1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Pharmacogenet Genomics. Author manuscript; available in PMC 2020 February 01.

-, HHS Public Access
«

Published in final edited form as:
Pharmacogenet Genomics. 2019 February ; 29(2): 39-47. doi:10.1097/FPC.0000000000000363.

CYP2D6 haplotypes with enhancer SNP rs5758550 and rs16947
(*2 allele): implications for CYP2D6 genotyping panels

Balmiki Ray?, Eren Ozcagli2, Wolfgang Sadee?3, and Danxin Wang34
LAssurex Health, 6960 Cintas Blvd, Mason, Ohio 45040

2Department of Pharmaceutical Toxicology, Faculty of Pharmacy, Istanbul University, Beyazit-
Istanbul 34116, Turkey

3Center for Pharmacogenomics, Department of Cancer Biology and Genetics, College of
Medicine, The Ohio State University, 460 West 12" Ave 1005, Columbus, Ohio 43210

4Department of Pharmacotherapy and Translational Research, College of Pharmacy, University of
Florida, 1345 Center Drive MSB PG-05B, Gainesville, FL 32610

Abstract

CYP2D6 metabolizes ~25% of all clinically used drugs, with numerous genetic polymorphisms
affecting enzyme activity and drug response. Clinical utility of current CYP2D6 genotyping is
partially compromised the unresolved complex haplotype structure of the CYP2D6 locus. We have
identified a distal enhancer SNP rs5758550 that robustly increases CYP2D6 expression whereas
rs16947 (CYPZD6%*2), previously considered inert, reduces correct mRNA splicing and
expression, thereby affecting presumed activity of other alleles on the *2haplotype.

Obijectives: This study aims to determine the structure and frequency of haplotypes containing
either rs5758550 or rs16947, or both, together with other relevant CYP2D6 alleles, assigning
predictive enzyme activity scores to each, and addressing ambiguities in estimating diplotypes in
different populations.

Methods: The structure and frequency of haplotypes containing rs5758550 and/or rs16946 in
different populations were determined by using phased genotype data from ‘The 1000 Genomes
Project’. The assigned haplotype-phenotype relationship was tested by associating assigned
CYP2D6 activity score with CYP2D6 enzyme activity in a cohort of 122 human liver microsomes.

Results: Addition of enhancer SNP rs5758550 and *2to a CYP2D6 panel improves prediction
of CYP2D6 activity. Moreover, the haplotype containing rs5758550 and rs16947 predict extensive
CYP2D6 activity more accurately than CYP2D6*2A, a surrogate marker for extensive activity.

Conclusion: With further studies, the results support possible incorporation of rs5758550 and
rs16947 into CYP2D6 biomarker panels for more accurate prediction of CYP2D6 metabolizer
status.

Corresponding author: Danxin Wang, MD, Ph.D, Current address: Department of Pharmacotherapy and Translational Research,
College of Pharmacy, University of Florida, 1345 Center Drive MSB PG-05B, Gainesville, FL 32610, Tel: 352-273-7673; Fax:
352-273-6121, Danxin.wang@cop.ufl.edu.

Conflict of interest: The Ohio State University has applied for a patent covering the use of newly discovered CYP2D6 variants
(inventors DW and WS). WS is member of the Scientific Advisory Board of AssureRx.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 2

CYP2D6; metabolizer status; rs5758550; rs16946; CYP2D6*2; biomarker

Introduction

Cytochrome P450 2D6 (CYP2D6) metabolizes ~25% of currently used medications [1].
Large inter-person variability in CYP2D6 enzyme activity, caused by genetic
polymorphisms, influences drug efficacy, drug dosage, and adverse drug effects [2].
Numerous variants in the transcribed CYP2D6 region have been identified and some result
in non-functional or reduced function of CYP2D6 enzyme (PharmVar: https://
www.pharmvar.org/genes). /n vivo phenotyping studies led to classification of subjects into
poor (PM), intermediate (IM), normal (NM), and ultrarapid (UM) CYP2D6 metabolizers
[3,4]. Listed in the US Food and Drug Administration’s Table of Pharmacogenomics
Biomarkers in Drug Labels (https://www.fda.gov/Drugs/ScienceResearch/ucm572698.htm),
CYPZD6 variants are currently used as biomarker panels for predicting CYP2D6
metabolizer status. The Clinical Pharmacogenetics Implementation Consortium (CPIC) has
published 13 guidelines for CYP2D6Icodeine, CYP2D6lantidepressants and CYP2D6!
tamoxifen gene/drug pairs to facilitate clinical implementation of CYP2D6 biomarker
testing [5-9](see URL link www.CPICpgx.org/guidelines)). The CPIC guideline lists 11
alleles as having normal (wild-type) activity, 12—-14 with reduced activity, and 35-38
abolishing activity [6,8]. The most common *2allele (rs16947, MAF ~40%) is considered to
convey normal activity, while *47 and *29are considered to have reduced activity, present
on the same haplotype as *2. Among all variants, *2, *9, *10, *17, *29, *41, *3, *4, *5, *6
are commonly reported alleles, while others are rare with minor allele frequencies less than
1%, or only presence in certain populations.

