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Distribution and linkage disequilibrium of the enhancer SNP
rs5758550 among Latin American populations: influence of

continental ancestry

Anna Beatriz Ribeiro Elias® Gilderlanio Santana de Aral’Jjob,
Sandro José de Souza® and Guilherme Suarez-Kurtz*®

Objectives A single nucleotide polymorphism (SNP),
rs5758550, in a critical enhancer region downstream of
the CYP2D6 promoter was proposed to modulate CYP2D6
activity, depending on its linkage disequilibrium (LD)

with the common CYP2D6 SNP, rs16947. We examined
the influence of individual biogeographical ancestry on
the frequency distribution of rs5758550 and its LD with
rs16947 in Latin American populations. We then inferred
the impact of rs5758550 on the predictive accuracy of
CYP2D6 metabolizer status based on CYP2D6 haplotypes.

Methods The study cohorts consisted of the Admixed
American (AMR) superpopulation of the 1000 Genomes
Project (n = 347) plus an admixed Brazilian (BR) cohort
(N = 224). Individual proportions of Native, African and
European ancestry estimated by ADMIXTURE analysis,
were used to design four sub-cohorts, in which one of
the three ancestral roots predominated largely (>6 fold)
over the other two: AMR-NAT and AMR-EUR, comprised
80 AMR individuals each, with >70% Native or >70%
European ancestry, BR-EUR and BR-AFR comprised
Brazilians with >90% European (n = 80) or >70% African
ancestry (n = 64), respectively. CYP2D6 haplotypes were
inferred based on 10 commonly reported CYPD6 variants
with or without addition of the enhancer rs5758550 SNP,
pairwise LD was assessed by the R? parameter, and activity
scores were used to infer CYP2D6 metabolizer status.

Results Minor allele frequency (MAF) of all CYP2D6
SNPs, except the rare (<0.02) rs5030656 and rs35742688,
differed significantly across sub-cohorts, whereas no
difference was observed for rs5758550. The R? values for
LD between rs5758550 and rs16947 ranged from 0.15
(BR-AFR) to 0.85 (AMR-NAT), with intermediate values

in the predominantly European sub-cohorts (0.34-0.67).

Introduction

Cytochrome P-450 2D6 (CYP2D6) is a major drug-me-
tabolizing enzyme. The encoding gene, CYP2D6, pre-
sents high allele heterogeneity (https://www.pharmvar.
org/gene/CYP2D6 [1]) that determines large inter-in-
dividual variation in enzyme activity, affecting the
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As a consequence, distribution of CYP2D6 haplotypes
containing the rs16947 SNP plus rs5758550 wild-type (A)
or variant (G) allele differed markedly across sub-cohorts.
Comparison of the CYP2D6 activity scores assigned to
the wild-type (CYP2D6*1) and the rs16947-containing
haplotypes with or without inclusion of rs5758550,
showed that knowledge of the rs5758550 genotype has
negligible impact on predicted CYP2D6 phenotypes in
AMR-EUR and AMR-NAT, but affects prediction in 10.7 and
21.6% of BR-EUR and BR-AFR individuals, respectively.

