1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Clin Pharmacol Ther. Author manuscript; available in PMC 2022 July 01.

-, HHS Public Access
«

Published in final edited form as:
Clin Pharmacol Ther. 2021 July ; 110(1): 82-97. doi:10.1002/cpt.2166.

PharmVar GeneFocus: CYP2B6

Zeruesenay Destal, Ahmed El-Boraie?, Li Gong?3, Andrew A Somogyi4, Volker M
Lauschke®, Collet Dandara®, Kathrin Klein?-8, Neil Miller®, Teri E. Klein3, Rachel F Tyndale?,
Michelle Whirl-Carrillo3*, Andrea Gaedigk10*

IDivision of Clinical Pharmacology, Indiana University School of Medicine, Indianapolis, IN

2Centre for Addiction and Mental Health and Departments of Pharmacology & Toxicology, and
Psychiatry, University of Toronto, Toronto, Canada

3Department of Biomedical Data Science, Stanford University, Stanford, CA, USA
4Discipline of Pharmacology, Adelaide Medical School, University of Adelaide, Adelaide, Australia
SDepartment of Physiology and Pharmacology, Karolinska Institutet, 171 77 Stockholm, Sweden

6Division of Human Genetics, Department of Pathology & Institute of Infectious Disease and
Molecular Medicine, Faculty of Health Sciences, University of Cape Town, South Africa

“Dr. Margarete Fischer-Bosch-Institute of Clinical Pharmacology, Stuttgart, Germany.
8University of Tuebingen, Tuebingen, Germany

9Genomic Medicine Center, Children’s Mercy, Kansas City, MO, USA and School of Medicine,
University of Missouri-Kansas City, Kansas City, MO, USA

10Division of Clinical Pharmacology, Toxicology & Therapeutic Innovation, Children’s Mercy,
Kansas City, MO, USA and School of Medicine, University of Missouri-Kansas City, Kansas City,
MO, USA

Abstract

The Pharmacogene Variation Consortium (PharmVar) catalogues star (*) allele nomenclature for
the polymorphic human CYPZ2B6 gene. Genetic variation within the CYP2B6 gene locus impacts
the metabolism or bioactivation of clinically important drugs. Of particular importance are efficacy
and safety concerns regarding: efavirenz, which is used for the treatment of HIV type-1 infection;
methadone, a mainstay in the treatment of opioid use disorder and as an analgesic; ketamine,

used as an antidepressant and analgesic; and bupropion, which is prescribed to treat depression
and for smoking cessation. This GeneFocus provides a comprehensive overview and summary

of CYP2ZB6and describes how haplotype information catalogued by PharmVar is utilized

by the Pharmacogenomics Knowledgebase (PharmGKB) and the Clinical Pharmacogenetics
Implementation Consortium (CPIC).
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CYP2B6 Brief History

The phenobarbital-induced microsomal drug metabolizing enzyme system in rat was
recognized in the early 1960s (1) and facilitated cDNA cloning, as well as the identification
of a similar CYP from a human liver cDNA library in 1985 and 1988 (2, 3). The gene,
previously known as LM2, 11B1, or hlIB was later renamed CYP2B6 and was mapped to
chromosome 19 (19g13.2) (4), located head-to-tail near the closely related non-functional
pseudogene CYPZB7P (2, 3) within the large CYPZABFGST gene cluster (5).

CYPZ2B6is the only gene in the human CYP2B subfamily encoding functional enzyme.
CYP2B6 is mainly expressed in the liver and, to substantially smaller extents, in
extrahepatic tissues such as the alimentary tract, kidney, lung and brain according to the
Genotype-Tissue Expression (GTEX) project (6). Until the end of 1990’s, CYP2B6 was
thought to be an insignificant component of the hepatic P450 system as earlier studies
reported very low or undetectable CYP2B6 protein expression in a significant proportion

of human liver tissues, in part due to a lack of reliable antibodies (7). However, after
specific antibodies were developed and protein was recombinantly expressed (8) microsomal
CYP2B6 protein was detected in all livers. CYP2B6 accounted for ~2-5% of the total
hepatic P450 content (9), but inter-individual variability ranged up to 100-fold (10).

The contribution of genetic polymorphisms to interindividual variability of CYP2B6 activity
was recognized in the early 2000’s by reverse pharmacogenetics. A study using extensive
sequencing and variation scanning in German human liver tissues led to the discovery of
five nonsynonymous and four synonymous single nucleotide variants (SNVs) and these
SNVs (alone or in combination) were assigned to six different CYP2B6 alleles, CYP2B6*2-
*7(11). One of these SNVs (c.516G>T, p.Q172H, rs3745274) was also reported in a
Japanese population in the same year (12). The potential clinical impact of CYP2B6
genetic polymorphisms was first proposed in 2003 for ¢.785A>G (p.K262R, rs2279343) in
a healthy volunteer study using bupropion as a substrate (13). Research on CYP2B6 genetic
polymorphisms was accelerated after the discovery of CYP2B6 as the principal enzyme
responsible for efavirenz clearance in 2003 (14). In 2004, investigators in the US and Japan
showed a significant association of alleles harboring ¢.516G>T with efavirenz exposure and
effect in HIV patients (15, 16). Later on, the ¢.516G>T containing CYPZ2B6* 6 allele was
demonstrated to be associated with a marked decrease in efavirenz metabolism (17).

In 2008, aberrant splicing was shown to be the mechanism by which ¢.516G>T (p.Q172H)
confers reduced activity (18). Both ¢.516G>T and ¢.785A>G are part of the CYP2B6*6
allele but can also be found together on numerous other alleles, as well as occur individually
in *4(¢c.785A>G) and *9(c.516G>T). Importantly, ¢.516G>T is relevant in compound
heterozygous carriers with other SNVs causing decreased function or non-functional protein
(19). In more recent studies, technical advancements allowed identification of several

rare variants as additional sources of CYP2B6 interindividual variability (20-22). It is

now established that the frequencies of the CYP2B6 genetic variants are highly variable
among racial and ethnic populations, which may cause differences in treatment outcome of
efavirenz-based HIV therapy and other CYP2B6 substrates.
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Table 1 summarizes key resources referred to throughout this GeneFocus.

Status of Nomenclature before PharmVar

CYP2B6 star (*) nomenclature was first described in the early 2000’s and catalogued by the
Human Cytochrome P450 Allele Nomenclature Database (23). This nomenclature is focused
on haplotypes to inform the combinatorial effect of all sequence variants on an allele on
enzyme activity. This nomenclature system was widely embraced by the pharmacogenetics
community as a global go-to resource for CYP variations, including CYP2ZB6. Thirty-seven
CYP2ZB6 haplotypes, CYP2B6* 2-* 38, were submitted by investigators to this database

and designated in sequential order they were received before it was transitioned to the
Pharmacogene Variation (PharmVar) Consortium in 2017 (24). Although the original CYP
nomenclature site only required submissions to provide sequence information for exons,
investigators also deposited variants in the upstream gene region which were discovered
searching for regulatory elements. Likewise, sequence variants were also identified in exon-
flanking intronic regions. Although their coverage was inconsistent between submissions
these variants were often included in haplotype definitions regardless of whether they

were experimentally shown to impact CYP2B6 function. Although so-called ‘suballeles’
were also catalogued initially by the Human CYP allele nomenclature database, e.g.,
CYP2B6* 1A-N or*4A-D, this practice eventually ceased.

The information provided by the CYPnomenclature site was utilized by researchers, as well
as by knowledge resources and pharmacogenetics testing and implementation communities
(25). PharmVar identified the need for a standardized allele submission system, well-defined
allele definition criteria and a transparent review process to systematically catalog the
increasing number of genetic variants and haplotypes being discovered. To provide the field
with the most comprehensible data repository, PharmVar is cataloging CYP2B6 suballeles
using a numeric-based system.

