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The Pharmacogene Variation Consortium (PharmVar) serves as a global repository providing star (*) allele
nomenclature for the polymorphic human CYP4F2 gene. CYP4F2 genetic variation impacts the metabolism of
vitamin K, which is associated with warfarin dose requirements, and the metabolism of drugs, such as imatinib or
fingolimod, and certain endogenous compounds including vitamin E and eicosanoids. This GeneFocus provides a
comprehensive overview and summary of CYP4F2 genetic variation including the characterization of 14 novel star
alleles, CYP4F2*4 through *17. A description of how haplotype information cataloged by PharmVar is utilized by the
Pharmacogenomics Knowledgebase (PharmGKB) and the Clinical Pharmacogenetics Implementation Consortium

(CPIC) is also provided.

The cytochrome P450 (CYP) isoform 4F2 (CYP4F2) was first
identified in 1994 and shown to contribute to drug metabolism,
the homeostasis of inflammation mediators, such as leukotriene
B4 (LTB4), and the synthesis of cholesterol, steroids and other lip-
ids.” It plays a key role in the vitamin K dependent blood clotting
process and is recognized as a pharmacogenetic biomarker associ-
ated with warfarin dose rf:quircmcnts.3 CYP4F2 also contributes
to the metabolism of drugs such as imatinib or fingolimod and
certain endogenous compounds including vitamin E and eicosa-
noids. Moreover, CYP4F2 genetic variation has been suggested
to be associated with an increased risk of hypertension and car-
diovascular diseases due to imgaircd vitamin K metabolism and
altered cicosanoid synthesis.*® More extensive characterization
of CYP4F2 genetic variation and variant function will help to
understand its clinical impact not only on coagulation processes
and warfarin response but also on drug metabolism more gener-
ally. Additionally, deeper knowledge could potentially shed addi-
tional light on other cardiovascular processes. Therefore, further
research in this area is warranted to assess drug-clinical phenotype
associations, to ultimately conclude which interventions would
be clinically relevant, promoting the implementation of precision
medicine.

PharmVar serves as a global repository for pharmacogene varia-
tion’ cataloging variation within a defined gene region on the hap-
lotype level, that is, combinations of variants that occur together
on the same chromosome using “star allele” nomenclature (a star

allele describes a haplotype that can consist of one, few or many
variants). The star allele nomenclature is widely used in the phar-
macogenetics/genomics field including the Pharmacogenomics
Knowledgebase (PharmGKB) and the Clinical Pharmacogenetics
Implementation Consortium (CPIC) which source star allele defi-
nitions from PharmVar. Star allele nomenclature is also widely used
for pharmacogenetic test reporting.

CYP4F2 nomenclature was first provided by the Human
Cytochrome P450 Allele Nomenclature Database, which was tran-
sitioned to PharmVar in 2017.8 At this time, only two star alleles
were descibed, CYP4F2*2 and *3, defined by ¢.34T>G (p.W12G,
1r53093105) and c.1297G>A (p.V433M, rs2108622), respectively.
Their allele definitions did not follow current standards. Briefly,
the current star allele system requires complete sequencing of de-
fined regions that include all exons, exon/intron junctions, parts of
—or the entirety of — the 5" and 3’ untranslated regions (UTR),
and additional upstream gene sequences. To identify haplotypes
and provide a more comprehensive catalog of CYP4F2 allelic vari-
ation complying with current standards, PharmVar surveyed pub-
licly available data from the 1000 Genomes Project (1K-GP)." In
addition, PharmGKB reanalyzed allele frequencies from the UK
Biobank data'' to estimate star allele frequencies.

In this document, variants are described according to their rel-
ative position in the CYP4F2 NM_001082.5 reference transcript
sequence with the “A” of the ATG translation start codon being +1
unless otherwise indicated. For example, the variants constituting
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the core CYP4F2*2, *3, and *4 allele definitions are referred to
as ¢34T>G (pWI2G, rs3093105) and c.1297G>A (p.V433M,
rs2108622). Since this gene is encoded on the negative strand, the
nucleotide changes in GRCh37 and GRCh38 are shown as their
reverse complement, for example, ¢.34T>G (p.W12G, 1s3093105)
is shown as 15897578A>C in the GRCh38 genome build.

PHARMVAR GENE PRIORITIZATION

Recently, a point-based rating system has been developed to pri-
oritize genes for incorporation into PharmVar. Criteria used for
consideration include, but are not limited to, PharmGKB clinical
annotation levels, CPIC gene status, availability of CPIC clinical
allele function status, and the level of PharmVar curation efforts.
With 90/100 points, CYP4F2 is among the high-priority genes.
More detailed information can be found in the “Gene Content
and Prioritization” tab on the “GENES” page of the PharmVar
website.!?

CLINICAL RELEVANCE

CYP4F2, vitamin K, and coagulation

The coagulation process requires the carboxylation of hypo-
functional clotting factors, which depends on the reduced form
of vitamin K (i.e., vitamin K dihydroquinonc).13 As shown in
Figure 1, gamma-glutamyl carboxylase (GGCX) mediates the

carboxylation of hypofunctional coagulation factors and the si-
multaneous conversion of vitamin K dihydroquinone to vitamin
K epoxide in the liver. Vitamin K epoxide reductase (VKORCI1)
then converts vitamin K epoxide to vitamin K and subsequently to
vitamin K dihydroquinone in a 2-step reaction. Dietary vitamin K
enters the cycle as a quinone, which is metabolized by CYP4F2 to
hydroxyvitamin K, which is no longer part of the cycle; subsequent
f-oxidation reactions of hydroxyvitamin K-derived compounds
contribute to vitamin K elimination. In other words, vitamin K,
VKORC]I, and GGCX contribute to a procoagulant status by me-
diating the conversion of hypofunctional to functional coagula-
tion factors, while CYP4F2 action favors an anticoagulant status
by limiting vitamin K availability.14

Vitamin K antagonists (VKAs) are widely used anticoagulant
drugs. By inhibiting VKORC1, VKAs limit the conversion of vi-
tamin K epoxide to vitamin K, and vitamin K to vitamin K dihy-
droquinone, thereby limiting the production of functional clotting
factors and causing an anticoagulant state. Patients with CYP4F2
variants that decrease function have less CYP4F2 enzyme activity,
which increases the vitamin K pool in the cycle, thus contributing to
a procoagulant status. Such patients require a 5-10% dose increase
of the VKA warfarin.’ Multiple studies and meta-analyses pro-
vide evidence supporting the influence of ¢.1297G>A (pV433M,

rs2108622) on warfarin dose rcquiremc:nts.3‘15’16’17‘18’19 This
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Figure 1 Overview of the vitamin K cycle. Figure adapted from PharmGKB warfarin pharmacodynamics pathway87 and used with permission.
AIFM2, apoptosis-inducing factor mitochondria associated 2; EPHX1, epoxide hydrolase 1; GGCX, gamma-glutamyl carboxylase; NQO1, NAD(P)