Recently, we identified a enhancer SNP rs5758550, which resides within a critical enhancer
region directing CYP2D6 expression, located 115kb downstream of the CYP2D6 promoter
[10,11]. In addition, we demonstrated that the signature variant of the *2allele, rs16947,
previously thought to convey normal enzyme activity, in fact reduces CYP2D6 mRNA
expression 2-fold by affecting exon 6 splicing [11]. The new downstream enhancer SNP
rs5758550 is in high linkage disequilibrium (LD) with *2rs16947, but with lower minor
allele frequency (~20% versus ~40%) compared to rs16947. Therefore, the combination of
*2and rs5758550 affect overall CYP2D6 mRNA expression. In a pediatric cohort, rs16947
alone (on a haplotype lacking rs5758550, ~20% MAF) is associated with reduced CYP2D6
enzyme activity, whereas rs5758550 alone (on a haplotype lacking rs16947, ~2% MAF)
resulted in increased CYP2D6 activity [11]. Haplotypes containing both rs16947 and
rs5758550 minor alleles were similar to the wild-type [11].

Interactions between the gain-of-function enhancer rs5758550 and the reduced function *2
allele resolve conflicting results associated with CYP2D6#*2[12-14]. For example, the SNP
defining *41, rs28371725, an intronic SNP currently used as a biomarker predicting reduced
CYP2D6 enzyme activity, does not substantially affect CYP2D6 expression by itself [11].
Rather *41 marks a *2haplotype containing rs16947 lacking the enhancer SNP rs5758550
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in Caucasian; however, this haplotype structure is weakened in other ethnic groups[11], so
that #*41 fails to accurately predict reduced CYP2D6 activity in African Americans or
Mexicans[15,16].

Current biomarker panels use the surrogate markers CYP2D6*41 and CYPZD6%*2A.
Moreover, co-existence of other non-functional or reduced function variants [17] or
structural variants [18] also affect genotype interpretation, as do CYP2D6 gene duplications
carrying rs16947 [19] but lacking a separate downstream enhancer region — a gene
duplication involving the *2allele without duplicating the downstream enhancer region
could have limited effect. Here we assess CYPZD6 haplotype structure and utility of
biomarker panels in predicting CYP2D6 metabolizer status, taking advantage of phased
haplotype structures of CYP2D6 from the 1,000 genome sequencing project (phase 3). The
goal is to enhance the predictive value of CYP2D6 biomarker panels.

CYP2D6 haplotype structure:

Genotype data were obtained from the ‘1000 genomes project phase 3’, keeping the phasing
information in 1092 individuals (2184 alleles) (Supplemental Table 1, Supplemental Digital
Content 1, http:/links.lww.com/FPC/B333). Eleven commonly reported CYP2D6 variants
(referred to as common variants in this study) were selected (Supplemental Table 2,
Supplemental Digital Content 1, http://links.lww.com/FPC/B333). Haplotypes containing
enhancer SNP rs5758550 and/or *2 SNP rs16947, together with other functional SNPs, were
manually assigned for each individual. Minor allele frequency and linkage disequilibrium
(LD) plots were generated using Haploview. Activity scores were assigned on the basis of
CPIC guidelines[5], and with proposed modifications for rs5758550 and rs16947 containing
haplotypes [10,11] and estimates for gene duplications (not contained in the 1000 Genome
Browser) that need further validation.

