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PharmVar GeneFocus: CYP2A6

Alec W.R. Langloisl’2

, Meghan J. Chenoweth*> ® , David Twesigomwe4

, Giada Scantamburlo® © ,

Michelle Whirl-Carrillo® , Katrin Sangkuh16 , Teri E. Klein®’ , Charity Nofziger5 .

Rachel F. Tyndale"** © and Andrea Gaedigk®”*

The Pharmacogene Variation Consortium (PharmVar) provides nomenclature for the human CYP2A gene locus
containing the highly polymorphic CYP2A6 gene. CYP2AG6 plays a role in the metabolism of nicotine and various
drugs. Thus, genetic variation can substantially contribute to the function of this enzyme and associated efficacy and
safety. This GeneFocus provides an overview of the clinical significance of CYP2AG6, including its genetic variation and
function. We also highlight and discuss caveats in the identification and characterization of allelic variation of this
complex pharmacogene, a prerequisite for accurate genotype determination and prediction of phenotype status.

INTRODUCTION, BRIEF HISTORY, AND STATUS OF
NOMENCLATURE BEFORE PHARMVAR

CYP2AG6, encoded by the CYP2A6 gene, is the primary enzyme
involved in the metabolic inactivation of nicotine in humans.
CYP2A6’s discovery was rooted in early research on nicotine
metabolism. By the late 1950s, work in dogs and human smokers
identified cotinine and hydroxycotinine as metabolites of nicotine,
and suggested the conversion of nicotine to cotinine and further to
hydroxycotinine as a potential pathway for the elimination of nic-
otine 77 vivo." In the 1970s, the oxidation of nicotine to an imin-
ium ion was discovered as an intermediate step before conversion
to cotinine, and it was proposed that the enzyme catalyzing this
intermediate step was a mixed-function oxidase.

During the 1980s, many cytochrome P450 (CYP) proteins
were purified from rat livers and assayed for substrate specificity.
Antibodies targeting a rat CYP with high steroid hydroxylation ac-
tivity (initially named P-450a, now known as cyp2A1) were used to
isolate cDNA for a human CYP isoform from a liver cDNA expres-
sion library.2 The CYP, initially named ITA3 or CYP2A3, and later
renamed CYP2AG6, was the primary coumarin 7-hydroxylating en-
zyme in the human liver. Early investigations of CYP2A6 often
used coumarin as a probe substrate.>*

By the 1990s, the crucial role of CYP2A6 in the metabolism of
nicotine to an iminium ion, which is then converted to cotinine by
cytosolic aldehyde oxidase, then sequentially to 3'-hydroxycotinine
(3-HC), was discovered; of note CYP2A6 can form cotinine from
nicotine in the absence of cytosolic aldehyde oxidase, as demon-
strated iz vitro using purified CYP2AG6 expressed from cDNA in
E. coli without added cytosol.l’5 Further, the conversion of nico-
tine to cotinine was found to be the major pathway of nicotine
metabolic clearance i vivo.' Around the same time, CYP2AG was

implicated in the activation of pre-carcinogenic nicotine-related
nitrosamines found in cigarette smoke.®

In 1995, the CYP2A46 gene was identified and localized to a clus-
ter of CYP2A, CYP2B, CYP2F, and other CYP genes on chromo-
some 19, enabling sequencing and the discovery of variant alleles.*
High interindividual variability in the rate of cotinine formation
from nicotine in human liver microsomes was consistent with the
existence of CYP2A6 variant alleles.”® The nearby homologues
CYP2A7 (inactive) and CYP2A413 (active, described in the “Brief
Overview of CYP2A13” section below), and their high nucleotide
sequence identity with CYP2A46 (all three mRNAs > 90% identical
with each other), were also identified at this time.*

Two CYP2AG6 variant alleles were characterized in the mid-
1990s and initially named CYP246v1 and CYP2A46v2.* Shortly
thereafter, the star allele nomenclature system was adopted
for CYP2A6, and CYP2A6vl and CYP2A6v2 were renamed
CYP2A46*2 and CYP2A46*3. While CYP2A46*2 remains an im-
portant functional star allele today, CYP246*3 was soon dis-
covered to be a sequencing artifact arising due to the placement
of primers within a common CYP246 3'UTR conversion to
CYP247. Initial analyses of the impact of CYP2A6 variant al-
leles on smoking behaviors in the late 1990s established the strong
association between inactive CYP2A46 alleles (such as CYP2A46*2)
and decreased cigarettes smoked per day, as well as decreased risk
of smoking dependence.IO

In 2000, the Human Cytochrome P450 Allele Nomenclature
website was launched, and eventually two more star alleles,
CYP246*4 (a gene deletion, initially called CYP2A6del) and
CYP2A46™5 (characterized by an amino acid changing variant in
exon 9)” were posted. By the time CYP246 was curated by the ex-
pert panel and transferred into the PharmVar database in 2022, 45
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unique star alleles (and many more suballeles) had been identified.
Star alleles are mostly defined by single nucleotide polymorphisms
and/or small insertions and deletions which are henceforth col-
lectively referred to as single nucleotide variants (SN'Vs) or simply
variants.

CLINICAL RELEVANCE

CYP2A6 metabolizes a variety of drugs, including efavirenz, tega-
fur, letrozole, coumarin, and metronidazole.® CYP2AG also me-
tabolizes several nicotine-derived pre-carcinogenic nitrosamines
including N'-nitrosonornicotine (NNN) and 4-(methylnitrosam
ino-1-(3-pyridyl)-butanone) (NNK); expressed CYP2A6 metab-
olizes NNN more efficiently than NNK.'"'? However, nicotine
and cotinine remain the most studied CYP2AG6 substrates due
to nicotine’s relationship with cigarette smoking and subsequent
tobacco-related diseases, as well as cotinine’s importance as a bio-
marker of nicotine exposure and the denominator in the nicotine
metabolite ratio (NMR; see below).

Nicotine has a relatively short half-life (2hours) resulting
in the need to smoke at regular short intervals.”> Cotinine has
a longer halflife (16 hours)"® compared to nicotine and 3'-
HC (6 hours),1 and CYP2AG is exclusively responsible for the
formation-dependent kinetics of 3'-HC.1415 Thus, CYP2AG ac-
tivity can be assayed in ad libitum smokers by calculating the ratio
of the concentrations of 3'-HC to cotinine in plasma (or blood,
saliva or urine); this ratio is commonly known as the nicotine
metabolite ratio (NMR).">!¢ The NMR is highly correlated with
nicotine clearance (»=0.90), and is related to CYP2A46 genotype
due to CYP2A6’s major role in nicotine metabolism."> While the
NMR is most highly correlated with nicotine clearance iz vivo
when measured in plasma (or blood or saliva), the urinary NMR
is only marginally less correlated when measured as 3'-HCmtal/
cotinine, , where 3'—HCt0ml includes both free and glucuro-
nidated 3'-HC; this is consistent with the fact that CYP2A6
metabolizes only free cotinine (to 3'-HC, which can then be glu-
curonidated or free).16 However, the correlation with nicotine
clearance drops when using urinary 3'-HC__ /cotinine__ (as
cotinine glucuronide is not a CYP2A6 substrate) or 3'—HCfm/
cotinine;__ (as this does not capture the sum of CYP2A6 down-
stream metabolites).'®

