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Interrogation of CYP2D6 Structural Variant Alleles

Improves the Correlation Between CYP2D6 Genotype and
CYP2D6-Mediated Metabolic Activity

Rachel Dalton™!, Seung-been Lee?, Katrina G. Claw®, Bhagwat Prasad®, Brian R. Phillips®, Danny D. Shen®, Lai Hong Wong?,
Mitch Fade?, Matthew G. McDonald*, Maitreya J. Dunham?, Douglas M. Fowler?, Allan E. Rettie®, Erin Schuetz®, Timothy A. Thornton®,
Deborah A. Nickerson?, Andrea Gaedigk’, Kenneth E. Thummel® and Erica L. Woodah!""

The cytochrome P450 2D6 (CYP2D6) gene locus is challenging to accurately genotype due to numerous single nucleotide var-
iants and complex structural variation. Our goal was to determine whether the CYP2D6 genotype-phenotype correlation is
improved when diplotype assignments incorporate structural variation, identified by the bioinformatics tool Stargazer, with
next-generation sequencing data. Using CYP2D6 activity measured with substrates dextromethorphan and metoprolol, activity
score explained 40% and 34% of variability in metabolite formation rates, respectively, when diplotype calls incorporated struc-
tural variation, increasing from 36% and 31%, respectively, when diplotypes did not incorporate structural variation. We also in-
vestigated whether the revised Clinical Pharmacogenetics Implementation Consortium (CPIC) recommendations for translating
genotype to phenotype improve CYP2D6 activity predictions over the current system. Although the revised recommendations
do not improve the correlation between activity score and CYP2D6 activity, perhaps because of low frequency of the CYP2D6*10
allele, the correlation with metabolizer phenotype group was significantly improved for both substrates. We also measured the
function of seven rare coding variants: one (A449D) exhibited decreased (44%) and another (R474Q) increased (127%) activ-
ity compared with reference CYP2D6.1 protein. Allele-specific analysis found that A449D is part of a novel CYP2D6%*4 subal-
lele, CYP2D6*4.028. The novel haplotype containing R474Q was designated CYP2D6*138 by PharmVar; another novel haplotype
containing R365H was designated CYP2D6%*139. Accuracy of GYP2D6 phenotype prediction is improved when the CYP2D6 gene
locus is interrogated using next-generation sequencing coupled with structural variation analysis. Additionally, revised CPIC
genotype to phenotype translation recommendations provides an improvement in assigning CYP2D6 activity.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
Cytochrome P450 2D6 (CYP2D6) is a clinically relevant
pharmacogene, but the predictive value of current phar-
macogenetic tests is limited by the technical challenges
posed by structural variation at the highly polymorphic
CYP2D6 gene locus.

WHAT QUESTION DID THIS STUDY ADDRESS?

How much of the variability in CYP2D6 activity is ex-
plained by single nucleotide variants alone, and does
inclusion of structural variation data improve the associa-
tion? How do revisions to the Clinical Pharmacogenetics
Implementation Consortium (CPIC) recommendations for
translating CYP2D6 genotype to phenotype improve ac-
tivity prediction?

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
CYP2D6 activity score is more predictive of CYP2D6
activity when diplotype assignments are made using both
single nucleotide variant and structural variation data. The
new CPIC-recommended genotype to phenotype transla-
tion method improved the relationship between phenotype
and CYP2D6 activity compared with the current system.
HOW THIS MIGHT CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?

Targeted genotyping platforms may miss important
CYP2D6 single nucleotide and structural variation, result-
ing in incorrect phenotype predictions. Greater precision
can be obtained using targeted next-generation sequenc-
ing in combination with a bioinformatics tool like Stargazer.
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The combination of a wide range of clinically relevant sub-
strates and a well-studied relationship between genetic
variation and enzymatic activity makes cytochrome P450 2D6
(CYP2D6) a logical candidate for clinical pharmacogenetic
testing.1 2To guide the implementation of pharmacogenomic
testing, the Clinical Pharmacogenetics Implementation
Consortium (CPIC) has published six guidelines for drugs
metabolized by CYP2D6 (i.e., codeine, tamoxifen, atom-
oxetine, selective serotonin reuptake inhibitors, tricyclic
antidepressants, and antiemetics). A high degree of variabil-
ity in CYP2D6 activity has been observed among individuals
as well as populations, which can largely be attributed to
variation in the CYP2D6 gene.>* The CYP2D6 gene is noto-
riously difficult to interrogate,® however, due to challenges
imposed by the complexity of the CYP2D gene locus, which
includes a highly homologous pseudogene, CYP2D7, and a
high degree of CYP2D6 variation.®®® Due to such variation,
targeted genotyping panels may miss rare, clinically relevant
variants that are present in an individual but not interrogated,
leading to phenotype misclassification.®>” This is particularly
problematic in diverse populations where there are limited or
no data regarding genetic variation.*”:

In addition to characterizing all single nucleotide vari-
ants and indels (referred to collectively as SNVs for brevity)
when assigning CYP2D6 diplotypes, it is important to con-
sider structural variation. Gene deletions, duplications, and
multiplications, as well as gene rearrangements between
CYP2D6 and CYP2D7, known as hybrid genes, have all
been observed. Structural variation is not uncommon: the
CYP2D6*5 gene deletion occurs at a frequency of 2-6%
worldwide, whereas duplications/multiplications of func-
tional gene units, such as CYP2D6*1xN or *2xN, occur at
frequencies up to 12%.47-10:11

Many current CYP2D6 pharmacogenetic testing pan-
els are designed to detect common alleles as well as
nonspecific copy number variations (e.g., testing for the
presence of deletion and/or duplications, but not neces-
sarily specifying the variation). This approach may result
in ambiguous diplotype calls, however, leading to un-
certainty in phenotype, or CYP2D6 activity score (AS)
assignments. For instance, a duplication observed in an
individual genotyped as CYP2D61/*4 could result in either
a CYP2D6*1x2/*4 (AS = 2) or a CYP2D6*1/*4x2 (AS = 1).
Additionally, the presence ofso-called hybrid genes
(CYP2D6-2D7 and CYP2D7-2D6) may lead to false pos-
itive or negative calls using traditional approaches. For
instance, polymerase chain reaction (PCR)-based CYP2D6
copy number assays may produce erroneous results in
the presence of hybrid genes that lack PCR probe binding
sites.'?>”'* Overestimation or underestimation of CYP2D6
activity is possible if undetected structural variation leads
to a default allele assignment of CYP2D6*1.

Genotyping panels are amenable to automated diplotype
assignment because there are a small number of variants.
More in-depth interrogation, however, requires “manual”
assignment of haplotypes and diplotypes by comparing
the variants found in a sample to those listed in CYP2D6
haplotype definition tables.'®'>'" The large amount of
data obtained via CYP2D6 sequencing make the manual
method cumbersome and prone to error, highlighting the
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need to turn the mental algorithm of manual allele identifi-
cation into a bioinformatics tool. One such tool, Stargazer,
combines SNV calls with structural variation data from
next-generation sequencing to improve the accuracy of
diplotype calls and greatly reduces the labor involved.'®

In clinical settings, CYP2D6 AS is generally grouped into
one of four phenotype classifications: poor metabolizer (PM),
intermediate metabolizer (IM), normal metabolizer (NM), and
ultrarapid metabolizer (UM). Current CPIC definitions, upon
which the majority of findings of this paper are based, group
each phenotype by a range of AS: 0, 0.5, 1-2, and> 2, re-
spectively, for PMs, IMs, NMs, and UMs. Recently, CPIC has
reached consensus on new standardized CYP2D6 genotype
to phenotype translation criteria; major changes include down-
grading the score for the CYP2D6*10 allele from 0.5 to 0.25 and
redefining AS ranges. Under the new definitions, PM remains
an AS = 0, whereas the IM range is expanded to 0.25-1, the
NM range is 1.25-2.25, and UMs include scores > 2.25.1920

The first major goal of this study was to assess the impor-
tance of structural variation in assigning CYP2D6 diplotypes
(e.g., the degree to which the correlation between CYP2D6
AS and in vitro CYP2D6 activity is improved when structural
variation data are included relative to diplotype assignments
made without structural variation data). In light of the recent
consensus on CPIC’s new CYP2D6 guidelines, an additional
goal was to assess whether the revised phenotype groups
were more predictive of CYP2D6 activity than the current
groups. Due to discovery of novel CYP2D6 variants in our
sample set, a final goal was to characterize the effect of rare
CYP2D6 variants on activity and describe novel haplotypes.
As a general approach, we assessed CYP2D6 activity in a
panel of 314 human liver tissue samples using two CYP2D6
probe substrates, dextromethorphan and metoprolol, and
assigned CYP2D6 diplotypes to each sample using next-gen-
eration sequencing data from the PGRNseq platform coupled
with Stargazer, a CYP2D6 allele-calling bioinformatics tool.

METHODS

Chemicals and reagents

Dextromethorphan, metoprolol tartrate, NADPH, potas-
sium phosphate, EDTA, and acetonitrile were purchased
from Sigma-Aldrich (St. Louis, MO). Dextrorphan-d3 and
Carvedilol-d3 were purchased from Cerilliant (Round Rock,
TX), and C/D/N Isotopes (Pointe-Claire, Quebec, Canada),
respectively.

