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Genetic diversity of variants involved in drug response and
metabolism in Sri Lankan populations: implications for
clinical implementation of pharmacogenomics

Sze Ling Chan®, Nilakshi Samaranayake®, Colin J.D. Ross', Meng Tiak Toh?,
Bruce Carleton', Michael R. Hayden®!, Yik Ying Teo®®%®,

Vajira H.W. Dissanayake" and Liam R. Brunham™

Background Interpopulation differences in drug responses
are well documented, and in some cases they correspond to
differences in the frequency of associated genetic markers.
Understanding the diversity of genetic markers associated
with drug response across different global populations is
essential to infer population rates of drug response or risk
for adverse drug reactions, and to guide implementation of
pharmacogenomic testing. Sri Lanka is a culturally and
linguistically diverse nation, but little is known about the
population genetics of the major Sri Lankan ethnic groups.
The objective of this study was to investigate the diversity of
pharmacogenomic variants in the major Sri Lankan ethnic
groups.

Methods We examined the allelic diversity of more than
7000 variants in genes involved in drug biotransformation
and response in the three major ethnic populations of Sri
Lanka (Sinhalese, Sri Lankan Tamils, and Moors), and
compared them with other South Asian, South East Asian,
and European populations using Wright’s Fixation Index,
principal component analysis, and STRUCTURE analysis.

Results We observed overall high levels of similarity within
the Sri Lankan populations (median Fsr =0.0034), and
between Sri Lankan and other South Asian populations
(median Fst=0.0064). Notably, we observed substantial
differentiation between Sri Lankan and European
populations for important pharmacogenomic variants

Introduction

Many drugs differ in their effectiveness or risk for
adverse drug reactions (ADRs) in different ethnic popu-
lations. In some cases, these interpopulation differences
in drug response show strong correspondence to the
frequencies of the associated pharmacogenomic risk
alleles. For example, the mean daily dose requirement of
warfarin across different ethnic groups is closely mirrored
by interethnic differences in the frequency of the

Supplemental digital content is available for this article. Direct URL citations
appear in the printed text and are provided in the HTML and PDF versions of this
article on the journal's website (www.pharmacogeneticsandgenomics.com).

This is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-
ND), where it is permissible to download and share the work provided it is properly
cited. The work cannot be changed in any way or used commercially.

1744-6872 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.

a,f,k

related to warfarin (VKORC1 rs9923231) and clopidogrel
(CYP2C19 rs4986893) response.

Conclusion These data expand our understanding of the
population structure of Sri Lanka, provide a resource for
pharmacogenomic research, and have implications for the
clinical use of genetic testing of pharmacogenomic variants
in these populations. Pharmacogenetics and Genomics
26:28-39 Copyright © 2015 Wolters Kluwer Health, Inc. All
rights reserved.
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—1639G variant (rs9923231) in the warfarin drug target,
VKORC! [1,2]. This suggests that it may be possible to
infer population-level responses to medications by
examining differences in allele frequency. However, our
knowledge of the differences in the frequencies of
important pharmacogenomic variants in world popula-
tions is far from complete. It will be essential to define
the frequency of pharmacogenomic gene variants in dif-
ferent populations to assess the applicability of pharma-
cogenomic associations to different populations, to infer
population-level response rates and ADR risk for differ-
ent medications, and to guide the implementation of
pharmacogenomic testing in different population groups.

Earlier studies on pharmacogenomic diversity surveyed a
limited number of variants and populations [3]. Recently,
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more comprehensive surveys of pharmacogenomic
diversity have been conducted in Asian, African, and
various other populations [4-7]. Sri Lanka (SL) is an
island nation located off the Southern tip of India, with a
population of ~20 million inhabitants [8] and a demo-
graphic profile shaped by multiple events in history.
Archeological excavations have suggested that there was
human habitation in SL as early as 28 000 years ago [9].
The three largest population groups are the Sinhalese,
the SL. Tamils, and the Moors, accounting for 74.9, 11.1,
and 9.3% of the population, respectively [10]. Historical
records trace the origin of the Sinhalese people to East
India (Bengal) and the SL Tamils to waves of migration
from South India. However, the exact origin of these two
populations remains controversial [11-13]. The Moors are
thought to represent a hybrid population of Arab traders
who interbred with local inhabitants.

SLL has substantial cultural and linguistic diversity.
Notably, the traditional religion among Sinhalese is
Buddhism and among Tamils is Hinduism. In addition,
the Sinhalese language is a member of the Indo-
European language group, whereas the Tamil language
is a member of the Dravidian language group. However,
whether this cultural diversity reflects underlying dif-
ferences in the population genetic structure is unknown.
Previous population genetic studies of SL. have focused
on only a handful of loci, such as subtypes of blood
groups, red cell enzymes, and serum proteins [14], and
more recently the hypervariable segments of mitochon-
drial DNA [15]. The population genetics of SL. people is,
therefore, not well defined. Furthermore, no previous
study has examined pharmacogenomic diversity among
these populations.

The objective of this study was to explore the population
diversity of variants in genes involved in drug bio-
transformation and response among individuals from the
three major SL ethnic groups (Sinhalese, SL. Tamils, and
Moors), and to compare them with Indians (INS),
Chinese (CHS), and Malays (MAS) from the Singapore
Genome Variation Project (SGVP), as well as with other
South Asian (SAS) and European (CEU) populations
from 1000 genomes.