H:quinone oxidoreductase 1; VKORC1, vitamin K epoxide reductase.
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variant causes decreased function and is the most widely studied;
it is the defining variant of the CYP4F2*3 allele and is also present
on the novel CYP4F2*4 allele, which additionally has c.34T>G
(pW12G, rs3093105). CYP2C9 and ¥KORCI genotyping prior
to starting warfarin therapy can help to optimize dosing, along
with clinical and demographic factors.” Acenocoumarol and phen-
procoumon are other VKAs having the same mechanism of action
as warfarin.2° Though not approved for sale in the United States,
they are widely used in several European countries (e.g., phenpro-
coumon is the most prescribed VKA in Germany [74.1%] and
acenocoumarol in Spain [67.3%])."> Several studies suggest that
CYP4F?2 variation affects the dose requirements of acenocoumar-

ol'*? and phenprocoumonzz'24

similarly to that of warfarin.
Furthermore, emerging evidence suggests that individuals car-
rying ¢.1297G>A (p-V433M, rs2108622) may have an increased
risk of hypertension, stroke, and other cardiovascular diseases due
to impaired vitamin K metabolism and altered cicosanoid synthe-
sis,4'6 likely due to the procoagulant status associated with this
variant. A possible sex-specific effect of ¢.1297G>A (p.V433M,
1s2108622) has been postulated due to its association with hyper-
tension and ischemic stroke in males. While the underlying cause
is still unknown, a complex interplay of several factors has been
proposed; sex-specific factors such as hormone levels (e.g., testos-
terone levels) have been proposed to affect the CYP4F2-mediated
metabolism of endogenous factors, such as arachidonic acid, which
underlays the excess of hypertension and associated vascular events

observed in males compared with females.2>%¢

CYP4F2 substrates

Besides vitamin K, CYP4F2 is involved in the metabolism of sev-
eral drugs. Imatinib is an anticancer drug that inhibits tyrosine ki-
nases. It is mainly metabolized by CYP3A enzymes but CYP4F2
has been suggested to contribute to its biotransformation to desme-
thylimat:inib.27 Fingolimod is an immunomodulator used for mul-
tiple sclerosis management; CYP4F2 is reported to be one of the
major enzymes in the elimination pathway of fingolimod 77 vivo.®
The concomitant use of CYP4F2 inhibitors such as ketoconazole
(which also inhibits other CYPs, such as CYP3A4) increases
fingolimod exposure. Thus, if both drugs are co-administered,
close monitoring of adverse drug reactions (ADRs) is required,
and, if necessary, a reduction of the fingolimod dose is advised.”’
Linezolid is an oxazolidinone antibiotic indicated for several gram-
positive infections. CYP4F2 and CYP2J2 are reportedly responsi-
ble for 50% of its hepatic biotransformation iz vitro.

Vitamin E

A group of eight fat-soluble compounds that include four tocoph-
erols and four tocotrienols is referred to as vitamin E. These to-
copherols and tocotrienols exist as « (alpha), P (beta), ¥ (gamma),
8 (delta), and @ (omega) counterparts. Neurological disorders
are characterized by vitamin E deficiency contributing to poor
conduction of nerve impulses. Studies show the effectiveness of
vitamin E supplementation in a variety of conditions, such as for
the management of nonalcoholic fatty liver disease’’; however, its
excessive use has been related to platelet inhibition and increased
risk for bleeding,32 Similar to vitamin K, vitamin E metabolism

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

begins with a ®-hydroxylation reaction which is followed by
five subsequent B-oxidation cycles resulting in the formation of
water-soluble end products.33 A number of in silico, in vitro and
in vivo studies support CYP4F2 as the main enzyme responsible
for the initial @-hydroxylation reaction, and that CYP4F2 varia-
tion, specifically ¢.34T>G (p.-W12G, r53093105) and c.1297G>A
(p-V433M, rs2108622), impacts the ®-hydroxylation reaction,
a-tocopherol levels, and/or vitamin E supplement dose require-
ments.”*>* However, this association has not been observed with
tocotrienols®® or y-tocopherol levels,” and some studies suggest
that the ®-hydroxylation step of vitamin E is not mediated by
CYP4F2.%

CYP4F FUNCTION AND EXPRESSION

CYP4F2 catalyzes the NADPH-dependent oxidation of the car-
bon terminus of long and very long-chain fatty acids, vitamin
K and vitamin E side chains (tocopherols and tocotrienols), ar-
achidonic acid, and LTB4.' Alade e al*' observed a strong re-
lationship between combined CYP4F2 and CYP4FI1 protein
abundance and ®-hydroxy phylloquinone formation from vita-
min K in human liver microsomes, with similar intrinsic clear-
ances and catalytic efficiencies.

Enzymes of the CYP4F subfamily are predominantly expressed
in the human liver and, to a lesser extent, in the small intestine and
kidnf:y.42'44 CYPA4F has been reported to represent up to 15% of
all hepatic CYP protein content.”® Wide ranges of hepatic and
renal protein expression levels have been observed; however, the
underlyin§ mechanism(s) driving variable expression remain un-

own. % These findings are in agreement with genome-wide
expression databases such as the Human Protein Atlas?’ and
Genotype-Tissue Expression (GTEx) projf:ct.48

Alade et al*! investigated CYP4F2 and CYP4F11 mRNA ex-
pression, protein abundance, and metabolic activity in human liver
samples and performed extensive modeling analyses. Key findings
indicated that in most samples, CYP4F2 exhibited higher mRNA
expression and protein abundance than CYP4F11. Furthermore,
the CYP4F2*3-defining variant (c.1297G>A, pV433M,
r52108622) was associated with decreased CYP4F2 protein levels.
CYP4F2 and CYP4F11 protein abundances were strongly cor-
related with vitamin K intrinsic clearance, suggesting significant
contributions from both enzymes to vitamin K metabolism in the
human liver. Quantifying the effect size of genetic variation in the
CYP4F locus is complex due to the involvement of both CYP4F2
and CYP4F11 in the metabolism of substrates typically attributed
to CYP4F2, but the authors concluded that interrogation of the
CYP4F2 c.1297G>A (p.V433M, rs2108622) variant is adequate
for in vivo predictions, such as determining the warfarin dose re-
quired to achieve a therapeutic international normalized ratio
(INR).