Human Liver Microsomes (HLMs):

Individual Human Liver Microsomes (HLMSs) and tissue lysates were purchased from
XenoTech LLC (https://www.xenotech.com). Genomic DNA was prepared from tissue
lysates and genotyped for CYP2D6 common variants using GeneSight assay platform.
Demographical information of the individual HLMs is shown in Supplemental Table 3,
Supplemental Digital Content 1, http://links.lww.com/FPC/B333.

CYP2D6 enzyme activity:

HLMs (0.05 mg protein/mL protein) were incubated at 37°C for 10 minutes with 80 M
dextromethorphan (Sigma D9684) and 1 mM cofactor (NADPH). To terminate the reactions,
20 pL aliguots were dispensed into 80 pL acetonitrile containing stable-labeled dextrorphan-
d3 as an internal standard. The samples were centrifuged Supernatants obtained after
incubation were analyzed for levels of dextromethorphan and CYP2D6-dependent O-
demethylated product dextrophan (pmol/mg protein/min) on an AB Sciex 4000/5000/5500
triple quadrupole mass spectrometer. Stably-labeled d3-dextrorphan served as internal
standard.
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Results and Discussion:

Minor allele frequency of common functional CYP2D6 SNPs and their linkage
disequilibrium in different populations

We used phased genotype data from the “1000 genomes project phase 3’, with DNA samples
from 1092 individuals of different ancestries (Supplemental Table 1, Supplemental Digital
Content 1, http://links.lww.com/FPC/B333), divided into four major populations, European
(EUR), Asian (ASN), African (AFR) and American (AMR). Enhancer SNP rs5758550, *41
(rs28371725), *2(rs16947), promoter SNP rs1080985 and other common CYP2D6 SNPs
(*3, *4, *6, *9, *10, *17, *29) were selected in this study (Figure 1 and Supplemental Table
2, Supplemental Digital Content 1, http:/links.lww.com/FPC/B333). CYP2D6%3, *4, and *6
do not produce functional CYP2D6 enzyme, due to nucleotide deletions (*3and #*6) [20,21]
or splicing defects (*4) [20,22], while *9[23], *17[24,25] and *10[26] reduce enzyme
activity because of amino acid substitutions or deletion (*9). The function of *29
(rs59421388) [27,28] is uncertain, likely be a surrogate marker, because the *29alleles
always contains rs16947 (*2). The minor allele frequencies of these SNPs are shown in
Table 1. While *2(rs16947) is the most frequent SNP in EUR, AFR and AMR, *10
(rs1065852) is the most frequent SNP in ASN. CYP2D6*29and *17are only present in
AFR and AMR, whereas *9and *3are absent in ASN, indicating large differences in minor
allele frequencies in different populations. Also, large differences in linkage disequilibrium
(LD) exist among these SNPs in the four populations (Supplemental Figure 1, Supplemental
Digital Content 1, http://links.lww.com/FPC/B333). The LD structure of EUR is more
similar to that of ASN than to AFR and AMR. Enhancer SNP rs5758550 and *2 SNP
rs16947 are in high LD in EUR, ASN and AMR, but show lower LD in AFR. CYP2D6 *4
(rs3892097) alleles contain rs1065852 (*10) in all populations, but substantially differ in
minor allele frequency in ASN (Table 1).