Conclusion Collectively, the present results reveal
potential pharmacogenomic (PGx) implications of the
population diversity in Latin America, affecting a major
drug-metabolizing pathway. Thus, the influence of
enhancer rs5758550 on assignment of CYP2D6 metabolic
phenotypes varies markedly, according to the individual
proportions of Native, European and African ancestry. This
conclusion reinforces the notion that extrapolation of PGx
data across the heterogeneous Latin American is risky, if
not inappropriate. Pharmacogenetics and Genomics 30:
67-72 Copyright © 2020 Wolters Kluwer Health, Inc. All
rights reserved.
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pharmacokinetics and, indirectly, efficacy and toxicity
of several commonly prescribed drugs. Pharmacogenetic
(PGx) guidelines, such as those developed by the
Clinical Pharmacogenetics Implementation Consortium
(CPIC, https://cpicpgx.org/guidelines/) and the Dutch
Pharmacogenetics Working Group (DPWG, https://www.
pharmgkb.org/page/dpwg) base their recommendations
for CYP2D6 substrates on genotype-inferred metabolic
phenotypes. At present, commonly used genotyping pan-
els comprise a limited number of known CYP2D6 variants
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(e.g. Affymetrix DMET Plus array) and supplemental
copy number assessment. Metabolic activity scores [2] are
assigned to cach identified allele/haplotype, the activity
score of the inferred diplotype is then calculated and used
to infer the CYP2D6 metabolic phenotype. However, a
single nucleotide polymorphism (SNP), rs5758550, in a
critical enhancer region downstream of the CYPZD6 pro-
moter was recently proposed to be a major determinant
of CYP2DG6 activity, depending on its linkage disequilib-
rium (D) with the common CYP2D6 variant, rs16947 [3,
4]. The key SNP rs16947 along with the rs1135840 define
the core haplotype CYP2D6*2, but this key SNP is also
found with other variants on numerous other haplotypes
(e.g. *¥17,*29,*35 and *41). The strength of LD between
rs16947 and rs5758550 was reported to vary considerably
across populations of the 1000 Genomes Project, and thus
impact to different degrees the accuracy of CYP2D6 gen-
otyping panels to predict haplotype-phenotype associa-
tions globally [4]. We explored the impact of rs5758550
on the predicted CYP2D6 haplotype-phenotype asso-
ciation within the 1000 Genomes Admixed American
(1KG AMR) superpopulation, comprised of individuals
from the South American countries Colombia and Peru,
from Puerto Rico as well as people of Mexican Ancestry
living in Los Angeles, USA. Although Native American,
European and African ancestry is shared among all four
groups, the relative proportions of each ancestral root
vary widely, reflecting the local dynamics and extent of
admixture between the parental populations [5, 6]. The
resulting heterogeneity is a caveat against extrapolation
of the 1IKG AMR PGx data across Latin American peo-
ples. Furthermore, Brazil, with the largest population in
Latin America (~210 million) is not represented in the
1KG AMR superpopulation. This led us to included data
from an admixed Brazilian cohort and increase the scope
of our analyses.

Methods

CYP2D6 haplotype structure

Genotype data for CYP2D6 and rs5758550 in the 1KG
AMR superpopulation (n = 347) were obtained from
the 1KG Project phase 3 (https://grch37.ensembl.org/
info/index.html). CYP2D6 genotype data for Brazilians,
self-identified as White (n = 80), Brown (n = 62) or Black
(n = 80) were derived from a previous study [7]. Allele
discrimination at the rs5758550 locus in the Brazilian
cohort was performed using a 'TagMan assay. Individual
diplotypes for the 1KG AMR and Brazilians were
inferred from 10 commonly reported CYP2D6 variants
(Supplementary Table 1, Supplemental digital content 1,
http.fllinks.lww.com/FPC/B365), with or without addition
of the enhancer rs5758550 SNP, using the haplo-stats
software, available at http://www.mayo.edu/research/
labs/statistical-genetics-genetic-epidemiology/software.
This software attributes a posterior probability value for
the diplotype configuration of each individual on the
basis of estimated haplotype frequencies. The minimal

posterior probability value for inclusion of an individual
in our analyses was set at 0.8. The SHESsis software plat-
form (http://analysis.bio-x.cn/myAnalysis.php) was used
for calculation of pairwise LD between loci. The extent
of LD is expressed by the R* parameter.

Assignment of activity scores to CYP2D6 haplotypes
The activity scores assigned to the CYP2D6 star hap-
lotypes by CPIC (https://www.pharmgkb.org/page/
cyp2d6RefMaterials) according to the standard CPIC-
DPWG expert groups consensus method (Consensus
AS; [8]) and the activity scores proposed by Ray ¢z a/. [4]
comprising the rs5758550 SNP were compared to assess
the discordance in the predicted CYP2D6 metabolic
phenotypes.

Estimation of biogeographical ancestry

The individual proportions of Native, European and
African ancestry in the 1KG AMR superpopulation were
estimated previously by unsupervised ADMIXTURE
analysis at K = 3 [9]. The choice of the three parental
populations is based on the known demographic history
of Latin America [5, 6]. The individual proportions of
Native, European and African ancestry of Brazilians were
available from our previous studies [7, 10].

