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Abstract
New opportunities for better understanding of drug responses and adverse drug reactions have
been created through the rapid evolution of high-throughput genotyping and next-generation DNA
sequencing technologies. The main goals of this thesis were to establish a framework for
collecting patient samples to enable the study of unusual drug responses and adverse drug
reactions, and to explore the application of next-generation DNA sequencing methods in a range
of pharmacogenetic and pharmacogenomic studies.
At the outset of this project, the pharmacogenetic aspects of international, direct-to-consumer
genetic testing companies were reviewed. This revealed that the services provided by these
companies were patchy and each company covered a varied range of drug-gene pairs. The chipor PCR-based methodology employed by the companies also meant that only the most common
variants were genotyped and this could affect the accuracy of phenotype prediction across
different ethnic groups. The value of these services was also limited by a lack of clear evidence
supporting their utility in the clinical setting. Nevertheless, it was concluded that these direct-toconsumer companies have played a useful role in educating the public - and indirectly the health
professionals - with regard to the potential, clinical application of pharmacogenetics.
A prototype biobank (called Understanding Adverse Drug Reactions Using Genomic Sequencing,
or UDRUGS) for the study of adverse drug reactions and unusual drug responses was established.
Via this biobank, samples were sourced by various routes and subjects were consented for genetic
analysis that ranged from candidate-gene to whole-exome sequencing. High-throughput genomic
sequencing generates incidental findings that could be of health significance; thus a method for
returning such findings to patients who agreed to it was established. UDRUGS cases formed the
basis of the genetic and genomic studies in this thesis. Subject recruitment is an actively ongoing
process. At the time of writing this thesis, a total of 37 participants had been recruited and in the
majority of the cases, metabolic deficiency (for instance defects in the cytochrome P450 enzymes)
appeared to be culpable for the reported adverse reactions.
Targeted Sanger DNA sequencing analysis proved revealing in a case of poor tolerance towards
the administration of venlafaxine monotherapy, and that of a combined regimen of nortriptyline
and fluoxetine. Novel CYP2D6*81 and CYP2C19*34 alleles were identified by Sanger
sequencing. CYP2D6*81 creates a premature stop signal in the fifth exon of the CYP2D6 gene,
probably causing the formation of a non-functional, truncated protein. The effect of CYP2C19*34
was less clear-cut, as the allele is composed of an upstream variant and two non-synonymous
variants located near the translation start site. This allele was co-identified alongside the common
CYP2C19*2 null allele. Long-range haplotype analysis, spanning a 19.5-kb region, showed that
the three variants occurred on a separate allele from CYP2C19*2. It was noteworthy that this
participant was of Gujarati descent and it is possible that the identified variants may represent
CYP2D6 and CYP2C19 alleles specific to this population.
Recognising the important roles of CYP2D6 and CYP2C19 in drug response, a next-generation
amplicon sequencing assay was designed for the comprehensive genotyping of the two genes in
large numbers of clinical samples. CYP2D6 was contiguously amplified by long-range PCRs (6.6kb) whereas three triplex PCRs were set up to amplify nine short amplicons covering the promoter
region and all exons of the CYP2C19 gene. A total of 96 samples were included in the first
assessment of the assay, which was run on the MiSeq® platform. High-quality data were
generated with 100% agreement with the Sanger sequencing data for 19 control samples that were
also included. However, several drawbacks of the assay, namely the tedious and costly nature of
v
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the PCR-based library construction steps and the coverage variation observed for CYP2D6, need
to be addressed in follow-up experiments. The compatibility of this assay with a novel sequencing
device, the MinIONTM (Oxford Nanopore Technologies, Oxford, UK), which detects DNA bases
by disruptions of ionic current as the DNA strands are drawn through an array of nano-scale
membrane pores, was also partially tested.
The choice of PCR microtubes was found to have a significant impact on the success of longrange PCRs used for examining the CYP2D6 gene. Coloured microtubes purchased from Neptune
Scientific (Biotix, Inc., San Diego, CA, USA) performed poorly in comparison with those
obtained from other suppliers. It is possible that chemical compound(s) leached from the
microtubes upon heating and inhibited PCR amplification, although a definitive conclusion was
not possible.
Whole-exome sequencing and array-based comparative genomic hybridisation were applied to
explore the hypothesis that rare coding variants or structural variants contribute to a thiopurine
hypermethylation phenotype seen in a proportion of inflammatory bowel disease patients treated
with thiopurine drugs. In the exome data of twelve patients, four genes (SLC17A4, RCC2, NFS1
and ENOSF1) were noted to harbour rare and potentially deleterious variants that occurred at a
higher-than-expected frequency (p <0.05). The role of pathogenic copy-number aberrations and
the contribution of 52 a priori candidate genes to the phenotype was found to be insignificant.
Further understanding of the genetic architecture of this trait would likely require the collection of
many more cases and controls, in the context of a genome-wide association study.
In a New Zealand cohort of acute coronary syndrome patients, CYP2C19*2 was shown to have a
substantive influence on clopidogrel responsiveness whereas the effect of *17 was less obvious.
Eleven outliers with at least one intact CYP2C19 gene copy but very high residual platelet
reactivity (≥90 U) were selected for whole-gene sequencing; no additional mutations were
identified. Overall this suggested that in certain instances, non-genetic factors predominated over
the effect of CYP2C19 polymorphisms.
This work has demonstrated that a variety of DNA sequencing technologies can be valuable tools
for elucidating the genetic underpinnings of unusual ADRs or complex drug responses. It is
foreseeable that the progressive advancement of next-generation sequencing technologies will
continue to generate new knowledge in pharmacogenetics or pharmacogenomics, and perhaps
make possible the pre-emptive identification of genetic variants that predispose to unusual drug
responses or adverse reactions.
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Chapter 1: General introduction
1.1 Pharmacogenetics/pharmacogenomics
1.1.1 Introduction
Picture the following scenario: a physician is about to prescribe codeine to a patient that he has
just seen at his clinic. When accessing the electronic prescribing system, he receives a message
notifying that the patient is a CYP2D6 poor metaboliser, along with accompanying
recommendations that other classes of analgesics should be considered. Knowing that codeine is
likely ineffective in individuals lacking CYP2D6 activity, which is required for conversion of the
drug into its active metabolite, the physician then decides to replace it with another analgesic.
Such a scenario illustrates the promising utility of pharmacogenetics in the clinical setting, and is
not merely a figment of imagination. In fact, the clinical implementation of pharmacogenetics is
now being tested in a number of projects such as the Translational Pharmacogenetics Project
(HICKS et al. 2012; SHULDINER et al. 2013), the Personalized Medicine Program at University of
Florida (WEITZEL et al. 2014), and the 1200 Patients Project at the University of Chicago
(https://cpt.uchicago.edu/page/1200-patients-project). Typically, only pharmacogenes with a
strong level of supporting evidence are selected for inclusion in the programs. For instance, within
the Personalised Medicine Program, pre-emptive CYP2C19 testing was initially trialled (WEITZEL
et al. 2014), because the correlation between defective CYP2C19 polymorphisms and clopidogrel
responsiveness is well-defined. Judicious selection of a limited set of highly relevant
pharmacogenes may help to ease the incorporation of pharmacogenetic testing into clinical care,
at initial stages.
1.1.2 Definitions
Pharmacogenetics is the study of inherited inter-individual variability in drug repsonse and the
utilisation of this information to tailor pharmacological therapy. For the purpose of this thesis, the
term pharmacogenetics is used when only a few genes are considered in regard to a particular
phenotype, and pharmacogenomics is used when a large number of genes are implicated.
1.1.3 A brief historical perspective
Over the past 100 years, the field of pharmacogenetics has grown from a mere speculation over
“chemical individuality”, proposed by Sir Archibald E. Garrod, to a well-appreciated discipline
that encompasses a diverse array of drug-gene associations. Early empirical evidence originated
from an inadvertent observation that some individuals were unable to taste phenylthiocarbamide
(‘taste blindness’) (MEYER 2004). Then, the first instance depicting the variable metabolism of a
therapeutic agent was reported in 1953. This pioneering work characterised isoniazid acetylation
in monkey and human subjects, and illustrated several universal aspects of drug metabolism, in
that isoniazid was converted to a more water-soluble hydrazine derivative which was renally
excretable, and the process served to inactivate the parent compound (HUGHES 1953). The
importance of pharmacogenetics in drug therapy was promptly recognised by others (MOTULSKY
1957). Sixty years following the first discovery of “slow” and “rapid” isoniazid acetylation, which
is due to several polymorphisms in the N-acetyltransferase 2 gene, the benefits of integrating this
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knowledge into drug treatment were verified in a randomised controlled trial. The clinical trial
showed that “slow acetylators” receiving adjusted doses of isoniazid experienced a lower
incidence of drug-induced hepatic injury; whereas in “rapid acetylators”, a higher rate of
therapeutic success was attained with augmented drug doses (AZUMA et al. 2013). Another
pharmacogenetic trait that is of broader significance is the deficiency in glucose-6-phosphate
dehydrogenase (G6PD) activity, first identified in 1956 (ALVING et al. 1956). G6PD deficiency is
an exemplar of how pharmacogenetic principles could influence medical practice. The trait affects
multiple drugs, such as primaquine and rasburicase, and its severity varies according to the
underlying mutations. In severely G6PD-deficient individuals, those drugs should be avoided to
prevent haemolytic anaemia (BEUTLER 1996).
Various other initiatives have also contributed to the growth of pharmacogenetics; these include
the large-scale efforts to sequence and thoroughly characterise the human genome (ANONYMOUS
1995; LANDER et al. 2001; VENTER et al. 2001). These projects have generated fundamental
insights into the make-up of the human genome and its potential biological significance. The
availability of a standard, comprehensive reference genome facilitates, to a great extent, the
cataloguing and annotation of pharmacogenetic variants that could be functionally meaningful.
Subsequently, advances in genotyping and sequencing technologies propelled the completion of
the HapMap Project and the 1000 Genomes Project. Both initiatives were aimed at delineating the
underlying haplotype structure of the human genome, but the latter was directed more towards
variant discovery by utilising high-throughput sequencing technologies (INTERNATIONAL HAPMAP
CONSORTIUM 2005; ABECASIS et al. 2010; ABECASIS et al. 2012). The 1000 Genomes Project has
uncovered a myriad of novel variants within the population groups from Europe, East Asia, South
Asia, West Africa, and the Americas (ABECASIS et al. 2010; ABECASIS et al. 2012). For instance,
during the pilot phase, the number of novel single-nucleotide variants (SNVs) amounted to eight
million across genomes (or 55% of all recorded SNVs). On an individual level, the number of
mismatches to the current reference genome was estimated to range from 20,000 to 23,000 within
the coding regions.
Although much has been learnt from the detailed analysis of human genomes and the architecture
of inherited traits over the past decade, two key findings of the 1000 Genomes Project are of
primary importance for the work in this thesis. First, we all harbour a high load of variants that
could, to various degrees, affect important biological pathways, and thus our response to drug
treatment. Second, rare (<0.5%) or low-frequency (0.5-5%) variants tend to segregate within
populations or geographical confines. These variants are probably of functional significance and
may explain the ethnicity-dependence of some drug responses (ABECASIS et al. 2010; ABECASIS et
al. 2012).
1.2 The cytochrome P450 enzymes: CYP2D6 and CYP2C19
The cytochrome P450 enzymes superfamily (commonly abbreviated as CYP) were so named
when researchers observed that liver microsomes, following treatment with a reducing agent,
reacted with carbon monoxide to produce a characteristic absorbance peak at 450 nm in the
difference spectrum. Based on spectral patterns, the enzymes were postulated to have a haem-like
core structure, hence their classification as “haemoproteins” (KLINGENBERG 1958; OMURA and
2
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SATO 1964). The nomenclature of a P450 gene complies with the following rules: the prefix “CYP”
denotes cytochrome P450; the ensuing letter and Arabic number designate the gene’s family and
subfamily, respectively; and the ultimate Arabic number represents gene number. Classification of
P450 genes into a family requires the encoded proteins to share at least 40% amino acid identity
(NEBERT et al. 1991). Historically, human P450 enzymes were important for their role in
detoxifying extraneous plant compounds, but this function is presumed to have partially lost its
relevance when humans evolved to adapt to dietary and environmental changes. The lessened
dependence on these enzymes and their increasingly non-essential nature, as our diets changed,
permitted the survival of a multitude of deleterious P450 polymorphisms, and consequently some
of the CYP450 genes are amongst the most polymorphic in the human population (NEBERT 1997).
P450 enzymes are present in numerous animal species and they principally catalyse oxidative
reactions, which constitute the first phase of drug metabolism (NELSON et al. 1996; NEBERT 1997;
LEWIS et al. 1998). A large number of drugs, after all, are derived from plant compounds
(BALUNAS and KINGHORN 2005). Two P450 enzymes of particular relevance to this thesis are
CYP2D6 and CYP2C19, which metabolise numerous medications such as tricyclic
antidepressants (GARDINER and BEGG 2006). A simplified depiction of the first-phase oxidative
reaction is shown below (LEWIS et al. 1998):

Molecular characterisation of the CYP2D6 and CYP2C19 genes was preceded by in vivo
discoveries of inter-individual differences in drug disposition. Debrisoquine, when administered
to healthy subjects, was noted to cause markedly different hypotensive responses between
subjects, in accordance with their ability to metabolise the drug (ANGELO et al. 1975). Such interindividual differences in debrisoquine metabolism were further recognised in subsequent
population and family studies. By measuring the relative concentrations of debrisoquine and its
metabolite in the urine, individuals lacking the ability to hydroxylate debrisoquine were identified
as “non-metabolisers”. The metabolic inadequacy was also found to be inherited in a fashion that
conformed to a monogenic, autosomal-recessive model (MAHGOUB et al. 1977; IDLE et al. 1979).
However, at the time it was not known that CYP2D6 was the implicated gene. Polymorphic
metabolism of other drugs known to be CYP2D6 substrates, namely sparteine and bufuralol, was
similarly discovered (EICHELBAUM et al. 1979; GUT et al. 1984; GUT et al. 1986; ZANGER et al.
1988). The prevalence of deficient sparteine oxidation was reported to be about 5% among
Caucasians and the trait was inherited in a pattern identical to that seen for debrisoquine
metabolism (EICHELBAUM et al. 1979). Studies of bufuralol hydroxylation produced clues to
stereospecific CYP2D6-substrate interaction (GUT et al. 1984; GUT et al. 1986; ZANGER et al.
1988).
Initial methods for the identification of CYP2D6 polymorphic forms entailed XbaI restriction
digestion of genomic DNA and Southern blot analysis with cDNA probes, and the results were
often somewhat ambiguous. Nevertheless, such work provided early evidence of CYPD6
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polymorphisms that underpinned the variability previously observed in debrisoquine or sparteine
metabolism (SKODA et al. 1988). Subsequently, complete sequences of CYP2D6 and related
pseudogenes, CYP2D7 and CYP2D8, were determined in an individual known to be an extensive
metaboliser (“wild-type”). The resultant CYP2D6 sequence has since served as the standard
reference against which existing and novel polymorphisms are annotated (KIMURA et al. 1989),
despite sequencing errors in this reference that were subsequently noted (GAEDIGK et al. 2005).
Of the three CYP2D genes, only CYP2D6 encodes a functional enzyme. CYP2D7 encodes a
truncated protein that terminates prematurely in the fifth exon, owing to the presence of a frameshifting T-insertion in the first exon. CYP2D8 harbours multiple premature stop signals and
insertions/deletions (indels) in its exons. The degree of sequence similarity between the three
genes is high. CYP2D6 and CYP2D7 share nucleotide identity that varies from 74% to 100%
across their upstream regions, introns, exons, and 3’-flanking regions. Likewise, the reported
sequence similarity between CYP2D6 and CYP2D8 ranges from 77% to 97% (KIMURA et al.
1989).
Complete sequencing of the CYP2D genes facilitated the identification of a large number of
allelic variants in the CYP2D6 gene. These alleles represent a diverse collection of SNVs, indels,
and gross structural aberrations (Figure 1.1). The analysis of chimeric gene structures is
particularly complex because the exact breakpoint is often difficult to determine. At present, to
comprehensively genotype the CYP2D6 gene, various long-range polymerase chain reaction (PCR)
strategies are required in order to avoid co-amplification of the CYP2D7 and CYP2D8 genes;
these PCRs are also targeted at detecting the presence of cross-over event(s) involving large-scale
exchange of gene segments, and characterising the resultant gene structures in fine detail (STEEN
et al. 1995; LOVLIE et al. 1996; STUVEN et al. 1996; GAEDIGK et al. 2005; GAEDIGK et al. 2010).
Hence, the CYP2D cluster is often regarded as a recalcitrant gene locus that is not amenable to
automated analysis on a high-throughput platform (DROGEMOLLER et al. 2013).
The elucidation of the intrinsic defects in debrisoquine metabolism quickly advanced our
understanding of pharmacogenetics. It was becoming increasingly obvious that drug disposition is
regulated in a highly substrate- and gene-specific manner, as more polymorphic loci were
uncovered. Hydroxylation deficiencies in mephenytoin and debrisoquine metabolic pathways
appeared related, but were demonstrated to be independent traits that were governed by different
gene loci (KUPFER and PREISIG 1984). Efforts to identify the gene that encodes “mephenytoin
hydroxylase” prompted the characterisation of CYP2C genes (ROMKES et al. 1991), and the
confirmation of CYP2C19 as the primary enzyme that mediates mephenytoin hydroxylation
(GOLDSTEIN et al. 1994). As expected, members of the CYP2C family closely resemble each other;
their coding sequences consist of highly conserved regions interspersed with variable residues,
which account for the differences in substrate specificity between CYP2C members. CYP2C19
was noted to share 92% amino acid identity with CYP2C17 and CYP2C9 (ROMKES et al. 1991).
Further investigation into the gene’s sequences uncovered natural coding variants that are likely
innocuous (RICHARDSON et al. 1995), leading to the identification of several “variants” with wildtype properties. Unlike CYP2D6, no structural variation has yet been reported for CYP2C19.
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Figure 1.1. Structural rearrangement at the CYP2D locus leading to CYP2D6 deletion, duplication,
and hybrid alleles [redrawn based on ref. (LOVLIE et al. 1996; PANSERAT et al. 1995)]. Though
not shown in the figure, the cross-over event causing whole-gene deletion or duplication could
also occur exclusively between the repeats close to the CYP2D7 gene (STEEN et al. 1995).
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Because of the increasing number of alleles reported for CYP2D6 and CYP2C19, efforts were
undertaken to document these variants systematically, leading to the formation of the Human
Cytochrome P450 (CYP) Allele Nomenclature Committee, alongside an associated online
database that can be accessed at http://www.cypalleles.ki.se/ (SIM and INGELMAN-SUNDBERG
2010). By standardising the nomenclature of CYP variants, this initiative has greatly eased the
cataloguing of existing or novel variants that could be functionally relevant, and also
communication of this information within the pharmacogenetics community. Each variant
haplotype, defined by a cluster of single-nucleotide changes and/or indels, is assigned a star (*)
allele number, sometimes followed by a letter to designate a sub-allele; or ×N to indicate the
number of gene copies where appropriate (DALY et al. 1996). For instance, CYP2D6*4A to
CYP2D6*4P represent fourteen distinct haplotypes that share a common allele-defining variant,
rs3892097. In addition, all variants are commonly named by their relative position to the
translation start site, alongside the nucleotide change, such as 80161A>G, which is located in
CYP2C19 exon 7. The distribution of CYP2D6 and CYP2C19 polymorphisms varies substantially
between populations, making genotype determination a difficult task. This is particularly true of
the CYP2D6 gene, for which more than 100 alleles have been recorded thus far. CYP2D6*4, the
most common null allele in Caucasians (Table 1.1), involves a guanine-to-adenine transition
within the intron 3-exon 4 boundary, thereby shifting the position of the consensus “AG” acceptor
site,
illustrated
as
follows:
5’-CCACCCCCAGGACGCCCCTT-3’
to
5’CCACCCCCAAGACGCCCCTT-3’. This causes deletion of one nucleotide from the fourth exon
and alters the ensuing reading frame, resulting in the production of a protein that was not
recognizable by Western blot analysis (GOUGH et al. 1990; HANIOKA et al. 1990; KAGIMOTO et al.
1990). CYP2D6*3 is also characterised by a frame-shifting variation, wherein an adenine
nucleotide is deleted from the fifth exon (KAGIMOTO et al. 1990). As shown in Table 1.1, both
CYP2D6*3 and *4 are rare in the Asian populations.
While the effects of null alleles are relatively clear-cut, those of decreased- or increased-function
alleles are more subtle and difficult to define. CYP2D6*9 was initially reported in two phenotypic
poor metabolisers (TYNDALE et al. 1991). By Western blot analysis of liver microsomes, a variant
CYP2D6 protein, which migrated slower than the native protein, was detected. Analysis of cDNA
sequences revealed that this protein lacked a lysine residue at position 281, corresponding to the
3’-end of the fifth exon. When expressed in vitro, this isoform was found to be catalytically active
towards sparteine, debrisoquine, and bufuralol, in contrast with the observation that enzymatic
activity was impaired in vivo. It was postulated that the decrease in enzyme function was due to
intrinsically lower hepatic expression of CYP2D6.9 compared with that of the wild-type protein,
but the mechanism that could have altered CYP2D6 expression remains unclear (TYNDALE et al.
1991; BROLY and MEYER 1993).
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Table 1.1. The frequencies of CYP2D6 alleles reported in different populations and selected
studies.1,2
German
Caucasians
(n=589)
(SACHSE et al.
1997)
0.364
0.324
0.020
0.207
0.009
<0.001
0.000
0.018
0.015
0.000
NT
NT
0.019

German
Caucasians
(n=195)
(GRIESE et al.
1998)
0.356
0.285
0.010
0.195
0.013
0.003
0.003
0.020
0.020
NT
0.000
NT
0.015

Europeans
(n=672)
(MAREZ et al.
1997)3

Japanese (n=162)
(KUBOTA et al.
2000)

Japanese (n=206)
(NISHIDA et al.
2000)

CYP2D6*1
0.341
0.401
0.430
CYP2D6*2
0.327
0.129
0.123
CYP2D6*3
0.017
0.000
NT
CYP2D6*4
0.172
0.000
0.002
CYP2D6*6
0.012
NT
NT
CYP2D6*7
0.001
NT
NT
CYP2D6*8
0.001
0.000
NT
CYP2D6*9
0.027
NT
NT
CYP2D6*10
0.015
0.386
0.381
CYP2D6*14
NT
0.022
0.007
CYP2D6*17
0.001
0.000
NT
CYP2D6*18
NT
0.000
0.002
Ultra-rapid
NT
NT
0.010
metabolism
Whole-gene
0.020
0.041
0.069
0.062
0.045
deletion
(CYP2D6*5)
1
This table is based largely on the allele-frequency table published by PharmGKB at:
https://www.pharmgkb.org/haplotype/PA165816576#tabview=tab3&subtab=
2
Functional alleles: *1, *2; reduced-function alleles: *9, *10, *17; loss-of-function alleles: CYP2D6*3-*8, *14, *18.
3
Selection of study participants was non-random and resulted in a mix of healthy volunteers and individuals with
various diseases. The calculation of allele frequencies was accordingly adjusted so that the resultant values can be
extrapolated to the general population.
Abbreviation: NT, not tested
Notes: The allele frequencies of CYP2D6*4 and *10 in Han Chinese individuals are 0.008 and 0.7, respectively
(WANG et al. 1993).

