
PHARMACOGENOMICS (CGL LEE, SECTION EDITOR)

Genetics of Population Differences in Drug Response

Maulana Bachtiar • Caroline G. L. Lee

Published online: 4 July 2013

� Springer Science + Business Media New York 2013

Abstract Population differences in drug response,

including susceptibility to adverse drug reactions, are

affected by genetic polymorphisms. Genetic variation fre-

quencies differ among different ethnicities, which may be

associated with variation of susceptibility to adverse drug

reactions among the different populations. Pharmacoge-

nomics of the population difference in drug response

involves the identification of gene variants responsible for

these differences in drug response with the aim of using

them as predictive markers. However, it is not entirely

feasible to characterize all 38 million single-nucleotide

polymorphisms (SNPs) in the human genome. Hence, there

is a demand to prioritize SNPs for pharmacogenomic

analysis, and one emerging trend is through the integration

of variables such as information pertinent to the drug and

disease pathway, potential functionality of SNPs along the

pathway, and the genetics of population differentiation.

This review covers background information that is relevant

to the genetic basis of population differences in drug

response, including the challenges and opportunities ahead.

Keywords Pharmacogenomics � Population

differentiation � Drug response � Genetics

Introduction

One size does not fit all: drug response is not uniform for

everyone. This is the central motivation for personalized

medicine. The occurrence of population differences in drug

response and the occurrence of adverse drug reactions

(ADRs) are common phenomena [1]. In addition, ADRs

pose an enormous public health concern because such

unintended outcomes of drug response not only exacerbate

patient illness, but can also result in a significant economic

cost due to ADR-related hospitalizations. In the past years,

the cost of ADR-related hospitalization has reached $136

billion in the USA alone [2, 3].

Furthermore, population differences in ADR suscepti-

bility have an impact on the drug development process.

There is concern with regard to performing clinical trials

in a population that is different from the intended target

market, especially when the drug is intended for use by

individuals of diverse ethnicities. Notably, despite a rising

trend of trials conducted in emerging economies, most

clinical trials are still performed in developed countries

[4, 5]. Such an approach to drug testing can increase the

risk of unforeseen drug-related toxicities in other popu-

lations. A drug that is marketed in a specific population

should ideally also be tested in that same population

during a trial.

However, this process is not entirely straightforward to

implement owing, in part, to the high cost of performing

clinical trials that cover many populations in multiple

regions [6•]. The complexity of performing clinical trials in

different ethnic populations from different countries can

result in a greater economic burden for both drug devel-

opers and patients as it will increase the already astounding

cost of drug development. Moreover, such a rigorous trial

may also decrease the success rate of marketing drugs that
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are potentially beneficial because of the occurrence of

ADR in one or more populations.

One possible solution is to predict potential population

differences in drug response at the initial step of drug

development. By identifying population groups that are

likely to be more susceptible to a potential ADR, the drug

developer can avoid a costly and lengthy clinical trial

process. At the same time, the approach can expedite entry

of potentially beneficial drugs, for the right group of

individuals.

Population Differences in Drug Response

Reports of differences in drug response among different

populations are summarized in Fig. 1. Most of these pop-

ulation differences in drug response were reported only

after the drug had been released onto the market. In Fig. 1,

European descents represent those reported as Caucasian or

White, and African descents are those reported as African-

American, Black, or continental African populations. The

East Asian group comprises the Chinese, Japanese, and

Korean populations, whereas the Latino group refers par-

ticularly to Mexican, Hispanic, or other Latino descents.

Thus far, most reports of differences in the occurrence

of ADR/drug response have been between the population

of European descent and the population of either African or

East Asian descent (Fig. 1), likely owing to drug trials

being primarily conducted in the population of European

descent before being marketed to the other two major

world populations. Examples of some drugs reported to

show population differences in response/ADR are dis-

cussed below.