Statistics

Allele and haplotype frequencies were derived by gene
counting. The chi-square test was employed to assess
deviations from Hardy—Weinberg equilibrium in each
sub-cohort and for comparison of the frequency dis-
tribution of SNPs and haplotypes across sub-cohorts.
Statistical significance was set at P < 0.05.

Results and discussion

Diversity of biogeographical ancestry

The Brazilian cohort and the 1KG AMR superpopula-
tion had similar average proportions of European ances-
try (56% vs. 50%, respectively) but differed markedly
(>5-fold) with respect to African and Native ancestry,
which were estimated to be, respectively, 36% and 7%
in Brazilians vs. 8% and 42% in AMR (Table 1). These
data support our strategy of combining Brazilian and 1KG
AMR data to expand the scope of the present analyses
of the impact of biogeographical ancestry on CYP2D6
haplotype structure. For this purpose, we devised
sub-cohorts in which one of the three ancestral roots pre-
dominates largely (>6-fold) over the other two. The 1KG
AMR vyielded two sub-cohorts, designated AMR-NAT
and AMR-EUR, comprising 80 individuals each, with the
highest proportions of either Native or European ances-
try, respectively (Table 1 and Supplementary Figure 1,
Supplemental digital content 2, Azp://links.low.com/FFPC/
B366). The AMR-NAT sub-cohort includes 67 Peruvians
(PEL), 12 individuals with Mexican Ancestry (MXL.) and
one Colombian (CLM), all of which had >70% Native
ancestry. The AMR-EUR sub-cohort was formed by
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Table 1 Biogeographical ancestry of study cohorts
Biogeographical ancestry, mean (95% ClI)
Population Cohort N European Native African
1KG AMR Overall 347 0.503 (0.475-0.530) 0.418 (0.387-0.449) 0.079 (0.070-0.089)
AMR-NAT 80 0.117 (0.095-0.139) 0.872 (0.849-0.895) 0.011 (0.005-0.017)
AMR-EUR 80 0.791 (0.778-0.804) 0.141 (0.130-0.152) 0.068 (0.060-0.076)
Brazilians Overall 224 0.563 (0.521-0.604) 0.074 (0.063-0.084) 0.363 (0.325-0.402)
BR-EUR 82 0.943 (0.938-0.948) 0.027 (0.023-0.031) 0.030 (0.026-0.035)
BR-AFR 62 0.135 (0.116-0.154) 0.068 (0.055-0.081) 0.797 (0.777-0.816)
Fig. 1
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Minor allele frequency (MAF) of the interrogated CYP2C6 and the CYP2D6-enhancer rs6758550 single-nucleotide polymorphisms in the study
sub-cohorts. The P-values are for chi-square tests for differences in allele frequency of each SNP among the sub-cohorts. SNP, single nucleotide

polymorphism.

52 Puerto Ricans (PUR), 25 CLM and three MXL,, all
with >70% European ancestry. The Brazilian sample also
yielded two sub-cohorts, designated BR-AFR (62 self-re-
ported Brown or Black individuals with >70% African
ancestry) and BR-EUR (80 self-reported White or Brown
individuals with >90% European ancestry). Because of
the comparatively small contribution of African ancestry
in the 1IKG AMR and of Native ancestry in the Brazilian
sample, AMR-AFR and BR-NAT sub-cohorts could not
be formed.

Distribution of rs5758550 and CYP2D6 single
nucleotide polymorphisms in the study sub-cohorts
Figure 1 shows the minor allele frequency (MAF) of
rs5758550 and (’YP2ZD6 SNPs in the four study sub-co-
horts. Distribution of rs5758550 genotypes complied

with Hardy—Weinberg equilibrium in all sub-cohorts,
MAF’s ranged from 0.25 (AMR-EUR) to 0.33 (BR-AFR),
but the difference across sub-cohorts did not reach sta-
tistical significance (P = 0.21). Significant differences
in MAF, however, were observed for all (YP2D6 SNPs,
except 1s5030656 and rs35742688, both of which were
absent or uncommon (<2%) in the study sub-cohorts.
The rs16947 was the most common CYP2D6 SNP in all
sub-cohorts, with MAF values ranging from 0.29 (AMR-
NAT) to 0.45 (BR-AFR). The lowest frequency in AMR-
NAT may be explained by the likely Asian origin of the
first migrants into the American continent [5], since East
Asians have the lowest MAF of rs16947 among the 1KG
superpopulations. The highest MAF in BR-AFR is con-
sistent with their predominant African ancestry; accord-
ingly, the highest MAF for the rs16947 among the 1KG
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superpopulations was observed in Africans (0.55). African
ancestry may also explain the distinct distribution of the
rs59421388, rs28371706 and rs1080985 SNPs in BR-AFR:
the first two SNPs were detected in 7 and 16% of the
BR-AFR individuals, respectively, but were absent in the
1KG AMR sub-cohorts and rare in BR-EUR (Fig. 1). By
contrast, the minor rs1080985 allele was 4-5 times less
common in BR-AFR than in the cohorts of predominant
European of Native ancestry (Fig. 1).