In regular smokers, the NMR is robust (e.g., to time of day sam-
pling and to smoking level) and stable (e.g., at room temperature
over many days), allowing for assay of CYP2A6 activity with a sin-
gle measurement.>!” Lower NMR (i.e., slower CYP2AG6 activity)
and/or reduced activity CYP2A46 genotypes are associated with
many smoking behaviors, including smoking fewer cigarettes per
day, lower nicotine reinforcement, lower risk of dependence, lower
puff volume, and greater rates of smoking cessation.'® As estab-
lished in many ancestral groups, lower NMR and/or reduced activ-
ity CYP2A46 genotypes are also associated with increased BMLY
as is a lower risk of COPD and lung cancer,?*%? primarily through
the impact on smoking and possibly, for tobacco-related cancers,
through CYP2AG6s role in nitrosamine activation. Since CYP2A6
and the NMR do not have standardized phenotype categories (sce
“Genotype to Phenotype Translation” section), this review uses
“faster” or “slower” to describe NMR groupings when activity was
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grouped, or to indicate directionality when the NMR was used
continuously.

Nicotine, a full nicotinic receptor agonist, is itself used as a
smoking cessation therapeutic known as nicotine repiacement
therapy (NRT), along with the nicotinic receptor antagonist bu-
propion and partial agonist varenicline. CYP2AG6 activity is asso-
ciated with the relative efficacy of these therapeutics. Most clinical
trials (all trials include behavioral counseling) have shown that
slower metabolizers have better smoking cessation rates than faster
metabolizers when treated with a placebo or nicotine patch, even
when extending the duration of NRT treatment.>>~2¢ While quit
rates were similar on the nicotine nasal spray, a titratable nicotine
treatment, slower metabolizers used less nicotine than faster me-
tabolizers, similar to the titration observed when acquiring nic-
otine via smoking.27 In a prospectively NMR-stratified cessation
trial, faster metabolizers were more likely to quit successfully using
varenicline than nicotine patch, while slower metabolizers had
similar quit rates but experienced more side effects on varenicline
than on nicotine patch.23 This led to the suggestion that faster
metabolizers should be preferentially treated with varenicline
while slower metabolizers should be treated with nicotine patch.23
Similar quit rates were found for slower and faster nicotine me-
tabolizers on bupropion (which is a CYP2B6 substrate and not a
CYP2AG6 substrate).”®

CYP2AG6 is also relevant in the co-use of alcohol and nicotine.
Heavy alcohol use and smoking are highly co-morbid, and heavy
drinkers are twice as likely to smoke vs. non-heavy drinkers.”® A
study of alcohol cessation found that CYP2AG6 activity (measured
using the NMR) decreased substantially by 7 weeks after alcohol
cessation, implying that chronic alcohol use causes higher CYP2A6
activity.29 Given that faster CYP2A6 activity is associated with
lower rates of smoking cessation (see above) and that chronic alco-
hol users also have lower rates of smoking cessation, it is proposed
that faster CYP2AG6 activity among heavy drinkers contributes to
difficulties in quitting smoking.

CYP2AG6 has been implicated both in HIV pathogenesis and
higher smoking among HIV-positive individuals (vs. HIV-negative
individuals).30 Given the use of modern antiretroviral treatments,
HIV-positive individuals are now more likely to die as a result of
smoking as opposed to AIDS.>' Smokers with HIV have higher
NMRs than non-HIV smokers, as well as higher NMRs after viral
suppression using antiretrovirals (vs. before viral 511ppression).32’33

HIV infection itself does not explain the higher NMRs. >
Rather, the use of the antiretroviral HIV treatment efavirenz
(a CYP2AG substrate) likely causes the increase in CYP2AG ac-
tivity, since switching from efavirenz to a different antiretroviral
regimen decreased NMRs.>*% Consistent with these findings, a
study using a caffeine metabolite as a probe for CYP2A6 showed
that 17 days of efavirenz treatment nearly doubled CYP2AG6 activ-
ity, an effect that may occur via activation of the nuclear pregnane
X (PXR; NR112) and constitutive androstane receptors (CAR;
NRII3) and subsequent CYP2A6 induction.*® Significant eleva-
tion of NMRs is also seen in patients on other antiretroviral reg-
imens, although increases are more minor compared to those on
efavirenz; decreased inflammation following viral suppression may
explain these findings.32’33 Opverall, faster CYP2AG6 activity may
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reduce smoking cessation among HIV-positive individuals, thereby
contributing to the greater prevalence of smoking.

CYP2AG6 is also involved in the metabolism of chemotherapeu-
tics such as tegafur and letrozole. Genetic variation in CYP2A46 is
associated with variable pharmacokinetics of tegafur, as this drug is
metabolized by CYP2AG6 into an active metabolite, 5 ' fluorouracil
(5-FU), which is also a CYP2AG6 substrate.® Several studies have
found higher response rates to S-1 (a gastric cancer combination
pharmacotherapy that includes tegafur) in gastric cancer patients
with faster CYP2A6 metabolism compared to those with CYP2A46
genotypes imparting slower metabolism.””*

While genetic variation in CYP246 has been shown to impact
in vivo drug levels for a varicty of other CYP2AG6 substrates (cfa-
virenz, letrozole, valproic acid, dexmedetomidine, etc.), there is
currently limited evidence to establish a clinically significant im-
pact on these substrates.®

AGE-RELATED AND SEX DIFFERENCES

CYP2AG6 is expressed during fetal development, and most pub-
lications, whether 7 vivo or in vitro, find little or no evidence of
changes in CYP2A6 expression or activity from infancy through
childhood, adulthood, and into old age (except as a result of sex
differences in females, see below).é’s‘39 Of note, increased nicotine
half-life has been observed in infants i vive (vs. adults), but with
no difference in cotinine halflife.* Nicotine has high hepatic ex-
traction relative to cotinine suggesting that differences in nicotine
half-life in infants are likely due to differences in hepatic blood
flow rather than developmental changes in CYP2A6 activity.13
Likewise, the slower nicotine clearance observed in the elderly
is likely due to decreased hepatic blood flow rather than lower
CYP2A6 activity.41

As mentioned briefly above, CYP2A6 expression is induced
by estrogen through an interaction with a proximal (~2.4kb up-
stream) estrogen response clement.”? In human liver banks, adult
female livers have higher mRNA and protein expression vs. adult
male livers.>>* This results in faster CYP2A6 activity in females
(vs. males), pre-menopausal females (vs. post-menopausal females),
and among users of oral contraceptives or hormone replacement
therapies containing estrogen (vs. those not containing estrogen),
while there is no difference in CYP2A6 activity between males and
post-menopausal females. 2444

The pharmacokinetics of CYP2AG substrates in infants and
children exposed to second-hand smoke in the houschold have
also been investigated, with no sex differences in the half-life of
cotinine or NMRs being observed.*® This is consistent with the
hypothesis that sex differences in CYP2AG6 activity appear as es-
trogen increases among females during adolescence and disappear
when estrogen decreases post-menopause.

