Original article 667

Comparative and evolutionary pharmacogenetics of ABCBT.:
complex signatures of positive selection on coding and

regulatory regions

Haijian Wang?, Keyue Ding®, Yang Zhang?, Li Jin®®, Iftikhar J. Kullo®

and Fuchu He*°¢

Background As a major mediator in the complex interplay
between humans and the xenobiotic environment, the
ABCBI transporter gene is an obvious candidate for
comparative and evolutionary pharmacogenetic studies. It
has been recently reported that common variants in its
coding region, which are variously associated with drug
response and disease susceptibility, may have conferred
differential selective sweep in various populations. Fully
profiling the alletic architecture and explicitly interrogating
the natural selection at ABCB/ are needed to understand its
evolutionary population genetics.

Methods and results Using a comprehensive single
nucleotide polymorphism variants in coding and regulatory
regions, as well as comparable genotype data from the
Environmental Genome Project, we systematically
characterized the extent and length of linkage
disequilibrium throughout the ABCBI locus in three major
ethnic populations (African, European, and Chinese). We
observed pronounced signals of recent positive selection
on the derived alleles of three common single nucleotide
polymorphisms coding regions: e12/1236T, e21/2677T,
and e26/3435T in the Chinese, as well as on extended
haplotype homozygosity were also observed for two
potentially functional common variants in the 5'f/-4489G
(rs17149810) in the Chinese and 5'1/-693T (rs3213619)
in the Africans, respectively, which may have shaped the
phylogenetically inferred star-like haplotype structure

of the 5'flanking region.

Introduction

The multidrug resistance 1, MDR1 (P-glyco-protein,
P-gp), is one of the well-characterized members of a
family of transmembrane transporters (ABCB1, the ATP-
binding cassette, subfamily B, member 1), whose
function is the energy-dependent export of substances
from inside of cells and from membranes to outside [1].
P-gp was initially reported to be overexpressed in tumor
cells and accounts for much of the cross-resistance to
structurally and mechanistically unrelated drugs, a multi-
factorial trait known as multidrug resistance [2]. The
range of substrates for P-gp, its tissue expression profile
and physiological role, however, has since expanded.
Expressed in many normal tissues, such as intestinal
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Conclusion Our finding reveal complex signatures of
natural selection on both coding and regulatory regions
of the human ABCBI gene, point to potential functional
relevance of its regulatory variants, and suggest that
evolutionary dynamics and transcriptional regulation may
underline the phenotypic variation in xenobiotic disposition
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epithelial cells [3], biliary hepatocytes [4], proximal
tubules of kidney [4], blood-brain barrier [5], and
placenta [6], P-gp is now considered to be one of the
major determinants of the ADME (absorption, distribu-
tion, metabolism, and excretion) — Tox (toxicological)
profiles, of a large range of hydrophobic exogenous
substrates, including nearly every category of clinically
important drugs. The degree of expression and function-
ality of the transporter, which is largely determined by
variations in its coding gene, ABCBI (MIM 171050), may
not only influence xenobiotic disposition, affect outcome
of therapy for several diseases such as acute myeloid
leukemia [7], epilepsy [8], and HIV-1 infection [9], but
also influence interindividual susceptibility to diseases
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such as inflammatory bowel disease and renal epithelial
tumors [10-12].

The identification of sequence variants of ABCBI and
functional characterization of their biological significance
and clinical relevance have stimulated interest in the
pharmacogenetics of drug transporters [3]. The primary
focus has been on common single nucleotide polymorph-
isms (SNPs) in the coding regions, such as 1236 C>T
(rs1128503) in exon 12 (synonymous), 2677 G >T/A
(rs2032582) in exon 21 (Ala893Ser/Thr), and 3435 C>'T
(rs1045642) in exon 26 (synonymous). Only a few of
these SNPs, including the well-defined synonymous 3435
C > T, serve as predictors of P-gp biochemical phenotype,
drug response, clinical condition and outcome [13,14].
The causal relevance of this marker, however, is yet to be
corroborantly established because of conflicting results
from population-based association studies [13]. Addition-
ally, several studies investigating its functional
cis-regulatory polymorphisms, identified a couple of SNPs
and phased haplotypes in the 5 upstream region, and
further characterized their effect on transcriptional
activation [15-17]. These studies suggested that differ-
ent haplotypes in the ABCBI 5' flanking region have
different effects on the promoter activity in various cell
lines, indicating that nucleotide and/or haplotype variants
not only in the coding but also regulatory region of ABCBI
may be important for interindividual differences of P-gp
expression and activity.