Human liver samples

Human liver tissue samples (n = 314) were obtained from
the University of Washington Human Liver Bank (n = 48) and
the St. Jude Liver Resource at St. Jude Children’s Research
Hospital (n = 266). Institutional review boards at both sites
approved the collection and use of these samples for re-
search. All links between archived tissues and donors were
destroyed; further details described previously.21 Human
liver microsome (HLM) preparation and total protein quanti-
tation were previously described.?'

Protein and messenger RNA quantitation
Microsomal CYP2D6 protein content was quantitated using
a surrogate peptide-based liquid chromatography-tandem



mass spectrometrymethod.?"?> Methods for messenger
RNA (mRNA) quantitation were previously described.??

DNA isolation, CYP2D6 sequencing, RNA-seq
analysis, and CYP2D6 allele and AS assignment
Genomic DNA was isolated from human livers as described.?’
The next-generation sequencing platform PGRNseqversion
1.1 was used to identify CYP2D6 genomic variation, in-
cluding both SNV and structural variation data. PGRNseq
captures all CYP2D6 exons as well as 2 kb of upstream and
1 kb of downstream sequence. It also captures the CYP2D7
pseudogene.24 Allele and subsequent star allele diplotype
assignments were first made manually using PGRNseq
SNV data only. Allele definitions are according to the
Pharmacogene Variation Consortium (PharmVar)."®' Manual
diplotype assignment was performed by cross-referencing
SNVs found in each sample to CYP2D6 allele definitions on
PharmVar, taking a general approach described previously.3
The Stargazer algorithm was then used to detect CYP2D6
structural variation from the next-generation sequencing data
and the star allele diplotype assignments determined manu-
ally were corrected accordingly.'® Values for AS calculations
were assigned to each allele based on CPIC criteria.?>3°

CYP2D6 metabolite formation rate in HLMs

HLM incubations were conducted using a metabolite for-
mation approach to estimate intrinsic clearance, defined
as maximum velocity (V, ) divided by Michaelis-Menten
constant (K ).>"*® Optimization experiments confirmed that
substrate concentrations were below K, incubation times
and total HLM protein content were within linear conditions
of metabolite formation, and< 10% substrate was depleted
over the incubation time (data not shown). Incubations were
performed in triplicate using 20 pg of total HLM protein diluted
in 100 mM potassium phosphate, pH 7.4 and 1 mM EDTA
buffer. HLMs were pre-incubated with substrate (1.5 pM dex-
tromethorphan or 4 pM metoprolol) for 5 minutes at 37°C.
nicotinamide adenine dinucleotide phosphate(final concen-
tration 1 mM) was added to start the reaction and samples
were incubated for 20 minutes (metoprolol) and 30 minutes
(dextromethorphan) at 37°C, respectively. Reactions were
terminated by the addition of ice-cold acetonitrile.

Metabolite and parent drug quantitation

Quantitation of dextromethorphan, dextrorphan, metopro-
lol, and a-hydroxymetoprolol (detailed in Supplementary
Methods) was performed with modifications to pub-
lished methods on an Agilent Technologies G1956B mass
spectrometer coupled to an Agilent 1200 series high-
performance liquid chromatography using a Zorbax SB-C18
21 mm x 150 mm x 5 pm column (Agilent Technologies,
Santa Clara, CA).>*~% The column was maintained at 30°C
with a flow rate of 0.3 mL/minutes for dextrorphan, and 35°C
with a flow rate of 0.25 mL/minutes for a-hydroxymetoprolol.

Functional characterization of rare CYP2D6 variants

Rare variants were characterized in vitro using a cytochrome
P450 S. cerevisiae model (detailed in Supplementary
Methods).**? Methods include construction of yeast
expression plasmids: three controls (wild-type, inactive,
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and intermediate) and seven rare coding CYP2D6 vari-
ants (P8S, S168A, D198N, P267L, V338M, A449D, and
R474Q). Each construct was functionally character-
ized using both a click chemistry-compatible ticlopidine
5'-carboxypropargyl amide probe that has specificity for
CYP2D6 activity and a fluorogenic CYP2D6 substrate, Vivid
7-ethoxymethoxy-3-cyanocoumarin.

Confirmation of novel haplotypes

Allele-specific long-range PCR and Sanger sequencing
were used to determine CYP2D6 haplotypes in two liver
bank samples, as previously described.*?

Statistical analysis

Samples were included for statistical analysis if both
PGRNseq and activity data for at least one probe substrate
were available (n = 314). All analyses were performed using
RStudio (RStudio, Boston, MA). Multiple linear regression
with robust SEs was used to assess the contribution of
selected predictors to the variability observed in CYP2D6
activity (dextrorphan and a-hydroxymetoprolol formation
rates) by assessing improvements in goodness of fit (R2).
Donor age and sex were not included as covariates due to
a lack of significance in a primary analysis, which is con-
sistent with the literature.** Although ethnicity has been
described to contribute to variation in CYP2D6 activity, we
did not include it as a covariate because almost all liver do-
nors were of European descent (95.5%). We also excluded
liver disease and concomitant CYP2D6 inhibitors because
the data were incomplete for most donors. Liver collection
site was included as a covariate due to significant inter-site
differences in mean enzyme activity.