5-Fluorouracil, a commonly used cancer chemothera-

peutic drug, has been frequently reported to exhibit dif-

ferences in drug response among different populations. A

major side effect associated with this fluoropyrimidine-

based drug is the occurrence of hematologic toxicities,

including leukopenia and anemia, where differences in

prevalence has been reported between the population of

European descent and either African-Americans [7–9] or

East Asians [8, 10] as well as between those of East Asian

descent and Latinos [8] or those of African descent [8]

(Fig. 1, blue ribbons). The differences in hematologic

toxicities may be due to differences in the activity of the

enzyme dihydropyrimidine dehydrogenase [11], where

individuals with deficiency in dihydropyrimidine dehy-

drogenase were reported to be more prone to 5-fluoroura-

cil-induced hematologic toxicities [12].

Warfarin, the most widely prescribed anticoagulant for

preventing thrombosis and embolism, is another drug that

exhibits significant differences in response among different

populations. Despite its effectiveness, treatment with

warfarin requires delicate fine-tuning to ensure an adequate

yet safe dose for the patient, otherwise the patient will be at

high risk of bleeding or the dose of warfarin will be

insufficient to protect the patient against thromboembo-

lism. Ethnic differences in the warfarin dose required for

effective treatment have been well documented although

not often appreciated by clinicians [13]. Significant dif-

ferences in optimal warfarin dose are observed between

East Asians and those of either European or Latino descent

as well as between those of European descent and those of

either Latino or African descent [14] (Fig. 1, purple

ribbons).

Nicotine is another ‘‘drug’’ that displays ethnic differ-

ences in its metabolism, which may partially account for

the ethnic differences in tobacco-related disease that cannot

be fully explained merely by differences in cigarette-

smoking behavior [15]. The metabolism of nicotine to

cotinine is the major route for the elimination of nicotine;

thus, variability in this metabolism may be a possible

modulator of nicotine addiction or tobacco-associated dis-

ease [16]. The metabolite cotinine can be measured in the

serum of individuals, and significant differences in serum

cotinine levels are observed between populations of East

Asian and European or African descent [16] or between

populations of African and Latino descent [17] (Fig. 1

[18–36], red ribbons).

Overall, significant differences in the incidences of

response/ADR to a great variety of different drugs,

including codeine, vincristine, and b-blockers, were

reported primarily between the population of European

descent and the population of Asian or African descent in

comparison with other populations (Fig. 1 [18–36], gray

ribbons). It is likely that these reports only skimmed the tip

of the iceberg and that there are many additional drugs

where the response and/or incidence of ADR differs greatly

among different ethnic populations but have yet to be

carefully examined and reported.

Genetic Factors Affecting Population Differences

in Drug Response

Although drug efficacy is affected by a complex array of

elements, which can include environmental and genetic

factors, it may not be too feasible to study all the variables

simultaneously owing to high heterogeneity among dif-

ferent individuals [37]. Since a person’s genetic makeup is

a constant variable throughout a person’s life; many groups

chose to focus on studying the genetic basis of drug

response. In the postgenomics era, the term ‘‘pharmaco-

genetics’’ is broadly used to refer to the study of single-

nucleotide polymorphisms (SNPs) or other forms of
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genetic variants that are associated with differences in drug

response, whereas pharmacogenomics is mostly used on a

genome-wide scale to study such variants [38]. The focus is

to identify gene variants that are associated with inter-

individual differences in drug response and where possible

to study the functional significance of these gene variants.

Furthermore, owing to the heritable characteristic of human

genetics, inter-individual genetic differences are mani-

fested at the population level. Individuals of the same race

or ethnicity will have higher tendency to inherit more

similar gene variants than those of different ethnicity [39].

Genetic differences exist across different world populations

and are often associated with the variation of drug response

between populations.

As drug response is greatly affected by genes in the

drug pharmacokinetic (PK) and pharmacodynamic (PD)

pathways, a good starting point in pharmacogenetics is to

focus on these drug-response genes. Once these PK and

PD genes have been identified, one would be able to

pinpoint the SNPs, especially those that have significant

differences in population frequencies. These population-

differentiated SNPs have the potential to be used as

genetic markers for predicting population differences in

drug response. The following section covers an example

from one of the most established pharmacogenetic

studies involving warfarin, the most widely used anti-

coagulation drug.