In this review, star allele sequence variants are provided relative to their positions in the
CYPZ2B6 reference transcript (NM_000767.5); corresponding protein coordinates are also
provided. For example, the CYP2B6* 5 allele defining variant is referred to as ¢.1459C>T
(p.R487C, rs3211371 [rs number provided when first mentioned]) and causes an arginine to
cysteine change at amino acid position 487.

Clinical Relevance

Despite the identification by the late 1990s of over 70 compounds as substrates, CYP2B6
was thought to play a minor role in human drug metabolism due to the lack of reliable /in
vitrotools to study its regulation, comparative hepatic protein expression and function (26).
However, the discoveries of selective molecular, biochemical, clinical and genomic tools in
the past two decades demonstrated that CYP2B6 plays a much larger role in human drug
metabolism than previously estimated. CYP2B6 was implicated in 4-hydroxylation of the
prodrug cyclophosphamide in 1993, but this reaction was catalyzed by multiple enzymes
and was not selective as a probe (27). The identification of S-mephenytoin N-demethylation
by the end of the 1990’s (28) and the discovery of thioTEPA as the first selective inhibitor
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(29) catalyzed initial /n vitroresearch on CYP2B6. In 2000, bupropion 4-hydroxylation
was shown to be selectively catalyzed by CYP2B6 (30, 31), providing an opportunity to
interrogate CYP2B6 activity /in vitro and qualitatively /n vivo.

The discovery of CYP2B6 as the principal P450 metabolism pathway of the antiretroviral
drug efavirenz in 2003 (14) represented a major advance in the field as this initiated
clinical pharmacogenomic studies. Efavirenz, then a cornerstone of HIV therapy, exhibits
a narrow therapeutic range and high inter-patient variability in its exposure with attendant
variability in both its beneficial and adverse effects (28). The initial link between CYP2B6
genetic polymorphisms and efavirenz exposure and adverse effects was reported in 2004 in
HIV patients (15, 16). Since then, numerous studies conducted in healthy volunteers and
HIV patients from across ethnogeographic groups have established that CYP2B6 genotype
is associated with efavirenz exposure (32), CNS and psychiatric adverse effects (33),
hepatic injury (34) and treatment discontinuation (35). A CPIC guideline of therapeutic
recommendations for efavirenz prescribing based on CYP2B6 genotype was published in
2019 (36). It follows that efavirenz is not only a probe to measure CYP2B6 activity but also
a prototype model drug for evaluating the clinical relevance of CYP2B6.

Currently, CYP2B6 is estimated to metabolize, fully or partially, approximately 8-13% of
clinically important drugs and a long list of other xenobiotics of toxicological relevance

(9, 37). Clinically important drugs for which CYP2B6 metabolic status is a major
determinant of metabolism and response and/or toxicity include nevirapine (38), methadone
(39), bupropion (40), artemisinin (41) and ketamine (42). The metabolism of certain
environmental pollutants (43) and pesticides (21) is also highly dependent on CYP2B6
metabolic status.

Other Factors that can Influence CYP2B6 activity

The expression and function of the human CYPZB6 gene are highly variable among
individuals, which can alter clinical outcomes in patients treated with CYP2B6 substrates.
Besides CYP2ZB6 genetic variation, drug-drug interactions (DDIs) contribute to this
variability. The expression of CYP2B6 is regulated primarily by the xenobiotic constitutive
androstane receptor (CAR) and the pregnane X receptor (PXR) in the liver and is highly
inducible by a variety of drugs including efavirenz and artemisinin (37). There appears to
be a significant interplay between CYP2B6 variation and the extent of DDIs. For example,
the promoter variant that causes increased function (-82T>C, CYP2B6*22, rs34223104)
synergistically interplays with PXR-mediated induction /n vitro (44). Some of the CYP2B6
inducers are substrates of this enzyme (e.g., cyclophosphamide, ifosfamide, efavirenz

and artemisinin) and therefore accelerate their own metabolism affecting clearance or
toxicity upon chronic dosing. The extent of efavirenz autoinduction is relevant in normal
and intermediate metabolizers but not for poor metabolizers (45, 46). The magnitude of
efavirenz-mediated DDIs, caused by enzymes other than CYP2B6, are also influenced by
CYPZB6 genetic variation. For example, efavirenz inhibits CYP1AZ2, an interaction that is
more pronounced in individuals with decreased or no CYP2B6 activity (47). Also, efavirenz-
based HIV therapy reduces the exposure to lumefantrine and levonorgestrel (48, 49) via
CYP3A4 induction probably increasing the risk of CYP2B6 poor/intermediate metabolizers
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of suboptimal lumefantrine and levonorgestrel exposure that may lead to treatment failure.
This underscores the importance of characterizing the pharmacogenomics of the perpetrator
drug (e.g. efavirenz) in assessing DDI risks.

In addition to induction, direct potent enzymatic inhibitors/inactivators of CYP2B6 have
been identified /n vitro, but only a small number of drugs have been tested and found to be
in vivo inhibitors (e.g., voriconazole (50), ticlopidine and clopidogrel (51, 52)). Some herbal
medicines may also impact CYP2B6 activity suggesting that herbal DDIs could contribute
to adverse events or lack of efficacy. For example, Baicalin induces CYP2B6 activity

while extracts from plants such as Hyptis suaveolens, Myrothamnus flabellifolius, Launaea
taraxacifolia, Boerhavia diffusa and Newbouldia laevis, were shown to inhibit CYP2B6
activity in /n vitro recombinant systems (53, 54). Moreover, recent evidence suggests that
inflammation significantly reduces CYP2B6 expression (55) and activity as shown in type 2
diabetes patients (56). For more information on CYP2B6 inhibitors see the Drug Interactions
Flockhart Table (57).

Age-related and sex differences

In human liver banks, CYP2B6 mRNA levels are low during fetal development (58), with
CYP2B6 expression increasing after the neonatal period (birth to 30 days postnatal) (59).
CYP2B6 activity appears as early as the first day of life, increases through infancy, and by
1 year of age, CYP2B6 levels and activity approach those of adults (58). Higher efavirenz
clearance (~47%) was noted in younger children (<5 years old) than in older children (>5
years of age) (60) suggesting age-dependency of CYP2B6 activity. CYP2B6 activity is
increased in pregnancy which may (61, 62) or may not (63) affect drug levels. Estradiol
induces the expression of CYP2B6 mRNA and increases bupropion 4-hydroxylation in
hepatocytes suggesting increased activity during the third trimester (64). There is an
estrogen-response element in the regulatory region of CYP2B6, and a SNV (rs16974799)
in intron 1 may contribute to variation in metabolism of CYP2B6 substrates (65). /n

vitro, females have similar (17, 59) or higher hepatic CYP2B6 levels (i.e., mRNA 3.9-
fold; protein 1.7-fold and activity 1.6-fold) compared to males (66, 67). Among adults,
compared to males, females have significantly faster /n vivo propofol metabolism (68) and
methadone metabolism (68). In contrast, findings are inconsistent for bupropion (40, 69) and
efavirenz pharmacokinetics (30). Taken together, there is evidence supporting that estrogen
can up-regulate CYP2B6, as well as the effect of sex and pregnancy on substrate drug
concentrations, although this effect is not consistent between substrates.

