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Abstract

1.

The Pharmacogene Variation Consortium (PharmVar) provides nomenclature for the highly
polymorphic human CYP2ZD6 gene locus and a comprehensive summary of structural variation.
CYP2D6 contributes to the metabolism of numerous drugs and thus, genetic variation

in its gene impacts drug efficacy and safety. To accurately predict a patient’s CYP2D6
phenotype, testing must include structural variants including gene deletions, duplications, hybrid
genes, and combinations thereof. This tutorial offers a comprehensive overview of CYP2D6
structural variation, terms and definitions, a review of methods suitable for their detection and
characterization, and practical examples to address the lack of standards to describe CYP2D6
structural variants or any other pharmacogene. This PharmVar tutorial offers practical guidance
on how to detect the many, often complex, structural variants, as well as recommends terms
and definitions for clinical and research reporting. Uniform reporting is not only essential for
electronic health record-keeping but also for accurate translation of a patient’s genotype into
phenotype which is typically utilized to guide drug therapy.

Introduction

The Cytochrome P450 2D6 gene (CYPZD6) is one of the most complex and clinically
relevant pharmacogenes (1). The gene encodes CYP2D6, a membrane-bound drug-
metabolizing enzyme that contributes to the catabolism or bioactivation of over 20%

of clinically used drugs (2). The Clinical Pharmacogenetics Implementation Consortium
(CPIC) classifies individuals with increased, normal, decreased, and no CYP2D6 activity
as ultrarapid (UM), normal (NM), intermediate (IM), and poor (PM) metabolizers,
respectively (3). Due to the high degree of genetic variability, CYP2D6 genetic testing
also presents diverse analytical challenges for research and diagnostic laboratories.
The Pharmacogenomics Knowledgebase (PharmGKB) provides information for CYPZ2D6,
including reference tables, drug label information, and clinical annotations, among many
others (4).

In addition to harboring numerous single nucleotide polymorphisms and small insertions/
deletions (collectively referred to as single nucleotide variants (SNVS), or variants) that
can impact gene function, the CYPZD6 gene locus also exhibits an array of structural
variants (SVs) or copy number variants (CNVSs), including gene deletions, duplications/
multiplications, and hybrid genes that consist of various portions of CYP2D6 and the
homologous CYP2D7 pseudogene (5). The term “SV” appears to be preferentially used in

the literature when describing rearranged gene structures such as hybrid genes, and “CNV”

appears to be the term of choice within the context of gene copy humber testing. Since all

known CYPZD6 SVs are CNVs, we have elected to refer to these collectively as SV/CNVs
throughout this tutorial to reflect that either term is appropriate. Known CYPZ2D6 haplotypes
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with SVs/CNVs can be nonfunctional or have decreased, normal, increased, or unknown
function.

A large body of evidence supports the clinical relevance of gene variation within the
CYP2D6 gene locus, including SVS/CNVs (1, 6). It is therefore important to not only
interrogate SNVs, but also determine whether an SV/CNV is present to predict a patient’s
CYP2D6 metabolizer status accurately. Clinical guidelines published by CPIC, and the
Dutch Pharmacogenetics Working Group (DPWG) support these observations. Examples
include specific recommendations for CYP2D6 UMs, in which more than two copies

of a normal function CYPZD6 gene copy are present, for several drugs, among them
antidepressants (7, 8), opioids (9), tamoxifen (10), atomoxetine (11), and ondansetron (12).
Recommendations may also be found in FDA prescribing labels as exemplified by eliglustat
(13). Alternately, SVs/ICNVs may cause loss of CYP2D6 function and contribute to IM

or PM status, for which several guidelines also recommend modified therapy. Moreover, a
maximum daily dose may be recommended for an IM or PM patient. For example, the FDA
prescribing labels for tetrabenazine (14) and pimozide (15) limit dosages for CYP2D6 PM
individuals. These guidelines highlight the importance of testing for CYP2D6 SVsICNVSs to
reduce the risk of adverse events or treatment failure.

Additionally, variants in regulatory regions within the extended 22913 locus and a variant
in VFIB have also been suggested to impact CYP2D6 function (16-21). While those within
CYP2D6 may directly impact metabolic capacity, the clinical utility of variants indirectly
acting on function via regulatory mechanisms has, however, not yet been demonstrated. A
patient may also have a rare variant(s) in the CYP2D6 gene which may not be interrogated
but could conceivably impact function or variants in other genes that contribute to drug
metabolism and disposition.

2. CYP2D Gene Locus

The CYP2ZD locus on chromosome 22 harbors CYP2D6 and two pseudogenes with

high homology, CYP2D7and CYPZD8 (also annotated as CYP2D7Pand CYPZDSP,
respectively, as per the HUGO Gene Nomenclature Committee) (Figure 1a). Chromosome
22 is known for its instability and numerous genetic aberrations that can alter CYP2D6

gene copy number status, such as duplication (22) or the 22g13.2 microdeletion (23) and
22013.3 microdeletion (Phelan-McDermid) syndromes (24, 25). Large copy number gains of
1.1 Mb and 8.7 Mb are also annotated in the ClinVar database (entries 147621 and 154688,
respectively).

The CYP2ZD gene locus is encoded on the negative strand of the genome in reverse
orientation. The Pharmacogene Variation Consortium (PharmVar), however, displays the
gene locus in the forward orientation (i.e., relative to the direction of transcription and
translation of the CYPZD6 gene) (Figure 1a) and, therefore, illustrations in this tutorial

and those provided on the PharmVar CYP2D6 gene page (26) and in the CYP2D6
PharmVar GeneFocus review (5) are shown in the forward direction (5’-CYP2D8-CYP2D7-
CYP2D6-3").
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Historically, CYP2ZDé6 variant coordinates have been annotated and reported using the
genomic reference sequence (RefSeq) rather than the transcript (5). For consistency,
PharmVar and this tutorial annotate variants using the NG_008376.4 RefSeq with the “A”
of the ATG translation start codon being +1 (positions are not marked with a “g.” to avoid
potential confusion with chromosomal positions). The outdated M33388 sequence should
no longer be used for any purpose, and any laboratories or vendors still using M33388 are
strongly encouraged to update annotations to NG_008376.4 to avoid confusion and errors.
For example, rs3892097 corresponds to 1847G>A on the genomic RefSeq NG_008376.4 but
1846G>A on M33388; the corresponding cDNA position on the transcript NM_000106.6
is ¢.506-1G>A. The PharmVar CYPZD6 gene page enables easy conversion of positions
among different genome builds and count modes.

It is also important to realize that genome build GRCh37 contains a sequence that matches
CYP2D6#*2, while for GRCh38, the genomic NG_008376.4 and transcript NM_000106.6
reference sequences correspond to CYP2D6%*1. Additional information regarding differences
among reference sequences can be found in the Read Me document on the PharmVar
CYP2D6 gene page (26). CYP2ZD6 variant positions listed in this tutorial are according to
NG_008376.4 or GRCh38.

2.1 CYP2D6 Gene Structure

The CYP2ZD6 gene has nine exons and is relatively small at 4311 bp (chr22:42126499

to 42130810) (Figure 1a). It is located 8.7 kb downstream of the homologous CYP2D7
pseudogene. CYPZD7 contains several key differences, one of which is a T-insertion in exon
1 that causes a frameshift and premature stop codon that renders it nonfunctional (27).

Repetitive sequences have enabled numerous unequal cross-over events by non-allelic
homologous recombination between CYP2D6and CYPZ2D7, leading to the formation of
stable duplications, multiplications, deletions, and hybrids (5, 28-34). Two repeat elements
lie downstream of CYPZD6, a 0.5-kb element that directly follows the coding sequence
and a 2.8-kb repeat. In CYP2D7, these two elements are interrupted by a 1.6-kb sequence
known as a “spacer”. These downstream elements likely facilitated the formation of the
stable, heritable recombination events (35, 36) characteristic of the various SV structures
found in CYPZD6. To our knowledge, there are no reports in the literature of de novo SVs/
CNVs. The 2.8-kb repetitive elements, commonly referred to as REP6 and REP7 to indicate
their respective CYPZD6and CYP2ZD7 origins, also contain an Alu element and tandem
10-bp repeats that may promote homologous recombination. REP elements correspond

to chr22:42123192-42125972 (NG_008376.4: 9839-12619 (REP6) and chr22:42135344—
42138124 (REP7) (27,28) and are not believed to impact function. In some reports, REP
elements may be denoted as REP-DEL (found in SVS/CNVs with a gene deletion) and
REP-DUP (found in SVs/CNVs with a gene duplication). Due to the lack of systematic
characterization of the REP elements within various SVs/CNVs, their sequence variability
in these elements remains unclear. Therefore, graphical displays in this tutorial do not
differentiate REP6, REP7, REP-DUP, and REP-DEL, while illustrations in the PharmVar
Structural Variation document do (37).
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The CYPZD7 downstream region is highly similar to the CYP2D6 downstream region,
with a major difference being the aforementioned 1.6-kb insertion known as the spacer,
which maps to GRCh38 chr22:42138118 to 42139679) (34, 38, 39). The corresponding
insertion site downstream of CYP2D6 maps to NG_008376.4 position 9845 9846 or

9848 9849 depending on alignment parameters corresponding to GRCh38 positions
chr22:42125963_42125962 and chr22: 42125960 42125959, respectively. A graphical
depiction of the spacer and CYP2D6 insertion site is available in the PharmVar Structural
Variation document (37). Several CYPZ2D6..CYPZ2D7 hybrid alleles have the spacer in their
downstream region, including CYP2D6%*36.001 (note that *36 can also occur as a singleton
with a CYP2ZDé6-like downstream region without the spacer) (Figure 1d). The unique spacer
sequence has been exploited for primer design to specifically amplify alleles with or without
this structural feature.