Haplotypes containing rs5758550 and/or rs16947 in different populations

We assessed the frequency of haplotypes containing enhancer SNP rs5758550, rs16947 (*2),
or both in four populations. The overall frequencies of alleles harboring rs5758550 and/or
rs16947 range from 17% in ASN to 67% in AFR, indicating a high but variable prevalence
in the four populations (Table 2). Also provided in Table 2 are predicted activity scores (on
the basis of mMRNA expression in liver [11]) with the wild-type CYP2ZD6 reference allele
assigned a score of 1. The minor alleles of rs5758550 and rs16947 are assigned activity
scores of 2 and 0.5, respectively, while scores for the other variants are taken from CPIC
guidelines [5]. We grouped the different combinations of rs5758550 and rs16947 into three
haplotypes: H1, rs5758550 without rs16947; H2, rs5758550 with rs16947; and H3, rs16947
without rs5758550. H1, H2 and H3 were further divided into sub-haplotypes based on the
presence of other functional SNPs (*3, *4, *6, *9, *10and *17, Table 2), forming a total of
12 haplotypes with different CYP2D6 activity (see Supplemental Figure 2, Supplemental
Digital Content 1, http://links.lww.com/FPC/B333 for haplotype structure map). Because of
different LD between SNPs in different populations, the frequencies of each haplotype differ
greatly among the four populations (Table 2).
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H1 haplotype----containing only enhancer SNP rs5758550 without rs16947 (*2)
—The H1a haplotype (lacking *3, *4and *10; MAF 1.2% in EUR; Table 2) is projected to
convey increased CYP2D6 activity [11]. However, the co-existence of other functional SNPs
may change the activity of CYP2D6 (H1b, 1c and 1d). In EUR, the alleles most frequently
present in this haplotype are non-functional *4and *3(H1b or H1lc; MAF 0.66% and
0.13%), with 40% of H1 alleles also containing *4or *3, resulting in no CYP2D6 activity
(Table 2). In all EUR, *4and *3 SNPs (rs3892097 and rs1065852), if present, are always on
the same haplotype as H1, forming H1b or H1c haplotypes (Supplemental Table 2,
Supplemental Digital Content 1, http://links.lww.com/FPC/B333). In contrast, this is
uncertain in AFR and AMR with the odds of *4 SNP rs3892097 present on H1 being 25%
and 60%, respectively (Supplemental Table 4, Supplemental Digital Content 1, http://
links.lww.com/FPC/B333), making it ambiguous to assign the correct haplotype or
diplotype. However, because of the relatively low allele frequency of *4 in AFR, the
frequency of H1 also carrying *4 (H1b) is low in AFR (0.2%) (Table 2), indicating that a
majority of H1 alleles in AFR are H1a alleles (frequency 8.5%) with CYP2D6 activity score
of 2. In ASN, H1la alleles are rare, with 44% of H1 alleles also containing rs1065852 (*10),
forming H1d (Table 2). *70(rs1065852) occur on the same haplotype with rs5758550 in all
ASN heterozygous carriers (Supplemental Table 4, Supplemental Digital Content 1, http://
links.lww.com/FPC/B333), conveying an estimated CYP2D6 activity score of 1.

After excluding alleles also containing other functional SNPs, the minor allele frequencies
of rs5758550-alone haplotype (H1a) are 1.2%, 0.9%, 8.5% and 1.9% in EUR, ASN, AFR
and AMR, respectively (Table 2). Since H1a is associated with more than two-fold increases
in CYP2D6 mRNA expression [11], similar to or even greater than CYP2D6%*1 gene
duplication (see discussion below), the prevalence of H1a in all populations, especially in
AFR, is expected to contribute significantly to an ultra-rapid metabolizer status.

H2 haplotypes----containing both enhancer SNP rs5758550 and rs16947 (*2)—
The haplotype H2a containing both rs5758550 and rs16947 conveys normal or slightly
increased enzyme activity[11]. In EUR and ASN, such haplotype appears to exclude other
functional SNPs. However, in AFR and AMR, 60% and 5% of such alleles also contain *17
or *10, respectively (H2b and H2c, Table 2), causing reduced enzyme activity. After
excluding haplotypes also containing other functional SNPs, the frequencies of haplotypes
containing both rs16947 and rs5758550 (H2a) are 22%, 8.4%, 12% and 20% in EUR, ASN,
AFR and AMR, respectively (Table 2), corresponding to nearly 50% of all rs16947
containing alleles in each population.

It is noted that a majority of alleles contained in H2a also harbor promoter region SNP
rs1080985, owing to high LD between enhancer SNP rs5758550 (SNP1) and promoter SNP
rs1080985 (SNP11) (Supplemental Figure 1, Supplemental Digital Content 1, http://
links.lww.com/FPC/B333). This LD relationship accounts for the prediction of normal
CYP2D6 activity using surrogate marker *2A (presence of both rs16947 and promoter SNP
rs1080985 variant), or using presence of rs16947 plus promoter SNP —1584 Cto predict
reduced CYP2D6 activity in Mexicans [16]. Although surrogate marker *2A is always
concordant with haplotype containing both rs5758550 and rs16947, predicting normal
CYP2D6 activity in ASN, EUR and AMR (Table 3a), the rate of concordance is only 44% in
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AFR, caused by lower allele frequency of the promoter SNP rs1080985 in AFR. Therefore,
CYP2D6*2A cannot predict normal CYP2D6 activity in all populations.