Methods

Study populations

The SL study population consisted of healthy individuals
from the three major ethnic groups (55 Sinhalese, 73 SL
Tamils, and 78 Moors). Ethnicity was assigned on the
basis of self-reported ethnicity. We required that the self-
reported ethnicity of the four grandparents of each par-
ticipant be the same, and that they report the absence of
intermarriage between ethnic groups over the previous
three generations. All participants gave their written
informed consent. This study was approved by the
Institutional Review Board of the University of Colombo.
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For comparisons with the SGVP populations, we used
previously reported genotype data [5] from 253 indivi-
duals (88 CHS, 87 MAS, and 78 INS) that were merged
with genomewide data [16]. For comparisons with other
SAS [Gujarati INS from Houston, Texas (GIH); Punjabi
from Lahore, Pakistan (PJL); Bengali from Bangladesh
(BEB); SLL Tamils from the UK (STU); Indian Telugu
from the UK (I'T'U)] and European [Utah residents with
Northern and Western European ancestry (CEU)]
populations, we used data from 1000 Genomes phase 3
release (A#tp:/fwww.1000genomes.org). We merged these
datasets with the SL dataset and used overlapping SNPs
for cross-population comparisons (see Figure, Supplemental
digital content 1, A#p://links.kow.com/FFPCIA915).

Genotyping and quality control

We genotyped SL. samples on a customized Illumina
Infinium array (Illumina, San Diego, California, USA)
containing 7907 SNPs in genes involved in drug
absorption, distribution, metabolism, and excretion
(ADME), which is an expanded version of a previously
described assay [5].

Concordance between sample technical duplicates and
duplicate SNPs was first checked, and any sample or
SNP with less than 99% concordance was removed.
Subsequently, samples were checked for concordance of
reported and estimated sex and cryptic relatedness based
on identity-by-state. As only ethnicity was important in
our analysis, we included two samples in high identity-
by-state pairs that belonged to the same ethnic group to
retain as many samples as possible. The data were then
filtered for SNPs with call rate less than 90% and for
those that deviated from Hardy—Weinberg equilibrium
(P<0.001) in at least one ethnic group (see Figure,
Supplemental digital content 2, Zztp://links.lww.com/FPC/
A916).

After data merging, we compared minor allele frequencies
(MAFs) between CHS from SGVP and CHS (Southern
Han Chinese) from 1000 Genomes. SNPs with clearly
different MAF's were excluded (see Figures, Supplemental
digital content 1, /Jsp:/llinks.low.com/FPC/A915 and
Supplemental digital content 3, /Azup.//links.lww.com/F'PC/
A917). The concordance between MAFs of SL. Tamils and
STU was also checked, and SNPs (see Figure,
Supplemental digital content 4, Azup.//links.lww.com/F'PC/
A918) with Fgr greater than 0.05 between the SL and STU
populations were confirmed using Sanger sequencing or
TagMan genotyping (Life Technologies). SNPs with dis-
cordant genotypes were excluded from the dataset [for
principal component analysis (PCA) and STRUCTURE],
but the MAFs for SNPs from TagMan genotyping were
included in the Fgr analysis (see Figure, Supplemental
digital content 1, zup.//links.kow.com/FPC/A915 and Table,
Supplemental digital content 5, Azp.//links.lww.com/FFPC/
A919). CYP2C19%2 (rs4244285), not present on the
[llumina array, was genotyped by TagMan assay according
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to the manufacturer’s instructions. All analyses were carried
out in R Version 3.1.0 [17] using the GenABEL pack-
age [18].

Statistical analysis

Variance in allele frequencies

To assess the variance in ADME SNPs across different
populations, we calculated Wright’s fixation index (Fg)
[19] at each SNP for various population comparisons. Fgp
values range from 0 to 1, with greater values indicating a
greater extent of differentiation. Generally, values less
than 0.05 indicate little differentiation and those greater
than 0.15, substantial differentiation [19]. Comparisons
were made within the SLL populations, between SL and
SAS populations, between SL. and SGVP populations,
and among all populations.

Principal component analysis

PCA was carried out by performing classical multi-
dimensional scaling on the distance matrix of the geno-
mic kinship matrix, which was computed within the
GenABEL package in R on all autosomal SNPs. This was
carried out on the four sets of populations described
above to dissect their relationships at the ADME SNPs.

STRUCTURE analysis

We carried out STRUCTURE analysis, using version
2.3.4 [20], on merged data from all populations for a
different perspective on interpreting the genetic struc-
ture of these populations at the ADME SNPs. The
analysis was carried out assuming the admixture model
and correlated frequencies among populations, with
10000 burn-in iterations and 10000 samplings. We ran
the analysis for number of populations (K) ranging from 2
to 12, which is the maximum number of populations
included in this study. Therefore for each run,
STRUCTURE attempts to cluster all individuals into K
populations.

Results

Population structure at pharmacogenomic loci

We genotyped individuals from the major SL ethnic
groups at more than 7000 SNPs in ADME genes. After
applying quality control filters, we analyzed data from 49
Sinhalese, 72 SI. Tamils, and 76 Moors (see Figure,
Supplemental digital content 2, /Zup://links.lkow.com/FFPC/
A916). We observed relatively little overall differentiation
among the three SL ethnic groups at the ADME SNPs
(Figs 1a and 2a), indicating that, from the perspective of
global pharmacogenomic diversity, these three populations
are highly similar. Including the SAS populations revealed
little overall differentiation on comparison of Fgr (Fig. 1b).
However, PCA revealed evidence of subtle population
substructure between the SL. and the GIH/PJL popula-
tions (Fig. 2b and Figure, Supplemental digital content 6,
hitp:fflinks.fow.com/FPC/A920). On comparing SL. and
SGVP populations, greater differentiation was observed

between SL. and CHS/MAS populations compared with
that between SL and INS (Figs 1c and 2c¢). Finally, in
analysis of all populations, the greatest differentiation was
observed among the major ancestral groups, with the SL
and SAS populations clustering together (Figs 1d and 2d).
Pairwise Fgp comparisons also showed that the CHS,
MAS, and CEU populations were more differentiated from
the SL., SAS, and INS populations than were the SL,, SAS,
and INS populations among themselves (Fig. 3).