Variants in CYPZD7 can also cause interference with CYP2D6 genetic analyses. For
example, a reported SNV in CYPZD7 reverted the sequence to match CYPZDé, allowing
primer binding and amplification that caused false-positive heterozygous calls for 137insT
and 31G>A, interfering with CYP2D6*15and *35 genotyping assay results (40). Therefore,
CYPZD7 variants may interfere with assays and methods interrogating CYP2D6 SVICNV
status.

PharmVar currently lists CYP2D6%*1 through *172for a total of 163 distinct star

alleles (nine star numbers are retired), not counting suballeles, many of which harbor
numerous SNVs. Star allele designations have also been issued to describe gene

deletions (CYP2D6%*5) and hybrid alleles (CYP2D7::CYP2D6 hybrids: CYP2D6%*13,
CYP2D6::CYP2ZD7hybrids: CYP2D6%36, *61, *63, *68, *83). Unlike CYP2D7::CYP2D6
hybrids, which differ in switch region but are nonetheless all nonfunctional and collectively
referred to as CYP2D6%*13, there is no single star allele designation for CYP2D6.::CYP2D7
hybrid genes, as it has not been conclusively shown that the exon 9 conversion, a shared
feature, renders these nonfunctional. SVs/CNVs with duplications or multiplications do not
receive individual star designations and are described in detail below.

3. CYP2D6 Structural Variants

Recombination events have created an array of SVs, all of which are CNVs. An overview of
SVs/CNVs is shown in Figure 1 (see the PharmVar Structural Variation document (37) for a
comprehensive summary).

Population-based frequency data are available for the commonly tested CYP2D6%*5 gene
deletion. Although some frequency data have been published for other SVs/CNVs, their
accuracy depends on how testing was performed. For example, diplotypes with a CYP2D6%*2
allele and a duplication may have been reported as having a CYP2D6*2 duplication

by default. In the absence of additional testing, this defaulting strategy can lead to the
misclassification of other duplication alleles such as CYPZD6*1x2or *4x2as *2x2.

This practice, which is now discouraged, likely led to an overestimation of the frequency

of CYP2D6*2x2, especially in older publications. More recent studies have shown that
approximately 3.5-8.4% of the United States population is predicted to have a CYP2D6
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SV/CNV, depending on ancestry (41, 42). Frequencies may even exceed 30% in some Asian
populations (42—-46), indicating that SVs/CNVs are not rare in individuals of non-European
descent. Therefore, their inclusion in routine testing is important for both comprehensive and
equitable patient care.

CYPZD6 allele frequencies are provided in the PharmGKB allele frequency table (47).
However, due to study limitations, the tabulated frequencies are likely to be incomplete and,
including those for SVS/CNVs, should be treated as estimates.

3.1 Definitions and Terms

Describing CYP2ZD6 structural variants in a standardized manner is challenging, especially
because there is no guidance from the Human Genome Variation Society (HGVS) on how
best to describe SVS/CNVs. Table 1 provides definitions for SV/CNV-related terms (48,
49) and those used specifically for pharmacogenes, as illustrated for CYP2D6. PharmVar
recommends utilizing these terms and the activity score (AS) system (3, 50) to facilitate
standardized descriptions and reporting of CYPZ2D6 structural variants and translating SV/
CNV-containing diplotypes into phenotypes.

3.2 Categories of CYP2D6 Structural Variants

Structural variants of CYP2D6 can be classified by several common features when
compared to the reference gene locus.

3.2.1 Gene Deletions—A large deletion encompassing the entire CYP2D6 gene was
first described in 1991 in a subset of individuals presenting as PMs (28), and subsequently
designated as the CYP2D6~*5 allele (Figure 1b). This allele (activity value for AS calculation
= 0) is the most interrogated SV/CNV due to its relatively high frequency across populations
and ease of detection.

CYP2D6*5 allele frequencies vary considerably, with the highest reported in the Xhosa
population (up to 16%). In contrast, it is rare or absent in some American and East Asian
populations.

3.2.2 Gene Duplications and Multiplications—The gain of a complete gene copy
or copies (unit(s) with nine exons) is referred to as a gene duplication (when an allele

has gained one complete gene copy) or multiplication (when an allele has gained two or
more complete gene copies) (Figure 1c and 1e). Gene duplications were first described in
the early 1990s (51-53) and identified as the underpinning cause of ultrarapid metabolism.
The most common allele with a copy number gain is the CYP2D6*2x2 duplication, with
frequencies ranging from 0% to 3.3% across the major population groups, but considerably
higher frequencies in Ethiopians (CYP2D6*2x2, x3, x4, and x5, 16%) (54) and Saudi
Arabians (CYP2D6*2xN, 10.4%) (55). Since testing was limited when the latter studies
were conducted, these reported frequencies should be viewed cautiously. Other reported
CYP2DE6 gene duplications include CYP2D6*1x2, *3x2, *4x2, *6x2, *9x2, *10x2, *17x2,
*28x2, *29x2, *35x2, *41x2, *43x2, *45x2, and *146x2. Depending on the activity
conveyed by each gene copy, per CPIC clinical allele function assignments (3), duplications
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can confer increased function (e.g., *Ix2, *2x2, activity value = 2), no function (e.g., *3x2,
*4x2; activity value = 0), decreased function (e.g., *10x2, *41x2[CPIC downgraded the
value assigned to CYP2D6#*41to 0.25 in March 2023 to reflect the function of this allele
more accurately] activity value = 0.5), normal function (e.g., *17x2, activity value = 1), or
uncertain function (e.g., *146x2). Therefore, it is of utmost importance to know the nature
of the gene duplication to accurately predict phenotype. Diplotypes that confer a predicted
UM status include CYP2D6*1/*2x2and *1/*35x2, while *2x2/*4 and *2/*4x2 predict NM
and IM phenotypes, respectively. For a complete list of diplotypes with activity scores, see
the PharmGKB CYP2D6 Diplotype to Phenotype table (47).

3.2.2 Hybrid genes—In addition to CYP2ZD6 gene duplications and deletions, unequal
recombination events also generated gene copies containing a combination of CYP2D6 and
CYP2D7 sequences. PharmVar refers to these genes as hybrids, but they have also been
described as “fusion” genes. The first of these alleles was reported in 1995 (56).

There are two recognized types of hybrid genes. CYP2D7::CYPZD6 hybrids have 5’
portions of CYP2D7 (including at least exon 1) and 3’ portions of CYP2D6 (31, 32, 34,
42). Such hybrid genes were consolidated under a single star number, CYP2D6%*13, since
they are all nonfunctional (activity value = 0) due to a T-insertion in their CYP2D7-derived
exon 1 (57). Figure 1d illustrates two such alleles, one switching in exon 7 and one in intron
1. CYPZD6*13alleles occur as singletons and in duplication arrangements (e.g., with a
CYP2D6%*2 gene copy, Figure 1e), neither of which carry a full copy of the CYP2D7 gene.

CYP2D6..CYP2D7 hybrids have 5’ portions of CYP2D6and 3’ portions of CYP2D7, along
with a full, upstream copy of CYP2D7. Although all such hybrids have a CYPZD7-derived
exon 9, they are not consolidated under a single star designation due to uncertainty regarding
whether the variants comprising the CYP2D7exon 9 conversion on their own render the
protein nonfunctional. CYP2D6.:CYP2D7 hybrid genes differ in the location of the switch
to CYP2D7 and whether they have a CYP2D6 (category A) or CYP2D7-derived (category
B) downstream region (an overview of hybrid classification categories is provided in the
PharmVar SV document) (37). The two most common CYPZD6.:CYPZ2D7 hybrid genes

are CYP2D6*36and *68 (both have an activity value of 0) (Figure 1d). Both can occur

as singletons, or, more commonly, in duplication arrangements. CYP2D6*36and *68are
most often found upstream of a *Z0and a *4, respectively, in CYP2D6*36+*10and *68+*4
duplication structures (Figure 1e). The former is relatively common in East Asians (45) but
rare in Europeans (41). In European populations, 15% to 25% of CYP2D6%*4 alleles are in a
*68+*4 configurations (unpublished author observations).

4. PharmVar-recommended Nomenclature for CYP2D6 Structural Variants

An array of naming approaches has been used throughout the literature and clinical

reporting to describe CYP2ZD6 diplotypes (commonly referred to as genotypes but often used
interchangeably), including those with SVs, creating a significant risk of misinterpretation.
For example, genotypes with duplications are often reported as CYP2D6*2/*4 (dup) or
(*2/*4)xN if the nature of the duplication is unknown; the allele with the duplication is listed
first or second, e.g., *Ix2/*1or *1/*1x2, lower or upper case “x” denotes the copy number,
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e.g., *2x2or *2X2, non-identical gene copies are displayed in different orders separated by
a“+”or“-"“ e.g., *10-*36 or *10+*36, and the list goes on. In addition, due to limitations
of certain electronic health records (EHR) or other (automated) report delivery software, the
star (*) may not be included in some reports (e.g., CYP2D6 1x2/1).