A recent study by Sato ez al® characterized 28 CYP4E2 vari-
ants that were found in a large Japanese cohort, many of which are
currently not cataloged by PharmVar. Each variant was heterolo-
gously expressed 77 vitro and amounts of expressed protein were
determined using carbon monoxide-reduced difference spectros-
copy, and kinetic parameters and intrinsic clearance were assessed
usingarachidonicacid as substrate for measuring ®-hydroxylation.
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The ¢.1297G>A (p.-V433M, rs2108622) variant found in both
CYP4F2*3 and *4 led to a significant reduction in holoenzyme
content, resulting in a marked decreased in activity — an ob-
servation aligning with previous studies.”*%0 Furthermore, 3D
structural modeling revealed that the ¢.1297G>A (pV433M,
r52108622) alteration causes a loss of interaction with p.H103
in beta-sheet 2, affecting enzyme stability and, consequently,
:1ctivity.49 In addition, Sato er 4%’ explored the amino acid
changes ¢.34T>G (pW12G, 1s3093105) (CYP4F2*2 and *4),
c.1555C>A (p.L519M, 1s3093200) (CYP4F2*S) and ¢.322C>T
(p-R108W, rs114396708) (CYP4F2*11). There was no detect-
able holoenzyme for p.R108W (CYP4F2*11) suggesting that this
amino acid change may cause a severe loss or absence of CYP4F2
activity. The constructs containing p.W12G (CYP4F2*2 and
*4) and p.L519M (CYP4F2*S) exhibited intrinsic clearances for
®-hydroxylation of 59% and 70%, respectively, compared with
CYP4F2*1.

INDUCIBILITY AND DRUG INTERACTIONS

The European Medicines Agency (EMA) and American Food
and Drug Administration (FDA) drug labels for acenocouma-
rol and warfarin, respectively, do not mention drug interac-
tions with CYP4F2. Data supporting inhibition or induction
of CYP4F2 by certain compounds are mainly derived from in
vitro studies. For example, lovastatin, retinoic, lauric, and stea-
ric acids have been described to induce CYP4F2,>% whereas
ketoconazole (but not the other members of the azole antifun-

4 . . .
),5 sesamine,”> and peroxisomal proliferators, such as

gal family
clofibrate, ciprofibrate, or pentadecafluorooctanoic acid>® have
been reported to inhibit the enzyme. Further studies are war-
ranted to better understand the clinical relevance of these inter-

actions with CYP4F2 in vivo.

SEX AND DEVELOPMENTAL DIFFERENCES

Little information is available regarding sex or developmental
differences impacting CYP4F2-dependent metabolism. A meta-
analysis of 24 relevant studies showed no significant difference in
doses of coumarin between male and female patients.% No studies
were found examining the impact of developmental differences.
Alade et al™ reported that females had modestly higher hepatic
CYP4F2 and CYP4F1I mRNA levels than males. Patients aged
<18years showed 23% lower CYP4F2 mRNA levels than those
aged 19-55 or 55 and older; for CYP4F11, values were 8.9% and
9.5% lower, respectively. However, there were no significant asso-
ciations between sex and age when used as predictors for CYP4F2
or CYP4F11 mRNA expression levels.

CYP4F2 IN PHARMGKB AND CPIC

PharmGKB collects, curates, and disseminates knowledge about
the impact of human genetic variation on drug response.57 The
CYP4F2 gene page at PharmGKB>® allows structured access to
curated gene-specific pharmacogenomic knowledge. Data are
displayed in sections including prescribing information, drug
label annotations, clinical annotations, variant annotations, cu-
rated pathways, and more. As of January 2024, the CYP4F2 gene
page included one clinical guideline annotation for the CPIC

966

guideline for CYP2C9, CYP4F2, VKORCI, and warfarin closing.3
Though there are no druglabels containing CYP4F2 to annotate,
PharmGKB does provide the FDA Table of Pharmacogenetic
Associations entry for CYP4F2 and warfarin.”’

PharmGKB’s clinical annotations are evidence-rated, genotype-
level summaries for specific variant/allele-drug combinations
based on curated literature. Twelve clinical annotations are avail-
able, including one level 1A annotation for warfarin and one level
2A annotation for acenocoumarol dosage. PharmGKB pathways
are evidence-based diagrams depicting the pharmacokinetics (PK)
and/or pharmacodynamics (PD) of a drug with relevant (or po-
tential) pharmacogenctic associations. CYP4F2 is included in the
imatinib PK/PD pathway and the warfarin PD pathway.

PharmGKB and CPIC work collaboratively to develop gene-
specific resources that accompany each CPIC guideline, including
allele definition mapping, allele functionality, allele frequency, and
diplotype to phenotype mapping files in a standardized format,
which are created together with the guideline authors. The current
CPIC warfarin guideline only includes CYP4F2*3 (c.1297G>A,
p-V433M, rs2108622), and neither allele function nor phenotypes
were assigned. Hence, only allele definition and frequency files are
available.”® The dosing recommendation flowchart (Figure 2 from
the 2017 CPIC warfarin guideline update3) includes optional
consideration for rs2108622 variant carriers (i.e., those with the
c.1297G>A variant) with non-African ancestry.3 At the time of
the writing of this GeneFocus, CPIC guidelines have not been up-
dated to include the new CYP4F2 haplotypes PharmVar has added
to its catalog, including CYP4F2*4, which also has c.1297G>A
(pV433M, 15s2108622).

