYP2D6 and the Clinical Pharmacogenetics Implementation Consortium

(CPIC)

CPIC develops detailed, evidence-based clinical practice guidelines for drugs affected by
genetic variation (34, 35). Numerous CYPZDé6 gene-drug pairs have been prioritized through
consideration of multiple factors, such as the available body of PGx knowledge, severity of
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the clinical consequences, availability of alternative therapies or whether a prescribing
change (drug choice or dose) is warranted. To date, six guidelines have been published for
CYP2DE6 covering the following drugs: selective serotonin reuptake inhibitors (SSRISs)
(fluvoxamine, paroxetine, and sertraline) (36), tricyclic antidepressants (TCAS)
(amitriptyline, clomipramine, desipramine, doxepin, imipramine, nortriptyline and
trimipramine) (37), atomoxetine (38), codeine (39), tamoxifen (40) and ondansetron and
tropisetron (41). All guidelines and supplemental materials are freely available on the CPIC
website (42). Each guideline has multiple components with CYP2D6 phenotype-specific
therapeutic recommendations at its core, access to the reviewed evidence, and
implementation resources to support the translation of the guideline into electronic health
records (EHRs), as well as example clinical decision support text. CYP2D6-drug pairs of
interest for future guidelines are also listed on the CPIC website and include antipsychotics,
additional antidepressants and opioids, and beta-blockers.

CYP2D6 and the Pharmacogenomics Knowledgebase (PharmGKB)

PharmGKB collects, curates and disseminates knowledge about the impact of human genetic
variation on drug response (12). The PharmGKB CYP2D6-dedicated webpage allows
structured access to gene-specific PGx knowledge (43). Information is presented in sections
including prescribing information, drug label annotations, clinical annotations, variant
annotations, and curated pathways. Prescribing information encompasses 1) annotations of
clinical guidelines from sources such as CPIC, the Royal Dutch Association for the
Advancement of Pharmacy - Pharmacogenetics Working Group (DPWG), and the Canadian
Pharmacogenomic Network for Drug Safety (CPNDS) and 2) “Rx study annotations” that
provide genotype-based drug dosing or prescribing information reported in individual
journal articles. Fourteen CPIC, 19 DPWG, and 2 CPNDS clinical guideline annotations as
well as 7 Rx study annotations, are available for CYP2D6 with overlapping CYPZDé6-drug
pairs. PharmGKB extracts PGx-relevant information from agency-approved drug labels and
applies a PGx-level tag (such as Testing Required, Testing Recommended, Actionable PGX,
or Informative PGx) based on the interpretation of the level of action implied in each label.
On the CYP2D6 page, annotations can be accessed for 69 FDA approved labels, 19 EMA
approved labels, 9 PMDA approved labels, and 16 HCSC approved labels (see (22) for more
details and updated information). Currently, PharmGKB contains 92 CYPZDé6-related
clinical annotations, i.e. evidence-based level summaries for specific allele-drug
combinations. Pharmacokinetic pathways, available for 34 drugs, highlight a major or minor
contribution of CYP2D6 to their metabolism. PharmGKB and CPIC work together to
develop gene-specific resources that accompany each CPIC guideline, including allele
definition mapping, allele functionality, allele frequency and diplotype to phenotype
mapping files with a standardized format. Gene-specific information tables for CYP2D6 are
also available from PharmGKB.

Genotype to phenotype translation

An individual has two CYPZ2D6 haplotypes, one on each chromosome, which constitute
his/her diplotype. For example, a CYP2D6*2/*4 diplotype assignment signals that one
chromosome (or allele) carries SNVs defining the CYP2D6*2 haplotype and the second
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chromosome (or allele) carries SNVs defining the CYP2D6*4 haplotype. The term
‘genotype’ can refer either to the sum of all detected SNVs or to a person’s diplotype.
However, the term ‘genotype’ is often used interchangeably with “diplotype’ when
describing a person’s genetic status.

For functional classification, individuals are categorized into four phenotype groups, i.e.
PMs, IMs, NMs (formerly extensive metabolizers) and UMs (44). To facilitate the
translation process, a genotype can be converted into an Activity Score, which is then
translated into phenotype. The AS system was first published in 2008 (45, 46) and widely
adopted in the field including CPIC. Briefly, a value is assigned to each allele reflecting no
function (0), decreased function (0.25; 0.5) and normal function (1). The sum of the values
assigned to each allele is a genotype’s (or diplotype’s) AS. For example, a CYP2D6*1/*5
genotype has values of 1 (*Z, normal function allele) and 0 (*5, no function allele) giving
rise to an AS of 1, while a CYP2D6*1x2/*5 genotype has an AS of 2 due to doubling the
value assigned to the *Zx2allele carrying a gene duplication. The Diplotype-Phenotype-
Table provided by the PharmGKB and CPIC serves as a reference for calculating the AS of
each genotype (47).

In the past, there was no consensus of how to translate a genotype or AS into one of the four
phenotype (metabolizer status) categories. This holds especially true for subjects with AS=1
genotypes (i.e., heterozygous for one no function and one normal function allele, or two
decreased function alleles), which were categorized as either NMs or IMs by various end-
users (CPIC, DPWG, clinical laboratories, researchers, physicians, patients, etc.).
Inconsistent phenotype categorization has caused confusion and may also have held back
wide-spread CYP2D6PGx implementation efforts. To address this, a working group of
international experts recently developed a consensus method for translating CYP2D6
genotype into phenotype (48, 49). The working group has also assessed whether certain
decreased function alleles should receive a lower value for AS calculation to more
accurately reflect substantially decreased function. Consensus was reached to ‘downgrade’
the activity value for the CYP2D6*10allele from 0.5 to 0.25 for AS calculation. Activity
values for other decreased function alleles such as CYP2D6*41 will be reviewed in the
future. The consensus method jointly recommended by CPIC and the DPWG translates
genotype to phenotype as follows: UMs, AS > 2.25; NMs, AS 1.25 < x < 2.25; IMs, AS 0 <
x < 1.25 and PMs; AS = 0. There is no rapid metabolizer phenotype group due to the lack of
evidence supporting this metabolizer category (48, 49).

Gender and age-related differences

Some studies suggest gender-related differences in CYP2D6 expression (50), and it has been
reported that CYP2D6 activity increases during pregnancy (51). CYP2D6 is not appreciably
expressed during fetal development; however, activity is measurable at 2 weeks post-partum
and reaches levels that are comparable to those of adults within the first year of life (52).
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Need for standardized genetic variation definitions and the reporting of
their functional/clinical impacts

In order to guide drug therapy, it is imperative to understand the complex CYP2D6 gene
locus and allelic variation as well as allele and genotype function (18, 53). While many
alleles have been observed in phenotypic PMs and their underpinning genetic variations
described (e.g. CYP2D6%3, *4, *5, etc.) the function of many allelic variants remains
unknown or uncertain. Series of variants have been investigated /n-vitro, but results can be
inconsistent among test systems and substrates (54-56) (see CYP2D6 functionality table for
a detailed summary (47)). Furthermore, although /n-sifico prediction tools are improving
(57, 58), in-vivo validation is still the gold standard. The determination of the effects of two
or more copies of normal or decreased function and other rare alleles remains a challenge
since they are under-represented or absent in most studies.

