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Abstract
There are some data associating variants in the CYP2D6 and/or CYP2C19 genes with concentration-to-dose ratios, e�cacy, and retention in
treatments. However, much of the above arises from relatively small studies or large datasets with limited genotyping methodologies. Our aim was to
develop and validate comprehensive and accurate genotyping methodology for these two genes to facilitate regenotyping in large datasets and hence
the generation of more accurate clinical associations. TaqMan copy number variant (CNV) assays for CYP2D6 were used to identify samples from a
relevant large dataset (GENDEP study, N = 853) with particularly challenging genotypes to call. These and those representing as broad a range of
CYP2D6 and CYP2C19 genotypes as possible by prior available data (AmpliChip CYP450 and TaqMan CYP2C19*17) were chosen for further analysis
(N = 96). Genotyping techniques employed were: Luminex CYP2D6 xTAGv3 and Luminex CYP2C19 xTAGv3, PharmacoScan, the Ion S5 AmpliSeq
Pharmacogenomics Panel, TaqMan single nucleotide variant (SNV) assays, and, for the CYP2D6 hybrids, long-range polymerase chain reactions (L-
PCRs) with Sanger sequencing. Agena was also used for CYP2C19. The TaqMan SNV assays were able to assist with identifying which gene was
duplicated or in tandem for multiple copy variants. A multiplex assay was adaptable for analysis of CYP2D6 hybrid genes, with Sanger sequencing
data being consistent with the data arising; we provide these data for e�cient genotyping of such CYP2D6 hybrid genes with adaptable multiplex
methods. Consensus genotypes generated to date resulted in revision of assigned enzyme activity score for 28/96(29%) and 2/93 samples (2.2%) for
CYP2D6 and CYP2C19, respectively.

Introduction
Many antidepressants, atomoxetine, and several antipsychotics are metabolized by CYP2D6 and CYP2C191–7. The gene (CYP2D6) encoding the
enzyme CYP2D6 is on chromosome 22q13.28 adjacent to two pseudogenes, CYP2D7 and CYP2D89. The high homology between CYP2D6 and these
pseudogenes and the presence of �anking transposable genetic elements makes the region vulnerable to the generation of variable copy numbers of
the CYP2D6 gene and hybrid genes made up of sequence derived in part from CYP2D7 and in part from CYP2D610,11. Such variants are challenging to
characterize for many technologies.

The CYP2C19 gene encoding the CYP2C19 enzyme is located at chromosome 10q23.33, also together with other similar genes12–14. While structural
variants of CYP2C19 have recently been identi�ed15, the more commonly studied haplotypes result from single nucleotide variants (SNVs)16.
Haplotypes are referred to as “star alleles” i.e. *2, *3, etc. as de�ned by PharmVar,10 a consortium which maintains a rigorously curated catalogue of
allelic variation in genes impacting drug metabolism, disposition and response.

Different CYP2D6 or CYP2C19 haplotypes may be associated with different levels of enzyme activity, ranging from haplotypes of loss-of-function
(which give rise to no functional enzyme), to decreased function (which are associated with an enzyme with reduced metabolic activity), to gain-of-
function (associated with increased activity). Haplotype frequencies vary between and within ethnic groups1,4,17,18−20. The study of clinical
associations between variants in these genes and response to relevant medications has been to date limited by the challenging nature of the
genotyping, particularly in the case of CYP2D621. This gene is extremely polymorphic, with single or short sequence variants including indels
(insertions/deletions), sequence derived from CYP2D7 (described as “conversions” such as an exon 9 conversion), and copy number variants (deletions
of the entire CYP2D6 gene, gene duplications/multiplications, and hybrids22 as above described). Our aim was to develop and validate e�cient
methodology, with a suggested algorithm (Fig. 1), for genotyping the range of common functional variants in these two genes.