Prior to the inclusion of CYP4F2*4 (c.34T>G (pW12G,
r53093105) and c.1297G>A (p.V433M, 1s2108622)) into
PharmVar, frequencies for CYP4F2*2 (c.34T>G, pWI12G,
r53093105) and *3 (c.1297G>A, pV433M, r52108622) were
captured based on the single variant defining each of these al-
leles. However, given that both variants are present in the newly
defined CYP4F2*4 allele, CYP4F2*2, *3, and *# allele frequen-
cies are likely reported inaccurately. Analyzing allele frequencies
using an integrated 200K UK Biobank genetic dataset®! and the
Pharmacogenomics Clinical Annotation Tool (PharmCAT)®
with CYP4F?2 allele definitions per September 2023 shows a sub-
stantial change compared with previous estimates for CYP4F2*1,
*2,and *3allele frequencies (see Frequency tableéo). The frequency
of CYP4F2*I is now lower due to the inclusion of CYP4F2*5-*15.
For the unphased UK Biobank data, the PharmCAT calling
algorithm could not distinguish between CYP4F2*1/*4 and
*2/*3 diplotypes, assigning CYP4F2*1/*4 to subjects who are
heterozygous for both ¢.34T>G (pW12G, rs3093105) and
c.1297G>A (p.V433M, rs2108622), due to a higher matching
score. In an attempt to distinguish these alleles and differentiate
between CYP4F2*1/*# and *2/*3, two upstream variants, that is,
c.-300C>A (rs3093090) and c.-299C>T (rs3093091) were in-
cluded in the CYP4F2*3 and *5 allele definitions for reanalysis (at
the time this analysis was performed, c.-300C> A (rs3093090) and
c.-299C>T (rs3093091) were only found on CYP4F2*3 and *5).
The resulting diplotype calls revealed that only a small frac-
tion (0.04%) of the prior CYP4F2*1/*4 calls were reassigned as
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Figure 2 Overview of the CYP4F gene locus. As shown in the top panel, the gene locus spans approximately 426 kilobase pairs (kb). As
indicated by the arrows, three of these genes are encoded on the negative strand, including CYP4F2. The length of each gene and respective
intergenic regions are shown in kb. A large deletion comprising 32.2kb affects the entire CYP4F2 gene (bottom panel); this structural variant/
copy number variation (SV/CNV) containing allele is designated as CYP4F2*16.

CYP4F2*2/*3 with this approach, meaning that CYP4F2*3 is
considerably less common compared with CYP4F2*4. The per-
centage changed slightly for different biogeographical groups
(Europeans 0.04%, African American/Afro-Caribbeans 0.09%).%°
Furthermore, data suggested that c.-300C>A (rs3093090) and c.-
299C>T (rs3093091) also occur without the CYP4F2*3 and *S
variants, as evidenced by *1.007 which was identified among the
1K-GP samples.

For core alleles defined by a unique variant, the Genome
Aggregation Database (gnomAD)63 can also be used to obtain
frequency data. CYP4F2”5 (c.1555C>A, p.L519M, rs3093200) is
prevalent in all populations represented in gnomAD v.4.1.0, with
a frequency of 14.12% in Africans/African Americans. In non-
Finnish Europeans, Admixed Americans, and Middle Eastern and
South Asians, the allele has a frequency between 3.37 and 6.36%,
while it is only present at <0.02% in East Asians. The frequency
of CYP4F2%6 (c.554G>T, p.G185V, 1s3093153) is 5.30% in non-
Finnish Europeans, 3.20% in Admixed Americans, and 3.02% in
Middle Eastern populations. In Africans/African Americans, it
is present at a frequency of 3.23%, while it is observed at 0.74%
and 0.02% in South and East Asians, respectively. CYP4F2*7-*15
are only found in some populations with frequencies below 1%,
except CYP4F2*7 (c46G>C, p.A16P, rs114099324), which has
a frequency of 1.27% in African/African Americans, 0.16% in
Admixed Americans, and 0.15% in Middle Eastern populations,
and CYP4F2*14 (c.1021C>G, p.L341V, rs145174239) with a fre-
quency of 1.85% in South Asians.

Allele frequencies are estimates and may change over time as new
data become available, especially for populations which are under-
represented in databases such as the UK Biobank and gnomAD,
and new star alleles are being defined. PharmGKB now also offers
star allele frequencies for CYP4F2*1 through *7 from the A/ of Us
Program. Although frequencies for CYP4F2 alleles are remarkably
similar across these databases as illustrated for CYP4F2*7 (0.99%
and 1.34% for African American/Afro-Caribbean and Sub-
Saharan African in the UK Biobank, 1.29% for AFR in A/ of Us,
and 1.27% in African/Afrian American in gnomAD), these should
only be cautiously extrapolated to admixed or geographically iso-
lated populations.
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THE CYP4F2 GENE LOCUS

Located on chromosome 19, the CYP4F gene locus contains
six genes, CYP4F22, CYP4F3, CYP4F12, the CYP4F24
pseudogene, CYP4F2 and CYP4F11 (Figure 2). CYP4F2 has
13 exons. Notably, the ATG translation start codon is in exon 2
(NG_007971.2 position 5464 counting from the sequence start),
leaving the first exon untranslated.

Structural variation/copy number variation (SV/CNV), such as
deletion and duplication events, affecting the CYP4Flocus have been
described in the literature and the Database of Genomic Variants
(DGV).**A322 kb-longdeletion encompassing the entire CYP4F2
gene was first described by Santos ez al® (Figure 2); the deletion is
cataloged by the DGV under accession number esv3643780. The
deletion breakpoints were identified and experimentally validated
using Coriell sample NA19010. A survey of whole genome sequenc-
ing (WGS) data from the 1 K-GP' revealed two other samples with
this gene deletion. Notably, all three Coriell samples with this de-
letion are Japanese, and direct genotyping revealed a frequency of
0.8% in this population.48 PharmVar designated this SV/CNV af-
fecting the entire gene as CYP4F2*16. This deletion was also found
in six individuals (all East Asian) using WGS (Isabelle Lucas-Beckett
unpublished data, personal communication). Another large deletion
(DGV accession esv2671181) appears to affect the entire CYP4F2
gene and partial deletions of the adjacent CYP4F11 and CYP4F24P
genes. Given that there was no further information available as of
February 2024, this SV/CNV was not given an allele designation.
CYP4F2 gene deletions have also been described in Koreans%;
however, these were also not further characterized. Regarding dupli-
cations, several are annotated by the DGV database and have been
reported in Koreans.%® There is scarce information, though, regard-
ing the size of duplications, which star allele(s) are duplicated or the
exact number of gene copies. Additional information about SVs/
CNVs can be found in the online Structural Variation document
available on the PharmVar gene page.67

THE PHARMVAR CYP4F2 GENE PAGE
All defined star alleles are listed on the CYP4F2 gene page.67