For each studied sub-cohort, haplotype diagrams com-
prising rs5758550 and CYP2D6 SNPs with MAF >0.03 are
shown in Supplementary Figure 2 (Supplemental digital
content 3, kttp:/llinks.lkow.com/FPC/B367). Of particular
interest to the present study is the wide range of R* val-
ues (0.15-0.85) for LD between rs5758550 and rs16947,
which most likely results from the predominance of a dis-
tinct ancestral root in each sub-cohort. Accordingly, com-
parison of the R* values in the study sub-cohorts and the
1KG superpopulations reveals values of 0.15 and 0.11 for
BR-AFR and 1KG AFR, respectively, whereas, in the pre-
dominantly European sub-cohorts, R* ranged between
0.41 (BR-EUR) and 0.67 (AMR-EUR), compared to 0.56
for IKG-EUR. The relatively lower R* in BR-EUR may
be tentatively ascribed to differences in local ancestry,
that is, ancestry at specific loci vs. global ancestry, a rec-
ognized caveat in admixed populations [11].

Impact of rs5758550 on the assignment of CYP2D6
metabolic phenotypes

The wvariable extent of LLD between rs16947 and
rs5758550 among the study sub-cohorts implies that
knowledge of rs5758550 genotype might affect to dif-
ferent degrees the predictive accuracy of translating
CYP2D6 haplotypes into metabolic phenotypes among
Latin Americans, according to the individual ancestry
proportions. To explore this issue, we initially verified
the distribution of CYPZ2D6 haplotypes containing the
rs16947 SNP, namely *2, *17, *29, *35 and *41, plus
s5758550 wild-type (A) or variant (G) allele (Fig. 2). The
proportion of CYP2D6*2 haplotypes comprising also the
variant rs5758550 allele decreased from ~99% in AMR-
NAT and AMR-EUR to 80% in BR-EUR and to 42% in
BR-AFR. The CYP2D6 *17 and CYP2D6*29 haplotypes
were absent or rare (1.2%) in the Native and European
sub-cohorts, but present in 16% and 7.2% of BR-AFR,
respectively. The *17 haplotype associated mainly (90%
of cases) with the rs5758550 G allele, whereas rs5758550A
was the predominant allele associated with the *29 hap-
lotype. The CYP2D6 *35 and CYPZD6*41 haplotypes
were rare (<1%) in Native and African sub-cohorts, but
detected, respectively, at 4-6% and 8% in the two EUR
sub-cohorts. In AMR-EUR these haplotypes associated
exclusively with a distinct rs5758550 allele: CYP2D6*35
with the G allele and CYP2D6*41 with the A allele. In
BR-EUR, both rs5758550 alleles were found in associa-
tion with CYP2D6 *35 and CYP2D6*41.

Fig. 2
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Frequency distribution of CYP2D6 haplotypes (star alleles) among
the study sub-cohorts. Shown are the wild-type (default) CYP2D6*1
and haplotypes (*2, *17, *29, *35 and *41) containing the rs16947
single-nucleotide polymorphism. Each column is partitioned in two
segments corresponding to the haplotypes containing either the
rs5758550 A (white) or G (grey) allele.