Multigenic Nature Associated with Population

Differences in Drug Response: Warfarin as a Case

Study

As shown in Fig. 1, there is a considerable population

difference in the response to the anticoagulation drug

warfarin. Asians would require a significantly lower dose

of warfarin compared with Latinos, who in turn are more

sensitive to warfarin treatment than individuals of Cauca-

sian descent and African descent [14]. More importantly,

the population differences in warfarin response are asso-

ciated with the genetic polymorphisms in the warfarin-

response pathway.

On the basis of the literature curated in PharmGKB, a

highly cited drug pathway database, various genes are

involved in the PK and PD processing of the R and

S stereoisomers of warfarin [40–42]. The interplay among

genes of diverse functional roles will, in turn, affect the

drug intracellular concentration, efficacy, and more

importantly toxic side effects. Warfarin response is affec-

ted, in part, by variants in a gene encoding subunit 1 of the

vitamin K epoxide reductase complex (VKORC1) [43••, 44].

Moreover, because warfarin is metabolized in the liver, a

number of PK genes, including several metabolizing

enzymes such as the cytochrome P450 family of proteins

(CYP2C9 and CYP3A4), also play an important role in

determining the optimum warfarin dose [43••]. Once they

Fig. 1 Circos plot highlighting

drugs that exhibit differences in

response among two or more

populations. The differently

colored ribbons joining the

different populations represent

the specific drugs that show

differences in response among

more than two different

populations. The thickness of a

ribbon originating from a

specific population indicates the

number of populations for

which the drug exhibits

population differences in

response. Gray ribbons

represent drugs that were

reported to show population

differences between only two

populations. Numbers denote

the literature reference that

reported the population

difference in response to the

specific drug [18–36]. EGFR

epidermal growth factor

receptor, 5-FU 5-fluorouracil

(Color figure online)
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have been metabolized in the liver, the resulting metabo-

lites of warfarin are eliminated mostly through the kidney.

Interaction of metabolites with the ABCB1 protein, a

highly polymorphic membrane transporter, also leads to the

possibility of excretion through the bile [44, 45•].

Since the function of many PK and PD genes are

affected by genetic variants, SNPs in these genes are fre-

quently associated with differences in drug efficacy and

toxicity. Variants in the CYP2C9 and VKORC1 genes have

been associated with differential warfarin dose require-

ments. Individuals carrying the wild-type CYP2C9, or what

is commonly referred to as the CYP2C9*1 allele, have

normal warfarin PK [46, 47]. In contrast, a significant

decrease in warfarin clearance is observed in individuals

who inherit the CYP2C9*2 variant (rs1799853, 430C[T)

and in individuals carrying the *3 variant (rs1057910,

1075A[C) [48–50]. This reduction in warfarin clearance in

CYP2C9 ‘‘poor metabolizers’’ can significantly expose

patients to warfarin-induced toxicity. A pertinent fact is

that because the distribution of CYP2C9 variants is dif-

ferent among populations, with the *2 and *3 alleles

observed more frequently in Caucasians than in East

Asians and Africans, there is an apparent association

between the patients’ race and warfarin dosing requirement

or toxicity [48, 51–56]. Asians, in general, require a lower

dose of warfarin than do other populations.

In addition to SNPs in the CYP2C9 metabolizing gene,

the warfarin target gene VKORC1 also affects warfarin PD

and is equally important as a determining factor of warfarin

response. The VKORC1 promoter SNP that introduces G to

A substitution at a transcription factor binding site

(rs9923221, -1639G[A) is significantly associated with

changes in gene expression [57]. Individuals carrying the A

allele have lower expression of VKORC1 and require a

lower warfarin dose than those inheriting the wild-type G

allele. Similarly to the CYP2C9 variants, this frequency of

this functional SNP in VKORC1 is also different among

the different populations. The alternative G allele is pre-

dominantly expressed in Asians (more than 90 %) com-

pared with Caucasians (37 %) and is even rarer in African-

Americans (10 %) [43, 58–60]. Hence, in the case of

warfarin, using the patient’s race as an initial proxy as a

precautionary measure before prescribing the drug is

common practice and can be done prior to genotyping

SNPs in CYP2C9 and VKORC1. In fact, both the patient’s

race and genetic information are now used in a number of

warfarin dose prediction algorithms, in addition to drug

labels generated by the US Food and Drug Administration

[61–64].