Materials And Methods
Ninety-six DNA samples (originating from venous blood) were selected from those previously genotyped for CYP2D6 and CYP2C19 using the
AmpliChip CYP450 (Roche Molecular Systems) supplemented by the TaqMan assay C_469857_10 for CYP2C19*17 as part of the Genome-based
therapeutic drugs for depression (GENDEP) study23. Participants were all of self-reported White European ancestry. GENDEP was originally approved
by ethics boards at all participating centres and approval for the work described herein was also provided by the University of Alberta Health Research
Ethics Board - Biomedical Panel. Written informed consent was provided by all participants. The AmpliChip identi�ed 32 CYP2D6 variant haplotypes
(*2, *3, *4, *5, *6, *7, *8, *9, *10, *11, *14, *15, *17, *19, *20, *25, *26, *29, *30, *31, *35, *36, *40, *41, *114 (reported as *14A) *1xN (xN referring to more
than one copy), *2xN, *4xN, *10xN, *17xN, *35xN, *41xN). In addition, it covered CYP2C19 haplotypes *2 and *3. Sample DNA concentrations were
ascertained using �uorimetry-based methods (Qubit or Quanti�uor).

TaqMan copy number variant (CNV) assays
TaqMan copy number variant (CNV) assays for CYP2D6 (assay IDs: Hs04083572_cn and Hs00010001_cn for intron 2 and exon 9 respectively; Thermo
Fisher Scienti�c) were run according to the manufacturer’s protocol on a ViiA7 Real-Time PCR System (Thermo Fisher Scienti�c). Assays were run in
quadruplicate24. Data were analyzed using CopyCaller software version 2.1 (Thermo Fisher Scienti�c) with internal calibrators of known CYP2D6 copy
number according to the manufacturer’s instructions (using a con�dence level of at least 95%, most being above 99%).

Samples for which the TaqMan CNV call across the two probes were not equal were analyzed with a third probe (assay ID Hs04502391_cn for CYP2D6
intron 6). These samples, and those representing as broad a range of CYP2D6 and CYP2C19 genotypes as possible by the AmpliChip CYP450 and
TaqMan CYP2C19*17 assays, or “no call” for CYP2D6 on the AmpliChip CYP450 were then taken forward for further analysis (N = 96). The following
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genotyping techniques were employed: Luminex CYP2D6 xTAG v3 and Luminex CYP2C19 xTAG v 3, PharmacoScan (Thermo Fisher Scienti�c,
Waltham, MA, United States), Ion Torrent S5 AmpliSeq Pharmacogenomics Panel (Thermo Fisher Scienti�c), and TaqMan Drug Metabolism
Genotyping Assays (Thermo Fisher Scienti�c). Data arising from these were then used to select samples for the generation of amplicons by long range
polymerase chain reaction (known as L-PCR)25,26.

TaqMan SNV assays
Haplotype phasing for samples with three copies of the CYP2D6 gene according to the TaqMan, Pharmacoscan, and/or AmpliSeq CNV probe data, and
heterozygous SNV data was conducted by the following methodologies: TaqMan assays for the relevant CYP2D6 SNVs on genomic DNA, and/or L-
PCR speci�c for CYP2D6 duplicated genes followed by genotyping of the L-PCR product using relevant TaqMan SNV assays. The TaqMan SNV assays
used were for CYP2D6*2, *3, *4, *6, *35 and *41 (with assay IDs C_27102425_10, C_32407232_50, C_27102431_D0, C_32407243_20, C_27102444_F0,
and C_34816116_20 respectively). The TaqMan SNV assays for CYP2D6*2, *4, *10 (assay ID: C__11484460_40), and *35 were used on genomic DNA
to conduct haplotype phasing for samples with CNV data consistent with three CYP2D6 genes including a hybrid gene. In addition, a TaqMan assay
(assay ID C__25986767_70) was used to cross-validate a CYP2C19*2-de�ning SNV, rs4244285. Samples were run in duplicate on a ViiA7 Real-Time
PCR System (Thermo Fisher Scienti�c), with genotype calling after visual inspection, outlier exclusion, and manual adjustment of CT threshold settings
as necessary. Data arising from duplicates were compared with each other using an automated method available from the authors at request.