RESULTS

Liver donor demographics

Donor demographics (n = 314) were presented previously
(Table $1).2"2% Data on concomitant medications were
missing or incomplete for most donors and, thus, are not
reported; concomitant use of a strong CYP2D6 inhibitor
(fluoxetine) was reported for only one donor.

Correlation between CYP2D6 mRNA and protein
content and CYP2D6 activity

Mean CYP2D6 activity, expressed as formation rates of
dextrorphan from dextromethorphan and o-hydroxyme-
toprolol from metoprolol, varied significantly between liver
collection sites, consistent with our collaborators’ reports
from these samples.?"?® Therefore, liver collection site was
included as a covariate in all analyses. Formation rates
of dextrorphan and «-hydroxymetoprolol were well cor-
related with one another (.‘?2 = 0.90). Both dextrorphan and
a-hydroxymetoprolol metabolic formation rates were sig-
nificantly correlated with CYP2D6 mRNA (Figure 1a,b; R?
values of 0.24 and 0.21, respectively) and protein content
(Figure 1c,d; R? values of 0.51 and 0.46, respectively).

CYP2DE6 allele and diplotype frequencies and AS re-
assignment following structural variation analysis

We identified 25 different major CYP2D6 haplotypes in
the liver bank samples using the Stargazer algorithm from
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next-generation sequencing data (Table 1), comprising 73
unique diplotypes (Table S2). Nine normal function alleles,
with an aggregate frequency of 54.1%, were assigned a
value of 1 to calculate the AS. Seven decreased function al-
leles (aggregate frequency of 18.9%) received a value of 0.5.
Seven no function alleles (26.1% of the total alleles) received a
value of 0. We identified two increased function alleles, which
received a value of 2. Of the 25 unique alleles, 8 were struc-
tural variants. Representative examples of structural variants
detected by Stargazer are displayed in Figure S1. Allele fre-
quencies reflect the predominantly European descent of the
samples; the three most common alleles were CYP2D6*1
(82.0%), *2(14.3%), and 4 (13.5%), which is consistent with
published reports for this popula’cion.4

AS were calculated for diplotypes identified from SNV data
alone (17 alleles) and for diplotypes identified with the inclu-
sion of structural variation data (25 alleles) using the current
CPIC translational guidelines. Of the samples analyzed, 70
(22.3%) had incorrectly assigned diplotypes based on SNV
data alone. Of importance, the inclusion of structural variation
changed the AS for 25 of those samples, representing ~ 8%
of the investigated liver tissue samples. Figure 2 describes
the diplotypes of the 70 samples with structural variation al-
leles as well as the changes in AS assignments. Both SNV
and structural variation data were derived from PGRNseq
next-generation sequencing results. The column on the left
contains diplotypes assigned manually using SNV data alone,
the corresponding AS, and the number of samples with that
diplotype. The column on the right contains diplotypes as-
signed by Stargazer using the aforementioned SNV data as
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well as structural variation data, the corresponding AS, and
the number of samples with that diplotype. For example,
using SNV data alone, 39 samples were assigned a diplotype
of CYP2D6*1/*1, which has an AS = 2. When diplotypes were
re-assigned using Stargazer, 8 of the samples were *1/*5, re-
sulting in a decrease in AS to 1. The CYP2D6"5 gene deletion
was identified in 25 samples, occurring at an allele frequency
of 3.8%. The importance of including CYP2D6"5 is evident as
the corrected diplotype calls decreased the AS of 18 samples
(5.7%). The remaining seven samples with CYP2D6*5 had
another no function allele; thus, AS did not change. A total
of seven duplicated alleles were identified (i.e., CYP2D6*1x2,
*2x2, and *41x2); these are duplications of functional and
decreased function alleles, increasing the AS for samples in
which they were identified. We also detected a number of hy-
brid tandem structures: CYP2D6*4N+*4, *68 + *4,"36 + *10,
and *13 + "2 (previously known as *77 + *2). Because
CYP2D6*4N, *68, *36, and *13 are nonfunctional, their inclu-
sion did not change the AS assignment.'24

Correlation between CYP2D6 AS and metabolic
activity

The inclusion of structural data for CYP2D6 diplotype call-
ing improved the predictive value of the AS assignments
for both probe substrates, dextromethorphan and metop-
rolol (Figure 3a-d; Table 2). Using SNV data alone, AS
predicted 0.36 and 0.31 of the variability in CYP2D6 ac-
tivity for dextromethorphan and metoprolol, respectively.
With structural variation data included, these coefficients
increased to 0.40 and 0.34, respectively.