CYP2B6 and the PharmGKB

The PharmGKB collects, curates, and disseminates knowledge about the impact of human
genetic variation on drug response (70). The PharmGKB CYP2B6-dedicated webpage
allows structured access to gene-specific PGx knowledge (71). Information is presented

in sections including prescribing information, drug label annotations, clinical annotations,
variant annotations, and curated pathways. Prescribing information encompasses annotations
of clinical guidelines from sources such as the CPIC and the Royal Dutch Association for
the Advancement of Pharmacy—Pharmacogenetics Working Group (DPWG) and “Rx study
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annotations” that provide genotype-based drug dosing or prescribing information reported in
individual journal articles. One CPIC, one Dutch Pharmacogenetics Working Group and six
Rx study annotations are available for CYP2B6 with CYP2B6-drug pairs.

CYP2B6 and the Clinical Pharmacogenetics Implementation Consortium

(CPIC)

The CPIC develops freely available, evidence-based, clinical practice guidelines for drugs
affected by genetic variations (72). To date, CPIC has published 25 guidelines (of which
11 have been updated), with genotype-based dosing recommendations for 19 genes and

57 drugs across various therapeutic areas. All guidelines and supplemental materials are
freely available on the CPIC website (73). Each guideline has multiple components with
genotype/phenotype-specific therapeutic recommendations at its core, access to the reviewed
evidence, and implementation resources to support the translation of the guideline into
electronic health records (EHRS), as well as an example of clinical decision support (CDS)
text. The CPIC Guideline for CYP2B6 and efavirenz-containing antiretroviral therapy was
published in 2019 (36). CYP2B6-drug pairs of interest for future guidelines are also listed
on the CPIC website and include methadone and nevirapine (74).

The PharmVar site displays CPIC clinical allele function designations (increased, hormal,
decreased, no or uncertain function). Unlike other genes that have been extensively

studied and several guidelines developed (e.g., CYP2C19and CYPZ2D6), there is only

one CPIC guideline for a CYP2B6 gene-drug pair. This guideline summarizes published
evidence and provides therapeutic recommendations for efavirenz prescribing based on
CYPZ2B6 genotypes (36). The development of this CPIC guideline includes the process

for determining allele functionality based on published literature and input from guideline
authors. A table describing allele function has been published as a Supplement to the CPIC
guideline and can be found on PharmGKB [96]. Both /7 vivo (when available) and /in7 vitro
data were used to designate allele function (note that these function designations were made
before CPIC developed a protocol for allele clinical function assignment). If functional
information for an allele was not available, the SNV that is known to drive function was
used by the author group to assign allele function. For instance, ¢.516G>T has been shown
experimentally to reduce CYP2B6 expression via splicing (18). Thus, all haplotypes with
¢.516G>T were designated by CPIC as decreased clinical function (CYP2B6*6,*7,*9,* 19,
*20, * 26, * 34 and *36) or no function owing to the presence of other variants (CYP2B6* 13,
*37and *38). There is variability in the detectable activity between and within alleles
assigned decreased and no function, but any combination of these alleles results in the
patient having a poor metabolizer (PM) phenotype. In contrast to other genes such as
CYP2C190r CYP2D6, CYP2B6 ‘no function’ alleles are rare. It is emphasized that CPIC
assigns allele function based on clinical actionability, not solely on molecular or biochemical
function and that alleles with no clinical function may have some residual activity. The filter
option on the PharmVar display allows the user to sort alleles by CPIC functional status.
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Genotype to Phenotype Translation

An individual has two CYPZB6 haplotypes, one on each chromosome, which constitutes
their diplotype. For example, a CYPZ2B6*6/* 18 diplotype assignment indicates that one
chromosome (or allele) has SNVs defining the CYP2B6* 6 haplotype and the second
chromosome (or allele) has SNVs defining the CYP2B6* 18 haplotype. The term “genotype”
can refer either to the sum of all detected SNVs or to a person’s diplotype. In certain cases,
assigning haplotypes to each chromosome may be difficult. If a person is heterozygous

for e.g. ¢.516G>T, ¢.785A>G, and ¢.1459C>T, they can be assigned as CYP2B6*1/*7

(all variants in ¢/s) or as CYP2B6*5/*6 (c.1459C>T being in trans with ¢.516G>T and
c.785A>G). In order to distinguish haplotypes such as these, SNV linkage may need to be
experimentally determined (75).

For phenotype classification, individuals are categorized into the five CPIC-recommended
phenotype categories: poor (PM), intermediate (IM), and normal (NM) (formerly EM,
extensive metabolizer), rapid (RM), and ultrarapid (UM) metabolizers (36). There is limited
evidence that CYP2B6*4and *22alleles are associated with increased function. The
phenotype categories of CYP2B6 RM (one normal function and one increased function
allele, e.g. CYP2B6*1/*22) and CYP2B6 UM (two increased function alleles, e.g., *22/*22
and *4/*22) were created to allow for the possibility that these may be clinically relevant for
some CYP2B6 substrates. Any combination of alleles classified by CPIC as no function
and/or decreased function alleles are categorized as poor metabolizers. CYP2B6*6is
classified as ‘decreased function’ by CPIC, where a patient with a CYP2B6* 1/* 6 genotype
is categorized as an IM, and a CYP2B6*6/* 6 genotype as a PM. The CYP2B6*6/*6
genotype was reported to retain, on average, about 34% of activity compared to NM
individuals with a reference CYP2B6* 1/* 1 genotype (36). In contrast, CYP2B6*28is
categorized by CPIC as a ‘no function’ allele due to ¢.1132C>T (p.R378X, rs34097093) that
introduces a stop codon in exon 7 leading to a truncated protein that lacks the heme binding
site (76). Thus, PM patients with a CYP2B6* 28/* 28 genotype have no enzyme activity.
Patients genotyped as CYP2B6*6/* 28 are also categorized as PM and are predicted to have
activity between that observed for *6/* 6 and *28/* 28. Unlike CYPZD6and CYP2C9 genes,
which utilize the Activity Score system to facilitate genotype to phenotype translation,

the process for CYP2ZB6 is based on the combination of increased, normal, decreased and
no function alleles as provided in the Diplotype-Phenotype-Table (77) which provides all
possible CYP2ZB6 genotypes (diplotypes) and their respective phenotypes.

Need for standardized genetic variation definitions and reporting of

functional/clinical impact

To support research and clinical implementation, it is imperative to understand CYP2B6
variation, as well as allele and genotype function. While the function of the underlying
genetic variant is known for several alleles, the function of others remains unknown or
uncertain. /n vitro functional analysis may produce inconsistent results which may be due,
at least in part, to differences among test systems or substrates used (78, 79). We refer to

the CYPZB6 functionality table for a detailed summary (77). Another challenge for function
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prediction is substrate dependent effects. For example, the CYP2B6* 6 allele is associated
with decreased efavirenz metabolism, but appears to confer enhanced cyclophosphamide
metabolism (10, 80). Thus, except for true no function alleles, functional data should be
extrapolated with caution. While CYPZB6 genetic variability for major ethnic groups are
described (36), there is still a knowledge gap for many minority populations. Emerging
evidence also suggests that co-medications may not affect all CYP2B6 variants equally and
the extent of DDIs may be CYP2B6 substrate and genotype-dependent (see “Other Factors
that can Influence CYP2B6 activity” for details).

For many genes encoding drug metabolizing enzymes including CYP2B6, haplotype
information is critical to precisely predict a person’s metabolic capacity towards the large
number of drugs metabolized by CYP2B6. As exemplified above for CYP2B6*6and * 9, it
is sometimes difficult to unambiguously determine a person’s genotype (e.g. *2/*6vs *4/*9
in which case the more common * 7/* 6 genotype is assigned by default). It is important

to realize that these two SNVs also occur in CYPZ2B6* 13, *37and * 38 which are no
function alleles. Thus, if only ¢.516G>T/c.785A>G is tested these alleles may potentially be
misclassified as CYP2B6*6in rare cases. To complicate matters further, function altering
SNVs such as ¢.516G>T/c.785A>G may also be linked with different combinations of
SNVs in the upstream and 3’UTR regions which may contribute to variability among
CYP2B6*6 alleles. Once these differences are better understood, alleles now catalogued

as CYPZB6* 6 suballeles may need to receive their own star designation to reflect these
functional differences. This may also be true for other alleles. Thus, nomenclature is a
dynamic process and will further evolve over time.