Luminex
The Luminex xTAG CYP2D6 and CYP2C19 Kits v3 (research use only versions) were run according to the manufacturer’s instructions using on a
Luminex 200 system (Luminex Molecular Diagnostics, Inc., Toronto, ON, Canada). The assays use multiplex allele speci�c primer extension (ASPE)
with a bead-based assay system. Haplotypes covered for CYP2D6 are: CYP2D6*2-*12 (including the *5 gene deletion), *14, *15, *17, *29, *35, *41, and
gene duplication. Our own CYP2D6 haplotype translator (available at request) also permits derivation of *4.013, *70, *107 and *114. The RUO software
for CYP2C19 reports CYP2C19*2-*10, and *17.

Ion S5 AmpliSeq Pharmacogenomics Panel
Genotyping using the Ion Torrent S5 AmpliSeq Pharmacogenomics Panel (Thermo Fisher Scienti�c) was conducted according to the manufacturer’s
instructions using an Ion Chef instrument (Thermo Fisher Scienti�c, Waltham, MA, USA). Short stretches of genomic DNA were sequenced, including
regions of CYP2D6 designed to detect gene deletion, duplication and conversion (CYP2D6-2D7 hybrid) events. Following sequencing, data were
analyzed using the GeneStudio Data Analysis software (Thermo Fisher Scienti�c). Sequencing generated an average of 109,454 reads per sample
(mean read length 142.5 bp), with two samples failing quality control (in a manner indicating likely insu�cient template: mapped read numbers of 18
and 51). Variant calling by the Ion Torrent Variant Caller version 5.10.1.19 (Thermo Fisher Scienti�c) generated three text �les: one with the genotype at
each SNV (including 20 CYP2D6 variants and 11 CYP2C19 variants), one for the CYP2D6 exon 9 CNV output, and one for the CYP2D6 gene level CNV
data (based on sequence across nine regions in CYP2D6). Haplotype translation �les were created to derive CYP2D6 and CYP2C19 haplotypes
including various hybrid con�gurations in conjunction with the AlleleTyper software (Thermo Fisher Scienti�c)27.

PharmacoScan
The PharmacoScan array-based technology was run at Neogen Genomics (Lincoln, Nebraska, USA). The resultant data including more than 100
variants in CYP2D6 and 60 variants in CYP2C19 were analyzed using the Axiom Analysis Suite 4.0.3.3 (Thermo Fisher Scienti�c). The latest version
(v8.2) of the manufacturer’s CYP2D6 haplotype translation �le was used. CNV calls were provided by probes for exon 9 of CYP2D6 as well as for the 5’
and 3’ �anking regions as described28.

Long-range PCR assays with characterization of resultant amplicons
L-PCR as described with minor modi�cations to generate an amplicon speci�c for the duplicated CYP2D6 gene29. In brief, for the L-PCR assay that
generates the D amplicon (speci�c for duplicated CYP2D6 genes), we used primers as described (Gaedigk et al. 2007)29, i.e., forward and reverse 5’-
CCAGAAGGCTTTGCAGGCTTCAG-3’ and 5’-CGGCAGTGGTCAGCTAATGAC-3’ respectively, with minor modi�cations to the PCR conditions. Amplicons
were puri�ed by gel extraction (GeneJET Gel Extraction Kit, Thermo Fisher Scienti�c, Waltham, MA, USA), and genotyped using the TaqMan SNV
assays described above.

Samples with unequal calls across the TaqMan, PharmacoScan or AmpliSeq CNV probes were subjected to L-PCR assays to generate amplicons
speci�c for CYP2D6-2D7 or CYP2D7-2D6 hybrids (E, G26, or H30), with minor modi�cations. Amplicons were puri�ed by gel extraction and subjected to
Sanger sequencing (10 µl at 3.5 ng/µl per reaction) using BigDye Terminator version 3.1 chemistry, the Axygen CleanSEQ magnetic beads-based post-
reaction clean up protocol (automated on a Biomek 3000 workstation), and a capillary 3130xl Genetic Analyzer (Thermo Fisher Scienti�c, Waltham,
MA, USA).