Urinary NMRs (3'-HC__/cotinine,, ) showed an increase in
CYP2AG activity in early pregnancy, which is even greater in late
pregnancy, relative to 6 months postpartum,47’48 consistent with
estrogen induction of CYP2A6 and the known increase in estro-
gen concentrations over the course of pregnancy. Various nicotine
metabolic pathways were investigated during pregnancy using ap-
propriate metabolite ratios, and the activity of pathways involv-
ing CYP2A6, as well as nicotine and cotinine glucuronidation,

950

increased across the course of pregnatncy.47—49 Administration of
progesterone to human hepatocytes also resulted in the induction
of CYP2AG, albeit to a lesser extent than estrogen, implying that
progesterone also contributes to the activity changes observed
during pregnancy.so In pregnancy, there is little evidence for
the benefit of NRT.’' Rather, it is suggested that an increase in
CYP2A6 activity during pregnancy may reduce the therapeutic
levels of the NRT.*®

OTHER FACTORS INFLUENCING CYP2A6 ACTIVITY

While most of the variation in CYP2A6 activity is heritable (60—
80% using the NMR),6 there are several other sources of variation,
including both drugand hormonal inducers. CYP2AG6 is induced
by estrogen (described above in “Age-related and sex differences”),
phenobarbital, pyrazole, and rifampin in cultured human he-
patocytes, and phenobarbital and dexamethasone in human liver
microsomes.” However, in one liver bank study, livers exposed
to phenobarbital or dexamethasone did not show significantly
higher CYP2A6 expression or activity.39 These induction effects
are thought to involve the activation of nuclear receptors, includ-
ing the PXR (through a5’ DR4-like response element), the CAR,
and the glucocorticoid receptor (GR; NR,’)CI).6 As already men-
tioned above, efavirenz, along with other antiretrovirals albeit to a
lesser extent, is associated with a substantial increase in CYP2AG6
activity.32

CYP2AG is also susceptible to drug inhibition. Methoxsalen,
selegiline, and isoniazid are all mechanism-based inhibitors (as
shown in human liver microsomes).® The inhibitory activity of me-
thoxsalen has also been observed 7z vivo, where its administration
in smokers inhibited nicotine metabolism (i.e., increased nicotine
concentration) and reduced smoking.52 These studies support a
causal relationship between CYP2AG6 activity and smoking.

In vitro experiments identified several competitive inhibitors
of CYP2AG, including tranylcypromine, ketoconazole, and trypt-
amine, but these effects have not been measured 7 vivo.? CYP2AG
is inhibited 7 vivo by grapefruit juice, as well as menthol (includ-
ing at concentrations found in menthol cigarettes).6

Cigarette smoking itself reduces nicotine metabolism, where
nicotine clearance is lower while smoking53 and higher after 1 week
following cessation.””

NEED FOR STANDARDIZED GENETIC REPORTING AND
FUNCTIONAL OR CLINICAL IMPACT
To effectively develop and implement clinical guidelines relat-
ing to CYP2A6 variation, standardization of genetic definitions
is necessary. Recent large-scale analyses have generally been car-
ried out using array- or PCR-based genotyping of specific SN'Vs
known or suspected to have a functional impact.ss_58 Such studies
have been fruitful in explaining substantial portions of variation
in CYP2AG6 activity and producing tools for phenotype predic-
tion. However, large-scale studies with both phenotype measures
and full sequencing data are necessary to further elucidate the
functional effects of rare and relatively low-impact SN'Vs.

Most analyses of CYP2AG activity utilize the NMR. While it is
a highly effective tool for the investigation of CYP2A6-mediated
nicotine inactivation % vivo, the functional impact of CYP2A6
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SNVs on the metabolism of other CYP2AG6 substrates has, for
many alleles, not been demonstrated. This is especially important
given that several CYP246 alleles have substrate-specific effects.
For example, both CYP2A46*7 (tested in vivo) and CYP2A6*17
(tested in vitro) decrease nicotine metabolism but have no effect
on coumarin metabolism.’”® Furthermore, the NMR can only be
assayed in regular smokers, limiting precision medicine approaches
for other CYP2A6 substrates (e.g., efavirenz, letrozole, valproic
acid, dexmedetomidine) in former-, intermittent-, or non-smokers,
as well as its utility for variant characterization in these groups. On
another note, metronidazole has been proposed as a potentially
safe and specific probe drug for use in non-smokers.

Finally, many CYP2A46 variant alleles (star alleles) are defined by
multiple SN'Vs leading to multiple amino acid changes or altered
expression levels; additionally, structural variants including gene
deletions, duplications and hybrids with the CYP247 pseudogene
can contribute to altered activity. Thus, standardized use of star al-
lele nomenclature, as documented on the PharmVar website and
described below, is encouraged to further research and facilitate
future clinical implementation.

CYP2A6 IN PHARMGKB

The PharmGKB CYP2A6 gene page allows structured access
to curated gene-specific pharmacogenomic (PGx) knowledge,
including drug label annotations, clinical annotations, variant
annotations, and curated pathways.62 PharmGKB extracts rel-
evant PGx information on approved drug labels from multiple
sources, including, but not limited to, the US Food and Drug
Administration (FDA) and the Pharmaceuticals and Medical
Devices Agency, Japan (PMDA). PharmGKB assigns a “PGx
level” to these annotations based on the amount of actionable in-
formation stated or implied on the label.

Current PharmGKB information related to CYP2A6 is sum-
marized as follows: (i) one CYP2A46-related label annotation
from the PMDA for letrozole with an “actionable” level due to re-
ported pharmacokinetic differences observed in individuals with
slower metabolism; (ii) 45 CYP2A46-related clinical annotations
(CAs),and (iii) 18 pharmacokinetic pathways depicting the role of
CYP2A6 in drug metabolism. CAs are evidence-rated, genotype-
level summaries for specific variant or allele drug combinations
based on curated literature. The CA summarizing the association
between CYP2AG6 star alleles and nicotine metabolism has a high
level of evidence (level 1B). Other CAs exist for non-replicated as-
sociations between CYP2A46 SNVs and nicotine, and associations
with low levels of evidence for coumarin, efavirenz, letrozole, me-
thoxsalen, metronidazole, and tegafur. CYP2AG6 plays a major role
in the nicotine pharmacokinetics pathway found on PharmGKB.

