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Abstract

Cytochromes P450 (CYP450) are hemoproteins generally involved in the detoxification of the body of xenobiotic molecules.
They participate in the metabolism of many drugs and genetic polymorphisms in humans have been found to impact drug
responses and metabolic functions. In this study, we investigate the genetic diversity of CYP450 genes. We found that two
clusters, CYP3A and CYP4F, are notably differentiated across human populations with evidence for selective pressures acting
on both clusters: we found signals of recent positive selection in CYP3A and CYP4F genes and signals of balancing selection in
CYP4F genes. Furthermore, an extensive amount of unusual linkage disequilibrium is detected in this latter cluster, indicating
co-evolution signatures among CYP4F genes. Several of the selective signals uncovered co-localize with expression quanti-
tative trait loci (eQTL), which could suggest epistasis acting on co-regulation in these gene families. In particular, we detected
a potential co-regulation event between CYP3A5 and CYP3A43, a gene whose function remains poorly characterized. We
further identified a causal relationship between CYP3A5 expression and reticulocyte count through Mendelian randomiza-
tion analyses, potentially involving a regulatory region displaying a selective signal specific to African populations. Our find-
ings linking natural selection and gene expression in CYP3A and CYP4F subfamilies are of importance in understanding
population differences in metabolism of nutrients and drugs.
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Significance

Genetic diversity in Cytochromes P450 enzymes has been hypothesized to evolve subjected gene—gene interactions, po-
tentially explaining their tendency of living in clusters within genomes. Here, we confirmed outstanding selective signa-
tures in the CYP3A and CYP4F gene clusters, and identified a high level of unusual correlation between genetic markers
far apart from each other, suggesting selection on combinations of genotypes in distinct regions, a signature of co-
evolution due to epistasis.
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Introduction

In the last decades, it has become clear that every individual
has their own “fingerprint” of alleles encoding drug-
metabolizing enzymes, playing central roles in the metabol-
ism of endogenous and exogenous compounds. It was
established that hydrophobic molecules are first modified
by oxidation and subsequently excreted as water-soluble
forms, two distinct steps now described as phases | and Il.
Phase | is performed mainly by Cytochromes P450
(CYP450) enzymes, able to catalyze a considerable variety
of oxidation reactions for many structural classes of chemi-
cals (including the majority of drugs) (Danielson 2002;
Nebert and Dalton 2006). They metabolically activate par-
ent compounds to electrophilic intermediates, while phase
Il enzymes conjugate these intermediates towards more
easily excretable derivatives.

CYP450 genes are a super-family of genes which ap-
peared more than 3.5 billion years ago (Wright et al.
2019), being present in fungi, plants, bacteria, and animals.
Genes are grouped into families and subfamilies based on
sequence similarity: genes from the same family have se-
guence similarity greater than 40% and, to be grouped
into a subfamily, their sequence similarity must be greater
than 55% (Nelson et al. 1996).

In humans, the CYP450 family includes 57 genes and 58
pseudogenes (Nelson et al. 2004) grouped in 18 families
(Nebert et al. 2013). Several CYP450 genes are found in
clusters in the human genome but some members of the
subfamilies can be spread out across the genome. For ex-
ample, the CYP4F subfamily has genes on chromosome
19 and pseudogenes on multiple chromosomes. The
CYP2D6 gene is the most widely studied CYP450 gene in
humans, due to its role in the metabolism of many drugs
(Gaedigk 2013; Gaedigk et al. 2017) along with CYP3A4
and CYP3A5, members of the CYP3A subfamily (Wang
et al. 2011; Elens et al. 2012; Lamba et al. 2012; Tavira
et al. 2013; Rojas et al. 2015). However, not all CYP450
genes or families have been studied thoroughly, and details
on the evolution and clinical significance are lacking for sev-
eral families, such as the CYP4F subfamily.

Several CYP450 genes have been suggested to have
undergone natural selection in humans (Carlson et al.
2005; Voight et al. 2006). Other studies of the genetic di-
versity for specific CYP450 subfamilies in human popula-
tions confirmed the presence of positive (Qiu et al. 2008;
Bains etal. 2013), balancing (Janha et al. 2014), or purifying
selection signatures (Yasukochi and Satta 2015). One ex-
ample is CYP2C19, involved in the metabolism of clopido-
grel (Scott et al. 2013; Brown and Pereira 2018), where
signals of positive selection on its alleles conferring slow
metabolism (CYP2C719*2 and CYP2C19*3) were detected
using relative extended haplotype homozygosity (REHH)
(Janha et al. 2014). CYP2C19*2 is detected worldwide,

but CYP2C79*3 is only present in people of Asian descent.
The selective advantages may have been caused by diet and
environmental pollutants impacting humans over thou-
sands of years and could differ between ethnic groups.
Additionally, low Fsr values across CYP2C79 SNPs suggest
balancing selection in CYP2C19 (Janha et al. 2014). The ex-
cess of alleles at intermediate frequencies could reflect the
evolution of balanced polymorphisms, which is to be ex-
pected in evolutionarily old enzymes responsible for numer-
ous critical life functions.

Moreover, the detection of natural selection signals in the
CYP450 genes raises the possibility that the selective advan-
tage acts on polymorphisms that modulate gene expression,
widely known as expression quantitative trait loci (eQTL)
(Kudaravalli et al. 2009). Detecting eQTLs linked to selection
signals helps clarifying how gene expression is regulated and
can lead to a better understanding of variants’ biological ef-
fects (Nica and Dermitzakis 2013). Furthermore, analyzing
eQTLs helps in the detection of gene—gene interaction
(Huang et al. 2013) and co-regulation between genes
(Lehner 2011). Such gene—gene interactions can also be de-
tected by looking at patterns of linkage disequilibrium (LD),
as evolution will maintain co-evolving polymorphisms on the
same haplotypes (Rohlfs et al. 2010), which can also be de-
tected as balancing selection signatures.