Primers for sequencing (Supplementary Table 3) included those used to generate the L-PCR amplicons, those supplied by Dr. Gaedigk31 for CYP2D6
sequencing, one from Hosono et al32, primers described by Broly et al.33, and Gaedigk’s universal fragment A reverse primer31. Sequence traces were
aligned (to sequences available via the PharmVar10 or archived11 CYP2D6 pages) and analyzed using SnapGene software version 5.1.4.1 (GSL Biotech
LLC, Chicago, IL, USA).
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The Agena MassARRAY
The Agena MassARRAY (Agena Bioscience, San Diego, CA, USA) uses matrix-assisted laser desorption/ionization-time of �ight (MALDI-TOF) mass
spectrometry technology for resolving oligonucleotides. We ran 8 CYP2C19 variants to enable calling of 9 haplotypes. Genomic DNA was subjected to
PCR followed by single-base extension with the extension products then being dispensed onto a SpectroCHIP Array and detected via mass
spectrometry as described (Gaedigk et al., 2019)28. Haplotypes were assigned using Typer Analyzer software version v4.1.83 (Agena Bioscience).

Results
CYP2C19

Percentage concordance for Luminex, AmpliSeq, PharmacoScan, and Agena with consensus CYP2C19 genotype are shown in Table 1. All technologies
apart from AmpliChip were able to detect CYP2C19*6 and *8. For CYP2C19*2 and CYP2C19*17, data from all technologies were concordant. 

 

CYP2D6

Comparative genotypic and CNV data across the technologies for samples with one and three copies of the CYP2D6 gene are shown in Supplementary
Tables 4 and 5 respectively. Owing to the “no calls” in the AmpliSeq CNV data, we revised these to manual calls, where possible, after reviewing the vcf
�les. This did result in an improvement in the degree of concordance with consensus genotypes for the AmpliSeq. Data for samples with a CNV call of
two are shown in Supplementary Table 6. 

      While the AmpliChip provided haplotype phasing of CYP2D6xNs (i.e., assignment of a haplotype to one or other of the two chromosomes), the other
technologies included herein do not offer that. We used TaqMan assays on genomic DNA to identify which haplotype was duplicated or multiplicated
based on relative magnitude of signals arising from TaqMan wild-type and mutant probes for each assay (an example is shown in Figure 2). All of our
CYP2D6xNs were duplications with the exception of one sample, which had a CY2D6*41x3. Consistent with this, our TaqMan CNV data were 4, 4, 4,
and the raw PharmacoScan copy number probe calls were 4, 4, 4. 

      Data including consensus genotypes for the samples with hybrids genotyped to date are shown in Supplementary Table 7. Twenty samples had an
unequal call across at least two out of three CNV probesets (TaqMan or PharmacoScan or AmpliSeq); for ten of these, the CNV pattern was consistent
with a CYP2D7-2D6 hybrid, and for ten with a CYP2D6-2D7 hybrid. For all of the CYP2D6-2D7 hybrids, the pattern was consistent with an extra CYP2D6
gene, either on the same haplotype as the hybrid gene (in “cis”), or on the other chromosome 22 (in “trans”). This was also the case for seven of the
CYP2D7-2D6 hybrids. Amplicons consistent with hybrids34 were generated for all 20 samples. Six samples had an unequal call across CNV probes for
only one platform; four of these were genotyped as CYP2D6 duplications (CYP2D6*1x2/*4, *1/*1x2, *2x2/*1 and *2x2/*35) and two as heterozygotes
(*1/*2 and *1/*3.001). For three of these, amplicon G was generated; however, it should be noted that the primer pair for this amplicon will also amplify
up CYP2D7 (Figure 2 in Black et al., 201226, observed where the CYP2D6 downstream gene was *1, *4, or *41; these three all had genotypes including
the *1 and/or *4, speci�cally *1/*2, *1x2/*4, *4x2/*1). 