THE CYP2A6 GENE LOCUS

CYP2A6 lies in a cluster of CYP genes on the long arm of chro-
mosome 19, including CYP2A47, CYP2AI13, as well as CYP2B
and CYP2F genes. The CYP2A46 gene is 7kb and includes nine
exons coding for a 494 amino acid enzyme product. The gene is
proximal to two homologues: CYP2A47, a gene encoding an in-
active product 25kb downstream of CYP2A46, and CYP2A13, a
gene encoding an active enzyme 238kb downstream of CYP2A46

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 116 NUMBER 4 | October 2024

(Figure 1). While CYP2A46 and CYP2A7 are transcribed from
the minus strand (i.e., transcription proceeds 5" to 3’ with decreas-
ing chromosome 19 positions), CYP2A13 is transcribed from the
plus strand (i.e., transcription proceeds 5 to 3" with increasing
chromosome 19 positions).

In addition to the three intact CYP24 genes, a split CYP24
pseudogene consisting of two fragments exists downstream
of CYP2A47. The two fragments are separated by a 114kb re-
gion which includes CYP2B6 and CYP2B7. The first fragment,
named CYP2A7PI, has five CYP2A-like exons; the second frag-
ment, named CYP2A7P2, has four. Together, the nine exons of
CYP247P1/CYP2A7P2 share 91% sequence identity with those
from CYP246 and CYP247.% Both fragments are arranged in the
same orientation as CYP2A46 and CYP2A7 on the minus strand.

Structural variation (SV) at the CYP246 gene locus is com-
mon, making up ~20% of alleles in certain populations,é‘é4 and
is thought to arise from unequal crossing over in regions of high
sequence identity between CYP2A46 and CYP2A7 (introns 2, 4,
and the 3" UTR and flanking region), producing hybrid genes
(CYP2A46*12, *34, *S3), gene deletions (CYP246*4), and gene du-
plications (CYP2A46*1x2). Given the various similar CYP genes ex-
isting in the region surrounding CYP2A6, it is likely that CYP2A46
itself, along with the CYP2B, CYP2F, and other CYP2A genes
were initially generated by several gene duplication events.®

SNVs in CYP2A46 exons, introns, and the 5’ and 3'UTRs and
flanking regions are listed on PharmVar. Most SNVs impact-
ing function cause amino acid changes, for example, 1799T>A
(rs1801272) causing p-L160H in CYP2A46*2. However, as
CYP2A6 expression is affected by transcriptional regulation,
non-coding variants have also been shown to alter expression
levels. First, —48T>G (rs28399433, CYP246™9) is an SNV in
the TATA box that has been associated with decreased mRNA
and protein expression.és’éé Second, a 58—bp long conversion to
CYP2A7 sequence 3" of the stop codon (defined by two separate
rsIDs, rs386809285, rs386809286) that is found on CYP2A6*46
and several other haplotypes causes increased expression iz vitro
and in mouse models67; this region is also known, and annotated
by PharmVar, as the “3 "UTR conversion”. The 3'UTR is thought
to stabilize mRNA, with iz vitro evidence of interactions with
the RNA binding protein HNRNPA1.%® As a result of these vari-
ants, and the potential existence of other functional non-coding
SNVs, PharmVar requires that all SN'Vs between positions —1013
and 6835 of the CYP246 genomic reference sequence (RefSeq)
NG_008377.1 (where ATG =+1) be included in submissions.

BRIEF OVERVIEW OF CYP2A13

CYP2A13, which has its own PharmVar page, is a relatively
understudied CYP closely related to CYP2A6 (80.1% overall
nucleotide identity; 94% mRNA identity; 93.5% amino acid
identity). The CYP2A413 gene produces an active enzyme with
similar substrate specificity to CYP2AG6; however, CYP2A13 is
unlikely to contribute substantially to the systemic concentra-
tions of substrates and metabolites (e.g., nicotine and cotinine)
in vivo. While CYP2A6 is most highly expressed in the liver,
CYP2A13 expression is lower overall and occurs primarily in
the respiratory tract, where CYP2AG6 is also cxprcssed.69 A
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Figure 1 Overview of CYP2A gene locus and structural variation. The gene locus (top panel) spans approximately 252 kb and harbors three
genes, CYP2A6 (blue), CYP2AY (red), and CYP2A13 (green). The locus is shown as the reverse complement; as indicated by the colored arrows,
CYP2A6 and CYP2A7 are both encoded on the negative strand while CYP2A13 is encoded on the positive strand. Numbered boxes depict
exons. Deletion events with breakpoints downstream of CYP2A7 or within its 3"-UTR created a series of alleles lacking the entire CYP2A6 gene.
Duplication events have been described for CYP2A6*1, which may contain CYP2A7-derived sequences as indicated by the red hashed lines.
Three CYP2A7::CYP2A6 hybrids (*12, *34, and *47) have been identified to date with switches in intron 2, intron 4, and intron 8, respectively.
The exact switch positions remain unknown due to high sequence homologies between the two genes. One CYP2A6::CYP2A7 hybrid (*53) has
also been identified, which occurred in a duplication arrangement with an intact copy of CYP2A7. Additional and up-to-date information about
SVs can be found in the Structural Variation document on the PharmVar CYP2A6 gene page.”

limited number of star alleles have been defined for CYP2A13,
including the common CYP2413*2 and *3 alleles. In candidate
gene studies, the nonsynonymous SN'Vs present in CYP2A413*2
and *3 have been associated with a decreased risk for head and
neck, lung, and bladder cancers. Star alleles for CYP2A13
on PharmVar are reported against the updated RefSeq
NG_007928.1; however, no additional curation has been un-
dertaken, and no new alleles have been added since 2011. Thus,
it is likely that both common and many rare alleles exist which
are currently not catalogued by PharmVar.

THE PHARMVAR CYP2A6 GENE PAGE

The PharmVar CYP2A46 gene page presents all defined star al-
leles, along with other important information for cach allele,
such as (i) cross-reference with the legacy name(s) under which
a particular allele was first published, (ii) SN'Vs defining the al-
lele, (iii) allele evidence level, and (iv) references supporting allele
definitions. The Compare View feature allows the user to toggle
between the standard allele table and the graphical Comparative
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Allele ViewEr (CAVE) display. The CYP2A6 gene page also in-
cludes Read Me, Change Log, and Structural Variation docu-
ments providing additional relevant gene-specific information
and resources. Also, each haplotype has a unique numeric iden-
tifier, the PharmVar ID (PVID). PVIDs and their respective star
allele (haplotype) definitions can be tracked in the database via
the PVID Lookup function.

Variant mapping
SN'Vs are mapped to the genomic (NG_008377.1) and transcript
(NM_000762.6) reference sequences, as well as the GRCh37
(NC_000019.9) and GRCh38 (NC_000019.10) genome builds.
NM_000762.6 represents the Matched Annotation from NCBI
and EMBL-EBI (MANE) sclect transcript which matches
GRCh38 and is 100% identical with NG_008377.1 across the
S'UTR, coding regions, and 3'UTR.