Figure 3a provides an excerpt of the CYP4F2 gene page showing
the CYP4F2*1, *2, *3, and *4 core alleles and selected suballeles.
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(a) Allele Legacy PharmVar Variants (rsID, impact) Haplotype  CPIC function and
Name Label ID (variants are bolded in blue if rsID is available) Evidence Level references
CPIC Clinical
CYP4F2*1 PV02212 Function
N/A
CYP4F2*1.001 CYP4F2*1| PV02215 deposited by
PharmVar Team
CYPAF2*1.002 PV02229 | [1739G>A (1s1126433) deposited by
PharmVar Team
CYP4F2*1.007 PV02393 | [-300C>A (rs3093090) | (-299C>T (1s3093091) | —
PharmVar Team
CPIC Clinical
CYP4F2*2 PV02213 34T>G (rs3093105, W12G) Function
N/A
Stec et al. 2007
CYP4F2*2.001 CYP4F2*2| PV02216 | -293C>A (rs3093092) 134T>G (153093105, W12G) | | 165A>G (rs3093106) | | 246C>T (rs3093114) deposited by
PharmVar Team
CYP4F2*2.002 PV02230 134T>G (13093105, W12G) | | 165A>G (rs3093106) | | 279A>C (rs8100960) | | 336C>T (rs8110714) deposited by
PharmVar Team
CPIC Clinical
CYP4F2*3 PV02214 1297G>A (152108622, V433M) Function
N/A
Stec et al. 2007
CYP4F2*3.001 CYP4F2*3| PV02217 -300C>A (rs3093090) | | -299C>T (rs3093091) 11297G>A (rs2108622, V433M) deposited by
PharmVar Team
| -300C>A (s3093090) | | -299C>T (1s3093091) | | 41297G>A (52108622, V433M) deposited b
CYP4F2*3.002 PV02231 PO’ Y
(17396>A (rs1126433) PharmVar Team
CPIC Clinical
CYP4F2*4 PV02221 34T>G (53093105, W12G) | 1297G>A (rs2108622, V433M) Function
N/A
(-293C>A (153093002) | [ 134T>G (153093105, W126) | (16545 (153093106) | [ 246C>T (rs3093114) deposited b
CYP4F2*4.001 PV02222 po: Y
| 41297G>A (152108622, V433M) PharmVar Team
(b) €.34T>G (p.W12G)
CYP4F2*2 3 IH H —_—
1 | [
¢.1297G>A (p.vV433M
c-300C>A  ¢-209C>T (p )
* Y
CYP4F2*3 3 IH D
1 [
€.34T>G (p.W12G) ¢.1297G>A (p.V433M)
CYP4F2*4 3 lﬁ H —
1 | [ |
. > .
€-300C>A  ¢-200C>T €.1555C>A (p.L519M)
CYP4F2*5 3 IH H —_—
1 | [ |
© T2 s w s owovowowowomomow s | Comparative Allele ViewEr
34T>G
s CAVE provides graphic display of core variants
139C>T
146G>A
289C>A Variant is unique
322C>T ~ . "
. Variant alters function
385G>A
554G>T
670G>T
1021C>G
1297G>A
1331G>A
1414A>G
1555C>A
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Figure 3 Overview of CYP4F2 allele categorization in PharmVar. An excerpt of the CYP4F2 gene page is provided in Panel (a) with
NM_001082.5 as the reference sequence. The CYP4F2*1, *2, *3, and *4 core allele definitions are depicted by gray bars. All or selected
suballeles are displayed underneath each core allele. Core variants, PharmVar ID (PVID), haplotype evidence levels, and citations are shown
for each allele. Legacy allele names are cross-referenced. rsIDs are provided for each variant with direct link-out capability to dbSNP. Panel
(b) is a graphical representation of selected alleles with their respective core variants highlighted in red. The blue boxes represent exons;
the 5’ and 3’UTRs are shown in light blue. Note that exon 1 is part of the 5’UTR and exon 13 is part of the 3'UTR. Since CPIC has not yet
assigned clinical allele function for CYP4F2, function is shown as “CPIC Clinical Function N/A” (not available) for all star alleles. Two variants
in the upstream region, ¢.-300C>A (rs3093090) and ¢.-299C>T (rs3093091) are found on all CYP4F2*3 and CYP4F2*5 alleles, and may help
facilitate discriminating CYP4F2#*3 from CYP4F2*4; these variants are, however, also found on the CYP4F2*1.007 suballele which is depicted in
Panel (a). Panel (c) represents the graphical output of PharmVar’s Comparative Allele ViewEr (CAVE) tool for all currently defined CYP4F2 star
alleles except the CYP4F2*16 gene deletion. The PharmVar symbols indicate which variants are unique to an allele and the function symbol

signifies that the variant alters function.

Information presented for each allele includes the variants defin-
ing the allele, haplotype evidence level, references supporting al-
lele definitions, and cross-references to their legacy name if they
were first published under a different name. PharmVar has recently
updated the gene pages, which now display the rsID numbers of
the variants along with variant positions and impact (e.g., amino
acid change). Hyperlinks embedded in the rsIDs allow users to di-
rectly link-out to the dbSNP database. The CYP4F2 gene page®’
also hosts the Read Me, Change Log, and Structural Variation
documents which provide additional relevant gene-specific in-
formation, resources, and examples. Each haplotype has a unique
numerical identifier, the PharmVar ID (PVID). PVIDs and their
respective haplotype definitions can be tracked in the database
using the PVID Lookup function. Each allelic group also has a
PVID that encompasses one or more haplotypes (suballeles).

Variant mapping

PharmVar maps CYP4F2 variants to the genomic and transcript
reference sequences NG_007971.2 and NM_001082.5. In ad-
dition, variants are also mapped to the GRCh37 and GRCh38
genome builds. These sequences match the CYP4F2*] reference
allele. Although some pharmacogenes, such as CYP2CI9 and
CYP2D6, have a Locus Reference Genomic (LRG) sequence,
there is no LRG for CYP4F2 (LRGs are no longer issued by
NCBI). PharmVar offers two count modes, which provide variant
positions from the sequence start (i.c., the first nucleotide in the
reference sequence) or from the ATG translation start codon (with
“A” from the ATG as +1). As mentioned above, in this GeneFocus,
variant positions are provided using the transcript reference se-
quence NM_001082.5 (counting from ATG +1) unless specified
otherwise.

Variant annotations according to the Human Genome Variation
Society (HGVS)®® are provided in the Variant Window along the
more traditional PharmVar display format. This window is activated
by clicking on a variant in the table view. More detailed informa-
tion, along with examples, can be found in the Read Me document,
available on the CYP4F2 gene page on the PharmVar website.”