The lack of conformity may be driven by individual preferences in the absence of directives,
as well as limitations of software or fixed database requirements. Due to requirements

and limitations of laboratory information systems, EHRS, or interfaces between laboratories
and client sites, a result of CYP2D6*68+*4/*5 may ultimately be reported as 68+4/5,
*4+*68/*5, or other formats that do not conform to the PharmVar recommendations.

Likewise, hybrids have been described using a hyphen or forward slash, e.g., CYP2D6/2D7,
CYP2D6-CYPZD7, CYP2D6-D7, or similar. The Hugo Gene Nomenclature Committee
(HUGO) has recently introduced a unique double-colon separator to describe hybrid genes
(58). To standardize reporting, PharmVar has adopted the HUGO recommendation to
represent hybrid genes as CYP2D6..CYP2D7and CYP2D7::CYPZD6.

PharmVar recommends annotating and reporting SV/CNV alleles as summarized in Table 2
and encourages all stakeholders to adopt these recommendations to facilitate standardized
reporting of SVs/CNVs.

5. Methods for Characterizing CYP2D6 Structural Variants

To accurately predict a patient’s CYP2D6 activity (metabolizer status), testing must include
SV/CNV analysis (59) at more than one location within CYP2D6to differentiate identical
gene duplications (e.g., *2x2/*4) and hybrid genes (e.g., *13+*2/*4). Many approaches
and platforms are available to characterize SVs/CNVs, each with inherent limitations.
These approaches are often combined with genotyping to make genotype (or diplotype)
calls. Following are summaries of some common methods used to interrogate SVS/CNVSs,
though other approaches have been utilized (60-62). Most methods perform well with
standard DNA preparation procedures (e.g., column- or bead-based) while others may
require high-molecular-weight DNA. While a review of DNA preparation methods is beyond
the scope of this tutorial, some limitations and challenges related to DNA quality and/or
purity are highlighted. It is recommended to use reference materials (see section 6.3 below)
to establish and validate methods and to properly follow protocols and/or manufacturer’s
recommendations.

5.1 Qualitative Testing Using Long-Range PCR (XL-PCR)

The presence of SVS/CNVs can be detected qualitatively by long-range PCR (commonly
abbreviated as XL-PCR, although LR-PCR is also used), in which various combinations of
CYP2D6- and CYP2ZD7-specific primers are employed (30-34, 63-65). Table 3 provides a
selection of XL-PCR reactions that can be utilized to amplify SV/CNV-specific amplicons,
and Figure 1b—e provides a graphical overview of the amplified region(s). For example,

the presence of two or more gene copies on a single allele can be assessed with a CYP2Dé6-
specific forward primer and a reverse primer that binds within the region between the
duplicated gene copies (parts of this intergenic region are unique to duplication structures).
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Amplicons may encompass the entire upstream (5°) gene copy (previously referred to as
the “duplicated” gene). A duplication structure can also be identified by other reactions
targeting a specific region. XL-PCR has also been utilized to amplify a fragment that
includes exon 9 of the 5’ gene copy, the intergenic region, and part of—or the full—3’

gene copy. Amplification of these products supports the presence of one or more additional
gene copies. Amplicon size differs by 1.6 kb depending on whether the 5 gene copy has a
CYPZDé6-like (no spacer) or CYPZD7-like (with spacer) downstream region. For example,
amplicon 7 generated from the upstream CYP2D6%*68 gene copy of a *68+*4 has the spacer,
so it is 1.6 kb longer than the amplicon generated from the 5’ gene copy of a *2x2 (Figure
1). As shown for the CYP2D6%*5 gene deletion and singleton CYP2D6::CYP2D7 hybrid
genes, certain primer pairs amplify these SVS/CNVs if they have a CYP2D7-derived exon 9
and downstream region (Figure 1b, XL-PCRs 3 and 4) but fail to do so if their downstream
regions are CYP2D6-derived. While most alleles generating this XL-PCR product are
indeed CYPZD6%*5, there are exceptions such as some CYP2D6*36 alleles.

Hybrid genes can be amplified using CYP2D6- and CYP2D7-specific forward and
reverse primers regardless of their location within the structure. Specifically, XL-PCR
9 only amplifies CYP2ZD6..CYPZD7 hybrid genes, whereas XL-PCR 10 only amplifies
CYP2D6*13 and XL-PCR 2 is designed to amplify only the 3" gene copy.

There are limitations and caveats to XL-PCR analysis. The absence of a PCR product

may be difficult to interpret. For example, it could mean that the interrogated structure
(duplication, hybrid, deletion, etc.) is indeed absent, but could also be the result of failure to
amplify due to inferior DNA quality, inhibitors in the DNA preparation, and/or the presence
of interfering rare/novel SNV/(s). In rare cases a novel SV/CNV (e.g., a previously unknown
hybrid or deletion) may also escape detection because the primer(s) used in a reaction may
not be able to bind or may be too distant to generate a PCR product. Also, some amplicons
may be generated from multiple locations. For example, XL-PCR 1 amplifies all copies in
SVs/CNVs with two or more identical CYP2D6 gene copies, and XL-PCR 3 and 4 amplify
CYP2D6%*5 gene deletions and certain singleton *Z3hybrid genes (Figure 1e). Thus, it

is important to carefully consider where the primers bind, and which structure(s) can be
amplified. Lastly, although long fragments of up to 40 kb have been generated, XL-PCR
products over 15 kb may be difficult to generate reproducibly.

Amplicons may be visualized by agarose gel or micro-capillary electrophoresis for size
discrimination and then sequenced in full to determine their exact nucleotide identity,
partially sequenced, or genotyped to determine the nature of a gene duplication.

5.2 Quantitative Testing

Quantitative testing measures how many copies are present at an interrogated gene region,
resulting in a copy number (CN) determination. Different methods and assays are available,
the most common of which are discussed here.

The overall performance of any CYP2D6 CN test method depends on how many targets
within the CYPZ2D locus are interrogated (Table 4). Clinical recommendations for CYP2D6
genotyping suggest that at least two positions (ideally one targeting the 5" untranslated
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region or exon 1 and another targeting exon 9) should be interrogated to detect gene
duplications and deletions accurately and to identify and differentiate hybrid genes from full
gene copies (59).

5.2.1 Quantitative Real-Time PCR (qPCR)—In this relative quantitation method, CN
assays specific for CYPZD6 and a reference gene are run as a duplex real-time PCR.

The reference assay detects a sequence virtually devoid of CN variation, such as the
housekeeping genes RNaseP, TERT, or GADPH. For CYP2D6, CN assays are designed

to target specific regions throughout the gene, including but not limited to the 5’UTR, intron
2, intron 6, and exon 9. Experiments include unknown samples and enough “known” or
“normal” 2-copy samples to ensure statistically sound analyses.

After amplification, the cycle threshold (CT) values for the target and reference genes in
each reaction are analyzed by the comparative CT (AACT) relative quantitation method to
determine the number of copies of the target sequence (66). First, the ACT is calculated for
the target and reference gene in each well and averaged across sample replicates (multiple
replicate reactions are required for each sample). Then, the ACT is compared to the ACT for
the calibrator samples or against the average of the “normal” 2-copy samples.

5.2.2 Digital PCR (dPCR)—Absolute quantification of gene copies can be achieved
with dPCR, in which the genomic DNA sample and reaction are divided into many partitions
(typically thousands) so that within each partition, target DNA may or may not be present,
and therefore amplification may or may not take place. Similar to relative quantification
using qPCR, CYP2ZD6 and reference gene-specific CN assays are used, but normalization to
a reference gene is optional. After thermal cycling, the number of amplification-positive and
-negative partitions are measured, and a Poisson distribution-based algorithm quantifies the
targeted gene region in the sample.

Although gPCR and dPCR allow quantitative detection of nucleic acids, dPCR has several
advantages, including detection of small fold-changes, higher tolerance to interfering
inhibitors, and independence from standard curves. Another advantage of dPCR is that
two or more targets may be interrogated in the same reaction to save costs (67), as assays
targeting the CYP2D6 5’UTR and exon 9 regions can be easily duplexed (46, 65).

5.2.3 Limitations and Caveats of gPCR and dPCR—qPCR is a powerful method
that maintains statistical significance in samples with sufficient DNA concentration

(=100 copies of target DNA), allowing reliable quantification of up to five or more

copies. However, DNA samples with suboptimal concentration, low quality (degradation,
fragmentation), purity issues (presence of interfering substances), or a combination thereof
may result in inaccurate CYP2D6 CN calls as normalized against a reference gene. The
quality of DNA isolated from formalin-fixed paraffin-embedded (FFPE) tissues is typically
compromised and unsuitable for CYP2D6 CN testing using gPCR ((68) and unpublished
observations by authors); to our knowledge, there are no studies demonstrating that dPCR
reliably measures CN in FFPE sample-derived DNA. Thus, for accurate and consistent
results, DNA samples should undergo strict pre-analytical quality control before entering
downstream analyses. Spectrophotometric assessment (i.e., Aggo/Asgo) and electrophoresis-

Clin Pharmacol Ther. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Turner et al.

Page 11

based methods are two easy and inexpensive ways to determine the gross purity and relative
state of sample degradation, respectively. In contrast, dPCR is more tolerant of inhibitors
and suboptimal sample quality, allowing high-precision quantification of up to 8-11 copies
(69, 70).