PharmVar defines star alleles (haplotypes) for CYP2A46 in the
following regions: the 5’ flanking sequence, the S'UTR, all nine
exons, all eight introns, the 3'UTR, and 255 bp of the 3’ flanking
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sequence. The 5" and 3’ limits (start and end positions) corre-
spond to NG_008377.1 positions 3721 through 11,907 counting
from the sequence start and —1301 through 6886 counting from
the ATG start codon. In this review (unless otherwise stated), we
use positions on the genomic reference sequence NG_008377.1
counting from the ATG start codon.

The PharmVar CYP2A46 gene page supports casy cross-
referencing of SN'Vs across genomic and transcript reference se-
quences and the determination of the position of an SNV using
two count modes (from the first nucleotide of the reference
sequence or from the “A” of the ATG translation start codon).
In addition to coordinates, the PharmVar display also provides
SNV rsID numbers (if available) and corresponding amino acid
changes. Figure 2a provides an excerpt of the CYP246 gene
page illustrating how information is displayed for allelic vari-
ants. Furthermore, in the Variant Window, SNV annotations
are noted according to the Human Genome Variation Society
(HGVS),”! and in PharmVar-style format for all reference se-
quences side-by-side.

CYP2A6 haplotype evidence levels

PharmVar assigns “Allele Evidence Levels” for each star allele. As
described in the Allele Designation and Evidence Criteria Level
document,”? definitive (Def), moderate (Mod), and limited (Lim)
indicate the level of evidence supporting an allele definition (not
their function). Numerous CYP2A46 alleles are currently labeled
as “Lim,” as their definitions do not fulfill current PharmVar
requirements (two of those are shown in Figure 2a), or because
the phase of the SN'Vs was computationally inferred as opposed
to experimentally determined. PharmVar solicits submissions for
all star alleles with “Lim” and “Mod” evidence levels to substanti-
ate their current definitions. In the effort to further corroborate
haplotype-based star allele definitions, PharmVar also encourages
encore submissions for star alleles with definitive evidence levels
and single citations.

Core allele definitions
A core allele is defined only by sequence variants that cause an
amino acid change or impact function by, for example, changing
expression levels or interfering with splicing, and that are present
in all haplotypes listed within an allele group with the same star
number. These variants are also referred to as “core” variants or
SNVs. With this rule-based system, alleles of a group (also referred
to as suballeles) can be collapsed into a single “core” definition
representing all haplotypes categorized under a star (*) num-
ber.”*”? For example, all CYP246*15 suballeles share -48T>G
(impacting expression) and 2134A>G (p.K194E, rs199916117);
thus, these two SN'Vs are part of the CYP2A671S core allele defi-
nition (Figure 2a,b). For CYP2A46*18, only S668A>T (p.Y392F,
rs1809810) is shared among the three known suballeles, and
therefore it is the only SNV of this particular core allele defi-
nition. Of note, CYP2A6 core allele definitions are utilized for
clinical annotations throughout PharmGKB.

All alleles under a star number are presumed to be functionally
equivalent. Thus, even if a test is capable of distinguishing subal-
leles, these can be simply reported using core allele definitions.
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The PharmVar Comparative Allele ViewEr and filter options
The Comparative Allele ViewEr (CAVE) tool allows users to
compare core alleles graphically. Figure 2c¢ visualizes the utility
of this tool by comparing the CYP2A46*9, *13, *IS, *24, *26, 46
and *50 alleles. In this display mode, it is easy to see which SN'Vs
alter function, which core SN'Vs are unique to a star allele (e.g.,
2134A>G for CYP2A46%15), and which ones are shared among
two or more star alleles (e.g., -48T>G). Alternatively, haplotypes
can also be selectively displayed with the “Haplotype Filter” or
searched by using SN'V positions or their rsID.

REVISIONS AND CHANGES TO PREVIOUSLY PUBLISHED
STAR ALLELE DEFINITIONS

Many star allele definitions were initially based on incomplete
allele characterization, such as missing information for the 5’
flanking region, genotype analysis rather than sequencing and/or
omission of reporting synonymous SN'Vs. After carefully review-
ing the available literature, some allele definitions were corrected,
revised, or removed. For example, 1165G>A (rs1226465361) was
added to the CYP2A4625 allele definition after reviewing the
original paper. This SNV appears to have been inadvertently
omitted when CYP2.A46*25 was first defined. On the other hand,
CYP2A46*3 was retired as the methods may have led to nonspe-
cific co-amplification and sequencing of CYP2A47 and were thus
deemed inadequate for cataloguing. The expert panel’s in-depth
literature review also led to the merging of several suballeles for
CYP2A646 (Table 1). For example, CYP2.A646.004 was merged
with *46.002, and CYP2A6*46.014 was merged with *46.012.
Definitions of several star alleles remain incomplete; however,
as indicated by an allele evidence level of “Lim.” The majority of
these have not been sequenced across the entire region as required
by PharmVar and stated above. For a complete list of changes, see
the Change Log document provided on the PharmVar CYP2A46
gene page.74

GENOTYPE TO PHENOTYPE TRANSLATION

The NMR is advantageous in that it enables quantitative estima-
tion of the effect of genetic variants/diplotypes on CYP2AG6 ac-
tivity 7z vivo. As the NMR is a continuous measure, studies have
used different cut points to distinguish NMR groupings. There
are also no consistent groupings of CYP2.A6 genotypes to trans-
late into phenotype or metabolizer status, for example, slow vs.
fast metabolizers or intermediate vs. normal metabolizers, though
there is some overlap in which alleles are included in the different
phenotype groups in the literature.

Individual studies have classified CYP2A6 activity dichoto-
mously (e.g., slow vs. normal)***> or into tertiles or quartiles
based on ranked NMR activity75’76; these methodologies often re-
sult in differing CYP2AG6 activity cut points to group individuals.
For instance, in addition to NMR quartilcs,M_ZG’33 clinically rele-
vant cut points associated with smoking cessation outcomes have
also been used recently to dichotomize patients.”>’

CYP2A46 genotype has also been used to categorize participants.
For example, several studies assigned CYP2A46*1/*1 genotypes
when individuals tested negative for any of the interrogated SN'Vs
and classified these as having “normal” function. Individuals with
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Figure 2 Overview of core alleles, suballeles, and the graphical Comparative Allele ViewEr (CAVE). An excerpt of the CYP2A6 gene page is
provided in panel (a). Gray bars show the CYP2A62*1, *15, *27, and *54 core allele definitions, whereas blue and white backgrounds signify
suballeles. For CYP2A6*1, only selected suballeles are depicted, while all current suballeles are shown for *15, *27, and *54. Positions
correspond to NG_008377.1 as the reference sequence (counting from the translation start). Star allele names, PharmVar ID (PVID), allele
evidence levels, and references are shown for each allele. Legacy allele names are cross-referenced. rsIDs (where existing) are provided for
each variant with direct link-out capability to dbSNP. Of note, CPIC has not assigned clinical allele function for CYP2A6 and therefore, the
function is shown as N/A for all star alleles. Panel (b) is a graphical representation of selected alleles with their respective core SNVs. Core
SNVs are shared among all alleles listed under that star number and cause an amino acid change (CYP2A6*15, *24, and *26) or impact gene
expression (*24 and *46); those known to impact function are shown in bolded black font and those with unknown or uncertain function are
in gray font. The CYP2A7-derived 3'UTR conversion (which also impacts gene expression) is highlighted in red. Blue numbered boxes represent
exons and untranslated regions are shown in light blue. Panel (¢) represents the graphical output of the Comparative Allele ViewEr (CAVE)
that allows easy visualization of which SNVs are (i) unique to a star allele, for example, 13G>A (rs28399434, G5R) is only found on *13 and
2134A>G is only found on *15, etc., or (ii) occur on two or more star alleles, for example, -48T>G is present on *9, *13, *15, and *50. The
PharmVar symbols indicate which variants are unique to an allele and the function symbol signifies that the variant alters function.