As evident from the example of warfarin, functional

SNPs in drug pathways play significant roles in determin-

ing drug response. However, despite this success, estab-

lished pharmacogenetic markers such as the SNPs found in

the CYP2C9 and VKORC1 genes are not common to other

drugs. Discovering and validating functional SNPs in drug

pathways is not a straightforward process, and is akin to

finding a needle in a haystack. Nevertheless, the success in

warfarin pharmacogenetics carries a strong message that

once discovered; pharmacogenetic markers can improve

drug prescription and prevent potential ADR.

In the next section we will discuss strategies to identify

potential functional SNPs in drug pathways, highlighting

several recent trends of studying population genetics dif-

ferentiation of SNPs in drug-response genes. If successful,

this method can be used to identify the population that has

a higher potential of developing ADR to a particular drug,

before an individualized pharmacogenetic test can be made

available.

Potential Functional Implication of SNPs

in Drug-Response Genes

The most recent release of dbSNP (database build 137)

contains more than 38 million SNPs that span the human

genome. Therefore, studying the potential effect of each

SNP will be an enormous challenge, and there is a growing

need to prioritize SNPs on the basis of variables that are

informative and at the same time cover all areas of the

genome. The tag-SNP approach (in a nutshell, tag SNPs are

representative SNPs that are in high linkage disequilibrium

with other variants) was adopted by the International

HapMap Project and several genome-wide association

studies [65, 66]. However, despite serving as ‘‘ambassa-

dors’’ for other SNPs in the region, tag SNPs that are found

to correlate with differences in drug response may not

necessarily be the causative SNPs important for function of

the drug-response gene . Many studies yielded significant

SNPs, but they are functionally ‘‘blunt’’ as many of them

reside in intergenic or intragenic regions. Since the

potential utility of SNPs with no functional insight as

pharmacogenetic prediction markers is still questionable,

one would still need to identify the potentially functional

SNPs in linkage disequilibrium with the tag SNPs and

experimentally validate these SNPs, which remains another

challenge.

One recent idea is to preselect SNPs using functional

annotations and prioritize those that are predicted to be

functional. In big-data pharmacogenomics, this method of

annotating SNP function before performing in-depth anal-

ysis could contribute to reducing the size of the ‘‘blind

spot’’ and hence provide a more systemic discovery of

pharmacogenetic markers. There are various SNP func-

tional prediction algorithms that have been constructed to

identify the putative functional implication of allele sub-

stitution as a result of polymorphisms or mutations in DNA
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sequence (Fig. 2). SNPs residing in transcription factor

binding sites and exon–intron splicing regulatory regions

could potentially affect gene expression by altering the

regulation of messenger RNA transcription and splicing

activities [67, 68]. On the other hand, nonsynonymous

SNPs, which produce amino acid substitution, could affect

protein structure and function [45, 69]. SNPs that are

positively selected by natural selection forces are also

considered to have a certain level of potential impact on

gene function [70]. These functional SNPs, when observed

in different frequencies, could well serve as future markers

for predicting population differences in drug response.

Recently, Wang et al. [71•] integrated these various SNP

functional predictions into a one-stop potentially functional

SNP portal (http://pfs.nus.edu.sg/). The gene is divided into

subregions, such as the 50 and 30 untranslated regions,

promoter, coding exon, and intron. On the basis of these

regions, a SNP potential function is then assessed using

various methods, such as sequence motif or evolutionary

conservation, to identify the potential impact of a SNP

(Fig. 2).

