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Abstract 
The aim of this study is to review the applications of genome-wide association studies (GWAS) in 
pharmacogenomics. GWAS have matured into a powerful tool to identify single nucleotide polymorphisms 
(SNPs) that are associated with various phenotypes. GWAS in pharmacogenomics are increasingly being 
performed to identify variants that affect therapeutic response and susceptibility to adverse drug reactions 
(ADRs). Such studies not only confirm previous findings but also identify novel variants. GWAS-identified and 
replication-confirmed variants for therapeutic response could be exemplified with SNPs in VKORC1 gene for 
coumarin anticoagulants, CYP2C19 gene for clopidogrel, and IL28B gene for interferon-alpha. For serious 
ADRs, significantly associated SNPs have been reported in human leukocyte antigen (HLA)-A*31:01 for 
carbamazepine-induced skin rash, SLCO1B1 gene for simvastatin-induced myopathy, and HLA-B*57:01 for 
flucloxacillin and HLA-DRB1*15:01 for lumiracoxib-induced liver injuries among others. Subsequent GWAS 
using larger sample sizes, and genotyping platforms with better marker SNP density could enhance the 
discovery of genetic variants on pharmacogenomic traits to advance clinical care. 
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Introduction  
Genetics is the study of how traits are being 
transmitted over generations and how variations in 
the information for these traits will influence the 
outcome. All the information regarding heritable 
traits is stored by and carried from generation to 
generation in the chromosomes in the form of 
genes. The human genome is composed of about 
twenty thousand genes, and it is variable among 
individuals [1]. The most common type of variation 
is single-nucleotide polymorphism (SNP), which is a 
single nucleotide variation at a specific location in 
the genome found in more than 1% of the 
population [2]. SNPs are biallelic; and more than ten 
million SNPs have been reported in the human 
genome [3]. Non-synonymous SNPs in gene-
encoding regions have a higher probability of 
affecting the structure and function of proteins, 
leading to development of disease or altered 
response to drug therapy [2]. Different individuals 
with the same diagnosis could respond differently 
to the same drug administered at the same dose, 
with diminished or excessive response [4]. The 
person-to-person variability of a drug response is a 
problem in clinical practice, and can lead to 
therapeutic failure or adverse effects of drugs [5]. 
Potential risk factors for drug inefficacy or toxicity 
include patient’s age and gender, nutritional status, 
co-morbidities, drug interactions, chronic diseases, 
and lifestyle variables such as alcohol consumption 
[6]. For some drugs genetic factors that affect the 
kinetics and dynamics of drugs are equally 
important in the determination individual variability 
in the efficacy and toxicity of drugs [4]. Generally, 
genetic factors are estimated to account for 15–
30% of inter-individual differences in drug 
response, but for certain drugs, this can even be 
higher [7]. Genetic variations in the form of SNPs 
are partly responsible for the clinical variation seen 
in response to pharmacotherapy [6]. This could 
affect the likelihood of achieving therapeutic 
success, changing the maintenances dosage of 
treatment, or experiencing adverse drug reactions 
(ADRs). The term pharmacogenomics is often 
described as the study of genetic factors affecting 
drug response, investigating the effect of several 
genes on a particular phenotype [6]. It focuses on 
understanding how genetic variants that encode for 
drug-metabolizing enzymes, drug transporters, drug 
targets, and proteins involved in disease biology 
influence individual differences of treatment 
efficacy and adverse effects. Pharmacogenomics 
offers the promise to reduce ADRs and enhance 
drug efficacy by facilitating selection of patients 