Here, we investigated genetic diversity and selective pres-
sures across human populations in CYP450 genes. Two sub-
families emerged from our analyses and were investigated
in greater depth: the CYP3A and CYP4F families. Both sub-
families were generated by duplication events resulting in con-
secutive genes in the same genomic region, or gene cluster
(supplementary fig. S1, Supplementary Material online). The
CYP3A subfamily contains four genes and four pseudogenes
located in a genomic region of about 220 KB on chromosome
7. They metabolize around 50% of common drugs. The
CYP4F subfamily has six genes located in a genomic region
of about 430 KB on chromosome 19 and have mostly been as-
sociated with metabolism of lipids. We found that both fam-
ilies exhibit selective pressures in human populations and that
the SNPs under selection could impact gene expression levels
in several tissues. Furthermore, our results suggest interac-
tions between the genes in both CYP450 subfamilies, provid-
ing evidence of co-evolution and co-regulation within these
gene clusters, that may vary between populations.

Results

We obtained genotypic data from the 1000 Genomes pro-
ject phase 3 release (1000G) (Genomes Project Consortium
etal. 2015). Atotal of 2,157 individuals were analyzed from
22 populations, which belongs to four of the five super-
populations included in the project (i.e. Africa, Europe,
East Asia, and South Asia).
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Global Genetic Diversity Across Populations in CYP450
Genes

First, we aimed to identify global genetic patterns by calculat-
ing Tajima’s D values for each CYP450 genes in each popula-
tion of the 1000G dataset to provide insights into the
non-neutral forces that act on these genes. A total of
61,739 biallelic SNPs were analyzed in all of the 57 CYP450
genes, and for each gene, we computed the mean Tajima’s
D per gene and also in 1 Kb windows. Significantly low
Tajima’s D values indicate an excess of rare alleles, whereas
significantly high values of Tajima’s D suggest an excess of
intermediate frequency alleles, which can reflect the occur-
rence of balancing selection.

In European populations, nine genes had Tajima's D values
consistently below 0 (Fig. 1a). We assessed significance based
on the empirical (null) distribution, which allows to determine
whether any genes have values that are higher or lower than
expected while taking population-specific demographic fac-
tors into account (see Materials and Methods). The propor-
tion of 1 Kb-windows of each gene lying outside the null
distribution is shown in Fig. 1b. CYP26A1, CYP27B1, and
CYP1AZ2 had the largest proportion of windows with signifi-
cantly low D values; however, these genes are quite small
(4.4, 4.9, and 7.8 Kb, respectively), meaning that the signal
is driven by one or two windows only. Interestingly, the
four CYP3A genes in our dataset were all included in this
group of nine genes, suggesting that strong purifying selec-
tion pressures may be acting, however complete selective
sweeps driven by positive selection can also create this lack
of diversity (Kim and Stephan 2002). Notably, CYP3A5 has
alow Tajima’s D average but no 1 Kb-window is significantly
lower than expected, whereas other CYP3A genes have sev-
eral windows showing significantly low Tajima’s D values. Al
CYP450 genes show negative Tajima's D values, as expected
in coding regions, but ten genes have a mean above 0, which
suggests relaxation of purifying selection pressure. The pres-
ence of several 1 Kb-windows significantly enriched for high
D values can also reflect the presence of localized balancing
selection signatures within these genes. Of these ten genes,
five are in the CYP4F subfamily: CYP4F3, CYP4F11, CYP4F12,
CYP4F8, and CYP4F2. The strongest of these signals is seen
on CYP4F12 (Fig. 1b). Interestingly, the only CYPAF gene
that does not show this specific signature is CYP4F22, which
is the ancestral gene of the CYP4F cluster (Kirischian and
Wilson 2012). Notably, these analyses were also performed
for each of the subpopulations, vyielding similar results
(supplementary fig. S2, Supplementary Material online).

Because population differentiation can also help identify-
ing natural selection signatures within genes, we calculated
the mean fixation index (Fsr) across CYP450 genes (Materials
and Methods). Fst measures the differentiation between po-
pulations using genotype frequencies, with high Fsr values
indicating that the average pairwise heterozygosity is higher

between than within populations. Figure 1¢ shows the distri-
bution of Fsr values for each CYP450 gene calculated on 4
super-populations (AFR, EUR, EAS, and SAS). CYP4F genes
are scattered across the CYP450 spectrum, with CYP4F12
having the second highest mean Fsr while CYP4F8 is in the
bottom half of the distribution. Mean Fsr of genes of the
CYP3A subfamily are in the highest values, meaning that
these genes have a high divergence between population’s
genotype frequencies. This could indicate that the low
Tajima’s D in CYP3A reflects positive rather than extreme
purifying selection.

Positive Selection in CYP3A and CYP4F Subfamilies

The global neutrality and differentiation analyses of
CYP450 genes suggest that positive selection, either direc-
tional (CYP3A) or balancing (CYP4F), may be acting on sub-
families of CYP450 genes, possibly in a concerted fashion.
To further validate positive selection signatures and identify
specific putative sites, we used the integrated haplotype
score (iHS), which leverages linkage disequilibrium (LD) pat-
terns in a specific population (Voight et al. 2006). Typically,
an absolute value of iHS greater than 2 at a SNP suggests
that the region around the SNP is under selection (Voight
et al. 2006).