Both gPCR and dPCR enable a full multi-point analysis of hybrid gene copies, but they
may be unable to detect (i) deletions in the presence of duplications or multiplications

(i.e., CYP2D6*2x2/*5vs. * 2/*2); (ii) samples containing both CYP2D6::CYP2D7 and
CYP2D7::CYP2D6 hybrids (these may also be referred to as “balanced hybrids”) may
yield uniform CN calls across all loci, erroneously suggesting the presence of full gene
copies (e.9., CYP2D6*13+*2/*%68+*4 may produce CN calls of 3 depending on the assays
used and where the *13switches); (iii) CYP2D7::CYPZD6 hybrid genes switching after

the exon 9 region (targeted by many CN assays) may escape detection (these could also

be described as “CYP2D7with a CYPZD6 downstream region”); (iv) variants in some

star alleles may interfere with CN assays, inhibiting or preventing amplification of the
interrogated region, causing allele drop-out and yielding results that are difficult to interpret
(71); and (v) commonly used reference (control) genes including RNAsePand TERT may in
rare instances have a CN or variant that leads to decreased amplification efficiency and thus,
affect the accuracy of CYP2D6 CN calls (72).

5.3 Determination of Which Allele Is Duplicated

5.3.1 Utility of TagMan Genotyping Assays and Other Methods—Real-time
PCR genotyping assays, including TagMan, may inform which allele carries the duplication
by examining the amplification ratios of variants that differ between the two alleles

(e.g., heterozygous calls). For example, heterozygosity at positions 100C>T (rs1065852),
1847G>A (rs3892097), and 2851C>T (rs16947) may be utilized to discriminate whether a
sample has a duplication on the CYP2D6*2or *4allele.

As illustrated in Figures 2a and b for 1847G>A and 2851C>T, signal ratios are rarely
clear-cut; samples with a duplication trend away from the heterozygous cluster towards

one of the homozygous clusters. Therefore, this approach should be used with caution,
particularly when only one informative (heterozygous) variant is present. As illustrated

in Figures 2c and d, utilizing the Genotyper software (Thermo Fisher Scientific) “traces”
feature can facilitate the identification of subclusters (IntelliQube software also enables real-
time amplification trace viewing). Specifically, samples with a CYP2D6*4x2 duplication
(Figure 2c, light blue) are traced between the heterozygous (1847G/A) and homozygous
variant (1847A/A) clusters, while samples with other duplications, including CYP2D6%*2x2,
are between the heterozygous (1847G/A) and homozygous reference (1847G/G) clusters.
Likewise, as shown in Figure 2d, samples with CYP2D6*2x2 duplications trace between
the heterozygous (2851C/T) and homozygous variant (2851T/T) clusters while those with
other duplications, including CYPZ2D6*4x2, are between the heterozygous (2851C/T) and
homozygous reference (2851C/C) clusters. Although results for other variants may be
similar to those shown in Figure 2, results may vary and must be individually assessed.
Using the “classification scheme” of the TagMan Genotyper Software can also be helpful.
The “classification scheme” is a set of defined homozygous reference, heterozygous, and
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homozygous variant zones established by running samples with known genotypes; these can
be used for comparison in clinical runs where the “n” may be smaller (73). Sometimes,
samples with three copies may fall between zones or trend toward one side of the zone.

Two or more variants should be considered for accurate duplication allele assignments. Not
all samples that are off cluster necessarily have an SV/CNV; a sample may be off cluster
due to DNA quality/purity or other reasons. Lastly, having a larger number of samples in a
dataset (or the same run) facilitates subcluster identification, but this is not always possible
in lower-throughput clinical testing scenarios.

Pyrosequencing (60, 74) and mass spectrometry-based methods such as the VeriDose
CYP2D6 CNV panel (75) can also be employed to determine which allele has a duplication
using variant signal ratios.

5.3.2 Genotyping or Sequencing Duplication-Specific XL-PCR Fragments—
To determine whether a sample genotyped as CYP2D6*2x2/*4 or *2/*4x2has a *2or

*4 duplication, the upstream gene copy can be specifically amplified by XL-PCR 7, for
example (Figure 1c, Table 3), and genotyped for 100C>T, 1847G>A, and 2851C>T, or
partially sequenced. If there is a CYP2D6%*2 duplication, the XL-PCR amplicon will have
100C, 1847G, and 2851T, while a *4 duplication would yield 100T, 1847A, and 2851C.
Since the amplicon is generated from one gene copy in this case, genotype results and
sequence traces are expected to be homozygous. If a sample has a duplication on both
alleles, e.q., CYP2D67*2x2/*4x2, XL-PCR will amplify both duplicated alleles and yield
heterozygous genotype or sequencing results.

5.4 Other Methods and Platforms for Detecting CYP2D6 Structural Variants

5.4.1 Panel-Based Tests—CYP2D6 SVs/ICNVs can be determined with commercially
available platforms, including the VeriDose CYP2D6 CNV Panel (64, 75, 76) and Multiplex
Ligation-dependent Probe Amplification (MLPA) panel (77), which are typically run along
with SNV panels to determine CYPZD6 genotype. In contrast, Luminex XTAG (78), the
PharmacoScan (79), and the Infinium Global Diversity Array with Enhanced PGx (80)
include both variant and CN testing.

5.4.2 Sequencing-Based Approaches—~PacBio has developed a specialized
workflow that subjects XL-PCR amplicons to PacBio HiFi single molecule real-time
(SMRT) sequencing to characterize SVS/CNVs (81). Long-read SMRT sequencing has
been used to determine the phase of SNVs but can also inform SVS/CNVs (82-84).

Lastly, Nanopore sequencing has been employed for genotyping and allele characterization,
including SVs/CNVs (85).

Whole genome sequencing (WGS) data coupled with star allele calling software tools

may be utilized to identify SVS/CNVs. While tools such as Aldy (86), StellarPGx (87),
Stargazer (88), PyPGx (89), and Cyrius (38) appear to reliably call gene deletions, their
variable fidelity in calling duplications with identical gene copies and some of the hybrid
genes, especially complex SVs/CNVs, can make them unreliable in these scenarios (84, 90).
Therefore, verification of SVs/ICNVs with qPCR, dPCR, XL-PCR, or other methods should
be considered. Whole exome sequencing (WES) has been evaluated for CYP2D6 SV/ICNV
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detection, but there are inherent technical challenges, including difficulties with coverage
and CNV/SV calling that preclude clinical implementation of WES-based CYP2D6
determination (91-95). In addition, CYP2Dé calling from WES data is inconsistent among
star-allele calling tools, indicating limited clinical application for WES (96). Specialized
software has been developed and successfully used for CYP2D6 calling from targeted
NGS captures that include baits for CYP2D6and CYP2D7 (97, 98); however, the software
requires customization to the specific capture and significant adjustment to apply to other
captures.

5.4.3 Cas9-Based Approaches—A recent report described Cas9-targeted nanopore
DNA sequencing to detect CYP2D6::CYPZD7 hybrid alleles (99). This method uses Cas9-
targeted cleavage of native genomic DNA at key sites within or flanking regions of interest
and the addition of sequencing adapters at these sites. “Adapted” molecules are sequenced
on a Nanopore instrument (the process is also called adaptive sequencing), which allows for
long reads without the need for PCR. Although SNVs and CYP2ZD6::CYP2D7 hybrid genes
were detected, low read depths were a limitation. This method, while promising, needs to be
optimized for routine application.

Another Cas9-based approach targets the entire gene locus (CYP2D6, CYP2D7, and
CYP2D8). The assay utilizes guide RNAs that target downstream of CYPZD6 and upstream
of CYPZD8& and enriches continuous fragments greater than 52 kb. These fragments contain
all three gene loci and any SV/CNV present. Long-read single-molecule sequencing then
generates reads that allow for completely phased genotype and diplotype assignment, with
read depths of 50-350% depending on sample source and quality (39). This approach
removes the need for multiple assays to determine the SNV-level diplotypes, as well as
quantitative CN testing and does not require knowledge about which SVs/CNVs may be
present, which is often needed when selecting primers for XL-PCR.

5.4.4 Inheritance-Based Approaches (Duos/Trios)—Information regarding the
presence or nature of an SV/CNV may also be obtained using mother/father/child trios

or parent/child duos. For example, it can be deduced that the child has a CYP2D6#*2x2/*4
diplotype with 3 gene copies if the mother is genotyped as CYP2D6*1x2/*2or *1/%2x2
and the father is *4/*5. In this case, the child’s genotype also informs the mother’s
genotype (CYP2D6*1/%2x2), as the child did not have a *7 allele, and the duplication
was inherited from the mother. The knowledge of related individuals can also help resolve
or fully characterize complex diplotypes having SVS/CNVs on both alleles. As shown by
Gaedigk et al. (100), trio analysis was integral for the characterization of balanced hybrids
—one allele had a CYP2D7::CYP2D6 hybrid in a duplication arrangement and the other a
CYP2D7::CYP2D6 hybrid also in a duplication, thus producing 3-copy CN calls.

5.4.4 Genome-Wide Arrays—While genome-wide genotyping arrays may be able to
identify SVS/CNVs, this method is neither sensitive nor accurate in determining the exact
nature of the CYPZD6 SVs/ICNVSs. Given the polymorphic nature and high frequency of
these events, findings are typically not reported clinically. One exception is the Illumina
Infinium Global Diversity Array with Enhanced PGx (80), which interrogates 172 CYP2D6
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SNVs and detects SVs/CNVs. However, there are no published data regarding the accuracy
of CYP2D6 genotype or SV/ICNV calls using this array.