CYP2D6*10 is the prevalent reduced-function allele in the Oriental populations (Table 1.1).
The allele is marked by a proline-to-serine substitution at position 34, within a proline-rich region
(“Pro/Ser-Pro-Gly-Pro-Leu-Pro-Leu-Pro”) in CYP2D6 exon 1. This region is common among the
CYP enzymes, acting as a “hinge” between the membrane-anchoring sequences and the
cytoplasmic portions of these enzymes. The loss of the first proline residue from the amino acid
motif results in a protein with an erroneous conformation that impedes haem incorporation. Upon
analysis by difference spectroscopy, the protein exhibited a slightly altered P450 spectrum,
indicative of atypical folding (YAMAZAKI et al. 1993; YOKOTA et al. 1993; YU et al. 2002). The
effect of CYP2D6*10 was also found to be substrate-dependent, varying from being catalytically
inactive towards codeine, to retaining 1%, 2%, and 10% of the wild-type activity for
dextromethorphan, fluoxetine, and bufuralol, respectively (YU et al. 2002; SAKUYAMA et al.
2008). Hence, compared with CYP2D6*9, the diminishing effect of CYP2D6*10 on protein
function is more pronounced. Carriage of two CYP2D6*10 alleles does not produce enzymatic
activity equivalent to one fully functional allele (KUBOTA et al. 2000). This is in striking contrast
with CYP2D6*9, which, when present in the homozygous state, is sufficiently active to confer
extensive metabolic status (GRIESE et al. 1998).
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Besides such substrate-specific effects, CYP2D6 function is also influenced by distant regulatory
elements. CYP2D6*2 is listed by the Human CYP Allele Nomenclature Committee as an allele
that predicts “normal” activity. However, CYP2D6*2 has been consistently shown to impair
enzyme function (SACHSE et al. 1997; GRIESE et al. 1998; MARCUCCI et al. 2002; YU et al. 2002;
SAKUYAMA et al. 2008); but the magnitude of the effect differs considerably between studies.
Some studies reported near-normal activity (MARCUCCI et al. 2002; SAKUYAMA et al. 2008),
whereas in others slight to substantial reductions in enzyme function were observed (SACHSE et al.
1997; GRIESE et al. 1998; YU et al. 2002). This discrepancy may be accounted for by the different
probe substrates or protein expression systems employed in these studies; however it clearly
highlights the fact that genotype-based prediction of CYP2D6 phenotype is complicated. A recent
study reported that the CYP2D6*2-defining variant, rs16947, decreases CYP2D6 expression by
altering mRNA splicing (WANG et al. 2014). This effect is counteracted by distant enhancer
variants which are in partial linkage with rs16947; thus these variants must be genotyped
concomitantly to enable more accurate phenotype assignment. For instance, the presence of
rs16947 alone would possibly result in an intermediate-metaboliser phenotype; whereas
individuals carrying both rs16947 and the enhancer variants would likely be extensive
metabolisers (WANG et al. 2014). However, the clinical relevance of such a genotyping approach
has yet to be ascertained.
The occurrence of CYP2D6 alleles with enhanced activity adds another layer of complexity to the
analysis of the gene. Thus far, increased-function alleles are known to arise through a variety of
mechanisms, the most well-studied of which is whole-gene duplication or multiplication. For
instance, massive multiplication, generating twelve functional gene copies, was reported in a
Swedish individual with ultra-fast nortriptyline metabolism (JOHANSSON et al. 1993; DALEN et al.
1998). A second cause of increased activity is variation within the substrate recognition site of the
enzyme, which may enhance enzyme-substrate binding and expedite subsequent metabolic
reaction (EBISAWA et al. 2005; SAKUYAMA et al. 2008). Third, enhancer variants as described
above, are predicted to produce an ultra-rapid metaboliser phenotype (WANG et al. 2014). Of the
three mechanisms, only whole-gene multiplication has been examined in the clinical setting; the
first such report described two individuals who possessed multiple CYP2D6 genes and thus
required much more aggressive dosing of nortriptyline and clomipramine, respectively
(BERTILSSON et al. 1993). However, current long-range PCR techniques used to detect wholegene multiplication are non-quantitative. Consequently, additional analysis such as quantitative
real-time PCR is required to determine the exact number of gene copies (RAMAMOORTHY et al.
2010). It may be important, from the molecular point of view, to precisely quantitate CYP2D6
gene copies. Nevertheless, the therapeutic benefits gained from this information are uncertain.
The gene-dose effect on the elimination of nortriptyline was noted to plateau at a threshold of
three or four active genes, beyond which the half-life of the drug stayed somewhat constant
(DALEN et al. 1998).
Compared with CYP2D6, the phenotype of CYP2C19 is much more genotypically predictable
(GOLDSTEIN et al. 1997), probably because the gene is also less polymorphic. To date, the number
of CYP2C19 alleles documented in the Human CYP Allele Nomenclature Database is
approximately one-third of that for the CYP2D6 gene. The CYP2C19 poor-metaboliser phenotype
8
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can be largely explained by two alleles, namely CYP2C19*2 and *3 (Table 1.2). Both alleles
result in the synthesis of a non-functional, truncated protein devoid of the haem moiety.
CYP2C19*2 involves a guanine-to-adenine transition that creates a cryptic splice site in exon 5,
leading to a frame shift and truncation due to a premature stop codon in the same exon. Similarly,
CYP2C19*3 is marked by a single-nucleotide change, also from guanine to adenine, that causes
protein translation to terminate early in exon 4 (DE MORAIS et al. 1994a; DE MORAIS et al. 1994b).
Ultra-high CYP2C19 function is mediated via enhanced gene expression, as reported for the
CYP2C19*17 allele. The enhancing effect originates from a variant in the upstream region,
rs12248560 or -806C>T; the variant T allele is hypothesised to form a novel binding site for
hepatic nuclear protein(s) that promote gene transcription. An increase in enzymatic activity was
consistently demonstrated using different probe substrates. Individuals carrying two CYP2C19*17
alleles were able to hydroxylate omeprazole twice as fast as those who were homozygous for
CYP2C19*1; whereas for the metabolism of mephenytoin a larger increase of four-fold was
reported (JOHANSSON et al. 1991; CHANG et al. 1995; SIM et al. 2006). In spite of its activityenhancing effect, CYP2C19*17 cannot compensate for the loss of enzyme function in individuals
also harbouring CYP2C19*2 or *3 (SUGIMOTO et al. 2008).
Table 1.2. The frequencies of CYP2C19 alleles reported in different populations and selected
studies1,2,3.
Japanese (n=53)

ChineseEuropean
Taiwanese
Americans
(n=118)
(n=105)
(GOLDSTEIN et al. 1997)
CYP2C19*1
0.67
0.63
0.87
CYP2C19*2
0.23
0.32
0.13
CYP2C19*3
0.104
0.055
0.00
CYP2C19*17 NT
NT
NT
Abbreviations: NT, not tested; NA, not applicable

European
Caucasians
(n=2,712)
(XIE et al. 1999)
0.853
0.147
<0.001
NT

Swedish Caucasians
(n=314)
(SIM et al. 2006)
NA
NT
NT
0.18

1

The prevalence of CYP2C19*17 is much lower in the Chinese and Japanese population, with reported allele
frequencies of 0.044 (n=68) and 0.013 (n=265), respectively (SIM et al. 2006; SUGIMOTO et al. 2008).
2
Functional allele: *1; loss-of-function alleles:*2, *3; gain-of-function allele: *17.
3
CYP2C19*4 and *5 are two important rare alleles that also cause poor metabolism. The allele frequency of
CYP2C19*5 was reported to be lower than 1% in Caucasian and Chinese individuals; whereas that of CYP2C19*4
was determined to be 0.6% in the Caucasian population (XIAO et al. 1997; FERGUSON et al. 1998; IBEANU et al. 1998).
!

1.3 Next-generation DNA sequencing technologies
1.3.1 Historical perspective
Early forms of DNA sequencing techniques were very laborious and relatively inefficient with a
low sequencing throughput (SANGER et al. 1973). The year of 1977 saw the development of two
landmark DNA sequencing techniques, both of which relied on radiolabelling and electrophoretic
separation of labelled fragments on acrylamide gel, followed by autoradiographic imaging to
reveal nucleotide identity within the sequence of interest (MAXAM and GILBERT 1977; SANGER et
al. 1977). The technique proposed by Maxam and Gilbert in early 1977 required the radiolabelled
DNA fragments to be first cleaved by chemicals that targeted specific bases. Parallel
electrophoresis of base-specific cleavage products gave rise to informative band patterns, based
on which the original DNA sequences could be deduced. With this method the obtainable DNA
sequences were however only up to 100 bases long.
9
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The chain-termination technique reported by Frederick Sanger later in the same year extended the
read length to 300 bases; this technique is often dubbed ‘Sanger sequencing’ in reference to its
inventor. In the proposed scheme, enzymatic extension of primed double-stranded template was
stochastically terminated by incorporation of radiolabelled dideoxyribonucleoside triphosphates
(ddNTPs), resulting in pools of products that varied in size and represented the occurrences of
specific bases within the sequence in question (SANGER et al. 1977). This technique has gone
through several modifications to achieve its current form. These changes included: transition from
use of double- to single-stranded templates, and use of Taq polymerase for cycle sequencing
(MURRAY 1989); use of distinct fluorophores permitting simultaneous analysis of all bases in a
single reaction (SMITH et al. 1986; METZKER et al. 1996); and replacement of slab gels with
acrylamide-filled capillary columns (CARRILHO et al. 1996), rendering the technique more
amenable to automation and also enabling longer sequences of about 1000 bases to be acquired.
These innovations enabled initial sequencing of the human genome (LANDER et al. 2001; VENTER
et al. 2001).
Despite these improvements, massive parallelisation was still not possible for the chaintermination method, being constrained by its requirement for electrophoretic separation of
sequencing fragments. This prompted a search for alternative techniques, leading to the invention
of the sequencing-by-synthesis (SBS) method, whereby sequence information is captured almost
instantaneously as base incorporation occurs (HYMAN 1988). Generally, the core NGS workflow
is initiated by the in vitro creation of sequencing “clones” or “clusters” that are a requisite for
intensified signals; sequencing events then occur on a dense, miniature solid surface already
populated by the clonal templates, giving out base-incorporation signals that are captured and are
later translated into DNA sequences (METZKER et al. 1994; NYREN et al. 1993; RONAGHI et al.
1996; RONAGHI et al. 1998; MITRA and CHURCH 1999; MITRA et al. 2003; SHENDURE et al. 2005).
The length of DNA sequences that can be determined by SBS-based techniques is typically short
in the range of 200-400 bases. With SBS, read-length is limited by a phenomenon termed
“dephasing”, wherein template molecules within a clone or cluster do not extend in a synchronous
manner, thereby reducing the signal-to-noise ratio. Dephasing is typically worse in late cycles,
which imposes a limit on the number of extensions that can be carried out and thus, the attainable
read length (BRASLAVSKY et al. 2003; METZKER 2010).
The earliest second-generation sequencing technology made commercially available was the
Roche 454-sequencing platform (MARGULIES et al. 2005). Currently available commercial
platforms each have their own limitations and characteristic sequence error models and these have
been thoroughly reviewed (SHENDURE and JI 2008; METZKER 2010; SCHADT et al. 2010; MARDIS
2013). For this thesis, two sequencing platforms, available from Illumina Inc. and Life
Technologies respectively, are most relevant and will be briefly described below.
The family of sequencers developed by Illumina Inc., including MiSeq® and HiSeq®, are powered
by the ‘cyclic reversible termination’ mechanism (Figure 1.2). Sequencing events occur in a
cyclical fashion on a miniature solid surface, where millions of DNA fragments are immobilised.
Complementary base addition is tightly controlled by the use of nucleotide analogues linked with
both a fluorophore and a blocking group, permitting only single-base incorporation in each cycle.
10
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This drastically improves the sequence resolution within the homopolymeric regions, by curbing
multiple additions of identical bases. Following nucleotide incorporation, wash, and imaging, the
fluorophore and the blocking group are removed, allowing DNA synthesis to proceed in
subsequent cycles. Each type of nucleotide is identified by a distinctive colour signal, as
illustrated in Figure 1.2 (METZKER 2010).
In contrast with the complex sequencing chemistry employed by Illumina Inc., the design of the
Ion TorrentTM sequencer seems relatively simple, giving it the advantage of a faster, more costefficient and more scalable sequencing mechanism (SCHADT et al. 2010). Base addition is
monitored by the release of protons during DNA synthesis in a semiconductor device (ROTHBERG
et al. 2011). Without restriction, multiple nucleotide incorporations are permitted per cycle.
Consequently, sequence data generated using this technology often contain a high rate of spurious
indels (BRAGG et al. 2013), notably in comparison with MiSeq® (JUNEMANN et al. 2013). Now,
third-generation sequencing technologies with the promise of a much longer read length [≥ 1
kilobase (kb)] have begun to emerge (SCHADT et al. 2010). These novel technologies generate
sequences directly from single molecules instead of consensus signals within template clones,
thereby eliminating the dephasing phenomenon that limits the read length for the Ion TorrentTM
and MiSeq® platforms.
1.3.2 Whole-exome sequencing
NGS has proven to be a powerful sequencing tool, with early platforms enabling the sequencing
of the entire human genome within merely two months (BENTLEY et al. 2008; WHEELER et al.
2008). Targeted sequencing panels have since been designed to suit various research applications.
One such important targeted panel is whole-exome sequencing (WES), which enables
simultaneous sequencing of all protein-coding regions within the genome (BIESECKER and GREEN
2014). The technique has just recently been used in pharmacogenomics research to identify
several novel markers for drug response (PRICE et al. 2012; TAMMISTE et al. 2013; TIWARI et al.
2014; WAGLE et al. 2014). Compared with whole-genome sequencing (WGS), WES is more
accessible, affordable and more manageable in regard to its data volume. Moreover, the proteincoding regions harbour variants that have a greater penetrance and thus, are more probable
candidates for being causative.
The first sequencing study of coding regions that approached the exomic scale was achieved by
Sanger sequencing, and was aimed at investigating the mutational profiles of colorectal and breast
cancers. In this seminal study, 22 colorectal and breast cancer samples, and two normal samples,
were analysed. A total of 135,483 individual PCRs were performed for each sample, generating
more than three million amplicons that were subsequently sequenced by the chain-termination
chemistry (SJÖBLOM et al. 2006). Though the study demonstrated that such a sequencing strategy
could identify potential driver mutations in cancers, the enormous amount of effort that was
entailed and the resources required meant such an approach was out of reach for all but a few
major sequencing laboratories. Indeed, it was referred to as a “brute-force” approach by those
who later refined and streamlined the method by exploiting NGS-based techniques (NG et al.
2009b).
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Recognising the limitations of the chain-termination method in demanding sequencing
experiments, other researchers sought to circumvent the singleplex-PCRs-then-sequencing
workflow by, for instance, coupling highly multiplexed PCRs with NGS technology. One
immediately obvious caveat was that combining a large number of primer pairs would
compromise amplification specificity. To overcome this, a probe-based strategy was adopted to
enrich desired regions in a pool of restriction-digested DNA fragments. Briefly, oligonucleotides
with flanking, target-specific sequences were used to capture the regions of interest and also
introduce universal sequences for subsequent enrichment, obviating the requirement for numerous
primer pairs (DAHL et al. 2007). A variant of the method, employing similarly constructed probes
(“molecular inversion probes”), however, suffered a high rate of capture failure (PORRECA et al.
2007; TURNER et al. 2009), and the reported capture efficiency was lower than that of array-based
methods (MAMANOVA et al. 2010). Nevertheless, by placing target-specific sequences at either
end of an oligonucleotide probe, the molecular-inversion method enabled capture of strictly
defined regions, thereby reducing variability observed in array-based approaches, which could be
contaminated by a substantial amount of inadvertent off-target sequences.
Three initial reports on array-based enrichment were published in the same year (ALBERT et al.
2007; HODGES et al. 2007; OKOU et al. 2007). These methods were all derived from a similar
workflow. First, DNA was physically sheared to an average size of 300 or 500 base pairs (bp).
Then, “linker” or “adaptor” sequences were added, by ligation, to either end of a fragment.
Ligated DNA fragments were subsequently hybridised to a dense population of oligonucleotide
probes attached onto a microarray. These probes were typically more than 50 bases long, and
were made up of contiguous, non-flanking target-specific sequences. Finally unbound fragments
were removed by stringent washing and captured fragments were eluted and further enriched by
PCR amplification, in preparation for sequencing on an NGS platform. The work by Hodges and
colleagues was the most ambitious of the three preliminary studies (ALBERT et al. 2007; HODGES
et al. 2007; OKOU et al. 2007). In the first trial, they successfully captured 204,490 genome-wide
targets with seven microarrays and generated more than four million 26-nucleotide reads on the
Illumina 1G platform. However, this initial attempt suffered from very shallow sequencing
coverage (0.18- to 5.93-fold) and low fractions of targeted exons being represented by sequencing
reads (39.62% to 78.3%). Coverage of target regions was improved upon decreasing the average
size of fragmented DNA from 500 bases to 100-200 bases, most likely owing to the diminished
diluting effect of non-exonic sequences that were more prevalent in longer fragments. More than
99% of exons were covered by sequence reads; but a three-fold decrease in capture specificity
was also noted, suggesting that array-based capture may not be optimal for short fragments. The
first version of array-based exome sequencing with demonstrated utility was employed by Ng and
colleagues to successfully identify causative mutations in rare Mendelian disorders (NG et al.
2009b; NG et al. 2010a; NG et al. 2010b).
To improve the capture efficiency for smaller fragments, in-solution RNA probes were then used
to target the desired regions (GNIRKE et al. 2009). Hybridisation was facilitated by a higher
concentration of capture probes, making this approach more efficient in targeting short fragments
than array-based methods. Three commercial exome enrichment kits are based on the in-solution
capture mechanism, namely the TruSeqTM Exome Enrichment Kit (Illumina Inc., as depicted in
12
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Figure 1.3), the SeqCap EZTM Human Exome Library (Roche NimbleGen), and the SureSelectTM
Human All Exon (Agilent Technologies). Current capture methods produce a significant amount
of off-target sequences by design, because DNA is fragmented to an average size that exceeds the
mean length of an exon (164 bp) (GNIRKE et al. 2009). Therefore, this extra information should be
accounted for in the analysis of WES data. As illustrated in Figure 1.3, target sequences are
stochastically distributed within fragmented DNA (“splash effect”), resulting in a certain degree
of variability in the flanking sequences that are captured. A comparison between the three
commercial kits reported that TruSeqTM generated a higher percentage of off-target reads (about
one-third of all reads) aligning within the untranslated regions, than SureSelectTM (12.8%) and
SeqCap EZTM (9.3%) (CLARK et al. 2011). This is consistent with the observation that DNA
libraries constructed from the TruSeqTM enrichment kit gave rise to the most complete coverage
of mitochondrial genome assembly, when compared with the other two kits (PICARDI and PESOLE
2012).
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Figure 1.2. Illumina sequencing
workflow [reproduced and edited
from ref. (METZKER 2010)].!
Immobilized single-stranded, singlemolecule templates are bridgeamplified with immediately adjacent
primers to form clusters. This is
followed by the four-colour cyclicreversible termination method which
uses reversible terminator chemistry.
Following imaging, a cleavage step
removes the fluorescent dyes and
regenerates the 3’-OH group, allowing
extension of the template to continue
[caption from (METZKER 2010)].
!

14

!
!

!

Figure 1.3. Library construction for WES. The workflow for the TruSeqTM Exome Enrichment Kit is schematically represented in (A) (redrawn based
on the Figures in the data sheet). A simplified comparison between array-based and bead-capture approaches is illustrated in (B).
Notes for B: (1) Illustration of “splash effect” resulting in relatively variable flanking sequences that would be obtained; (2) Larger fragment size would lead to a lower target : offtarget ratio in the final sequence data.
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1.4 Pharmacogenetics of adverse drug reactions
1.4.1 Definitions
An adverse drug reaction (ADR) is defined by the World Health Organisation (WHO) as “a
response to a drug that is noxious and unintended and occurs at doses normally used in man for
the prophylaxis, diagnosis or therapy of disease, or for modification of physiological function”. A
broader definition has also been proposed to encompass minor undesired effects: “an appreciably
harmful or unpleasant reaction, resulting from an intervention related to the use of a medicinal
product; adverse effects usually predict hazard from future administration and warrant prevention,
or specific treatment, or alteration of the dosage regimen, or withdrawal of the product”
(EDWARDS and ARONSON 2000). An ADR with an incidence of less than 1 in 100 is considered
“rare” (ARONSON and FERNER 2005; WU and MAKUCH 2006). A “serious” ADR is one that leads
to fatality or places the patient at risk of death at the time of the event, requires hospitalisation
(initial or prolonged), causes persistent or significant disability, or results in a congenital defect
(ICH EXPERT WORKING GROUP 1995).
1.4.2 Healthcare burden of ADRs
The incidence of ADRs that are sufficiently severe to trigger hospitalisation varies from 3% to 7%
[estimated from the number of ADR-related cases per all hospital admissions within a specified
period of time] (LAZAROU et al. 1998; KVASZ et al. 2000; POUYANNE et al. 2000; PIRMOHAMED et
al. 2004). The drugs most commonly implicated in causing a serious adverse event are diuretics,
antithrombotic agents, aspirin, non-steroidal anti-inflammatory drugs, antibiotics, corticosteroids,
and antineoplastic agents (ROUGHEAD 1999; ONDER et al. 2002; WESTER et al. 2008; DAVIES et al.
2009). It was estimated that 72% of ADR-induced hospital admissions could have been prevented
if good medical practice was in place, obviating the unnecessary consumption of healthcare
resources (PIRMOHAMED et al. 2004). In the in-patient settings, ADRs prolong hospitalisation and
may also increase patient mortality (DAVIES et al. 2009). If the ADRs occurring in all major
scenarios are considered, in other words inclusive of those that occur in the primary-care settings
and may be mild or moderately severe, the combined incidence of ADRs could well exceed 10%
(PIRMOHAMED et al. 2004).
1.4.3 Classification of ADRs
To date, the most widely adopted ADR classification scheme is that based on dose- and timeresponse relationships, whereby ADRs are grouped into six categories, Types A to F, respectively
(EDWARDS and ARONSON 2000). Recently a more refined system has been suggested, considering
the fact that under the previous scheme, some ADRs can be placed into multiple categories
(ARONSON and FERNER 2003). This novel system takes account of three primary factors, namely
dose-relatedness, timing, and susceptibility to ADRs (DoTS). Under each factor, a number of
reaction subtypes are further defined (Table 1.3). The DoTS system yields more complete
assessment of an ADR than the conventional classification scheme (CALDERÓN-OSPINA and
BUSTAMANTE-ROJAS 2010).
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Table 1.3. The DoTS scheme for ADR classification
Primary factor
Dose-relatedness

Reaction subtype
Supratherapeutic dose (toxic effects)
Standard therapeutic dose (collateral effects)
Subtherapeutic dose (hypersusceptibility)
Timing
Time-independent
Time-dependent
Rapid reactions
First-dose reactions
Early reactions
Intermediate reactions
Late reactions
Delayed reactions
Susceptibility
Genetic
Age
Sex
Altered physiology
Exogenous factors
Underlying disease
Note: adapted from ARONSON and FERNER 2003.