In the CYP3A cluster, significant iHS values are detected
(Fig. 2a), but signals of positive selection differ between popu-
lations. Many signals are detectable in Africans, in East Asians
and in Europeans, while fewer signals are detectable in South
Asians. Signals of positive selection are noticeable in CYP3A5,
CYP3A51P, CYP3A4 and CYP3A43 among Africans. In
particular, iHS values in CYP3A5 are consistently below -2,
indicating that the derived alleles have quickly increased in fre-
guency, a signature of positive selection. Interestingly, unlike
populations of European descent where the CYP3A4 gene is
typically the most expressed, the CYP3A5 gene is the most ex-
pressed in the African individuals (Kuehl et al. 2001; Burk and
Wojnowski 2004). Among East Asians, the selective sweep is
located from CYP3A571P to CYP3A4, and among South
Asians, in CYP3A43. Lastly, for Europeans, signals of positive
selection are detectable in the region between CYP3A7
and CYP3A4, a signal also present in the East Asian popula-
tion. CYP3A43 is the only gene with signals in all
super-populations. With these results, we establish robust
evidence for positive selection acting on CYP3A genes, corrob-
orating and extending observations from previous studies
(Thompson et al. 2004; Voight et al. 2006; Qiu et al. 2008;
Lietal. 2011).

Positive selective pressure is also detected in the CYP4F
cluster, but on a smaller scale. For the CYP4F cluster, signals
of positive selection are visible in CYP4F22, CYP4F23P,
CYP4F11, and CYP4F9P (Fig. 2b). The region between
the pseudogene CYP4F23P and the gene CYP4F8 also
shows high iHS values, indicating positive selection in every
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Fic. 1.—Metrics of diversity and differentiation among CYP genes. a) Distribution of Tajima’s D values computed on windows of 1 Kb for each CYP450
genes in the European populations. The 2.5th percentile is marked by the orange vertical line on the left, and the 97.5th percentile is marked by the red vertical
line on the right, representing the significance threshold. b) Proportion of Tajima’s D windows lying outside the null distribution for each CYP450 gene. For
each gene, the total number of windows of Tajima's D is shown beside the proportions, between brackets. The windows with Tajima’s D values below the
2.5th percentile is displayed in orange on the left side of the plot and over the 97.5th percentile is displayed in red on the right side of the plot. c) Distribution of
Fsr values for each CYP450 gene calculated on 4 super-populations (AFR, EUR, EAS, and SAS). The mean Fsr of chromosome 22, the null distribution, is
displayed with the gray horizontal line.
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super-population. iHS values greater than 2 are present in
CYP4F11 in Europeans and East Asians, indicating positive
selection acting on ancestral alleles. CYP4F9P has signifi-
cant iHS values in Africans. Again, most iHS values are
greater than 2, indicating selective pressures on ancestral
alleles, but the three strongest signals are seen for derived
alleles (iHS below —2), suggesting these SNPs may be driv-
ing the signal.

Balancing Selection in CYP3A and CYP4F Subfamilies

The Tajima’s D analyses (Fig. 1) suggested balancing selec-
tion in the CYP4F cluster. To confirm this finding, we used
the Beta score (Siewert and Voight 2017), a statistic which

detects clusters of alleles with similar allele frequencies, de-
veloped to specifically test whether balancing selection is
present at specific loci.

We considered g score in the top 1% of the whole chromo-
some as significant g scores (empirical P—value < 0.01), which
can vary between populations. In contrast to iHS, very few sig-
nificant B score values are seen in the CYP3A cluster. Only one
SNPin CYP3A43 meets this criteria in Africans, in the same re-
gion where balancing selection was also identified in a previ-
ous study (Aqil et al. 2023). The same signal can been seen in
the other populations, but itis weaker and do not pass our 1%
threshold (Fig. 3a). Overall, these results show no clear evi-
dence of balancing selection acting on the CYP3A cluster. In
line with Tajima’s D results, clearer signals are seen in the
CYPA4F cluster, which show larger # scores compared to the
CYP3A cluster: the highest g score in the CYP4F cluster is al-
most twice as high as the highest CYP3A's B score. SNPs in
CYP4F12 show highly significant g scores, replicated among
Africans, Europeans and South Asians, but not in the East
Asians. Also, the region between CYP4F23P and CYP4F8
has the most extreme g score in the region, and the signal is
visible in all super-populations (Fig. 3b). These consistent
signals across populations provide convincing evidence of
balancing selection acting around CYP4F8 and CYP4F12.
Weaker signals, which do not pass our significance threshold
but are seen consistently between populations, are seen in
CYP4F23P and CYP4F11. Taken together, these results dem-
onstrate evidence supporting the presence of balancing se-
lective pressures in the CYP4F cluster but show a lack of
evidence for balancing selection across the CYP3A cluster.

Detection of Unusual Linkage Disequilibrium

Since CYP3A and CYP4F genes are in a gene cluster and select-
ive pressures are acting on these genes, co-evolution could be
occurring. Indeed, the different combinations of alleles which
co-occurred during evolution can lead to concerted selective
pressure, or co-evolution, depending on the resulting fitness
of the individuals (Rohlfs et al. 2010). Such co-evolution sig-
nals can be revealed by analyzing patterns of linkage disequi-
librium (LD) beyond local associations due to allelic proximity,
in order to detect whether specific combinations of alleles (or
genotypes) at two distinct loci are particularly overrepre-
sented. To do so, we calculated the genotyped-based LD
(r*) between each pair of SNPs with minor allele frequency
(MAF) above 0.05 in the two CYP450 clusters, across each
1000G subpopulation (Materials and Methods). Under neu-
trality, the LD association between SNPs is expected to de-
crease as genetic distance between the SNPs increases,
allowing us to build an empirical distribution by considering
clusters of genes of similar size genome-wide (Materials and
Methods) to the clusters under investigation. Pairs of SNPs
showing unusual LD (uLD) values, lying outside of this null dis-
tribution, are therefore likely transmitted together more often
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than expected, making it possible to identify candidate sites
that are co-evolving.