able to respond to specific agents. The development 
of pharmacogenomics will ultimately enable 
clinicians to identify patients who are likely to benefit 
from a drug with minimal adverse effects [8]. 
Recently, pharmacogenomic studies have advanced 
the discovery of genes associated with individual 
differences in drug response [9]. Based on these 
discoveries, the U.S. Food and Drug Administration 
(FDA) has relabeled more than hundred of drugs to 
include genetic information so that routine genetic 
testing, on clinically acceptable specific and sensitive 
markers for susceptible populations to be done prior 
to prescribing the drugs [9]. Approaches to map 
genes that underlie common diseases and complex 
traits mainly falls into two categories: candidate-
gene and genome-wide association studies [10]. Until 
recently, genetic risk factors for diseases were 
primarily studied in candidate gene association 
studies (CGAS) [11]. In such studies, DNA samples 
from cases and controls will be genotyped for SNPs 
in a specific gene for which prior knowledge 
suggested a role in the pathogenesis of the disease of 
interest or has functional relevance [12]. 
The CGAS have provided valuable data in the area of 
pharmacogenomics [13]. It has been possible to 
study phenotype-genotype relationship for genes 
encoding enzymes of drug metabolism like 
cytochrome P450 (CYP) oxidases, drug transporters 
and various drug targets [13, 14]. For example, 
polymorphisms in CYP2C9 for warfarin and CYP2C19 
for clopedogrel drug responses [15]; azathioprine-
induced bone marrow suppression associated with 
polymorphism in thiopurine S-methyltransferase 
(TPMT), irinotecan-induced neutropenia association 
with polymorphism in uridine diphosphate 
glucuronosyltransferase 1A1 (UGT1A1), and 
abacavir-induced hypersensitivity reactions 
associated with polymorphism in human leukocyte 
antigen (HLA) region [9] among others. 
Although CGAS have been able to identify genetic 
risk variants that are known to contribute for 
susceptibility to common diseases and 
pharmacogenetic traits, such studies have a number 
of limitations [11]. The major limitation is that 
genetic variants that are related to unknown 
mechanisms, which might have relevance to disease 
susceptibility, will not be detected. Another 
limitation is that many CGAS relied on the analysis of 
limited number of SNPs and did not consider regions 
that regulate gene expression. In addition to these, in 
some CGAS, consistent results were not obtained 
with the associations reported [14]. The reasons for 
this include small sample sizes, concentration on 
single variant in a gene rather than evaluation of the 
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genetic diversity of the whole gene, and incomplete 
knowledge of the drug’s mechanism of action in 
terms of both efficacy and safety [16]. In this sense, 
genome-wide study approach could have a great 
potential to understand common diseases [10], and 
it is increasingly being applied in the areas of 
pharmacogenomics [13].  
 
Genome wide association studies 
Genome wide association studies (GWAS) are 
genetic studies in which dense array of genetic 
markers that capture substantial proportion of 
common variations in the genome sequence are 
typed in a set of DNA samples which are 
informative for a trait of interest [17]. The goal of 
GWAS is to identify DNA sequence variants that 
affect an individual’s risk to a disease or response to 
drug treatment through detection of association 
between genotype frequencies and trait status.    
GWAS investigate the possible association of 
genetic variations throughout the entire human 
genome [18]. This approach therefore represents 
comprehensive and unbiased scan of the genome 
even in the absence of evidence regarding the 
function or location of the causal genes [19]. In 
contrast to CGAS, GWAS allow the identification of 
novel susceptibility variants in previously 
unrecognized biological pathways that may provide 
better understanding of phenotypes [20, 21]. GWAS 
are suitable for simultaneous identification of 
several common-risk variants in a single study and 
thus relevant for complex traits where concerted 
action of many risk factors contributes to the 
disease [11]. The availability of comprehensive data 
on human genetic variation from Human Genome 
and International Haplotype Mapping (HapMap) 
projects [22] together with high-throughput 
genotyping technologies with very low error rates 
that allow large numbers of SNPs to be genotyped 
simultaneously [23], have made GWAS technically 
feasible.   
The International HapMap Project has genotyped 
millions of SNPs on samples representing European, 
African, and Asian populations; and the data 
characterizes the patterns of linkage disequilibrium 
(LD) across the genome in these populations [22]. 
SNPs in the genome have groups of neighbors that 
are nearly in perfect correlation with each other 
[24]. Once the patterns of LD are known for a given 
region of the genome, a minimal set of correctly 
chosen variants (tag SNPs) can thereby serve as a 
proxy for many others and provide adequate 
information about most of the common variation 
within the genomic region [10]. 