1.4.4 Genetic basis of ADRs
The occurrence of an ADR is multifactorial, with old age and female gender being two inherent
contributing factors; external causes of an ADR include poor medication adherence, incorrect
drug dosage, and unrecognised drug-drug interactions. Most ADRs are dose-related and
predictable based on the pharmacology of a drug (Type A); however, some are much less so and
are often referred to as “idiosyncratic” reactions (Type B). Early on, some ADRs, especially Type
B reactions that are immunological in nature, were suspected to have a strong genetic influence
(PIRMOHAMED and PARK 2001; ONDER et al. 2002; PIRMOHAMED et al. 2004; FINNEY 2008).
Where the pathogenesis of an ADR is better elucidated, this knowledge can be applied to devise
specific treatment strategies; for instance, the adverse-effect profiles of antidepressants are
commonly used to guide drug selection (TRINDADE et al. 1998; AMERICAN PSYCHIATRIC
ASSOCIATION 2010). Thus, it is conceivable that the “genetic profile” of a drug can be exploited in
a similar manner. In the following section, the utility of pharmacogenetic testing is illustrated
using two serious cutaneous ADRs as examples.
1.4.5 Abacavir-induced hypersensitivity reaction
Abacavir, a nucleoside reverse-transcriptase inhibitor used to treat HIV-1 infection, causes a
potentially fatal hypersensitivity reaction (HSR) in 4-9% of individuals exposed to the drug
(HETHERINGTON et al. 2001; MALLAL et al. 2002; SYMONDS et al. 2002; MARTIN et al. 2004). The
reaction has a variable onset but mostly develops within six weeks following treatment initiation
(median=11 days). Genetic predisposition, specifically carriage of the HLA-B*57:01 allele, is a
strong predictor of abacavir HSR. The association, first reported in a Western Australian
population (MALLAL et al. 2002), has since been replicated in many other studies (HETHERINGTON
et al. 2002; HUGHES et al. 2004b; RAUCH et al. 2006; RODRIGUEZ-NOVOA et al. 2007; WATERS et
al. 2007; ZUCMAN et al. 2007; MALLAL et al. 2008). The HLA-B*57:01 allele has a high
penetrance; the pooled odds ratio from three studies was computed to be 29. Nevertheless, not all
individuals harbouring the allele would develop a reaction, suggesting that other as-yet
unidentified factors are likely involved (HETHERINGTON et al. 2002; MALLAL et al. 2002; HUGHES
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et al. 2004b). It has been proven that abacavir interacts with the HLA-subtype molecule in a
highly specific manner and alters the types of self-peptides that are loaded onto its binding
pockets. As a result, novel self-peptides, which would not be loaded in the absence of abacavir,
are now presented to the host as “foreign antigens”, thereby triggering an immune response and
proliferation of CD8+ T-cells. Because these self-peptides are ubiquitously expressed, such as in
the skin and the gastrointestinal system, the consequences of an HSR are widespread. The
modulatory effects of an offending drug on self-peptide presentation, coupled with other
metabolic factors or gene loci, may be the universal mechanism that underpins HLA-related drug
hypersensitivity (HETHERINGTON et al. 2002; MARTIN et al. 2004; PHILLIPS et al. 2005; ILLING et
al. 2012; NORCROSS et al. 2012; BELL et al. 2013).
Screening for HLA-B*57:01 presence, and using this information to preclude susceptible
individuals from receiving abacavir, substantially reduced the incidence of abacavir HSR, hence
relieving the costs that would have been incurred by the management of these reactions (HUGHES
et al. 2004b; SCHACKMAN et al. 2008). The decrease in HSR incidence ranged from two-fold
(WATERS et al. 2007; MALLAL et al. 2008) or four-fold (RAUCH et al. 2006) to complete
eradication (ZUCMAN et al. 2007). The cost-effectiveness of HLA-B*57:01 testing is ethnicitydependent, being largest in an all-Caucasian or a predominantly Caucasian population. Individuals
of other ethnic origins, such as Africans (HETHERINGTON et al. 2002; HUGHES et al. 2004a) and
Taiwanese (SUN et al. 2007), derive little benefit from such a discriminative strategy. The risk of
developing abacavir HSR is considerably lower in both populations (SYMONDS et al. 2002; SUN et
al. 2007). For instance, the incidence of abacavir-induced HSR is only 0.9% among Taiwanese
individuals, coinciding with their equally rare carriage of the HLA-B*57:01 allele [0.3% versus
about 8% in Whites] (RAUCH et al. 2006; SUN et al. 2007).
1.4.6 Carbamazepine-induced Stevens-Johnson syndrome or toxic epidermal necrolysis
Drug-induced Stevens-Johnson syndrome (SJS) or toxic epidermal necrolysis (TEN) are very rare
but serious cutaneous ADRs, with a combined estimated incidence of 1.8 per million person-years
(CHAN et al. 1990). Apart from their clinical manifestations, SJS and TEN are distinguished from
other forms of hypersensitivity by relatively high mortality rates [up to 30% for TEN versus
0.03% for abacavir HSR] (HETHERINGTON et al. 2001). Carbamazepine was reported to be the
most common cause of SJS or TEN (DEVI et al. 2005), and 0.23% of patients receiving the drugs
would develop a reaction (CHEN et al. 2011). Similar to abacavir HSR, the risk of carbamazepineinduced SJS or TEN is heavily influenced by HLA polymorphisms. The association was first
discovered among Han Chinese individuals in Taiwan (CHUNG et al. 2004). In the report, all 44
patients who experienced SJS while taking carbamazepine were found to be HLA-B*15:02
carriers. In comparison, only three out of 101 carbamazepine-tolerant patients harboured this
allele, yielding an extremely large effect size (odds ratio=2,504). Similar findings were reported
in other Asian populations, such as those residing in Hong Kong, Central China, Southern China,
Malaysia and Thailand (HUNG et al. 2006; MAN et al. 2007; LOCHARERNKUL et al. 2008;
TASSANEEYAKUL et al. 2010; WU et al. 2010; CHANG et al. 2011; WANG et al. 2011). Effects of
other risk factors, namely age, gender, and drug dosage, were also assessed and determined to be
non-significant (WU et al. 2010).
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A different HLA allelic subtype, HLA-A*31:01, predicts carbamazepine-induced SJS-TEN among
Japanese, Korean, and possibly, Caucasian individuals (ALFIREVIC et al. 2006; LONJOU et al.
2006; KASHIWAGI et al. 2008; KIM et al. 2011; MCCORMACK et al. 2011; GENIN et al. 2014). In
contrast with the SJS-TEN-specific nature of the HLA-B*15:02 allele, HLA-A*31:01 mediates
sensitivity towards a more diverse range of cutaneous reactions that additionally include
maculopapular exanthema and DRESS [drug reaction with eosinophilia and systemic symptoms]
(OZEKI et al. 2011; GENIN et al. 2014). The presence of other genetic markers, HLA loci or
interacting elements probably contributes to the population-specific penetrance of different HLA
variants. Within a local Singaporean population, screening for the carrier status of HLA-B*15:02
was found to be useful only for Chinese and Malay, but not Indian, individuals (DONG et al. 2012).
Overall, the genetic profiles of abacavir HSR and carbamazepine-related SJS-TEN are much in
line with other reported associations for cutaneous ADRs. The utility of HLA-B*58:01 screening
to prevent allopurinol-induced SJS-TEN also differs between ethnic groups, with the allele being
of much less importance among Japanese and Caucasian individuals (HUNG et al. 2005; DAINICHI
et al. 2007; KANIWA et al. 2008; KANO et al. 2008; LONJOU et al. 2008; TASSANEEYAKUL et al.
2009; KANG et al. 2011; LEE et al. 2011). The complex interplay between therapeutic agents,
ancestry, gene loci, and possibly, other co-acting elements, as observed for cutaneous ADRs, is
reflective of a more widespread phenomenon in pharmacogenetics, and will dictate specific pretreatment testing protocols (Table 1.4).
Table 1.4. Genetic polymorphisms predisposing to ADRs (adapted from DALY 2013).
Gene/allele
Drug
ADR
HLA-B*57:01
Abacavir
Hypersensitivity
HLA-B*58:01
Allopurinol
SJS/TEN
HLA-DRB1*15:01-DQB1*06:02 AmoxicillinLiver injury
HLA-A*02:01
clavulanate
HLA-B*15:02
Carbamazepine SJS/TEN
HLA-A*31:01
ABCC2
Diclofenac
Liver injury
IL4
IL10
UGT2B7
HLA-B*57:01
Flucloxacillin
Liver injury
NAT2
Isoniazid
Liver injury
HLA-DQA1*02:01
Lapatinib
Liver injury
HLA-DRB1*15:01-DQB1*06:02 Lumiracoxib
Liver injury
HLA-B*35:05
Nevirapine
Cutaneous ADRs
HLA-Cw*8
HLA-Cw*04
HLA-DRB1*01
Nevirapine
Liver injury
CYP2B6
Nevirapine
Skin rash
SLCO1B1
Simvastatin
Myopathy
HLA-A*33:03
Ticlopidine
Liver injury
UGT1A
Tolcapone
Liver injury
HLA-DRB1*07:01-DQA1*02:01 Ximelagatran
Liver injury
Abbreviations: ADR, adverse drug reaction; SJS, Stevens-Johnson syndrome; TEN, toxic epidermal necrolysis
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1.5 Clinical application of pharmacogenetic testing
1.5.1 Regulatory aspects
Oversight of genetic tests poses a unique regulatory challenge. The US Food and Drug
Administration (FDA) has employed a multifaceted approach in addressing the intra-national
regulation of the marketing of pharmacogenetic tests in the US. Often, decisions made by FDA
have substantial implications in regions outside the country. FDA regulatory processes for
pharmacogenetic tests vary depending on how the tests are “presented” to the users.
Pharmacogenetic testing panels that are sold as commercial kits are regulated as medical devices
which, depending on their “potential for harm”, are grouped into three general categories i.e. class
I, II, or III. Class III devices are subject to the most stringent regulatory control, while class I the
least. For example, “drug-metabolising enzyme (DME) genotyping systems” are categorised as
class II devices, requiring additional “mitigation measures” to address risks specific to these
systems, in other words incorrect genotype calling and test results misinterpretation (US FOOD
AND DRUG ADMINISTRATION (FDA) 2005; WEISS 2012). Pharmacogenetic tests that are performed
by a clinical laboratory and not meant for “commercial distribution” are governed by the Clinical
Laboratory Improvement Amendments (CLIA) of 1988, with regard to the quality of the testing
process. Similar to medical devices, laboratory tests are categorised with respect to their level of
complexity, namely waived, moderate, or high; but unlike medical devices, these tests do not
require premarket notification which would entail provision of proofs of safety and effectiveness.
In addition, CLIA allows clinical laboratories to develop their own in-house tests, termed
“laboratory-developed tests (LDTs)” (WEISS 2012). Now, FDA is in the process of tightening its
regulation over LDTs, proposing a similar level of risk-based control as that for medical devices
(RAY 2014). A database launched by the National Center for Biotechnology, namely the Genetic
Testing Registry (http://www.ncbi.nlm.nih.gov/gtr/), provides online access to detailed
information on genetic tests.
In addition to the above regulatory measures, FDA has also been active evaluating emerging
evidence in pharmacogenetics and the effective use of this information in improving
pharmacological treatment. This is evidenced by the inclusion of pharmacogenomics biomarkers
in the approved product inserts for over 100 drug-gene pairs (US FOOD AND DRUG
ADMINISTRATION (FDA) 2012c); however, therapeutic recommendations provided for these druggene pairs are sparse and ambiguous in many instances [more details in Chapter 3]. Changes have
been made to the boxed warnings in some product inserts to include information on the risk of
non-response in CYP2C19 poor metabolisers treated with clopidogrel, and the risks of
carbamazepine- and abacavir-induced serious hypersensitivity reactions in carriers of HLAB*15:02 and HLA-B*57:01 alleles, respectively (US FOOD AND DRUG ADMINISTRATION (FDA)
2007; US FOOD AND DRUG ADMINISTRATION (FDA) 2008; US FOOD AND DRUG ADMINISTRATION
(FDA) 2010). FDA’s continual vigilance ensures that a drug’s benefit outweighs its risk. Where a
drug’s risk exceeds its therapeutic benefits, FDA may exert its authority empowered by the FDA
Amendments Act of 2007 and request that a Risk Evaluation and Mitigation Strategy (REMS) to
be in place, which can include (in combination or “stand-alone”) a communication plan, a
medication guide, elements to ensure safe use, or an implementation system (US FOOD AND DRUG
ADMINISTRATION (FDA) 2012a). In compliance with REMS, pharmacogenetics information had
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been included in the medication guides for clopidogrel, abacavir, and carbamazepine, as part of
the measures deemed necessary to avoid serious adverse effects; and these guides should be
dispensed together with the medications to the patients (US FOOD AND DRUG ADMINISTRATION
(FDA) 2012b). These medications were later released from the aforementioned REMS
requirement (US FOOD AND DRUG ADMINISTRATION (FDA) 2012a).
1.5.2 Evaluating clinical relevance of pharmacogenetic testing
The potential utilisation of genomics knowledge in medicine has gained attention from the
Centers for Disease Control and Prevention (CDC). CDC launched the Evaluation of Genomic
Applications in Practice and Prevention (EGAPP) Initiative in 2004, which later led to the
formation of EGAPP Working Group, and most recently, of the Genomic Applications in Practice
and Prevention Network (GAPPNet). An online genomics application-oriented database, GAPP
Knowledge Base (http://www.hugenavigator.net/GAPPKB/topicFinder.do), has been developed
as part of GAPPNet activities (KHOURY et al. 2009). By conducting a thorough review of the
current literature, EGAPP assesses the analytic and clinical validity, and clinical utility of a
genetic test, before arriving at the conclusion on its overall evidence level. Recommendation
statements have thus been composed for several pharmacogenetic traits, such as the tumour geneexpression profiling in breast cancer (EVALUATION OF GENOMIC APPLICATIONS IN PRACTICE AND
PREVENTION (EGAPP) WORKING GROUP 2009), CYP450 genotype and treatment with selective
serotonin reuptake inhibitors (THAKUR et al. 2007), and the use of UGT1A1 genotype to predict
adverse effects associated with irinotecan (PALOMAKI et al. 2009). EGAPP has not recommended
for clinical use any of the above pharmacogenetic tests that have gone through its evaluation,
noting that the evidence level is still inadequate. For instance, EGAPP has predicted that for
UGT1A1/irinotecan, the benefit-to-harm ratio would be small, whereby the incidence of severe
neutropenia is reduced “at the expense of compromised response rate”. Nevertheless it has not
been a complete dismissal either, with EGAPP highlighting in its report that for all tests further
studies would be required to bridge the “evidentiary gaps”.
Such gaps between “test” and “treatment” have prompted the formation of guideline-formulating
groups and also prompted comments from professional bodies. Between groups, all issued
guidelines contain a comprehensive review of current literature but vary in their scope and
conclusion. The multidisciplinary Dutch Pharmacogenetics Working Group (DPWG) represents
an ambitious attempt at nationwide implementation of pharmacogenetics-guided therapy in the
Netherlands. Considering the complexity of the issue of pre-emptive pharmacogenetic testing, this
initiative is principally targeted at patients with already-known genotypes. Via a rigorous
methodology (SWEN et al. 2008), DPWG has analysed the therapeutic relevance for a total of 53
drug-gene pairs, the majority of which relate to the metabolic status-based dosing for various
CYP2D6, CYP2C19, and CYP2C9 substrates (SWEN et al. 2011). Dose adjustments are reported
as percentage dose reduction or increment to confer adaptability in different clinical scenarios.
Through integration with an existing electronic prescribing and dispensing system, these dosing
algorithms are linked to automated messages whereby the physicians or pharmacists will be
alerted to important pharmacogenetic traits. An analogous effort can be seen in the PREDICT trial,
which made use of the CYP2C19 genotype recorded in an electronic database to guide clopidogrel
therapy for post-catheterisation patients (DOLGIN 2011). Indeed, an automated system which
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generates point-of-care decision-making aids would be a crucial and powerful tool in personalised
medicine. For example, a partnership between Thomson Reuters and GenoSpace is working
jointly towards creating a genomic variant database that would fit such a use (THOMAS 2012;
THOMAS 2013).
Awareness among researchers of the limited scale of current genetic analysis of ADRs has set the
stage for a larger-scale, cross-boundary approach to gather samples from various centres located
in different countries. Indeed, global collaboration and genome-wide analysis have become the
key features in upcoming pharmacogenomics research projects. Pooling of a large number of
DNA samples enables more extensive genetic analysis to be conducted, in order to generate
findings which may eventually corroborate known genotype-phenotype associations, or identify
novel variants that have a significant influence on drug response. This is especially important in
the study of rare serious ADRs, for which the accrual of samples is a time-consuming process.
The International Serious Adverse Events Consortium (iSAEC; http://www.saeconsortium.org/)
was established in 2007 such that, via international collaboration, a sufficient number of subjects
can be recruited within shorter time frames for meaningful genetics study of rare ADRs (HOLDEN
et al. 2014). ISAEC has received support from industry, academia, and regulatory bodies, namely
FDA, Pharmaceuticals and Medical Devices Agency (Japan), and European Medicines Agency.
Thus far, iSAEC activity has produced significant findings in pharmacogenomics, such as the
identification of HLA-B*57:01 as a risk factor for flucloxacillin-induced hepatotoxicity (DALY et
al. 2009).
A number of international consortia for drug-response study have also been founded.
Pharmacogenomics Knowledge Base (PharmGKB) is the host to these consortia, in addition to
being the curator of a comprehensive, well annotated pharmacogenomics database accessible via
an online portal (THORN et al. 2010). As listed on the PharmGKB website
(http://www.pharmgkb.org/projects.jsp), these consortia comprise the International Consortium
for Antihypertensives Pharmacogenomics Studies, the International Clopidogrel
Pharmacogenomics Consortium, the International SSRI Pharmacogenomics Consortium, the
International Tamoxifen Pharmacogenomics Consortium, and the International Warfarin
Pharmacogenetics Consortium-Genome Wide Association Studies. PharmGKB members’ intent
in moving pharmacogenomics into clinical practice is also notable in their involvement in
producing therapeutic guidelines through the Clinical Pharmacogenetics Implementation
Consortium (CPIC), which is a collaborative effort in tandem with the National Institute of
Health’s (NIH) Pharmacogenomics Research Network (PGRN) (RELLING and KLEIN 2011). Other
implementation projects associated with PharmGKB include the Personalized Medicine Program
at the University of Florida (www.ctsi.ufl.edu/about/ctsi-programs/personalized-medicine/) and
the 1200 Patients Project at the University of Chicago (http://cpt.uchicago.edu/page/1200patients-project) (O'DONNELL et al. 2012).
CPIC is multinational and multicentre, involving members (including some from DPWG) from
institutions located in Taiwan, USA, Germany, Brazil, Lebanon, Netherlands, Italy, Canada,
Spain, UK, Slovenia, and Sweden. Currently available guidelines from CPIC are published as
separate journal articles, in a standardized format, for different drug-gene pairs, namely (in
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approximate chronological order) thiopurine/TPMT (RELLING et al. 2011), clopidogrel/CYP2C19
[with an update in 2013] (SCOTT et al. 2011; SCOTT et al. 2013), warfarin/CYP2C9, VKORC1
(JOHNSON et al. 2011), codeine/CYP2D6 (CREWS et al. 2012a), simvastatin/SLCO1B1 [with an
update in 2014] (WILKE et al. 2012; RAMSEY et al. 2014), abacavir/HLA-B*57:01 (MARTIN et al.
2012), tricyclic antidepressants/CYP2D6, CYP2C19 (HICKS et al. 2013), allopurinol/HLA-B
(HERSHFIELD et al. 2013), fluoropyrimidines/DPYD (CAUDLE et al. 2013), carbamazepine/HLA-B
(LECKBAND et al. 2013), peginteferon-alpha/IL28B (MUIR et al. 2014), ivacaftor/CFTR (CLANCY
et al. 2014), and rasburicase/G6PD (RELLING et al. 2014). Apart from formulating genotypespecific therapeutic recommendations, CPIC also probes various other aspects of
pharmacogenetic testing, including commercially available test options (in supplementary
materials), and the clinical characteristics of patients who would derive the greatest benefit from
the test results. For instance, it is clearly pointed out in the guideline for clopidogrel/CYP2C19
that the recommendations therein would be most applicable to patients who have undergone
percutaneous coronary intervention. This, however, is an area where much debate and confusion
has arisen (HOLMES et al. 2010; NISSEN 2011; JOHNSON et al. 2012), owing to conflicting findings
from major meta-analyses (HULOT et al. 2010; BAUER et al. 2011; HOLMES et al. 2011). Currently,
the feasibility of taking up CPIC guidelines in clinical settings is being tested at a number of
centres under the Translational Pharmacogenetics Project.
A point worth considering when using guidelines from different groups is how metabolic status is
classified based on the diplotype or activity score. Typically, a fully functional allele is assigned a
score of 1; a reduced-function allele receives a score of 0.5; and a loss-of-function allele is given a
null score (readers are referred to Tables 1.1 and 1.2 for classification of alleles with respect to
their effects on enyzme function). The sum of scores of the two (or more) alleles is then used to
group individuals into different metabolic categories. It is noteworthy that the classification
scheme adopted for CYP2D6 phenotype prediction differed between CPIC and DPWG.
Furthermore, a recent review of pharmacokinetic data suggested that the CYP2D6*10 should be
assigned an activity score of 0.25, as it is clearly not equivalent to other reduced-function alleles
such as CYP2D6*9 (HICKS et al. 2014). Using DPWG’s approach, patients with a CYP2D6
activity score of 0.5-1.0 are classified as intermediate metabolisers of codeine. On the other hand,
with CPIC’s classification scheme, patients with an activity score of 1.0 are predicted to be able to
metabolise codeine “normally” into its active form. Such subtle differences may lead to slightly
varied therapeutic actions when different guidelines are used. For instance, clinicians using
DPWG guideline may be inclined to consider selecting an alternative analgesic for CYP2D6
intermediate metabolisers, whereas those consulting CPIC guideline may more readily prescribe
codeine at usual doses for some of the putative intermediate metabolisers. Of course, it is unclear
at this stage which classification approach would lead to more accurate and beneficial therapeutic
recommendations. Undoubtedly, the lack of a consensus guideline would hamper the adoption of
pharmacogenetics-based therapeutic strategies in the clinic. The accuracy of CYP2D6 phenotype
prediction will probably continue to improve as more pharmacokinetic data become available,
further refining the current classification systems (HICKS et al. 2014).
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I have summarised in Table 1.5 the recommendations put forward by the three major groups,
namely EGAPP, DPWG, and CPIC, along with recommendations contained in FDA drug labels
and those from relevant medical and clinical chemistry associations, where available. Some
discrepancy was noted between groups and this was used as the basis to categorise the
pharmacogenetic traits into three general categories. Category A consists of pharmacogenetic
traits with a high degree of intergroup consensus (between three groups or more) in that their
evidence level is sufficient to support adoption into clinical care; Category B comprises
pharmacogenetic traits with a lower degree of consensus (between two groups) or for which
discrepant recommendations exist between groups; and Category C encompasses those that have
been evaluated by only one group or have not been evaluated at all, implying that the evidence
level is largely inadequate or that these tests are less likely to have a major impact on clinical care.
For clarity, tests involving somatic cancer mutations are separately grouped (Table 1.6).
Overall, the recommendations formulated by CPIC and DPWG are encouragingly comprehensive
and supported by high-quality evidence. However, the necessity of pre-therapy screening is
confirmed for only a very small fraction of pharmacogenetic traits and is still uncertain for other
drug-gene pairs (Table 1.5). The usefulness of pharmacogenetics information also relies heavily
on its timely delivery for the determination of initial therapeutic strategies (CREWS et al. 2011;
MANOLIO et al. 2013). Once a treatment has been initiated and tailored according to clinical
response, provision of pharmacogenetic information would be of little utility. Other obstacles that
hamper the clinical implementation of pharmacogenetic testing include an ill-prepared medical
workforce, issues around reimbursement for testing costs, and difficulty in the interpretation of a
variant’s functional significance or its interaction with other variants, highlighting the need for a
better-annotated human genome reference (CREWS et al. 2012b; ALTMAN et al. 2013; O'ROURKE
2013).
1.6 Summary and thesis aims
High-throughput sequencing has significantly accelerated our understanding of rare diseases,
producing novel diagnoses and treatment clues to previously unknown conditions (MAXMEN 2011;
MANOLIO et al. 2013). Now, the entire human genome can be thoroughly examined within a much
shorter time-frame; for instance, the advertised turnaround time for the WES service provided by
Otogenetics Corporation is only six weeks. Keeping pace with the advances in disease genetics,
the landscape of pharmacogenetic testing is presently transitioning from being patchy and reactive
towards the uptake of a more exhaustive approach that is empowered by NGS technologies.
Recognising this trend, some researchers have put forward the concept of “P4 medicine” to
advocate the potential predictive value of genomic signatures in the clinical setting. “P4” is a
condensation of four key terms, namely predictive, preventive, personalized, and participatory
(WADELIUS and ALFIREVIC 2011).
NGS-based assays can be particularly suited for highly polymorphic genes, such as the HLA loci
(SHIINA et al. 2012). Likewise, genotyping of the CYP2D6 and CYP2C19 pharmacogenes is likely
to benefit from the technology. This is because 1) with focused testing of only common alleles,
the sensitivity of detecting CYP2D6 and CYP2C19 poor metabolisers differs between populations;
2) collectively, rare and low-frequency variants make up a major portion of the overall mutational
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load in the general population. These variants are likely of functional relevance but are typically
not included in the conventional testing panels (ABECASIS et al. 2010; ABECASIS et al. 2012); 3) in
comparison with Sanger-sequencing, NGS technologies are more cost-efficient and less labourintensive; and 4) evaluating complete sequence data may provide novel insights into the
underlying genetic structure that influences drug response.
For the study of rare ADRs, the acquirement of a sufficient number of clinical samples
necessitates prospective accrual over a long period of time. For instance, to collect just ten cases
of carbamazepine-induced SJS-TEN, recruitment or screening of approximately 4,350 subjects
would be required (CHEN et al. 2011). This could be achieved with the set-up of a biobank that
allows long-term accumulation and storage of biological samples that are phenotypically wellcharacterised, and international collaborations as fostered by the iSAEC. This approach is
applicable to both rare ADRs and other unusual forms of drug response, such as those related to
CYP2D6 or CYP2C19 metabolic status.
In conclusion, it is evident that the gaps in our knowledge of pharmacogenetics remain significant
(Table 1.5), and may be more so for uncommon ADRs that are less well-recognised and harder to
study because of their rarity. Hence, the principal research aim for this thesis was to better
understand the genetic basis of uncommon ADRs or complex drug response, especially in relation
to CYP2D6 and CYP2C19 genetic variation. The main hypothesis to be tested in this regard was
that rare genetic variation in these genes will underlie some cases of ADR in patients taking drugs
primarily metabolised by these enzymes. Other specific aims were to:
1. Establish a biobank to recruit participants with uncommon ADRs or other unusual forms of
drug response (being refractory to pharmacological treatment, for instance), acquire biological
samples alongside phenotypic data, and subject these samples to long-term storage.
2. Apply Sanger sequencing or NGS to the collected samples to identify variants of potential
functional relevance.
3. Devise NGS-based assays for comprehensive genotyping of the CYP2D6 and CYP2C19 genes
and understanding the inherent error characteristics of these technologies.
4. Explore the application of WES to the understanding of drug response phenotypes.
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Table 1.5. Summary of recommendations from major international bodies. Pharmacogenetic / pharmacogenomic traits rated by strength of recommendations or evidence level
determined by several organisations each of which uses different descriptors. FDA: I=drug label contains clear pharmacogenetics-based therapeutic recommendations; II=drug label
contains ambiguous pharmacogenetics-based therapeutic recommendations such as dosage modification of undefined magnitude, advice on exercising caution when commencing drug
therapy, therapeutic drug monitoring, or uncertain choice of an alternative agent or treatment strategy and III=drug label contains no or irrelevant pharmacogenetics-based therapeutic
recommendations. DPWG: Level 1 represents lowest evidence level, while level 4 the highest. NACB (National Academy of Clinical Biochemistry): A=strong, B=fair, C=use
discouraged; adoption is recommended for tests graded as A or B.
Pharmacogenetic /
FDA drug label1
EGAPP
DPWG
CPIC
NACB
pharmacogenomic trait and
(VALDES et al.
gene(s)
2010)
Group A - pharmacogenetic traits with a high degree of intergroup consensus (between at least three groups).
Abacavir hypersensitivity
reaction, HLA-B*57:01