6. Resources to Standardize Clinical Testing and Reporting

6.1 Test Recommendations

In collaboration with other organizations, the Association for Molecular Pathology (AMP)
has published consensus recommendations for CYPZ2D6 allele selection (59). They utilized
information from CPIC, PharmGKB, and the scientific literature to create a minimal panel
(Tier 1 or “must test”) and an extended panel (Tier 2) of CYPZD6 variant alleles. The Tier

1 panel currently comprises 11 variant alleles, including gene deletion (CYP2D6%5) and
duplication/multiplications (xN). CNV testing a minimum of one position (e.g., commonly
exon 9) is sufficient to satisfy the Tier 1 recommendation. Also, Tier 1 does not require
specification of which allele is duplicated. For Tier 2, testing at least two positions within
the gene is recommended to differentiate hybrid alleles from full gene duplication and
multiplication events. The Tier 2 panel adds 12 variant alleles, including hybrids; however,
laboratories are not expected to characterize which hybrid is present but only to differentiate
them from a full gene duplication/multiplication. Even when complying with Tier 2 testing it
may be impossible to determine which chromosome harbors the SV/CNV unless additional
analyses are performed.

When interrogating Tier 1 variants only, a patient may be phenotypically misclassified

if they have a less common functionally relevant variant. Regarding SVs/CNVSs, neither

Tier 1 nor Tier 2 level testing (using one or at least two probes/targets) can discriminate
which allele is duplicated when the diplotype is heterozygous, e.g., discriminate between
CYP2D6*1/%4xN (IM) and *IxN/*4 (NM). Using Tier 1-based testing targeting exon

9, a CYPZ2D6*1/*13+*2would most likely be called and reported as CYP2D6* 1x2/*2

or *1/%2x2 (both UM), while Tier 2-based testing targeting the 5’UTR and exon 9

regions detects the presence of a CYP2D7.:.CYP2D6 hybrid that would be consistent with
either CYP2D6*1/*13+*2or *13+*1/%2 (both NMs). Another challenging genotype is
CYP2D6%*13+*2/*%68+*4 which may erroneously be called as CYP2D6*2x2/*4 (NM) or *2/
*4xN (IM) by Tiers 1 and 2, as all targeted regions yield CN calls of 3. CYP2D6*68+*4/*36
is an example that would be miscalled by both Tiers as CYP2D6*4/*4 (PM); however, as all
gene copies are nonfunctional, this would not impact phenotype prediction. These are just a
few examples illustrating how the recommended AMP Tier levels impact SV/CNV testing
and diplotype assignments.

According to recent proficiency testing data, the majority of laboratories can detect the
CYPZD67*5 deletion allele, while many laboratories either do not detect duplications or only
utilize one position (59, 101, 102). These recommendations were published in 2021, and

it may take time for laboratories to update their processes and to adopt them. Information
on available laboratory tests including which alleles are tested can be found in the Genetic
Testing Registry (103).
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6.2 Selection of Laboratory Approach and Cost Considerations

Any of the molecular testing techniques described in this tutorial may be used by a clinical
laboratory, and each has advantages and disadvantages. As such, the choice of platform

is made by the laboratory director based on a variety of factors and is often driven by
existing instrumentation and experience. The cost of testing, anticipated test volume, and the
turn-around-time (TAT) needed to meet the clinical need are also important factors. Full runs
(or “batches™) on high-throughput instrumentation are the most cost-effective in a research
setting; however, if a quick TAT is required and the clinical laboratory has a modest testing
volume, a lower-throughput instrument may be more appropriate. As of 2023, targeted
approaches such as gPCR and dPCR tend to have lower reagent costs than sequencing

and other approaches, and the cost is proportional to the number of CYP2D6 positions
targeted (e.g., the cost is higher when testing both exon 1 and exon 9 for SV/CNV than
testing only exon 9). As clinicians increasingly incorporate PGx into routine practice, test
volumes are increasing, and more laboratories are entering the PGx testing field. For many
genetic laboratories, despite the higher cost of NGS-based approaches, these may better fit
into existing workflows and thus, are increasingly adopted. Although CYP2D6 SV/ICNV
calling algorithms have improved, techniques such as qPCR and dPCR may be required

to supplement the NGS data at an added cost. Clinical tests undergo rigorous validation
prior to use, which allows the laboratory to ensure that the selected technique is accurate,
reproducible, and to gain familiarity with any limitations. Ultimately, the laboratory director
must have expertise with both the testing platform(s) selected and the CYP2D6 gene in order
to be able to understand the limitations of the approach and recommend alternative methods
when challenging cases are encountered where the genotype cannot be resolved.

6.3 Reference Materials

Laboratories must demonstrate accurate and consistent CYP2D6 testing results before
incorporating the test into clinical care (101). This process is facilitated, in part, by

access to publicly available data and reference materials maintained by the Centers for
Disease Control and Prevention’s Genetic Testing Reference Materials Program (GeT-RM)
and Coriell Cell Repositories, respectively. To date, 179 Coriell samples have undergone
extensive CYPZD6 characterization, and some have been found to carry rare or difficult-to-
analyze CYP2D6 alleles, including SVS/ICNVs (64). Per GeT-RM (64, 104), 62 of the 179
samples interrogated contain one or more SVS/CNVSs. A selection of reference materials
has been added to the Structural Variation document (37) for quick reference. GeT-RM
identified samples for 16 (37%) of the 43 SVs/CNVs currently cataloged by PharmVar.
The materials are available for laboratories to purchase as extracted genomic DNA or
lymphoblastoid cell lines from the Coriell Institute for Medical Research (Camden, NJ).

7. Discussion of Selected CYP2D6 Genotypes with Structural Variants

This section discusses five samples with SVs/CNVs which have been extensively tested

on various platforms as part of the CYP2D6 GeT-RM project (64) (Figure 3). Table 4
summarizes CN calls for samples with a variety of SVs/CNVs and indicates which XL-PCR
reactions are expected to amplify and can be employed to ascertain the presence of SVs/
CNVs. The regions amplified by XL-PCR are visualized in Figure 1.
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7.1 Example 1: CYP2D6*2x2/*4

This example represents a diplotype with a commonly found SV/CNV (Figure 3a). The
CYP2D67*2x2 duplication allele has two gene copies that are assumed to be identical (in
some cases, the gene copies may represent different *2suballeles). Both gene copies have
a CYPZD6 downstream region. Quantitative CN testing is expected to return 3-copy calls
regardless of which gene region is interrogated.

Neither XL-PCR nor quantitative testing alone can determine whether the duplication is

on the CYP2D6*2or *4allele. Because CYP2ZD6%*2, relative fo *4, is the most frequently
observed duplication SV/CNV, samples like this are often reported as CYP2D6*2x2/*4 by
default or are reported ambiguously (e.g., CYP2D6*2/%4 (3N)) to indicate that a duplication
is present (see Table 2 for recommended reporting of ambiguous genotypes). As described in
section 5.3.1, real-time PCR may be used to determine whether the sample has a CYP2D6*2
or *4 duplication.

Patients with a CYP2D6*2x2/*4 diplotype (AS=2) are predicted to be NMs, while those
with a *2/%4x2 diplotype (AS=1) are predicted to be IMs. To accurately predict phenotype,
testing must determine which of the alleles has the duplication.

7.2 Example 2: CYP2D6*2/*41x3

This example represents a diplotype with a rare allele having three identical CYP2D6%41
gene copies, all of which have a CYP2D6 downstream region. Quantitative assays return
calls of four copies for all regions interrogated.

XL-PCR amplicons are generated from both 5’ (gained) gene copies and their intergenic
regions but do not discriminate between duplication and multiplication. Neither XL-PCR
nor quantitative testing alone can determine whether the duplication is on the CYP2D6%*2
or *41 allele. Thus, the sample’s genotype could be CYP2D6*2x3/*41, *2x2/*41x2, or
*2/%41x3. Because CYPZD6*2x2is the most common, samples like this may be reported
as CYP2D6*2x3/*41 or *2/*41 (4N) to indicate that multiple gene copies are present.
Real-time PCR signal ratios for 2989G>A (rs28371725) may be utilized to show that this
sample has multiple CYP2D6%41 gene copies (ratio of 1:3 for 2989G/A is consistent with
*2/%41x3, while ratios of 1:1 and 3:1 would be indicative of *2x2/%41x2and *2x3/*41
diplotypes, respectively).

Patients with a CYP2D6*2/*41x3 diplotype (AS=1.75) are predicted to be NMs, while those
with *2x2/%41x2 (AS=2.5) or *2x3/%41 (AS=3.25) diplotypes are predicted to be UMs.

7.3 Example 3: CYP2D6*68+*4/*5

This example represents a diplotype with SVs/CNVs on both alleles (Figure 3c). One

allele has two non-identical gene copies, i.e., a CYP2D6..CYP2D7 hybrid upstream of

a CYPZD6%*4. The upstream CYP2D6*68 gene copy comprises CYPZD6 (exon 1) and
CYP2D7 (exons 2-9 and downstream). The other allele is a CYP2D6%*5 gene deletion. Both
alleles are relatively common across populations. Quantitative assays return calls of two
copies for the 5’UTR and one copy for intron 2, intron 6, and exon 9 (the higher CN call
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for the 5’UTR suggests the presence of a CYP2D6.:CYP2D7 hybrid gene). This diplotype
would be assigned as CYP2D6*4/*5if only exon 9 is assayed.