The need for standardized testing and reporting aligns with recent reports emphasizing that
clinically actionable PGx information must be accurately represented in EHRs by using a
harmonized system for genotype and phenotype information (81) (and references therein).
Although many laboratories utilize star nomenclature as recommended by PharmVar and
used by CPIC, there are interlaboratory differences in testing approaches and reporting
(genotyping data may be described as chromosomal or genomic positions on a reference
sequence, as an amino acid change, rsID, and/or using star allele nomenclature) (82). While
test recommendations have been published for CYP2C9and CYP2C19(83, 84), no such
guidance exists for CYP2B6. We believe that the utilization of star allele nomenclature as
provided by PharmVar (25) will minimize “mis-interpretation” of a genotype result and its
clinical implication(s).

The two end-user groups benefiting the most from standardized allele designations are
clinicians and patients. Standardized terms and language will help clinicians to convey

and explain results and patients to understand the meaning of test results. Consistent
nomenclature is necessary for the integration of PGx into EHRS, the establishment of
clinical decision support algorithms, and the design of clinical support tools and consistent
test interpretation across healthcare systems. Finally, harmonized nomenclature also benefits
basic and medical research.
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The CYP2B6 Gene Locus

CYP2B6 and its closely related pseudogene CYP2B7 are located within a large CYP2gene
cluster that also includes the CYP2A and CYP2F genes (Figure 1A). The CYP2B6 gene is
27 kb long and comprises 9 exons encoding 491 amino acids. The gene harbors particularly
large introns of which the 12 kb long intron 2 is most notable. The nearby presence of

the highly homologous CYPZ2B7 gene requires careful attention to avoid inaccurate variant
calls via off-target genotyping amplification or sequencing. CYPZB6and CYPZB7exon
sequences differ only by 60 nucleotides (96% homology) (Figure 1) and many SNVs
observed for CYPZ2B6 correspond to the reference nucleotide found in CYP2B7 including
CYP2B6¢.983T>C (p.1328T; rs28399499).

SNVs in the CYPZB6 locus have been identified in both coding and noncoding 5’ and 3’
regions. Since CYP2ZB6 is highly inducible and subject to transcriptional regulation (85),
SNVs in the promoter region can impact expression levels and thereby alter function (66,
86). One example is the increased activity CYP2B6* 22 allele which has four SNVs in the
upstream region, of which one resides within the putative TATA box domain and impacts
gene expression (86). Genetic variation in the 3’UTR has been shown to alter function

by interfering with microRNA regulation (87). Consequently, the PharmVar gene experts
recommended that CYP2B6 allele definitions should include —2330 bp of upstream region
and 1500 bp of the 3’UTR (relative to the translation start and stop codons, respectively).
This allows PharmVar to catalogue more detailed haplotype information on the suballele
level. Should novel information arise regarding the impact of SNVs in the upstream or
3’UTR regions, alleles will be reclassified based on PharmVar standards.

The CYP2B6 gene is also characterized by structural variation. Unequal crossover
recombination events within intron 4 of CYP2B6and CYPZB7 have resulted in

various hybrid forms of these two genes. PharmVar lists these deletion (CYP2B6*29)

and duplication (CYP2B6*30) events as structural variations (Figure 1B). Additional
information regarding CYP2B6 structural variants can be found in the “Structural Variation”
document on the PharmVar CYPZB6 gene page (88).

CYP2B6 allele, genotype, and phenotype frequencies across populations

Substantial differences in allele frequencies occur across ancestrally diverse groups. The
CYPZ2B6 frequency table available at PharmGKB (77) summarizes population-based allele
frequencies reported in the literature. Studies were considered for inclusion if (i) the
ethnicity of the population was clearly indicated, (ii) either allele or genotype frequencies
were reported, (iii) the methodology by which the genes were genotyped was indicated, (iv)
the sample population consisted of at least 50 individuals with a few exceptions, and (v) the
study represented an original publication. The ethnicities/locations reported in the articles
are mapped into seven geographically defined groups (American, Central/South Asian, East
Asian, European, Near Eastern, Oceanian, and Sub-Saharan African) and two admixed
groups (African American/Afro-Caribbean and Latino) using the biogeographical grouping
system developed by PharmGKB (89). The CYPZB6 frequency table is periodically
updated and contains multiple tabs summarizing “allele frequencies by biogeographical
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group”, “diplotype frequencies by biogeographical group”, “phenotype frequency”, and
“references”; the latter describes allele frequencies for each publication included in the
listing, which also allows the user to customize allele frequencies as needed. There are a
number of limitations regarding the accuracy of allele frequencies including: (i) they are
based on published allele frequency data (limited for some populations); (ii) most studies
test for a limited number of allelic variants, and multiple SNVs reside in more than one star
allele for CYP2B6 (e.g., ¢.516G>T is found in combination with other variants in 11 alleles:
*6,*%7,*%13 *19, *20, * 26, * 34, * 36, * 37, * 38, as well as the *29 hybrid); unless all the
defining SNVs are tested, an allele may be mis-assigned; likewise, if no SNVs are found,
CYP2B6* 1 is assigned, which inflates the frequency of this allele; (iii) inadequate testing for
CNVs; and (iv) errors translating SNV results into star alleles. Consequently, certain alleles
may be over or underreported, or not detected at all. Therefore, all calculations based on
allele frequencies are estimates and should be used with caution.

Observed and calculated frequencies of individual CYP2B6 SNVs, as well as star alleles
frequencies markedly differ between ethnicities (10, 37, 90). The decreased function alleles
CYP2B6*6 and * 18, for example, are more prominent in the Sub-Saharan African, African
American/Afro-Caribbean and Oceanian groups compared with other groups. In contrast,
the CYP2B6*4 increased function allele is more common in the East Asian, Central/South
Asian, Latino and Near Eastern groups and absent or very low in frequency in populations
with African ancestry (91). Furthermore, populations including South Africans, African
Americans, and others with diverse founding populations and admixed populations may
show different allele frequency patterns. The frequency of CYP2B6* 9is inconclusive due to
the challenge of distinguishing CYP2B6* 1/* 6 from *4/* 9.

Genotype frequencies are the result of allele frequencies in each population and were
calculated using the equation describing the Hardy Weinberg Equilibrium. Phenotype
frequencies across populations are provided in the “Calculated phenotype frequency” tab in
the PharmGKB/CPIC CYP2B6 Frequency Table (77). Oceanians have the highest frequency
of poor metabolizers and Central/South and East Asians and Latinos the highest frequency
of rapid metabolizers. We stress, however, that all phenotype group frequencies, including
those shown in the PharmGKB/CPIC table, have to be viewed with caution due to the
limitations regarding the accuracy of allele frequencies as well as the method used to
translate genotype into phenotype and inconsistencies in the classification of “population”,
“ethnicity” or “race.”

Nomenclature and CYP2B6 allele designation

PharmVar stores and displays allelic data consistently across genes, relying on public
standards and data sources wherever possible. The standardized nomenclature follows
criteria developed by experts. The “Allele Designation and Evidence Level Criteria”
document (92) describes the nomenclature system and provides examples. For example,

a new star number is only issued if a haplotype contains a sequence variant that: i)

results in an amino acid change, e.g., CYPZB6* 2which harbors an arginine to cysteine
change (c.64C>T, p.R22C, rs8192709) or CYP2B6* 28 which harbors a nonsense mutation
changing an arginine to a premature stop codon (c.1132C>T, p.R378X); ii) abolishes a

Clin Pharmacol Ther. Author manuscript; available in PMC 2022 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Desta et al.