The most frequently used GWAS design to date has 
been the case-control study design in which 
genotype frequencies in patients with the disease of 
interest are compared to those in a disease-free 
group [25]. The GWAS can be divided into four major 
steps: (i) careful selection of cases and controls from 
the same population; (ii) isolation of DNA, 
genotyping and quality control measures to enrich 
the dataset; (iii) appropriate statistical tests to 
identify differences in allele and genotype 
frequencies between cases and controls for the SNPs 
that passed the quality filter; and (iv) then, 
replication of the GWAS findings with an 
independent set of cases and controls. In GWAS 
systematic stepwise standard quality filtering 
processes will be performed on the samples as well 
as on the raw genotype data [25]. These include 
checking the reported sex of each individual against 
that predicted by the genetic data, missing call rate 
of the samples as well as the SNPs, sample 
relatedness, population stratification, minor allele 
frequency, and Hardy-Weinberg equilibrium [26, 27]. 
After the quality filtering, the test for associations 
should be undertaken using statistical software 
usually PLINK [28]. PLINK is a popular and 
computationally efficient soft­ware program that 
offers a comprehensive and well-documented set of 
automated GWAS quality filter and analysis tools. For 
each SNP, chi-square test using the different genetic 
inheritance models (dominant, recessive, 
multiplicative) should be carried out to compare 
allele and genotype frequencies between cases and 
controls. Logistic regression analysis adjusted for 
covariates, could also be implemented.  
Since GWAS involve multiple hypothesis-testing, 
large test statistics are expected just by chance along 
with the genuine disease associated alleles [10]. 
Thus, appropriate statistical considerations to avoid 
false positive results are essential [29]. The 
conventional and still the most widely applied 
approach is correcting P-values by Bonferroni 
correction, whereby the threshold for genome-wide 
significance is computed by dividing the level of 
significance (α = 0.05) by the number of marker SNPs 
tested [18]. A marker that is significant after 
Bonferroni correction is declared genome-wide 
significant. The currently used strategies for the 
identification of genetic risk factors involve multi-
stage testing for associations whereby the initial 
GWAS findings will be confirmed in a replication 
cohort in order to reduce false positive results [17]. 
The aim of the replication study is to determine 
which of the findings arising from the GWAS reflect 
true reproducible associations [17].  
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Replication study is carried out for only a small 
fraction of the genetic markers that were contained 
in the initial GWAS using a different SNP genotyping 
method [2]. This will minimize the chance of false 
positive associations that arise as a result of 
technical genotyping artifacts [10]. Replication of 
association results in an independent population 
has become the ‘gold standard’ for validation of 
results [30]. Credibility increases when multiple 
investigative groups find the same association in 
independent samples [17]. 
Genetic risk variants identified through GWAS, and 
confirmed by replication studies can have impacts 
on clinical medicine through prediction of outcomes 
or through elucidation of underlying biology [17, 
31]. Much of the immediate focus is for genetic 
testing that utilizes common variants as biomarkers 
to predict disease, to monitor disease progression 
and treatment response, or to avoid serious ADRs, 
and thus advance clinical care through personalized 
medicine [17]. On the other hand, identification of 
genetic loci and the relevant genes at those loci can 
help to describe new biological pathways and 
therapeutic targets, which can in turn provide clues 
for the development of novel preventive and 
treatment approaches [31]. 
It is now possible and indeed the norm to conduct 
GWAS to find associations between disease 
phenotypes and genetic variants that may 
predispose to the diseases [32], and many of such 
studies have been quite successful [33]. The 
successful applications in identifying novel 
susceptibility genes for complex diseases showed 
an interest in applying GWAS to identify genetic 
variants for pharmacogenomic traits [6]. 
An important advantage of GWAS in 
pharmacogenomics is that multiple response 
phenotypes are often collected within the same 
study, such as efficacy and adverse events, allowing 
a broader dissection of trait genetics in a single 
study [8]. In addition, larger genetic effect sizes may 
exist for pharmacogenomic traits providing greater 
statistical power for GWAS [21]. This could also 
allow pharmacogenomic associations to be 
identified with a relatively moderate sample sizes 
[8].  Another advantage to pharmacogenomics is 
the ability to rule out contributions by unidentified 
genes to a drug response phenotype [21]. As 
pharmacogenomic GWAS can directly investigate 
the role of genetic variation on clinical outcomes, 
the findings can be more rapidly translated to 
clinical practice. The objective of this literature 
review is to provide an overview on GWAS and their 
applications in identifying biomarker SNPs for 

pharmacogenomic traits. 
 