      L-PCR amplicons speci�c for CYP2D7-2D6 hybrids aligned well to CYP2D6*13 sequences (Supplementary Figures 1A and 1B). Speci�cally, three
samples aligned to the GQ162807 sequence (previously CYP2D6*77) deposited by Gaedigk et al. (2010)30, where CYP2D6*13 is found in tandem
arrangement with CYP2D6*2. The consensus genotype (from data including TaqMan assays) for these samples is CYP2D6*13+*2/*1. Three other
amplicons aligned well to the EU093102 sequence for another CYP2D6*13 variant, which is found as a single gene on one chromosome (Daly et al.,
1996; Gaedigk et al., 2008)35,36, consistent with the consensus genotypes for these samples: CYP2D6*13/*4.013, CYP2D6*13/*1 and CYP2D6*13/*1
(Supplementary Table 7). At this point, we have two remaining CYP2D6*13s for which the exact CYP2D6*13 has not been identi�ed; however, we have
su�cient data to make a consensus genotype call for both (CYP2D6*13+*4/*5, and CYP2D6*13+*2/*41) and all CYP2D6*13 haplotypes have the
same CYP2D6 enzyme activity score (zero, i.e., do not encode any functional CYP2D6 protein) owing to a T insertion in exon 1 that is a frameshift
mutation resulting in premature chain termination22.  L-PCR amplicons for CYP2D6-2D7 hybrids aligned to EU530605 (CYP2D6*4-like34, Supplementary
Figure 2), with one aligning to EU530606 (partial sequence for CYP2D6*6834, Supplementary Figure 3). 

CYP2D6*13+*4/*5 represents a novel haplotype. The CNV data from TaqMan and AmpliSeq were 1, 2, 2 and 1, 2 consistent with the presence of
a CYP2D7-2D6 hybrid (a CYP2D6*13) with a switch region between intron 2 and intron 6. On alignment of the Sanger sequencing data, the sequence
appeared as if the sample was heterozygous from a region consistent with this inferred switch region onwards, with the region prior to this aligning
well to CYP2D7. This would be consistent with our long-PCR having ampli�ed up both a CYP2D7[REP6] (a version of CYP2D7 that has a
CYP2D6 version of the repeat element at its 3’ region, consistent with the 3’ primer used for the long-PCR) and a CYP2D6*13 (legacy designations for
the CYP2D6*13 haplotypes CYP2D6*67, *78, and *8022,37  all have switch regions in the relevant area).   Comparative data from other technologies for
this sample showed genotypes of CYP2D6*4/*4 (AmpliChip), and no call with alternative calls of CYP2D6*4/UNK or *4.009/UNK (Pharmacoscan).
These indicate that a CYP2D6*4 haplotype is also present. Haplotype phasing with the CYP2D6*4 TaqMan assay indicated a deletion on one allele and
the CYP2D6*4 on the other. Therefore we deduced a con�guration of CYP2D6*13+CYP2D6*4/CYP2D6*5, where the CYP2D6*5 deletion has a
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CYP2D7[REP6] followed by a deletion of the CYP2D6 gene. We are proceeding to seek to amplify speci�c regions of the CYP2D6*13 on their own
without the CYP2D7[REP6]. 

      We also subjected the L-PCR G amplicons to genotyping using the Luminex CYP2D6 assay, with a protocol modi�cation. The resultant genotypes at
14 SNVs were consistent with the sequence data (Table 2). For example, the 4181G>C (rs1135840) variant was found in the Luminex and sequence
data for samples aligned to GQ162807 or EU093102, while the 2851C>T (rs16947) variant was wild-type for samples aligned to EU093102 and variant
for samples aligned to GQ162807. For the CYP2D6-2D7 hybrids, our CYP2D6 haplotype translator was able to identify some hybrids (Supplementary
Table 7). An additional 3 (of the 96) samples have a CNV data pattern consistent with a hybrid and are still being characterized. 