Next, we used STRUCTURE analysis to infer ancestral
population groups. Overall, these results were consistent
with the patterns observed on PCA (Fig. 4). However,
within the SL population, the Moor population displayed
more admixture than the Sinhalese and SL Tamil
populations, consistent with their demographic history
(Fig. 4a), a feature that was not apparent on PCA plots. At
K =3, the inferred ancestry corresponds to the three main
ancestral groups (CEU, CHS/MAS, and SL/SAS/INS).
With increasing K, no further distinct populations were
apparent, suggesting that SL, SAS, and INS could not be
separated into distinct ancestral populations, although
they displayed varying degrees of admixture (data not
shown). The GIH and PJL populations displayed the
most admixture with the CEU population, whereas the
BEB population showed some admixture with East
Asians. This is consistent with the slight shift of GIH and
PJL. populations away from the other SL. and SAS
populations and toward the CEU population, observed
on PCA (Fig. 2b and d and Figure, Supplemental digital
content 6, kaup:/llinks.fow.com/FPCIA920). Collectively,
the evidence from Fgr, PCA, and STRUCTURE ana-
lyses indicates that there is high similarity among SL
populations and between the SL. population and other
SAS populations, including INS from Singapore; how-
ever, the SL population is genetically distinct from CHS,
MAS, and CEU populations.

Next, we examined the SNPs with the highest level of
differentiation within the SL. populations, and between
the SL. population and other populations (see Tables,
Supplemental digital contents 7-10, A#p.//links.lww.com/
FPCIA921, hitp:[llinks.fow.com/FPCIA922, hitp:/llinks.lww.
com[FPCIA923,  hitp://links.fow.com/FPCIA924). Among
the most differentiated SNPs across the main population
groups and between SL. and SGVP populations are
VKORC(C'1 SNPs, associated with warfarin dose (Fig. 5¢ and
d). However, within the SL. and SAS populations, the
MAFs of these SNPs were similar. Instead, SNPs in
SLCI3A3, ERCC5, HLA-E, ALDH3B1, and PCMT1, and
MCMeo, SFTA2, CYP4F12, and ACBGI were the most
differentiated within SL. and between SL. and SAS
populations (Fig. 5a and b). Within the SL. populations,
SLCI0A2 rs2301159, associated with increased risk for
docetaxel toxicity, and ERCCT 1s3212986, associated with
protection from cisplatin-induced nephrotoxicity, were
the most differentiated (see Table, Supplemental digital
content 7, http://links.fow.com/FPCIAIZ]T).
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Fgr distributions for different population comparisons. Violin plots, each comprising a box plot and a density plot, showing distributions of Fgt for
comparisons (a) within the SL population, (b) between the SL and SAS populations, (c) between the SL and SGVP populations, and (d) among all
populations for 5139 SNPs. The dark line in the middle of the box plots and the edges indicate the median and the first and third quartiles,
respectively. The width of the density plots indicate the relative density of SNPs at a certain Fgr. Values below the violin plots are median Fgr. CEU,
Utah residents with Northern and Western European ancestry; INS, Indians in Singapore; MAF, minor allele frequency; SAS, South Asian; SGVP,
Singapore Genome Variation Project; Sinha, Sinhalese; SL, Sri Lanka; SNP, single nucleotide polymorphism; TAM, Sri Lankan Tamils.

Pharmacogenomic diversity at PharmGKB clinically
annotated SNPs

We next examined differentiation at clinically annotated
SNPs from PharmGKB [21] (evidence level 1-2B) to
determine differences in the frequencies of these key
pharmacogenomic gene variants (Table 1). Across all
populations, the clinically annotated variants with the
greatest differentiation were in VKORC1, associated with
warfarin  dose requirement (rs9923231, 159934438,
1s17708472, 152359612, 152884737, Fgp=0.053-0.359).
ABCG2 152231142 and SODZ2 rs4880, associated with
increased statin exposure and increased cyclopho-
sphamide efficacy, respectively, also displayed moderate
differentiation across the populations (Fgp=0.063 and
0.082, respectively).

We also observed lower, but potentially clinically rele-
vant, differentiation at VKORC! SNPs within the SL
populations. For example, rs9923231 was nearly twice as
common in Moors (MAF 0.132) and Sinhalese (MAF
0.102) compared with SL. Tamils (MAF 0.056; Table 1).
There were also notable differences within the SL
populations at ERCCT rs3212986 and UGT1A1 rs4148323,
associated with reduced platinum drug-induced nephro-
toxicity and increased risk for irinotecan-induced neu-
tropenia, respectively (Table 1). The MAF of these
variants differed by 1-7-fold within the SL. populations,
with MAF of ERCC! rs3212986 ranging from 0.181 (SL
Tamils) to 0.382 (Moors) and MAF of UGTTA7 rs4148323
ranging from 0.007 (Moors) to 0.051 (Sinhalese).
Comparing SL/SAS/INS and CHS/MAS, CYP4F2
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PCA plots of different population combinations. Plots of the first two principal components across 5135 SNPs for different subsets of populations. (a)
SL population only, (b) SL and SAS populations, (c) SL and SGVP populations, and (d) all populations. All populations could be distinguished at 5135
SNPs into three broad ancestral groups (CEU, South Asians, and East Asians) (c, d), but the SL, SAS, and INS populations are indistinguishable from
each other (a, b). There is slight separation of GIH and PJL from the other SAS and SL populations at PC1 [(b) and Figure, Supplemental digital
content 6, http://links.lww.com/FPC/A920], and they are located slightly closer to CEU than the other SAS and SL populations (d). BEB, Bengali
from Bangladesh; CEU, Utah residents with Northern and Western European ancestry; CHS, Chinese in Singapore; GIH, Gujarati Indians from

Houston, Texas; INS, Indians in Singapore; ITU, Indian Telugu from the UK; MAS, Malays in Singapore; PCA, principal component analysis; PJL,

Punjabi from Lahore, Pakistan; SAS, South Asian; SGVP, Singapore Genome Variation Project; SL, Sri Lankan; SNP, single nucleotide polymorphism;

STU, SL Tamils from the UK.

rs2108622 (associated with lower warfarin dose require-
ments) and ADDI7 154961 (associated with increased
response to furosemide and spironolactone) showed
substantial differences (MAFs in SLL/SAS/INS vs. CHS/
MAS ~0.43 vs. ~0.20 for rs2108622, and ~ 0.19 vs. ~0.39
for rs4961).