In both clusters, strong signals of uLD are present (Fig. 4,
supplementary fig. S3, Supplementary Material online) com-
pared to matched gene clusters (Materials and Methods),
with CYP4F showing much more extreme signals than
CYP3A(8.1% vs 4.7 % of pairs of SNPs in uLD), despite genetic
distances in the CYP4F cluster being four times larger than in
the CYP3A cluster (maximum distance of 0.60 cM vs 0.15 cM,
respectively), whereas the physical size of the cluster is only
twice (500 Kb vs 250 Kb, respectively). Significant uLD be-
tween CYP3A5 and CYP3A43 and between CYP3A7 and
CYP3A43 can be seen in all European populations
(supplementary fig. S3a, Supplementary Material online).
CYP3A5 and CYP3A43 are the opposite to each other in
term of physical location in the cluster while CYP3A7 and

CYP3A43 are next to each other. Finland (FIN) and Toscani
(TSI) populations have the most uLD signals across European
populations, with FIN uniquely showing ulLD between
CYP3A5-CYP3A4, and TSI showing uLD between CYP3A4
and CYP3A43, a signal consistently seen in the East Asians.
TSI also have the highest genetic distance interval in this
region, likely due to a larger, more widespread, recombin-
ation rate in CYP3A4 compared to other populations
(supplementary fig. S4, Supplementary Material online).
Among East Asians, uLD signals are seen almost exclusively
between SNPs in CYP3A4 and CYP3A43, two genes that
are next to each other, with no clear recombination hotspot
separating them, meaning that linkage disequilibrium can be
expected (supplementary fig. S4, Supplementary Material
online). SNPs in these genes are also in ulLD in Gujarati
Indian (GIH) population, but none of the other South Asian
populations show any signal, which may be explained by
the short genetic distances within this cluster in this super-
population (SAS) (<0.05 cM). Finally, African populations
show the most deviation from the null (Fig. 4a). SNPs in
CYP3A4 are in uLD with all other genes and the signal also re-
plicates the observations from the European populations,
with SNPs in CYP3A43 in uLD with SNPs in all other genes
(Fig. 4a, supplementary fig. S3a, Supplementary Material
online).

In the CYP4F cluster, several pairs of SNPs have patterns of
LD that deviate significantly from the empirical distribution
(supplementary fig. S3b, Supplementary Material online).
There is uLD for CYP4F22-CYPA4F11 and CYP4F22-CYPA4F12
in almost every populations, even though these genes are
far from each other (0.36 and 0.12 Mb, respectively).
CYP4F22 and CYP4F2 are also in uLD in AFR, EUR, and EAS.

The African populations have more evidence of uLD than
the other super-populations. One population in particular,
the Yoruba (YRI) population, has even more extreme signals
in comparison with other African populations and most uLD
signal are driven by associations involving the CYP4F12 gene
(Fig. 4b). Thus, we investigated whether a specific region in
CYP4F12 is in strong LD with the other genes. Indeed, in the
YRI population, there is evidence of ulLD between a region
in CYP4F12 (at 15.79-18.00 Mb on chromosome 19) and
the CYP4F3 (supplementary fig. S5a, Supplementary
Material online) and CYP4F8 genes (supplementary fig. S5b,
Supplementary Material online). The extreme signals in this
gene cluster are in line with the hypothesis that balancing se-
lection acts via gene—gene interactions, or epistasis (Llaurens
etal. 2017). As these patterns could be due to sequencing er-
rors (Akey et al. 2001), we used the latest 1000G dataset
which has high-coverage sequencing and is aligned on
GRCh38 (Materials and Methods). These results were repli-
cated in this second dataset, greatly reducing the possibility
that the observed signal is due to sequencing errors or spuri-
ous mapping. Finally, in the Europeans, the FIN population
has a specific pattern between CYP4F12 and CYP4F2,
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CYP4F8, and CYP4F3. Looking more closely, many SNPs
in CYP4F12 are in ulD with one SNP in CYP4F3
(supplementary fig. Sba, Supplementary Material online)
and two SNPs in CYP4F8 (supplementary fig. S5b,
Supplementary Material online). No specific SNPs are in uLD
with CYP4F2.

Detection of eQTLs

We next evaluated the effects of the SNPs identified as
being under positive and balancing selection on the expres-
sion of the genes in each CYP450 cluster to test if these are
eQTLs.

In the CYP3A cluster, three SNPs are under positive selec-
tion in the Punjabi population from South Asia (PJL):
rs487813, rs679320, and rs568859. These SNPs are lo-
cated in CYP3A43 and are significant eQTLs of CYP3A5 in
lung (Fig. 5a). The SNP under balancing selection in the
Luhya population (LWK) in CYP3A43, rs800667, is also an
eQTL of CYP3A5 in lung (Fig. 5b). The effect size estimate
for these significant eQTL is negative, indicating a reduction
in CYP3A5 gene expression with each nonreference allele.
This locus in CYP3A43 thus impact CYP3A5 expression in
lung, even though CYP3A5 and CYP3A43 are at opposite
ends of the cluster, 147.99 Kb apart. According to the
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ReMap density database (Hammal et al. 2022), this locus
also displays regulatory signals, supporting the importance
of this region at the transcriptional regulatory level. This re-
sultisin line with the LD analyses (Fig. 4a), which suggested
uLD between SNPs in CYP3A5 and CYP3A43 in Europeans,
Africans, and the Japanese. Those four SNPs were all in uLD
with 11 SNPs in the Toscani population (TSI) and five other
SNPs in Americans of African Ancestry (ASW).