Another confounding variable is substrate-specificity, i.e. the activity of an allele may
substantially differ between substrates. One example is CYP2D6*10which exhibits different
levels of decreased function toward a range of substrates. This allele was noted for little
activity towards tamoxifen triggering specific recommendations by CPIC for CYP2D6*1¢+
containing genotypes for tamoxifen (40). As shown by Hertz and colleagues, subjects with
the CYP2D6*2and *17alleles also had reduced activity towards tamoxifen (59). Another
example is the decreased function allele CYP2D6%*17, which has been reported to
metabolize risperidone at a normal or even increased rate (15, 60). Therefore, for any given
allele, caution should be taken when extrapolating functional data from one drug or substrate
to another. In a perfect world, one would be able to assess the /n-vivo function of each
individual CYP2D6 haplotype with each individual CYP2D6 substrate. Such a possibility
would exponentially refine the phenotype predicting capacity of CYP2D6 genetic testing.

Furthermore, the impact of co-medications (drug-drug interactions) may also not affect all
allelic variants equally, posing yet another knowledge gap. Finally, there is still limited or no
information regarding genetic variability for many minority populations (61, 62).

A solid foundation of the genetic variations occurring within a gene encompasses not only
the cataloging of the existing genetic variations, but also their precise arrangement into
haplotypes, and that haplotype’s impact on enzyme function. Current reality is that the
discovery of CYP2D6 genetic variants far exceeds that of determining their functional
impact. The ability to accurately sequence genomic DNA in a massive and parallel manner
combined with the lack of reliable and standardized functional assay methodology largely
contributes to this imbalance.

Although clinical PGx programs have successfully been implemented over past years,
numerous challenges remain to accelerate adoption (63). Standardization of various
implementation areas represents an opportunity for all PGx stakeholders to expand and
improve laboratory processes, test ordering, results reporting and data representation. In
particular, the accurate representation of clinically actionable PGx information in the
patient’s health record calls for harmonization at the genotype and phenotype levels (64, 65).
While many PGx laboratories utilize the nomenclature recommended by PharmVar, inter-
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laboratory differences remain in testing approaches. Clinical PGx testing for CYP2D6 is
performed on a variety of platforms using different methodologies such as panel or array-
based SNV genotyping and both Sanger and next-generation sequencing (NGS)
applications. For more information regarding CYP2D6 test platforms and selection see
Bousman et al (66, 67). Genotyping data can be reported as chromosomal position or
genomic position on a gene’s reference sequence (RefSeq), amino acid change, rs ID, and/or
most commonly for CYP2DE6, as a haplotype using star nomenclature. There are currently
no standards, however, which SNVs need to be tested to accurately identify haplotypes or
which haplotypes should be tested at a minimum (which may vary among populations).
Recommendations have been published by the Association for Molecular Pathology and
College of American Pathologists for CYP2C9and CYP2CI19testing (68, 69);
recommendations for CYP2D6 will be forthcoming in the future. The lack of testing
standards can result in considerable variation in the regions and SNVs interrogated, which
may lead to different genotype assignments and phenotype predictions. This is not only of
concern for clinical testing but also the interpretation of research findings.

The star allele nomenclature is a simple, short-hand method for describing all SNVs in a
given allele/haplotype and provides a system to communicate alleles tested and detected in
reports and publications. Standardizing the nomenclature and requirements for allele
designation for previously established, as well as new alleles, will help to ensure that each
star allele represents a unique and fully defined haplotype. It will also help to minimize
“mis-interpretation” of a genotype result and its clinical implication. Many PGx constituents
are recognized consumers of CYPZD6 allele definitions and they often depend on one
another for achieving their scientific activities or creating their tools (70). Thus, using the
widely accepted PharmVar nomenclature system consistently throughout the PGx space
allows all stakeholders to ‘speak the same language’.

Clinicians and patients are arguably the two end-user groups that benefit the most from
standardized allele designations. Standardization will increase clinician and patient
confidence in, and the understanding of, PGx tests by reducing confusion around the genetic
variation(s) being reported. Consistent nomenclature is a prerequisite for comprehensive
EHR integration and interoperation ability, as well as for the establishment of clinical
decision support algorithms and the design of clinical support tools such as interruptive
alerts (64, 65). The design of drug/allele combinations for alerts, in particular, will require
detailed annotation of nomenclature into the EHR. Finally, as outcome data are accumulated
into the EHR, analysis of PGx clinical correlations will require a harmonized nomenclature
of the gene variants. Such efforts will increase the likelihood that a patient’s genetic
variation profile will be similarly interpreted by different clinicians as they move across
healthcare systems.

The CYP2D6 gene locus

Although the CYPZD6 gene is relatively small (4382 bp) and possesses only nine exons,
genetic analysis of this highly polymorphic gene locus is not trivial. The presence of the
highly similar CYP2D7and CYP2D8 genes within the locus (6) (Figure 1A) requires
particular attention to prevent their co-amplification during PCR that may cause erroneous
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variant calls. A hallmark feature of CYP2D7is a T-insertion in exon 1 that renders the gene
nonfunctional; other regions with noticeable differences compared to CYP2D6 include
intron 6, exon 9 and the downstream region. Although, a two-step protocol involving the
generation of a CYP2ZD6-specific amplicon by long-range (XL)-PCR and subsequently
genotype analysis of the XL-PCR product (71, 72), largely circumvent this issue, this
approach is time-consuming and not amenable to high-throughput testing. Commercially
available C YP2D6-specific TagMan assays were eventually developed simplifying
genotyping; however, this (and similar methods) require the amplification of relatively short
PCR fragments, which makes CYP2Dé6-specific primer design difficult for regions that are
virtually identical with CYP2D7. Furthermore, it is nearly impossible to avoid interference
of TagMan assays by one of the many, often rare SNVs within the gene (73-78). In addition
to utilizing differences in exons or introns to discriminate CYP2D6 from CYPZD7, there are
also structural features in their downstream regions that can be exploited for gene-specific
amplification including the 1.6 kb long ‘spacer’ sequence downstream of CYP2D7that is
absent in CYPZD6 Figure 1A). Finally, it is also important to realize that a number of SNVs
present in CYPZD6 alleles correspond to what is considered the wild-type CYP2D7
sequence, which further challenges CYP2D6-specific amplification (79).