To gain further insight into how these results may
influence the clinical use of warfarin in the SL. popula-
tions, we examined genotype combinations of VKORC1
189923231, CYP2C9%2, and CYP2C9*3 variants, which
collectively explain ~40% of interindividual variation in
warfarin dose requirement [24]. About 60% of SL
populations carries the GG *7/*] genotype, similar to the
SAS and INS populations (Fig. 6b). According to FDA-
recommended genotype-guided dosing, more than 75%
of SLL populations is predicted to require a high starting
dose of warfarin (5-7 mg/day), compared with 55% of
CEU and only 16% of CHS (Fig. 6a). The overall

distribution of genotype combinations in SL is similar to
that in SL/SAS/INS, with ~25% of these populations
requiring low to mid warfarin doses. Given the sub-
stantial proportion of individuals requiring a high dose,
these data suggest that use of a standard fixed dose for
these populations is likely to be suboptimal.

We carried out a similar analysis to predict response to
clopidogrel on the basis of the presence of CYP2C19%2
and *3 variants. Individuals who carry these low-activity
variants have reduced conversion of clopidogrel to its
active metabolite and an increased risk for stent throm-
bosis after percutaneous coronary intervention [25-30].
We used the CYP2C19 allele frequency to estimate the
proportion of individuals in each population who would
be expected to have a good or poor response to
clopidogrel (Fig. 7), according to the recommendations
from the Clinical Pharmacogenetics Implementation
Consortium guidelines [31]. On the basis of the predicted
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CYP2C19 phenotype, we observed a nearly two-fold
difference in the proportion of good responders within
the SL. populations, ranging from 24% among Sinhalese
to 45% among Moors. In all SL. populations, the pro-
portion of good responders was substantially lower than
that among CEU (76%; Fig. 7a). These suggest that a
majority of SL. patients would be expected to have a poor
response to clopidogrel, and conversely, that the diag-
nostic yield of pharmacogenetic testing for CYP2C19 loss-
of-function variants in this population would be high.

Discussion

We explored the pharmacogenomic diversity of the three
major SL. ethnic groups and compared them with other
South Asian, South East Asian, and European popula-
tions. To our knowledge, this is the first study of phar-
macogenomic diversity of SL. population groups, as well
as the most comprehensive population genetic study of
these groups to date. Our results point to a high overall
degree of similarity at pharmacogenomic loci within SL
populations and with the SAS populations.

On a global level, we observed the greatest degree of
differentiation at variants in VKORCI, ADH (alcohol
dehydrogenase) genes, SLLC (solute carrier family), and
ABC (ATP-binding cassette) transporters. In most cases,
the differentiation was driven by differences with the
CHS, MAS, and CEU populations (see Tables,
Supplemental digital content 9, Azp://links.lkow.com/FPC/
A923 and Supplemental digital content 10, Azp.//links.
how.com/FFPC/A924). This is consistent with previous data
that have also indicated that variants in these genes are
the most differentiated among CHS, MAS, INS, and

0.00
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Sinha Tamils Moors GIH PJL BEB

STU ITU INS CHS MAS CEU

STRUCTURE results showing population structure inferred from ADME SNPs. STRUCTURE results at (a) K= 3, (b) K=4, and (c) K=5. At K=3 the
inferred ancestries correspond largely to the major population groups (SL/SAS/INS, CHS/MAS, and CEU), as expected. Slight differences exist
between the SL, SAS, and INS populations in the amount of admixture with European and Chinese ancestries. As K increases, none of the
populations (SL/SAS/INS) can be clearly demarcated as a separate ancestry, consistent with other lines of evidence that these populations are very
similar genetically. ADME, absorption, distribution, metabolism, and excretion; BEB, Bengali from Bangladesh; CEU, Utah residents with Northern and
Western European ancestry; CHS, Chinese in Singapore; GIH, Gujarati Indians from Houston, Texas; INS, Indians in Singapore; MAS, Malays in
Singapore; PJL, Punjabi from Lahore, Pakistan; SAS, South Asian; SL, Sri Lankan; SNP, single nucleotide polymorphism; STU, SL Tamils from the UK.



http://links.lww.com/FPC/A923
http://links.lww.com/FPC/A923
http://links.lww.com/FPC/A924
http://links.lww.com/FPC/A924

34 Pharmacogenetics and Genomics

Fig. 5

2016, Vol 26 No 1

0.05 —

0.04 —

0.08 —

0.02 —

0.01 —

0.00 —

b
(k) 0.10 —
0.08 —

0.06 —

Fst

0.04 —

0.02 —

0.00 —

(d)

PCMT1 ERCCS SLC13A3

ALDH3B1

ABCGT1

Vv

CYP4F12

13 15 19

VKORC1

05— wmcme TLR6  ApH4 ALDH2 VCR1
_ 04— \P I‘ SLCO2B1 \]/ "
@ ®
“ 0.3 — L] @
0.2 —
0.4 —
0.0 —