954 VOLUME 116 NUMBER 4 | October 2024 | www.cpt-journal.com

95U8017 SUOWILUIOD SAITe81D 3|qedtdde sy Aq pauenob afe sopie O 9Sh J0 S9|N. 10} Ak 8UIJUO A8]1/ UO (SUOTIPUOD-PUe-SWLB)AL0D" A8 | 1M Ale.d 1jeu1|Uoy/:Sdy) SUoNIpUoD pue swie 1 auy) 88S *[202/0T/¥0] Uo Akiqiaulluo (1M ‘28€€ 1d2/200T 0T/I0p/wod Aa|im Alelq i puljuoidase//:sdny woJ) pspeojumod ‘v ‘¥Z0Z ‘GES9ZEST



REVIEW

Table 1 Overview of selected changes and revisions made to CYP2A6 alleles as the gene was transferred into the PharmVar

database or thereafter

Legacy allele designation Change Notes
3' UTR Revised Revised the definition of the CYP2A7-derived 3'UTR conversion
3’ flanking Removed SNVs in the 3’ flanking region (past the 3'UTR conversion) are no longer
part of CYP2A6 star allele definitions
51G>A (rs1137115) Updated 51G>A was revised to 51A>G due to the ‘A’ being the reference on
NG_008377.1. Consequently, all alleles that had ‘A’ are now shown as
reference and those with ‘G’ are shown as having an SNV. This change
affected numerous alleles as the variant ‘A’ represents the more
commonly found nucleotide
*1B1-*1B17 Reassigned Reassigned as *46 due to the presence of the 3'-UTR conversion
which increases function; some suballeles were merged and several
required corrections
*3 Removed Used inadequate methods; allele likely does not exist
*4C Merged Literature review suggests that this allele matched *4A
*12 suballeles Removed Due to no (*12A) or limited (*12B and *12C) sequence information,
differences among *12 allelic variants remain unclear; therefore, no
suballele identifiers are provided at this time
*25 Corrected Added 1165G>A; this SNV was reported to be present but was
inadvertently omitted in the legacy allele definition®®
*39, *40, *43, *44 & *45 Revised Added intronic SNVs to respective allele definitions which are described
by Piliguian.®® These SNVs were omitted when alleles were first
designated and described by Piliguian et al.*°°
*48-*52 New star alleles New star alleles found in Japanese populations (deposited by
Fukunaga et al.)
*53 First CYP2A6::CYP2A7 hybrid described to date®*
*54-*56 New star alleles discovered in sub-Saharan African populations83

one CYP2A46"1 allele and one copy of a decreased function allele
(CYP2A46*9 or CYP2A6*12) were classified as intermediate, and
those with two copies of a decreased function or one or more cop-
ies of a nonfunctional allele (CYP246*2 or CYP2A64) as being
slow.”>”® The relatively rare CYP2A46*1x2 gene duplication has
not been assessed extensively for increases in activity,”*”””® while
CYP2A6*46 has been associated with increased CYP2AG6 activ-
ity in individuals of European-ancestry (consistent with i vitro
work), but not in individuals of African-ancestry”””%’; thus, at
this time it is unclear whether cither variant is consistently, and
causally, related to increased CYP2AG activity. Therefore, “rapid”
or “ultrarapid” (or similar terms like “increased function” or “gain-
of-function”) classifications have not been used extensively. Finally,
several studies have assessed nicotine metabolism using both the
NMR and CYP2A6 genotypes (for common star alleles) to guide/
validate genotype-to-phenotype translations, categorizing partici-
pants trichotomously””*" or dichotomously.**

Recent genome-wide association studies of the NMR have iden-
tified non-star allele SN'Vs associated with increased function (e.g.,
1s56113850), which have been included in recent weighted genetic
risk scores (WGRS).>® These SN'Vs are intronic or proximal to
the CYP2A46 gene region, and some serve as proxies for functional
star alleles; some may themselves have causal effects on gene regu-
lation. Thus, unlike many CYP activity scoring approaches which
only include star alleles (primarily amino acid changing SN'Vs), ap-
proximately 30% of CYP2AG activity can be captured with the risk
scores including GWAS SNVs (vs. 20% captured using common
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star alleles); however, these scores involve additional complexity as
they include non-star allele SN'Vs (for which established genotyp-
ing procedures may not exist) and are currently ancestry-specific.

ALLELE FUNCTION

PharmVar has assembled a list of alleles with i vivo evidence
of impact on nicotine metabolism (generally measured using
the NMR) or coumarin metabolism (see table 3 in the Read
Me document available at PharmVar74). To be listed, the func-
tional impact of an allele must be supported by at least two
publications.

CYP2A6 ALLELE, GENOTYPE, AND PHENOTYPE
FREQUENCIES ACROSS POPULATIONS

There are substantial differences in the frequencies of CYP2A46
star alleles across populations. One prominent example is the
full gene deletion allele, CYP2A46*4. Note that CYP2A4647,
a CYP2A7::CYP2A6 hybrid allele, has not been traditionally
distinguished from CYP2A464 due to its structural similarity
and lack of activity, causing sources on CYP2A46*4 frequency
to include CYP2A46*47 (see the CYP2A6 Structural Variation
document for more information). In European Ancestry popu-
lations (EUR), CYP2A46*4 is rare at ~ 0.3%. It is also rare among
Southwest and Northern Plains American Indian populations
(0.3-1.6%), but is more common in African-American (AAC;
2.3%), Sub-Saharan African (SSA; 3.1%), and South Asian ances-
try populations (SAS; 3.8%), and is rather frequent in East Asian
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(EAS) and Alaska Native Yupik populations (e.g., >20% in cer-
tain subpopuiat:ions).6’64’83 CYP2A6*12, a CYP2A7::CYP2A6
hybrid allele predicted to have severely decreased or no activity,
is the most common SV in EUR (2.3% allele frequency), but is
rare in other populat:ions.64’83 CYP2A6*17, a decreased function
allele, is common in SSA and AAC populations but is absent or
rare in EUR, SAS, or EAS.6¢0:83

Recently, wGRS were constructed to predict CYP2AG activ-
ity from genotype in EUR and AAC popuiations.ss’57 While
CYP2A6*4, CYP2A6*9, and CYP2A6*12 contributed to variation
in CYP2AG activity in both populations and thus were retained in
both wGRSs, others were not. For example, the core CYP24672
SNV was retained only in the EUR wGRS, while the core SN'Vs
for CYP2A6*17, *20, *2S, *26, *27, and *3S were included only
in the AAC wGRS. These differences are likely accounted for by
relatively higher allele frequencies in one ancestral group vs. the
other, as effects on CYP2AG activity for all variants present in both
populations were similar in magnitude and direction.””