Parallel to exploring phenotypic effects and clinical
relevance of ABCBI genetic polymorphisms, investigating
molecular adaptation to environmental xenobiotics is
an intriguing complementary strategy for pharmacoge-
netic studies. The aforementioned three common
SNPs in coding region have been reported to occur in
different ethnic populations with markedly varying
frequencies. The level of linkage disequilibrium (LLD)
in the intragenic region of ABCBI is strong but varies
among different populations [18,19]. Genomic evidence
for positive selection at the exon26/3435T alleles in
a Chinese population, as well as at the alternative 3435C
in an African population, has been recently reported,
suggesting that independent mutational events may
have occurred on the ABCBI gene to confer positive
selection in the non-African and African populations,
respectively [20]. It should be noted that this popula-
tion genetics study was based on only 12 SNPs
with no information about ancestral or derived states
and with limited coverage of the ~200kb genomic
sequence of this large gene, and did not encompass
polymorphisms in the regulatory region. Therefore,
the suggested different selective forces acting at the
ABCBI locus in different populations, with respect to
geographically and temporally fluctuating xenobiotic
environments in our demographic history, are not yet
fully explained.

Our aim in this study was to better delineate sequence
variation and haplotype architecture of the ABCBI gene,
and thereby to gain more explicit and logical evolutionary
clues to the underlying process of natural selection on
this locus. We resequenced ~ 11kb of the locus in three
major ethnic populations (African, European, and Chi-
nese) and obtained a full spectrum of variants in both its
coding and regulatory regions. In addition, we used the
genotype data of ABCBI gene from a publicly available
database — the Environmental Genome Project (EGP),
hetp:/legp.gs.washington.edu/. On the basis of these two
independent data sets, we observed signatures of positive
selection on both coding and regulatory regions of ABCBI
gene, which point to potential functional relevance of its
regulatory variants and provide insight into evolutionary
dynamics and transcriptional regulation of the key
component of the xenobiotic disposition system.

Materials and Methods

DNA samples

We sampled 74 unrelated human individuals from Africans
(Yorubans, 23 individuals), Europeans (24 individuals),
and Asians (27 Chinese individuals). The sample size in
the settings of this SNP discovery with resequencing
enabled to provide 95% detection rate in a subpopulaton
for SNPs with a minor allele frequency (MAF) of > 0.05
[21]. Genomic DNA samples of the 27 Chinese
individuals were chosen from a sample collection
assembled for the Chinese Human Genome Diversity
Project through a coordinated effort of several institutes
[22]. Genomic DNA samples for Europeans and Africans
were obtained from the Coriell Cell Repositories (Cam-
den, New Jersey, USA). Most SNPs are likely to represent
a single mutational event as the mutation rate at a
nucleotide position is estimated at < 107 per year [23].
The nucleotide state in other hominoids (such as Pan
troglodyte, the closest relative of Homo sapiens) at the
homologous site can be used to infer the ancestral state
for segregating sites [24]. And therefore, genomic DNA
sample of a chimpanzee (Pan troglodyte) as outgroup was
also obtained from the Coriell Cell Repositories.

PCR-resequencing-based single nucleotide
polymorphism ascertainment

In the Chinese sample of 27 individuals, we not only
covered all the 28 exons of ABCBI gene (Fig. 1a) for SNP
screening, but also extended resequencing ~9.5kb
upstream from the ATG start codon to the distal
enhancer, to which the pregnane X receptor (PXR), a
promiscuous xenosensor binds [25]. We identified 45
SNPs in the Chinese, including 30 common SNPs with
MAF > 0.05, three doubletons, and 12 singletons. With
an intention to perform haplotype-based evolutionary
analyses that were partly superimposed on sequence-
based strategy, we sequenced in the other two popula-
tions, as well as the outgroup, the genomic regions that
contain the 30 common SNPs in the Chinese using the
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Distribution of 62 single nucleotide polymorphisms (SNPs) across the ABCBT gene. (a) Genomic structure. The horizontal line represents its
genomic entire length, and 28 exons are depicted by vertical bars above the line. The lines below indicate the resequenced regions in this study.
(b) Distribution of SNPs. Each vertical line represents one SNP, and the label for each SNP is given below the line. The category of each SNP
is presented in the parenthesis. 5F, 5’ flanking regions; 5UTR, 5’ untranslated regions (UTRs); |, intron; E, exon; 3UTR, 3'UTR; 3F, 3’ flanking
regions. (c) Distribution of SNPs from Environmental Genome Project database: 43 SNPs were shared between (b) and (c).

same array of primer pairs (Fig. 1b). We thereby built, for
the genomic region of ABCBI resequenced in each
individual, a dataset of 62 SNPs (Table S1) for analyses,
with only five singletons and one doubleton in the
Chinese left out of this common dataset (data not
shown). The ancestral states of each of the 62 SNP were
inferred from the Pan troghdyte sequence. The PCR-
resequencing-based SNP discovery platform has been
described previously [26]. Details regarding PCR and
sequencing conditions and PCR primers are available on
request. As a measure of quality control, sequence
segments of individuals presenting singletons or ambig-
uous polymorphisms were reamplified and resequenced.
We assessed SNP data validity by repeating 10% of the
genotype assays, on the basis of PCR and bidirectional
resequencing. The error rate was relatively low (1.2%).