Chromosome

‘Manhattan’ plots of Fst between the main population groups. Plots of Fgr for 5139 SNPs for comparisons across (a) only SL populations, (b) SL and
SAS populations, (c) SL and SGVP populations, and (d) all populations, by chromosome and position. Genes in which SNPs with the highest Fst
reside are also indicated. SAS, South Asian; SGVP, Singapore Genome Variation Project; SL, Sri Lankan; SNP, single nucleotide polymorphism.




in Sri Lankans Chan et al. 35

Iversi

Pharmacogenomic d

‘[eg'ce] Aleanoadsal ‘sueipul pue skefely aiodebuig jo Buiousnbeg woly SN| pUeB SYIN 10} JVIA,
‘(8s8UIyD UBH WIBYINoS) SHO sawousb 0oL wold,
'suonejndod |e sso.oy,

'S|iwe] ueMUET UG ‘We] ‘YN Sy} Woij s|iwe] ueue] UG ‘N1S ‘esafeyuls ‘uig ‘spunodwoo wnuied ‘spdo 14 ‘ueisiyed ‘esoye woly igefund “Ird ‘sBrup Aioyewweyui-ue [eplolais-uou ‘SAIYSN ‘olo|e
Joulw ‘uipy ‘esodeBuig ui skejely ‘SYIA tjs|le Jofew ‘fepy Aousnbaly sjs)je Joulw YyA YN Yl wouy nBnja) uelpul ‘N ‘eJodeBuig ul suelpul ‘GN| ‘uoJapBlUl ‘N4 {Siolqiyul 8seloNpal Yo HINH |HYODDINH ‘Sexs] ‘uoisnoH wouy
suelpu| leseln ‘Hio {1oeinolony) ‘n4-G ‘esodebuig ul asauly) ‘SHO ‘epiweydsoydojoko ‘soydojoko ‘Aiiseoue ueedoing uiglSopN PUE WIBYHON YHM Sluapisal Yeln ‘N30 ‘uolrelouue [eoiuld ‘yo ‘ysepe|bueg wouy jebusg ‘g3g

suojoEjoUOUIdS ‘BpiWasoiny a¢ Ge0'0 4ITO0 0S¢0 1020 130 9GL'0 GLL'O0O 641’0 S96E€0 9880 840 88L0 €910 v/I0 Laav 196%S!
soydojoky g¢ ¢800 480 0¢S0 ¢oGov'0 €S0 9090 ¢96¥0 89Y'0  €GL°0 ¢68'0 8¢¥0 OlY'0 88€0 v/O ¢daos 088ts!
ulepepn 8¢ ¥¢0'0 0000 G000 OlO0O ¢lO0 S000 0000 0000 4800 €¢0'0 0000 vILO0 0000 19747 nivo 1,606€€S!
spdo 14 ‘uedsiy g0 GO0 4¥CO0 0S¢0 60€0 99€0 LOEO T8CO 1¢€0  ¢9€0 ¢se’0 ¢8E0 1810 90€0 vIo [30l0-E] 986¢1¢€ES!
spdo 19 ‘ureidijexo ‘unejdsio ‘ueidogier 514 9000 ¥9€'0 68C0 8TE0 €vE0 G960 €660 O¥E0 6EE0 0920 9€E0 GLEO LEEO v/ LOOHX L8¥Ggsd
suidezeweqien g¢ 0100 4610 LICO 0480 GLG0 9480 6610 9620 0G0 Gr¥l'0 8410 84C0 +0C0O 13747 LXHd3 ¢T6vETTSs!
UljeiseAnsoy g¢ €900 9110 8010 8800 ¢cl'0 ¥0L'0O 8900 1400 €6C°0 8G€0 G¢l'0 8LL'0 ©600 vIo cHogy 1435114
sulqeyowsL) g¢ 6100 €¥€0 O¥c0 LIlc0 L0 LLCO0 8VC0 ¢61'0  ¥81°0 ¢0l'0 ¥0g0 10C0 S€C0 o vao 149TL0TS!
INOJOUS| a3z G100 I¥1'0 8800 ¥.00 €600 600 9¥I'0 €800 4910 GOZO 8LL'0O 0600 ¢800 1374 008V €0 1GL1S!
spdo 19 ‘ureidijexo ‘unejdsio ‘ueidogier g¢ 8600 9890 9S¥'0 IS¥0 GSE0 G0S0 6150 S9G¥'0 6E€0 090 80¥0 8CS0 8I¥0 VIO [Rel0)°E) GlLoLiLsd
Utinequ ‘jueUIqUIodal ‘qg-0 N a¢ L00'0 9400 LEL'O €LL'0 6600 O0CO 9€L'0  4PLO 1910 G9LO GSTL'0 €800 €€L0 v/0 vdLl YQeLT LSS
SOOUE)SqNS paje|al pue sauljokoeIyiuY g¢ 8100 €¢€0 G¢9'0 6690 €690 vLVO V¥SO L1V'0 L0 6¥Y¥0 LOSO0 G9Y'0 O0LS0 v/9 €440 ¢689901s!
suidezeweqie) g¢ 1g0'0 €660 cOv'0 89€0 0680 I6€0 0S€0 ¢LE0 €990 GLY'0  L9Y'0 €EE€0 VVEO 13744 IXHd3 ovL1LG01s!
urjejsenloly Ve 4000 9900 6¥00 #¥¥0'0 ¢G0'0 9200 6€00 9200 €900 G800 9¥0°0 300 €00 v/ JOdVv [4578%
SUOOIN /4 ¢e0'0 S9¥'0 9¥¥'0 €9€0 <Cvv'0 13S0 LEYO GB8E'0 0ET0 6ETO0 GLE0 O¥EO0 06¥0 v/ 1NOD 089!
ueoajoull ‘ge-NS Ve ¥¥00 0000 G100 G200 6800 0000 6100 9000 4SO0 9€L'0 4000 8ZOO LS00 v/O Lyi1en €CE8Y I PSI
uLepeAA Yo vL0'0 89¢0 ¥S00 +E00 8900 Ggl'0 8900 8E00 9000 9000 9900 8¢00 LS00 o LOHOMA LELY88CS!
zualineye ‘auidelinaN Yo 0000 0000 0000 0000 0000 0000 0000 0000 0000 000’0 0000 0000 0000 19747 992dAD ‘LdLVEdAD  66766€8TSI
snuwijoloe| /4 Ll00 GLO0 ¥¥00 6800 4IOO 9200 8400 €00 LLOO 0000 0800 6¥00 1500 1374 YVEJAD ¥LS0VLCS!
ULIeLIeAN /4 6G€'0 6CY'0 €600 80L0 LSLO 8610 GLL'O GEL'0 €G40 8680 CELO 9900 TOLO 7B LOHOMA ¢19656€¢s!
N4-G ‘euiqeoade) Y 7100 1600 6500 #S00 ¢G00 60L0 ¥E00 8400 4100 4100 6600 9400 1400 19747 dAdd G6GL6CTS!
urgeidifexo ‘uioa0ons| ‘nN4-g ‘sulgenoade) V¢ 100 8¢€0 99¥'0 €480 €1¥0 LIVO LIVO  6VVO0 LBE0 9850 88€0 ¢8E€0 6910 o HAHIN LeLiogiss
uLepeAA Yo €800 €9¢0 ¥.00 6800 8S00 60L0 4GS0 €800 €¢00 0000 ¢600 8¢00 €600 V9 LOHOMA GLY8OLLLSY
uiedifexo ‘n4-g ‘spdo 1d ‘udignuids ‘soydojoh) Ve 1200 ¥6€0 ¥3€0 P¥LE€O0 1CT0 T6C0 LIEO0 €920 8130 8¥I0 CCEO GLEO GETO 1374 LdISD g691s!
|ola1oWles ‘loweingleg Ve Cl00 ©99'0 GC9'0 6€90 0490 €450 8960 IGG0 G490 99¥'0 Lv¥O 640 0LS0 1374 cgyay €1LTv0Ls!