Furthermore, a recent trend in finding functional SNPs

in drug-response genes, particularly those that can explain

population differences in drug response, is to find SNPs

that have significantly different frequencies in different

populations. These ‘‘population-differentiated SNPs’’ could

serve as predictive markers for interpopulation difference

in drug response. Li et al. [72] used this method, albeit they

adopt a more ‘‘gene level approach’’ and found signifi-

cantly more population differentiation in genes important

for drug absorption, distribution, metabolism, and excre-

tion. These genes (and the SNPs residing in the gene) could

have been subjected to natural or environmental pressures,

which can differ in different geographical regions, causing

wide variation of allele distribution among populations. We

postulate that complemented with potentially functional

SNP analysis, this population genetics approach can yield

even more promising candidate pharmacogenomic SNPs.

Moreover, with the advent of big data from ultra-high-

throughput next-generation sequencing that are generated

from large number of samples that represent multiple world

populations, it is now increasingly feasible to identify such

SNPs, including using publicly available data. The chal-

lenge will be how to effectively digest this massive amount

of information for the specific purpose of finding popula-

tion-differentiated SNPs that are important in drug

response.

Public Resources for Identifying Population-

Differentiated Pharmacogenetic Variants

There are numerous public resources that can be used in

pharmacogenomics. This review covers these resources

briefly. Population genetics databases contain information

such as SNPs and their population allele frequency data,

genomic locations, and functional annotations. A drug

pathway database on the other hand, provides the necessary

information for finding genes that are responsible for a

drug PK/PD.

Next-Generation Pharmacogenomics and the Rise

of the 1000 Genomes Project

Because the cost of genotyping variants from every indi-

vidual is high, it is more economical to genotype repre-

sentative individuals from diverse populations. Since the

completion of the Human Genome Project, it has been

increasingly feasible to obtain allele frequency information

from representative subsets of individuals from different

populations or racial backgrounds as opposed to genotyp-

ing everyone in a country.

The International HapMap Project pioneered an inter-

national-scale project by genotyping individuals originating

Fig. 2 Gene regions where

single-nucleotide

polymorphisms (SNPs) can

reside that have functional

consequences. ESE/S exonic

splicing enhancer/silencer, ISRE

intronic splicing regulatory

element, miRBS microRNA

binding site, NMD nonsense-

mediated decay, PTM

posttranslational modification,

TFBS transcription factor

binding site
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from four populations: Caucasians in Utah, USA, Han

Chinese in Beijing, China, Japanese in Tokyo, Japan, and

Yoruba African in Ibadan, Nigeria [73]. The same project

then expanded to genotyping 1.4 million SNPs in seven

additional populations, including Mexican descent [74].

Since the initiation of the International HapMap Project,

other groups have also embarked on this same approach of

genotyping SNPs from individuals that could presumably

represent their population of origin. These include the

Singapore Genome Variation Project, which genotyped

close to one million SNPs in individuals from three distinct

racial groups in Singapore (Malay, Chinese, and Indian),

and the Environment Genome Project, which focused on

genotyping SNPs found in hundreds of candidate ‘‘envi-

ronmental genes’’ that are important in apoptosis, cell cycle,

DNA repair, drug metabolism, oxidative stress, and several

other pathways [75, 76].

More recently, the advent of next-generation sequencing

technology has reduced the cost of genome sequencing,

and this gave birth to the 1000 Genomes Project. Despite

several overlaps in the number of samples used by the

International HapMap Project, the 1000 Genomes Project

has a different approach. It used next-generation sequenc-

ing technology for whole-genome sequencing of 1,092

individuals from various world populations [77••]. This

resulted in the identification of significantly more genomic

variants such as common SNPs and insertions/deletions, in

addition to variants that are observed in low frequency (less

than 5 %). Phase 1 of the 1000 Genomes Project, which

released 38 million SNPs (also deposited in dbSNP), pro-

vides an abundant wealth of data for pharmacogenomics,

particularly as a resource for identifying population-dif-

ferentiated SNPs that can be used as reference markers in

explaining population differences in drug response.

Mining SNPs in Drug-Response Genes

Literature curation of drug-response genes requires an

extensive number of man-hours and may be subjected to a

high error rate if it is not conducted consistently. Never-

theless, a drug pathway resource that was constructed on

the basis of literature curation performed by a well-estab-

lished pharmacogenomics initiative is available for public

use, and it can be used to find genes that are essential in

drug response. The PharmGKB database provides high-

quality curated drug PK/PD pathway information from

which drug-response genes can be obtained for further

analysis [41, 42]. In the warfarin example, this information

is presented in a curated format that separates genes

according to their involvement in the drug PK or PD pro-

cesses. This pathway information provides additional

knowledge with regard to the biological role of the gene of

interest as well as its relationship with other genes; hence,

it will be useful for finding pharmacogenomic markers that

are reported to be associated with differences in drug

response.