I,
screening
recommended

NA2

4

Strong,
screening
recommended

A,
screening
recommended

Analgesic efficacy of codeine,
CYP2D6
Thiopurine-induced
myelosuppression, TPMT

I

NA

3-4

NA

II,
screening
recommended

NA

4

Moderate to
strong
Moderate to
strong

5-fluorouracil or cepecitabine
toxicity, DPYD

I, contraindicated
in patients with
dihydropyrimidine
dehydrogenase
deficiency
I

NA

3

Moderate to
strong

NA

NA

NA

Strong

A

Warfarin sensitivity (dosing),
CYP2C9, VKORC1
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A

Notes2

FDA has included in the boxed warning recommendations for pretherapy screening. Similar recommendations have also been presented
by the HHS Panel on Antiretroviral Guidelines for Adults and
Adolescents (PANEL ON ANTIRETROVIRAL GUIDELINES FOR ADULTS AND
ADOLESCENTS 2012), whereby abacavir should not be initiated in
patients who are HLA-B*57:01-positive.
It is noteworthy that the classification scheme adopted for CYP2D6
metabolic prediction differed between CPIC and DPWG.
TPMT testing is recommended by different groups to predict the
toxicity of thiopurine drugs in the treatment of ALL (NATIONAL
COMPREHENSIVE CANCER NETWORK (NCCN) PANEL MEMBERS 2012a),
UC (KORNBLUTH and SACHAR 2010), and CD (LICHTENSTEIN et al.
2009).
-

A clear dosing algorithm based on CYP2C9 and VKORC1
polymorphisms is provided in the FDA-approved drug label. The
effects of CYP4F2, GGCX, and CALU genes are much less prominent
and have yet to be substantiated (LUBITZ et al. 2010). Conflicting results
from large trials have caused experts to differ in their opinions with
respect to the usefulness of genotype-based dosing strategies (ROUSE et
al. 2013; BAKER and CHAMBERLIN 2014; ZEE et al. 2014).

Cont’d: Table 1.5
Group B - pharmacogenetic traits with a lower degree of consensus or for which discrepant recommendations exist between groups.
Antiplatelet efficacy of
clopidogrel, CYP2C19
Efficacy of tamoxifen in the
adjuvant treatment of breast
cancer, CYP2D6

II

NA

3-4

Moderate to
strong
NA

NA

NA

NA

4

Rasburicase-induced haemolytic
anaemia, G6PD

I,
contraindicated in
patients with
G6PD deficiency

NA

NA

Moderate to
strong,
concordant with
FDA’s
recommendation
s
Moderate to
strong

NA

Response to tricycyclic
antidepressants, CYP2D6 and
CYP2C19
Response to irinotecan, UGT1A1

III

NA

3-4

II

Evidence
inadequate

3

Guideline under
way

A

Response to selective serotonin
reuptake inhibitors, CYP2D6

II-III

Evidence
inadequate

3-4

Guideline under
way

NA

Carbamazepine-induced StevenJohnson syndrome; toxic
epidermal necrolysis.
HLA-B*15:02

I,
screening
recommended

NA

NA

Strong

NA

Response to peginterferon alfa2b, IL28B

III

NA

NA

Strong

NA
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B

NA

Use of CYP2C19 genotyping to guide therapy has been jointly
discouraged by AHA and ACCF (HOLMES et al. 2010).
NCCN panel, ASCO, and St. Gallen experts disapprove the use of
CYP2D6 genotyping to guide adjuvant therapy (BURSTEIN et al. 2010;
GNANT et al. 2011; NATIONAL COMPREHENSIVE CANCER NETWORK
(NCCN) PANEL MEMBERS 2012b). Results from three large studies have
refuted the usefulness of CYP2D6 genotype in predicting the efficacy of
tamoxifen in breast cancer treatment (ABRAHAM et al. 2010; RAE et al.
2012; REGAN et al. 2012).
As noted in the CPIC guideline, results from genetic testing may not be
definitive in females, thus requiring confirmatory enzyme testing.

Therapeutic recommendations for CYP2C19*17 carriers were rated as
optional. Also, it is important to note the discrepancies in CYP2D6
metabolic classification between CPIC and PWG.
In the FDA drug label, recommendations for a lower starting dose in
patients carrying two copies of the reduced-function allele,
UGT1A1*28, are included: however, the magnitude of dose reduction is
not defined.
In PWG guidelines, dosing recommendations are absent for some drugs
and metabolic groups owing to insufficient pharmacokinetics data (refer
to PWG documents containing detailed literature analysis of individual
drug-gene pairs; these documents are available from PharmGKB).
Pre-therapy screening is recommended (boxed warnings) by FDA for
at-risk populations especially those of Han Chinese ancestry. Screening
for HLA-B*15:02 is likely to be of no utility in patients of other
ancestries, particularly Caucasians, Japanese, and Koreans (LECKBAND
et al. 2013). In Taiwan, HLA-B*15:02 testing has been incorporated
into hospital practice (CHEN and CHEN 2010).
-

!

Cont’d: Table 1.5
Group C – pharmacogenetic traits evaluated by only one group or for which evaluation is ongoing; some of these traits may likely have little impact on clinical care or the evidence level may still be
inadequate to support their clinical use.

1

Allopurinol-induced
hypersensitivity reaction, HLAB*58:01

NA

NA

NA

Screening
recommended
before the use of
allopurinol by
the Taiwan
Department of
Health.

NA

Oral contraceptives and risk of
thrombosis, Factor V Leiden, F5
Phenytoin-induced StevenJohnson syndrome; toxic
epidermal necrolysis HLAB*15:02

NA

NA

3-4

NA

NA

II

NA

NA

Guideline under
way

NA

Simvastatin-induced myopathy,
SLCO1B1

NA

NA

NA

Strong

NA

In a monthly report by PhVWP, EMA, it has been noted that the current
level of evidence does not support routine screening for HLA-B*58:01;
but where patients are known to be positive for the allele, PhVWP
recommends allopurinol is used only if benefits are considered to
outweigh risks (PHARMACOVIGILANCE WORKING PARTY (PHVWP)
2012). Recently, the CPIC guideline has been published recommending
testing before use of allopurinol but not in patients who have used
allopurinol without any ADRs. However, The FDA has yet to update its
recommendation to this level (HERSHFIELD et al. 2013).
FDA has noted that evidence is limited and recommended that drug
avoidance may be considered in patients harbouring the allele.
Similarly, in a 2009 monthly report, PhVWP recommended that patients
carrying the allele, especially those of Thai or Han Chinese origin,
should not receive phenytoin unless the benefits are considered to
outweigh the risks (PHARMACOVIGILANCE WORKING PARTY (PHVWP)
2009).
-

FDA drug labels that contain information on pharmacogenomics biomarkers are available from the PharmGKB website (http://www.pharmgkb.org/search/labelList.action).

2

Abbreviations: NA, not available; HHS, US Department of Health and Human Services; ALL, acute lymphoblastic leukaemia; UC, ulcerative colitis; CD, Crohn’s disease; AHA,
American Heart Association; ACCF, American College of Cardiology Foundation; NCCN, National Comprehensive Cancer Network; ASCO, American Society of Clinical Oncology;
G6PD, glucose-6-phosphate dehydrogenase; PhVWP, Pharmacovigilance Working Party; EMA, European Medicines Agency
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Table 1.6. Cancer-genetic (somatic mutation) traits with National Comprehensive Cancer
Network (NCCN) recommendations.
Cancer-genetic trait
Response to cetuximab or panitumumab in
colorectal cancer, KRAS, BRAF mutations

Response to gefitinib or erlotinib, EGFR
mutations; response to crizotinib, ALK
gene rearrangements, in non-small cell
lung cancer

Response
to
lenalidomide
in
myelodysplastic syndromes, chromosome
5q deletion (5q-)

Response to tyrosine kinase inhibitors in
chronic myelogenous leukaemia or acute
lymphoblastic
leukaemia,
BCR-ABL
mutations

Response to vemurafenib in melanoma,
BRAF mutation

Tumour gene-expression profiling
breast cancer to guide chemotherapy

in

NCCN recommendations
KRAS genotyping is “strongly recommended” in all patients
with metastatic disease, where therapy should be initiated only
in patients with KRAS wild-type tumours; BRAF genetic testing
is considered optional by NCCN panel in patients with KRAS
wild-type tumours (NATIONAL COMPREHENSIVE CANCER
NETWORK (NCCN) PANEL MEMBERS 2012h; NATIONAL
COMPREHENSIVE CANCER NETWORK (NCCN) PANEL
MEMBERS 2012d).
For patients with metastatic disease of certain histologic
subtypes, or of no specific subtypes, testing for EGFR
mutations and ALK gene rearrangements is recommended.
EGFR mutations predict responsiveness to erlotinib or
gefitinib, whereas ALK-positivity predicts responsiveness to
crizotinib (NATIONAL COMPREHENSIVE CANCER NETWORK
(NCCN) PANEL MEMBERS 2012g).
Detection of 5q- using fluorescence in situ hybridisation is part
of the initial diagnostic work-up to establish the particular
subtype of myelodysplastic syndromes. Where patients are
found to be positive for 5q-, lenalidomide is the recommended
treatment (NATIONAL COMPREHENSIVE CANCER NETWORK
(NCCN) PANEL MEMBERS 2012f).
As part of the initial work-up, patients should be tested for the
presence of BCR-ABL gene fusion [Philadelphia (Ph)
chromosome, detectable using fluorescence in situ
hybridisation], whereby this feature is partially diagnostic of
chronic myelogenous leukaemia, and broadly classifies acute
lymphoblastic leukaemia into two groups, namely Ph-positive
and Ph-negative, for which therapeutic strategy differs.
Tyrosine kinase inhibitors are included in the treatment for
patients with Ph-positive disease, but not for those with Phnegative disease. In case of partial response, therapeutic
failure, or disease relapse, testing for BCR-ABL mutations
should be performed to guide treatment with tyrosine kinase
inhibitors. Different mutations are predictive of resistance to
imatinib, dasatinib, or nilotinib (NATIONAL COMPREHENSIVE
CANCER NETWORK (NCCN) PANEL MEMBERS 2012a;
NATIONAL COMPREHENSIVE CANCER NETWORK (NCCN)
PANEL MEMBERS 2012c). These recommendations are based
on those formulated by the expert representatives of the
European LeukemiaNet (SOVERINI et al. 2011).
As the treatment of metastatic disease, vemurafenib should
only be started in patients with documented V600 BRAF
mutation (NATIONAL COMPREHENSIVE CANCER NETWORK
(NCCN) PANEL MEMBERS 2012e). An FDA-approved
companion device is available to test for the mutation.
Only Oncotype DX is considered for use along with other
clinicopathologic characteristics. The utility of MammaPrint,
on the other hand, remains to be confirmed. This is consistent
with the opinions presented by the St. Gallen experts (GNANT
et al. 2011; NATIONAL COMPREHENSIVE CANCER NETWORK
(NCCN) PANEL MEMBERS 2012b).
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Chapter 2: Materials and methods
2.1 Introduction
The methodology of this study consisted of three major components: 1) recruitment of subjects
with unusual ADRs and collection of biological samples (biobank); 2) “wet laboratory”
genetic/genomic analysis by Sanger sequencing and/or NGS; and 3) “dry-laboratory”
bioinformatics analysis of large-volume genomic data including in silico prediction of the effect
of a gene variant on protein function. An overview of the methodology is presented in Figure 2.1.

Figure 2.1. An overview of the methodology of this thesis.
Note: Though not included in this thesis, preliminary work has also been carried out to establish in vitro assays for
functional assessment of several variants identified in the CYP2C19, CYP2D6 and GMPS genes.

2.2 Establishment of a biobank
Details regarding the establishment of a local biobank can be found in Chapter 4.
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2.3 Wet-laboratory procedures
2.3.1 DNA extraction from blood
All DNA extraction procedures were performed in a clean separate DNA-preparation area. DNA
was extracted from the peripheral leucocytes using a revised in-house protocol. First, 2 mL of the
blood specimen was mixed by inversion (>5 times) with 8 mL of RBC Lysis Solution. The
mixture was incubated at room temperature for 10 min and was again inverted a few times (>5),
prior to being centrifuged at 2,000 × g for 10 min. The supernatant was discarded into a 1:1
solution of water and bleach. The pelleted white blood cells were resuspended in the residual
liquid by gentle vortexing and then mixed again with the RBC Lysis Solution. The haemolytic
steps were then repeated. The resultant white blood cell pellet was thoroughly dispersed in 1 mL
of sodium chloride 1 M solution, in which there should be no visible cell clumps. Then, 6 mL of
Cell Lysis Solution and 25 µL of RNase A Solution were added and the mixture was incubated at
37°C for at least one hour to allow complete lysis of the white blood cells and degradation of
RNA. This step is a good stopping point and the incubation can be allowed to proceed overnight.
Subsequently, the lysate was mixed with 1 mL of sodium acetate 3 M solution and transferred into
a 15 mL Phase Lock GelTM tube (Eppendorf AG, Hamburg, Germany). Then, 1 mL of a 25:24:1
mixture of phenol, chloroform and isoamyl alcohol was added. The tube was tightly capped and
vortexed vigorously for at least 10 s, with period interruptions and inversions to mix the reagent
with the sample. The resultant mixture was centrifuged at 1,500 × g for 10 min to separate liquid
phases. DNA contained within the supernatant was isopropanol-precipitated, pelleted by
centrifugation at 2,000 × g for 5 min, and washed with 70% ethanol to remove excessive coprecipitated salts. Centrifugation was repeated at 2,000 × g for 3 min to ensure that the DNA
pellet remained at the bottom of the tube, if dislodged, and ethanol was carefully poured off. The
tube was again centrifuged briefly and residual ethanol was removed by pipetting. The DNA
pellet was allowed to air-dry for 10-15 min or until no moisture was visible in the tube. The dried
DNA pellet was dissolved in 500 µL of Tris-EDTA 1× solution and allowed to stand at 37°C
overnight for complete dissolution. Finally the DNA solution was quantitated by UV
spectrophotometry and stored at -20°C.
2.3.2 DNA extraction from saliva
DNA was extracted from a saliva sample as per the manufacturer’s instructions (OrageneTM OG250 kit; DNA Genotek Inc., Kanata, Ontario, Canada), described as follows. The saliva sample
was first mixed by repeated inversions, and heated in a water bath at 50°C for two hours to
inactivate the nucleases. Then, 500 µL of the mixed sample was transferred into a clean 1.7 mL
microfuge tube, and 20 µL of OrageneTM Purifier was added. The mixture was incubated on ice
for 10 min to precipitate PCR inhibitors. The precipitates were pelleted by centrifugation at
12,000 × g for 15 min. The supernatant was poured directly into 500 µL of isopropanol in another
clean 1.7 mL microfuge tube; the two liquids were mixed by inverting the tube for several times.
The resultant DNA precipitates were pelleted by centrifugation at 12,000 × g for 1 min, with the
tube placed in a known orientation so that the position of the DNA pellet could be predicted.
Following centrifugation the supernatant was discarded and the DNA was washed with 500 µL of
70% ethanol. The DNA was centrifuged again briefly at 12,000 × g. Ethanol was removed by
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careful pipetting without disturbing the pellet. Finally the DNA pellet was allowed to air-dry for
half an hour, dissolved in 50 µL of Tris-EDTA 1× solution, and quantitated by UV
spectrophotometry.
2.3.3 Polymerase chain reaction
2.3.3.1 Primer design, resuspension, and storage
All primers were designed using Primer 3 built into Geneious Pro® v5.5.6 (Biomatters Ltd.,
Auckland, New Zealand). Primer sequences were then checked for their target specificity using
Primer-BLAST (which can be accessed at http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All
primers were designed to contain at least two mismatches to non-target templates including one at
the 3’ end. Melting temperatures (Tm) were predicted by the nearest-neighbour formula with salt
correction, assuming the concentrations of monovalent cations, divalent cations, oligonucleotides
and deoxynucleotides (dNTPs) to be 50 mM, 1.5 mM, 0.4 µM and 0.8 mM, respectively
(SANTALUCIA 1998). For PCRs with a target product size of less than 3 kb, primers were designed
to have a predicted Tm of at least 55°C and a length of 20-25 nucleotides. All primers were
ordered from Integrated DNA Technologies, Inc. (Coralville, IA, USA) and reconstituted with
Tris-EDTA 1× solution to a stock concentration of 50 µM. Primer stocks were further diluted with
sterile water to give 5-10 µM working solutions for use in polymerase chain reaction (PCR); the
stocks were then kept frozen at -20°C whereas the working dilutions were stored at 4°C.
2.3.3.2 Reaction set-up
All PCRs were set up in a separate area or in a PCR-preparation room. Equipment used for
reaction set-up, including pipettes, pipette tips, microfuge tubes and strip tubes, were preirradiated with UV light for about 15-20 min to minimise the risk of carry-over contamination.
The reaction mixtures were kept at 4°C prior to thermal cycling to minimise the unspecific
amplification that may arise from residual Taq polymerase activity at low temperatures.
2.3.3.3 Standard PCR
Unless otherwise specified in this thesis, a standard PCR mixture comprised 1× reaction buffer,
2.5 ng/µL of template DNA, 0.2 mM of each dNTP, 0.2 µM each of the forward and reverse
primers, 1.5 mM Mg2+, and 0.025 U/µL of TAQ-TI Heat-Activated DNA Polymerase (Fisher
Biotec, Wembley, WA, Australia) or HOT FIREPol® DNA Polymerase (Solis BioDyne, Tartu,
Estonia). The initial denaturation step was 2 min for TAQ-TI Heat-Activated DNA Polymerase,
and 10 min for HOT FIREPol® DNA Polymerase. Extension rate was set at 1 kb/min.
2.3.3.4 Touchdown PCR
Touchdown PCR is a two-phase cycling protocol designed to improve the specificity of a PCR.
The initial phase consists of 10-15 cycles and starts with a high annealing temperature of Tm +
10°C, which is successively decreased as the reaction progresses, to reach a target annealing
temperature identical to or slightly lower than the calculated Tm. In the second phase, PCR is
continued for another 20-25 cycles with the annealing temperature reached during the first phase
(KORBIE AND MATTICK 2008). For this thesis, a rather permissive standard touchdown protocol
was adopted, initiating at an annealing temperature of 65°C and reaching 50°C at the end of phase
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one. Touchdown PCR was useful for accommodating different primer pairs within a single run, as
with amplification of various regions within a gene prior to bidirectional Sanger sequencing. The
total number of cycles was limited to 35 to avoid over-amplification or formation of PCR artifacts.
2.3.3.5 Long-range PCR
Primers for long-range PCR with a target product size exceeding 5 kb were designed to have a Tm
of at least 65°C so that two-step cycling protocol can be employed, where both annealing and
extension temperatures were set to 68°C. An auto-extension protocol was used for the
amplification of very long targets of more than 15 kb, whereby after ten cycles, the extension time
was increased by 20 s in each consecutive cycle. KAPATM LongRange HotStart DNA Polymerase
(Kapa Biosystems, Inc., Wilmington, MA, USA) was the preferred enzyme system but other
enzymes were also trialled (further details described in Chapter 6).
2.3.3.6 Multiplex PCR
Optimisation of multiplex PCR was based on previously published recommendations, as depicted
in Figure 2.2 (HENEGARIU et al. 1997). Preparation of CYP2C19 amplicons for NGS was
peformed in a multiplex format (details in Chapter 7). The CYP2C19 PCRs followed several rules.
Briefly, the multiplexed amplicons must be gel-separable, differing by at least 20 bases in size.
Combined primer pairs must not interact with one another forming dimers that would decrease the
amplification efficiency. All PCRs should result in specific products of satisfactory and
comparable yields.
2.3.3.7 Real-time PCR
Real-time PCR is a technique in which PCR amplification is monitored by the detection of
fluorescent signals. This technique differs from the “conventional” PCR in that a dye, which
fluoresces when bound to DNA, is added to the reaction mixture. Accumulation of doublestranded products as PCR progresses results in increased emission of fluorescent signals, which
are continuously recorded by a camera. “High-resolution melting (HRM) PCR” is a slight variant
of the real-time PCR technique whereby the PCR products are gradually denatured at the end of
thermal cycling, causing a characteristic decrease in fluorescence. The resultant HRM profile is
amplicon-unique and thus can be used to distinguish products with varied nucleotide
compositions owing to the presence of one or two alleles of a known polymorphism. HRM is
achieved by appending the following thermal profile at the end of a conventional PCR: amplicons
are quickly denatured by heating at 95°C for 15 s, allowed to re-anneal at 55°C for 15 s, and redenatured by gradual heating to 95°C, during which fluorescence data are collected at every
temperature change of 0.1°C.
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Figure 2.2. General strategies for the optimisation of multiplex PCRs [reproduced from Figure 1
in the ref. (HENEGARIU et al. 1997)].