uownoooiduayy "4
UlieLiem ‘|0Jewnooousoy gl 69€0 6¢¥'0 €600 80L0 4SO 8610 GZ10 GEL'0 9940 8680 <¢EL'0O €900 <cOL'0 v/9 LOHOMA 8EVE66S!

snuwijolig Ve
snwijoloe] a1 L4800 0¥0'0 +CE'0 8EE€0 9980 G980 LLTO €920 6480 0600 670 €€€0 8LE0 v/ SVEJAD 9vL9LLS]
ue|dsio al 7100 60¥'0 O0O¥C0 +3€0 €450 LIY'0 OFPE0 O0¥E0 €600 60¥'0 9400 8LTO LTEO on OdX ‘€tWINL 1008¢¢zs!

uownoooiduayy "4
ulepeAA a1 8600 4L¥CO ¢O¥VO &c¥'0 €1¥'0 1680 LEVO L6€0 8120 €610 ¥S¥'0 LIY'O 0050 v/9 C¢4vdAO ¢c9801¢s!

soydo|oo ‘n4-g ‘suigepoades ‘ueidoqien /4
d)exa.0yIvN al 8600 86C'0 €0L'0 €800 ¢Zl'0 GEL'0 O0SL'0 SEL'0  v¥L'0 €480 9800 6900 GTLLO v/ HAHIN geLLoglst

|0Jewnoo0UOY qal
uLepEA 7 6GE'0  6CY0 €600 80L'0 4GL'0 8610 GLL'O GEL'O €GL0 8680 GCELO 9600 TOLO  V/D LOHOMA 1E£TETH66S!
[esBopidoj Vi 0200 0000 G000 SLOO €300 9L00 G000 9000 9Y00 LS00 0000 +LO0 0000 W/ (€) 6102dAO  €68986¥S!
[esBopidojo ‘aulfiduywy Vi Lc0'0 LEL'0 €480 <ClY0 93€0 v¥E'0 0EE'0 L8480 ,G9C'0 L¢S€0 O0IE'0 ¢8€0 LVPO /D) () 6102dAD et 14444 23

I4VODDINH ‘UlleISeAnsol ‘UljelseAllan ‘uljejseaeld /4
unejseAwlls Vi €000 9¥1'0 ¥900 ¥¥0'0 <¢S00 9800 6L00 S¥00 GLL'O  80L0 9¥00 0S00 L€00 13747 1910018 9G06Y LS
nyeBoy ‘sbojeue supiwnAd ‘N4-g ‘suigenoade) Vi 9000 G000 0000 SLOO 0000 OLOO GLOO €LO0 0000 0000 4000 0000 OLOO W/ dAdd  0628L6€s!
[esBopidoy 7 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 0000 DN (v) 6108dAD  ¥0566€8CS!
ULIeplepp Vi Gry0'0 ¢SL0 Gg00 6800 4LOO G900 6¥00 ,0000 50000 48000 0TO0 8¢00 LS00 170 (¢) 602dAD €G86641S!