During our work on this project, the EGP released the
SNP dataset of ABCBI for five populations [African-
Americans, African (Yoruban), European, Hispanic, and
Asian], in which all the exons, a much larger part of
intronic sequence, about 2.5 kb upstream sequence from
the ATG start codon, and about 3 kb sequence covering
the PXR response element, were resequenced, and
genotype data of 485 SNPs were deposited, 43 of
which were shared with ours (Fig. 1c). The ancestral
state for each SNP was obtained by aligning the FASTA
sequence for each SNP (in the dbSNP database, http://
www.ncbi.nlm.nih.gov/SNP/) to the draft genome build
of chimpanzee sequence from the UCSC database, using
the ‘blat’ program [27]. In this study, we analyzed
genotype data of three of the five populations, African,

European, and Asian, as one independent and comparable
dataset.

Data analysis

We used the ‘genetics’ package implemented in R to
perform population genetics analyses, including descrip-
tion of allele frequencies, and Fisher’s exact test for
Hardy—Weinberg equilibrium. The false discovery rate
method was used to correct for multiple testing using the
package ‘QVALUE’ in R (http://faculty.washington.edn/
jstorey/qvalue) [28]. Two measures of LD between
SNP pairs, the absolute D’ and the correlation coefficient
7%, were calculated for the three populations separately.
The % test was used to assess statistical significance of
LD, followed by false discovery rate correction for
multiple testing. As rare alleles with frequencies < 0.05
do not have sufficient statistical power for LD detection
[29,30], LD analysis and the following LLD-based evolu-
tionary inference were based on only common SNPs
(MAF > 0.05). Haplotype reconstruction was performed
using the Bayesian method implemented in PHASE [31].
A median-joining haplotype network was constructed
using NETWORK 4.2.0.0 (http://www.fluxus-technolo-
gy.com) [32].

Fs1; a measure of population differentiation, quantifies
variance of allele frequency between and within popula-
tions, and is used to detect local adaptation in the human
genome [33]. We calculated an unbiased small-sample
estimator of pairwise populations Fgp from pairwise
population comparisons using the methods by Weir and
Cockerham [34], which corrects the effect of small
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sample size. A bootstrapping method (1000 bootstrap
samples) was used to test the statistical significance of
Fgrin each pairwise comparison between populations.

We calculated haplotype homozygosity (HH) in a
stepwise manner — extended HH (EHH) - to explore
how LD breaks down with increasing distance from a
specific core SNP [35]. HH was calculated between a
distance X and the specified core SNP for a chromosome
population carrying a single allele of the core SNP
(ancestral and derived allele, respectively). Distance
X increases stepwise to the most outlying SNP.
The patterns of HH were estimated on both sides
of each allele for a specific core SNP. EHH is on a scale
of 0 (no homozygosity, all extended haplotypes are
different) to 1 (complete homozygosity, all extended
haplotypes are the same). HH is evaluated as,
HH = (Y p? —1/n)/(1 — 1/n), with p; being the relative
haplotype frequency (for a core SNP, it is the allele
frequency) and # the sample size. The variance of each
HH [Var(HH)] is estimated as,

Z(Lﬂ {20-2)[> 0 = 2] + o pt - oo’}

n

according to Nei [36]. Relative EHH (REHH) is the ratio
of the EHH on the tested core haplotype (core allele
here) compared with the EHH of the grouped set of core
haplotypes at the region not including the core haplotype
tested [35]. We used sweep 1.0 software to visualize the
decay of LD on ancestral and derived alleles for a given
core SNP, drawing a haplotype bifurcation diagram
(HBD) [35]. To test statistical significance of the long-
range haplotype (LRH) analysis, we obtained the
empirical distribution of core haplotype frequencies
vs. REHH through screening the entire chromosome
7 HapMap data (hzp:/foww.hapmap.org, release #16) in
Yoruban (YRI), European-descent populations (CEU),
and Han Chinese in Beijing (HCB), respectively.

var(HH) =

Results

Data summary and sequence variations

We sampled 74 unrelated human individuals in three
populations and a chimpanzee as outgroup. By resequen-
cing large segments of the genomic regions of ABCBI
(total length of 11326bp) that include all known
common SNPs in its exons, exon—intron boundaries,