In the CYP4F cluster, a SNP under positive selection,
rs74459786 (supplementary table S1, Supplementary
Material online), located in the intergenic region between
CYP4F23P and CYP4F8, is an eQTL of CYP4F12 in adipose tis-
sue (Fig. 5¢), with a negative effect size. SNPs under balancing
selection (supplementary table S2, Supplementary Material
online) within CYP4F12 are eQTLs for CYP4F12 expression in
the colon, esophagus, and skin, but interestingly, their effects
in these tissues are in opposite directions, with positive effect
sizes in the colon and skin, and negative ones for the esopha-
gus. Furthermore, a SNP with a balancing selection signal is
also an eQTL of CYP4F12 expression in adipose-subcutaneous
tissue (Fig. 5d) with a negative effect size estimate. It lies in the
intergenic region between CYP4F23Pand CYP4FS8, which is the
same region as the SNP under positive selection (rs74459786)
in Fig. 5¢.

Another SNP under positive selection in this intergenic re-
gion, rs62115147 (supplementary table S1, Supplementary
Material online), is also associated with CYP4F3 expression
in one of the brain tissues (Brain-Spinalcord-cervicalc-1) and
in nerve tissue (supplementary fig. S6a, Supplementary
Material online). The CYP4F12 gene emerged repeatedly as
a candidate in our balancing selection and uLD analyses,
while the intergenic region between CYP4F23P and
CYP4F8 is seen only in the balancing selection analysis.

Even if less positive selection is present in the CYP4F cluster
compared to the CYP3A cluster, many of the SNPs showing
high iHS values in the CYP4F cluster show up as eQTLs for dif-
ferent genes. SNPs under positive selection located in CYP4F11
(supplementary table S1, Supplementary Material online) are
eQTLs of CYP4F2 in brain and skin tissues (supplementary
fig. S6b, Supplementary Material online) with consistent,
negative effect sizes. Additionally, the same SNPs under posi-
tive selection within CYP4F11 are associated with expression
of CYP4F11 itself in multiple tissues (supplementary fig. Séc,
Supplementary Material online). The direction of effect on
gene expression is the same for all significant associations.

Phenotypic Associations

Using the UK Biobank cohort (UKb), we did a Phenome-Wide
Association Study (PheWAS) to identify phenotypes poten-
tially under selective pressure (Materials and Methods), using
the available variants with selective signals in the CYP4F
genes (166 variants from the 180 found under selection)
and in the CYP3A genes (62 from the 125 variants found

under selection). No significant associations were found for
SNPs under selective pressure in CYP4F cluster.

In the CYP3A cluster, however, SNPs under positive selec-
tion in at least one studied populations were found asso-
ciated with six phenotypes (Fig. 6a,b) in our PheWAS.
Among the disease phenotypes, we found association with
pelvic inflammatory disease (PID), which is female-specific,
and for which the SNP with the strongest association
(P—valuessyo14762 = 1.96 x 107°) was under positive selection
in European (CEU, GBR) and East Asian (CHB, CHS, CDX) po-
pulations. Among the continuous phenotypes investigated
(Materials and Methods), we found association with pulse
rate, for which the SNP with the strongest association
(P—valuest 2536016 = 4.66 x 10713) was also found under se-
lective pressure in Europeans (CEU). Among the biomarker
variables, the strongest associations with platelet count
(P—valuersoziis =2.30 x 107'2) and  erythrocyte  count
(P—valuessio23s630 = 1.83 x 1077) were both found with
SNPs under selective pressure in the Japanese population.

Lastly, for both high light scatter reticulocyte count
and reticulocyte count, their strongest association
(P—value,573713580 =1.24% 10_17; P—value,555830753 =3.08 x
1078 respectively) were both found under selective pressure
in African population (MSL and ACB, respectively). Using
Mendelian randomization (Materials and Methods), we eval-
uated the causal relationship between CYP3A5 expression in
lung, for which eQTLs were found under selective pressure
above, and the phenotypes found to be associated with
SNPsin the CYP3A cluster. We identified a significant causal as-
sociation between CYP3A5 expression and both high light
scatter reticulocyte count (P—valuepw = 2.74 x 107#) and re-
ticulocyte count (P—valuepy = 1.66 x 10~4). We did not de-
tect pleiotropy using MR-Egger and results were robust using
the weighted median test (Materials and Methods).

Altogether, these results indicate that the selective pres-
sure in the CYP3A cluster could be driven by the production
of reticulocyte through the expression levels of CYP3A5
and also suggest that pulse rate could be impacted by gen-
etic variation in CYP3A genes.

Among other associations identified in this cluster, three
SNPs showed strong associations with anthropometric traits
(Fig. 6a) and are under selective pressure in European popu-
lation (CEU, IBS). Those SNPs were, however, found to be as-
sociated with expression of genes outside the CYP3A cluster
(supplementary text 14.3, Supplementary Material online),
prompting for further investigation of the relationship be-
tween this cluster and other neighboring genes to under-
stand the different drivers at play.