Variants in the following regions are included in PharmVar star
alleles definitions for CYP4F2: 5" flanking sequence, the S'UTR,
all 13 exons, exon/intron junctions, and 250 base pairs (bp) of
the 3'UTR. Specifically, star allele definitions contain variants
within the 5’ limit (NG_007971.2 position 4751) and the 3’
limit (NG_007971.2 position 24554) spanning a total of 19.8kb.
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Counting from the ATG translation start of NG_007971.2, these
positions correspond to =713 (5" limit) and 19091 (3’ limit). All
sequence variants within these limits, excluding intronic variants,
must be submitted for star allele designation. Intronic variants may
be submitted for allele definition if they are within splice recognition
sequences, or if there is convincing evidence that the variant has a
functional impact. As of the writing of this GeneFocus, no CYP4F2
star alleles contain intronic variants of functional relevance.

CYP4F2 haplotype evidence levels

PharmVar assigns Allele Evidence Levels for cach star allele. As
described on the “criteria” page in Pha.rmVar,é9 definitive (Def),
moderate (Mod), and limited (Lim) indicate the level of evidence
supporting the existence of the haplotype or star allele (not their
function). For CYP4F2, many of the defined alleles have an ev-
idence level of Def, and there are currently no star alleles with
a Lim evidence level. To lift evidence levels to Def, PharmVar
solicits submissions for all alleles with a lower evidence level.
Submissions for alleles with a Def evidence level but having only
a single citation are also encouraged to further corroborate haplo-
type definitions.

Core allele definitions

A core allele is defined only by sequence variants that cause an
amino acid change or impact function, for example, changing
expression levels or by interfering with splicing, and are present
in all suballeles within an allele group. This rule-based system al-
lows alleles with the same star number to be collapsed into a single
“core” definition. For example, all alleles listed in the CYP4F2*2
group share c.34T>G (p.W12G, rs3093105) and all CYP4F2*3
alleles share ¢.1297G>A (p.V433M, 1s2108622); thus, c.34T>G
and ¢.1297G>A are part of their respective core allele definitions
(Figure 3). Currently, only CYP4F2*], *2, and *3 have two or
more suballeles listed within their respective groups. All subal-
leles within a group are presumed to be functionally equivalent.
Therefore, even if a test can distinguish between suballeles within
a particular star allele group, they can be reported using their core
allele definitions. CYP4F2*% (c.34T>G (p.W12G, 1s3093105)
and c.1297G>A (p.V433M, 152108622)) is the only CYP4F2 core
allele with two amino acid changes at the time of this writing; im-
portantly, each can also occur by itself defining CYP4F2*2 and *3,
respectively. CYP4F2 core allele definitions are utilized for anno-
tations throughout PharmGKB.
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The PharmVar comparative allele ViewEr (CAVE) and filter
options

The Comparative Allele ViewEr (CAVE) tool allows users to
compare core alleles graphically. Figure 3¢ visualizes the utility of
this tool by comparing all CYP4F2 alleles defined to date, except
for CYP4F2*16, which denotes an allele harboring a large deletion
encompassing the entire gene. The CAVE tool makes it casy to
see which core variants are unique to a star allele, and which ones
are shared among star alleles (e.g., c.34T>G (p.W12G, rs3093105)
and c.1297G>A (p.-V433M, 1s2108622) are part of CYP4F2*2, *3,
and *4). Alternatively, haplotypes can also be selectively displayed
using the filter option available in the Variant Window (e.g., by se-
lecting a variant position, or rsID), or using the “Show Haplotypes
With This Variant” option.

REVISIONS AND CHANGES TO PREVIOUSLY PUBLISHED
CYP4F2 STAR ALLELE DEFINITIONS

Prior to PharmVar’s curation efforts conducted in 2023, only
CYP4F2*1, *2, and *3, which were transitioned from the cyto-
chrome P450 nomenclature website, were available and displayed as
originally defined. The genomic RefSeq NG_007971.2 matches the
CYP4F2*1.001 suballele; this sequence also matches transcript ref
erence sequences NM_001082.5 and GRCh38 (NC_000019.10),
but not GRCh37 (NC_000019.9), which has the g.15989040G>C
(rs1272) variant. Additional CYP4F2*1 suballeles, *1.002-*1.007,
have been identified and named; none of their defining variants
cause amino acid changes or are known to impact splicing or gene
expression. The CYP4F2*2 and *3 alleles were originally defined
by c34T>G (pWI2G, 153093105) and c.1297G>A (p.V433M,
rs2108622), respectively.” Although the core definitions of these
allele groups have not changed, their full characterization revealed
thatall haplotypes consolidated within each allelic group contain ad-
ditional variants, e.g., CYP4F2*2.001 has c.293C>A (rs3093092),
c.165A>G (rs3093106) and c.246C>T (rs3093114) in addition
to ¢.34T>G (p.W12G, 153093105), and CYP4F2*3.001 contains
¢-300C>A (rs3093090) and c..299C>T (rs3093091) in addition to
c.1297G>A (pV433M, rs2108622). In other words, our data mining
efforts using the high-coverage WGS data from the 1000 Genomes
Project (1K-GP)" did not reveal haplotypes that had only the core

variants.

REFERENCE MATERIALS AND TEST RECOMMENDATIONS

The Centers for Disease Control and Prevention-based Genetic
Testing Reference Materials Coordination Program (GeI-RM) is
tasked with the coordination of efforts to develop appropriate and
characterized reference materials for quality control, proficiency
testing, test development and validation, as well as research.”’ In
2016, GET-RM reported genotype analyses performed on the

DNA of 137 cell lines for 28 pharmacogenes, including CYP4F2 e
However, only limited testing was performed for CYP4F2. The now
retired Affymetrix DMET array was used by one laboratory and
included CYP4F2*2 (c.34T>G, pW12G, rs3093105), CYP4F2*3
(c1297G>A, pV433M, 152108622) and several select amino
acid changes, namely, pW12C (36G>C, 152906891), p.P13R
(c.38C>G, 152906890), p.G185V (c.554G>T, rs3093153) (now de-
fining CYP4F2 *6), and p.L278F (c.832C>T, rs4605294). Another
laboratory tested solely for c¢.1297G>A (pV433M, 152108622) to
call CYP4F2*3. Among the samples tested, only CYP4F2*2 and *3
were identified, with CYP4F2"2 being reported as tentative as this
allele was tested by only one laboratory. Considering the limitations
regarding the extent of testing, the fact that ¢.1297G>A (pV433M,
152108622) is also part of the CYP4F2* haplotype, as well as the
now expanded catalog of star alleles, there is a need for GeT-RM to
not only reevaluate the previously published data but also to develop
aset of reference materials covering the newly defined star alleles.