Discussion
Consensus genotypes generated in 96 samples for CYP2D6 and 93 samples for CYP2C19 to date resulted in revision of assigned enzyme activity score
for 28/96 (29%) and 2/93 samples (2.2%) for CYP2D6 and CYP2C19, respectively (sample selection enriched for structural variants in CYP2D6). These
changes in assigned activity score were due to both changed genotype assignments and new genotype assignments for samples that were “no calls”
on AmpliChip (Fig. 3). For CYP2C19, the highest concordance with consensus genotype was in the Luminex and PharmacoScan data (100%). Data
from Luminex, Agena, TaqMan, AmpliSeq, PharmacoScan, and AmpliChip were 100% concordant for the CYP2C19*2 and CYP2C19*17, the most
common loss-of-function and gain-of-function haplotypes, respectively, in individuals of European ancestry. No adjustments in the prior AmpliChip
data were therefore required for either of these haplotypes; prior clinical association analyses conducted on the basis of these CYP2C19 haplotypes are
therefore valid (Huezo-Diaz et al., 201223; Fabbri et al., 201838).

For CYP2D6, all technologies other than the AmpliChip were able to reliably detect the CYP2D6*5. Haplotype phasing of CYP2D6xNs was achieved by
using relevant TaqMan assays on genomic DNA (Fig. 2), or by genotyping an amplicon speci�c for the XN. Although using allelic ratios to cluster
TaqMan genotype data leaves a degree of uncertainty around genotypes (e.g., if only one probe ampli�es, it may not be possible to distinguish
between C/C, CC/C, CC/- and C/-), this technique can be used effectively to distinguish different heterozygote groups (Fig. 2). A strength of the sample
set was the availability of prior AmpliChip data including haplotype phasing of CYP2D6xNs. The haplotype phasing thus achieved with our methods
was consistent with the prior data, where available. One sample was genotyped as having a multiplication (i.e., more copies than 2), speci�cally of
CYP2D6*41, which has been previously described29,39. The majority of the revisions in assigned enzyme activity score were due to the inability of
AmpliChip to detect hybrids (Supplementary Table 7) and the inconsistency of CYP2D6*5 detection by AmpliChip.

A focus of recent research on CYP2D6 is the hybrid haplotypes26,40−42. Samples with CYP2D6-2D7 or CYP2D7-2D6 hybrid genes were identi�ed through
multiple methods including genotyping the L-PCR amplicons speci�c for CYP2D7-2D6 hybrids (CYP2D6*13 variants) using the Luminex CYP2D6 assay.
The resultant data were consistent with the speci�c CYP2D6*13 variant sequences to which these samples had been aligned through Sanger
sequencing. It is therefore possible that it might not be necessary to conduct Sanger sequencing of amplicons to identify such hybrid variants:
screening for hybrids using CNV probes and multiplex SNV detection by methods such as Luminex or AmpliSeq may be su�cient. Our CYP2D6
haplotype translator (Supplementary Table 1) was able to identify some hybrid tandems.

Our cross-technology comparisons suggest the following approach for e�cient genotyping of CYP2D6: a multiplex SNV and CNV assay, haplotype
phasing, and L-PCRs with sequencing where necessary (Fig. 1). Appropriate positive controls (e.g., from the Genetic Testing Reference Material
Program (GeT-RM)43, especially for the haplotypes that we did not see in this European sample set and which might be found in other ethnic groups,
should be run with the assays. All of these assays other than the downstream processing of amplicons could be run in parallel, and the downstream
processing of amplicons using a multiplex CYP2D6 assay e�ciently conducted. Different technologies have their strengths and weaknesses,
particularly in regard to coverage of CYP2D6 CNVs. A strategy that would be even more comprehensive, to include novel variants in non-coding regions,
would include sequencing of the CYP2D6-CYP2D7 intergenic region and the CYP2D6 downstream region.