The CYP2D6%*5 gene deletion can readily be detected by XL-PCRs 3, 4, or 5. The
CYP2D6#*68 hybrid can be amplified by XL-PCR 7; due to the presence of the CYP2D7-
derived spacer, the amplicon is 1.6 kb longer compared to an amplicon that is generated
from a 5’ gene copy with a CYP2D6-derived downstream region such as those found

in, e.q., CYP2D6*1x2, *2x2, or *4x2duplications. Real-time PCR signal ratios are not
informative since 100C>T and 1847G>A, along with other SVs/CNVs, yield homozygous
results.

Because CYPZD6*68is nonfunctional, it is unnecessary to discriminate CYP2D6*4 from
*68+*4. CYP2D6*68+*4/*5and *4/*5 diplotypes both have an AS of 0, predicting PM
status.

7.4 Example 4: CYP2D6*1/*36+*10

This example represents a diplotype with one allele carrying two non-identical gene copies
(Figure 3d), a CYPZD6::CYPZ2D7hybrid (*36), and a CYP2D6*10. The CYP2D6*36+*10
allele is frequently found in East Asian individuals. The upstream CYP2D6%*36 gene copy
comprises CYPZD6 (exons 1-8) and CYP2D7 (exon 9 and downstream). Quantitative assays
return calls of three copies for the 5’UTR, intron 2, and intron 6 regions and two copies for
exon 9.

The CYP2D6%*36 hybrid can be amplified by XL-PCR 7; amplicons are, however, longer
than those generated from the 5’ gene copy in a CYP2D6*2x2 due to the presence of the
CYP2D7-derived spacer. Real-time PCR signal ratios for 100C>T would be expected to be
1:2 for 100C/T since both CYP2D6*36 and *10alleles have 100T.

Because CYPZD6*36is nonfunctional, it is unnecessary to discriminate CYP2D6*10from
*36+*10. CYP2D6*1/*36+*10and *1/*10diplotypes both have an AS of 1.25, predicting
NM status.

7.5 Example 5: CYP2D6*1/*13+*2

This example represents a diplotype with one allele having two non-identical gene copies,
i.e.,a CYP2D7::CYP2D6 hybrid upstream of a CYP2D6*2 (Figure 3e). The CYP2D6%*13
hybrid in this sample switches from CYP2D7to CYPZD6in intron 4 and, like all other
such *13genes, has a CYP2D6-derived downstream region. Other CYPZD6*13 alleles may
switch to CYP2ZD6 at different locations. Quantitative assays return calls of two copies for
5’UTR and intron 2, and three copies for intron 6 and exon 9.

Amplification products from XL-PCRs 6 and 8 indicate the presence of a duplication, which
may be misinterpreted as a CYP2D6*2x2 in the absence of further testing. Quantitative
assays performed at multiple locations within CYP2D6, however, reveal the presence of

a CYP2ZD7::CYPZD6 hybrid (if only exon 9 is assessed, CYP2D6*13 hybrids may be
misinterpreted as gene duplications). The presence of a *Z3hybrid can be substantiated by
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amplifying the entire hybrid gene with XL-PCR 10. Sequencing of this amplicon may be
considered to validate the hybrid nature of this gene copy.

Real-time PCR signal ratios may also suggest the presence of a third gene copy, but these
are difficult to interpret as the CYP2D6 portions in CYP2D6*13 hybrid genes vary and may
or may not harbor the variants tested.

Since all CYP2D6*13hybrid genes are nonfunctional due to a frameshift in exon 1,
individuals with the CYP2D6*1/*13+*2 diplotype (AS=2) are predicted to have an NM
phenotype; if the CYP2D6*13is not detected (e.g., only exon 9 is tested for CNV), the
genotype may be reported as CYPZ2D6*1/*2x2 (AS=3), which falsely predicts UM status.

8. Applications beyond CYP2D6

Although this tutorial focuses on CYP2D6, the terms and recommendations for reporting
can be applied to other pharmacogenes. To promote adoption, PharmVar is also updating
Structural Variation documents for other genes with SVs/CNVs accordingly.

9. Conclusions

The CYP2D6 enzyme mediates the catabolism or bioactivation of over 20% of clinically
used drugs and is thus an essential pharmacogene in clinical testing and research. The
CYPZD6 gene, however, is extremely polymorphic, with 163 distinct defined alleles as

of this writing, including numerous SVs/CNVs. In addition, the long history of CYP2D6
research without standardization of terms has added confusion for novices and experts alike.
This complexity makes CYP2D6 one of the most difficult gene loci to characterize in
clinical testing, while the importance of accurate genotyping and phenotype predictions for
appropriate pharmacogenomics-informed prescribing cannot be overstated. With this guide,
PharmVar hopes to establish a unified nomenclature, describe methods for (and limitations
to) detecting CYP2D6 structural variants, and provide an educational resource for those
responsible for clinical testing, interpretation, or implementation of pharmacogenetic testing,
as well as those performing CYPZ2D6 basic and translational research.
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Figure 1. Overview of the CYP2D6 gene locus and structural variants.
Each structural variant (SV) can also be described as a copy number variant (CNV) (Table

1). The three genes within the locus are shown in dark gray (CYP2D6), red (CYP2ZD?7),

and light gray (CYP2ZD8); boxes within each gene represent exons (hnumbered in panel a).
Regions that can be amplified by XL-PCR to detect and characterize SVS/CNVSs are shown
by numbered lines underneath allele representations (see Table 3 for detailed descriptions).
Repetitive sequences (REP) are shown in red (1.6-kb spacer is present) or dark gray (spacer
is absent). Panel a depicts the reference gene locus containing CYP2D6, CYP2D7, and
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CYPZD8, sequence variants within the CYP2D6 gene define numerous star alleles. Panel

b depicts the CYP2D6%*5 gene deletion. Panel ¢ depicts SV/CNV alleles with two or more
identical gene copies (identity being on the core allele level); examples include *1x2,

*2x2, and *4x2). Panel d depicts alleles having a hybrid gene consisting of CYP2D6

and CYP2D7 sequences; these alleles may or may not have a full CYP2D7 gene copy in
addition to the hybrid gene. Lastly, panel e provides a selection of alleles with two or more
non-identical gene copies, one of which is a full CYP2D6 gene copy (normal, decreased, or
no function), and one is a hybrid gene.
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Figure 2. Real-time PCR genotyping assays can inform SV/CNYV state.
TagMan assay results for the CYP2D6%*4 core variant (1847G>A, rs3892097, panels a and

¢) and 2851C>T (rs16947, panels b and d) which is a core variant of many star alleles,
including CYP2D6%*2, are shown to illustrate how signal ratios and clustering of real-time
genotyping assays can inform copy number (CN) state at the variant site. The “traces”
feature in panels c and d allows the identification of clusters representing samples with
copy number variants. Individuals with a CYP2D6*4x2 duplication are highlighted by the
light blue traces in panel c. These samples represent diplotypes such as CYP2D6*1/*4x2,
*2/%4x2 or *4x2/*41) and form a distinct cluster between the homozygous 1847A/A and
heterozygous 1847G/A clusters suggesting that the sample has a CYP2D6%4 duplication.
As shown in panel d, samples with a CYP2D6*2 duplication such as CYP2D6*1/%2x2,
*2x2/*4 or *2x2/*10), highlighted by light blue traces, cluster between the homozygous
2851T/T and heterozygous 2851C/T clusters. The TagMan assay for 1847G>A produces
more distinct clusters than those observed for 2851C>T. Clustering also improves with
higher sample numbers, including samples with CN variants.
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Figure 3. Graphical overview of CYP2D6 diplotypes containing structural variants.
Each panel shows both alleles of samples with SVS/CNVs detailing the regions commonly

targeted by quantitative copy number assays. Graphs depict CYP2D6 (dark gray), CYP2D7
(red), and CYPZ2D8 (light gray) with boxes representing exons. Green triangles indicate

the gene regions targeted by commonly used TagMan copy number assays. Panel a shows
Coriell sample NA23296, which was genotyped as CYP2D6*2x2/*4. This sample produces
copy number (CN) calls of 3 for each interrogated region. Panel b depicts Coriell sample
NA24217, which has a CYP2D6*2/*41x3 diplotype. This sample produces CN calls of 4
for each of the interrogated regions. Panel ¢ shows Coriell sample HG01190, which was
genotyped as CYPZ2D6*68+*4/*5. Because the CYP2D6*68 hybrid switches to CYP2D7in
intron 1, this sample produces CN calls of 1 when probed with intron 2, intron 6, and exon
9 gene copy number assays; in contrast, the assay targeting the 5’UTR produces a CN call
of 2. Panel d represents Coriell samples NA23093 and NA18563, which were genotyped
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as CYP2D6*1/*36+*10. Because CYPZ2D6*36 has a CYPZD7-derived exon 9, the assay
targeting exon 9 produces a signal only from the *Z and *Z0alleles, yielding a CN call of

2; assays probing the other regions produce CN calls of 3. Finally, panel e illustrates Coriell
sample NA19790, which was genotyped as CYP2D6*1/*13+*2. The CYP2D6*13 hybrid
gene in this sample has CYP2D7-derived exons 1-4 and therefore does not generate a signal
when probed with assays targeting the 5’UTR or intron 2. Thus, CN calls of 2 are produced
for these regions, while the other two assays produce CN calls of 3. CN calls for these and
other Coriell samples with SVs/CNVs are summarized in Table 3.
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Table 1

Terms used to describe structural variants in pharmacogenes, including CYP2D6

Terms
(abbreviation)

What the term means for CYP2D6

Star allele and
haplotype

A star allele (*) describes a haplotype using a defined gene region (e.g., CYP2D6%*1, *2). A star allele can have any
number of variants and contain an SV/CNV. The region used to define CYP2D6 star alleles encompasses 6066 bp
(NG_008376.4 positions 3436 through 9501 counting from the sequence start or -1584 through 4482 counting from the
translation start). The core allele for each star number represents all variants that i) result in an amino acid or ii) have
been shown to alter function and are present in all suballeles.