H3 haplotypes----containing only rs16947 (*2) without enhancer SNP
rs5758550—Haplotypes containing only rs16947 convey reduced enzyme activity (score
0.5) (Table 2) [11]. In EUR and AMR, such haplotypes exclude most other common
functional SNPs. Yet in ASN and AFR, they also contain *10, *17, *9and *6 (H3b, H3c,
H3d and H3e, Table 2), resulting in strongly reduced CYP2D6 activity or no activity (H3e).
In ASN, rs1065852 (*10) occurs on the same haplotype with rs16947 in less than 10% of
individuals heterozygous for both H3 and Z0* accounting for only 7% of all H3 alleles. On
the other hand, in AFR rs2837106 (*17), rs5030656 ( *9) or rs5030655 (*6) occur together
with rs16947 in all heterozygous carriers (Supplemental Table 4, Supplemental Digital
Content 1, http://links.lww.com/FPC/B333), with 14% of H3 alleles carrying also these
other reduced-function SNPs (H3c, H3d and H3e, Table 2). After excluding the co-existence
of other functional SNPs, the frequencies of haplotype H3a with only rs19647 (reduced
activity score 0.5) are 12%, 6.3%, 24 and 10.5% in EUR, ASN, AFR and AMR,
corresponding to nearly one third of all rs16947 containing alleles in each population.

In EUR and AMR, a majority of H3 alleles also contains *47 SNP rs28371725, rendering
*41 a reasonable surrogate marker for the H3a haplotype, conveying reduced CYP2D6
activity (Table 3b) [11]. Shown in Table 3b, over 70% of H3 alleles also contain *47 in EUR
and AMR. Because of low allele frequency of *47in ASN and AFR, only 44% and 4% of
H3a alleles also contain *41, indicating that a significant portion of H3 alleles (up to 96% in
AFR) with reduced CYP2D6 activity cannot be predicted with *47 (rs28371725) as a
marker (Table 3b). In contrast, a few alleles containing both rs5758550 and rs16947 are
marked by *47 (3 in EUR, 4 in AFR, and 1 in AMR), also leading to false prediction of
reduced activity by *41. Similarly, CYP2D6#*29 (rs59421388) marks the H3a haplotype in
AFR but appears to be only a surrogate marker. CYP2D6*29is exclusively co-existent with
the H3 haplotype in AFR, but because of the lower allele frequency of *29 compared to H3
in AFR (12.4% vs 28%), only 38% of H3 alleles are marked by *29. Therefore, CYP2D6*29
also cannot serve as a surrogate marker for the H3 haplotype nor predict reduced CYP2D6
activity in AFR.

3. Considerations for CYP2D6 genotyping panels and interpretation of genotyping

results

Because surrogate markers cannot accurately predict CYP2D6 enzyme activity in all
populations, and in view of evidence of functionality for rs16947 and downstream enhancer
SNP rs5758550, we propose the possibility to remove surrogate markers (*4 and *29),
change activity scores for *2on the basis of the reduced activity of rs16947, and incorporate
enhancer rs5758550 into CYP2D6 genotyping panels. This results in a streamlined
genotyping panel (Supplemental Table 5, Supplemental Digital Content 1, http://
links.lww.com/FPC/B333), which includes only 9 common single nucleotide
polymorphisms and copy number variation (*5and gene duplications), as well as other less
frequent variants listed in CPIC guidelines [6].
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After assessing the haplotype structure containing rs16947 and rs5758550 in different
populations, we further refine the interpretation of CYP2D6 genotype to reflect haplotypes
with assigned CYP2D6 activity scores in different populations. Specifically, individuals
heterozygous for H3 or H1 and heterozygous for *3, *4, *9, *10 or *17 can be assigned
different diplotypes and CYP2D6 activity scores, resulting in metabolic phenotype
predictions in different populations (Table 4a and b). For example, individuals heterozygous
for H1 and *4should be assigned H1b/*Z in EUR with an activity score of 1, while this is
uncertain for other populations, with AFR more likely being H1a/ *4 with activity score 2.
Similarly, individuals heterozygous for H1 and *70should be assigned diplotype of H1d/*Z
in ASN and H1a/*10in other populations, with activity score of 2 and 2.5, respectively. *6is
more likely to be on the H3 haplotype in AFR, resulting in diplotype of H3e/*Z with an
activity score of 1 in heterozygous carriers, while H3a/ *6 (activity score of 0.5) can be
assigned in other populations. Moreover, *Z7and *9reside on the H3 haplotype in AFR,
resulting in H3c or H3d. In contrast, H3 is unlikely to include other reduced activity alleles
in EUR and AMR, resulting in H3a (score 0.5), while in ASN, there is a 10% chance that
*10 is on the same haplotype with H3. Therefore, an individual’s racial information is useful
when assigning diplotype from genotype data. Information on other less frequent alleles can
be found in CPIC guidelines [5,6] and two recent review papers [19,29].