CYP2D6 Structural Variants & Phenotype Prediction

Dalton et al.
151
Table 1 Distribution of CYP2D6 haplotypes (n = 628) identified in liver SNV data alone SNV + structural variation data
bank samples = =
Diplotype | AS | n Diplotype | AS | n
Allele n (%) Activity Deletion
_ *1/%1 2 | 39 *1/%5 Vi 8
SNVs and indels *2/%2 2 9 *2/%5 V11 4
*1 201 (32.0%) Normal *35/%35 2 2 *5/%35 v 1 1
*2 90 (14.3%) Normal 41 /%41 1 5 *5/%41 [ 0.5 4
*33 5 (0.8%) Normal *4/*10 I e 3 4/ v 1
*34 1(0.2%) Normal #3 /%3 1 *3/%5 > 1
*35 37 (5.9%) Normal *4/%4 17 *4 /%5 > 4
*39 1(0.2%) Normal Duplication
43 2 (0.3%) Normal *1/*1 7 39 *1/%1x2 A 1
9 22 (3.5%) Decreased *1/*2 2 36 *1x2/*2 ) 1
*10 15 (2.4%) Decreased *2/*35 2 3 *2x2/*35 0 1
*17 4 (0.6%) Decreased *2/*41 15| 16 *2x2/*41 A 125 1
29 1(0.2%) Decreased *1/*4 1 41 *1x2/*4 N 2 1
41 70 (11.1%) Decreased *2/%4 1] 19 *2x2/*4 A2 1
*59 5(0.8%) Decreased *10/*41 i 1 *10/*41x2 15 1
*3 7 (11%) None Hybrid tandem
” 85 (13.5%) None *2/*41 15| 16 *13+%2 /%41 2|15 1
* *, * *, *,
6 6 (1.0%) None *1/*4 il 41 *1/*68+*4 =2>| 1 12
20 3 (0.5%) None 1/%4 il 41 1/*4N+*4 2| 1 2
. *2/*4 1 19 *2/*68+*4 2| 1 5
Structural variants /%35 1 = 335 /"6 14 > 1 2
+
*1x2 3(0.5%) Increased / /
2x2 3(0.5%) Increased A L e i > = L
. 0,
4l x2 1 (0.2 N | *10/*10 1 *10/*36+%10 | =2 | 1 1
o 0.2%) erma *4/%9 9768+ | > 08 1
13+ 72 1(0.2%) Normal *1/%41 14 *41/%68+%4 >0 3
*: * 0,
36 + *10 2 (0.3%) Decreased *4/%41 14 *AN+*4/41 > | 1
4N + 4 4 (0.6%) None *3/4 2 *3/468++4 > 2
*68 + 4 35 (5.6%) None *4,/%4 17 *4/%68+%4 > 5
" 24 (3.8%) None Hybrid tandem + hybrid tandem
SNV, single nucleotide variation. *4/*10 s IR *36+*10/%68+*4 | & [ 0.5 1
*4/*4 17 *68+*4/*68+*4 | > 1
. . Deletion + hybrid tandem
Comparison of the current and revised CPIC *4/% - 17 [ *5/%8+% | > - 2

guidelines for CYP2D6 genotype to phenotype
translation

The revised CPIC system recommends assigning a lower
value (0.25 instead of 0.5) to the CYP2D6*10 allele due
to its severely decreased function.'”® This change af-
fected 16 liver bank samples: AS was decreased by 0.25
in 15 samples and 0.5 in 1 sample. The R? for the cor-
relation between AS and CYP2D6 activity increased only
slightly from 0.40 to 0.41 for dextrorphan formation rate
(Figure 3c,e) and from 0.34 to 0.35 for a-hydroxymetopr-
olol (Figure 3d,f). Using the revised method, the number
of PMs and UMs did not change relative to current CPIC
definitions, but 98 NMs were reclassified as IMs. The R?
increased from 0.27 to 0.31 for dextrorphan formation rate
(Figure 4a,c) and 0.21 to 0.26 for a-hydroxymetoprolol
(Figure 4b,d).

Functional characterization of rare CYP2D6 variants

A total of 180 SNVs were identified by PGRNseq anal-
ysis in the 314 livers tested (Table S3). To explore the
potential contribution of rare coding SNVs, we selected
seven nonsynonymous SNVs with Combined Annotation
Dependent Depletion scores of 0-32 for functional char-
acterization. These SNVs were expressed individually in a

Figure 2 Diplotypes and activity scores assigned with single
nucleotide variation (SNV) data alone and with Stargazer
structural variation data. Columns on the left show diplotypes
and activity scores (AS) assigned using allele calls from SNV data
alone. Corrected diplotypes and AS, based on Stargazer allele
assignments, are displayed in the columns on the right. AS are
color-coded as follows: 3 (dark blue); 2.5 (medium blue); 2 (light
blue); 1.5 (light yellow); 1 (dark yellow); 0.5 (orange); and 0 (red).
Arrows indicate the direction of the change in AS assignments
with the incorporation of structural data: decrease ({), increase
(1), and no change ().