35

2.3.4 Quantification of DNA or PCR products
DNA and purified PCR products were quantified using a NanoDrop 8000 (ND-8000) UV-Vis
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), by absorbance at 260 nm.
Typically, 1.5 µL of DNA or PCR product solution was loaded onto the cleaned NanoDrop
pedestal. Two measurements were taken and then averaged to give the final concentration. Water
or Tris-EDTA 1× solution was used in blank subtraction. The purity of DNA samples or PCR
products was assessed by the A260/280 (>1.7-1.8) and A260/230 (>1.5-2.0) ratios.
2.3.5 Restriction endonuclease digestion of DNA and PCR products
The set-up of a restriction digestion reaction was in accordance with the recommendations given
by New England Biolabs Inc. The reaction volume and the amount of enzyme used depended on
the mass of the DNA sample or PCR product to be digested. For genomic DNAs, 500 ng was
usually digested for one hour in a 25-µL reaction containing 5 units of enzyme and the
recommended buffer at a final concentration of 1×. Reactions for digestion of purified PCR
products were set up in the same manner. Where the restriction enzymes were known to retain
considerable activity in standard PCR buffers, the purification step was omitted and 10 units of
enzymes were added directly into the PCR mix. As PCR yield can be quite variable and restriction
enzymes do not often exhibit full activity in PCR buffers, the digestion time was extended to two
or three hours to ensure completion of the reaction. When digestion with two different enzymes
were required (as in haplotype analysis), a double digest would be performed if both enzymes
work well in the same buffer; otherwise a sequential digest would be carried out.
2.3.6 Gel electrophoresis of PCR products
A 2% Agarose Low EEO gel (AppliChem GmbH, Ottoweg, Darmstadt, Germany) was typically
used for resolution of fragments up to 1 kb. For separation of fragments larger than 1 kb, a 0.7-1%
gel was used instead. The agarose gel powder was heat-dissolved in 1× Tris-acetic acid-EDTA
(TAE) buffer, stained with 1× SYBR® Safe (InvitrogenTM, Life Technologies, Carlsbad, CA,
USA), then cast in the Easy-CastTM Electrophoresis System (Owl Scientific, San Francisco, CA,
USA). Once the gel solidified, TAE buffer was added until it covered the entire gel to a depth of
about one millimetre. Prior to loading, PCR products were mixed with 6× DNA Loading Dye
(Fermentas International, Inc., Burlington, Ontario, Canada) on a piece of parafilm. Usually 20%
of PCR products (for instance 4 µL if the reaction volume was 20 µL) were loaded. The PCR
products were electrophoresed at 5-8 volts per centimetre of the distance between the anode and
the cathode, for half an hour or until the dye front had visibly traversed half the length of the gel.
A DNA size marker (GeneRulerTM 100 bp Plus or GeneRulerTM 1 kb Plus, Fermentas
International, Inc., Burlington, Ontario, Canada) was also run alongside the PCR products.
2.3.7 Microchip Electrophoresis System for DNA/RNA Analysis MCR® - 202 (MultiNA)
An automated microchip electrophoresis system (Shimadzu Biotech, Columbia, MD, USA) was
used for finer resolution, more sensitive detection and quantification of PCR products, as required
in library preparation for NGS. However, this electrophoresis system was used to detect PCR
products up to only 2.5 kb. Thus, agarose gel electrophoresis was still used for resolution of
products larger than 2.5 kb. Three modes of analysis were available, namely DNA-500, DNA1000, and DNA-2500, with each differing in its size detection limit as indicated by the appended
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number, and also the required separation buffer, marker solution, and ladder solution. The amount
of reagents used depended on the number of samples to be analyzed and this was computed by the
operating software. For each run, the separation buffer with added 1× SYBR® Gold Nucleic Acid
Gel Stain (Life Technologies, Carlsbad, CA, USA) was freshly prepared. All reagents and
samples were placed in the designated slots inside the machine. After each run, the microchips
were washed once with sterile water. The electropherograms were manually inspected to ensure
that the analysis was properly completed. This was indicated by correct ladder analysis (marker
fragments were well separated) and the presence of both the lower and upper markers in each
sample.
2.3.8 Purification of PCR products
All PCR products were purified in-solution using the AcroPrepTM 384-well Filter Plate Omega
30K (Pall Corporation, Washington, NY, USA). Following loading of PCR products, the plate
was sealed and centrifuged (in a Eppendorf Centrifuge 5810) at 3200 × g for half an hour to filter
out the PCR buffer and other reaction components. PCR products that remained bound to the
membrane were recovered by resuspension in 15-20 µL of sterile water. Purified PCR products
were quantified by UV spectrophotometry.
2.3.9 Purification of PCR products from agarose gels
Gel-purification of PCR products was performed using a commercial kit, MEGA-Quick SpinTM
PCR & Agarose Gel Extraction System (iNtRON Biotechnology, Seongnam-si, Gyeonggi-do,
Korea). Briefly, following electrophoresis the agarose gel was visualised using a long-wave UV
lamp (Alpha Innotech Corporation, San Leandro, CA, USA) and the desired PCR products were
excised using a clean scalpel. Gel slices were heat-dissolved in the provided lysis buffer at 55°C
for 10 min. The resultant gel mixtures were vortexed and applied onto the MEGA-Quick SpinTM
columns and centrifuged for 1 min. PCR products bound to the column membrane were washed
twice with 70% ethanol. The columns were dried by repeated centrifugations, each time with a
different orientation of the columns to ensure that no residual liquid remained on the outer side,
thereby minimising ethanol carry-over. Finally PCR products were eluted with 25-30 µL of water
or 1× Tris-EDTA, quantified by UV spectrophotometry, and stored at -20°C until further analysis.
2.3.10 Bidirectional Sanger sequencing
A sequencing reaction was set up as follows: 1 µL of diluted PCR products (1:4 or 1:2 with water
depending on the apparent reaction yield), or an appropriate amount of purified products (Table
2.1), 1 µL of forward or reverse primer, 2 µL of 5× BigDye® Terminator v3.1 Sequencing Buffer,
0.5 µL of Ready Reaction Premix (Applied Biosystems, Life Technologies, Carlsbad, CA, USA),
and water to a final volume of 10 µL. The reaction mixture was subjected to initial heating at
96°C for 1 min, then 25 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. The resultant
extension products were kept at 4°C until sample purification by size exclusion (IllustraTM
Sephadex G-50 Fine DNA Grade, GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire,
UK). To prepare the filtration plate, 750 µL of hydrated Sephadex solution (“slurry”) was added
into each well of a Whatman® 96-well 800 µL Unifilter Microplate (Sigma-Aldrich, St. Louis,
MO, USA). The plate was then centrifuged at 1,000 × g for 5 min and the flow-through was
discarded. The extension products were transferred onto the Sephadex columns and the plate was
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centrifuged again at 1,000 × g for 5 min. The flow-through was collected into a 96-well
sequencing plate. Then, 20 µL of injection-grade water was added to each sample to make up the
total volume to 30 µL. The sequencing plate was placed into an Applied Biosystems 3130xl
Genetic Analyzer for capillary electrophoresis.
Table 2.1. The amount of PCR product
required in a cycle sequencing reaction.
Size
100-200 bp
200-500 bp
500-1,000 bp
1,000-2,000 bp
>2,000 bp

Quantity
1-3 ng
3-10 ng
5-20 ng
10-40 ng
20-50 ng

2.3.11 CYP2D6 genotyping, Sanger sequencing and haplotype analysis
Two long-range PCRs were used to screen for CYP2D6 whole-gene deletion or duplication alleles
that arise from recombination events at the CYP2D gene locus. As already depicted in Chapter 1,
the cross-over occurs within the repetitive elements adjacent to the CYP2D genes, thereby
creating unique downstream sequences that can be distinguished by specific primers (Figure 2.3).
A 10 µL PCR for detection of the duplication allele(s) was set up as follows: 1× KAPATM
LongRange Reaction Buffer, 1.75 mM Mg2+, 0.3 mM of each dNTP, 0.4 µM each of 6.6kb-F and
6.6kb-R, 0.3 µM each of 2D6 Dup Frag B F and 2D6 Dup Frag B R, 1 M betaine, 0.25 U of
KAPATM LongRange DNA Polymerase, and 50 ng of DNA. The reaction mixture was subjected
to initial heating at 94°C for 3 min, followed by 35 cycles of 94°C for 25 s, 68°C for 10 s, and
68°C for 7 min, and a final elongation step of 72°C for 7 min. Another PCR for detection of the
deletion allele(s) was similarly set up, except that the primers 2D6 Dup Frag B F and 2D6 Dup
Frag B R were replaced by CYP-13 and CYP-24.
The primers 6.6kb-F and 6.6kb-R amplified the entire CYP2D6 gene plus a portion of the
intergenic region, generating a 6.6-kb PCR product (Fragment A). The presence of the duplicaton
or deletion allele(s) would cause additional amplification of a 3.5-kb product (Fragment B or C).
Where a sample was positive for whole-gene duplication, the entire duplicated gene (Fragment D,
8.6 kb) would also be amplified for subsequent characterisation. Phenotype prediction would
differ depending on whether a defective or functional allele was duplicated. The following
reaction mixture was prepared: 1× KAPATM LongRange Reaction Buffer, 2.5 mM Mg2+, 0.3 mM
of each dNTP, 0.4 µM each of 2D6 Dup Frag D F and 2D6 Dup Frag B R, 1 M betaine, 0.25 U of
KAPATM LongRange DNA Polymerase, and 50 ng of DNA. The Fragment D PCR profile
consisted of an initial denaturation step of 94°C for 3 min, followed by 35 cycles of 94°C for 25 s,
68°C for 10 s, and 68°C for 9 min, and a final elongation step of 72°C for 9 min.
Subsequently, all long PCR products were diluted 1000-fold and 1 µL of the diluted products was
used as the templates in nested PCRs to prepare short amplicons for Sanger sequencing.
Occasionally the long PCR products were used in the sequencing rections for CYP2D6 exon 2,
owing to the inconsistent nature of the nested PCR for this amplicon. Nine PCR products were
produced in individual reaction mixtures using the primers listed in Table 2.2, and TAQ-TI Heat38

Activated DNA Polymerase. For the duplicated gene, only the exons were amplified, totalling
seven amplicons. A stringent touchdown PCR protocol was employed with a starting temperature
of 70°C and a target temperature of 55°C. In addition to exonic variants with large effects,
CYP2D6 activity is also influenced by distant regulatory elements. Two tightly linked enhancer
variants, rs5758550 and rs133333, were genotyped by sequencing. A 1.1-kb product was
amplified using the primers 2D6EhcF plus 2D6EhcR (Table 2.2; annealing at 68°C) and TAQ-TI
Heat-Activated DNA Polymerase, purified, and Sanger-sequenced.

Figure 2.3. Typical CYP2D6 gene structures following recombination that results in whole-gene
deletion or duplication.
Table 2.2. Primers used for CYP2D6 genotyping, Sanger sequencing and haplotype analysis.
Primer name
Sequence (5’-3’)
Long-range PCR
6.6kb-F
ATG GCA GCT GCC ATA CAA TCC ACC TG
6.6kb-R
CGA CTG AGC CCT GGG AGG TAG GTA G
Duplex PCR (deletion)
CYP-13
ACC GGG CAC CTG TAC TCC TCA
CYP-24
GCA TGA GCT AAG GCA CCC AGA C
Duplex PCR (duplication)
2D6 Dup FragB F
CCA TGG AAG CCC AGG ACT GAG C
2D6 Dup FragB R
CGG CAG TGG TCA GCT AAT GAC
CYP2D6 sequencing
2D6-1496/2SR
CCA GTC ACA CAC ACA TAC AGA CCC GGC
2D6PromF
TCC TCC ATA ACG TTC CCA CCA GAT
2D6PromR
CCA TAC CTG CCT CAC TAC CAA ATG
2D6Ex1F
TCT GGA GCA GCC CAT ACC CG
2D6Ex1SR
CCC CAG ACT ACA GGT CCT AGT CCT ATT TG
2D6Ex2F
TCC TCC TTC CAC CTG CTC AC
2D6Ex2SR
CTT TGC CCC ACC TCG TCT CT
2D6Ex34F
AGC TGG AAT CCG GTG TCG AA
2D6Ex34SR
AGC CAT CTC CAG GTA GAC CCA G
2D6Ex56F
ACA GGC AGG CCC TGG GTC TA
2D6Ex56SR
CCT GGT CAC CCA TCT CTG GTC
2D6Ex7F
CCA ACA TAG GAG GCA AGA AG
2D6Ex7R
ACT GGA CTC TAG GAT GCT GG
2D6Ex8F
CAG AAT GTT GGA GGA CCC AA
2D6Ex8R
AGG AAA GCA AAG ACA CCA TG
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GAEDIGK et al. 2007
GAEDIGK et al. 2007
STEEN et al. 1995
STEEN et al. 1995
GAEDIGK et al. 2007
GAEDIGK et al. 2007
This thesis
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010
This Thesis
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010
This thesis
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010
WRIGHT et al. 2010

Cont’d: Table 2.2
Primer name
Sequence (5’-3’)
2D6Ex9F
TGA AGG ATG AGG CCG TCT GG
2D6-R
ACT GAG CCC TGG GAG GTA GGT AG
Allele-specific PCR
CT_SNP_WT
CAG CCC AGC CCC CAC
CT_SNP_Mut
CAG CCC AGC CCC CAT
Sequencing of the enhancer region
2D6EhcF
GAT TAC AGG TAT GAA CCA CCG GAC
2D6EhcR
GAG GCT GGC GGA TCA TTT G

Reference
WRIGHT et al. 2010
WRIGHT et al. 2010
This thesis
This thesis
WANG et al. 2014
WANG et al. 2014

2.3.12 CYP2C19 sequencing, haplotype analysis and genotyping of the *2 and *17 alleles
2.3.12.1 CYP2C19 sequencing
Twelve amplicons covering the promoter region and all nine exons of the CYP2C19 gene were
generated using the primers listed in Table 2.3, and TAQ-TI Heat-Activated DNA Polymerase. A
touchdown protocol initiated with an annealing temperature of 65°C, which was decreased by 1°C
per cycle to a target temperature of 49°C or 50°C, was employed to accommodate all PCRs in the
same run.
2.3.12.2 CYP2C19 allele-specific long PCR
A 7-kb product was amplified in a 10-µL reaction mixture that comprised 1× KAPATM
LongRange Buffer, 2 mM Mg2+, 0.3 mM of each dNTP, 0.4 µM each of 2C19Ex3F and
AS_20kb_MutR, 0.5 U of TAQ-TI Heat-Activated DNA Polymerase, and 50 ng of input DNA.
The use of a long-range enzyme mix containing a proof-reading Taq polymerase was deliberately
avoided to preserve the allele-discriminating ability of the reverse primer. The thermal profile
consisted of an initial denaturation step of 94°C for 2 min, followed by 35 cycles of 94°C for 25 s,
55°C for 15 s, and 68°C for 7 min, and a final elongation step of 72°C for 7 min.
2.3.12.3 CYP2C19 13-kb PCR
A 13-kb product was amplified in a 20-µL reaction mixture that comprised 1× ViBuffer S (with
1.75 mM Mg2+), 0.35 mM of each dNTP, 0.4 µM each of 2C19Ex1REF and 2C19Ex23RER, 4 U
of AtMax Taq DNA Polymerase (Vivantis Technologies, Subang Jaya, Selangor, Malaysia), and
100 ng of DNA. The final concentration of Taq DNA polymerase (0.2 U/µL) was five times
higher than recommended (0.04 U/µL). Lower concentrations were not tested as, judging from the
product yield, there was no over-amplification. The thermal profile consisted of an initial
denaturation step of 94°C for 2 min, followed by 20 cycles of 94°C for 12 s, 62°C for 30 s, and
68°C for 13 min, and a final elongation step of 68°C for 7 min.
2.3.12.4 CYP2C19 20-kb PCR
A 20-kb product was initially amplified in a 10-µL reaction mixture that contained 1× KAPATM
LongRange Buffer, 1.75 mM Mg2+, 0.3 mM of each dNTP, 0.5 µM each of 2C19Ex1F and
2C19_20kbR (or 2C19Ex5LR), 0.5 U of of KAPATM LongRange DNA Polymerase, and 100 ng
of DNA. A two-phase auto-extension cycling protocol was employed. The first phase consisted of
an initial denaturation step of 94°C for 3 min, followed by 10 cycles of 94°C for 25 s, 67°C for 15
s, and 68°C for 20 min; in the second phase, the extension time was successively prolonged by 20
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s per cycle, for a total of 25 cycles. The reaction was concluded with a final elongation step of
72°C for 20 min. The performance of this PCR was found to be inconsistent despite extensive
optimisation.
2.3.12.5 Ligation of CYP2C19 long PCR products
Ligation of digested PCR products was set up as follows: 1× T4 DNA Ligase Buffer, 1 µL of
diluted (100×) PCR product, 5 U of T4 DNA Ligase (Fermentas International, Inc., Burlington,
Ontario, Canada), and water to a final volume of 50 µL. The reaction mixture was subjected to
heating at 20°C for 30 min, then 70°C for 5 min. The amount of PCR product required in the
ligation reaction was calculated using the following two formulas (COLLINS AND WEISSMAN 1984):
!".!

!

! = (!")!/! !!"/!! and 95 = !!!
where j represents the threshold concentration below which intramolecular ligation is favoured,
and i represents the product concentration that would theoretically achieve 95% circularisation.
2.3.12.6 Genotyping of the CYP2C19*2 and *17 alleles
The CYP2C19*2 and *17 alleles were genotyped by two individual HRM assays. Generally 10
µL reactions were set up in a 48-well plate, sealed and thermal-cycled in the Eco Real-Time PCR
System (Illumina Inc., San Diego, CA, USA). A no-template control was included in every
genotyping run to check for contamination. For CYP2C19*2, a 100-bp product was amplified in
the following reaction mixture: 1× Reaction Buffer B1, 1.5 mM Mg2+, 0.2 mM of each dNTP, 0.2
µM each of 2C19*2 HRM-F and 2C19*2 HRM-R, 1.5 mM of SYTO® 9 Green Fluorescent
Nucleic Acid Stain (Life Technologies, Carlsbad, CA, USA), 0.5 U of HOT FIREPol® DNA
Polymerase, and 50 ng of DNA. The thermal profile consisted of an initial denaturation step of
95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 54°C for 30 s, and 72°C for 30 s. For
CYP2C19*17, a 62-bp fragment was amplified with 1× Reaction Buffer B1, 1.5 mM Mg2+, 0.2
mM of each dNTP, 0.2 µM each of 2C19*17 HRM LitF and 2C19*17 HRM LongR, 1.5 mM
SYTO® 9 Green Fluorescent Nucleic Acid Stain, 0.5 U of HOT FIREPol® DNA Polymerase, and
50 ng of DNA. The cycling conditions were 95°C for 10 min, then 45 cycles of 95°C for 10 s,
52°C for 15 s, and 72°C for 15 s.
Ambiguous CYP2C19*2 or *17 genotype calls were resolved by restriction fragment length
polymorphism analysis or Sanger sequencing. For CYP2C19*2, a 409-bp product was amplified
in a standard 10-µL PCR mixture using the primers 2C19Ex5F and 2C19Ex5R, and TAQ-TI
Heat-Activated DNA Polymerase. The thermal profile consisted of an initial denaturation step of
94°C for 2 min, followed by 35 cycles of 94°C for 15 s, 56°C for 15 s, and 72°C for 30 s, and a
final elongation step of 72°C for 1 min. Restriction digestion was carried out by directly
incubating the PCR mixture with 10 U of SmaI (New England Biolabs, Inc., Ipswich, MA, USA)
at room temperature for two hours. Digested PCR products were resolved by 1.5% agarose gel
electrophoresis. The presence of CYP2C19*2 abolishes a SmaI recognition site within CYP2C19
exon 5, rendering the PCR product resistant to restriction digest. A 483-bp product encompassing
the -806C>T variant was similarly amplified with the primers 2C19Prom4F and 2C19Prom4R;
the reaction volume was increased to 20 µL and annealing temperature to 65°C. The resultant
PCR product was purified and Sanger-sequenced.
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Table 2.3. Primers used for CYP2C19 sequencing, haplotype analysis and genotyping of the *2
and *17 alleles.
Primer name
Sequence (5’-3’)
CYP2C19 sequencing
2C19Prom1F
AAG AGA TAA TGC GCC ACG AT
2C19Prom1R
CCA GTG CCC ACT CTG TAC ATT
2C19Prom2F
AAG GAC AAA GTC TCC TAA TCT TCG
2C19Prom2R
TAA GAC AAC CGT GAG CTT GC
2C19Prom3F
AAT GAC CAG TGA AAC ATT GTG C
2C19Prom3R
GAG GGG AAA TGC TCA GTG TAA
2C19Prom4F
GCC CTT AGC ACC AAA TTC TCT
2C19Prom4R
CAC CTT TAC CAT TTA ACC CCC
2C19Ex1F
AGT GGG CCT AGG TGA TTG GCC ACT T
2C19Ex1R
TCA AAG TAT TTT ACTT TAC AAT GAT CTC
2C19Ex23F
AAA ATA TGA ATC TAA GTC AGG CTT AGT
2C19Ex23R
GGA GAG CAG TCC AGA AAG GTC AGT GAT A
2C19Ex4F
TGC TTT TAA GGG AAT TCA TAG G
2C19Ex4R
AAA ATG TAC TTC AGG GCT TGG
2C19Ex5F
CAA CCA GAG CTT GGC ATA TTG
2C19Ex5R
TGA TGC TTA CTG GAT ATT CAT GC
2C19Ex6F
AAA ACT GGC ACA AGA CAG GGA TG
2C19Ex6R
AAA TTG GGA CAG ATT ACA GCT GCG
2C19Ex7F
AAT TGC TAG AAC AAA TGT TCC ATT TC
2C19Ex7R
AGA GGG TAA GAA TCA TAC TGT GA
2C19Ex8F
CCA CTG TTT CTT AAA CCT TCG TGA
2C19Ex8R
GAA GGC ACA TGT AAG TTC CAA CTG A
2C19Ex9F
ATC TAC TCA TCC CTC CTA TGA TTC ACC G
2C19Ex9R
ATG TGG CAC TCA ATG TAA CTA TTA TAG A
Additional primers for multiplex PCRs
2C19PrExF
TCA CGT GTT TTT TTA GGG GGT TA
2C19Ex1MR
TTG TAA CAT TGT ACC TCT AGG GAT AT
2C19Ex4MF
GCT TTT AAG GGA ATT CAT AGG TAA G
2C19Ex7MF
TCT TCC TGC CTT CCT TTA TTG ATA
2C19Ex8MF
AGC TCA TGC CTC TTA TTA CTT CGT
FU2C19Ex9F1
TTG TTT AGT TGC CTA TCC ATC C