SAIVSN ‘|04ewnooousoe ‘qixodsje) 74
uLEepeA 71 7100 9900 €0L'0 8600 9LL'0 6600 LELO0 2ZLO LLOO #E€00 T600 90L'0 TOLO0 O/ (€)) 622dAD 016450181
sbrug Q0UBPIAS JO oA ISy N30 nil nis g3ag ard HID SNI SVYIN SHO  siooN  wel ug uIN/feiN sausn SdNS

VO gxpuwieyd EN)

suonje|ndod ueadoing pue ‘ueisy ‘uedue S SSOIOe sidlew dlwousbooewleyd juepoduw Ajjesiuld Jo AjsiaAlg | d|qelL



36 Pharmacogenetics and Genomics 2016, Vol 26 No 1

Fig. 6
(@)
- l
0.75
2
c
.0
=
Q
k)
° 050
.9
15
Q
o
o
0.25
0.00
T T T T T T T T T T T T
Sinha Tam Moor GIH PJL BEB STU ITU INS CHS MAS CEU
Population
(b)
Genotype  Sinhalese  Tamils  Moors GIH PJL BEB STU ITU INS CHS MAS CEU  Dose
AA *1/°3 0 0 0 0 0.021 0.012 0 0 0 0.034 0.023 0.01 Low
AA *2/°2 0 0 0 0 0 0 0 0 0 0 0 0.01 Low
GA*2/"3 0.02 0 0 0 0.01 0 0.01 0 0 0 0 0.02 Low
GA*3/*3 0 0 0 0 0 0 0 0.01 0 0 0 0 Low
GG*3/"3 0 0.014 0.013 0.01 0.01 0 0 0 0.038 0 0 0 Low
AA “17*1 0 0 0 0.01 0.031 0 0.029 0.01 0.026 0.152 Mid
AA *1/°2 0 0 0 0 0.01 0 ] 0 0 0 ] 0.051 Mid
GA*1/"2 0.041 0 0.026 0.039 0.021 0.035 0 0 0 0 0 0.081 Mid
GA*1/°3 0.02 0.028 0026 0087 0042 0047 0039 002 0013 0034 0 0.04 Mid
GA*2/"2 0 0 0 0 0 0 0 0 0 0 0 0.02 Mid
GG*1/°3 0.163 0.153  0.132 0.146 0.094 0.174 0.137 0.157 0.154 0 0 0.051 Mid
GG*2/"2 0 0 0 0.01 0 0 0 0 0 0 0 0.01 Mid
GG*2/*3 0 0 0 0.01 0.01 0 0.01 0.01 0 0 0 0.01 Mid
GA*1/"1 0.122 0.083 0.211 0.204 0.198 0.209 0.108 0.137 0.205 0.148 0.402 0.253 High
GG*1/*1 0.456 0.011 0.046 0.232 High
GG*1/*2 0.041 0.056 0.013 0.029 0.052 0 0.039 0.039 0 0 0 0.061 High

Warfarin dose requirements and frequencies of CYP2C9/VKORC1 genotype combinations in different populations. Predicted warfarin dose
requirements (a) based on the recommended dose for different genotype combinations of VKORC1 and CYP2C9 variants in the CPIC guidelines (b).
High: 6-7 mg/day, mid: 3-4 mg/day, low: 0.56—-2 mg/day. In (b), genotype represents the VKORC1 —1639G > A (rs9923231) and CYP2C9
genotypes. TCYP2C9*2 was not available in CHS, MAS, and INS and was assumed to be absent. ¥Dose category is based on dosing guidelines in
the Clinical Pharmacogenetics Implementation Consortium guidelines [22]. The intensity of red highlighting of genotype combination frequencies
corresponds to their magnitude across the range observed [i.e. O (white)-0.629 (red)]. BEB, Bengali from Bangladesh; CEU, Utah residents with
Northern and Western European ancestry; CHS, Chinese in Singapore; GIH, Gujarati Indians from Houston, Texas; INS, Indians in Singapore; ITU,
Indian Telugu from the UK; MAS, Malays in Singapore; PJL, Punjabi from Lahore, Pakistan; STU, SL Tamils from the UK.

CEU populations [5]. This finding has immediate rele-
vance for warfarin pharmacogenomics in SLs. On the
basis of the genotype combination of the three estab-
lished VKORCI and CYP2(9 alleles, we estimate that
more than 75% of SLs would require high warfarin doses,
and about 20% would require an intermediate dose (Fig. 6a).
Recent clinical trials of genotype-guided dosing of warfarin
have suggested that this strategy is superior to standard dosing
in some populations [33], but they have also suggested that
the benefit may differ across population groups [34]. On the
basis of the genetic diversity at the VKORC'I and CYP2C9 loci

in SAS populations, our data suggest that a fixed dose strategy
is unlikely to be optimal and highlight the need for studies
comparing fixed and genotype-guided warfarin dosing in SL.
or other South Asian populations.

Between the SL and SAS populations, few SNPs displayed
moderate or greater levels of differentiation (MCM6
154988235, SFTA2 133131787, CYP4F 12 15609290, ABCG1
1s225434). Differentiation at these loci was driven primarily
by differences with PJL. and GIH populations (see Table,
Supplemental digital content 8, /Azp.//links.lww.com/FPC/|
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CYP2C19 phenotypes and genotype frequencies in the different populations. Predicted phenotype in terms of enzymatic activity of CYP2C19 (a)
based on combinations of CYP2C19*2 and *3 variants (b). (a) Extensive metabolizers (EM) have normal platelet inhibition with clopidogrel, whereas
intermediate metabolizers (IM) and poor metabolizers (PM) have reduced platelet inhibition. Alternative antiplatelets such as prasugrel or ticagrelor are
recommended for patients who are IM or PM [31]. Thus the black bars (EM) represent the proportion of patients who are expected to have good
response to clopidogrel. (b) Frequencies of genotype combinations for Sinhalese, Sri Lankan Tamils, and Moors were obtained from 118 participants
(of 125 with DNA available) with successful TagMan genotyping of CYP2C19*2 (rs4244285), those for MAS and INS were obtained from
sequencing of Singapore Malays and Indians, respectively [23,32], and that for CHS was obtained from 1000 Genomes project (Southern Han
Chinese). "Phenotypes were defined according to the Clinical Pharmacogenetics Implementation Consortium guidelines for clopidogrel. The intensity
of red highlighting of genotype combination frequencies corresponds to their magnitude across the range observed [i.e. O (white)—0.758 (red)]. BEB,
Bengali from Bangladesh; CEU, Utah residents with Northern and Western European ancestry; CHS, Chinese in Singapore; GIH, Gujarati Indians
from Houston, Texas; INS, Indians in Singapore; ITU, Indian Telugu from the UK; MAS, Malays in Singapore; PJL, Punjabi from Lahore, Pakistan; STU,

SL Tamils from the UK.