The CYP2D6 gene locus is also afflicted by a vast array of gene deletions, duplications and
gene rearrangements, collectively referred to as structural variants which cause gene copy
number variation (CNV). Deletion and duplication events (Figure 1B and C) including the
entire gene deletion (CYP2D6%*5), duplication and multiple copies of entire genes (e.g.
CYP2D6*1xN, *2xN and *4xN), as well as gene copies consisting of portions of CYP2D6
and CYP2D7 (commonly referred to as CYPZ2D6-2D7and CYP2D7-2D6 hybrids) (72, 80—
89) have been reported. To complicate matters even more, hybrids can be found on their own
(as single entities) or in combination with other gene copies (tandems) (Figure 1C). The
reader is directed to the PharmVar ‘Structural Variation” document (Table 1), which provides
up-to-date information about CYP2D6 CNVs, including graphical sketches and references.
Since these structures cannot be accommodated by the PharmVar database display (i.e.
listing all nucleotide differences compared to the CYP2D6 RefSeq), deletion and hybrid
genes are annotated as e.g. ‘ CYP2D6 full gene deletion” (CYP2D6%*5) or “‘CYP2D7-
CYP2D6 hybrid genes’ (CYP2D6*13).

CYP2D6 allele, genotype and phenotype frequencies across populations

The CYP2ZD6 frequency table available at PharmGKB (47), summarizes population-based
allele frequencies reported in the literature. Studies were considered for inclusion if 1) the
ethnicity of the population was clearly indicated, 2) either allele frequencies or genotype
frequencies were reported, 3) the methodology by which the genes were genotyped was
indicated, 4) the sample population consisted of at least 50 individuals with a few exceptions
(smaller cohorts that were part of larger studies, for example) and (5) the study represented
an original publication. The ethnicities/locations reported in the articles are mapped into
seven geographically defined groups (American, Central/South Asian, East Asian, European,
Near Eastern, Oceanian, and Sub-Saharan African) and two admixed groups (African
American/Afro-Caribbean and Latino) using the biogeographical grouping system
developed by PharmGKB (90). The CYP2D6 frequency table is periodically updated and
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contains multiple tabs summarizing “allele frequencies by biogeographical group’,
‘diplotype frequencies by biogeographical group’, ‘phenotype frequency’ and ‘references’;
the latter describes allele frequencies for each publication included in the listing, which also
allows the user to customize allele frequencies as needed. There are a number of limitations
regarding the accuracy of allele frequencies as follows: 1) based on published allele
frequency data (limited for some populations); 2) most studies test for a limited number of
allelic variants, which leads to an over-estimation of ‘default’ allele assignments (e.g. g.
100C>T (rs1065852) occurs on numerous alleles including CYP2D6*10, but unless
additional SNVs are tested, an allele may be assigned as CYP2D6*10by “default’ (Figure
2A); likewise, if no SNVs are found, CYP2D6%*1 is assigned which inflates the frequency of
this allele; 3) inadequate testing for CNVs and 4) errors translating SNV results into star
alleles, etc. Consequently, certain alleles may be over or under-reported or not detected at
all. Therefore, all calculations based on allele frequencies are estimates at best and should be
used with caution.

Regardless, there is profound variation among the calculated frequencies for individual
alleles in the biogeographical groups. The decreased function alleles CYP2D6*17and
CYP2D6%29, for example, are more prominent in the Sub-Saharan African and African
American/Afro-Caribbean groups compared to others, while the CYP2D6*10 decreased
function allele is the most common variant allele in the East Asian group. The nonfunctional
CYPZD67*4 allele has the highest frequency in the European group, while the CYP2D6*1xN
duplication/multiplication allele, leading to increased function, is most often observed in the
Oceanian group. Some alleles (e.g. CYP2D6*2, *4 or *5) are found at variable frequencies
in almost every population studied, while others have only been found in some populations
(e.g. CYP2D6*44and *49in Asians) to date. Finally, populations including South Africans,
Caribbean’s and others with diverse founding populations and admixture often reveal unique
allele frequency patterns (91-93).

Genotype frequencies are the result of allele frequencies in a given population and can be
calculated using the Hardy Weinberg equation. Considering CYP2D6%*1 through
*139thousands of allele combinations are possible and thus, the number of genotypes in a
given population or patient cohort can be quite large, especially in racially admixed
populations. However, the actual number of combinations that occur in a given population
may be significantly less depending on the number of alleles and their frequencies.
Phenotype frequencies across populations are provided in the ‘Calculated phenotype
frequency’ tab in the PharmGKB/CPIC CYP2D6 Frequency Table (47). We stress, however,
that all phenotype group frequencies (including those shown in the PharmGKB/CPIC table)
have to be viewed with caution due to the limitations regarding the accuracy of allele
frequencies as well as the method used to translate genotype into phenotype and
inconsistencies in the classification of ‘population’, ‘ethnicity’ or ‘race’ (94).

Allele function

The PharmGKB/CPIC CYP2D6 allele functionality table (47) captures the clinical function
per allele together with supporting literature evidence. CPIC guideline development includes
the process for determining clinical allele functionality based on published literature and
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input from the guideline authors. The CYP2ZD6 diplotype to phenotype table provides
information to steer integration of the guideline content into clinical implementation
systems. The table includes the mapping of each diplotype to its resulting activity score,
CYP2D6 metabolizer phenotype, and EHR priority result notation. It also contains
consultation text examples per metabolizer/Activity Score combination.

A distant SNP (rs5758550) located 116kb downstream of the CYP2D6 gene locus has been
reported to impact CYP2D6 function (95). Whether this so-called ‘enhancer’ SNP is
clinically relevant, and warrants changes of allele function assignments remains to be seen.

nomenclature and CYP2D6 allele designation

PharmVar uses a number of conventions for storing and displaying allelic data consistently
across genes relying on public standards and data sources wherever possible (for additional
information see the ‘standards’ document (96)). The standardized nomenclature follows
criteria developed by gene experts. The ‘Allele Designation and Evidence Level Criteria’
document describes the nomenclature system and provides examples (97)). For instance, a
new star number is only issued if a haplotype contains a SNV that 1) results in an amino acid
change (e.g. CYP2D6*118harbors two SNVs, one of which causes an amino acid change
(T310A)); 2) abolishes a splice site (e.g. g.1847G>A (rs3892097) in intron 3 of CYP2D6%*4
alters a splice site that leads to a frameshift and premature translation termination) or has
been shown to alter function through alternative splicing (e.g. 9.2989G>A (rs28371725) in
intron 6 of CYP2D6#*41) or 3) changes expression levels causing decreased or increased
function (no examples to date). In contrast, new haplotypes containing variants that
obliterate function are catalogued under the same star number and catalogued as a suballele.
For example, any allele carrying a novel SNV and g.1847G>A will be designated as a
CYP2D6%*4 suballele and considered nonfunctional regardless of the nature of the novel
SNV.

The PharmVar CYP2D6 gene expert panel

\olunteers representing a wide range of interests including CYP2D6 research, clinical
testing and clinical implementation were recruited from the PharmVar membership. This
diverse expert panel (98) is an integral part of the critical and transparent PharmVar review
process (11). To facilitate standardized usage of allele nomenclature, the panel also includes
experts representing PharmGKB and CPIC.