1

CYP2C19 allele specific long PCR
2C19Ex3F
GGG ATG GGG AGG ATG GAA AAC AGA CTA G
AS_20kb_MutR
AAG GTT TTT AAG TAA TTT GTT ATG GGT TCA T
CYP2C19 13-kb PCR2
2C19Ex1REF
TAG CCG CGG AGT GGG CCT AGG TGA TTG GCC ACT T
2C19Ex23RER
TAG CCG CGG GGA GAG CAG TCC AGA AAG GTC AGT GAT A
2C19Ex1spR
TTG GTT AAG GAT TTG CTG ACA
CYP2C19 20-kb PCR
2C19_20kbR
TCA CAA ATA CGC AAG CAG TCA CAT AAC TAA GCT
2C19Ex5LR
GGA AGC TGC AGA ACA GAG CTT TTC CTA TCC
CYP2C19 HRM assays
2C19*2 HRM-F
CTT AGA TAT GCA ATA ATT TTC CCA C
2C19*2 HRM-R
CTT TCC ATA AAA GCA AGG TT
2C19*17 HRM LitF
AAA TTT GTG TCT TCT GTT CTC AAA
2C19*17 HRM LongR
TGC CCA TCG TGG CGC ATT AT

This primer was trialled but not used in the final, optimised multiplex PCRs.
SacII recognition site is boldened; additional artificial sequences are italicised.
3
This primer was designed by Leon Smyth, Summer Student 2012.
2
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Reference
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
BLAISDELL et al. 2002
This thesis
This thesis
This thesis
This thesis
This thesis
FUKUSHIMA-UESAKA et
al. 2005
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
This thesis
TEMESVARI et al. 2011
TEMESVARI et al. 2011
SANTOS et al. 2011
See note below3

2.3.13 SULT2A1 PCRs and sequencing
Seven amplicons covering the promoter region and all six exons of the SULT2A1 gene were
generated using the primers listed in Table 2.4, and HOT FIREPol® DNA Polymerase. The final
concentrations of all primers were 0.3 µM. A touchdown protocol was employed to run all
reactions simultaneously. PCR was initiated with an annealing temperature of 65°C, which was
decreased by 1°C per cycle to reach a target temperature of 50°C.
Table 2.4. Primers used for SULT2A1 sequencing.
Primer name
SULT2A1UpsF
SULT2A1UpsR
SULT2A1Exn1F
SULT2A1Exn1R
SULT2A1Ex2F
SULT2A1Ex2R
SULT2A1Exn3F
SULT2A1Exn3R
SULT2A1Exn4F
SULT2A1Exn4R
SULT2A1Ex5F
SULT2A1Ex5R
SULT2A1Exn6F
SULT2A1Exn6R

Sequence 5’-3’
AAG ATG AGA ACA GAT AAA GAC TGT G
CGA CAT GAT GAT GAC CTC TT
TAA ACT TTA CAA CAA ACA TGT GAC
TTC TCT GAT TGT CAA TGG TAT TAG G
ATG TCC GGC TGA GAT GGT ACA
AAC ACA GAC CTG TTG AAG GAG
AAA TTT GAT TAG TGA GTG CAG TAA G
GCT AGA GTT CTG CTG CTA TG
CTG ACT AAT ACA CTG TCA TTC CAT A
TTA ATC CTG CTC TTT GTG ACT CTT C
GGG ATT ACA GGC GTG AAC CAC C
GCA CTC TTT CAT CTC AAC TGT T
GAT AAA GGC CCA CCA CGA AC
GCA GAG GTT TGA TAT TTA AGG TTT

Reference
This thesis
This thesis
This thesis
This thesis
THOMAE et al. 2002
THOMAE et al. 2002
This thesis
This thesis
This thesis
This thesis
THOMAE et al. 2002
THOMAE et al. 2002
This thesis
This thesis

2.3.14 UGT2B7 PCRs and sequencing
Sequencing of the promoter, the 3’ untranslated region and all six exons of the UGT2B7 gene was
based largely on a previously described method (Table 2.5; INNOCENTI et al. 2008). The PCR
conditions were optimised for TAQ-TI Heat-Activated DNA Polymerase, and Mg2+ and dNTPs
concentrations of 1.5 mM and 0.8 mM, respectively were used in all PCR mixtures.
2.3.15 UGT2B15 PCRs and sequencing
Primers were designed to encompass approximately 2 kb of the upstream region and all six exons
of the UGT2B15 gene (Table 2.6). A touchdown protocol was initially trialled with all primer
pairs and for those that failed to amplify or result in a sufficient product yield, the annealing
temperature and Mg2+ concentration were re-optimised. The primer and dNTPs concentrations
were 0.2 µM and 0.8 mM, respectively, in all PCR mixtures.
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Table 2.5. Primers used for UGT2B7 sequencing.1
Primer name

Sequence (5’-3’)

Annealing
temperature
(°C)
65

Primer
concentration
(µM)
0.2

UGT2B7PromF
TGG CAT CAG TGA AGT CTC TC
UGT2B7PromR
ACA CCA GCA CCT TTC CAC AA
UGT2B7PromFSeq CTG ATT GTT ATG GTA GAT GC
NA
NA
UGT2B7PromRSeq TAT TTT AGA AGA GTG TCC AGA
UGT2B7Ex1F2
TAC ATT TTA ACT TCT TGG CTA A
50
0.3
UGT2B7Ex1R
ATT TCC TGG GGT GTT CCG T
UGT2B7Ex1FSeq
CAC AAG TAC AGG AAA TCA TGT
NA
NA
UGT2B7Ex1RSeq
GTC AAA TCT TGA CTC TTG TAC
UGT2B7Ex2F2
TGA AAC TAT GTC TCT TTA TTA G
52
0.2
UGT2B7Ex2R2
TGT GCT AAT CCC TTT GTA AAT
UGT2B7Ex2FSeq
TTT TTT TTT CTA TTC CTG TCA G
NA
NA
UGT2B7Ex2RSeq
AAA AGG TGG ATG ACA CAA GA
UGT2B7Ex3F2
AGA ACC TAT ATT AGT AAC TTT AG
50
0.3
UGT2B7Ex3R2
TTA TGG ACA GGA GGT GAG AA
UGT2B7Ex3FSeq
TAA ATG GTG TTA AGT ATG AAC
NA
NA
UGT2B7Ex3RSeq
ATG CAA CCA CAA TTT TCA AAC
UGT2B7Ex4F
GTG AGT ATT CTA TTT ACA TTA GTC TD3
0.2
UGT2B7Ex4R
TGG TAG ATT GCC TCG TAG ATG C
UGT2B7Ex5F2
TTC TTT ATA GTC TGA ATC GGG
50
0.3
UGT2B7Ex5R
TAT TCT TCC TTT CTT CTA TGG
UGT2B7Ex5FSeq
ATT CCT ATG AGT AAT TTT GCT AA
NA
NA
UGT2B7Ex5RSeq
TAT AAA AAG GAT GAA ACT CAC AC
UGT2B7Ex6F2
GCA GAC CCC CTT AGA GTT
61
0.2
UGT2B7Ex6R
GCC AAG CAA TAC TAC TCA TC
UGT2B7Ex6FSeq
GAA GGG AAA AAA TGA TTA GTT A
NA
NA
UGT2B7Ex6RSeq
TTG CTG GAA TAA ACT GAA GTA G
UGT2B73'UTRF
TTC AGA GAT TTA CCA CCC AGT T
52
0.3
UGT2B73'UTRR
GAG AAT AAA GTC AAC CAG ATG T
1
Owing to the co-amplification of an unspecific product, the target bands for the 3’ untranslated
region, exon 1 and exon 3 were excised and gel-purified.
2
This primer was described by MADADI et al. 2009.
3
70°C decreased to 55°C in 15 cycles
Abbreviations: NA, not applicable; TD, touchdown
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Table 2.6. Primers used for UGT2B15 sequencing.
Primer name

Sequence (5’-3’)

UGT2B15Prom1F
GCT TGG GGA GTT AAT GAA GTT G
UGT2B15Prom1R
GGC ACT CGC TGG TCA TCT G
UGT2B15Prom2F
AAA AGG AGT TAT CGT CTC CG
UGT2B15Prom2R
TAC ATA GCA GTC ACA ACA GAC
UGT2B15Prom3F
TGT TTT AAT GAA CGC CTG GT
UGT2B15Prom3R
CTG CAG ATC AAC TGC AAG A
UGT2B15Prom4F
TCC TGC AGG AGC AGT ACT
UGT2B15Prom4R
ACT AAC AGT CTG AAT AGG TGC
UGT2B15Exn1F
TAT GAG GTC ATC AAT CTT TTG TTG G
UGT2B15Exn1R
CTC TCT GGG TGT CCT GTA GT
UGT2B15Exn2F
TTT ATC AAT GCA CAG ACA TTT TAT ATA TG
UGT2B15Exn2R
AAC ATT CAC ATA CTT GTG ATA CTA C
UGT2B15Exn3F
TAG TAG AAC CAC AAA AAA AAT TAG AAT TG
UGT2B15Exn3R
ATT TTA AGA TCT TCC ATA TAT GTT TTT GT
UGT2B15Exn4F
CGT GGG TAT TCA ACT TAC CTC AA
UGT2B15Exn4R
GCC AAC TAC TAT AGT GCA TTC TTT
UGT2B15Exn5F
TTT TGT TCA CCT GGC AAT TCT
UGT2B15Exn5R
TTA GTC TCT TAA AAA CGG GTT AAA AT
UGT2B15Exn6F
TCA GTG ACA CTT ACT TTC AAT CAT
UGT2B15Exn6R
TAA GTT GTG AAA AGA TGT TTT GTC A
1
Touchdown protocol: 65°C decreased to 50°C in 15 cycles
Abbreviation: TD, touchdown

Annealing
temperature
(°C)1
TD

Mg2+
concentration
(mM)
1.5

TD

1.5

60

1.5

54

2.0

TD

1.5

54

2.0

54

2.0

TD

1.5

TD

1.5

TD

1.5

2.3.16 Validation of variants identified by WES
The five most functionally relevant variants that were identified by WES were validated by
Sanger sequencing. All five PCRs were performed in the same run with a touchdown protocol that
initiated with an annealing temperature of 65°C and gradually reached a target temperature of
55°C after ten cycles. The enyzme used was TAQ-TI Heat-Activated DNA Polymerase and
amplification was carried out for a total of 35 cycles.
Table 2.7. Primers used for validation of the top five
variants identified in the WES data.
Primer name
SLC17A4F
SLC17A4R
RCC2F
RCC2R
GDAF
GDAR
ENOSF1F
ENOSF1R
NFS1F
NFS1R

Sequence (5’-3’)
CCC TCT CCC GGG TAT TGA GA
ACA AGG CCG TGC ATA TGT GA
CCT GAG GTT CCG TTT TAC ACA
GAG AGG AAG AAA GAA AAA ACT TAA AAA AAA
TGC CTT TCT ATG TGG TCC CTT
TGC CCT CCT TTA AAC AGA TTA TGT C
GTG CTT TTG TAC TTT GCT TCC T
TCT TTC CTC TGT GCG TAG GG
AGG ATA CTC AGT TGG TAT GAG AGA
AGC TAG GGC CCA AGA GAG AA

2.4 Bioinformatics analysis
Here various terms and tools used in bioinformatics analysis (Chapters 7 and 8) are described. An
NGS run typically produces a large number of sequence reads, the size of which may range from
one hundred bases to several kb depending on the platform used. These sequence reads need to be
checked for quality, trimmed, and aligned to a reference sequence to produce a text-rich Sequence
Alignment Map (SAM) file, or a BAM file which is simply the binary version of the SAM file
and is smaller in file size. The SAM or BAM files are then refined by several post-alignment steps.
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The first is removal of duplicate sequence reads that map to identical reference positions (“PCR
duplicates”), whereby reads with the lower average base quality scores are discarded. “Optical
duplicates” arise when cluster images generated across dye channels are not in alignment causing
a single sequencing cluster to be misintepreted as distinct clusters (WHITEFORD et al. 2009).
Potential indels are identified from the deduplicated alignment files. Mis-alignment is likely at
these sites because base mismatches are preferred by an aligner over alignment gaps, possibly
leading to spurious substitution variants; this should be corrected prior to variant calling. For the
Genome Analysis Toolkit (GATK) pipeline, indel realignment is executed by a separate tool,
Indel Realigner. In contrast, this functionality is built into SAMtools’ MPileup, whereby a base
alignment quality score is computed for each aligned base. Bases with a low alignment quality
score are distrusted by the variant caller. Then, statistical computation is applied to the processed
alignment files to determine whether differences between the sequence reads and the reference are
real variants or sequencing/data processing errors. This generates a text file, which contains a list
of identified variants along with their Phred-scaled quality scores and other quality metrics.
2.4.1 Trimmomatic
Trimmomatic (BOLGER et al. 2014), a JAVA-based sequence trimmer, was used to remove lowquality (average per-base Phred-scaled quality score lower than 15) trailing bases, and also
contaminating adapter-index sequence read-through which sometimes results from the library
fragment size being smaller than the sequencing read length. To illustrate this, the general library
construction process, based on the NexteraTM XT DNA Sample Preparation Kit, is depicted in
Figure 2.4. As shown in the figure, when fragments shorter than the read length are sequenced,
reads contaminated with the adapter-index sequences would become unmappable because of the
overly high numbers of mismatches to the reference sequence. A file containing the trimming
sequences was generated for each sample to account for the specific adapter-index combination.
Trimmomatic’s functionality was invoked by the command lines listed in Table 2.8.

Figure 2.4. Library construction for NGS [adapted from NexteraTM XT DNA Sample Preparation
Guide].
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Table 2.8. Command lines used (in successive order) to invoke the functionality of Trimmomatic,
with accompanying explanations (some of which were reproduced directly from the tool’s
manual).
Command
java -jar trimmomatic-0.30.jar
PE
-phred33
-trimlog Read_logfile
Read_1.fastq
Read_2.fastq
Read_1_paired.fastq
Read_1_unpaired.fastq
Read_2_paired.fastq
Read_2_unpaired.fastq
ILLUMINACLIP:trim.fa:2:30

LEADING:3
TRAILING:3
SLIDINGWINDOW:4:15

MINLEN:15

Function
To invoke the JAR executable
The sequences to be trimmed are within paired-end reads
Assignment of Phred-scaled base quality score complies with
the +33 encoding
To generate a log file named Read_logfile
In the paired-end mode, two input files should be specified.
Four output files should be specified; note that some
sequence reads may not be properly paired after trimming
and will be written to the unpaired.fastq files.
Sequences to be trimmed are defined in a FASTA file named
trim.fa. Long contaminant sequences are divided into short
stretches of up to 16 bases (seeds) and searched within the
reads, allowing maximally two mismatches. Contaminant
sequences located in both reads from a pair are considered
(palindrome approach). An alignment score (Q) is calculated
based on the following rule: [0.6 × number of matching
base(s)] − [(Q/10) × number of mismatch(es)]. Matching
seeds will be extended and clipped if a score of 30 is reached
(about 50 bases).
Leading low quality or unknown (N) bases (below quality
3) are clipped
Trailing low quality or unknown (N) bases (below quality
3) are clipped
Sequence reads are scanned within a 4-base sliding window,
and are trimmed when the average quality per base drops
below 15
Sequence reads which are less than 15 bases long after
trimming are discarded.

2.4.2 Short- and long-read aligners
Burrows-Wheeler Aligner (BWA) is a versatile aligner composed of three algorithms that are
tailored for sequence reads of various lengths; these are BWA-backtrack, BWA-MEM (maximal
exact match) and BWA-SW (Smith-Waterman). BWA-backtrack works well for short reads not
exceeding 100 bases in length whereas BWA-MEM and BWA-SW are designed for longer reads
of up to one megabase (LI AND DURBIN 2009; LI AND DURBIN 2010; LI 2013). BWA relies on the
Burrows-Wheeler Transform (BWT) algorithm for compression of text-rich sequences to increase
alignment efficiency and reduce memory usage. BWT converts a large text into alphabetically
ordered strings of repeated characters for compression, creating an “index” that can be readily
reversed to the original text. Another aligner, Bowtie 2, also uses BWT to compress sequences for
alignment (LANGMEAD et al. 2009). Similar to BWA-MEM and BWA-SW, Bowtie 2 is able to
map long sequence reads and works well within a size range of 50 bases to several kb. For this
thesis, BWA-MEM was used to align the Ion TorrentTM sequence reads, the majority of which
were approximately 200 bases long. The command lines used are listed in Table 2.9.
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Table 2.9. Command lines used (in successive order) to invoke the BWA-MEM algorithm for
alignment of the Ion TorrentTM data, with accompanying explanations.
Command
bwa index -p 2C19_2D6_p13 -a is
2C19_2D6_p13.fasta

Function
To create a suffix array index of the reference sequence with a
prefix of 2C19_2D6_p13, using the linear-time algorithm (is),
which is suitable for a small reference. The bwtsw option is
required for large genomes such as the human genome.
bwa mem ‘@RG\tID:1\
To align read pair Read_1.fastq and Read_2.fastq against the
PL:ILLUMINA\LB:UD001\SM:UD001’
reference 2C19_2D6_p13, and to generate a SAM file with a
2C19_2D6_p13 Read_1.fastq Read_2.fastq pre-specified read group indicated by the inverted commas.
Note for read group: ID, read group ID tag; PL, platform; LB, library; SM, sample

2.4.3 Variant callers
Variant calling is a process of statistically determining whether mismatches between the sequence
reads and the reference are real polymorphisms, given an estimated rate of sequencing or data
processing errors. If a variant is consistently observed within a population of sequence reads, then
the variant is probably real (“consensus genotype”). In contrast, if a variant is present in only a
very small fraction of reads, then the variant is more likely to be an artifact. However, this is a
rather simplistic description of the variant calling process. A variant caller often also takes into
account other factors such as base quality, alignment accuracy, composition of adjacent bases and
sequence read duplication (LI et al. 2008; DEPRISTO et al. 2011). Unified Genotyper and MPileup
are two commonly used variant callers constituting the GATK pipeline and the SAMtools
package, respectively. Both callers employ a Bayesian approach to compute the likelihood of a
variant being true and subsequently emit the most probable “genotype call”. The typical form of a
good genotype call is illustrated in Figure 2.5. However, the two callers impose varied degrees of
default filtering, thereby generating slightly different call-sets.
Unified Genotyper additionally implements a “soft-filtering” step, termed variant quality score
recalibration (VQSR), to aid distinguishing real variants from artifacts in large-scale sequencing
data. Given a set of known, true variants that overlap with the real call-set, Unified Genotyper
learns the characteristics of a good variant and use that information to group variants into clusters.
Variants that fall outside the clusters are likely to be false. However, this process is not absolute
and variants failing to meet the pre-set quality criteria may still be real. Hence, a truth sensitivity
threshold needs to be preset by the user, and depending on the experimental goal, may range from
90-100%. Decreasing the sensitivity threshold will lead to a highly accurate call-set with a lower
number of false-positives, but this also means a greater loss of true variants. Genotype calls, along
with other annotations pertaining to the confidence of a variant, are recorded in a standardised
format termed the Variant Call Format (VCF; DANECEK et al. 2011). Details of VCF can be found
at the 1000 Genomes Project website: http://www.1000genomes.org/node/101. Briefly, a VCF file
comprises a header followed by several fixed fields or columns that document the following
details of a variant: chromosome number (CHROM), genomic position (POS), rs number if any
(ID), the reference allele (REF), the alternate allele (ALT), Phred-scaled quality score (QUAL),
quality filter if any (FILTER), and other additional annotations (INFO). Genotype calls are
recorded per sample in the last column.
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Figure 2.5. A typical good genotype call.
2.4.4 Assessment of variant effect
Several tools used to assess the functional effect of a variant are listed in Table 2.10.
Table 2.10. Tools or annotations used to assess the functional effect of a variant (some of the
annotations are available from SeattleSeq Annotation 138).
Tool/Annotation
Sorting Intolerant From Tolerant (SIFT)
(http://sift.jcvi.org/)

Polymorphism Phenotyping v2
(PolyPhen-2)
(http://genetics.bwh.harvard.edu/pph2/)

Protein Variation Effect Analyzer
(PROVEAN)
(http://provean.jcvi.org/index.php)

Descriptions/comments
Based on multiple alignment of related proteins, SIFT determines the
types of residues that are tolerated at a particular position. Infrequent
amino acid changes are more likely to be deleterious and this is indicated
by a low probability score (<0.05 or 0.1 for higher sensitivity). For the
prediction to be accurate, the selected protein sequences ought to be
sufficiently diverse. In other words, alignment of very similar protein
sequences would produce a false impression of a residue being highly
conserved. Predictions with a median information content value greater
than 3.25 are probably inaccurate, because of low sequence diversity (NG
AND HENIKOFF 2003). The functionality of SIFT is invoked through a
web server. The required inputs are Ensembl genomic coordinate(s) and
the nucleotide change(s) in question. Note that different Ensembl versions
may lead to slightly discordant predictions.
PolyPhen-2 is very similar to SIFT in that it also assesses the
conservation of a residue across related protein sequences and generates a
probabilistic score indicative of the deleteriousness of that residue being
substituted (ADZHUBEI et al. 2010). But, PolyPhen-2 also examines a
number of other features such as protein structure and functional domains
documented in the Pfam database (PUNTA et al. 2012), rendering it more
accurate than SIFT (NG AND HENIKOFF 2006). The probabilistic score
classification scheme is as follows: >0.85 as “probably damaging”; >0.15
as “possibly damaging”; the remaining as “benign”. PolyPhen-2 can be
accessed via a web-based interface. A protein accession number [obtained
from the Universal Protein Resource Knowledgebase (UniProtKB)] and
an associated residue change are mandatory inputs.
PROVEAN is distinct from SIFT and PolyPhe-2 in that it is able to
predict the functional effect of multiple amino acid changes and/or indels.
The prediction algorithm of PROVEAN is also alignment-based, but it
additionally considers the quality of the alignment. Poorly aligned protein
sequences are distrusted by the tool (CHOI et al. 2012).

49

Cont’d: Table 2.10
Tool/Annotation
PhastCons

Genomic Evolutionary Rate Profiling
(GERP)

Grantham score

Descriptions/comments
PhastCons is a program that identifies conserved elements in the genome
by performing alignment of multiple sequences and applying specific
statistical predictions (SIEPEL et al. 2005). Currently the conservation
score generated is based on comparison across 46 placental mammalian
species, ranging from 0 (least conserved) to 1 (most conserved).
GERP is a program that measures the differences between observed and
expected rates of substitutions across multiply aligned sequences (termed
rejected-substitution score). The score ranges from -12.3 (least conserved)
to 6.17 (most conserved) and was originally based upon comparison
across 29 mammalian species; an improved version of the tool has
recently been described (COOPER et al. 2005; DAVYDOV et al. 2010).
The Grantham score of amino acid changes takes into account differences
in chemical properties including side-chain composition (non-carbons to
carbons), molecular volume, and polarity (GRANTHAM 1974). Larger
chemical differences are deemed more likely to be pathogenic. A cut-off
score of more than 60 has been adopted to eliminate amino acid changes
that are probably benign (ABKEVICH et al. 2004) .