Materials and methods 
Search strategy and selection criteria: Published 
reports were systematically searched in electronic 
databases of PUBMED. The search terms used 
include "GWAS in pharmacogenomics", "GWAS for 
drug response" and "GWAS for serious ADRs" to 
identify published articles that included data for 
GWAS in pharmacogenomics. Methodological 
restrictions for the inclusion criteria include studies 
published as original articles that focused on drug 
response and ADRs, studies investigating both 
monotherapy and combination treatments, and 
studies with subsequent replications. There were no 
restrictions on doses and routes of drug 
administration. The search yielded 145 articles; of 
these, 39 were included in the GWAS 
pharmacogenomics in this review.  
 
Results and discussion  
GWAS on therapeutic responses 
Until now, GWAS on drug response have been mainly 
concerned with drugs for which the dose needs to be 
individualized or for which failure to respond 
presents an important clinical problem [13]. The 
prominent GWAS findings on drug response 
confirmed with replication studies include those for 
therapeutic response to coumarin anticoagulants 
[34, 35], interferon-alpha [36-38] and clopidogrel 
[39]. 
 
Response to coumarin anticoagulants 
Warfarin is the most commonly prescribed 
anticoagulant for the treatment and prevention of 
thrombotic diseases including myocardial infarction, 
ischemic stroke and venous thrombosis. However, it 
poses significant challenges because of narrow 
therapeutic index and large inter-individual 
variability in response [40]. Current knowledge 
concerning the pharmacogenomics of warfarin 
indicates that genetic factors can explain inter-
individual variability of warfarin response and dose 
requirement [41]. Up to one-third of this variation is 
related to polymorphisms in two genes involved in 
warfarin pharmacogenetics: CYP2C9 that encodes 
the main warfarin metabolizing enzyme; and 
vitamin-K epoxide reductase complex 1 (VKORC1) 
which encodes drug target [13]. GWAS have been 
performed with the objective of identifying genetic 
variants that may explain inter-individual variability 
in dose requirement for coumarin anticoagulants. 
GWAS on warfarin involving 1,053 patients (Swedish 
subjects) showed SNPs in VKORC1 and CYP2C9 genes 
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with genome-wide significance [34]. The strongest 
signal was at rs9923231 (P = 5.4E-78) near VKORC1 
with a second signal at rs1057910 (P = 4.5E-17) for 
CYP2C9*3 and rs1799853 (P = 8.8E-13) for 
CYP2C9*2. The study confirmed the earlier CGAS 
findings on these genes [13]. This study also found 
genome-wide significance for rs2108622 (P = 8.3E-
10) in CYP4F2 gene after adjustment for all known 
genetic and non-genetic factors [34]. The CYP4F2 
iso-enzyme metabolizes vitamin-K, and 
polymorphism in this gene has been associated with 
reduced vitamin-K metabolism and the need for a 
higher warfarin maintenance dosage [42]. The 
GWAS showed that SNPs in VKORC1 and CYP2C9 
predict about 40% of dose variance [34]. The strong 
and widely replicated associations of warfarin dose 
with VKORC1 and CYP2C9 have provided one of the 
most successful applications of pharmacogenetics 
to date and offer promise for genetic predication of 
required dose in a clinical setting [6]. 
Similarly, a GWAS for another coumarin 
anticoagulant, acenocoumarol, was conducted 
using 1451 Caucasian subjects and the results were 
replicated in 287 subjects [35]. SNP rs10871454 
with genome wide significance (P = 2.0E-123), 
which is in LD to SNPs within VKORC1 gene, was 
identified. Another SNP, rs4086116 (P = 3.3E-24) 
was also obtained within CYP2C9 gene. After 
adjustment for these SNPs, rs2108622 
polymorphism within CYP4F2 gene reached 
genome-wide significance (P = 2.0E-08). Another 
SNP rs1998591 (P = 1.9E-09) that contributes to the 
variation in acenocoumarol dosage was also 
identified in CYP2C18 gene. The study showed that 
polymorphism within VKORC1, CYP2C9, CYP4F2 and 
CYP2C18 genes could explain about half of 
acenocoumarol dosage variation [35].  
 