Discussion

Drug metabolism is a rather complex system with the
CYP450 genes metabolizing around 75% of common
drugs. As shown by others (Thompson et al. 2004; Qiu
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et al. 2008; Chen et al. 2009; Li et al. 2011), we also found
that selective pressure and genetic differentiation between
populations were present in CYP450 genes. Here, we pro-
vide a deeper analysis of two CYP450 clusters, the widely
studied CYP3A (Burk and Wojnowski 2004; Thompson
et al. 2004, 2006; Chen et al. 2009) and the less well-
known CYP4F clusters, identified thanks to their outlier pat-
terns in neutrality and population differentiation analyses.
These two CYP450 clusters exhibit multiple selective signa-
tures (positive selection and balancing selection) and show
population differentiation. We found that natural selection
forces involved differ between the two clusters; the CYP3A
cluster is evolving under positive selection, while the CYP4F
cluster show signals of balancing selection. Furthermore,
the CYP4F cluster shows strong evidence for co-evolution
and co-regulation signals.

In the literature, the CYP450 genes are often studied inde-
pendently. In our study, we considered the evolution of the
entire family cluster, mostly CYP3A and CYP4F genes, and de-
tected signatures of co-evolution between the paralogous
genes, suggestive of potential epistatic interactions. As these
clusters of genes are involved in drug metabolism (Danielson
2002; Nebert and Dalton 2006; Liang et al. 2012; Zhang
etal.2017), itisimportant to understand the impact of genetic
variants on their gene expression, to help understand how
these variants might impact drug response and refine disease
treatments in a personalized way. Our results also show that
the impact of specific variants may differ between popula-
tions, which could lead to a deeper understanding of differ-
ences in individual drug response (Singh et al. 2011;
Guttman et al. 2019).

The CYP3A cluster contains four genes: CYP3A4, CYP3AS5,
CYP3A7, and CYP3A43. Signals of positive selection were de-
tected in the CYP3A cluster, specifically in CYP3A4 and
CYP3A7, which have been under recent positive selection
in African, European and the Chinese populations, while
CYP3A5 appears under positive selection in Europeans and
CYP3A43 in non-Africans (Chen et al. 2009). Our analyses
confirmed that CYP3A genes are evolving under positive se-
lection as previously reported (Thompson et al. 2004; Voight
et al. 2006; Qiu et al. 2008; Li et al. 2011).

We found that the locus known to cause nonexpression of
CYP3A5 (Kuehl et al. 2001), rs10264272/CYP3A5%6, is un-
der positive selection (|iHS| > 2) in African populations (YRI,
GWD, LWK). A second locus, known to cause low CYP3A5
expression, rs776746/CYP3A5*3, is under positive selection
(JiHS| > 2)in two African populations (YRI, GWD). These de-
rived allele have thus swept up in frequency in several African
populations. In the Toscani population, rs776746/CYP3A5*3
is found to be in uLD with the four SNPs under selective
pressure in the CYP3A cluster, that are eQTLs of CYP3A5 in
lung.

CYP3A43 is the ancestor gene of this cluster (McArthur
et al. 2003; Qiu et al. 2008); however, its function is not

well understood, unlike other CYP3A genes. Our analyses
suggest that SNPs in CYP3A43 regulate CYP3A5 gene ex-
pression, at least in lung. Levels of expression of CYP3A5
in lung were causally associated to reticylocytes count
and many of its eQTLs were under selection in Africans.
Since Plasmodium vivax, a parasite causing malaria, affect
mainly young reticulocytes (Clark et al. 2021) and that mal-
aria is present in Africa, the selective pressure found in this
population could be associated to this disease. Further
studies need to be done to validate this hypothesis.

In the CYP4F cluster, we found both positive and balan-
cing selection pressures acting. Furthermore, the SNPs
evolving under selective pressures are associated with
gene expression levels across the cluster in several tissues.
For instance, a cis-eQTL of CYP4F12, rs74459786, is de-
tected to be under positive selection in the Kinh population
in East Asia (KHV). We also found that several SNPs in
CYP4F11 are associated with CYP4F2 expression. Both
genes are implicated in common metabolic function, such
as the synthesis of 20-hydroxyeicosatetraenoic acid
(20-HETE) from arachidonic acid (Yi et al. 2017). Thus,
this could indicate a possible regulatory mechanism of com-
mon functions.

Finally, the region between CYP4F23P and CYP4F8
emerged multiple times in our analyses. This intergenic re-
gion shows strong signals for selection, with the same SNPs
also being eQTLs of CYP4F3 (nerve) and CYP4F12 (adipose
tissue). Given the implication of CYP4F12 in fatty acid me-
tabolism (Stark et al. 2005), our results may point towards
the identification of new regulatory elements involved in
this process in adipose tissues.

A potential limitation in the current study is that popula-
tion genetic statistics can be biased in the presence of
fine-scale population structure. However, to mitigate this is-
sue, we performed our analyses not only at the broader
population level but also within individual subpopulations,
ensuring that the values obtained from subpopulations
were consistent with those from the overall superpopulation.

An important limitation to consider is the methodology
used for calculating Tajima’s D using the vcftools soft-
ware. This tool’s current implementation does not account
for mappability and callability in whole genome sequencing
data. This approach introduces a bias by implicitly consider-
ing uncalled positions as nonvariable, leading to an under-
estimation of diversity measures (Korunes and Samuk
2021). Although our strategy to exclude regions with
high proportions of missing data likely minimizes this
bias, we acknowledge that approaches that directly incorp-
orate genomic accessibility considerations for a more pre-
cise estimation of genetic diversity should be used in
future studies of CYP genes. While the impact on our re-
sults appears minimal, as evidenced by the high similarity
of results after the removal of high-missing data regions,
the potential for underestimation of diversity estimators
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should be considered when comparing these estimates
across genomic regions.