The Association of Molecular Pathology (AMP), in collaboration
with other organizations, publishes recommendations for clinical
genotyping allele selection, including recommendations for clinical
warfarin genotyping allele selection.”” The CYP4F2*3 allele (defined
as having ¢.1297G>A (p.V433M, rs2108622)) was classificd as a Tier
2 allele based on its association with decreased function and relatively
high allele frequencies across populations. As noted earlier, routine
testing may not be able to discriminate CYP4F2*1/*4 from *2/"3.
Thus, adding c.-300C>A (rs3093090) and ¢.-299C>T (rs3093091)
to the genotyping strategy may help discriminate these diplotypes.

CYP4F2 ALLELE CHARACTERIZATION: METHODS,
APPROACHES, AND PITFALLS
Linkage disequilibrium (LD) and therefore variant linkage are
essential concepts to understand pharmacogene characterization.
In this section, several examples of PharmVar submissions are re-
viewed to illustrate how haplotypes were determined using high-
quality WGS data from the 1K-GP."° Additional information on
this topic, including other approaches, can be found in previously
published GeneFocus articles.>”®

Haplotypes can be easily and unambiguously inferred when
all variants identified in an individual within the required re-
gions are homozygous, or if only one variant is heterozygous.
Figure 4a shows a sample (HG02501 is one example among many
others) that is homozygous for five variants, including ¢.34T>G
(pW12G, rs3093105) and c.1297G>A (p.V433M, rs2108622),
unequivocally demonstrating that these two variants occur in cis,
that is, on the same chromosome (or allele). This common haplo-
type was designated CYP4F2*4.001. Likewise, NA07348 (among
other subjects) shown in Figure 4b is heterozygous for one variant

only, ¢.554G>T (p.G185V, 1s3093153), and therefore also allows

Figure 4 Characterization of novel CYP4F2 allelic variants. Panels (a-d) provide examples of alleles identified in high-quality WGS data

from the 1000 Genomes Project (1K-GP). Nonsynonymous variants are highlighted in red with amino acids changes in bold red. Panels (a,

b) exemplify samples with haplotypes that can unequivocally be determined as specified. Panel (¢) illustrates how variant phasing can be
inferred using inheritance in a family trio. Panel (d) details a trio in which ¢.1414A>G (p.T472A, rs4020346) was confirmed in the mother by
Sanger resequencing of a CYP4F2-specific PCR product. WGS data also produced a false-positive heterozygous call for this variant in the child
(shown in blue and on the maternally inherited allele due to the mother having this variant). The absence of this variant was corroborated by
the child’s diplotype, which shows they inherited the CYP2F4*2.001 allele (which does not have this variant) from the mother. Coriell sample

IDs are as indicated.

970

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

95U8017 SUOWILUIOD SAITe8.D 3|qedt dde 8y Aq pauenob afe sopie O 9Sh J0 S9|N. 10} Ak 8U1IUO A8]1/ UO (SUOTIPUOD-PpUe-SWLB)AL0D" A8 | 1M Ale.d 1jou1|Uoy/:Sdy) SUoNIpUOD pue swis | auy) 88S *[202/0T/¥0] Uo Akiqiaulluo (1M ‘S0pe 1d9/200T 0T/I0p/wod A8 im Alelq 1 jpuljuoidase//:sdny woJj pspeojumod ‘v ‘vZ0Z ‘GES9ZEST



REVIEW

Haplotype of CYP4F2*4.001 informed by sample

Haplotype of CYP4F2*6.001 informed by sample being
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for haplotype inference. This novel haplotype was designated
CYP4F2%6.001.

However, if two or more variants are heterozygous, the vari-
ants may be in c¢is or in trams. Variant phasing can sometimes
be achieved by short-read next-generation sequencing (NGS)
data if the two variants are in close proximity, while they are in
trans when observed independently across reads. For example,
cis or trans configuration can be ascertained for samples that
are heterozygous for ¢.-300C>A (rs3093090) and ¢.-299C>T
(rs3093091), or c.165A>G (rs3093106) and ¢.246C>T
(rs3093114), as they are close enough to be found on the same
reads.

Trio orinheritance data were also utilized to establish the phase of
CYP4F2variants for star allele designation. Figure 4c depicts WGS
dataofatrio (Coriell family NG49) of which the father (HG03169)
is heterozygous for two variants (c.46G>C (p.A16P, rs114099324)
and c.165A>G (rs3093106)), the mother (HG03168) is hetero-
zygous for three variants (c.165A>G (rs3093106), ¢.385G>A
(p-E129L, rs145875499) and c.1739G>A (rs1126433)), and the
child (HG03170) is heterozygous for three variants also (c.46G>C
(p.AlGP, rs114099324), c.385G>A (p.E129L, rs145875499), and
c.1739G>A (rs1126433)). Trio information informed the indi-
viduals’ respective diplotypes as CYP4F2*1.005/*7.001 (father),
*1.005/*12.001 (mother), and *7.001/*12.001 (child). This trio
was used to define CYP4F2*12.001 and to confirm *7.001. The
latter was informed by a homozygous individual, HG02721, which
was also identified among the 1K-GP data set.

A separate trio (Coriell family 1463) analyzed with WGS re-
vealed irregular inheritance patterns for c.1414A>G (p-T472A,
1s4020346): the variant was called for the child (NA12878), but
not for either parent. To investigate this issue, a CYP4F2 specific
PCR fragment was generated from NA12878 (as well as several
other samples with a positive ¢.1414A>G call) and Sanger se-
quenced (method as described in the CYP4F2 Read Me docu-
67). Results indicated that WGS produced a false-positive call,
possibly due to misalignments of reads originating from another
CYP4F gene.