The term allele is often used to describe all variants present in a gene copy on the nucleotide level (e.g.,aCto G
change); CYPZ2D6 star allele nomenclature should not be used to refer to a single variant unless that star allele only has
a single variant (e.g., *18). For example, 100C>T (rs1065852) itself should not be described as a CYPZD6*10allele
or reported as CYP2D6*10allele frequency because the variant also occurs in many other star alleles or haplotypes,
including the common CYP2D6%*4 allele.

Diplotype and
genotype

A combination of two haplotypes (star alleles) constitutes the diplotype. For example, CYP2D6*2/%10 indicates the
presence of one *2allele and one *0allele.

The term genotype is often used instead of diplotype, although the latter is more accurate.

Structural variation
(SVs) and gene
copy number
variation (CNVs)

An SV is a rearrangement involving a region of DNA =1 kb. SVs include copy-neutral inversions and balanced
translocations, as well as rearrangements resulting in genomic imbalances, such as insertions and deletions. These
genomic imbalances are also commonly referred to as copy number variants (CNVs).

All CNVs are SVs, but not all SVs are CNVs.

Copy number
variation (CNV)

All CNVs are SVs. CNVs include gene deletions (copy number loss) and duplications or multiplications, with the latter
representing copy number gains.

A CNV may include one or several exons or full genes and exceeds 1 kb. There are no known examples of intragenic
duplications or deletions of only one or several exons of CYPZD6.

The terms SV and CNV are often used interchangeably.

Multiallelic CNV
(MCNV)

This term indicates that there are multiple forms of CNVs for a gene. CYP2D6 can be described as multiallelic CNV
because there are alleles with deletions, duplications, or multiple gene copies. This term, however, is rarely used to
describe CYP2D6 CNVs.

Insertion—deletion
variants (indels and
delins)

Insertion—deletion variants (indels) are DNA insertions, deletions, or combined insertion-deletion variants referred to as
delins. These are typically less than 1 kb.

Although the term indel could be used to describe small CYP2D7-derived regions within CYP2D6, these are typically
referred to as “conversions” (see below).

Identical gene
duplications

At least two identical or near-identical copies of the entire CYP2D6 gene on the same allele, e.g., *Ix2, *2x3, *4xN.
Over 90% of CYPZD6 SVs involve identical copies of the gene.

NCBI refers to a duplication of two identical, adjacent DNA regions as a tandem duplication.

Gene duplications may be referred to in the literature or reports as copy number gain.

Non-identical gene
duplications

At least two non-identical gene copies on the same allele. Each gene copy has nine exons. One of the gene copies
may be a hybrid with one or more exons corresponding to CYP2D7. Non-identical gene copies are defined as having
different core star allele designations. Examples include *36+*10, *68+*4, *1+*90, and *164+*4. Non-identical gene
copies should be listed in order of appearance, with the 5’-most gene copy listed first.

Non-identical gene duplications have also been referred to as “tandem” duplications; however, to avoid conflict with
NCBI’s definition, PharmVar does not recommend this terminology.

Full/entire gene

Full or entire gene (or gene copy) indicates that all nine exons are from CYP2D6or CYP2D7.

Gene deletion

Deletion of the entire CYPZD6 gene; this SV is designated as CYPZD6%5. Gene deletions may be referred to in the
literature or in reports as copy number loss.

Hybrid gene

A gene copy consisting of nine exons with portions of CYP2D6and CYPZD7, these have also been referred to as
“fusion” genes in the literature. Designations of CYP2D7:.CYP2D6and CYPZD6.:CYP2D7 are used to differentiate
which gene comprises the 5’ portion of the hybrid. Examples include *13(CYP2D7::CYP2D6 hybrid) and *68
(CYP2D6::CYP2D7 hybrid).

PharmVar defines two categories of CYP2D6.:CYP2D7 hybrid genes. Category A hybrid genes have one or multiple
CYP2D7-derived exon(s), including exon 9, but switch back to CYP2D6 either late within exon 9 or the immediate

3’UTR,; these hybrids have a CYPZ2D6-like downstream region and lack the CYP2D7 spacer. In category B hybrid
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Terms
(abbreviation)

What the term means for CYP2D6

genes, the CYP2D7 portion extends beyond exon 9; therefore, these entities have a CYP2D7-like downstream region.
A *36in a *36+*10arrangement is typically a category B hybrid gene featuring a CYP2D7-like downstream region,
while the singleton *36in a *1/*36 represents a category A hybrid gene with a CYPZD6-like downstream region.

Category A and B hybrid genes are typically not distinguished or specified in clinical reports.

CYP2D7
conversions

A small region of CYP2D7-derived sequence embedded within the CYP2D6 gene. CYP2D7 conversions in intron 1
and exon 9 are often referred to as the “intron 1” and “exon 9” conversions.

A singleton CYP2D6*36 (category A hybrid) is an example of an allele with an embedded exon 9 conversion. The
intron 1 conversion is found on several star alleles, including many *2alleles.

Conversions are typically not detailed in clinical test reports, where they may not be differentiated from hybrids.

Downstream gene
copy

The 3’-most of two or more gene copies on the same chromosome. This gene copy may also be referred to as the
non-duplicated gene copy. For example, CYP2D6*10is the downstream (3’) gene copy of a *36+*10.

Of note, the “non-duplicated copy” may also refer to the allele on the opposite chromosome, e.g., the CYP2D6%*1in a
*1/*36+*10.

Upstream gene copy
or copies

The 5’-most gene copy (or copies) located between the CYP2D7 gene and the downstream (3”) gene copy. This gene
copy may also be referred to as the duplicated gene copy or copies. For example, the CYP2D6#*36 and one of the *10
gene copies are the upstream (5°) gene copies of a *36+*10x2.

Copy Number (CN) | CN assays provide quantitative measurement of copy number at a given genomic location. For CYP2D6, commonly

assays targeted regions for CN assays include the 5’UTR, introns 2 and 6, and exon 9. CN assay calls at these loci are used to
identify CNVs and derive the most likely gene structure.

Singleton The term singleton is often used to indicate that a gene copy, specifically a hybrid gene such as CYP2D6*36 or *68, is

not in a duplication arrangement but rather the only gene copy present.
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Table 2

SV/CNV alleles to exemplify the recommendations.

Page 31

The table provides a selection of

Recommendation Examples Interpretation
w144 A CYP2D6%*1 gene copy on one allele and a *4
gene copy on the other allele.
The allele with the lower star number is written first.
*5/410 A full deletion on one allele and a CYP2D6*10
gene copy on the other allele.
*Ix2
*2x2 Two CYP2D6 gene copies on the same allele.
For identical gene copies on the same allele (in cis), the star *4x2, etc.
allele is followed by an “x” and the number of gene copies. Gene
copies may vary on the suballele level. *2x3 :
If the number of gene copies is unknown, write the star number *41x3 Three CYP2D6 gene copies on the same allele.
followed by “xN”.
*2xN Two or more CYPZD6 gene copies on the same
*36xN allele.

When an SV/CNV is present, but the duplicated allele cannot be
discriminated, write both possible diplotypes; i) if the number
of gene copies is unknown, write the star number followed

by “xN”; ii) alternatively, genotypes may also be reported in
brackets to denote ambiguity.

*2x2/*4 or *2/*4x2

Two CYP2D6*2 gene copies on one allele, and
one *4gene copy on the other allele, or one
*2gene copy on one allele, and two *4gene
copies on the other allele. This may introduce
phenotypic ambiguity.

*2xN/*4 or *2/*4xN

The number of gene copies is unknown, and
it was not determined which allele has the SV/
CNV.

Provision of the genotype in brackets denotes
that it was not determined which allele has the

((:5//:3));/‘3/ SV/CNV; x3 indicates a total number of gene
copies; xN denotes that the total number of
gene copies is unknown.