Table 1

3’ flanking regions, and especially in ~9.5kb of the 5
flanking region, we built a dataset of 62 SNPs for the
three populations (Fig. 1). The homologous sites for all
the 62 SNPs in Pan troglodyte were homozygous, and the
ancestral states for each SNP were accordingly inferred.
The SNP symbol, reference SNP accession number (rs,
47 SNPs) or submitter SNP accession number (ss, 15
SNPs), classes, and ancestral and derived allele frequen-
cies (inferred by comparison with Pan troglodyte), are
shown in Table S1. Only two SNPs (30 and 37) in
Europeans, and two (53 and 57) in Africans, departed
significantly from Hardy-Weinberg equilibrium (Fisher’s
exact test, P <0.05). After correction for multiple
testing, however, these departures were not statistically
significant.

We analyzed sequence variation of ABCBI gene in the
three populations, using subsets of all the screened 49,
41, and 39 SNPs in Africans, Europeans, and Chinese,
respectively (Table 1). Two measures of nucleotide
diversity, 6, and ®, were calculated for the resequenced
regions. The average nucleotide diversity (m) for the
three populations was comparable with that reported
previously. The classical test of evolutionary neutrality
test on the basis of nucleotide diversity-Tajima’s D [37]
did not show significant deviation from zero (P > 0.05) in
any population. By using the PHASE program, 44, 28, and
31 distinct haplotypes were inferred for the Africans,
Europeans, and Chinese, respectively. Significant inter-
ethnic variability in the number and frequency of
haplotypes was observed among populations, with haplo-
type diversity being 0.976, 0.957, and 0.900 for the
Africans, Europeans, and Chinese, respectively.

Population differentiation

"To test whether there are significant differences in allele
frequency for ABCBI gene among populations, we
calculated the measure of population differentiation
(Fgr) in a pairwise manner. The ABCBI showed
significantly high level of population differentiation: 19
out of 54 loci in Africans vs. Europeans, 24 out of 58 in
Africans vs. Chinese, and 14 out of 50 in Europeans vs.
Chinese, showed significantly high Fgr (Table S1). Figure 2
demonstrates the distribution of Fgr against physical
distance. A higher Fgrwas noted in Africans vs. Chinese,

Nucleotide diversity in the resequenced regions of ABCB1 among the three populations

Nucleotide diversity (x 107

Population 2N Length (bp) Number of SNP Singletons m 0., Tajima’s D
(P value®)
African 46 11326 49 11 8.27 7.56 0.318 (0.149)
European 48 11326 41 8.65 7.96 0.297 (0.162)
Chinese 54 11326 39 7 9.82 9.84 -0.008 (0.276)

2The P value was calculated from coalescent simulations under a standard neutral model given the recombination rate of 0.39 cM/MB in the ABCB1 locus (D7S644).
SNP, single nucleotide polymorphism. m, the average number of nucleotide differences per site between two sequences chosen from a randomly mating population.
0y, the estimate of population mutation parameter based on the number of polymorphic sites in the sample.
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Fig. 2
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Fst statistic (population differentiation) along the genetic distance, in pairwise populations for genotype data in Africans, Europeans, and Chinese.

as compared with Africans vs. Europeans and Europeans
vs. Chinese. For example, eight SNPs showed Fgr
(>0.30) in African vs. Chinese, considerably higher than
the well-documented genome-wide average of 0.10 ~0.15
[33,38]. Population differentiation of the three well-
known SNPs in coding regions (i.e. SNP 33: €12/1236;
SNP 47: €21/2677; and SNP 52: ¢26/3435) was signifi-
cantly higher (bootstrap P value < 0.05, Table S1). It
should also be noted that two SNPs in the 5 flanking
regions/untranslated regions (UTR) (SNP 12: 5'f/-4489
and SNP 17: 5'1/-693) had significantly high Fgr values
(0.31 and 0.24 in Africans vs. Chinese).

Variation of linkage disequilibrium pattern among
populations

We estimated D’ and 7% of common SNPs (MAF > 0.05)
for the ABCBI region to determine LD patterns of ABCB/
gene in the three populations. Overall, the LD between
SNP pairs was high but varied considerably among
different populations. The relationship between LD
and physical distance is shown in Figure S1. It showed
significant and strong intragenic LD levels: 27.5% SNP
pairs showed significant LD in Africans, 57.4% in
Europeans, and 88.1% in Chinese. Some SNP pairs
separated by ~100kb showed nearly complete LD (e.g.
|D'| =1). We also observed obvious population variation
in LD levels when plotting the proportion of SNP pairs in
significant LD against physical distance for each popula-
tion separately (Fig. 3). The Africans showed lower LD
levels, whereas the Chinese manifested an extremely
high degree of allelic association. The three core SNPs in
coding region were in relatively strong LD, and the
derived haplotype, which is phased on the three derived
“T” alleles, was significantly overrepresented in Eur-
opeans and Chinese than in Africans. This observation is
in accordance with the previous studies [18,39]. In the
regulatory regions, pronounced LLD was also observed for
SNPs 1, 6, 7, 12, 15, and 17. In the Chinese population,
all of these variants were perfectly associated in phase.
Among these segregating sites, SNPs 15 and 17 were