The CYP2ZD6 expert panel was the first of its kind and held its inaugural teleconference in
December of 2017 and met on a monthly basis thereafter. The initial tasks included the
development of the standardized CYP2D6 submission form and requirements of information
needed for allele submission. The panel was also instrumental in the review and curation of
information as it was transitioned from the P450 nomenclature legacy page (99) into the
PharmVar database. Subsequently, the panel has reviewed over 25 submissions resulting in
numerous new star alleles and suballele designations (Table 2). Specific efforts of the panel
are described in more detail below.
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The PharmVar CYP2D6 gene page

PharmVar maps sequence variations for each gene to genomic and transcript reference
sequences (RefSeqs) issued by the NCBI Reference Sequences database (100), the GRCh37
and GRCH38 genome builds and the M33388 legacy reference sequence. For CYP2D6,
PharmVar uses NG_008376.3 (corresponding to AY545216) as the RefSeq for genomic
DNA and NM_000106.5 for mRNA/cDNA. Of note, NG_008376.3 deviates from the
M33388 legacy RefSeq that was initially used by the P450 Nomenclature webpage for allele
definition (original content from the cypalleles.ki/se site is available through the archive link
on the PharmVar homepage). As described in detail in the gene information document
(‘Read Me for CYP2DE), genetic variation coordinates are shifted up (plus) or down
(minus) in different gene regions due to these deviations. For example, the functional variant
defining the CYP2D6%*4 allele maps to g.1846G>A in M33388 and to g.1847G>A in
NG_008376.3. PharmVar strongly encourages the PGx community to utilize NG_008376.3-
based coordinates moving forward.

PharmVar has obtained a Locus Reference Genomic (LRG) record for CYPZD6 from the
LRG Project, an NCBI (RefSeq) and EMBL-EBI Ensembl/GENCODE (EMBL-EBI)
initiative (101). LRGs are universally accepted reference standards that are created
specifically for clinical reporting by manual curation. LRGs are stable entities that never
change or version. The recently issued LRG for CYP2D6 (LRG_303) will be used by
PharmVar as the ‘gold-standard’ reference sequence in the future. LRG_303 matches the
most recent RefSeq NG_008376.4 and contains an additional 819 bp of upstream and 1540
bp of downstream sequence compared to the NG_008376.3 RefSeq currently used by
PharmVar.

In this gene summary report, SNV positions are provided according to their location on
NG_008376.3 with the ATG start codon being +1. On the gene page, the user can easily
cross-reference position(s) by choosing the sequence or genome build of interest; there is
also the option of two count modes, i.e. counting from the first nucleotide in the sequence or
the ATG translation start codon being +1.

Of importance, the CYP2ZD6 sequence in GRCh37 matches CYP2D6*2.011 (formerly *2M),
which has numerous SNVs compared to the CYP2D6%*1 reference allele (NG_008376.3).
When reporting star alleles using GRCh37, these differences need to be accounted for. For
example, g.2851C>T (rs16947) is present on CYP2D6*2and numerous other haplotypes
and is not identified as a variant when compared to GRCh37.

Furthermore, insertions and deletions of nucleotides in a repeat or homopolymer sequence
are consistently listed by PharmVar using the 3’ rule that is recommended by the Human
Genome Variation Society (HGVS). Briefly, an inserted or deleted base is always listed
using the 3’-most position of the repeat sequence relative to the reference sequence (96).
Previously, such insertions and deletions have been reported using either the 5 or the 3’
alignment rule. Although either annotation generates the same translation effect, using
different positions to report the same SNV is confusing as illustrated for the core SNVs
characterizing CYP2D6*9and CYP2D6*20 (Figure 3). Other examples are CYP2D6%*30
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and *58which harbor a 9-base pair insertion and CYP2D6*40 which possesses two copies
of the 9-bp motif. Of note, annotations for indels may deviate between PharmVar and dbSNP
due to different alignment modes as illustrated in Figure 3 (numbering is also further
complicated due to the fact that the CYP2D6 gene is encoded on the minus (=) strand).
Insertions may also be annotated as duplications as is the case for the CYP2D6*20 G-
insertion resulting in being reported as a G-duplication by doSNP. Further information on
alignment standardization is provided in the ‘Standards’ document (96).

The CYP2ZD6 gene page (102) offers a wealth of information that is essential for
understanding this complex gene locus including the ‘Read Me’, ‘Change Log’ and
‘Structural Variation” documents which complement the information displayed in the
database’s ‘Table View’. The following sections provide a comprehensive overview of ‘how
PharmVar works’, highlight content from the aforementioned documents and exemplify
particular challenges of CYP2D6 nomenclature and standardized translation into phenotype.

CYP2D6 haplotype evidence levels

The evidence level symbols displayed on the CYP2D6 PharmVar gene page reflect all
submissions PharmVar has received for that haplotype and indicate ‘Definitive’ (Def),
‘Moderate’ (Mod) and ‘Limited’ (Lim) levels of evidence in support for the definition of a
given haplotype. This 3-category system represents a modified ClinVar classification
system; more detailed information is provided in the ‘Allele Designation Criteria and
Evidence Level’ document (97). This type of information, i.e. whether an allele was entirely
sequenced and how the haplotype was determined, was not systematically captured prior to
the creation of PharmVar. For existing haplotype definitions, an extensive literature review
was conducted to assign evidence levels. Many alleles are currently labeled as ‘Lim’ because
their definition was either 1) solely based on exon (including exon/intron boundaries)
sequencing (this was the case for the majority of CYP2D6*2and *4suballeles, *23-*27,
*30, *34, etc.), or 2) were entirely sequenced, but how the haplotype was determined was
not described or unclear (e.9. CYP2D6*52and *60). CYPZD6%*2.002through *2.009 show
examples of the value of having these evidence levels. These CYP2D6%2 suballeles, for
instance, are shown as ‘Lim’ meaning that it is unknown whether these alleles indeed do not
have any SNVSs in upstream and/or intronic regions, which would starkly contrast from all
other CYP2D6%*2 suballele definitions based on full-length sequence information.
Furthermore, the allele known as CYP2D6*2A (now designated *2.001) is not the only
suballele carrying g.—1584C>G (rs1080985). This SNV has also been identified on an allele
that matched the CYP2D6*2E definition (now designated *2.005), as well as the newly
designated *2.012, *2.013and *2.018suballeles (Figure 4A). Another excellent example is
CYP2D6#32. A recent submission of a full-length sequence revealed that the initial allele
designation (based on exon-only sequencing) may have missed an SNV in intron 6 that was
subsequently reported in *47 (9.2989G>A, rs28371725) and is presumed to interfere with
splicing and causes decreased activity (Figure 4B). It remains unknown, however, whether
the E410K amino acid change on CYP2D6%*32(9.3854G>A, rs769157652) further decreases
activity, compensates for the g.2989G>A splice defect, or has no impact. With this new
knowledge, alleles previously called CYP2D6%*41 based on the presence of g.2989G>A
could conceivably be CYP2D6*32 unless the test also interrogated g.3854G>A, which
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distinguishes the two alleles. These examples highlight challenges of defining alleles based
on limited information, but also demonstrate the value of evidence levels, i.e. signaling to
users that haplotypes labeled as ‘Lim’ and ‘Mod’ are to be viewed with caution.