It is challenging to translate CYP2D6 genotype into phenotype, in particular distinguishing
between UM, NM and IM [19,29]. There are multiple ways to assign metabolic phenotype
from activity scores. According to CPIC guidelines, the activity score for NM is 1-2, while
activity score for IM is less than 1 [6]. The wide range of scores for IM and NM is at least in
part a result of poor correlations between genotype and phenotype because of incomplete
genotyping of all relevant variants (for example enhancer SNP rs5758550) and
misinterpretation of the *2variant. When considering *2as carrying the reduced activity
allele rs16947 and incorporating rs5758550 into genotyping panels, we can narrow the range
of activity scores for NM. We modified the Dutch Pharmacogenetics Working Group
(DPWG) phenotype classification system, with activity scores for NM >1 to 2, and for IM 1
or <1 [29]. Table 4b summarizes the metabolic phenotype assignment based on CYP2D6
diplotype. The different sub-haplotypes of H1 and H3 show different metabolic phenotypes,
reflecting complex CYP2D6 genotype-phenotype relationships. In clinical use, these
complex relationships can be resolved with algorithms that take ethnic background (self-
reported) into consideration, or by applying recently developed software Stargazer to next-
generation sequencing data [30], yielding refined estimates of UM, NM, and IM. Yet these
technologies will require proper clinical trials to define validity and utility in all tested
populations. Moreover, genotype predicted activity scores can be substrate specific as for
codeine and tamoxifen [6,8].

4. Genotype-phenotype relationship in HLM

We then tested the performance of revised CYPZD6 genotyping panel and activity score
system in a cohort of 122 human liver microsomes. CYP2D6 variants were detected using
GeneSight assay platform (Supplemental Table 6, Supplemental Digital Content 1, http://
links.lww.com/FPC/B333). Minor allele frequencies of SNPs tested are in Supplemental
Table 7, Supplemental Digital Content 1, http://links.lww.com/FPC/B333. Shown in Figure
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2, compared to traditional activity score system (panel a), the new activity score system
(panel b) incorporating enhancer SNP rs5758550 and *2yields better linear relationship
between activity score and enzyme activity with statistically significant differences between
each activity score group, consistent with our previous results[11]. Also consistent with
previous results [11], *2alone (H3a haplotype) has reduced enzyme activity compared to
wild-type or *2plus enhancer rs5758550 (H2a) (Figure 3). Moreover, our result shows that
enhancer rs5758550 is better than CYP2D6*2A (promoter rs1080985 plus *2) in predicting
normal or increased CYP2D6 activity associated with H2a haplotype (*2plus enhancer SNP
rs5758550), with F statistics and p value being [F=9.8, p=0.0001] and [F=11.3, p<0.0001]
for *2A and enhancer rs5758550, respectively. Taken together, we have replicated our
previously results[11] in an independent cohort, showing the incorporation of rs16947 and
rs5758550 appears to predict CYP2D6 activity more accurately than a standard CYP2D6
panel. Additional clinical studies are needed to test these predictions in larger cohorts, taking
particular consideration for testing a larger AFR cohort.