Fig. 3
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Proportion of single nucleotide polymorphism (SNP) pairs in significant
linkage disequilibrium (LD) plotted against physical distance in the
ABCB1 ~100 kb region. SNP pairs were grouped into 10-kb bins. O,
Africans; A, Europeans; and +, Chinese.

reported to be also in complete LD in a Japanese
population [15].

Long-range haplotype test for positive selection

To identify mutations in the ABCBI locus potentially
targeted by recent positive selection, and that might have
had molded the population differentiation and LD pattern,
we performed the LRH test. Six core SNPs that all
cosegregated in each population were selected, including
the three well-known variants in the coding regions (i.c.
SNPs 33, 47, and 52), two SNPs in 5’ flanking regions/UTR
with significantly high Fgr (SNPs 12 and 17), as well as one
SNP in 5 flanking regions with a derived allele frequency
> 0.10 (SNP 10, 5'f/-4549). As revealed by the EHH plots
(Fig. 4), the overall EHH of derived alleles decayed more
slowly than that of ancestral alleles. For the core SNP 10 in
the 5 flanking region, the EHH of derived allele (broken
lines) over ~51kb were 0.68 and 0.71 in Europeans and
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Fig. 4
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different colors represent different populations: black, Africans; red, Europeans; green, Chinese. The solid and broken lines indicate the ancestral

and derived allele, respectively.

Chinese, respectively, whereas the EHH of their ancestral
allele over the same distance was 0.12 and 0.31. Similar
decay of EHH with distance was also observed for the core
SNPs 12 and 17. For the three SNPs in the coding regions,
the EHH of derived allele decayed more slowly than their
ancestral alleles, especially in Europeans and Chinese.
Consistent with the EHH results, the haplotype bifurcation
diagrams showed that the derived alleles of two core SNPs in
5 flanking region/UTR (SNPs 12 and 17) had long-range
LD across the three populations, especially in Europeans
and Chinese, and the derived alleles of the three core SNPs
in coding region demonstrated, in Europeans and Chinese,
clear long-range LD as a predominance of one thick branch
(Fig. 5). Furthermore, in the chromosome-wide empirical
distribution of REHH obtained through screening the entire
chromosome 7 HapMap data in three comparable popula-
tions (Fig. 6), a couple of outliers in both coding and
regulatory regions deviated significantly from evolutionary
neutrality in specific populations. In the 5’ flanking region,
the derived allele (T) of SNP 17 in Africans (P = 0.0066),
and the derived allele (G) of SNP 12 in Europeans

(P=10.0000) deviated significantly from neutrality. In the
coding regions, the derived allele of the three core SNPs in
Chinese also showed pronounced evidence of positive
selection (P =0.0000, 0.0050, and 0.0019 for SNPs 33, 47,
and 52, respectively). Significant deviation from neutrality
for the derived allele of SNP 33 was also observed in
Europeans (P = 0.0011).

Haplotype structure and positive selection on ABCB1
5’ regulatory regions

As revealed by the LRH test, in addition to the three
common SNPs in the coding region, whose phenotypic
relevance and evolutionary implications have been well
addressed in the literature, the derived allele of two
SNPs in the 5 flanking regions (SNP 17 in Africans and
SNP 12 in Europeans) showed significant deviation from
evolutionary neutrality, suggesting that positive selection
might have operated on the regulatory regions of ABCBI.
To further understand how these two SNPs and nearby
variants affected haplotype structure in the regulatory
regions among different populations, we selected
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10: 5f/-4549

SNP 17: 5'/-693

Haplotype bifurcation diagrams (HBDs) for six core single nucleotide polymorphisms (SNPs) (see legend for Fig. 4) in the three populations. In each
plot, the root is an allele for the core SNP (left, ancestral allele; right, derived allele). Each marker is a node when moving in one direction. Column left,

Africans; middle, Europeans; and right, Chinese.