In an attempt to estimate the impact of rs5758550 on the
predictive accuracy of translating CYPZD6 haplotypes
into metabolic phenotypes in the different sub-cohorts,
we compared the Consensus AS assigned to the star hap-
lotypes (without rs5758550) to the activity scores pro-
posed by Ray ez a/. [4] for combinations of rs5758550 and
rs16947 (Table 2). Discordant activity scores applied to
CYP2D6*2 and CYP2D6*17 when associated with wild-
type 1s5758550A allele (lower metabolic activity com-
pared to Consensus AS for *2 and *17, respectively), and
possibly to CYP2D6*41 when associated with the variant
1s5758550G allele (higher metabolic activity compared to
Consensus AS for *41). As shown in Fig. 3, the summed
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Table 2 Assignment of activity scores to CYP2D6 haplotypes

CYP2D6 enhancer rs5758550 in Latin Americans Ribeiro Elias et al.

CPIC-DPWG consensus [8] Ray et al. [4]
Activity Haplotype Activity Haplotype Activity
Haplotype Score rs5758550 A Score rs5758550 G Score
*1 1 n/n 1 H1a 2
*2 1 H3a 0.5 H2a 1-1.5
*17 0.5 H3c <0.5 H2b 0.5
*41 0.5 n/n 0.5 n/n >0.5

Discordant activity scores between CPIC-DPWG Consensus [8] and Ray et al. [4] are highlighted in bold.

n/n, no name in Table 2 of Ray et al. [4]

Fig. 3
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by Ray et al. [4], which include the rs5758550 SNP, versus the
Consensus AS proposed by CPIC-DPWG [8], which do not include
rs5758550. The columns show the percentage of discordance in
each sub-cohort for the CYP2D6*1, *2, *17 and *41 haplotypes. SNP,
single nucleotide polymorphism.

discordance in CYP2D6*2, *17 and *#1 ranged from <1%
in AMR-NAT and AMR-EUR, to 8.2% in BR-EUR, and
to 14.4% in BR-AFR. An additional source of discordance
between the two activity scores systems is the default
wild-type haplotype CYP2D6*1, which was assigned an
activity score >1 when associated with rs5758550 G allele
[4]. Inclusion of CYP2D6*1 has little (<1%) impact on
activity score discordance in AMR-EUR and AMR-NAT,
but adds another 2.5 and 7.2% to the extent of discord-
ance in BR-EUR and BR-AFR, thus affecting 10.7 and
21.6% of inferred phenotypes in these Brazilian sub-co-
horts, respectively.

Collectively, the present results reveal novel PGx impli-
cations of the population diversity in Latin America,
affecting a major drug-metabolizing pathway. These
results reinforce the notion that extrapolation of PGx
data across the heterogencous Latin American is risky,

if not inappropriate [12], and suggest that adequate
inference of CYPZ2D6 metabolizer phenotype in Latin
Americans, especially those with predominant African
ancestry, may benefit from knowledge of the rs5758550
genotype. Nevertheless, we acknowledge that the clini-
cal significance of the enhancer SNP has not been estab-
lished. Indeed, correction for the presence or absence of
the enhancer SNP did not lead to improved prediction
of endoxifen levels in breast cancer patients [13], while
genotyping for the enhancer SNP did not account for the
wide variability in systemic exposure to atomoxetine, a
CYP2D6 substrate, in a relatively small cohort of children
with attention-deficit/hyperactivity disorder [14]. We also
acknowledge as a limitation of this study that CYP2D6
haplotypes were inferred statistically, based on 10 com-
mon SNPs, and at least one key variant, namely rs1135840
(NG_008376.3:2.4181G>C) was not interrogated. Other
potentially functional variants as well as copy number
variation, not considered in our analyses, may affect the
activity score assignment and thus the estimated impact
of rs5758550 on predicted CYP2D6 metabolic activity.

In conclusion, we showed that addition of the enhancer
1s5758550 to (YP2D6 genotyping panels has a poten-
tial effect on the prediction of CYP2D6 metabolic phe-
notypes in Latin American peoples. The extent of this
effect depends on the individual proportions of Native,
European and African ancestry: it is negligible in per-
sons of predominant Native ancestry, affects 1% (AMR-
EUR) and 11% (BR-EUR) of persons of predominant
European ancestry, and >20% of Brazilians with predom-
inant African ancestry. The considerable larger effect in
BR-EUR than in AMR-EUR may be ascribed to differ-
ences in local ancestry, that is, ancestry at specific loci vs.
global ancestry, especially African ancestry, which is, on
average, five-fold higher in BR-EUR than in AMR-EUR.
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