Using Race as a Proxy: Limitations and Challenges

The population-based approach of pharmacogenomics has

huge translational potential. However, there are limitations to

this approach. Questions have been raised with regard to the

use of ethnicity as a marker for drug response [78]. Ethnicity

or race was originally applied in a social context and often is

either self-proclaimed or assigned by an authority [79]. Some

have therefore questioned this scientific validity of ethnicity

especially in genetic studies, as it could potentially introduce

further confounders owing to the different lifestyles adopted

by individuals in different racial groups.

However, the high cost that is associated with devel-

oping personalized therapy for each individual could deter

major pharmaceutical players from adopting truly person-

alized pharmacogenomics into a drug development pipe-

line. Therefore, although there is valid reason for the use of

race in pharmacogenomics, it is important to note that such

apprehension can be overcome by having a good study

design. The population-based approach in human genetic

studies has been widely accepted by the scientific com-

munity. As in the International HapMap Project and the

1000 Genomes Project, the individuals participating are

selected from populations that presumably have a low level

of genetic admixture. Racial groupings are also usually

used as a proxy rather than variables for explaining certain

differences in phenotype such as drug response. The

identification of population groups that are more suscepti-

ble to ADR will allow us to narrow down our selection and

perform a personalized pharmacogenetic test in individuals

belonging to this high-vulnerability group. The challenge

lies in the minimization of the presence of potential con-

founding variables, particularly those that are related to

environmental factors.

Conclusion and Potential Utility of Translational

Pharmacogenomics

Population differences in drug response are widely asso-

ciated with genetic differentiation that is observed across

various populations. The enormous numbers of SNPs from

the massive data generated from next-generation sequenc-

ing studies provide new layers of both complexity and

opportunity. Complexity arises because researchers will

have to find the SNPs that are not only differently dis-

tributed among populations, but that also have to be

functionally important relative to the tens of millions of
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other nonsignificant SNPs. However, discovery efforts will

continue. In the future, new opportunities will arise in

delivering personalized medicine closer to patients.

Translational pharmacogenomics, as in the case of warfa-

rin, can be applied to identify vulnerable individuals using

genetic markers that are associated with drug response.

Furthermore, a population-based pharmacogenomic

approach to address differences in ADR susceptibility can

be used in various settings, ranging from translational

research and drug development to clinical application and

education of patients. One mission of translational phar-

macogenomics is to be able to integrate various approa-

ches, including the use of functional SNPs and population-

differentiated SNPs, into the drug development pipeline.

Currently, most ADR cases are observed only after the

drug has been released onto the market. Therefore, the aim

is to identify the population that is potentially more sus-

ceptible to an ADR in the early phase of drug development

before the drug enters the market. If the populations that

are potentially vulnerable to the drug under development

are identified, potential toxicities during the trial can be

avoided if these individuals can be excluded from trials. At

the same time, this will help reduce early termination of

potentially beneficial drugs and decrease the drug discov-

ery research cost.

Furthermore, physicians have traditionally relied on

their experience or the patient’s history prior to prescribing

a drug. The advent of translational pharmacogenomics will

provide a new technology that will transform medicine

from an art-centric approach to a stronger knowledge- and

science-based approach. Translational pharmacogenomics

resources that can provide the necessary information with

regard to a patient’s predicted response to a particular drug

will assist clinicians in prescribing the right drug on the

basis of the individual’s genetic information. And if this is

still too expensive, population genetics data can act as a

proxy for the particular individual before a more person-

alized medicine can be applied. Such information can also

be used for educational purposes toward a more informed

decision process prior to consumption of a drug. Population

pharmacogenomics data will therefore be useful before

personalized medicine can become affordable to all.
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