12 common SNPs (MAF >0.05 at least in one
population) out of the 19 SNPs located in the 5 flanking
region, to construct the median-joining network of
haplotypes in ABCB1 5’ regulatory region (Fig. 7). The
ancestral haplotype (e.g. haplotype A) was constituted
mostly by the Africans. Two mutation events, that is
SNPs 17 and 12, were needed to generate haplotype C
and its derivatives (e.g. haplotypes D, G, and H), which
were predominant as star-like phylogeny in non-Africans
(Table 2). Therefore, the likely genealogical history of

mutations in 5" flanking regions further supported
positive selection having led to an increase in the
frequency of SNPs 17 and 12 in Europeans and Chinese
and thereby shaped the haplotype patterns of ABCBI 5’
regulatory region.

Signatures of positive selection on ABCB1 inferred from
Environmental Genome Project data

We also analyzed the resequenced genotype data for
ABCBI in EGP database. There are 269, 187, and 181
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Fig. 6
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Fig. 7

B Africans
W Europeans
B Chinese

A median-joining network of the 11 unique ABCB1 5’ regulatory region haplotypes (frequency > 2) found in three populations. Haplotypes were
labeled as ‘A~ K. The size of each node is proportional to the haplotype frequency in the total samples, and the frequency of each haplotype within
each population is indicated by the varied colors within each node. Branch lengths represent one nucleotide substitution. Haplotype A is the

ancestral haplotype from Chimpanzee sequence.

SNPs in the Africans, Europeans and Asians, respectively.
The patterns of population differentiation were similar to
those in our dataset, with a notable fraction of pairwise
Fgr > 0.30 (Figure S2). In the coding regions, the average
Fsr among the three populations for the three well-
known SNPs were 0.32 (e12/1236), 0.279 (e21/2677), and
0.21 (e26/3435), respectively. In the regulatory regions,
Fgr>0.30 was noted in six SNPs for Africans vs.
Europeans, eight SNPs for Africans vs. Asians, and one

SNP for European vs. Asians. We then focused on the
three core SNPs in coding region to perform the LRH
analysis. As in the prior analyses, the EHH of derived
allele decayed more slowly than the ancestral allele,
especially in Europeans and Asians (Figure S3). Results of
the LRH test for the three core SNPs are shown in Figure
S4. Compared with the results of our resequenced data in
Fig. 6, the derived alleles of two SNPs (33 and 52) in
Africans also appeared to deviate from neutrality. One
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Table 2 Haplotypes and their frequency in the 5’ flanking region of ABCB1

SNP Frequency

Haplotype 1 3 6 7 10 12 14 15 16 17 18 19 African  European Chinese
A C T G G A A A T G C G A 0.26 0.04 -
B . . . - . . - T . . 0.15 0.15 0.04
C . . . . G . . T 0.37 0.46 0.54
D . . . . G . A T - - 0.24
E . . . G G . . T 0.04 0.08 0.13
F . C . . G G . T . 0.02 0.04 -
G . . . G . T . G - 0.10 -
H . . . G . T A . - 0.08 -

| . . . G T . T . . 0.07 - -

J . . . . . A . . - 0.04 - -
K G A A C . . . . - 0.02 0.06
L G . A . . . . . . 0.02 - -
M G A A G C . . . . 0.02 - -
N . . . G . T . . - 0.02 -

Haplotype A is the ancestral haplotype inferred from the Pan troglodytes. SNP, single nucleotide polymorphism.

reason accounting for the discrepancy among the Africans
in these studies might be the smaller sample size in the
EGP data (i.e. 12 individuals), which led to a higher
derived frequency for these two SNPs (0.208 and 0.250
for SNPs 33 and 52, respectively). In Europeans, the
REHH of the three derived alleles were larger than 95th
percentile given the frequency on the basis of HapMap
chromosome 7 distributions. For each of the three derived
alleles in Asians, the REHH was larger than 99th
percentile.

Discussion

A key event in human population history is the dispersal
of early humans from Africa to the other parts of the world
with different climates, pathogens, and sources of food
[40]. Current phenotypic differences between indivi-
duals/groups could be due to functional polymorphisms
that facilitated survival of the ancestral populations in
various geographic regions [41]. Therefore, resolving the
underlying allelic architecture of our response to envir-
onmental factors and searching for signatures of natural
selection in the human genome has been hailed as an
attractive indirect strategy for implementation and
interpretation of genetic analysis of xenobiotics/drug
response and complex disorders [42,43]. Being one of
the key components in the interaction between humans
and xenobiotic environment, the ABCB1 transporter has a
high priority for investigating phenotypic and evolution-
ary implications for variations of environmental response
genes.