Response to interferon-alpha  
The most effective current standard of care in 
patients with chronic hepatitis C virus (HCV) 
infection, which is a combination of pegylated 
interferon-α (PegIFN-α) with ribavirin (RBV), does 
not produce sustained virologic response in all 
patients treated [13]. GWAS for null virological 
response to PegIFN-α/RBV treatment on Japanese 
patients showed two SNPs near the gene 
interleukin 28B (IL28B) to have strong associations 
(rs12980275, P = 1.9E-13; and rs8099917, P = 3.1E-
15) [36]. The results were replicated in an 
independent cohort, combined P = 2.8E-27, odds 
ratio (OR) = 17.7, and P = 2.68E-32, OR = 27.1, 
respectively. In another GWAS of sustained 
virological response to PegIFN-α/RBV therapy in 

293 Australian individuals with chronic HCV, and 
validation study in an independent replication cohort 
consisting of 555 individuals showed an association 
within the gene region encoding IL28B (rs8099917, P 
= 9.3E-09, OR = 2.0) [37]. A third study on patients of 
European ancestry also showed genome-wide 
significant (P = 1.1E-25) polymorphism near the 
IL28B gene associated with an approximately two-
fold change in response to PegIFN-α/RBV treatment 
[38]. The three independent studies had genome-
wide significant associations with IL28B gene, and 
were validated further by the fact that the studies 
involved different ethnic groups. These findings 
provide interesting new insights into the disease 
process and may be valuable in determining 
treatment. These studies are other examples of the 
successful application of GWAS for drug response.  
  
Response to clopidogrel 
GWAS for a response to an anti-platelet drug 
clopidogrel, which is widely used in the treatment of 
cardiovascular disease (transient ischemic attack) 
and in the prevention of myocardial infarction, has 
been investigated [39]. The most significant SNP was 
rs12777823 (P = 1.5E-13) in strong LD with 
CYP2C19*2 variant that accounts for diminished 
clopidogrel response. The relation between 
CYP2C19*2 genotype and platelet aggregation was 
also replicated. The GWAS provided confirmation of 
earlier CGAS of clopidogrel response with CYP2C19 
polymorphism [43]. 
 
GWAS on serious ADRs 
GWAS that focus on idiosyncratic adverse effects of 
drugs may allow the identification of variants that 
could be used as markers for genetic testing [17]. 
Relatively a few GWAS in pharmacogenomics of 
ADRs have been conducted in comparison to the 
large number of disease risk GWAS [19] probably 
because many serious ADRs are rare, and therefore it 
is a difficult area to investigate. However, from those 
published, it is evident that the potential for gaining 
insight into the genetic aspects of serious ADRs, and 
hence for developing tools to minimize ADRs is very 
large. The prominent GWAS findings on serious ADRs 
confirmed with replication studies include those for 
carbamazepine-induced skin rash [44, 45], 
simvastatin-induced myopathy [46], and 
flucloxacillin, lumiracoxib and amoxicillin-
clavulanate-induced hepatotoxicities [47-49]. 
 
Carbamazepine-induced skin rash 
Carbamazepine (CBZ), a widely used anticonvulsant 
and mood-stabilizing drug for the treatment of _______________________________________ 
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epilepsy and bipolar disorder, causes idiosyncratic 
skin rash in up to 10% of patients that may progress 
to blistering cutaneous ADRs (cADRs) such as 
Stevens–Johnson syndrome and toxic epidermal 
necrolysis [50, 51]. Recently, GWAS on CBZ-induced 
severe skin rash were conducted in different 
populations [44, 45]. The first study involved 53 
Japanese cases of CBZ-induced cADRs [45]. The top 
SNP was rs1633021 (P = 1.2E-13) which is in a 
complete LD with HLA-A*31:01. The finding was 
confirmed in a replication cohort of 61 cases. In a 
second GWAS of 65 cases of European ethnic origin 
[44], strong signal in HLA region were identified, 
with several SNPs around HLA-A reaching genome-
wide significance (P = 3.5E-08). HLA-A*31:01 
association was confirmed with a replication study 
of 145 cases. The study showed that the presence 
of HLA-A*31:01 allele increased the risk of 
developing CBZ-induced cADRs from 5% to 26.0%. 
The relatively high specificity and sensitivity 
estimated in both studies suggest that genotyping 
for HLA-A*31:01 prior to prescribing CBZ would be 
valuable and cost effective in preventing CBZ-
induced serious cADRs.  
 