In conclusion, our results demonstrate high heterogen-
eity across human populations, both in terms of selective
signals and interaction between variants and expression le-
vels, for the CYP3A and CYP4F genes. There could thus be
important differences in metabolic regulation impacting
drug response in individuals from different ethnicities. In
particular, these variants could cause impaired efficacy, as
well as side effects. As pharmacogenetic studies still typic-
ally focus on European populations, our results underline
the importance of including individuals from several popu-
lations in order to capture all of the genetic diversity and its
impact on disease treatment and metabolism.

Materials and Methods

1000 Genomes Genetic Data

The data analyzed are from the phase Il of the 1000
Genomes project (1000G) (Genomes Project Consortium
et al. 2015). The 1000 Genomes Project includes 2,504 indi-
viduals from 26 populations. These populations can be split
into five distinct genetic ancestries, referred herein as super-
populations, as defined by the 1000G consortium: African
(AFR), European (EUR), South Asian (SAS), East Asian (EAS),
and Admixed American (AMR). Data from the AMR popula-
tion are not included in this study because the high degree of
admixture may confound selection and linkage disequilib-
rium analyses. This left us with 22 subpopulations and four
super-populations for study. The available variant call format
(vcf) files of 1000G are under the GRCh37 genome build.
VCFtools v0.1.14 (Danecek et al. 2011) was used to filter
the 1000G dataset. Indels and nonbiallelic alleles were re-
moved and only SNPs located in the 57 CYP450 genes
were kept, extracted based on coordinates genomic coordi-
nates obtained from the UCSC genes table using the UCSC
Genome Browser (supplementary file 1, Supplementary
Material online). After filtering, the CYP450 dataset included
a total of 61,739 SNPs and 2,157 individuals. We refer to this
as the “1000G CYP450 dataset.” A more recent dataset was
also used as a validation dataset for the unusual linkage dis-
equilibrium analysis, the resequencing dataset of 30X cover-
age, mapped on GRCh38 (Byrska-Bishop et al. 2021), which
includes the 2157 individuals.

Genetic Diversity and Population Differentiation

Both Tajima's D and Fsr statistics were obtained with
VCFtools (Danecek et al. 201 1) using the 1000G CYP450 da-
taset (Genomes Project Consortium et al. 2015). Tajima’s D
values were calculated in the super-population (AFR, EUR,
EAS, and SAS) separately on nonoverlapping windows of 1
Kb. We also performed these analyses excluding positions
and windows with low mappability (see supplementary text

14.1 and fig. S2, Supplementary Material online). We com-
puted the mean Tajima’s D value for each gene by averaging
the window-based values, and sorted genes according to
their mean. To create a null distribution, we computed
Tajima's D values for all SNPs associated with a gene name
in the Combined Annotation Dependent Depletion (CADD)
annotation file (Kircher et al. 2014) on chromosome 22, so
that all SNPs used to compute the empirical distribution are
located in genes. We computed the 2.5 and 97.5th percentile
on the window-based values of chromosome 22. Values
above the 97.5th percentile and below the 2.5th percentile
were considered to be statistically significant (two sided em-
pirical P—value < 0.05). To ensure that our results were not
biased by fine-scale population structure, we also perform
the analyses in each of the subpopulations of EUR (see
supplementary text 14.1 and fig. S2, Supplementary
Material online). The Fsr values, from Weir and Cockerham
derivation (Weir and Cockerham 1984), were calculated
using four super-populations (AFR, EUR, EAS, and SAS) on
a per-site basis. The per-gene mean was calculated on raw va-
lues and genes were sorted based on their mean Fsr. Asin the
previous analysis, chromosome 22 was used to create an em-
pirical distribution. Fsr values were also computed on SNPs lo-
cated in genes of the chromosome 22 (see above) and the
per-gene mean Fsr was calculated.

Detecting Natural Selection

The method used to detect balancing selection is the g
score (Siewert and Voight 2017). This score has already
been calculated on the whole 1000 Genomes project
data for each subpopulation. The approach used to detect
signal of recent positive selection was iHS (integrated
haplotype score) (Voight et al. 2006). The iHS computation
was performed by us on the 1000G dataset, filtered to ex-
clude INDELs and CNVs. Reference alleles from filtered
1000 Genomes vcf files were changed to the ancestral al-
leles retrieved from six primates EPO pipeline (version
e59) using the fixre f plugin of bcftools (Li 2011). The hap-
bin programv.1.3.0 (Maclean et al. 2015) was then used to
compute iHS using per population-specific genetic maps
computed by Adam Auton on the 1000 Genomes OMNI
dataset (Genomes Project Consortium et al. 2015). When
the genetic map was not available for a subpopulation,
the genetic map from the closest subpopulation was se-
lected according to their global Fsr value computed on
the 1000G dataset. For all natural selection analyses,
SNPs annotated to be in a repetitive region were identified
using the RepeatMasker track available on the UCSC gen-
ome browser (Kent et al. 2002) and were removed.

Unusual Linkage Disequilibrium

Linkage disequilibrium between pairs of SNPs from the
same cluster was assessed using the geno-r2 option
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from VCFTools on SNPs with minor allele frequencies (MAF)
above 0.05. The genetic position of each SNP was calcu-
lated with PLINK v1.90 (Chang et al. 2015) using the
population-specific genetic maps the same was as de-
scribed in previous section.

To compute a null distribution to detect unusual linkage
disequilibrium (uLD), the Human GRCh38 Gene transfer
format (GTF) file from Ensembl v87 was screened per auto-
somal chromosome using an in-house python script to find
windows matching the CYP4F cluster: windows of 430 Kb
containing six genes were kept. In these windows, we ex-
cluded INDELs and SNPs with MAF <0.05. The r? for each
pair of SNPs located within a selected window was com-
puted using VCFTools with the geno-r2 option. We di-
vided the genetic distance into bins of 0.01 cM and
calculated the 99th percentile of r? values of each pair of
SNPs lying in the bin. This process was done separately
for each 1000G subpopulation, yielding a null distribution
per subpopulation. r? values on pairs of SNPs in the ex-
tremes of the empirical distribution are considered to be
significant for what we called unusual linkage disequilib-
rium (uLD).