Page 11

splice site (no examples for CYPZB6); or iii) changes expression levels causing decreased
or increased function, which is exemplified by the CYP2B6* 22 defining variant (c.-82C>T)
which increases expression levels (86). Importantly, new haplotypes that contain previously
characterized variants that eliminate function are catalogued under the original star allele
number as a suballele. For example, any allele having a novel variant and ¢.1132C>T
(p.R378X), will be designated as a CYP2B6* 28 suballele and considered having no
function, regardless of the functional status of the novel variant.

The PharmVar CYP2B6 gene expert panel

A panel of international experts was recruited from the PharmVar membership representing
CYPZ2B6 research, clinical testing, and implementation. The panel also includes PharmGKB/
CPIC representation to ensure that the nomenclature is consistent with CPIC guidelines

and to facilitate dissemination to a greater audience through PharmGKB as well as other
databases. Experts were tasked to assist with the transition of the gene into the PharmVar
database which included review of existing haplotype definitions and the refinement of the
regions to include into definitions. Moving forward, the panel is tasked with the review and
designation of novel haplotypes submitted to PharmVar, as well as lending their expertise to
resolve any issues that may arise regarding CYP2B6 nomenclature. The composition of the
panel can be found on the PharmVar website (93).

The PharmVar CYP2B6 gene page

The content of the original nomenclature site for CYP2B6 was converted into its current
format in September 2019 and remains accessible through the *Archive’ link (94).

Sequence variations are mapped to the genomic and transcript RefSeqs NG_007929.1

and NM_000767.5, respectively, and the GRCh37 (NC_000019.9) and GRCh38
(NC_000019.10) genome builds. A Locus Reference Genomic (LRG) record was requested
by PharmVar from the LRG Project, a NCBI (RefSeq) and EMBL-EBI (Ensembl/
GENCODE) initiative (95). LRGs are universally accepted reference standards that are
created specifically for clinical reporting by manual curation. LRGs are stable entities

that never change or are versioned after their release. The LRG for CYP2B6 (LRG_1267,
released 8-24-2018) corresponds to the current NG_007929.1 reference sequence and is now
used by PharmVar as the ‘gold-standard’ reference.

PharmVar is left-aligning, i.e. insertions and deletions of nucleotides in a repeat or
homopolymer sequence are listed using the 3’ rule recommended by HGVS (see PharmVar
‘Standards’ for more details (96) or the CYP2D6(97) and CYP2C19(81) GeneFocus
reviews for examples). Due to different alignment methods, coordinates for insertion/
deletion polymorphisms may differ among databases. No such variants have, however, been
described for CYPZB6to date.

On the PharmVar CYPZB6 gene page, the user can easily cross-reference genomic and
cDNA positions by choosing the respective reference sequence or genome build of interest.
For LRG_1267 there is the option of two count modes, i.e. counting from the first nucleotide
in the sequence or the ‘A’ of the ATG translation start codon being +1.
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CYP2B6 haplotype evidence levels

PharmVar

PharmVar designates the “Haplotype Evidence Level” for each of the star alleles reported
on the CYPZB6 gene page. Evidence levels are displayed as symbols indicating ‘definitive’
(Def), ‘moderate’ (Mod) or ‘limited” (Lim) levels of support for a given haplotype. This
three-tiered system represents a modified ClinVar classification system; more detailed
information is provided in the ‘Allele Designation and Evidence Level’ document (92).
This type of information (e.g., whether an allele was sequenced across the gene, how a
haplotype was determined) was not always systematically captured prior to PharmVar. For
existing haplotype definitions, a literature review was conducted in order to assign evidence
levels. Most alleles are currently labeled as ‘Lim’ because their definitions are based on
SNVs in the coding regions only and do not include the 2.3 kb of upstream or 1.5 kb

of downstream sequence, or only parts thereof, which are now required for submission.
The value of evidence levels is centered on providing users with as much information on
haplotype reliability as possible and enabling users to quickly parse haplotypes based on
robust, high evidence, versus other haplotypes with “‘Lim’ or “‘Mod’ evidence levels.

PharmVar solicits submissions for all alleles labeled ‘Lim’ and ‘Mod’ to ultimately raise
their evidence levels to ‘Def’. Moreover, PharmVar also encourages additional submissions
for alleles with single citations and shown as ‘Def’ to further corroborate a haplotype
definition.

IDs

PharmVar assigns an ID to each haplotype (PVID) which is a unique numeric identifier
analogous to dbSNP rsIDs. Since star allele names are driven by functional grouping, an
allele’s star number may not be permanent and be subject to change. Such changes may

be necessary as new information becomes available, or during standardization efforts (see re-
assignment of CYP2B6*16.001 to *18.002 described below). If an allele’s star designation
is updated to a new star number, the PVID of the haplotype remains constant and does not
change as exemplified by the revision of CYP2B6*16.001 to *18.002. However, if a star
allele definition changes (e.g., through the addition or removal of variants, a new PVID will
be assigned (examples are CYP2B6*1.007 and *6.002to which SNVs were added). Original
PVIDs and their haplotype definitions can be tracked in the database via the PVID Lookup
function.

Curation efforts

Corrections, revisions, new alleles, and other updates:

Before the transition to PharmVar, coordinates were mapped to NG_000008.7, which has
been removed from the National Center for Biotechnology Information (NCBI) database.
Updates to the current CYP2B6 RefSeq NG_007929.1 (matching the LRG_1267) did not
change position annotations of SNVs when counting from the translation start site.

During the process of transitioning CYP2B6 into the PharmVar database, comments and
footnotes were removed, and some alleles were revised based on available information and
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to keep standardized annotations across genes (Table 3). References in support of allele
definitions have been updated and those solely describing function removed (references for
function are provided in the PharmGKB/CPIC CYPZB6 Allele Functionality table) (77).
Changes and revisions made are detailed in the ‘Change Log’ document on the CYP2B6
gene page.

Several intronic SNVs have been removed from allele definitions due to the lack of evidence
in the literature showing that they cause functional changes (Table 3). Consequently,
rs4803419 was removed from CYP2B6*1C, *13B and * 158, making them identical to
*1.002,*13.001 and *15.001, respectively, and resulting in their retirement. rs4803419
was described to associate with increased plasma efavirenz exposure (20); however,
contradictory results have been reported (98, 99). Furthermore, the default assignment of
rs4803419 to CYP2B6* 1C rather than testing for other suballeles with this SNV (* 138 and
*15B), may have contributed to mixed findings. There are no data regarding a potential
mechanism by which rs4803419 would impact function, and it remains speculative whether
any of the observed associations are due to linkage with other, potentially distant SNV(s).
Therefore, given the uncertain functional effect of this SNV, it was removed from allele
definitions. In addition, removal of intronic SNV rs2279344 led to the retirement of
CYP2B6*4C and *11B as these then matched *4.001 and *11.001, respectively. These
haplotypes may be “‘unretired’ if new data become available.

The expert panel also recommended removal of two upstream SNVSs c.-1456T>C
(rs2054675) and ¢.-750T>C (rs4802101) from the CYP2B6* 28 definition because it was
uncertain whether they are present in this haplotype (76). CYP2B6*4B and * 7B were also
retired since they these suballeles did not differ by PharmVar standards.

Previously, CYPZ2B6* 16 and CYPZB6* 18 were categorized by CPIC as decreased
function and no function alleles, respectively. CYP2B6* 16 and * 18 have now been
consolidated under a single star designation due to recently published evidence showing
no detectable protein expression and function /n vitro (78, 100). The allele initially listed
as CYPZB6*16.001 was revised to *18.002 with ¢.983T>C (p.1328T) being the core SNV
(Table 2). Alleles identified in the future having ¢.983T>C (p.1328T) will therefore be
listed as CYPZB6* 18 suballeles, unless there is evidence that an additional variant rescues
function.