Simvastatin-induced myopathy  
HMG-CoA (3-hydroxy-3-methylglutaryl coenzyme-
A) reductase inhibitors (statins) are the most widely 
prescribed therapeutic class of drugs with 
established clinical benefits both in terms of 
lowering serum lipid profiles and reducing 
cardiovascular events and mortality [52].  
Although statins have a favorable risk-to-benefit 
ratio, they have the potential to cause serious ADRs 
which can result in muscular inflammation 
(myositis) and muscle breakdown (rhabdomyolysis) 
that can be potentially fatal in its extreme form 
[53]. Factors that affect the pharmacokinetics of 
statins such as a decreased hepatic uptake, which 
can lead to an elevated plasma levels, would 
potentially induce the muscle toxicity [53]. The 
main carrier proteins involved in statin transport is 
the organic anion-transporting polypeptide 1B1 
(OATP1B1), encoded by solute carrier organic anion 
transporter 1B1 (SLCO1B1) [54]. This transporter is 
located on the basolateral membrane of the 
hepatocytes. It regulates the influx of statins from 
the portal circulation to the hepatocytes, the extent 
of the drug hepatic uptake and its serum 
concentration. Polymorphism in the SLCO1B1 gene 
decreases the activity of the carrier, resulting in 
marked increase in plasma concentrations of 
statins, particularly simvastatin [54, 55].   The 
SEARCH (Study of the Effectiveness of Additional 

Reductions in Cholesterol and Homocysteine) 
collaborative group conducted a GWAS by analyzing 
about 300,000 SNP markers in 85 cases of 
simvastatin-induced myopathy and 90 matched 
controls [46]. Genome-wide significant association (P 
= 4.1E-09, OR = 4.3) was seen for rs4363657 that is in 
nearly complete LD with a non-synonymous SNP 
rs4149056 (C/T) located within SLCO1B1 gene. The 
association was replicated in a trial of simvastatin 
involving 20,000 participants [46]  
 
Flucloxacillin-induced hepatotoxicity 
An antimicrobial drug flucloxacillin, which is widely 
used in Europe for the treatment of staphylococcal 
infections, has been associated with cholestatic 
hepatitis [13]. In a GWAS of 51 cases and 282 
controls, a strong association in HLA region was 
obtained with rs2395029 (P = 8.7E-33) that is in a 
complete LD with HLA-B*57:01 allele [47]. 
Possession of HLA-B*57:01 allele was associated with 
an eighty-fold increased risk of developing 
hepatotoxicity. This finding was replicated in a 
second cohort [47]. Another SNP rs10937275 in ST6 
β-galactosamide α-2, 6-sialyltranferase-1 (ST6GAL1) 
also showed genome-wide significance (P = 1.4E-08). 
This gene is believed to have a possible role in B-cell 
immune response [47](Daly et al., 2009). Both these 
findings provide insight for the immune-mediated 
mechanism of flucloxacillin-induced hepatotoxicity, 
and have the potential to improve susceptibility 
prediction [47]. 
 
Lumiracoxib-induced hepatotoxicity 
Lumiracoxib is a selective cyclooxygenase-2 inhibitor 
useful for symptomatic relief of acute pain and 
osteoarthritis [56]. Concerns over hepatotoxicity had 
contributed to the withdrawal of lumiracoxib in many 
drug markets world-wide. GWAS to identify risk 
variants for lumiracoxib-induced hepatotoxicity was 
performed in 41 cases and 176 treatment-tolerant 
controls in about 700,000 SNPs [48]. A number of 
SNPs in HLA region showed strong evidence of 
association (top SNP was rs9270986 with P = 2.8E-
10). The findings were replicated in an independent 
set of 98 cases and 405 controls (rs3129900, P = 
4.4E-12; rs9270986, P = 1.0E-09) [48]. Further study 
with high resolution HLA genotyping was performed, 
and an association with HLA-DRB1*15:01 was 
detected (P = 6.8E-25). Genotyping the HLA-
DRB1*15:01 can serve as means of genetic testing. 
The results of the study showed the potential to 
improve the safety profile of lumiracoxib by 
identifying individuals at high risk for hepatotoxicity. 
This interesting approach is being considered as a 
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possible means of re-introducing lumiracoxib to the 
market [6, 19]. 
 