A922). More SNPs were moderately differentiated
between SL. and GIH or PJLL populations than between
SL. and BEB, STU, or I'TU, a pattern that mirrors the
subtle shift of GIH and PJL. away from the other SL. and
SAS populations on the PCA plots (Fig. 2 and Figure,
Supplemental digital content 6, Azup://links.lww.com/F'PC/
A920). However, most of these highly differentiated SNPs
have not been assigned a high level of evidence for asso-
ciation with drug response, and the implication of these
differences therefore requires future research. Although
the SL. populations themselves generally showed high
levels of similarity at pharmacogenomic alleles, two clini-
cally important SNPs showed moderate or high levels of
differentiation. These include SLC70A2 1s2301159, which
is associated with an increased risk for docetaxel toxicity
and was twice as common in SL. Tamils and Moors com-

pared with Sinhalese (MAF =0.264, 0.237, and 0.092,

respectively), and ERCC1 1s3212986, which is associated
with a reduced risk for cisplatin nephrotoxicity and was
nearly twice as common in Sinhalese and Moors compared
with SL. Tamils (MAF =0.306, 0.382, and 0.181, respec-
tively; see Table, Supplemental digital content 7, /Z#p://
links.fow.com/FFPCIA92]).

Correlating MAFs of risk variants with their associated
ADRs would offer empirical evidence of the validity of
inferring response and ADR risk from frequencies of risk
variants. SL. populations are reported to have high rates of
cisplatin-induced nephrotoxicity [35] compared with the
rates reported in European populations [35,36].
However, to the best of our knowledge, no previous
study has examined differences in the rates of cisplatin-
induced nephrotoxicity within SI. population groups.
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Future studies exploring cisplatin ADR risk within SL
populations are warranted.

Asian populations are generally thought to be more
sensitive to docetaxel than Caucasians, requiring lower
doses and experiencing higher rates of febrile neu-
tropenia (FN) [37]. The reported prevalence of
docetaxel-induced FN in Indian populations (3-39%) is
similar to that reported in Chinese populations (2-42%)
and is higher than that reported in European populations
(5-23%), showing rough correspondence to the fre-
quency of the rs2301159 risk allele in these three popu-
lation groups (0.25, 0.295, and 0.182 in INS, CHS, and
CEU, respectively; see Table, Supplemental digital
content 11, A#tp://links.low.com/FPC/A925). On the basis
on the observed differentiation of rs2301159 within SL
populations, we hypothesize that the Tamil and Moor
populations would be at a higher risk for docetaxel-
induced FN compared with the Sinhalese population.

Clopidogrel has been identified as a high-priority drug for
clinical implementation of pharmacogenomic testing
[38]. Pharmacogenomic implementation guidelines
recommend that carriers of the CYP2('19 loss-of-function
alleles *2 and *3 receive an alternative antiplatelet drug,
for example, prasugrel or ticagrelor [31]. We observed
that the frequency of *2 in the SL. populations was
31-45%, with the highest frequency among Sinhalese.
This is comparatively higher than a MAF of only 13% in
the CEU population (Table 1). Collectively, more than
60% of SL individuals had a non-*//*/ genotype, com-
pared with less than 25% of CEU individuals (Fig. 7b).
Consistent with these observations, South Asians have
been reported to have higher residual platelet reactivity
(suggesting poorer response) after receiving clopidogrel
compared with Caucasians [39]. Although this suggests a
correspondence between the proximal pharmacodynamic
effects of clopidogrel and the CYP2(19 phenotype in
South Asian populations, additional studies will be
necessary to determine whether this leads to adverse
cardiovascular outcomes in these populations. These data
provide impetus to incorporate (YP2(C'19 genotyping into
antiplatelet drug treating strategies in SL, as the strategy
of using only clopidogrel is predicted to result in a sub-
optimal antiplatelet effect in the majority of the popula-
tion. Additional training and capacity-building in
genomics may aid in the clinical translation of these
results [40].

There are several limitations to our study. First, clinical
information on drug responses in SL ethnic groups is very
limited. Future studies will be necessary to better
understand how the differences in allele frequency that
we have observed contribute to differences in drug
response in these populations. Second, we did not per-
form high-resolution typing of HLLA alleles as part of this
study. Future focused studies on the frequency of
important HLLA alleles in the SL populations are

warranted. Finally, the genotyping-based approach that
we undertook provides important data on a large number
of alleles, but it does not allow discovery of novel variants
that may be unique to the SL populations. Future
sequencing-based studies to examine novel and rare
variants in the SL populations will complement the data
that we have generated.

Conclusion

We have surveyed more than 7000 variants in ADME
genes in the three major SL ethnic groups and compared
them with other South Asian, South East Asian, and
European populations. Our results show, for the first
time, an overall high level of genetic similarity among the
major SL. ethnic groups, as well as between SL and the
SAS populations. We also identified specific variants that
are highly differentiated between the SL. and CHS/MAS
and CEU populations. These results extend our under-
standing of pharmacogenomic diversity to the South
Asian populations, and this study is the largest population
genetic study of the SL. population to date. These data
have implications for the clinical use of pharmacoge-
nomic testing in SL, and provide a resource for future
clinical, regulatory, and research activities in pharmaco-
genomics in these populations.
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