PharmVar solicits submissions for all alleles labeled ‘Lim’ and ‘Mod’ to ultimately raise
their evidence levels to ‘Def’. PharmVar also encourages encore submissions for ‘Def” with
single citations to further corroborate the allele’s definition.

IDs

Each previously cataloged CYPZD6 haplotype received a PharmVar 1D (PVID). The PVID
is a unique numeric identifier similar to a dbSNP rs ID and can be thought of as an allele’s
postal code. Because star allele names are driven by functional grouping, and since
experimental evidence is not required for allele indexing, star allele names can be subject to
change. A case in point is the nonfunctional CYP2D6*14A allele. It was reclassified as
*114.001 (PV00140) (103) because its function, only determined after it was originally
named, differs from that of * 74B (*14.001; PV00138; decreased function). Future star allele
name changes may be necessary as functional data become available. If an allele’s star
designation is updated to a new star number, the PVID of the haplotype remains constant. In
contrast, a new PVID will be assigned if a haplotype definition changes, e.g. through the
addition or removal of SNVs. An example is the aforementioned CYP2D6*32allele. Its
initial PVID (PV00141) was retired after its haplotype was updated, and a new PVID
(PVID00456) subsequently assigned. Original PVIDs and their haplotype definitions can be
tracked in the database via the PVID search function.

Curation efforts

Extensive curation efforts were part of the content transfer from the P450 nomenclature
webpage into the PharmVar database to standardize the annotations to the above-mentioned
conventions (Table 3). The following sections describe general and specific efforts
undertaken.

Gene region mapped/required for allele definition:

Of concern was that some alleles were sequenced entirely while others, mostly those
submitted prior to 2010, had only exon and intron/exon boundaries covered. To address this
issue, the gene expert panel recommended to include 1600 bp of upstream and 250 bp of
downstream regions as well as all exons and introns based on the following considerations 1)
the requested 6068 bp long region (g.—1600 through g.4468) can easily be sequenced with
today’s methods (for more information, see section ‘Methods for CYP2D6 allele
characterization’ ); 2) intronic SNVs impacting function have been discovered and may also
be found on novel haplotypes (e.g. CYP2D6*32); 3) SNVs in intronic, upstream or
downstream regions may be utilized for allele discrimination and lastly 4) although it
remains uncertain whether g.—1584C>G impacts function, its incorporation in many test
panels warrants continued inclusion.
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Update to current RefSeq:

A second challenge concerned the upgrade to the then current RefSeq NG_008376.3. As
explained above, replacing M33388 which was historically used for mapping with
NG_008376.3 introduces shifts in SNV positions. To facilitate a smooth transition and easy
cross-referencing to published M33388-based positions, PharmVar has developed multiple
display features. For example, one can easily view the coordinates of a given genetic variant
in relation to either the NG_008376.3 or legacy M33388 RefSeqs with the click of a mouse.
The chromosomal coordinates are also easily viewable for both GRCh37 and GRCh38, as
well as the transcript RefSeq. In addition, coordinates for all RefSegs are also viewable from
both the sequence start and ATG start.

Corrections, revisions, new alleles and other updates:

During the process of transitioning CYP2D6 into the PharmVar database, comments and
footnotes were removed, a number of errors were identified and corrected, and some alleles
were revised based on additional published information that was either inadvertently omitted
when first submitted to the CYP nomenclature webpage or never posted. In some cases,
information published at a later time by other investigators was considered to further support
an allele definition. References in support of allele definitions have been updated and those
solely describing function removed (references for function are provided in the PharmGKB/
CPIC CYP2D6 Allele Functionality table (47)). A number of descriptors such as ‘CYP2D7
intron 1’ or * CYP2ZD7exon 9 conversion’ have been replaced with the respective SNVs and
all positions are now consistently mapped to NG_008376.3 and aligned following the 3’
rule. Changes and revisions are recorded in the ‘Change Log’ document (102).

Allele definitions based on partial sequence information will be replaced over time with full-
length sequences. The ‘Change Log’ document tracks all “full-length” submissions and
indicates the star alleles being replaced. Currently, more than 30 alleles have been updated
by full-length sequence information (Table 3). The expert panel also recommended to
reassign CYP2D6*14A as CYP2D6%*114.001 because the function of this allele (no
function) is different than the more common decreased function *14B (*14.001) allele.

As of August 2019, the CYP2D6 expert panel has designated 25 novel alleles (*715through
*139) and 79 new suballeles. In addition, 33 alleles that were based on partial sequence
information are now supported by completely sequenced alleles and their evidence level was
raised from ‘Lim’ or “‘Mod’ to ‘Def’ (Table 3).

Core allele definitions

For many alleles, there are a growing number of so-called suballeles that share one or more
‘key’ defining SNV, referred to from here on as ‘core’ SNVs. Suballele information can be
valuable for the design of SNV genotyping assays and test platforms (sequence or genotype-
based alike) as well as interpretation of test results. There is, however, no need to distinguish
between suballeles for phenotype inference because all alleles under a star number are
assumed to be functionally equal and therefore receive the same value for AS calculation.
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Thus, even if a test is capable of distinguishing suballeles, they are generally reported as e.g.
CYP2D6*2instead of CYP2D6%*2.002, CYP2D6%*2.003, CYP2D6*2.004, etc.

PharmVar and PharmGKB have collaboratively developed core allele definitions for each
CYPZ2D6 star allele. Only SNVs that 1) change an amino acid, impact function by changing
expression levels or interfere with splicing and 2) are present in a// suballeles within a star
number group, are part of the core allele definition (Figure 4). With this rule-based system,
suballeles can be collapsed into a single ‘core’ definition representing all suballeles
categorized under a star number. For example, the growing number of CYP2D6*2 suballeles
(currently 20) share two SNVs that fulfill the rules, i.e. g.2851C>T (R296C, rs16947) and g.
4181G>C (S486T, rs1135840), and thus constitute the CYP2D6#*2 core allele definition. For
CYPZD6%*4, only 9.1847G>A (causing aberrant splicing) is shared among the 28 subvariants
that have been defined to date, and is, therefore, the sole variant of the *4 core allele
definition.

Of importance, a sequence variant found in a core allele definition is not necessarily unique
to that haplotype as illustrated by the two SNVs of the CYP2D6*2 core definition. Indeed,
both SNVs are part of many other core allele definitions including, but not limited to,
CYP2D6%8, *11, *17, *29and *41 as well as a number of suballeles. For example, g.
2851C>T has been found on only one CYP2D6%*4 suballele to date, CYP2D67*4.010, while
4181G>C is present on the majority of *4suballeles.