14400 One CYP2D6%*1 gene copy is upstream of one
*90 gene copy on the same allele.
65474 One CYP2D6*68 hybrid gene copy is upstream
of one *4gene copy on the same allele.
7ok One CYP2D6*13hybrid gene copy is upstream
: : : s 13+°2 of one *2gene copy on the same allele
For non-identical gene copies on the same allele (in ¢/s), or 9 py :
multiple SVS/CNVs on the same allele, the upstream gene copy - : :
is written first, followed by a “+” and the downstream gene copy. *36+*10 One C);PZDﬁ S6hybrid gene copy is Upstream
- N of one *10gene copy on the same allele.
Although the order of the gene copies may not be experimentally
determined in routine clinical testing, they should be displayed in *36x24+%10x2 One or two CYP2D6*36 hybrid gene copies are
their most likely order for consistency. *#364+%10X2 upstream of one or two *20gene copies on the
*36x2+*10 same allele; higher copy number states likely
*36xN+*10xN also exist.
One CYP2D6*13hybrid gene copy is upstream
% % of two CYPZD6#68 hybrid gene copies
13+68x24%4 upstream of one *4gene copy on the same
allele.
1 /4] x2 One CYP2D6*1 gene copy on one allele and
two *Z gene copies on the other allele.
“ox2/%4 Two CYP2D6%*2 gene copies on one allele and
one *4gene copy on the other allele.
For diplotypes containing an SV/CNYV, if both alleles have the
same star number, write the allele without the SV first. One CYP2D6*68hybrid gene copy upstream of
For SV alleles with two nonidentical gene copies, the star one *4gene copy on one allele, and one *10
number of the downstream (3”) gene copy determines whether *68+*4/*10 gene copy on the other allele; the *66+*4 allele
the allele is displayed first or second in a diplotype. is written first due to *4being the 3’ gene with
the lower star number.
One CYP2D6%*2 gene copy on one allele and a
*2/*36+*10 *36 hybrid gene copy upstream of one *10gene

copy on the other allele; the *36+*10is written
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Recommendation

Examples

Interpretation

second due to *Z0being the 3’ gene with the
higher star number.

*1/*13+%*2

One CYP2D67*1 gene copy on one allele, and a
*13hybrid gene copy upstream of one *2gene
copy on the other allele; the *13+*2is written
second due to *2being the 3’ gene with the
higher star number.

For diplotypes that contain SVS/CNVs on both alleles, the
downstream gene with the lowest star number is written first.

*2x2/*41x2

Two *2gene copies on one allele and two *41
gene copies on the other.

*2x2/*68+*4

Two CYP2D6%*2 gene copies on one allele, and
one CYP2D6#68 hybrid gene copy upstream of
one *4gene copy on the other allele.

*13+*2/*36+*10

One CYP2D6*13hybrid gene copy upstream of
one *2gene copy on one allele, and one *36
hybrid gene copy upstream of one *10gene
copy on the other allele.

*68+*4/*1+*90

One CYP2D6*68 hybrid gene copy upstream
of one *4gene copy on one allele and one *I
gene copy upstream of one *90 gene copy on
the other allele.

When an SV/CNV is present, but its structure has not been
further validated, i) a default assignment may be used or ii) all
possible diplotypes written.

*13+%2/*4

The CYP2D6*13 gene copy is defaulted to
being upstream of the *2gene copy as

*13+*4 has not been described. Other possible
diplotypes include i) *2+%*4/%13, ii) *4+*2/*13,
orii) *2, *4, and *13o0n one allele and a *5
gene deletion on the other, although (i), (ii), and
(iii) have not been described and are less likely.

For diplotypes with SV/CNV(s) and SNV(s) that cannot be
reconciled with known star alleles and SV/CNV structures.

n/a

Samples that cannot be interpreted should be
reported as “indeterminate”. In such cases, it
would be appropriate to inform the ordering
provider that additional testing would be
necessary to elucidate the SV/CNV structure(s)
and determine the nature of the CYP2D6 gene
copies present.

Gene symbols for hybrids are separated by a double colon.

CYP2D6:.CYP2D7 or
CYP2D7::CYP2D6

Gene symbols are no longer separated by a
hyphen or forward slash but by a double
semicolon per HUGO recommendation (58).
Adapting this recommendation for CYP2D6
facilitates instant recognition of such gene
structures.
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Table 3

Long-range PCR amplicons can be used to detect and characterize structural variants.

XL- Description

PCR

1 * CYP2D6-specific forward (F) and reverse (R) primers.
 The R-primer spans the spacer insertion site and can be paired with different F primers to amplify longer or shorter amplicons.
* This XL-PCR amplifies each CYP2D6 gene copy in duplications and multiplications.

2  The R primer binds downstream of the CYP2D locus (i.e., the most 3’ gene) and can be paired with different F primers to amplify
longer or shorter amplicons.
« In cases of duplications or multiplications, this XL-PCR only amplifies the 3’ gene copy.

3,4,5 « F primers binding within the CYP2D7-specific spacer (XL-PCR 3), CYP2D7exon 9 (XL-PCR 4), or CYP2D7intron 6 (XL-PCR
5) and paired with an R primer that binds downstream of the CYP2Dé6 locus will produce amplicons from the *5 gene deletion allele
(F primer binds to the remaining CYP2D7 gene copy).
« Since the R primer for these XL-PCRs is neither CYP2D6- nor CYP2D7-specific, it will bind regardless of the nature of the
downstream region of the most 3’ gene in the allele.
* XL-PCRs 3 and 4 also amplify singleton *36if they have a CYP2D7 downstream region, and XL-PCR 5 amplifies singleton *13
hybrids if they switch to CYP2D6 upstream of intron 6.

6 * The F primer is specific for a CYP2D6-derived downstream region, and the R primer binds to the duplication-specific intergenic
region.
* This XL-PCR amplifies if the 5’ gene copy or copies in a duplication or multiplication arrangement have a CYP2D6-derived
downstream region such as *2x2and *41x3, but does not amplify when the 5’ gene copy has a CYP2D7-derived downstream
region, e.g., the *36 of a *36+*10.

7  The F primer is CYP2D6-specific, and the R primer binds to the duplication-specific intergenic region.
« This XL-PCR amplifies the entire 5’ gene copy or copies regardless of whether they have a CYP2D6 or CYP2D7-derived
downstream region.
« Amplicons generated from the latter are 1.6 kb longer due to having the spacer.

8 * The F primer is specific to CYP2D6exon 9, and the R primer is specific to intron 1.
* This XL-PCR amplifies the intergenic region and small parts of the 5’ gene copy (exon 9) down through the 3’ region of the
downstream gene copy (exon 1 and parts of intron 1).
« This amplicon is 1.6 kb longer if the 5’ gene has a CYP2D7-derived downstream region with the spacer.

9 * The F primer is CYP2Dé6-specific, and the R primer is specific for CYP2D7exon 9.
 This XL-PCR amplifies CYP2D6::CYP2D7 hybrid genes.

10 * The F primer is CYP2D7-specific, and the R primer (same as XL-PCR 1) is specific for CYP2D6, this XL-PCR amplifies
CYP2D7::CYP2D6 hybrid genes.
« These hybrid genes can also be amplified with a CYP2D6-specific primer binding to exon 9.

F and R denote forward and reverse primers; XL-PCR, long-range PCR.

The listed XL-PCR reactions represent a selection and are not intended to include the numerous primers and primer combinations that have been
published. The selected reactions illustrate the concept of pairing primers that bind to CYP2D6 or CYP2D7 sequences to amplify specific SVs and
highlight how certain primer combinations can amplify from multiple loci within an allele or amplify from various SVs. See references for primers,

primer pairs,

amplification lengths, and other details (30-34, 63-65).

This table accompanies the XL-PCR amplifications detailed in Figure 1.
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Table 4

Quantitative copy number calls for four commonly targeted gene regions and qualitative testing by long-range
PCR

Diplotype Activity Score (AS) | Coriell ID | 5’'UTR Intron 2 Intron 6 Exon 9 XL-PCRL
Copy number (CN) calls at the targeted region | Amplicons generated
wox /g 2 2 NA23296 3 3 3 3 1,2,6,7,8
*2/*4x2 1 NA19819 3 3 3 3 1,2,6,7,8
*2/%41x3 1.75 NA24217 4 4 4 4 1,2,6,7,8
1/%364%102 125 NA23093 3 3 3 2 1,2,7,9
w1/%134522 2 NA19785 2 3 3 3 1,2,6,8,10
%1/%13452°3 2 NA19790 2 2 3 3 1,2,6,8,10
w144 0134444 1 NA10860 3 3 3 2 1,2,7,9
*1/%36x2+*10 1.25 NA18526 4 4 4 2 1,2,7,9
*1+*90/*36+*10 nfa® NA18642 4 4 4 3 1,2,6,7,8,9
*5/443 n/ab HG03246 1 1 1 1 1,2,3,4,5
*68444/55 2 0 HG01190 2 1 1 1 1,2,3,4,57,9
*5/*36x2+*10x2 0.5 NA18545 4 4 4 2 1,2,3,456,7,9
*36x2+*10/%52 0.75 NA18632 4 4 4 2 1,2,7,9
*13+*2/*68+*4 1 n/a 3 3 3 3 1,2,6,7,8,9,10

lDetaiIs for long-range (XL-PCR) are provided in Table 3 and Figure 1. Amplicons expected to amplify with the various primer combinations are
listed.

ZSee section 7 in the main text and Figure 3 for additional details.

3The CYP2D6*13 gene copy in NA19785 switches in intron 1, while the *73in NA19790 switches in intron 4, thus accounting for the differing

CN calls for introns 2 and 6.

4The upstream CYP2D6*4 gene copy in NA10860 has an exon 9 conversion and thus produced a CN call of 2 for this region; this suballele is
designated *4.013 (note that the *4/Vlegacy designation does not denote “duplication”). Diplotypes with a CYP2D6%*4 duplication containing this
suballele can be reported as *4x2.

Since the function of CYP2D6*90is uncertain, its phenotype is indeterminate (AS = not available); however, based on the presence of one
CYP2D6*1 and one *10gene copy, the AS is at least 1.25; some laboratories may provide a range of AS reflecting *90 having no, decreased,

normal, or increased activity.

Since the function of *43is uncertain, its phenotype is indeterminate (AS = unavailable); some laboratories may provide a range of AS reflecting
*43having no, decreased, normal, or increased activity.
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