However, as demonstrated by trio Y061 and shown in Figure 4d,
the c.1414A>G (p.T472A, rs4020346) variant does, in fact, occur
in CYP4F2. Here, the WGS call and phase from the mother
(NA19122) were confirmed for both of her haplotypes (*2.001
and *17.001) using 10x Genomics LR data” and Sanger rese-
quencing of a CYP4F2 specific PCR amplicon, demonstrating that
c.1414A>G (p.T472A, rs4020346) is indeed present on the allele
designated as CYP4F2*17.001. Notably, c.1414A>G (p-T472A,
154020346) was called by WGS for the child (NA19123).
However, the trio data unequivocally showed that the child inher-
ited the CYP4F2*2.001 from the mother which does not harbor
c.1414A>G (pT472A, rs4020346) and CYP4F2*3.001 from the
father, indicating that the WGS call represents a false-positive call.

There was one additional sample (HG03313) with a false-
positive WGS call, in this instance, ¢.*58A>G (rs3952538) which
is located in the 3"UTR. CYP4F2-specific Sanger resequencing
identified the aforementioned variant as false-positive, while het-
erozygosity of c.1555C>A (p.L519M, 13093200, CYP4F2*S) in

exon 13 was confirmed. Taken together, these findings indicate

ment
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that the WGS variant calls for c.1414A>G (p.T472A, rs4020346),
c.*58A>G (rs3952538), and other variants within this particular
gene region require careful validation.

Mappability scores obtained from UCSC Mappability Tracks™
indicate regions with uniquely mappable reads of certain lengths
(24, 36, 50, and 100bp). This tool indicates that CYP4F2 exons
5,7, and 13 are potentially challenging regions which is consis-
tent with our observations of false-positive calls residing in exon
13 and the 3’UTR. In addition to inconsistent inheritance data,
WGS reference to alternative read ratios may help identify false-
positive calls. For the exon 13 variant c.1414A>G (p.T472A,
154020346), read ratios were skewed in confirmed false-positive
cases. NA19123 (child), for example, had a ratio of reads with “A”
and reads with “G” of 39:10, while those for the confirmed hetero-
zygous sample (NA19122, mother) had a A:G ratio of 21:17. It is
unknown, however, whether such skewed read ratios reliably iden-
tify false-positive calls. Reads ratios provided by gnomAD63 v4.0.0
are also noticeably skewed. Furthermore, variant frequencies for
c.1414A>G (p.T472A, rs4020346) differ vastly among gnomAD
v4.1.0, the 1K-GP and the Human Genome Diversity project
(HGDP) within and across populations (e.g., 0.1719 vs. 0.0011 vs.
0.0000, respectively, for Europeans). In addition, gnomAD reports
only four homozygotes, all East Asian, which is inconsistent with
their reported variant frequencies (for Europeans 2.95% or about
2792 individuals would be expected to by homozygous); 1K-GP
and HGDP do not report any homozygotes.

When aligning a false-positive WGS short-read of NA19123
(child of family YO61) or NA12878 (child of family 1463) with
other CYP4F exon 13 sequences using the NCBI BLAST tool,®!
the closest match was CYP4F3. These particular misaligned reads
had three mismatches with the CYP4F3 RefSeq NG_007964.2
and two with the CYP4F2 RefSeq NG_007971.2. Furthermore,
CYP4F3 harbors three commonly observed SNVs within exon 13
(rs10404649, MAF = 0.56; 154343407, MAF =0.58; rs2460817,
MAF =0.98), which conversely, all match the CYP4F2 reference
nucleotides at these positions. Given that CYP4F2 and especially
variant CYP4F3 short reads covering this region are highly similar,
CYP4F3-derived misaligned reads are likely interfering with accu-
rate read alignments and causing the false-positive variant calls.

Taken together, it appears that the CYP4F2 exon 13 region is
prone to inconsistent NGS variant calls, and that frequency data
provided by commonly utilized databases must be used with cau-
tion. There are no star alleles defined to date with variants in exons
5 or 7. However, these regions were not further scrutinized and
thus, the possibility of false-negative calls in these gene regions can-
not be excluded.

BIOINFORMATIC TOOLS

Increasingutilization of high-throughput sequencing (HTS) as the
method of choice for clinically important pharmacogenes requires
the availability of bioinformatic tools that accurately interpret the
variant data. These tools, known as automatic star-allele callers,
utilize BAM and/or VCF file formats to translate variant calls
into star-allele diplotypes. While the performance of these tools
has been assessed and/or compared for several gencs,gz'85 there

are no comparative studies on the performance of allele calling
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tools for CYP4F2 yet since the star allele nomenclature has only
recently been updated. Of star-allele callers that support CYP4F2
interpretation, Aldy,84 PharmCAT,G2 PyPGx,86 and StellarPGx™
are highlighted here as they are actively maintained and updated.
Of those, StellarPGx and PharmCAT call CYP4F2*2-*1S and *2-
*15 and *17, respectively (alleles defined as of February 2024). It is
therefore of utmost importance to understand which star alleles a
tool is able to call (i.e., are contained in its catalog) at the time it is
being utilized. Since most of these tools are only periodically up-
dated, it is good practice to check whether the tool being utilized
is current with the PharmVar catalog of alleles. Furthermore, tools
may be limited regarding the type of input data format. Aldy and
PyPGx support data from short (exome and WGS) and long read
NGS, while enhancements for StellarPGx are underway. Aldy and
PyPGx also offer interpretation of array data, which fills a gap for
star allele calling. PharmCAT accepts data from any source pro-
vided data are converted into VCF format but is currently unable
to manage SV/CNVs. Each tool has strengths and weaknesses that
users should be aware of. There is no information regarding the
impact of false-positive WGS calls on the accuracy of star allele
calls made by these tools. Usinga combination of tools to interpret
HTS data may be one way to assess call accuracy and identify cases
that require manual verification or interpretation.

CONCLUSIONS

This PharmVar GeneFocus provides information about the
CYP4F2 pharmacogene. It highlights PharmVar efforts to as-
sign and catalog CYP4F2 alleles, complementing information
for clinical implementation provided by CPIC guidelines and
PharmGKB. PharmVar works collaboratively with PharmGKB
to standardize the information and make it useful and easily
accessible to the entire pharmacogenetics community. CYP4F2
represents an enzyme with a niche role in oxidative metabolism
of drugs and certain endogenous compounds. Appreciation of
its relevance to VKA action due to effects on vitamin K me-
tabolism has led to further studies showing its more direct rele-
vance to metabolism of drugs such as imatinib and fingolimod.
There are also well-established contributions to both eicosanoid
and vitamin E metabolism. Recent systematic studies to define
CYP4F2 variants across a range of ethnic groups and under-
stand their functional relevance, including a possible role in
disease susceptibility, makes inclusion of CYP4F2 in PharmVar
an important advance.
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