Limitations of this work include the following. Firstly, we have not covered de novo variants. Secondly, the work was conducted in a set of samples
from European individuals being treated for depression, with samples being selected as being representative for genotypes available in the whole set
and with enrichment for CYP2D6 structural variants. As such, we did not �nd CYP2D6 haplotypes that would be more commonly found in other ethnic
groups, such as *29, and therefore although the technologies were able to identify this haplotype, as none were detected in our data, we were not able
to validate the detection thereof. However, of note, there are reference samples available with this haplotype from the Genetic Testing Reference
Material Program (GeT-RM)43. Thirdly, theoretically it is possible that our CNV detection methods resulted in false positive calls for copy number loss in
introns 2 and 6, owing to sequence variation in the relevant regions44. However, as we used three different technologies (AmpliSeq, Pharmacoscan, and
TaqMan), covering probes in multiple regions of CYP2D6 in addition to introns 2 and 6, and subjected any putative hybrid haplotypes to L-PCR and
Sanger sequencing, we do not think this is a signi�cant concern.

We suggest supplementing the CYP2D6 SNV coverage described herein with TaqMan assays as follows a) for haplotyping XNs (13 assays including a
custom assay for an exon 9 conversion SNV for CYP2D6*36, 6 of which we have already used to demonstrate methodology); b) to extend coverage to
haplotypes of > 1% in any ethnic group (6 assays)17,18; c) another CNV assay, for the CYP2D6 5’ region; d) an assay (C__29692254_10) for rs5758550,
which tags a region 100 kb downstream from CYP2D6 proposed to act as an enhancer 45. We have previously validated the C__29692254_10 assay
against PharmacoScan data (concordance 100%)46–48. However, the functional consequence of this SNV on a background of a broad range of
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different haplotypes is at present unknown49. The CYP2C19 haplotypes included in the Luminex assay (CYP2C19*2-*10, and *17) cover the CYP2C19
change-of-function haplotypes currently identi�ed in all ethnic groups at a frequency > 1%19,20 apart from CYP2C19*13, *15, *35, and *18. There are
TaqMan assays available for the �rst three, while for the CYP2C19*18 g.80156G > A SNV, a custom assay is required. For PharmacoScan, the four
haplotypes are already covered. We also suggest an additional TaqMan assay for the c.463G > T variant (rs374036992) that may be found on the
CYP2C19*17 haplotype and introduces a premature stop codon50, and an assay to enable CYP2C19*17 haplotype phasing50. These suggestions for
CYP2C19 cover a greater range of haplotypes than suggested by previous authors51, although we have not yet included coverage of the recently
discovered CYP2C19 structural variants15. TaqMan assays for both CYP2D6 and CYP2C19 can be e�ciently multiplexed.

Our suggested strategy for CYP2D6 and CYP2C19 genotyping is based on the data available to us. There might be other strategies (such as single
molecule long read sequencing52) or modi�ed versions of various technologies that could work just as well. Considerations for choice of methodology
include expected batch sizes of samples, cost and ability to add novel haplotypes. We have derived haplotype translation �les for both CYP2D6 and
CYP2C19 to enable e�cient genotyping, adaptable for use with multiple technologies27. Our suggested genotyping strategy resulted in more accurate
phenotype assignment for CYP2D6 and CYP2C19 in a subset of the GENDEP pharmacogenomic clinical trial, justifying extension of this work to the
remainder of this dataset. In addition, the strategy with the additional assays suggested above provides a method for comprehensive detection of
haplotypes above a frequency of 1% in any ethnic group for clinical implementation.
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Tables
e 1. Percentage concordance for Luminex, Ion S5, PharmacoScan, Agena, and AmpliChip and TaqMan CYP2C19*17 prior data
consensus CYP2C19 genotype

sus Genotype N AmpliChip and TaqMan *17
(% concordance)