In contrast, CYPZB6*8and * 13, both categorized by CPIC as no function alleles, were not
consolidated. Although CYP2B6*8and CYPZ2B6*13do not appear to have function towards
several substrates (79, 101), recombinant CYP2ZB6* 13 protein retained appreciable activity
towards artemether O-demethylation (~21% versus the * 1 reference) (102). CYP2B6* 13
activity for this and potentially other substrates, might be due to a combinatorial effect of
the SNVs present on this haplotype. Until further evidence emerges, PharmVar will keep
CYP2B6*8and *13as separate entities.
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Core allele definitions

For many alleles there is a growing number of suballeles that share one or more “core’
defining sequence variant(s). Although suballele information can be valuable, e.g. design
of test platforms (sequence or genotype-based) and interpretation of genotyping test results,
there is no need to distinguish suballeles for phenotype prediction because all alleles under
a star number are presumed to be functionally equivalent. Thus, even if a test is capable of
distinguishing suballeles, from a functional standpoint, these can be simply reported using
core allele definitions.

PharmVar and the PharmGKB have collaboratively developed criteria for core allele
definitions. A core allele is defined only by sequence variations that cause an amino acid
change or impact function by changing expression levels or interfere with splicing and

are present in all suballeles within an allele group. With this rule-based system, suballeles
are collapsed into a single ‘core’ definition representing all suballeles categorized under

a star (*) number. For example, CYP2B6* 6 suballeles share two SNVs that fulfill this

rule, i.e. ¢.516G>T (p.Q172H) and ¢.785A>G (p.K262R). Thus, both SNVs constitute the
CYPZ2B6*6 core allele definition (Figure 2). For CYP2B6*4, only ¢.785A>G (p.K262R) is
shared among the two known subvariants and therefore is the only SNV of the *4 core allele
definition (Figure 2).

Of importance, a sequence variant found in a core allele definition is not necessarily unique
to that haplotype. As illustrated in Figure 3, ¢c.785A>G (p.K262R) is part of 11 haplotypes
including CYPZ2B6*4 and *6. Apart from CYPZB6* 4, these haplotypes also have ¢.516G>T
(p-Q172H), and there is one haplotype, CYP2B6* 9, which has only ¢.516G>T, but not
C.785A>G.

One challenge with core allele definitions is that an allele definition may change over time
as new information becomes available. For instance, based on the rules described above,

the current core allele definition of CYP2B6* 38 harbors ¢.186T>A (p.Y62X, rs281864907),
¢.516G>T (p.Q172H) and ¢.785A>G (p.K262R). According to allele designation criteria,
all new alleles having c.186T>A are nonfunctional due to the ensuing p.Y62X stop codon
and thus, will be assigned as CYP2B6* 38 suballeles, regardless of the nature of the other
SNV/(s) present. Consequently, the CYP2B6* 38 core allele definition may change, should a
sequence containing ¢.186T>A, but not ¢.516G>T, and/or ¢.785A>G be identified.

The core alleles are the basis of the CYP2B6 allele definition table used in CPIC guidelines
and by PharmGKB (see PharmGKB ‘Gene Specific Information tables’ [Table 1]). The
CYP2BE6 core allele definitions are also utilized for clinical annotations in PharmGKB.

The PharmVar Comparative Allele ViewEr

The Comparative Allele ViewEr (CAVE) tool was developed by PharmVar to easily compare
core alleles (103). This tool can be accessed using the “Compare View” button on the
CYPZ2B6 gene page. Figure 3 showcases this tool on CYP2B6 allelic variants having either
€.516G>T, ¢.785A>G, or both. In this display mode it is easy to see which core SNVs are
shared among haplotypes, whether they alter function and/or are unique to a haplotype, as
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well as to visualize ‘default’ allele and genotype assignments. As discussed above, these
two variants are present in multiple CYP2B6 alleles, together or separately, and sometimes
in combination with other variants. Therefore, if genetic testing does not assay all of

the variants in these alleles, assumptions are made to assign the allele, usually based on
frequency. If a particular genotype test only includes ¢.516G>T, an observed ‘T’ variant
may be defaulted to CYPZB6* 6 simply because it is the most commonly found allele with
this variant even though ¢.516G>T on its own defines the CYP2B6* allele. If testing
includes ¢.516G>T and c.785A>G, alleles positive for one of these SNVs will default to
CYP2B6*9and *4, respectively, but if both SNVs are present a CYPZ2B6* 1/* 6 genotype
will likely be assigned because this genotype is statistically more likely than *4/* 9, or any
other combination that also contains these variants. It is important to keep in mind that
defaulting to the most common allele and/or genotype can result in an incorrect phenotype
assignment. This example demonstrates the complexity of CYP2B6 genotyping and allele
assignments, as well as the utility of the CAVE tool.

Reporting genotype and translation into phenotype

PharmVar and PharmGKB have also collaboratively developed templates to facilitate more
consistent and transparent reporting of genotype details and how genotype is translated into
phenotype (this information can be provided as supplemental materials of a publication to
facilitate access to important data for subsequent curation). The first template file (Table
S1) collects information including methods or platforms used for genotyping and which
SNVs were interrogated; the template also provides a standardized set-up for reporting
genotype results for individual subjects, as well as allele frequencies. The second template
file (Table S2) facilitates the reporting of how genotype is translated into phenotype as well
as genotype frequencies. Although it is recommended by CPIC, as well as other groups to
use their standardized translation method, not every investigator or laboratory adopts this
method. Too often, papers state that ‘genotyping was performed as previously described’ or
indicate that ‘CYP2B6 phenotype was correlated with the metabolism of a drug” without
specifying which SNVs or alleles were genotyped or how phenotype was assigned. The
lack of such information can make it extremely difficult, if not impossible, for curators to
compare findings or extract information for CPIC guideline development. Colleagues are
therefore strongly encouraged to utilize the provided templates, or revised versions thereof,
for publication of these types of information.

CYP2B6 reference materials

The GeT-RM is a combined effort among the Centers for Disease Control and Prevention—
based Genetic Testing Reference Material Coordination Program, Coriell Institute for
Medical Research, and members of the pharmacogenetic testing community. Established
sets of well-characterized reference materials are needed for assay development, validation,
quality control, and proficiency testing, especially for complex genes such as CYPZBé6.

To address this need, a set of 137 genomic DNA samples were characterized for 28
pharmacogenes, including CYP2B6 and “consensus” genotypes established (104). The
methods employed for testing differed considerably regarding the number of alleles tested.
Only four alleles, CYPZ2B6*2, *6, * 7and * 18 were verified by more than two methods
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leaving many samples with ambiguous consensus assignments. The authors discuss that
differences in platform design was one limitation, but also emphasize that many SNVs

are found in many alleles. While the available data are valuable, there is clearly a need

to characterize these materials more comprehensively. Reference materials can be acquired
from the Coriell Institute (Camden, NJ, USA).

Inferring CYP2B6 diplotype from Next Generation Sequence data and

public databases

Several bioinformatic tools (105-107) have been developed to allow for diplotype calling
from next generation sequencing (NGS) data. These tools use probabilistic approaches based
on the variants called to infer the most likely diplotype, which in turn are based on the
catalog of known haplotypes, such as those defined by PharmVar. Most of these tools

were originally optimized to call CYP2D6 diplotypes and, to date, only Stargazer (106)

has been expanded to call diplotypes for the CYP2B6 gene. An important consideration is
the requirement for high-quality NGS data and precise haplotype definitions to accurately
call diplotypes. Due to the high sequence similarity, there is the potential for sequencing
reads to misalign with the highly homologous adjacent CYP2B7 pseudogene. Misalignments
can be reduced by using longer read lengths, careful sequencing design or improved NGS
alignment tools.