To specifically confirm the signal seen between CYP4F12
and other CYP4F genes, we extracted only the SNPs showing
significant uLD in the previous analysis and kept only those
pairs where one SNP was located in CYP4F12. Using
VCFTools, CYP4F genetic data were extracted from the
1000 Genomes 30X on GRCh38 dataset (Byrska-Bishop
et al. 2021), and r? values were calculated as described
above.

eQTLs Analysis of SNPs under Selection

The Genotype-Tissue Expression v8 (GTEx) (Lonsdale et al.
2013) was accessed through dbGaP (phs000424.v8.p2,
dbgap project #19088) and contains gene expression across
54 tissues and 948 donors as well as genotyping informa-
tion, compiled in a VCF file by GTEx on the GRCh38 genome
build. The cohort comprises 67% males and 33% females,
mainly of European descent (84.6%), aged between 20
and 79 years old. Analyses were done on 699 individuals
of European descent, as described in supplementary text
14.2, Supplementary Material online. To take into account
hidden factors, we calculated PEER factors on the normal-
ized expressions. We removed tissues with less than 50 sam-
ples, leaving samples from 50 different tissues.

For eQTL analyses, we selected only SNPs that were iden-
tified to be under positive or balancing selection in CYP3A
and CYP4F clusters in previous analyses and with a MAF
above 5%. Since the positions of these SNPs were in the
GRCh37 genome build, we converted these positions to
the GRCh38 genome build to match GTEx v8 data, using
the 1iftover function of the rtracklayer R library
(Lawrence et al. 2009). P-values of associations between

each selected SNP and gene expression of every gene in
the cluster were calculated with a linear model using the
1m function in R. The linear model was calculated on
each SNP individually. The covariates include the first five
principal components (PCs) (see supplementary text 14.2,
Supplementary Material online), age, sex, PEER factors,
the collection site (SMCENTER), the sequencing platform
(SMGEBTCHT), and total ischemic time (TRISCHD). To re-
port genome-wide significant eQTL signals, we used a
P-value threshold for significance at 1078.

Lastly, we have searched for regulatory annotations of at
eQTL signals using the UCSC Genome Browser, specifically
looking at the data provided by the ReMap density data-
base (Hammal et al. 2022).

Phenotypic Associations

The UK biobank (UKb) (Sudlow et al. 2015) was accessed
through project 15357. We kept only individuals of
European descent which were within 3 SD of the mean
for the top 3 PCs, removed one individual for each pair of
related individuals, and removed individuals whose genetic
sex did not match self-identified sex. We extracted posi-
tions for CYP3A (chr7:99-244-812-99-470-881, GRCh38)
and for CYP4F (chr19:15-618-335-16-110-830, GRCh38)
families. We then removed positions with more than
10% of missing genotype and with a MAF under 1%,
then removed individuals with more than 5% missing gen-
otypes, leaving us with 399,149 individuals and 3,092 var-
iants for the CYP4F genes, and 400,504 individuals and 374
variants for the CYP3A genes.

We used baseline values for continuous phenotypes. We
selected phenotypes recommended by the UKb, as well as
blood cells measurements, a total of 90 and 11 phenotypes re-
spectively (supplementary table S3, Supplementary Material
online). When many values were available at the baseline,
we took the mean of those values. We also looked at diseases
using phecode coding extracted from phewascatalog (Denny
etal. 2013), which indicated ICD-10 to group and to exclude
from controls. We kept only phecodes with more than 500
cases, leaving 603 for both sexes, 62 female-only and 11
male-only. Covariates used are the age at baseline, sex, top
10 PCs, deprivation index and the genotyping array.
Analyseswere donewithplink2 (Changetal. 2015)with lin-
ear transformation of the quantitative covariates. We used a
P-value threshold for significance at 6.44 x 10>, based on
Bonferonni correction for the number of phenotypes evalu-
ated (0.05/(90 4+ 11 + 603 + 62 + 11) =6.44 x 107°).

We performed Mendelian randomization analyses.
As instrument variables, we selected SNPs in CYP3A clus-
ter showing strong associations with CYP3A5 expression
in lung (exposure), with a F-statistic above 10 and a
P-value under 0.001 (0.05/50 tissues), then removed
SNPs in pair with a correlation above r? > 0.8, estimated
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on Europeans from GTEx using the function 1d matrix
from ieugwasr packagein R (Lyon etal. 2021), leaving eight
SNPs for analyses. Furthermore, we used the scale function on
continuous traits and gene expression to estimate the
change of 1 SD of the phenotypes for 1 SD of the gene ex-
pression. As outcomes, we used the six phenotypes for
which SNPs under selection showed associations for both
phenotype (P—value < 6.44 x 10~°) and CYP3A5 expression
(P—value < 0.001). Mendelian randomization analyses were
performed using MendelianRandomization package in
R (Yavorska and Burgess 2017) and correlation matrix gener-
ated using 1d_matrix (Lyon et al. 2021) was given to the
function to adjust for linkage disequilibrium. We performed
Inverse Variance Weighted (IVW) as the main statistical test,
and we performed MR-Egger to detect and correct for direc-
tional pleiotropy: we report MR-Egger results if the intercept
was significant. Lastly, we performed weighted median test
as a sensitivity test.

Supplementary Material

Supplementary data are available at Genome Biology and
Evolution online.
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