5. Activity score for CYP2D6 gene duplication

CYP2D6 gene duplication is considered to double CYP2D6 expression and activity if the
duplicated genes are *Z or *2[6,19,29]. However, our previous results indicate that the
downstream enhancer containing the rs5758550 wild-type allele is critical for normal
CYP2D6 expression, since deletion of this enhancer region reduces CYP2D6 expression at
least twofold in HepG2 cell expressing CYP2D6*1 [31]. CYP2D6 gene duplications exclude
the enhancer region, located over 115kb downstream, so that only one CYP2D6 gene copy
can be regulated by the enhancer. Moreover, CYPZD6 duplications often include the *2
allele, which is frequent in AFR and largely conveys reduced metabolic activity with our
new score system. Therefore, gene copies not controlled by the enhancer may express at
levels less than 50%. Whereas genotype PM is consistent with phenotype PM, the
relationship between genotype UM, based on gene duplications, and phenotype UM remains
uncertain [32]. Only one out of 6 individuals with *1/*1x2 or *1/*2x2 genotype assigned
activity score of >2 showed UM phenotype [33]. Therefore, we propose to assign
CYP2D6*1x 2 an activity score of 1.5 instead of 2 (Table 4a and 4b), and for CYP2D6*2
duplication, the activity score is expect to be close to 1 (score = 1.25). These relationships
suggest that gene duplication may not contribute significantly to the UM phenotype, while
enhancer SNP rs5758550 (H1a) could be a main source for the UM phenotype, consistent
with reports that only 30-40% individuals with UM phenotype carried CYPZ2D6 gene
duplication [33,34]. However, this requires further investigation in large cohorts, and
multiple CYP2ZD6 gene duplications need to be evaluated further.

There are limitations in this study to consider. We only focused on 11 common functional
variants (except for promoter SNP rs1080985 with uncertain activity). There are other rare
variants with reduced enzyme activity that share haplotypes with the enhancer SNP, and
thereby, could change the activity score assignment. For example, reduced activity allele *59
is part of the CYP2D6*2A haplotype (likely also containing the enhancer SNP), displaying
reduced activity rather than normal activity [17]. Moreover, presence of structural variants
can also confound assignment of activity scores [18]. In addition, because of the limited
number of livers studied, the activity of haplotypes with different combinations of enhancer
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and *2alleles cannot be fully evaluated, in particular those with the enhancer SNP allele
lacking *2, expected to be more prevalent in people of African descent.

In conclusion, alleles containing rs16947 and rs5758550 can form different haplotypes with
other common normal, non-functional, or reduced-function SNPs in different populations,
resulting in different CYP2D6 activity. The downstream enhancer SNP rs5758550 without
rs16947 (H1la haplotype) appears to convey higher CYP2D6 activity than CYP2D6 *1 gene
duplication. We propose that panels incorporating enhancer SNP rs5758550 and rs16947
may predict CYP2D6 activity more accurately than current CYP2D6 genotyping panel as
written in the CPIC guideline [6]. This proposal must be validated through further
assessment of CYP2D6 haplotypes with larger, more diverse cohorts as well as testing
modified panels for clinical utility linked to patient outcomes. Our results further point out a
weakness of the *allele nomenclature when it does not accurately reflect the causative
haplotype harboring more than one functional variant, or contain surrogate markers.
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Figure 1.
Structure of the CYP2D6 gene locus on chromosome 22. The location of SNPs included in

this study is shown, together with the numbering used here and either the * allele
designation or the rs number (see Table 1). The transcription start site is indicated with an
arrow on the right.
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Relationship between CYP2D6 enzyme activity in human liver microsomes and activity
score derived from genotype data using CPIC standard score system (a) or new score system
(b). Data are present as box plot. The box and horizontal lines show the 25t and 75t
percentiles and mean, and whiskers show the minimum and maximum values. The

differences between groups were analyzed by ANOVA.
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Figure 3.
Comparing CYP2D6 enzyme activity in liver microsomes with wild-type (*1/*1), H2a

(rs16947 plus rs5758550) or H3a (rs16947 alone) haplotypes. Data are present as box plot.
The box and horizontal lines show the 25t and 75 percentiles and mean, and whiskers
show the minimum and maximum values. The differences between groups were analyzed by
ANOVA.
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Table 1.

Minor allele frequencies of SNPs in different populations.

SNP # | Allelename | rsnumber | EUR | ASN | AFR | AMR
SNP1 enhancer rs5758550 | 0.244 | 0.100 | 0.394 | 0.235
SNP2 *29 1s59421388 0 0 0.124 | 0.006
SNP3 *41 rs28371725 | 0.090 | 0.028 | 0.018 | 0.077
SNP4 *2 rs16947 0.340 | 0.152 | 0.413 | 0.315
SNP5 *9 rs5030656 | 0.021 0 0.006 | 0.017
SNP6 *3 rs35742686 | 0.021 0 0.002 | 0.008
SNP7 *4 rs3892097 | 0.191 | 0.002 | 0.061 | 0.152
SNP8 *6 rs5030655 | 0.018 | 0.002 | 0.010 | 0.006
SNP9 *17 128371706 0 0 0.213 | 0.006
SNP10 *10 rs1065852 | 0.204 | 0.483 | 0.089 | 0.171
SNP11 promoter rs1080985 0.249 | 0.124 | 0.067 | 0.215
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Prediction of normal activity haplotype (H2) by *2A (rs16947 and rs1080985) in four populations

Table 3a.