One challenge with core allele definitions is that some may change over time as new
information becomes available. For instance, based on the rules described above, the current
core allele definition for CYP2D6%*11 contains 9.882G>C (rs201377835), g.2851C>T
(R296C) and g.4181G>C (S486T). According to the CYP2D6 allele designation criteria, all
new alleles carrying the detrimental g.882G>C splicing defect will be assigned as *11
suballeles, regardless of the nature of the other SNV/(s) present. Consequently, the
CYP2D6*11 core allele definition will change, for example, if a sequence that contains g.
882G>C without g.2851C>T and/or g.4181G>C is identified. Another example is
CYP2D6#32, which was initially defined by exon sequencing only. The full-length sequence
recently submitted to PharmVar revealed that this allele, in addition to its other core SNVs,
also contains the functionally relevant g.2989G>A (rs28371725) in intron 6; this SNV was
added to the CYP2D6*32 core allele definition (Figure 4). Of note, g.2989G>A is the core
SNV of the decreased function CYP2D6*41 allele and is also part of other core allele
definitions (i.e., *32, *69, *91, *119, *123, *132 and *138). These examples highlight how
core allele definitions can be affected by new sequence submissions.

The core alleles are the basis of the CYP2D6 allele definition table used in CPIC guidelines
and by PharmGKB (this table is available to PharmGKB users as definition material). The
CYP2DE6 core allele definitions are also utilized for clinical annotations in PharmGKB.

The PharmVar Comparative Allele ViewEr

PharmVar has developed the Comparative Allele ViewEr (CAVE) tool to easily compare
core alleles. This tool can be accessed using the “Compare View” button on the main
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PharmVar page for each gene. The graphical display visualizes SNVs of interest contained
in the core alleles. One prime example is g.100C>T which is part of numerous core allele
definitions including CYP2D6*10, *36 and *49. Although the vast majority of CYP2D6%*4
alleles carry g.100C>T, this SNV is not part of its core allele definition because one
suballele, CYP2D6%*4.012 (previously known as CYP2D6*4M) lacks this SNV. The CAVE
tool highlights core SNVs in blue color indicating their presence in respective core allele
definitions (e.g. g.100C>T for CYP2D6*10, *36 and *49); those highlighted in gray color
indicate that the SNV is present on one or more suballeles (e.g. g.100C>T for CYP2D6%*4).

In the graphical view mode, the user can choose any number of alleles for comparison via
the CAVE selection pad. The graphical display also denotes whether a core SNV is known to
alter function. More information and examples are provided in the * CYP2D6 Read Me’
document (102) and in Figure 4C.

Reporting genotype and translation into phenotype

In another collaborative effort, PharmVar and PharmGKB have developed templates to
facilitate more consistent and transparent reporting of genotype details and how genotype is
translated into phenotype (this information can be provided as supplemental materials of a
publication to facilitate access to important data for subsequent curation). The first template
file (Suppl materials 1) collects information including methods or platforms used for
genotyping and which SNVs and CNVs are interrogated; the template also provides a
standardized set-up for reporting genotype results for individual subjects, as well as allele
frequencies. The second template file (Suppl materials 2) facilitates the reporting of how
genotype is translated into an Activity Score and/or phenotype as well as genotype
frequencies. Although CPIC and other groups champion the use of their standardized
method (48), not every investigator or laboratory employs the CPIC recommended method.
Too often, papers reference previous work stating that ‘genotyping was performed as
previously described’ or indicate that ‘CYP2D6 phenotype was correlated with the
metabolism of a drug” without specifying which SNVs or alleles were genotyped or how
phenotype was assigned. The lack of such information makes it extremely difficult, if not
impossible, to compare results with other published literature, or extract the necessary
information for CPIC guideline development. Colleagues are therefore strongly encouraged
to utilize the provided templates, or revised versions thereof, for publication of these types
of information as supplemental materials.

CYP2D6 reference materials

As pharmacogenetic testing becomes more routine, there is an increasing need for an
established set of well-characterized reference materials for assay development, validation,
quality control and proficiency testing. The Genetic Testing Reference Materials
Coordination Program (GeT-RM), is a collaborative effort between the Centers for Disease
Control and Prevention—based Genetic Testing Reference Material Coordination Program,
Coriell Institute for Medical Research and members of the PGx testing community. A set of
137 genomic DNA samples (104) have previously been genotyped across several testing
platforms, establishing a “consensus” genotype for 28 PGx relevant genes, including
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CYP2Dé6. In a follow-up study focusing specifically on CYP2ZD6, inconclusive genotype
calls and CNVs were resolved, along with 42 additional samples characterized. The latter
contains rare CYP2D6 alleles not previously represented in the panel, as well as a number of
complex structural arrangements (105). Testing and research laboratories can acquire these
materials from the Coriell Institute (Camden, NJ, USA).

Inferring CYP2D6 haplotype from Next Generation Sequence data and

public databases

Bioinformatic tools have been developed to facilitate diplotype calling from Whole Genome
Sequence (WGS) and/or NGS-based gene panel sequence data (e.g. Astrolabe (106),
Stargazer (107), VCF Translator (108), Aldy (109) and Cypiripi (110). These tools use
computational approaches to infer the most likely diplotype based on the catalog of known
haplotypes such as those defined by PharmVar. However, these algorithms have not been
systematically evaluated and each faces its own set of limitations. High-quality NGS data
and allele definitions are required in order to obtain accurate genotype calls. As reported by
Cohn et al. (111), call rates from WGS for CYP2D6 were lower compared to those of other
genes which was mostly attributed to lower read depth and variant calling difficulties
especially in the presence of CNVs and/or the presence of the CYP2D6*4 haplotype.
Misalignment of CYP2D7 or CNV reads and discarded reads due to multi-locus alignment
are some of the major culprits, which may eventually be overcome with ever increasing
read-lengths, improved NGS alignment tools and increasingly sophisticated diplotype
calling algorithms along with a growing catalog of well-defined allele definitions. Given
these particular challenges, haplotype calls using 1000 Genomes Project data (112) (and
other data resources) should be interpreted with caution and are strongly suggested to be
experimentally validated. One example is Coriell DNA NA19317 which was genotyped as
homozygous for the CYP2D6%*5 gene deletion by multiple platforms as part of a recent
CYP2D6 Get-RM project (105) but may be called as CYP2D67*2/*2when using vcf or bam
files that have been generated from NGS data without a structural variant caller (unpublished
observation). Furthermore, inferior WGS data, read alignment issues (e.g. misaligned
CYP2D7), and possibly also CYPZD6 regions that have been described as “inaccessible”
(112) may contribute to erroneous diplotype calls or may trigger no-calls.

Methods for CYP2D6 allele characterization

While we abstain from reviewing CYP2D6 genotyping techniques and platforms (see
Bousman et al. (66, 67), we offer a brief summary of approaches that have successfully been
utilized to fully characterize novel allelic variants for PharmVar submission or confirm
existing haplotype definitions. Although bioinformatic tools can be used to infer haplotypes,
experimental validation is the gold standard for allele definition (see Allele Designation and
Evidence Level document (97)).