CYP2D6*1 construct, not in the context of the haplotype
in which they were identified. Five exhibited metabolic
activity comparable to the reference (CYP2D6.1) enzyme
(100%), whereas one (rs79392742; A449D) displayed
decreased activity (44.4 + 6.9%) comparable with the
decreased activity P34S control (35.4 + 4.7%; Figure 5).
This finding was confirmed using Vivid7-ethoxymethoxy-
3-cyanocoumarin, a standard fluorogenic CYP2D6
substrate (Figure S2) and consistent with the SWISS-
MODEL,* which predicted that A449D (Combined
Annotation Dependent Depletion score of 32) could in-
terfere with heme binding (Figure S3). The liver carrying
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Figure 3 Association between CYP2D6 metabolite formation rate and CYP2D6 activity score (AS). Dextrorphan formation rate by
AS assigned with single nucleotide variation (SNV) data alone (a), with Stargazer (c), and with revised Clinical Pharmacogenetics
Implementation Consortium (CPIC) definitions (e). Alpha-hydroxymetoprolol formation rate by activity score assigned with SNV data
alone (b), with Stargazer (d), and with revised CPIC definitions (f). Boxes represent interquartile range with interior line representing the
median. Error bars represent 1.5x the interquartile range. Number of samples in each AS category is given in parentheses.

A449D was genotyped as CYP2D6*1/*4. Subsequent
analysis utilizing allele-specific long-range PCR revealed
that A449D is located on the CYP2D674 allele, constituting
a novel suballele, which was designated CYP2D6%4.028
by PharmVar.'>*?® Allele-specific analysis identified that
another nonsynonymous SNV (rs1058172; R365H) was
found on a novel haplotype and designated CYP2D6*139
by PharmVar.'®*® Another variant (rs141756339; R474Q),
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showed increased activity compared with CYP2D6.1 pro-
tein (127 = 8.1%; Figure 5), which was also confirmed
using Vivid7-ethoxymethoxy-3-cyanocoumarin (Figure
S$2). The variant was found in a sample that was initially
called CYP2D6*2/41 by Stargazer; Sanger sequencing
of an allele-specific long-range PCR product identified
R474Q on the CYP2D6*41 haplotype.*® This allele received
a novel star designation by PharmVar: CYP2D6*138."%43
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Table 2 Multiple linear regression: comparison of association between CYP2D6 activity and AS assigned using SNV data only or including

structural variation data from Stargazer

Dextromethorphan Metoprolol
i) SE P value i} SE P value
Prediction of CYP2D6 activity using AS assigned using SNV data only
(Intercept)? -3.71 2.41 0.12 -0.15 0.40 0.71
AS=0.5 6.51 2.90 0.03 113 0.49 0.02
AS =1 22.82 3.34 4.54 x 107" 4.61 0.66 1.38 x 107"
AS=15 32.21 3.60 3.61x 107" 7.26 0.85 7.08 x 1071€
AS=2 52.99 4.49 8.35 x 1077 11.59 0.99 4.36 x 1072¢
Site: UW 30.63 6.02 6.29 x 1077 517 1.31 1.05 x 107*
Degrees of freedom 308 289
R%/adj. R? 0.36/0.35 0.31/0.30
Prediction of CYP2D6 activity using activity scores assigned using Stargazer, based on both SNV and structural variation data
(Intercept)? -2.08 218 0.34 0.19 0.40 0.64
AS=0.5 317 2.98 0.29 0.43 0.53 0.42
AS =1 23.23 317 2.24 x 1072 477 0.66 3.64 x 10712
AS=15 29.75 3.33 3.76 x 1077 6.73 0.83 1.07 x 107"
AS=2 54.98 4.55 8.86 x 10728 11.99 1.05 2.91 x 1072
AS=25 105.89 5.72 7.32x 10752 22.24 1.20 5.90 x 10751
AS=3 49.46 26.20 0.06 8.00 3.98 0.04
Site: UW 28.52 5.76 1.24 x 107° 473 1.27 2.47 x 1074
Degrees of freedom 306 295
R?/adj. R? 0.40/0.39 0.34/0.33

AS, activity score; p, B-coefficient; UW, University of Washington; SNV, single nucleotide variation. Bold values indicate a P < 0.05.

2AS = 0 is incorporated into the intercept.