2.5 Miscellaneous solutions and buffers
The recipes for the solutions and/or buffers used in DNA extraction, agarose gel electrophoresis
and microchip electrophoresis are listed in Table 2.11.
Table 2.11. Miscellaneous solutions and buffers.
Procedure
DNA extraction

Solutions and/or buffers
EDTA 0.5M solution
186.1 g of EDTA disodium salt dehydrate in 800 mL of water
pH adjusted to 8.0 using sodium hydroxide
Water to final volume of 1L
Sodium chloride 5M solution
146.1 g of sodium chloride in 500 mL of water; to make 1 M, dilute 200 mL to 1 L
Sodium dodecyl sulphate (SDS) 10% solution
100 g in 400 mL of water, placed on shaker overnight to dissolve
Water to final volume of 1L
RBC lysis solution
2 mL of EDTA 0.5M solution in 998 mL of water
Cell lysis solution
10 mL Tris-EDTA 100X concentrate, 50 mL EDTA 0.5M solution, 50 mL SDS
10% solution, and 890 mL water

Agarose gel electrophoresis

Microchip electrophoresis

70% ethanol
700 mL analytical-grade absolution ethanol and 300 mL of water
10× TAE buffer
48.4 g of Tris base
11.4 mL of glacial acetic acid
3.7 g of EDTA, disodium salt
Sterile water up to 1 L
SYBR® Gold 100× solution
1 µL of SYBR® Gold 10,000× concentrate in 99 µL of 1× Tris-EDTA buffer
Ladder solution
1 µL of ladder stock in 99 µL of 1× Tris-EDTA buffer
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Chapter 3: Current state and future prospects of direct-to-consumer
pharmacogenetics
Note: As a prelude to the experimental work described in subsequent chapters, and during a
period when our laboratory was closed for repairs after a major earthquake, I set out to review
direct-to-consumer pharmacogenetics services that were available in early 2012, and provide
some perspectives on this topic. This work formed the basis of a publication (CHUA AND KENNEDY
2012).
3.1 Introduction
The provision of direct-to-consumer (DTC) genotyping services gives patients access to personal
genetic information that is often of uncertain value, and that the majority of medical professionals
are not sufficiently confident of handling (STANEK et al. 2012). Despite the contentious
beginnings of these services and debates about the value of the information they provide (PLATT
2009; VASHLISHAN MURRAY et al. 2010), it is fair to suggest that DTC companies have played an
important role in raising public awareness around genetics, empowering individuals to seek more
knowledge about their own genomes and enabling them to encourage their doctors to also
consider this information. It seems likely these companies will remain a significant force as
providers of genome information to the public, and it is conceivable that they will evolve to
become major players in the health care setting.
Setting aside debates around the value and dangers of genotyping risk alleles for complex disease,
I focus here on the pharmacogenetic information currently provided by DTC companies, and
assess the value and limitations of this information. This review primarily depended on
information gleaned from the company websites; selection of companies was largely based on a
list released by the Genetics and Public Policy Centre (DVOSKIN 2011), with a few additions
encountered in the review process. A rather broad definition of DTC pharmacogenetics was
adopted in order to encompass a wide range of services. Companies were deemed to be “DTC” if
they provided a mechanism for the consumers to directly order the tests advertised online, either
with or without prescription by a physician. The listed companies employed two general
approaches, one which was purely DTC and did not involve consultation with independent
doctors (23andMe, GenePlanet, Matrix Genomics, TheranostiCs Lab), and one that did (Genelex,
Kimball Genetics, Navigenics and Pathway Genomics). The list is not exhaustive and was
primarily meant to illustrate the then current state of DTC pharmacogenetic testing services
(Table 3.1).
The types of DTC pharmacogenetic tests offered encompassed a wide range, with certain druggene pairs being exclusively offered by some companies (Table 3.2). Tests that are not strictly
related to clinical pharmacogenetics were excluded: alcohol consumption, smoking and risk of
esophageal cancer, caffeine metabolism, and heroin addiction. In the majority of cases selection
or inclusion of pharmacogenes or markers would have been constrained by the genotyping
platform employed. PCR-based methods allow analysis of a relatively small number of variants,
but are very easily customized to incorporate new tests. Chip-based platforms interrogate very
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large numbers of variants, but tend to be less adaptable due to production costs. Some companies,
such as 23andMe, employed a gene-chip genotyping approach that provided genome-wide
targeted probing of about one million single-nucleotide polymorphisms (SNPs), and others, such
as Genelex, used more readily customizable PCR-based genotyping platforms.
3.2 Current DTC pharmacogenetics offerings
This review of DTC pharmacogenetic testing services illustrated that the then current offerings in
the pharmacogenomics space were patchy and quite limited. These limitations occurred at the
level of the specific genes selected for genotyping, which in many cases was governed by the
technology platform used (as mentioned above), and in the range of gene variants or alleles that
were genotyped. These limitations are important because they can influence interpretation of
results and the accuracy of predictions based on the data (NG et al. 2009a). Genotype-based
classification of metabolic status can be clouded by the existence of multiple alleles that dictate
enzymatic function, especially when assignment of metabolic status depends largely on the
presence or absence of loss-of-function alleles. Pitfalls arise when defective alleles that are not
typed are, in fact, present (PHARMGKB 2011). For example, more than 30 defective CYP2C19
alleles have been identified to date, and the prevalence of these alleles is ethnicity-dependent. All
companies only measured a proportion of the alleles in their CYP2C19 tests and inclusion of
alleles differed between companies (Table 3.2). This could lead to varying degrees of test
accuracy across different ethnic groups. Genetic tests that measure only CYP2C19*2 and *3
alleles would correctly identify approximately 88% of Caucasian poor metabolisers, but nearly
100% of Oriental poor metabolisers. Typing of other defective alleles such as CYP2C19*4 would
improve the test accuracy among Caucasians, but have no additional benefits for patients of other
ancestries (DE MORAIS et al. 1994; FERGUSON et al. 1998; IBEANU et al. 1998; SIM AND
INGELMAN-SUNDBERG 2010). Moreover, other factors such as gene dosage, modifier genes, drugdrug interactions, and relevant environmental effects could also affect the accuracy of phenotype
prediction.
The influences of ethnicity were also notable when the allele- or SNP-phenotype association was
used to predict the development of an ADR or response to a drug. This is an area in which current
evidence varies considerably across ethnic groups. For instance, HLA-B*1502 allele is a strong
predictor of carbamazepine-induced severe cutaneous adverse reaction in Han Chinese patients,
but it is absent in other populations such as Caucasians (CHUNG et al. 2004; MCCORMACK et al.
2011). Another less extreme example is the response to interferon-α/ribavirin which is
independently influenced by a number of SNPs near the IL28B gene region. Two SNPs, namely
rs12979860 and rs8099917, have exhibited the strongest signals in several studies involving
patients of different ancestries (LANGE and ZEUZEM 2011). Rs12979860, however, has been found
to be less reliable in Japanese patients (ITO et al. 2011), suggesting that data from genotyping a
single SNP may not be sufficiently generalizable across populations - a limitation often
acknowledged by DTC companies in their reports. Of the companies surveyed only 23andMe
offered the IL28B test, using the SNP rs8099917 to classify individuals into various response
categories. As noted, many DTC companies were restrained by their chip-based genotyping
platforms and the available evidence of SNP-phenotype association, and were therefore less
capable of tuning their tests to account for the ethnic diversity of their global customer base.
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Table 3.1. Comparison of companies providing DTC pharmacogenetic testing services.
Company

Website

“Over-the-internet”
23andMe
https://www.23andme.com/
GenePlanet
Matrix
Genomics
TheranostiCs
Lab

http://www.geneplanet.com/
http://matrixgenomics.com/ind
ex.php
http://www.theranostics.co.nz/
wawcs0142201/tn-home.html

“Via-physician-only”
Genelex
http://www.healthanddna.com
/index.html
Kimball
http://www.kimballgenetics.co
Genetics
m/
Navigenics
https://www.navigenics.com/

Sample
type

Platform used

Turnaround
time

CLIAaccredited?

Genetic counselor
available?

Mechanisms for
confidentiality
protection?

Saliva

Customized Illumina OmniExpress
Plus Genotyping BeadChip
Chip-based
Unknown

Two to three
weeks
Up to forty days
Five to ten days

Yes

Yes

Yes

Unknown
Yes

Unknown
Unknown

Yes
Yes

Buccal

HRM analysis; MALDI-TOF mass
spectrometry

Unknown

Not
applicable

Unknown

Unknown

Blood or
buccal
Blood or
buccal
Saliva

PCR-based

Unknown

Yes

Yes

Unknown

Yes

Yes

Yes

Yes

Saliva
Buccal

Six to fourteen
Yes
days
The Invader Assay
One business
Yes
day
TaqMan SNP Genotyping Assays
Two to three
Yes
weeks
Pathway
https://www.pathway.com/
Saliva
Chip-based
Weeks (not
Yes
Genomics
specified)
Abbreviations: DTC, direct-to-consumer; CLIA, Clinial Laboratory Improvement Amendments; HRM, high-resolution melt;
desorption/ionization-time-of-flight mass spectrometer
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Table 3.2. Range of DTC pharmacogenetic tests1,2,3.
Pharmacogenetic trait
ADRs
Abacavir hypersensitivity

23andMe

Genelex

GenePlanet

Kimball
Genetics

HLA-B*5701
rs2395029

Aminoglycoside-induced
ototoxicity
Carbamazepine hypersensitivity
HLA-B*5701
rs2395029
DPYD*2A
ITPA/DDRGK1
rs6139030

Lumiracoxib-induced
hepatotoxicity
Methotrexate toxicity
Oral contraceptives, hormone
replacement therapy, and risk
of venous thromboembolism
Postoperative nausea and
vomiting
Pseudocholinesterase
deficiency

HLA alleles
rs3129900

Selective serotonin reuptake
inhibitors and sexual
dysfunction
Statin-induced myopathy

Navigenics

Pathway
Genomics

HLA-B*5701
rs2395029

Unknown

TheranostiCs
Lab

Unknown

Floxacillin-induced
hepatotoxicity
Fluorouracil toxicity
Interferon-induced
thrombocytopenia
Irinotecan toxicity

Ribavirin-induced anemia

Matrix
Genomics

HLA-B*1502
rs2844682
rs3909184
HLA-B*5701
rs2395029
DPYD*2A

DPYD allele
UGT1A1*28

Unknown

UGT1A1*28
rs10929302

Unknown
Unknown

Factor V Leiden
Prothrombin
G20210A variant
DRD2 Taq1A
BCHE variants:
Asp70Gly (A)
Thr243Met (F1)
Gly390Val (F2)
ITPA variant:
Pro32Thr
HTR2A variant

BCHE variants:
Asp70Gly (A)
BCHE*539T

SLCO1B1*5
COQ2 variant

SLCO1B1*5

Thiopurine toxicity

TPMT*2
TPMT*3A,
*3B, *3C
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Cont’d: Table 3.2
Pharmacogenetic trait
Drug efficacy
Antidepressants

23andMe

Genelex

GenePlanet

ABCB1
rs2032583

CYP2D6*1-*15
CYP2D6*17, *41

ABCB1
rs2032583

Drug efficacy (cont’d)
Aspirin and stroke; MI
Beta-blocker and heart failure
Beta-blocker and hypertension
Clopidogrel and stroke; MI
Interferon-α/ribavirin and
hepatitis C
Interferon-β and multiple
sclerosis
Metformin and type 2 diabetes
mellitus
Naltrexone and alcohol
dependence
Sildenafil and erectile
dysfunction
Statins and MI

Navigenics

Pathway
Genomics

TheranostiCs
Lab

CYP2C19*2, *3

Unknown

CYP2C19*2,
*3
CYP2C19*17

ApoE2, E3, or
E4 allele

Unknown

VKORC1*2
CYP2C9*2, *3
CYP4F2*3

Unknown

CYP2D6 alleles
CYP2C19*2-*8
CYP2C19*17

GRK5 variant:
Gln41Leu

CYP2C19*2-*8
CYP2C19*17

CYP2C19*2-*8
CYP2C19*17

IL28B
rs8099917
GPC5
rs7987675
ATM
rs4585
OPRM1 variant:
Asn40Asp
GNB3 variant:
Ser275Ser
KIF6 variant:
Trp719Arg

Tamoxifen and breast cancer

CYP2D6*1-*15
CYP2D6*17, *41

Triptans and migraine
Warfarin sensitivity

Matrix
Genomics

ITGB3 variant:
Leu33Pro
ADRB1 variant:
Arg389Gly

ADRB1 variant:
Arg389Gly
CYP2C19*2-*4
CYP2C19*8, *17

Kimball
Genetics

VKORC1*2
CYP2C9*2, *3

VKORC1*2
CYP2C9*2-*8,
*11, *13

CYP2D6
CYP2C19*17
GNB3 variant:
Ser275Ser
VKORC1*2
CYP2C9*2, *3

1

Shaded boxes indicate that the tests are not offered by the companies.
Pharmacogenetic traits with clear FDA recommendations are underlined.
3
Matrix Genomics also genotyped CYP3A5; Genelex also offered tests for CYP1A2 and NAT2.
Abbreviations: DTC, direct-to-consumer; ADR, adverse drug reaction; MI, myocardial infarction
2
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VKORC1*2
CYP2C9*2, *3

VKROC1*2
CYP2C9*2, *3,
*5, *6
CYP4F2*3
GGCX variant

VKORC1*2
CYP2C9*2,
*3
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The categorization of metabolic capacity is also an imprecise process, complicated by lack of a
consensual classification system which takes into account various factors that may influence
enzymatic function. The categories of poor, intermediate, extensive, or ultra-metabolizers are
rarely discrete. Rather, they represent a continuous spectrum of metabolic function with
significant inter-group overlap. Phenotypic prediction and classification based on a complex array
of CYP2D6 variants, which give rise to both allele-specific and substrate-specific effects on
enzymatic activity, is particularly daunting. Genelex, for instance, employed a multiplex PCR
approach to detect CYP2D6 gene duplication and 17 alleles; the diplotypes were subsequently
classified into poor, intermediate, extensive or ultra-rapid metabolisers. However, this seemingly
comprehensive test had two important caveats. First, classifying the multitude of CYP2D6 allelic
combinations into just four metabolic categories and applying these universally to CYP2D6
substrates can be rather simplistic. Second, default assignment of functional gene duplication can
lead to overestimation of CYP2D6 activity when non-functional or reduced-function alleles are
duplicated (GAEDIGK et al. 2007a); or when the duplication is a false positive as a result of
undetected hybrid alleles (BLACK et al. 2012). These problems are not specific to DTC companies,
as they are an ongoing issue for the entire pharmacogenomics community. For example, although
an activity score system has been proposed to account for the nuances in enzymatic activity
conferred by different CYP2D6 diplotypes, thereby producing more refined prediction of
metabolic status (GAEDIGK et al. 2007b), no consensus has yet been reached with regard to the
best classification system (KIRCHHEINER 2008), and there is evidence to suggest that the
traditional system may perform equally well in certain instances (LÖTSCH et al. 2009).
The most important issue surrounding DTC pharmacogenetics is a lack of unequivocal clinical
value for many of the tests on offer. Marketing pharmacogenetic data which are still debatable
could be premature; however, where this is made clear in the report the information provided
could be of some educational value. For the purposes of this review I used as a guide to
“actionable” tests any recommendations in the FDA drug labels, and guidelines from the DPWG
(SWEN et al. 2011; PHARMGKB 2012; US FOOD AND DRUG ADMINISTRATION (FDA) 2012).
Guidelines from the CPIC were in development at the time of this study (RELLING and KLEIN
2011), therefore were not used in the analysis. FDA-approved drug labels containing information
on pharmacogenomics biomarkers were screened in an attempt to identify drug-gene pairs for
which pharmacogenetic data may provide an “actionable” outcome. Out of the 112 FDA druggene pairs, only 30 were good candidates for DTC testing as they were provided with
pharmacogenetics-based recommendations in the product inserts. These recommendations varied
from specific dose adjustments, or drug avoidance, to vague dosage guidelines, which typically
involved dose reduction of uncertain magnitude (Table 3.3; note that this analysis partially
overlaps with that presented in Table 1.5). Thirty-three drug-gene pairs were considered irrelevant
in the DTC setting: 27 were associated with cancer genetics, five with congenital disorders, and
one with determination of HIV-1 strain. For the remaining 49 drug-gene pairs, pharmacogeneticsbased recommendations were either absent or irrelevant. Testing for this group of 82 drug-gene
pairs is therefore probably of little clinical value.
For most of the drug-gene pairs listed on the FDA website (US FOOD AND DRUG ADMINISTRATION
(FDA) 2012), genetic screening was recommended but not required by FDA (PHARMGKB 2012).
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Only a small proportion of the drug-gene pairs tested by DTC companies are likely to have a
significant impact on clinical intervention (Table 3.2). For many drug-gene pairs, consensus
guidelines have yet to be established, as evidenced by the limited overlap between FDA and
DPWG in their lists of useful drug-gene pairs (Table 3.3). Dosing based on thiopurine
methyltransferase (TPMT) activity (testing offered by Navigenics), for example, is somewhat
ambiguous. While DPWG provides clear-cut dosage guidelines for poor methylator phenotypes,
FDA is still uncertain in this regard (SWEN et al. 2011; US FOOD AND DRUG ADMINISTRATION
(FDA) 2012). The value of pharmacogenetic data provided by DTC companies is therefore
limited by lack of effective guidelines for test interpretation, which is of course, a much wider
problem in pharmacogenetics. The approaches taken by the CPIC, and other bodies, should
steadily lead to improvements in this situation (RELLING and KLEIN 2011).
3.3 What is the future for DTC pharmacogenetics/pharmacogenomics?
As discussed in the previous section, DTC pharmacogenetics offerings were significantly limited
in scope and utility. That said, it is likely these companies are here to stay and it is worth
considering how they may look in the future. Several points are worth considering, the first of
which relates to the pace of change in genomics technology. The rapid evolution of NGS
technologies has ushered in an era of “personal genomics” (MCGUIRE et al. 2007). As the cost of
generating human genome sequences has plummeted, many companies are gearing up to provide,
or are already providing, whole human genome sequences, or the more targeted subset of all
exons in the genome (the exome). The first signs of transition by DTC companies to the use of
genome sequence information rather than genotyping of specific loci are apparent, and it seems
inevitable that others will follow this trend. In September 2011, 23andMe announced a pilot
project aimed at providing raw exome data to its existing customers, for a price of USD999
(23ANDME 2011). Transition from chip-based or candidate-gene typing to WES or WGS will
provide much more detailed pharmacogenetic data and could allow interrogation of multiple
markers to add predictive power. Certainly, it should be possible to provide a fairly complete
profile of pharmacogenetic variants with known functional effects, but of course many rare
variants of unknown function will also be detected and sorting signals from noise will be a
significant problem. In addition, it can still be difficult to precisely distil copy-number variation
(CNV) data from sequencing data (ZHANG et al. 2011) - with CYP2D6 as the paradigmatic
pharmacogene whose activity is affected by CNV. Nonetheless, WGS could potentially provide
accurate information on CNVs in pharmacogenes (XI et al. 2011), with a price that is steadily
approaching the USD1000 mark (HAYDEN 2014).
A major challenge to the application of whole genome data will be the high load of rare variants
apparent in human genomes (NELSON et al. 2012). Genotype-phenotype correlations are imperfect
even for common pharmacogenetic variants and interpreting the clinical relevance of rare variants
will be crucially important to extract maximum value from personal genomes. Resolving this
issue will likely require the application of new bioinformatics- and laboratory-based functional
screens, but even with improved methods it is probable that prediction of phenotype based on
personal genome data will always carry with it a level of uncertainty.
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Table 3.3. Drug-gene pairs with therapeutic recommendations in FDA drug labels and the DPWG Guidelines.
Treatment modifications to avoid ADRs
FDA-only
Carbamazepine/HLA-B*1502
Dextromethorphan and quinidine/CYP2D6
Pimozide/CYP2D6
Rasburicase/G6PD
Thioridazine/CYP2D6
DPWG-only
Estrogen-containing oral contraceptives/Factor
V Leiden
Tegafur and uracil/DPD
Both FDA and DPWG
Abacavir/HLA-B*5701
Capecitabine/DPYD
Fluorouracil/DPYD

Treatment modifications based on metabolic status
FDA-only
DPWG-only (cont’d)
Celecoxib/CYP2C9
Metoprolol/CYP2D6
Clobazam/CYP2C19
Nortriptyline/CYP2D6
Iloperidone/CYP2D6
Omeprazole/CYP2C19
Tetrabenazine/CYP2D6
Oxycodone/CYP2D6
Warfarin/CYP2C9
Pantoprazole/CYP2C19
Warfarin/VKORC1
Paroxetine/CYP2D6
Phenprocoumon/CYP2C9
DPWG-only
Phenprocoumon/VKORC1
Acenocoumarol/CYP2C9
Phenytoin/CYP2C9
Acenocoumarol/VKORC1
Propafenone/CYP2D6
Amitriptyline/CYP2D6
Risperidone/CYP2D6
Azathioprine/TPMT
Sertraline/CYP2C19
Clomipramine/CYP2D6
Tamoxifen/CYP2D6
Clopidogrel/CYP2C19
Thioguanine/TPMT
Doxepin/CYP2D6
Tramadol/CYP2D6
Escitalopram/CYP2C19
Venlafaxine/CYP2D6
Esomeprazole/CYP2C19
Voriconazole/CYP2C19
Lansoprazole/CYP2C19
Zuclopenthixol/CYP2D6
Flecainide/CYP2D6
Haloperidol/CYP2D6
Both FDA and DPWG
Imipramine/CYP2C19
Aripriprazole/CYP2D6
Imipramine/CYP2D6
Atomoxetine/CYP2D6
Irinotecan/UGT1A1
Citalopram/CYP2C19
Mercaptopurine/TPMT
Codeine/CYP2D6