As illustrated in Figure 5A and B haplotype is unequivocal for samples in which all SNVs,
or all but one (not shown), are homozygous (or hemizygous in the presence of the
CYP2D6%*5 gene deletion). For samples with two or more heterozygous SNVs,
computational phasing may not resolve haplotype and thus needs to be experimentally
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determined. One validated approach is sequence analysis of long-range allele-specific PCR
products. Briefly, allele-specific primers are employed to amplify one or the other allele (77,
113). Allele-specific amplicons can also be generated from duplicated gene copies and
CYP2D6-2D7and CYP2D7-2D6 hybrid genes (see examples provided by the CYP2D6
Get-RM project (105)). All SNVs found on this PCR product represent that allele’s
haplotype (Figure 5C). Sequencing technologies such as single molecule real-time (SMRT)
sequencing (114, 115) or Nanopore sequencing (116) have also been utilized to characterize
CYP2DE6 haplotypes. Finally, haplotype may also be inferred by pedigree information.
Figure 5C shows how inheritance can unequivocally determine which SNVs are located on
an allele of interest. Finally, haplotype may also be established using long-range phasing of
SNVs detected by WGS in conjunction with e.g. 10X Genomics long-distance phasing (117)
across large haplotype blocks.

Conclusions

This is the first of a series of gene-centric review articles focusing on important
pharmacogenes. This inaugural summary provides essential information for the
understanding of CYP2D6 and its complex CYPZD6 gene locus complementing the
information provided by CPIC guidelines. We are highlighting PharmVar efforts of
systematically cataloging CYP2D6 allelic variation as well as collaborative efforts with the
PharmGKB to make the information useful and easily accessible to the entire
pharmacogenetics community.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Selection of structural variants illustrating the complexity of CYP2D6 gene copy
number variation.

The top line in Panel A depicts the reference gene locus containing a single copy of the
CYP2D6 gene. The 2" line represents CYP2D6*2, *3, *4, *6, etc. Panel B exemplifies
allelic variants carrying two or more (multiple) normal function (e.g. *2xN, *35xN),
decreased function (e.g. *9xN, *41xN) or nonfunctional (e.g. *4xN\) gene copies. The
duplicated and multiplied gene copies shown in this panel are believed to be identical. The
last line in B represents the CYPZD6%*5 gene deletion allele. Of note, alleles with duplicated
gene copies have a CYPZDé6-like REP-dup sequence without the 1.6 kb long CYP2D7
spacer sequence. Panel C depicts the most complex structural variants. These harbor a
singleton hybrid gene or carry two or more non-identical gene copies. The duplicated gene
in such arrangements often, but not always, has a CYP2D7-like downstream region
including the 1.6 kb long spacer sequence. CYP2D6and CYPZD7-derived sequences are
shown in white/gray and red, respectively. A common downstream element is shown in blue
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and repetitive elements (REP6, REP7, REPdup, and REPdel) are gray or red based on
whether they resemble CYP2D6 (without the spacer) or CYP2D7 (with the spacer).
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Figure 2. Allele default assignment strategy used by many testing platforms
Many platforms test for a panel of the more commonly observed SNVs, but not all known

SNVs or all alleles defined by PharmVar. As a consequence, allele assignments are made by
‘default’ as exemplified on those that are defaulted to CYP2D6*10. It is imperative to know
which SNVs are tested in order to garner a full understanding of how phenotype is derived
as well as to fully understand a test’s limitations. Panel A depicts a selection of allelic
variants all carrying g.100C>T. An unequivocal CYP2D6*10call can only be made after
ruling out the presence of numerous other SNVs, e.g. those defining *36, *37, *47, *49,
*700and others. These alleles can be nonfunctional, have decreased or uncertain function as
indicated by the function symbols, or await function assignment by CPIC in which case
alleles are labeled as ‘awaits curation’ on the PharmVar CYP2D6 gene page. Panel B shows
all currently defined alleles containing the g.100C>T core SNV (see Figure 4 and text for
more information regarding core allele definitions). The depicted graph was generated with
the PharmVar’s CAVE tool.
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A cYP2D6*20 (rs72549354)

5"CAG GAG GGG ACT GAA 3’ g.1977 _1978insG 3’ rule

0 E e T E p.Leu213fs
5’CAG GAG GGG ACT GAA 3’ g.1974_1975insG 5’ rule
p.Leu213fs

Q E G T E
*20 (rs72549354)

PharmVar annotation dbSNP annotation
SNV type indel
Sequence Start g.6177_6178insG g.6177dup
ATG start g.1977_1978insG n/a

rs72549354 is shown on dbSNP as CCC>CCCC (or GGG=GGGG)

B  CYP2D6*9 (rs5030656)

intron 5
ARG ,
5"GAG ATG GAG ... GTG AGA GT 3’ g.2616delAAG 3’ rule
p.Lys281del
BE M B
intron 5
AG A
5’ GAG ATG G.. .AG GTG AGA GT 3’ g.2614delAGA 5’ rule
E M E p.Lys281del
*9 (rs5030656)
PharmVar annotation dbSNP annotation
SNV type indel
Sequence Start g.6816delAAG g.6816_6818delAAG
ATG start g.2616delAAG n/a

rs5030656 is shown on dbSNP as CTTCT=CT (or AGAAG>AG)

Figure 3. SNV alignment and Coordinates
Panel A shows CYP2D6#*20which is characterized by a 9.1977_1978insG (rs72549354)

(red), which causes a frameshift at amino acid position 213 that obliterates function. This
SNV is embedded within three ‘G’ (bold) that are flanked on each side by one ‘A’ (5’
AGGGA 3’). Because of the nature of the surrounding sequence, the actual insertion site is
unclear. PharmVar displays the position of this variant as g.1977_1978 (per the 3’ rule) as
opposed to g.1974 1975 (5’ rule). Of note, dbSNP uses the same position (g.6177 counting
from sequence start) for this variant for the RefSeq annotation, but describes the ‘insertion’
of the ‘G’ as “duplication’.