Luminex RUO
(% concordance) 

Ion S5 
(% concordance)

PScan 
(% concordance)

Agena 
(% concordance)

*1/*1 44 100 100 97.7 (42/43)1 100 (42/42)2 95.2 (40/42)3

1/*17 24 100 100 100 (22/22) 100 (23/23) 100 (22/22)
*1/*2 16 100 100 100 100 100
17/*17 1 100 100 0(0/1)4 NA5 100 
2/*17 4 100 100 100 100 100 (3/3)
*2/*2 2 100 100 (1/1) 100 100 100 (1/1)
*1/*8 1 0 100 100 100 100
*2/*6 1 0 100 100 100 100

 
One “no call” out of the 43 genotyped using this assay
A couple of CYP2C19*27 haplotypes were found in this group; this is now classified as CYP2C19*1.006
Two “no calls” out of the 42 genotyped using this assay
One “no call”
Not assayed
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enhanced validation, two more samples of CYP2C19*17/*17 genotype by TaqMan were genotyped: one on IonS5, PharmacoScan
Luminex (concordant on all three technologies), and one on Luminex (concordant). A TaqMan assay for CYP2C19*2 cross-

dated AmpliChip data 100% in the full GENDEP dataset. 
 
Table 2. Comparative Sanger sequencing and Luminex genotyping data for 14 CYP2D6 variants in samples with CYP2D7-2D6 hybrid
haplotypes
 

ple Method 31G>A 100C>T 124G>A 137_138insT 882G>C 1660G>A 1708delT 1847G>A 2550delA 2851C>T 2936A>C 2989G>A 3184G>A 4181G>C
93102 NA MUT WT WT MUT WT WT WT WT WT WT WT Sequence

not
present

WT MUT

62807 NA MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT WT WT Low
Signal

WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT WT WT Sequence
not
present

WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT WT WT Low
Signal

WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT WT WT Sequence
not
present

WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT WT WT Low
Signal

WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT WT WT Sequence
not
present

WT MUT

Luminex MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

Sanger MUT WT WT MUT WT WT WT WT WT MUT WT WT WT MUT

 
Samples 1, 2, and 5 align to EU093102, sequence for the CYP2D6*13 haplotype previously known as CYP2D6*66. 
Samples 3, 4, and 6 align to GQ162807, sequence for the CYP2D6*13 haplotype previously known as CYP2D6*77 and found in a
tandem arrangement with CYP2D6*2.

 

Figures
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Figure 1

A suggested algorithm for CYP2D6 genotyping
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Figure 2

A-F. TaqMan CYP2D6*41 allelic discrimination plot (A), with multicomponent plots (B-F) showing different allelic ratios corresponding to the clusters
marked 1-5. This is a C(Ref)>T(Var) SNV. (B) Ampli�cation of only C. Sample genotypes are *1/*1, *1/*1, *1XN/*1, *1X2/*2, *2X2/*1, *1X2/*5,
*1X2/*35. (C) Ampli�cation of C and T, the former more than the latter, indicating a heterozygous *41 sample with more copies of C than T. Sample
genotype is *2X2/*41. (D) Ampli�cation of C and T to the same extent. Sample genotypes are *1/*41, *2/*41, *2/*41, *4/*41, *4/*41, *6/*41, *9/*41,
*10/*41, *35/*41. (E) Ampli�cation of C and T, the latter more than the former. Sample genotype is *41X3/*3. (F) Ampli�cation of only T. Sample
genotypes are *5/*41, *5/*41 *41/*41 (where *5 is a deletion of CYP2D6).
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Figure 3

A-B. (A) Change in distribution of CYP2D6 metabolizer status deduced from genotype, from prior data to revised consensus data (B) Change in
distribution of CYP2C19 metabolizer status deduced from genotype, from prior data to revised consensus data
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