Amoxicillin-clavulanate induced hepatotoxicity 
Amoxicillin-clavulanate (AC) is among the most 
commonly prescribed antimicrobials world-wide. 
Although it is generally well tolerated and the 
overall risk benefit is favorable, hepatotoxicity can 
occur rarely that appear to be due to the 
clavulanate component [49]. The largest GWAS on 
susceptibility to AC-induced hepatotoxicity with 201 
cases and 532 controls showed association with 
many loci in the HLA region [49]. The strongest 
effect was with rs9274407 (P = 4.8E-14), which is 
correlated with rs3135388, a tag SNP of HLA-
DRB1*15:01-DQB1*06:02. An independent 
association was also observed at rs2523822 (P = 
1.8E-10) in HLA region related to HLA-A*02:01. 
High-resolution HLA genotyping in 177 cases and 
219 controls confirmed previously shown 
associations of HLA-DQB1*06:02 (P = 5.0E-10) [49, 
57]. There are other GWAS reported on serious 
ADRs that discovered SNPs with genome-wide 
significance in combined analysis of the initial 
GWAS and replication studies. These include 
polymorphisms for epirubicin-induced leucopenia 
[58], ribavirin-induced anemia [59] and nevirapine-
induced skin rash [60]. There were also studies that 
focused on important drug toxicities that 
discovered SNPs with suggestive genome-wide 
significance, but follow-up studies with larger 
cohort will be required to prove the association. 
These include ximelagatran-induced hepatotoxicity 
[61], bisphosphonates-induced osteonecrosis of the 
jaw [62], allopurinol-induced severe skin reactions 
[63], antipsychotic drugs-induced extra-pyramidal 
side effects [64] and aromatase inhibitors-induced 
musculoskeletal adverse events [65]. 
 
Limitations of GWAS in pharmacogenomic studies  
In general, the possible false-positive results, 
requirement for large sample sizes, genotyping cost 
and insensitivity to rare variants are important 
limitations of GWAS [17]. Many of the design and 
analysis features of GWAS deal with minimizing the 
false-positive rates while maintaining power to 
identify true positive associations. This can be 
achieved to some extent if sufficient numbers of 
SNPs are carried over from the initial scan into 
replication studies involving adequate sample sizes 
[25]. An important short-coming for 
pharmacogenomic GWAS is the limited sample sizes 
for the initial GWAS and replication cohorts [21]. 
Large sample sets are generally not possible for 

pharmacogenomic outcomes as they usually include 
by definition both a trait (often with low prevalence) 
and a drug response phenotype (which further 
reduces the available study population). To address 
sample size limitations, researchers are currently 
combining resources and establishing global 
collaboration that supports large-scale GWAS [21]. 
By combining cohorts from multiple sites, 
pharmacogenomic GWAS could have higher power to 
detect and validate the risk variants.  GWAS 
approach is well powered to detect common variants 
with modest effect, but it is less effective in testing 
rare variants, a problem confounded by the DNA 
microarrays used in such studies that have been 
designed to capture common variations. If the risk 
variants are poorly interrogated on the genome-wide 
platforms, it is likely to miss important associations 
[66]. As the number of SNPs and diversity of 
population represented on genotyping platforms 
increase, the coverage of genetic variations in the 
human genome will become more complete, 
providing greater confidence that clinically important 
variants on pharmacogenomic traits will not be 
missed [21]. Since the cost of genome-wide 
genotyping continues to fall [67], the availability of 
low-cost genotyping platforms could make it feasible 
for undertaking more pharmacogenomic GWAS. 
 
Conclusion 
GWAS in the area of pharmacogenomics are 
increasing, and interesting discoveries have been 
emerged. The findings from some of these studies 
may potentially be used to develop genetic tests to 
predict therapeutic outcome or identify susceptible 
individuals for serious ADRs. Subsequent larger scale 
studies could increase the understanding of genetic 
factors that affect drug response. 
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