In silico mapping simulation of reference CYPZB6 reads, as previously reported for
CYP2D6 (105), showed that single-end sequencing reads below 100 nucleotides in length
led to several potential misalignments (Figure 4A). Potential read alignment errors were also
possible using paired-end reads with up to read lengths of 150 nucleotides and insert sizes
less than 200 bp, with exons 5 and 9 being the main culprits (Figure 4B). For reference,
sequencing reads in the 1000 Genomes project are composed of single end reads reported to
range between 70-160 nucleotides in length. Misalignment is increasingly problematic when
a CYPZB6 polymorphism can reflect the CYP2B7 reference sequence, leading to a greater
likelihood of sequencing read misalignment.

Given these challenges, haplotype calls using 1000 Genomes Project data (and other public
data resources such as EXAC, gnomAD, or ALFA) should be interpreted with caution.

One example is c.785A>G (p.K262R), the functionally relevant missense variant in exon

5 that is part of the CYP2B6*4, *6,*7,*13, * 16, *19, * 20, * 26, * 34, * 36, *37and *38
alleles. The minor allele frequency (MAF) for ¢.785A>G varies widely between public
sequencing databases reflecting the difficulty in accurately calling this variant from NGS.

In European populations the MAF ranges from ‘not identified” (1000 Genomes) to 3.7%
(EXAC), 10.7% (gnomAD) and 22.5% (ALFA); this variability is also observed in African
populations from ‘not identified’ (1000 Genomes), 6.5% (EXAC), 24.1% (gnomAD), 22.9%
(ALFA). The true allele frequencies as determined through reliable PCR methods suggests
that the MAF for this SNP is between ~25% and ~30% in Europeans (108) and Africans (91,
109), respectively. The improvement in capturing this variant in more recent databases (e.g.
ALFA) is likely a reflection of the improvements in WGS accuracy using longer sequencing
reads. Therefore, the linkage between ¢.785A>G and other variants cannot be estimated
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using conventional tools that leverage 1000 Genomes data, such as LDLink (110), despite its
high true MAF. Furthermore, caution should be taken when interpreting WGS and WES data
due to possible read alignment issues, with careful attention to exon 5 and 9 reads.

There is emerging data that WGS and NGS-based targeted gene panel sequencing produce
sufficiently high-quality data and read alignments to support CYP2B6 the definition of new
haplotypes. This is supported by samples including those shown in Figure 5, which have
been subjected to two modes of NGS sequencing and produced consistent results among the
methods.

Methods for CYP2B6 allele characterization

To date, Sanger sequencing has been the principal approach for identifying and
characterizing novel CYP2B6 alleles (91, 109). Haplotypes can unequivocally be determined
regardless of whether Sanger or short read-based NGS methods were utilized if a sample is
homozygous for all SNVs (Figure 5A) or is heterozygous for only one SNV (Figure 5B).

If a sample is heterozygous for more than one SNV, additional analyses will be necessary

to establish whether SNVs are in ¢/sor in frans using techniques such as allele-specific

PCR or digital droplet PCR (111). Haplotypes may also be computationally inferred from
sequencing data, but only receive a ‘Lim’ or “Mod’ evidence level depending on the number
of subjects used for phasing, the frequency of the allele and/or whether uncertainty of

SNVs being in cisor trans affects core SNVs. We refer to the recently updated criteria

for computationally inferred haplotypes (see the allele definition criteria and evidence level
document for more details and examples).

These challenges may be overcome by inferring haplotypes using inheritance (pedigree
analysis/trio studies). Figure 5C demonstrates this approach in a pedigree with two
offspring in which four different haplotypes were identified. Haplotype can also be
determined by sequencing long-range PCR products with single molecule real-time (SMRT)
sequencing, Nanopore sequencing, or 10X Genomics Linked-Read technology, or using
whole genome data generated with these technologies. These methods have been detailed
inthe CYP2D6and CYP2C19 GeneFocus reviews (81, 97) and successfully employed to
resolve haplotypes for these genes. The 10X Genomics Linked-Read technology has been
utilized to corroborate the haplotypes in the pedigree shown in Figure 5C.

Conclusions

This CYPZB6 GeneFocus provides essential information for the understanding of this
highly polymorphic gene to facilitate basic and medical research, as well as to facilitate

the implementation of this functionally complex pharmacogene into clinical practice. This
GeneFocus complements the information provided by the CPIC guideline on efavirenz and
by other pharmacogenetic resources. We are highlighting PharmVar efforts and challenges
of systematically cataloging CYPZ2B6 allelic variation, genotype analysis and allele calling,
as well as collaborative efforts with PharmGKB to make the information useful and easily
accessible to the entire pharmacogenetics community.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of the gene locus and allelic variation
Panel A provides a graphical overview of the CYP2B gene locus containing CYP2B6and

CYPZ2B7. Both are encoded on the forward strand. CYP2B6is composed of nine exons,
covering 27.1 kb. The nonfunctional CYP2ZB7 pseudogene spans 26.4 kb. The two genes are
interspersed by about 41 kb. Exonic sequences differ by only a few bases: exon 1 (9 base
differences), exon 2 (9), exon 3 (6), exon 4 (13), exon 5 (2), exon 6 (4), exon 7 (10), exon 8
(3) and exon 9 (5). The enlarged region of CYP2B6 shows the location of selected sequence
variants. ¢.64C>T (p.R22C) and ¢.777C>A (p.S259R) are SNVs defining CYP2B6*2and *3
while ¢.785A>G (p.K262R) is part of multiple haplotypes including *4and *6.

Panel B illustrates a reciprocal recombination event resulting in a partial deletion
(CYP2B6*29) and a duplication (CYP2B6* 30) event. CYP2B6*29and * 30 harbor 23 and
15 amino acid changes, respectively (see Structural Variation document for details). The
recombination is facilitated by a 529 bp long intron 4 region with high homology between
CYP2B6and CYP2ZB7. Both recombination products are characterized by the presence of
gene copies consisting of CYP2B7and CYP2B6 as shown.
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Allele
Evidence
Allele Name Legacy Label PharmVar ID Variants (Impact) variant = variants with dbSNP rsID Level References
CPIC Clinical Function
CYP2B6*4 PV00742  785AG (K262R) e
CYP2B6*44, Lang et al. 2001
CYP2B64.001 | CYP2B6*4B, | PV00789 | :2320T>C, -1778A>G, -1186C>G, -750T>C, 4785A>G (K262R) LB Hesse et al 2005
CYP2B6*4C Jacob et al 2004
CYP2B6*4.002 CYP2B6%4D | PV00791 -1456T>C, -750T>C, |785A>G (K262R) Lw Zukunft et al 2005
CPIC Clinical Function
CYP2B6%6 PV00744  516G=T (Q172H), 785AG (K262R) “
CYP2B6'6.001 | CYP2B6*6A | PV00799 1516G>T (Q172H), 785A>G (K262R) Lw ﬁgﬁs
Hesse et al 2005
CYP2B6'6.002 | CYP2B6*6B | PV01398 | -1456T>C, -750T>C, |516G>T (Q172H), 4785A>G (K262R), 2047T>C, 2753A>T, 2831A>G Zukunft et al. 2005
deposited by Gaedigk et al.
CYP2B6'6.003 | CYP2B6*6C | PVODS00 | -750T>C, 4516G>T (Q172H), {785A>G (K262R) LW Zukunft et al 2005
CYP2B646.004 PV01399 -1456T>C, -750T>C, |516G>T (Q172H), 4785A>G (K262R), 1760C>T, 2047T>C, 2753A>T, deposited by Gaedigk et al.
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Figure 2. Overview of core alleles and suballeles
Panel A shows the CYP2B6*4 and* 6 core allele definition (gray bar) with NM_000767.5