Panel B shows CYP2D6*9which is characterized by a 3-base pair deletion (red) commonly
described as g.2616del AAG (rs5030656) that results in the loss of a lysine (K281del)
causing decreased function. Because of the nature of the surrounding sequence it remains
unclear, however, which three bases are deleted. PharmVar displays the position of this in-
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frame deletion as g.2616del AAG (per the 3’ rule) as opposed to g.2614delAGA (per the 5’
rule). Of note, dbSNP uses the same position (g.6816 counting from the sequence start) for
this variant for the RefSeq annotation.
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Figure 4. Overview of core alleles, suballeles and the graphical Core Allele ViewEr (CAVE)
Panel A shows the CYP2D6*2 core allele definition (gray bar). Core SNVs and the allele’s

PharmVar ID (PVID) are as shown. A selection of suballeles is provided under the core
allele definition (as of July 2019, there were 20 CYP2D6*2 suballeles). Legacy allele
designations are cross-referenced (e.g. *2.001 corresponds to *2A4). Two of the suballeles
depicted, *2.002and *2.003 have been defined by exon sequencing only and therefore are
assigned a ‘Lim’ evidence level. Panel B is a graphical representation of the CYP2D6%*2,
*32and *41 core alleles and their core SNVs. g.2851C>T (R296C) and g.4181G>C (S486T)
are present on all three, while g.2989G>A (splice defect) is present on CYP2D6*32and *41,
and g.3854G>A (E410K) is only found on *32. Gray boxes represent the nine exons. The
middle section shows four of the five CYP2D6%41 suballeles defined to date. Core SNVs
(causing an amino acid change or aberrant splicing) are shown in red, all other SNVs are
highlighted in blue; core SNVs are found on all suballeles. Panel C depicts the CAVE output
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visualizing the core SNVs shared among CYP2D6*2, *32and *41. Blue boxes indicate the
presence of a SNV and the function symbol (&) indicates that g.2989G>A alters function. It
remains unknown, however, whether 3854G>A (E410K) exerts a functional impact.
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A *1/*5 *1/*1 *1/*1x2

CYP2D6 CYP2D6 -[ CYP2D6 HL( CYP2D6 }-
no SNVs

present
+ CYP2D6 CYP2D6 |-
*5 allele
B *4/*5 *4/%4 *4/*4x2
'I CcYP2D6 l ll CcYP2D6 ' 'I CYP2D6 l 'I CYP2D6 l homozygous
100C5T 1847GSA  4181G>C for SNVs
tested
+ cvpzoa ' cypzos '
*5 allele
C novel SNV
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Figure 5. Experimental approaches for phasing SNVs
Panel A shows the CYPZD6 reference gene locus, i.e. no SNVs are present. This subject has

a CYP2D6%*1/*1 genotype in the absence of CNVs. If CNV testing yields 1 and 3 copies,
genotypes will be assigned as CYPZD6*1/*5and *1x2/*1, respectively. Panel B shows an
example which is homozygous for three SNVs (depicted as red or blue lines), i.e. each SNV
is present on each gene copy. This subject has a CYP2D6*4/%4 genotype in the absence of
CNVs. If CNV testing yields 1 and 3 copies, genotypes will be assigned as CYP2D6%4/*5
and *4x2/*4 (or alternatively *4x3/*5, not shown). Panel C shows a sample that is
heterozygous for three SNVs (same as in B) and a novel SNV. It is impossible, however, to
know whether the novel SNV is in ¢/s (on the same allele as other three SNVs signifying
CYP2D6%*4) or in trans (by itself on the opposite allele). The bottom panel visualizes
different approaches of how haplotype can be inferred, e.g. inheritance (left-hand graph) or

Clin Pharmacol Ther. Author manuscript; available in PMC 2021 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Nofziger et al.

Page 33

experimentally determined, e.g. allele-specific long-range PCR followed by sequencing
(center graph) or single molecule sequencing (right-hand graph).
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Links to Sites and Online Resources Referenced Throughout the Review

Table 1

Sources and References References
PharmVar
CYP2D6 important gene information

. Gene Read Me document

. Change Log document (102)

. Structural Variation document
Standards document (96)
Allele Designation and Evidence Level document 97)
CYP2D6 Gene Expert Panel roster (98)
P450 Nomenclature site — Archive (99)
PharmGKB
CYP2D6 gene page (43)
Gene-Specific Information Tables for CYP2D6

. Allele Definition Table

. Allele Functionality Table

. Frequency Table (47)

. Diplotype-Phenotype Table

. Gene Resource Mappings

. CYP2D6 Drug Label Annotations 22)
CPIC
Guidelines (42)
Gene/drug pairs

. process for assigning CPIC levels

. levels for gene/drug pairs @4)

. process for prioritizing CPIC guidelines
Genotype to Phenotype Standardization Project (49)
Other Resources
Drug Interactions Flockhart Table™ (31)
FDA Pharmacogenomic Biomarkers in Drug Labeling (23)
NCBI Reference Sequences database (100)
Locus Reference Genomic (LRG) project (101)
1000 Genomes Project and callable genome mask materials | (112)
10X Genomics (linked Reads Genomics) (117)
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Novel allele(s) and suballele(s) now fully defined

Table 2

Page 35

gg;%’:‘;lt?:)en Novel alleles number of new alleles
*115- *139 | *115.001 - *139.001 25

Alleles now defined by full-length sequence definitionl

*1.002, *1.005, *2.001, *2.005, *3.001, *4.001, *4.004, *6.001, *6.002, *6.004, *7.001, *9.001,

*11.001, *14.001, 15.001, *17.001, *22.001, *28.001, *29.001, *32.001, *33.001, *35.001,

*39.001, *40.001, *41.001, *42.001, *43.001, *58.001, *59.001, *90.001, *106.001, *112.001 and

*113.001

Novel suballeles
*1 *1.006 - *1.032 27
*2 *2.012 - *2.020 9
*4 *4.015 - *4.028 14
*6 *6.005, *6.006 2
*9 *9.002 1
*12 *12.002 1
*15 *15.002, *15.003 2
*17 *17.002, *17.003 2
*28 *28.002 1
*35 *35.003 - *35.007 5
*36 *36.002 1
*41 *41.002 - *41.005 4
*43 *43.002 1
*46 *46.003 1
*52 *562.002 1
*56 *56.003 1
*71 *71.002, *71.003 2
*83 *83.002, *83.003 2
*84 *84.002 1
*106 *106.002 1
*111 *111.002 1

'ZEvidence levels for these alleles were revised from ‘Lim’ (Limited) or “Mod’ (Moderate) to ‘Def” (Definitive)

As of September 2019 there are 131 CYPZD6 core allele definitions (*Z through *139, eight alleles have been retired).
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Table 3

Page 36

Summary of edits and changes made as alleles were transitioned into the PharmVar database

Reason

Change

Affected Alleles

Standardization

CYPZD7intron 1 and exon 9 conversions are now
specified

*2.001, *2.011, *4.013, *11.002, *14.001, *21.002, *31.001,
*35.002, *36.001, *41.001, *51.001, *56.001, *57.001,
*58.001, *73.001, *83.001, *84.001, *88.001, *98.001,
*102.001-*105.001

Comment ‘variable number of A’s in the region —1258 to
-1237’ removed

*2.011, *10.002, *21.001, *36.001, *45.001

Variants beyond mapped gene regions removed

*11.002, *31.001, *35.002, *73.001, *84.001, *85.001

Position edits or corrections

*2.011, *18.001, *29.001, *40.001, *46.001, *47.001,
*58.001, *83.001, *84.001, *111.001

Positions changed due to 3’-Alignment rule

*20.001, *21.001, *21.002, *42.001

Other

Retired star alleles removed

*2J, *10D

Comments removed

*4.013, *57.001, *82.001
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