DISCUSSION

To accurately assign CYP2D6 diplotype and subsequent
translation into phenotype, it is essential to consider both
SNVs and structural variation. Pharmacogenetic tests de-
signed to detect a limited number of alleles and nonspecific
copy number variation may miss rare, clinically relevant
variants that are present in an individual, but not interro-
gated, or result in ambiguous diplotypes that yield a range
of possible activity scores. In this study, the PGRNseq
next-generation sequencing platform was coupled with
the Stargazer interpretive platform to include all SNVs
and structural variation to predictmetabolizer status. We
found that the inclusion of structural variation is essential
to accurately assign CYP2D6 diplotype and AS, improv-
ing the prediction of CYP2D6 activity compared with the
assignment based on SNV data alone. It follows that the
identification of gene deletions, gene duplications/multipli-
cations, and hybrid alleles maximizes the clinical utility of
CYP2D6 pharmacogenetic tests.

When diplotypes were assigned based on SNV data
alone, AS explained 36% and 31% of the variation in
CYP2D6 activity for dextromethorphan and metoprolol,
respectively. When diplotypes were reassigned based on
the Stargazer algorithm that utilizes both SNV and struc-
tural variation data, these numbers increased to ~ 40% and
34%, respectively. Samples with incorrect AS assignments
contained alleles that contribute to “extreme” phenotypes:
the CYP2D6*5 allele harboring a gene deletion or alleles
carrying two or more normal or decreased function gene

copies including CYP2D6*1xN, 2xN, and 41xN. Of the six
samples with gene duplications, three had diplotypes that
would have been assigned the same AS regardless of which
allele was duplicated (*1/*1x2, *2/*1x2, and *35/*2x2), two
had diplotypes that would have been assigned an AS = 1
rather than 2 if the other allele had been duplicated (*4/*1x2
and *4/*2x2), and one would have been assigned an AS = 2
rather than 2.5 (*41/*2x2). If our samples had been tested on
a panel that only reported a nonspecific duplication signal,
it would have been impossible to assign a definitive diplo-
type to half of the samples with duplications. As a result, AS
would be calculated as a range of possible values, which
may not be particularly informative and confusing to pre-
scribers as well as patients. The CYP2D6*4N, *36, *68, and
*13 alleles harboring CYP2D7 sequences are nonfunctional,
and, thus, did not affect AS assignments when in tandem
arrangements with alleles identified via SNV-only analysis.
A CYP2D6*68 + *4 allele for example, receives a value of
0 regardless whether it is called as CYP2D6*68 + *4 or as
CYP2D6*4. They cannot simply be ignored, however, as
their presence can interfere with PCR-based genotyping
assays, resulting in incorrect phenotype predictions. This
is exemplified by a previous study that found that 4 of 33
(12%) duplications detected in a European cohort were ac-
tually hybrid tandem alleles.™

Only one diplotype was irreconcilable between the two
assignment methods. Using SNV data alone, the sample
seemed to be homozygous for 100C>T and heterozygous
for 1847G>A (positions according to the CYP2D6 RefSeq
NG_008376.3) and was called CYP2D6*4/*10. Stargazer
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Figure 4 Comparison between current and revised Clinical Pharmacogenetics Implementation Consortium (CPIC) genotype to
phenotype translation tables for dextromethorphan and metoprolol. Dextrorphan formation rate by phenotype (IM, intermediate
metabolizer; NM, normal metabolizer; PM, poor metabolizer; UM, ultrarapid metabolizer) assigned with current (a) and revised (c) CPIC
definitions; alpha-hydroxymetoprolol formation rate by phenotype assigned with current (b) and revised (d) CPIC definitions. Boxes
represent interquartile range with interior line representing the median. Error bars represent 1.5x the interquartile range. Number of

samples in each phenotype category is given in parentheses.

analysis, however, determined that this sample had a copy
number of 1 and called CYP2D6*4/*5 based on the presence
of 1847G>A. The heterozygous variant call, which showed a
significant allele imbalance, was most likely due to a map-
ping error and interpreted as hemizygosity by Stargazer. The
sample’s CYP2D6 activity (< 0.5 mmol/mg protein/minutes
for both probe drugs) supports a CYP2D6*4/*5 call.

The metabolite formation rates for samples with an
AS = 3 were lower than expected and the small number of
samples (n = 3) with functional gene duplications makes in-
terpretation difficult. One sample in particular, genotyped as
a CYP2D6*1/*1x2, had low CYP2D6 activity for both probe
drugs. It is possible that this is due to inferior liver tissue
and/or HLM quality, a hypothesis supported by the observa-
tion that CYP3A4 activity, determined using the same batch
of HLMs (unpublished data), was also quite low. In general,
variation not accounted for in this study may be from phe-
noconversion caused by donors’ concomitant medications,
variation in genes not considered in this investigation, or dis-
tant regulatory SNVs, such as rs5758550, which has been
described to impact CYP2D6 expression. 647