Early studies of nicotine clearance through the administration of
deuterium-labeled nicotine found that EUR and Latino (LAT) in-
dividuals have similar rates of nicotine metabolism, while both are
significantly faster metabolizers than AAC and Chinese-American
smoker384’85; later studies of the urinary NMR confirmed these
trends, finding that EAS had the lowest NMR among ancestry
groups studied.®

Another study of the urinary NMR (measured using
3"Hcmml/ cotinine;__ in regular smokers) within the multieth-
nic cohort study found significant differences in NMR across
populations: EUR and AAC were not significantly different,
Japanese and Native Hawaiians had significantly slower activ-
ity than EUR, and LAT had significantly faster activity than
EUR.Y Other studies have found overall lower mean NMRs in
AAC compared to EUR, but no difference once individuals with
known variants were excluded, implying that population differ-
ences are caused primarily by differences in CYP2A6 star allele
frequencies.19’88 Lower activity among Japanese individuals is
consistent with the high frequency of CYP246*4 gene deletions
in that population. On the other hand, Yupik Alaska Natives
have substantially higher NMRs than AAC and EUR, even when
comparisons are limited to CYP246*1/*1 individuals, suggesting
the presence of unknown variants (including those influencing
regulation), environmental influences, or other causes.®®

CYP2A6 ALLELE CHARACTERIZATION AND ALLELE CALLING
CYP2A6 genotyping

Due to the existence of the highly homologous CYP2A47 and
CYP2A413 genes, CYP2A6 genotype calls using more recently
developed methods (including array genotyping, amplicon-
based exon sequencing, and targeted capture NGS), are not al-
ways consistent with those used previously (e.g., nested PCR),89
and are not always consistent between each other.”” Specific
positions within the gene are very likely to be genotyped discor-
dantly between methods, especially in the exon 9 and/or 3'UTR
regions, where, in European populations, approximately half of
CYP2A6 alleles possess a 3'UTR identical to CYP2A7° that
is, the CYP2A7-derived 3'UTR conversion. Thus, short read
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sequencing without a gene-specific protocol, that is, ampli-
fying CYP2A6 specifically and preventing read alignment to
CYP2A47 through reference genome masking, may not reliably
produce high-quality data in exon 9 or the 3'UTR (Figure 3).
There are other regions with high homology which may lead
to genotyping errors for star alleles with core SN'Vs in exons 5
or 9, including CYP2A46™S, *7, *8, *11, 24 and CYP2A6*35.
Additionally, these regions may be challenging when identify-
ingand characterizing novel haplotypes.

CYP2A46 SVs can be detected with quantitative PCR ap-
proaches employing commercially available TagMan copy number
assays, where CYP2A6*1x2, *4, *12, *34, and *S3 may be distin-
guished by targeting three different gene regions such as CYP246
introns 1, 2, and 7.% Thus far, protocols have not been devel-
oped for routine genotyping of SVs using long-read sequencing.
However, further progress in the use of long reads for CYP2A46
sequencing should allow for the development of tools to facilitate
accurate variant and haplotype calling, including SVs (similar to
tools developed for CYP2D6 by, e.g., Pacific Biosystems).90

Characterizing novel CYP2A6 alleles

In the past, relatively low-throughput methods such as cloning
of CYP2A6-specific XL-PCR products14 or amplicon sequenc-
ing using a nested PCR protoc0157’91 were used to characterize
most of the alleles currently catalogued by PharmVar, includ-
ing the more recently deposited haplotypes. Given the afore-
mentioned challenges posed by short read methods, the use of
single molecule, long read sequencing represents an alternative
method allowing for high(er) throughput and accurate char-
acterization of CYP2A6 alleles. Indeed, several novel alleles
were deposited in PharmVar after fully phased sequences of the
entire CYP2A6 gene (including introns and up/downstream
regions) were obtained using Pacific Biosciences (Menlo Park,
CA) single molecule scquencing.83 Specifically, long range PCR
products encompassing the entire CYP2A6 gene, upstream se-
quences and the 3'UTR region were amplified and subjected to
Pacific Biosciences High Fidelity (HiFi) sequencing. This ap-
proach enables the detection and accurate phasing of all SN'Vs
on both alleles. For one of the participants, this analysis revealed
CYP2A6*17.002 and a novel haplotype, CYP2A46*54.001. Of
note, the latter contains the 3'UTR conversion which was fully
resolved as shown in Figure 4c, d.%? Furthermore, CYP2.A46*54
was found to have a 49-bp long region in exon 3/intron 3 cor-
responding to CYP2A7 (this feature is listed in the Structural
Variation document as “ex3/in3 conversion”). The majority of
the SN'Vs in this region were missed initially when analyzing
WGS short read data and were only detected and phased with
HiFi long read technology. Other targeted long-read pharmaco-
gene sequencing platforms/resources, such as the Twist Alliance
Long-Read Pharmacogenetics Panel (Twist Bioscience; South
San Francisco, CA) or Oxford Nanopore (Oxford Nanopore
Technologies; Oxford, UK) single molecule sequencing may
also be applied for CYP2A46 genotyping and allele character-
ization.”> However, there are currently no published reports
that describe the use of these approaches for CYP2.46. The

main limitation to the universal use of long read sequencing
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Figure 3 NGS with paired-end short reads can produce misalignments due to high sequence identity between CYP2A6 and CYP2A7. Panel (a)
visualizes the results of a simulation analysis in which 2x150bp paired reads with average fragment sizes of 500bp were generated from
the CYP2A6 RefSeq, with an average coverage per position of 100 reads (CYP2A6 exons/introns are not drawn to scale); a second simulation
used reads into which the 3'UTR conversion was introduced to simulate CYP2A6*46. For each position, the percentage of total reads that
could not be disambiguated between CYP2A6 or CYP2A7, or which misaligned to CYP2A7 (in the case of the simulated CYP2A6*46), was
determined. Misalignments were common in exon 5 and, when the 3'UTR conversion was present, exon 9. Misalighments in exon 9 are shown
by position in a heatmap where the darkest red corresponds to >50% of misalighed reads. Panel (b) depicts a region from exon 8 to the
3'UTR (to scale) demonstrating how read misalignments can occur when NGS short reads have a mean fragment size of 500bp. Read pairs
are displayed as boxes with a connecting hashed black line. Blue and red lines indicate positions where CYP2A6 and CYP2A7 differ, that is,
represent informative positions, and the large blue and red block indicates the 3'UTR conversion region. Fragment size variation can produce
misalignments when a read overlaps the 3'UTR conversion, as demonstrated by a hypothetical read pair shown above the CYP2A6*46 graph,

which would produce “unambiguous” alignments to CYP2ATY.

for CYP2AG6 allele characterization is the relatively higher cost
compared to other technologies, especially in resource-limited
settings. A CRISPR-Cas9-based approach that was developed
to characterize the entire CYP2D locus could also be harnessed
to characterize particularly complex structural variants/rear-
rangements of the CYP2A4 locus.”?