as the reference sequence. Core SNVs, PharmVar ID (PVID), and evidence level is shown
for each allele. All currently defined suballeles are displayed underneath the core allele bar.
Legacy allele designations are cross-referenced (e.g., *6.001 corresponds to *6A). Panel B
is a graphical representation of the CYPZ2B6*4 and *6 core alleles and their core SNVs.
€.785A>G (p.K262R) is present on both, while ¢.516G>T (p.Q172H) is present on *é.
Note that each of these SNVs is also present on numerous other core alleles as shown in
Figure 3. Core SNVs are shown by red lines; gray boxes represent the nine exons (scale is
approximated). Panel C shows the CYP2B6*4 and *6 suballeles defined to date. As shown,
suballeles may differ in the upstream and/or 3’UTR regions. “?” indicates that it remains
unknown whether respective 3’UTR regions harbor SNVs. Therefore, these regions likely
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harbor additional SNVs. Core SNVs (causing an amino acid change) are shown in red, all
other SNVs are highlighted in blue.

Clin Pharmacol Ther. Author manuscript; available in PMC 2022 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Desta et al.

Page 28

PharmVar CAVE tool

B e B g e B [ B B e T B | |

-82T>C

186T=A

413A>G

499C=>G

203C-T

216G>T

248T=G

1006C=T

1459C=A

1459C>T

Figure 3. Comparison of alleles with common sequence variations: allele default assignment
This comparison was generated with the comparative allele viewer (CAVE) tool and depicts

all star alleles with ¢.516G>T (Q172H) and/or ¢.785A>G (K262R) except CYP2B6* 29,

a CYP2ZB7-2B6hybrid that harbors 23 amino acid changes including Q152H. Blue boxes
indicate the presence of a core SNV on all suballeles, while the gray box indicates that the
core SNV is not present on all suballeles. The function () symbol indicates that a core
SNV alters function and the PharmVar (&) symbol highlights that a core SNV is unique to a
star allele. Of note, since ¢.785A>G is increasing function of CYP2B6*4 it is thus annotated
with the function symbol and consistently shown as such across alleles. The impact of this
SNV on the function of an allele with an additional SNV/(s) may be minor or unclear. SNV
positions refer to transcript coordinates on the NM_000767.5 reference sequence.
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(a ) Ranges on GRCh37/hg19

Page 29

CYpP2B6 CYp2B7

41494854 41497204 41509906 41510202 41512810 41515124 41515899 41518203 41518579 41522551 41524301
41497204 41497381 41510068 41510351 41512970 41515300 41516040 41518390 41518720 41524301 41527301

Upstream CYP2B6 Downstream CYP2B6
(-2350bp) Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9 (+3000bp)

0 72, 77777 77477777222/
100 7 @772, 77707

200

Single-end read length

350

500

1000

(b) Read length Insert length

100
100
100
125
125
125
150
150
150

Paired-end Upstream CYP2B6 Downstream CYP2B6
total length (-2350bp) Exon 1 Exon 2 Exon 3 Exon 4 Exon 5 Exon 6 Exon 7 Exon 8 Exon 9 (+3000bp)

0 0 00 7222
550 750 //////A

800 1000

250 500 % W
500 750

750 1000

200 500 %

450 750

700 1000

Figure 4. In-silico modelling highlighting regions with potential misalignments from simulated
reference CYP2B6 short-read sequences

Panel A and B display simulated single-end reads ranging from 50 to 1,000 bases in

length and paired-end reads from 100 to 150 bases and insert sizes from 300 to 800 bases,
respectively. Reads that uniquely mapped to CYP2B6 with the BWA-mem aligner are shown
in light blue and exons to which reads could tentatively also align elsewhere are hatched in
darker blue.
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Figure 5. Experimental approaches for phasing SNVs to establish haplotype
Panel A represents samples NA12003 and NA19176 both of which were homozygous

for eight SNVs. Two are CYP2B6*6 core SNVs (¢.516G>T (pQ172R) and ¢.785A>G
(p.K262R); red lines) while the remaining SNVs sub-classify this haplotype as *6.002 (blue
lines). Homozygosity across all SNVs unequivocally informs haplotype. Panel B depicts
NA12156 which is heterozygous for a single SNV and thus unequivocally informs the
haplotype of this novel suballele which was designated *1.013. Panel C exemplifies how
haplotype can be inferred by inheritance (the example shown was part of a PharmVar
submission). Haplotypes were determined using WGS data for a family with two offspring.
Inferred haplotypes were corroborated with 10X Genomics Long-Read sequence technology
for all family members. The CYP2B6*1.015and *15.001 alleles of the father are detailed
as indicated by the arrow. CYP2B6*1.007found in the mother was found homozygous

in NA18544, NA17227 and NA18952 (not shown) further supporting the use of these
technologies to inform CYP2B6 haplotype.
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Online CYPZB6 Resources - Links to Sites and Online Resources Referenced Throughout the Review

Table 1

Sources and References References
PharmVar
CYP2B6 important gene information (88)

. Read Me Document

. Change Log Document

. Structural Variation Document
Standards (96)
Allele Designation and Evidence Level Document (92)
CYP2B6 Gene Expert Panel Roster (93)
P450 Nomenclature Site — Archive (94)
PharmGKB
CYP2B6 gene page (71)
Gene-Specific Information Tables for CYP2B6 77)

. Allele Definition Table

. Allele Functionality Table

. Frequency Table

. Diplotype-Phenotype Table

. Gene Resource Mappings
CYP2B6 Drug Label Annotations (112)
CPIC
Guidelines (73)
Gene/Drug Pairs (74)

. process for assigning CPIC levels

. levels for gene/drug pairs

. process for prioritizing CPIC guidelines
Other resources
Genotype-Tissue Expression (GTEX) project (6)
Drug Interactions Flockhart Table™ (57)
FDA Pharmacogenomic Biomarkers in Drug Labeling | (113)
NCBI Reference Sequences Database (114)
Locus Reference Genomic (LRG) Project (95)
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Table 2

Novel and confirmed suballeles and allele consolidation

Core Allele Designation

Novel alleles/suballeles

*1 *1.007,*%1.013 *1.014, *1.015
*2 *2.002

*6 *6.002,*6.004

*15 *15.001

*18 *18.001

Core Allele Designation

Consolidation

*16.001

Consolidated under *18as *18.002
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Table 3

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

20109.

Reason

Change

SNVs and Affected Alleles

Standardization

Intronic SNVs
were removed

12917A>T (*1D, *4C); 14593C>G (*1C); 15582C>T (*1C, *13B, *15A+B); 15837C>T (*28);
17897C>T (*18); 18273G>A (*11B, *12, *13A+B, *14,*15B, *17A+B, *18,*19, * 20, *21, * 27,
*28 *38); 18627G>A (*18, *28); 21563C>T (*9, *13A+B, *19, *38).

rs4803419 was significantly associated with increased plasma efavirenz exposure in GWAS studies;
however, this SNV was not consistently genotyped and thus, it remains unknown which haplotypes
carry this SNV

Standardization

Retired

After intronic SNVs were removed, the *1C, *13B and * 158 haplotypes were identical to *1B (*1.002),
*13A (*13.002) and * 15A (*15.001) and thus were retired.

Other

Upstream SNVs
were removed

-1456T>C and -750T>C were removed from *28because it remained uncertain whether these SNVs are
indeed on this haplotype (76) and personal communication with author)
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