As different populations are subject to distinct selective
environments (pressures), population-specific allelic ar-
chitecture and population differentiation could be
invoked to detect signal of Darwinian molecular selection
at affected loci [33]. Differences in the ethnicity-
dependent allelic spectrum for the three core SNPs in
coding region of ABCBI locus have been noted in

previous studies [18,39,44,45]. Few studies however,
have focused on variations in the regulatory region of
this gene. We observed significantly higher population
differentiation (Fgr value) for a notable fraction of
segregating sites, including not only the three well-
known coding SNPs but also polymorphic sites (SNPs 12
and 17) in regulatory regions, suggesting that variations in
the regulatory regions might also account for phenotypic
differences of ABCBI across populations.

In addition to pronounced population differentiation, the
case for positive selection on the ABCBI gene was further
corroborated by the unusual extent and length of LD at
this locus as revealed in the LRH test. As shown in Fig. 6,
all three core SNPs (SNPs 33, 47, and 52) in the coding
regions manifested significant departures from evolu-
tionary neutrality in the Chinese, consistent with the
previous study by Tang ez a/. [20]. We also observed that
SNP 33 (el2/1236) departed from neutrality in the
Europeans. We, however, did not observe the previously
noted signal of positive selection on the ancestral allele of
SNP 52 in Africans [20]. This could be because we used
the empirical distribution rather than theoretical dis-
tributions under coalescent simulations utilized by Tang
et al., [20] who considered a series of population
demography models. Notably, our novel findings was
that, for the core SNPs in the 5 flanking region/UTR, the
common derived alleles of SNPs 12 and 17 are correlated
with other alleles at nearby loci with a long-range
association, and that these mutation events may have
shaped the phylogenetically inferred star-like haplotype
structure of the 5’ flanking region and conferred selective
sweep in the cs-regulatory sequence of ABCBI.

A critical concern for our evolutionary inference of
positive selection on both coding and regulatory regions
of ABCBI locus is whether there are pharmacogenetic
implications. For the three associated SNPs in coding
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regions, the derived haplotype, €12/1236T-e21/26771-
€26/34357T, is reported to be associated with increased -
vivo P-gp activity and reduced initial oral drug absorption
[39]. A pharmacogenetic investigation in acute myeloid
leukemia patients demonstrated that the linked derived
allele is associated with higher ABCBI mRNA expression
in blast cell samples, and increased overall survival with a
low probability of relapses [7]. Similarly, in a prospective
study of cholesterol-lowering therapy, a central approach
in the primary and secondary prevention of cardiovascular
disease, carriers of the derived T-non-G-T haplotype also
had better efficacy and are as well as lesser incidence of
adverse drug reactions [46]. Furthermore, the derived
haplotype €21/2677T1-¢26/3435T is associated with re-
duced risk of Parkinson’s disease in two independent
Chinese populations, putatively by conferring protection
against xenobiotic insults at the blood-brain barrier
[47,48]. These observations are compatible with the
recent positive selection on the three common c¢SNPs
and especially consistent with the pronounced signal of
REHH in the Chinese population (Fig. 6).

Functional relevance of these variants, however, has been
obscured by conflicting results from other molecular
assays and population studies. The nonsynonymous
mutation in exon 21 (Ala893Ser/Thr) was reported to
result in P-gp with a cell surface distribution and function
similar to wild-type transporter [49], and its derived
allele was also reported to result in low expression of P-gp
in human placenta, another important target tissue of
ABCBI [6]. The derived €26/3435T allele was originally
reported to correlate with lower P-gp expression and
activity in the duodenum [3], and with increased
susceptibility to ulcerative colitis [10,11]. The allele
was also reported to affect mRINA secondary structure
and decrease mRNA stability in the liver [50]. Notably, a
recent report has revealed that the common synonymous
SNP of 3435 C > T (rs1045642) in exon 26 has functional
significance: the silent mutation can influence the
dynamics of codon usage and affect the timing of
cotranslational folding (translational kinetics and protein
folding), and thereby result in alterations in protein
conformation, substrate specificity, and P-gp function
[51]. These discrepancies raise the possibility of differ-
ential gene regulation in different tissues and that some
linked regulatory polymorphisms may account for the
different regulatory kinetics.