Tools to facilitate CYP2A6 star allele calling

The strengths and limitations of the methodologies described
above imply that accurate CYP2A46 allele characterization
often requires a combination of approaches. Given the pleth-
ora of emerging small and large datasets globally, bioinfor-
matics algorithms for calling CYP2A46 star alleles from NGS
datasets are needed for data interpretation. At present, existing
tools that support CYP2.A46 allele detection from NGS data in-
clude StellarPGx, Aldy, and PyPGx.%_96 At present, all three
tools support high-coverage short read WGS data as their main
input, while their respective versions supporting long read and
other data are under development or being further enhanced.
The analysis of data other than WGS (c.g., genome-wide ar-
rays, WES, custom NGS gene panels, or sequencing of XL-
PCR amplicons) using these tools may need to be interpreted
with caution as input data may not yield accurate haplotypes

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 116 NUMBER 4 | October 2024

and/or SV calls, especially for cases with complex diplotypes.
In comparison to short read-based NGS, long reads are con-
siderably less prone to read misalignments, which is highly ad-
vantageous for characterizing CYP2A46 star alleles using these
computational algorithms. However, calling CYP2A6 star
alleles from long read sequencing data presents different com-
putational challenges compared to those from short read data.
For example, when inferring the presence of SVs, read depth-
based approaches tend to be less effective for long read data
given their typically lower read depth compared to short read
data. Consequently, the detection of SVs from long read data
may require various nuanced solutions. Notably, typical long
read fragments can span the entire length of CYP2A46, which
facilitates the implementation of read-based phasing strategies
such as WhatsHap97 within existing allele callers, rather than
the statistical phasing-based or combinatorial-based diplotype
assignment strategies used for short read data.’"%° Overall, the
use of tools such as StellarPGx, Aldy, and PyPGx provides the
opportunity to perform CYP2A6 pharmacogenomic analysis
within large-scale short read datasets in research settings. Novel
haplotypes identified with these tools from short read NGS will
require validation to be considered by PharmVar for naming;
the necessity of validating novel haplotypes is underscored in
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Figure 4 CYP2A6 haplotype characterization using single molecule sequencing. Panels (a) and (b) showcase two samples for which both
haplotypes were initially found using WGS and subsequently further characterized with single molecule long read sequencing. CYP2A7-
derived sequences are highlighted in red. SNVs in coding regions are in black font, and those in noncoding regions are shown in blue font.
SNVs known to alter function are highlighted in larger font. The CYP2A6*9.002 allele in (a) represents a fully characterized sequence that
was initially designated as *9B; several SNVs have since been added to the allele’s definition. The subject’s second allele represents a new
CYP2A6*31 suballele, *31.003. The CYP2A6*17.002 and *54.001 alleles found in the subject shown in (b) are both novel. CYP2A6*54.001
has a 49-bp long region spanning parts of exon 3 and intron 3 (ex3/in3) that is CYP2A7-derived and listed as a conversion in the Structural

Variation document. This region contains 11 SNVs, of which six contribute to five amino acid changes. CYP2A6*54.001 also has the CYP2D7-
derived 3'UTR conversion. The top portions of panels (¢) and (d) visualize the challenge of resolving CYP2A7 conversion regions with WGS
short read sequencing. As shown in their respective bottom portions, these challenging regions can be resolved using single molecule long
read sequencing. Screenshots of read alignments represent the sample depicted in panel (b).
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the next section on several examples which illustrate the chal-

lenges of calling CYP2.A46 alleles from WGS short read data.

Examples of CYP2A6 characterization challenges

As of the writing of this review, PharmVar does not accept sub-
missions that are solely based on short read WGS, that is, which
have not been validated with another method. This is largely due
to read alignment and SN'V/SV detection issues arising from the
high homology between CYP2A46 and CYP2.A47, in addition to
the phasinglimitations posed by short read data. The recent char-
acterization of CYP2A46*54 provides an example where SN'Vs in
two CYP2.A7-derived regions, in the 3'UTR and exon 3/intron
3 were not called from high-coverage short read WGS data; in-
stead, read misalignments to CYP2.A47 caused insufficient allele
depths to support the correct variant calls in CYP2A46. Since
HiFi long read technology compensates for alignment penalties
across the entire CYP2.A6 gene region, long reads allowed for the
detection of all SN'Vs, in addition to phasing and unequivocal de-
tection of both conversion events (Figure 4c¢,d). Given that the
CYP2A46 3'UTR conversion is highly prevalent (CYP2A46*46
alone is estimated to range from 6% to 42% globally),g3 it is im-
perative that all CYP246 submissions to PharmVar have accu-
rately ascertained the presence and phase of all SN'Vs, including
those in conversions.

As mentioned, SVs are difficult to assess accurately with
short read WGS alone, but long read sequencing protocols
may also result in ambiguity. For example, the submission for
CYP2A46*56.001 provided evidence from short read WGS data
indicating the presence of a duplication. Two gene copies in the
sample, the novel CYP2A46*56.001 allele and the *35.003 sub-
allele, were fully characterized via targeted Pacific Biosciences
HiFi resequencing. However, the duplicated gene copy eluded
characterization as it was not captured when XL-PCR sequenc-
ing templates were generated as primers were not designed to
amplify duplicated gene copies. Using only the short read data, it
was inconclusive as to whether the sample had a CYP246*35.003
or a *56.001 duplication. It also remains unclear whether the
duplicated gene copies were 100% identical. Nevertheless, short
read WGS may be sufficient for calling CYP246 alleles if (i) the
data meets quality metrics (e.g., read depth > 30x, variants pass
filters such as Quality by Depth and Allele Balance), (ii) there
are no SVs, and preferably (iii) there is additional support from
inheritance/trios that substantiates the PharmVar catalogued
haplotypes. As additional information regarding the accuracy of
haplotypes that are characterized solely by short read WGS data,
especially those in copy-neutral, conversion-negative samples be-
comes available, PharmVar will adapt/update submission require-
ments. For the time-being, however, novel haplotypes discovered
by short read WGS must be validated by appropriate orthogonal
methods/approaches.

CONCLUSIONS

This PharmVar CYP2A46 GeneFocus paper sheds light on this
highly polymorphic gene to facilitate further work investigating
its clinical impact. We present an overview of current knowledge,
examples of past methods for allele characterization, and several

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME 116 NUMBER 4 | October 2024

obstacles limiting the full understanding of this complex genetic
region, which may be addressed by modern genetic approaches.
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