CPIC’s CYP2D6 guidelines provide recommendations
based on metabolizer phenotypes (e.g., PM, IM, NM, and

Clinical and Translational Science

UM) that are defined based on AS. Due to interlaboratory
discrepancies in criteria used to assign genotype to phe-
notype, a CPIC-led CYP2D6 expert working group created
a new consensus-based genotype-phenotype translation
guideline.'® One notable change is downgrading CYP2D6*10
(to better reflect the level of decreased function) to a value
of 0.25 instead of 0.5 for AS calculation. We found that the
amount of variability explained by AS did not change after
accounting for the CYP2D6*10 downgrade, which may be
explained by the low frequency of this allele in our sample
set. In contrast, phenotypes assigned using the new trans-
lation method explained more variability in CYP2D6 activity
than the current system. The latter was driven by the re-
classification of 98 samples currently defined as NMs now
defined as IMs in the new system. A downside to the new
translation table is that it adds uncertainty when nonspecific
duplications are detected in conjunction with a diplotype,
such as CYP2D6*1/*4. Under the current system, an as-
signment of NM would be made regardless of which allele
is duplicated as NM encompasses an AS range of 1-2. If
the new system is used, the patient’'s genotype would be
either IM or NM depending on which allele is duplicated.
Hence, when using the new CPIC recommended translation
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Figure 5 Functional characterization of rare CYP2D6 coding
variants with CYP2D6 probe tic-ABP1P. Each CYP2D6 variant
was induced in an isogenic yeast strain and function was
characterized with a tic-ABP1P CYP2D6 probe. Fluorescence
was normalized to that of CYP2D6 wildtype (medium grey;
horizontal dashed line represents 100% activity). Control strains
(light grey): empty vector, inactive variant (C443H), and decreased
function variant (P34S). Rare coding variant strains (dark gray):
P8S, S168A, D198N, P267L, V338M, A449D, and R474Q. Error
bars indicate SEs from at least two independent replicates.

method, it is even more important to interrogate structural
variants in order to avoid ambiguous phenotype assign-
ments. To the best of our knowledge, this is the first study
comparing the current and new CPIC translation systems
and demonstrates that phenotype determined with the new
system is a better predictor of CYP2D6 activity.

Within the region of the CYP2D6 locus included in
PharmVar, the liver bank samples contained 44 SNVs that
were not included in any defined CYP2D6 haplotype, 7 of
which have not yet been assigned anrs number, and 6 that
are missense SNVs that could potentially alter function. We
evaluated the catalytic activity of seven rare nonsynonymous
variants and showed that A449D causes decreased activity
similar to P34S (100C>T), a diagnostic, or core, SNV for a
number of decreased and nonfunctional alleles, including
CYP2D6*10. In contrast, R474Q exhibited increased activity
in comparison to the reference protein. These nonsynony-
mous variants were evaluated for function individually in the
reference background, and not within the context of their
haplotype. Subsequent sequencing of allele-specific PCR
products revealed that A449D is part of a novel nonfunc-
tional CYP2D6*4 haplotype, CYP2D6*4.028. Unless this
amino acid change is identified on a functional allele, it is
not clinically relevant. The R474Q amino acid change was
found on an allele harboring SNVs otherwise defining the
decreased function CYP2D6*41 allele. Because R474Q in-
creases function compared with thereference protein, this
amino acid change may offset the reduction in activity ob-
served for CYP2D6741. The activity of the tissue sample
carrying the variant, however, was consistent with its initial
AS assignment of 1.5.
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In summary, for a gene locus as complex as CYP2D6,
analysis of SNVs alone is clearly not sufficient for mak-
ing accurate diplotype calls and phenotype predictions.
Many of the currently available CYP2D6 pharmacogenetic
tests are designed to detect the most common alleles and
interrogate whether gene duplication genes are present,
but do not necessarily determine copy number or specify
which allele is duplicated; furthermore, few laboratories
test for hybrid genes. The combination of Stargazer and
next-generation sequencing offers a solution to many of
the limitations of existing tests. First, it can detect rare al-
leles typically not included on genotyping panels. Second,
the approach identifies the nature of the duplicated gene
copy rather than detecting a nonspecific, and potentially
ambiguous, duplication signal. Third, Stargazer can iden-
tify hybrid gene structures, including those in tandem
arrangements with nonhybrid alleles, solving the problem
of incorrect duplication calls or miscalls due to the inter-
ference of these complex structures. Our findings also
highlight the value of gene resequencing when predicting
phenotype. At the population level, the consideration of
rare variation may enhance clinical outcomes for precision
pharmacotherapy. If we are to strive for precision in the
therapeutic treatment of disease, a feasible first step, as
described in this study, is to consider the full complement
of structural variants, SNVs, and indels for CYP2D6 diplo-
type assignment.
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