Frequency in population (%)

Haplotype
EUR | ASN | AFR | AMR
rs5758550 +rs16947 (H2) 224 8.2 12 19.9
rs5758550 + rs16947 with rs1080985 (mark by *2A) 217 8.2 5.5 19.1
% rs5758550 + rs16947 marked by *2A 96 100 44 95
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Prediction of reduced activity haplotype (H3) by *41 in four populations

Table 3b.

Frequency in the population (%0)

Haplotype
EUR | ASN | AFR | AMR
1516947 without rs5758550 (H3) 11.6 6.3 239 10.5
rs16947 without rs5758550 marked by *41 8.6 2.8 1 75
% rs16947 without rs5758550(H3) marked by *41 74 44 4 71
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Predicted activity scores of CYP2D6 diplotypes (allele combinations). Activity scores are the sum of the

Table 4a.

activity scores of each of the two alleles in a given subject.

Page 19

*1 | rs16947 (H3) | rs16947 and rs5758550(H2) | rs5758550 (H1) | *3, *4, *6 *9, *10, *17 | *1x2
and other and other
null reduced
alleles® activity
allelest
*1 2
rs16947 (H3) 1511
rs16947 and rs5758550 2 15 2
(H2)
rs5758550 (H1) 3 25 3 4
*3, *4, *6, *5and other 1 0.50r 12 1 1or2° 0
null alleles
*9, *10, *17and other 15 | 10r1.25¢ 15 2 or 2.54 05 1
reduced activity alleles
*Ix 2 25| 2 25 35 15 2 3
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Table 4b.

Predicted metabolizer phenotypes based on CYPZ2D6 diplotypes (allele combinations). Metabolizer
phenotypes are determined by activity scores in Table 4a. PM, activity scores=0; IM: activity scores=0.5-1;
NM: activity scores= >1 to 2; UM: activity scores >2.

*1 rs16947 (H3) | rs16947 and rs5758550(H2) | rs5758550 (H1) | *3,*4, *6, *9,*10,*17 | *1x2
*5and and other
other null reduced
e activity
alleles H
alleles
*1 NM
rs16947 (H3) NM | IM
rs16947 and rs5758550 NM | NM NM
(H2)
rs5758550 (H1) UM | UM UM UM
*3, *4, *6, *5 and other IM a IM b PM
null alleles M M or NM
*9, *10, *17and other NM c NM d IM IM
reduced activity alleles IM or NM NM or UM
*1x2 UM | NM UM UM NM NM UM

Note:

a’Because H3 is on the same haplotype as *6in AFR, the activity score for *6and H3 combination is 1 (H3e/*Z, IM) for AFR. The activity score in
other populations or H3 with other null allele combinations in AFR are 0.5 (IM).

b'Because H1 is on the same haplotype as *4 and *3 in EUR, the activity score for combination of *4or *2and H1 is 1(IM, H1b/*Z or H1c/ *Z) in
EUR. H1 has 25% and 60% chance of being on the same haplotype with *4in AFR and AMR, respectively, the activity score for combination of
*4and H1 could be 1 or 2 in AFR or AMR. The activity score for H1 and *4or *3combination in ASN or for H1 and other null allele
combinations are 2 (NM).

C'Because H3 is on the same haplotype as *17in AFR, the activity score for combination of H3 and *17is 1.25 (NM, H3a/ *Z) in AFR. The activity
score in other populations or the combination of H3 and other reduced activity alleles are 1 (IM).

d'Because H1 is on the same haplotype as *20in ASN, the activity score for combination of H1 and *Z0is 2 (NM, H1d/*Z) in ASN. The activity
score in other populations or the combination of H1 with other reduced activity alleles are 2.5 (UM).

e'Other null alleles listed in CPIC guidelines, including *5, *7, *8, *11, *12, *13, *14, *15, *16, *18, *19, *20, *21, *31, *36, *38, *40, *42, *44,
*47, *51, *56, *57and *62.

Other reduced activity alleles listed in CPIC guideline, including *49, *50, *54, *55, *59, *69and *72.
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