It is becoming increasingly evident that the expression of
ABCBI gene is under complex transcriptional control of
many trans-acting factors such as p53, HIF-1, Sp1, NFKB,
C/EBP, PXR, etc. [52,53]. Our study extends systemic
identification of its common regulatory variants from the
ATG start codon to the ~9kb upstream PXR (a major
xenobiotic receptor) response element, screening out five
common regulatory variants (SNPs 10, 12, 16, 17, and 18)
with MAF > 10% in at least one population. Although

these common variants are not located within the typical
binding sites for the above known transcriptional factors,
SNP 12: 5'1/-4489 (A/G) and SNP 17: 5UTR/-693(C/T)
manifested striking population differentiation, derived
alleles with very high frequency and significantly high
REHH (SNP 12 in Europeans and SNP 17 in Africans),
suggesting that positive selection may have operated on the
regulatory regions of ABCBI. The SNP 17 is located just
8 bp downstream from the major transcription initiation site
[54]. Its derived allele, —693T, is correlated with increased
P-gp expression level in placenta [6] and colon [15], and is
also associated with augmented expression of ABCBI
mRNA both in colorectal adenocarcinomas and adjacent
noncancerous colorectal tissues, possibly being an useful
invasive marker predicting highly differentiated colorectal
adenocarcinomas and thereby a better prognosis [55].
Although the functional role of SNP 17 in transcriptional
activation of ABCBI gene remains unknown, a putative
binding protein in HepG2 cells has been identified for the
promoter fragment carrying the derived allele of —693T,
which could not bind or bind only weakly to that carrying the
ancestral —693C allele [15]. It is also interesting to note that
the conversion from the ancestral —693G allele to the
derived —693T allele breaches a GC site, which might
potentially diminish the methylation status of the promoter
CpG domain, and thereby have functional implications,
given that the hypomethylation status of the ABCBI
promoter region is associated with up-regulation, suppressed
cell proliferation and increased cell differentiation, and
pathogenesis and progression of diseases [55,56]. As to the
SNP 12 presumably under positive selection, a clear
functional role has not yet been established. The signature
of positive selection on regulatory region of ABCBI gene
indicates that some variants in this region may have
phenotypic and clinical relevance, and that further functional
analysis and association studies with relevant phenotypes are
warranted.

It has become clear that populations and individuals have
their own ‘individual fingerprint’ of unique allelic
architecture coding the xenobiotic response system, and
these genetic polymorphisms have functional relevance
with respect to risk of environmentally caused toxicity
and cancer [57,58]. It has been recently shown that
positive selection has acted on xenobiotic response genes
during the adaptation of humans to xenobiotic environ-
ment, such as CYPIAZ [59] and CYP345 [60] [phase I
drug metabolizing enzyme (DME) gene], NATZ [61]
(phase II DME gene), ABCGBI [20] and ABCCI [62]
(phase III transporter gene). It is interesting to note that
positive selection on c¢s-regulatory variations has been
reported for some xenobiotic response genes and disease
candidate genes [59,62-64]. Notably, CYP3A4 (and
CYP3A5), the most important and most abundant drug
metabolizing enzymes in the liver, which are coded by the
CYP34 gene cluster (7q21.3-q22.1) 119 kb away from the
ABCBI locus, oxidize > 50% marketed drugs with a very
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similar substrate spectrum as the ABCBI transporter. In
the liver, lung, kidney, and intestine, there is a close
correlation between the expression of CYP3A4 and
ABCBI1, and their transcriptional factor, the orphan
nuclear receptor (PXR) [65], which coordinately regu-
lates drug metabolism and efflux through #rans-activating
the expression of the two genes [66]. The derived allele
of 2677T in exon 21 of ABCBI is associated with
enhanced constitutive CYP3A4 expression in the liver
and intestine, suggesting that ABCBI1 likely affect basal
CYP3A4 expression by limiting the intracellular concen-
tration of an endogenous regulator [67]. Intriguingly, the
CYP34 locus might also be the target of positive
selection. The nonexpressor allele of (YP345*3 variant,
which is likely to influence salt and water retention and
risk for salt-sensitive hypertension, was under selective
pressure resulting from an environmental variable corre-
lated with latitude [60]. The shared positive selection on
major xenobiotic response genes such as ABCBI and
CYP34, together with their closely linked genomic map,
their finely coordinated #rans-activation for xenobiotic
disposition and clearance, and the overlapping tissue
expression profile and substrate spectrum, may provide a
good model in the context of systems biology of chemical
homeostasis to decipher the integral and dynamic profile
of the organization, regulation, and evolution of the
xenobiotic disposition system.

In summary, this evolutionary population genetics study
revealed complex signatures of natural selection on both
coding and regulatory region of the human ABCBI gene,
confirming that all the three common SNPs in coding
regions may have cooperatively undergone (or have been
undergoing) recent positive selection in the Chinese
population, and observed pronounced manifestation of
selective sweep for two common SNPs in its 5’ flanking
regions in Europeans and Africans. Our findings point to
the potential function of regulatory variants of ABCBI,
and highlight that, in the context of evolving interplay
between humans and xenobiotic environment, the
evolutionary dynamics and mechanisms of transcriptional
regulation may underlie the phenotypic variation of
xenobiotic disposition system and varied predisposition
to complex disorders, in which xenobiotics play a role.
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