Abbreviations: FDA, US Food and Drug Administration; DPWG, Dutch Pharmacogenetics Working Group
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Ambiguous recommendations
FDA-only
Azathioprine/TPMT
Carisoprodol/CYP2C19
Cevimeline/CYP2D6
Chloroquine/G6PD
Clopidogrel/CYP2C19
Clozapine/CYP2D6
Flurbiprofen/CYP2C9
Fluvoxamine/CYP2D6
Irinotecan/UGT1A1
Mercaptopurine/TPMT
Phenytoin/HLA-B*1502
Thioguanine/TPMT
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To apply WES or WGS in the clinical setting, the standard of its performance must be at a level
that is equivalent to other diagnostic tests. As previously described, compliance with CLIA is
considered to be a hallmark of quality for laboratory tests in the United States (FRUEH et al. 2011;
SPENCER et al. 2011). Most currently available DTC genetic tests are conducted in laboratories
with CLIA or equivalent levels of certification. DTC exome sequencing services should also meet
similar regulatory requirements. In order to accommodate the global nature and unique features of
the service, modernization of national regulations and establishment of an international
certification system have been suggested (FRUEH et al. 2011; HAUSKELLER 2011). Ensuring the
diagnostic validity of DTC results in this way could add confidence for the consumer and may
position DTC testing companies for a more expansive role in the health care setting.
Many critics of DTC genetic testing focus on the reduced role for medical professionals as
gatekeepers to complex genetic information (LENZER and BROWNLEE 2008; ANONYMOUS 2008).
However, health care professionals are generally ill-prepared for incorporating pharmacogenetics
into their practice (STANEK et al. 2012). It is likely that the activities of DTC companies are
educating consumers about genetics and pharmacogenetics, and these consumers will in turn
indirectly influence and educate their physicians. Indeed, the models for genome data collection,
interpretation and dissemination adopted by DTC companies, particularly their use of web-based
tools for providing continually updated information to clients, can be seen as key components of
genomics-based health care (PLATT 2009) and may offer a viable route for the integration of
genomic and pharmacogenomic data into more traditional health care structures.
Few health systems are likely to adopt routine, widespread pharmacogenomic testing in the near
future. This may provide the opportunity for DTC pharmacogenetics companies to flourish. While
many arguments in pharmacogenetics centre on the cost-benefit analysis of tests, and the
mechanisms for reimbursing testing costs, DTC genetics may help to resolve these debates. It has
even been speculated that the affordability of WGS would rapidly improve to a point where
genotyping could be regarded as essentially free (ALTMAN 2011). When patients turn up in a
clinic with a full pharmacogenetics profile, obtained from a DTC company and performed in a
CLIA-certified laboratory, surely the clinician ought to consider integrating this knowledge in
their treatment plans? The obvious caveats on this scenario, which are relatively specific to the
DTC companies, include the danger of overstating the value of such tests, and the need to follow
clinical guidelines or rely on intelligent and thorough assessment of the evidence base, wherever
possible.
3.4 Conclusions
The development of DTC genetic testing has caused considerable controversy, particularly with
regard to genes that influence risk of disease. Although perhaps less controversial, the
pharmacogenetics offerings of DTC companies also have problems, although the worst of these
are precisely those which challenge all practitioners in this field. Two primary problems are the
quality of evidence that links genetic variants to functional effects, and the clinical utility of
genotypes for specific genes. Both of these issues are anticipated to gradually resolve to a point at
which most common, clinically useful gene variants have been identified and incorporated into
treatment guidelines. The high level of rare variants observed in human genomes will remain an
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issue (NELSON et al. 2012), and collectively these may represent a significant pharmacogenetic
load in the population that will be more difficult to understand.
Despite their controversial origins DTC companies deserve credit for at least two things. The first
is that their activities have raised public awareness of genome analysis and its relevance to
therapeutic drug responses (BLOSS et al. 2014). The second is that these companies offer a route
to bringing pharmacogenomic data to the table, empowering patients who may feel the need to
obtain such data, and enabling them to discuss it with their clinician - which at a minimum may be
a useful, two-way learning opportunity. In this situation the patient is taking on a more active role
by “initiating” testing and educating and encouraging the physician to consider and perhaps act on
this information.
Relatively inflexible genotyping technologies constrained the range of pharmacogenetic data that
were generated, and the present survey revealed that the DTC pharmacogenetics test offerings
were patchy and of limited clinical value. However, it is likely these companies will be early
adopters of exome and whole-genome services, and already we are seeing transition to these kinds
of datasets for clients. The companies active in this space are experienced at providing genomic
information to their clients via web interfaces in an appealing, understandable and secure format
which is well suited to the ongoing updating of interpretive material - an essential need in a field
where the evidence base is continually growing and changing. This may well prove to be an edge
that allows such companies to compete effectively in the provision of whole-genome or exome
data not only in a DTC environment, but also in the clinical setting. The next few years may see
some significant changes in traditional clinical laboratory testing models, with DTC companies
offering a relatively low cost approach to pharmacogenomic data provision. Over this period most
companies are also likely to transition to exome or whole-genome methods for generating
personal genome data, with a corresponding increase in the range and value of pharmacogenomic
data provided. It will be of great interest to see how this innovative and oft-maligned industry
evolves and grows, and to see what impact this has on the understanding and routine use of
pharmacogenomic knowledge.
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Chapter 4: Establishing a New Zealand biobank for exploring the genetic
contribution to aberrant drug responses
4.1 Introduction
In the past decade pharmacogenetics studies have identified several highly penetrant genetic
variants that contribute to serious adverse drug events. As described earlier, an exemplar is the
HLA-B*57:01 allele which is strongly associated with abacavir-induced HSR. Testing for HLAB*57:01 prior to use of abacavir for treatment of HIV infection is now routine in several countries
including New Zealand (RAUCH et al. 2006; FARUKI et al. 2007; ZUCMAN et al. 2007; MALLAL et
al. 2008; LALONDE et al. 2010). Likewise, pre-therapy screening for the HLA-B*15:02 allele,
which predisposes Han Chinese carriers to carbamazepine-induced Stevens-Johnson syndrome
(CHUNG et al. 2004), is now required in Taiwan (CHEN et al. 2011). The pilot work presented
herein was prompted by such strong genetic components observed for serious ADRs.
This chapter describes an initiative to systematically collect ADR cases to enable genetic analysis.
Several observations informed the design of this study. First, sequencing of many human genomes
has revealed that each individual has a high load of singleton mutations, some of which may
impact pharmacogenes (NELSON et al. 2012; GORDON et al. 2013). This suggests that the overall
contribution of low-frequency gene variants towards inter-individual differences in drug response
may be greater than previously thought. Second, large-scale efforts to create repositories of DNA
samples (biobanks) that are linked to pharmacological phenotypes, as listed in Table 4.1, have
grown in importance. Some of these initiatives take advantage of international collaboration to
facilitate sample collection; some are created principally for disease studies, with secondary goals
of examining the inter-individual variability in drug response. To participate in these projects, the
prerequisite is setting up a local biobank to accrue blood and DNA samples from ADR cases that
are phenotypically well characterised. Third, NGS technology, which enables simultaneous
sequencing of a large number of genes or even entire genomes, has proven to be a powerful tool
in the discovery of causal variants for rare diseases (KOBOLDT et al. 2013). The success of this
technology in Mendelian disease gene discovery suggests that it will have similar value in
identifying rare, functionally relevant pharmacogenetic variants (BIESECKER and GREEN 2014).
Fourth, regulatory and insurance authorities tend not to recognise that very rare ADRs can reflect
an underlying genetic predisposition, allowing them to underrate such events as “unrecognised” or
“anecdotal” side effects.
Against this background, a project called UDRUGS (Understanding Adverse Drug Reactions
Using Genomic Sequencing) was established with two major goals: (1) to establish a biobank
linked to clinical information of patients who have experienced severe ADRs or exhibited
aberrant response to pharmacological treatment, and (2) to explore the range of variations in
known pharmacogenes that may contribute to the observed phenotypes.
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Table 4.1. Large-scale projects for pharmacogenomics research (WILKE et al. 2007).!
Biobank
Drug-Induced Liver Injury
Network
Electronic Medical Records
and Genomics Network1

European Collaboration for
Studying the Genetic Basis of
Adverse Drug Reactions
iSAEC

Target genes, drugs, or adverse drug reactions
Severe hepatotoxicity caused by prescription
drugs, over-the-counter drugs, and alternative
medicines
High-throughput sequencing of 84
pharmacogenes such as ABCB1, CYP3A4,
CYP3A5, CYP2C9, CYP2C19, CYP2D6,
DPYD, HLA-B*5701, G6PD, MAOA,
SLCO1B1, TPMT and VKORC1 (list not
exhaustive)
Serious, idiosyncratic (Type B) ADRs

1.
2.
3.
4.
5.
6.
7.

Website and/or references
https://dilin.dcri.duke.edu/

http://emerge.mc.vanderbilt.edu/;
see ref. (MCCARTY et al. 2011;
GOTTESMAN et al. 2013)

No website available; see ref.
(MOLOKHIA and MCKEIGUE
2006)
http://www.saeconsortium.org/

Drug-induced liver injury
Serious skin rash
Acute hypersensitivity syndrome (DRESS)
Drug-induced renal injury
Drug-induced torsade de pointes
Antipsychotic-induced weight gain
Serious adverse effects associated with the
treatment of inflammatory bowel disease
8. Drug-induced jaw osteonecrosis
Genotype-specific Approaches Anthracyclines, cisplatin, codeine, vincristine,
http://www.cmmt.ubc.ca/researc
to Therapy in
L-asparaginase, methotrexate, carbamazepine,
h/investigators/hayden/projects/a
Childhood
trimethoprim-sulfamethoxazole, amoxicillin,
dr; see ref. (ROSS et al. 2007;
thioguanine, valproic acid, penicillin, and
CARLETON et al. 2009)
lamotrigine
PharmGKB-hosted
International Consortium for Antihypertensives https://www.pharmgkb.org/page/
international consortia
Pharmacogenomics Studies, International
projects
Clopidogrel Pharmacogenomics Consortium,
International SSRI Pharmacogenomics
Consortium, International Tamoxifen
Pharmacogenomics Consortium, International
Warfarin Pharmacogenetics Consortium, and
International Warfarin Pharmacogenetics
Consortium-Genome Wide Association Studies
The Biobank UK
Aimed at assessing gene-environment
WRIGHT et al. 2002!
interactions, which encompass drug
responsiveness, in a target cohort of 500,000
individuals
1
The network is a large-scale, collaborative effort involving multiple “sub-repositories” of DNA samples at major
institutions (MCCARTY et al. 2005; MCCARTY et al. 2008; RODEN et al. 2008; ORMOND et al. 2009; MCCARTY et al.
2011; OLSON et al. 2013). The primary focus of the first phase of the project was chronic illnesses; whereas in the
second phase pharmacogenomics discovery became an important project feature (Gottesman et al. 2013; RasmussenTorvik et al. 2014). Those institutions involved in the initial launch of the project were: 1) Marshfield Research
Foundation; 2) Northwestern University; 3) Mayo Clinic; 4) Group Health Cooperative in partnership with the
University of Washington and the Fred Hutchinson Cancer Research Center; 5) Vanderbilt University.
Abbreviations: ADR, adverse drug reaction; iSAEC, International Serious Adverse Events Consortium; DRESS, drug
reaction (or rash) with eosinophilia and systemic symptoms
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4.2 Specific methods
4.2.1 Subject recruitment
The study was approved by the Southern Health and Disability Ethics Committee (New Zealand).
Patient recruitment is an actively ongoing process, although at completion of this thesis about 40
subjects had been recruited. Participants were recruited mainly via referral by clinicians working
at Christchurch Hospital. Other sources were self-referrals, specific cohorts identified from local
research projects, and cases reported to pharmacovigilance organisations such as the Intensive
Medicines Monitoring Programme (Dunedin, New Zealand; although this was recently
disestablished). After written consent was obtained (Appendix B), relevant medical history was
documented using a tailored questionnaire (Appendix D), and peripheral blood (or saliva) sample
was collected. All samples were assigned a UDRUGS code and spreadsheets linking the codes to
participants’ details were password-protected and stored securely. A more detailed illustration of
the various recruitment routes is shown in Figure 4.1. The written informed consent included
provision for extensive genetic analysis including WES or WGS, long-term storage of blood and
DNA samples, access to medical records, contact with family members or relatives where
necessary, and sharing of research data and samples with local or international collaborators.
Identify relevant case(s) from hospital databases,
local projects, or pharmacovigilance centres
Letter from study
investigator

Treating clinician deems participant No
Excluded
suitable for participation?

!

Yes

Send recruitment letter, information sheet,
and opt-in-opt-out form to participant
Participant expresses interest?
Self-referral

No

Excluded

Yes

Participant lives in Christchurch?
Referral by physician

Yes

No

Arrange for a faceto-face interview
Referring physician completes
the formal enrolment steps

Arrange for a Skype
or phone interview

+

Send saliva sample
collection kit and consent
form to participant

UDRUGS

Figure 4.1. Patient recruitment via various routes.
4.2.2 Design of questionnaire
The questionnaire was very similar to Pharmacist’s Work-up of Drug Therapy, and thus is
suitable for universal documentation of ADRs (STRAND et al. 1988). It consists of two standalone
sections: the first section to be answered by the participants and the second part to be completed
by the study investigator or the referring clinician. Participants’ demographics, disease and
medication histories, detailed account of the adverse drug reaction(s), and objective data (if any)
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are documented. A symptom checklist was included to aid participants in reporting ADRs
(JARERNSIRIPORNKUL et al. 2002). The amount of alcohol consumption is assessed by the
AUDIT-C questions (BUSH et al. 1998). Causality of ADRs is evaluated using the Naranjo
Algorithm (NARANJO et al. 1981), as shown in Table 4.2.
Table 4.2. Naranjo Algorithm and scoring of an adverse drug event [reproduced from ref.
(Naranjo et al. 1981)].
Yes
1.
2.
3.

No

Do not
know
0
0
0

Are there previous conclusive reports on this reaction?
+1
0
Did the adverse event appear after the suspected drug was administered?
+2
-1
Did the adverse reaction improve when the drug was discontinued or a
+1
0
specific antagonist was administered?
4.
Did the adverse reaction reappear when the drug was readministered?
+2
-1
0
5.
Are there alternative causes (other than the drug) that could on their own -1
+2
0
have caused the reaction?
6.
Did the reaction reappear when a placebo was given?
-1
+1
0
7.
Was the drug detected in the blood (or other fluids) in concentrations
+1
0
0
known to be toxic?
8.
Was the reaction more severe when the dose was increased, or less
+1
0
0
severe when the dose was decreased?
9.
Did the patient have a similar reaction to the same or similar drugs in any +1
0
0
previous exposure?
10. Was the adverse event confirmed by any objective evidence?
+1
0
0
Note: Causality of an adverse drug event is classified as follows: definite (≥9), probable (5-8), possible (1-4), and
doubtful (0).

4.2.3 Long-term storage and contribution to international consortia
Where no immediate genetic analysis was possible because of limitations in current technology or
genetics understanding, the participants’ blood or saliva samples were stored at -20°C for future
analysis or contribution to studies by international consortia such as the iSAEC. During
consenting, participants were asked whether they would allow their samples to be sent overseas
for international collaboration.
4.2.4 Return of results and handling of incidental findings
Relevant research findings were communicated back to the participants, emphasising that the
findings were not meant for diagnostic purposes. Where applicable, a list of medications, for
which genetic findings may be important, was also provided (Appendix E). This list was largely
based on the therapeutic guidelines formulated by the DPWG (SWEN et al. 2011).
Although not used in the studies described in this chapter, WES produces a large amount of
genetic data, and it is quite possible that findings of potential health or reproductive significance
may arise which are not related to the ADR being investigated. The handling of potential
incidental findings, via recommended pathways (WOLF et al. 2008), was included in UDRUGS
consent and information sheets, as illustrated in Figure 4.2. Identification of incidental findings
has been a passive process, contrary to the recommendations formulated by the American College
of Medical Genetics and Genomics (ACMG), that a list of 56 disease-associated genes should be
proactively examined for the presence of variants with potential biological significance (GREEN et
al. 2013). As this study was commenced prior to the publication of these recommendations, the
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participants were not adequately informed of the stipulated policy. On ethical grounds, such a lack
of unambiguous consent had already precluded the analysis of the suggested gene set and return
of the resultant findings. The clinical utility of screening these genes has also been questioned
(BURKE et al. 2013). At the time of writing this thesis, no incidental findings of major health
significance have been identified.

Figure 4.2. Recommended pathways for handling genetic incidental findings (adapted from WOLF
et al. 2008).
4.3 Results and discussion
Thus far 37 cases have been collected along with stored blood, saliva or DNA samples, and
relevant clinical history (Table 4.3). Blood and saliva samples have been shown to yield DNAs of
comparable qualities in terms of PCR or genotyping success rates (100% for blood samples and
around 78% for saliva samples) (HANSEN et al. 2007). Generally rather broad inclusion criteria
were adopted, allowing the “piloting” of procedures for UDRUGS via the pathways described
above. Individuals taking interacting drugs or with multiple medical conditions were not excluded.
The majority of cases were related to drug metabolism. Sanger sequencing of various candidate
genes was performed and some of these findings are presented in Table 4.4. Among the
participants listed in the table, some have been identified as having impaired CYPs metabolic
function (UDRUGS001, 003, 005, 029, 043 and 047). Overall the cases described therein can be
classified into three categories as having involved 1) gene-drug coupled with drug-drug
interactions (UDRUGS001, 003 and 029); 2) gene-drug interaction only (UDRUGS005, 043 and
047); and 3) drug-drug interaction only (UDRUGS002, 022 and 041). This illustrates the
approximate genetic contribution towards pharmacological response in the “real-world” scenarios,
as will be further discussed using some cases as examples.
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Table 4.3. Collection of UDRUGS cases.
Cohort/type
reaction
CYP-related
(n=11)1

of

Extreme shunters
(n=13)

Bisphosphonaterelated
osteonecrosis of
the jaw (n=6)

Miscellaneous

Mode
of
recruitment
Self-referred,
clinicianreferred

Previous local
project (VAN
EGMOND et
al.
2012),
hospital
database
Collaboration
with IMMP

Clinicianreferred

Descriptions

Analysis status

Various patients who suffered adverse reactions of
varying degrees of severity, or exhibited aberrant drug
response, with possible relation to underlying
metabolic status, particularly that of CYP2D6 or
CYP2C19.
Drugs
implicated
were
mostly
antidepressants.
A group of patients who exhibited thiopurine drug
resistance, owing to preferential production of the toxic
metabolite
6-methylmercaptopurine
over
the
therapeutic 6-thioguanine nucleotides. All patients had
a 6-methylmercaptopurine/6-thioguanine nucleotides
ratio larger than 100.
Biphosphonate-related osteonecrosis of the jaw is a
serious adverse effect caused by bisphosphonates,
which are used to treat bone diseases, and characterised
by necrosis of the jaw bone. The underlying
pathogenesis is thought to be related to inhibitory
effects of bisphosphonates on angiogenesis (SHARMA
et al. 2013).
Drug hypersensitivity (n=2); hepatotoxicity (n=1);
ototoxicity (n=1); statin-induced myopathy (n=1);
propylthiouracil-induced autoimmune hepatitis (n=1);
family member (n=1) for variant haplotype analysis

CYP2D6, CYP2C19,
or other relevant genes
sequenced
(n=10);
planned for exome
sequencing (n=4)

1

Exome-sequenced
(n=12;
analysis
described in Chapter
8); stored (n=1)

Stored for contribution
to international sample
pool (n=6)

CYP2C19 sequenced
for haplotype analysis
(n=1)
For exome sequencing
(n=1)
Stored (n=5)

Two of the participants were not formally recruited into UDRUGS but were referred for more comprehensive CYP2D6
genotyping and copy-number analysis.
Abbreviations: CYP, cytochrome P450; IMMP, Intensive Medicines Monitoring Programme
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Table 4.4. Characteristics of a number of cases in relation to pharmacogenetic (CYP) findings,
obtained by whole-gene Sanger sequencing.
Participant ID,
sex, ethnicity1
UDRUGS001,
F, C

UDRUGS002,
M, C

UDRUGS003,
F, I

UDRUGS005,
F, C

UDRUGS022,
F, C

UDRUGS029,
F, C

UDRUGS041,
F, C

UDRUGS043,
F, C

Description of adverse drug event(s)
Exhibited poor tolerance towards amitriptyline (taken for
migraine), with the adverse effects subsiding and recurring
between doses. In particular, the participant described signs of
tricyclic toxicity; she was also taking oral contraceptives
(Norimin) concurrently and noted the adverse effects to be less
severe during pill-free periods. Other relevant drug reactions
included ineffective pain relief with codeine.
Experienced various adverse effects such as severe confusion,
tremor, and concentration problems when taking a combination
of CYP2D6 substrates for depression and pain relief, namely
nortriptyline or fluoxetine plus tramadol. The participant
attributed the “worst effect” to nortriptyline, being described as
long-lasting (>1 day) and resulting in a switch to fluoxetine.
Eventually all drugs were discontinued.
Suffered treatment-resistant major depressive disorder and
exhibited poor tolerance towards moderate doses (150 mg) of
venlafaxine resulting in intense agitation and dysphoria, and
ultimately drug discontinuation. Unusually high nortriptyline
concentration (three times the upper therapeutic range) while
concurrently receiving fluoxetine; but adverse effects observed
were minimal.
Experienced severe acute dystonic reactions after taking
metoclopramide for pregnancy-associated hyperemesis. The
reaction resolved after intravenous benztropine, an
anticholinergic agent, was administered. The patient also
recalled experiencing severe sedation and amnesia after being
given lorazepam following refractive eye surgery in 2005.
Experienced mild adverse effects, such as restlessness and
speech problems, after taking metoclopramide. Recalled also
taking oral contraceptives (Yasmin). The reactions gradually
subsided without any pharmacological intervention.

Had adverse reactions towards multiple drugs; primary
complaint was serotonin toxicity when taking venlafaxine plus
mirtazapine for major depressive disorder. Similar less severe
reactions were noted with fluoxetine. Still experienced adverse
effects such as tremor and tachycardia when taking venlafaxine
alone; severity was greater with increased dose. Ultimately
propranolol was added to alleviate the adverse effects. Other
relevant reactions included intense restlessness after taking
metoclopramide. The participant was also noted to suffer
multiple medical conditions.
Described a range of adverse effects when morphine was first
administered during and post-surgery, including itchy rash, dry
mouth, palpitations, nausea, vomiting, etc. Also experienced
adverse reactions, albeit much less severe, with other opioid
analgesics such as codeine and tramadol. Noted to be currently
taking multiple CYP2D6 substrates.
Very high international normalised ratio of 12.2 after the third
dose of warfarin initiation regimen (5mg/5mg/5mg). But no
overt adverse effects were observed despite the
supratherapeutic international normalised ratio value. Warfarin
was withheld and the patient was given vitamin K.
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Causality
(Naranjo)1
Probable

Genetic findings2

Possible

CYP2D6 EM,
CYP2C19 EM

Possible

CYP2D6 IM (*1/*81);
likely CYP2C19 IM
(*2/*34)3

Possible

CYP2D6 PM (*4/*4);
likely normal
SULT2A1 activity,
possibly UGT2B15
IM (*1/*5)4

Possible

CYP2D6 EM (*1/*2);
C-insertion variant in
CYP2D6 enhancer
region of unknown
significance; likely
normal SULT2A1
activity
CYP2D6 PM (*3/*4);
likely normal
SULT2A1 activity

Probable

CYP2D6 IM (*1/*4);
CYP2C19 EM

Probable

CYP2D6 EM; likely
normal UGT2B7
activity

Definite

Reduced CYP2C9
(*1/*2) and
VKORC1 (*2/*4)
activity5
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Cont’d Table 4.4
Participant ID,
sex, ethnicity1
UDRUGS047,
F, C

Description of adverse drug event(s)

Causality
(Naranjo)1
Possible

Genetic findings2

The participant took metoclopramide for pregnancy-associated
CYP2D6 PM (*4/*4);
nausea and developed symptoms suggestive of an acute
likely normal
dystonic reaction after two days. In particular, she reported
SULT2A1 activity
adverse effects that included anxiety, jitteriness, involuntary
upward deviation of the eyes (indicative of oculogyric crisis),
and “neck spasms” and “back arching” that could in fact be
torticollis and opisthotonus. The adverse reaction subsided
after drug discontinuation. The participant had previously taken
metoclopramide at lower dosage for a month (once instead of
three times daily), when she was not pregnant, but did not have
a reaction.
NA, F, S
A mother took codeine for pain relief while breast-feeding her NA
CYP2D6 UM
infant daughter, causing her daughter to suffer severe toxicity
(multiple copies);
and subsequently die. Both mother and daughter were referred
likely normal
for comprehensive CYP2D6 and CYP2C19 genotyping.
UGT2B7 activity
1
NA, not applicable; F, female; M, male; C, Caucasian; I, Indian; S, Somalian
2
PM, poor metaboliser; IM, intermediate metaboliser; EM, extensive metaboliser; UM, ultra-rapid metaboliser
3
Case details are presented in Chapter 5.
4
It is worth noting that impact of genetic variation on UGT2B15 function is smaller in females than in males, owing
to inherently lower enzyme activity.
5
Whole-gene sequencing was done by Kim Nu Tung Ton, PhD student, Gene Structure and Function Laboratory.

4.3.1 Tricyclic-related adverse effects
Participant UDRUGS001 described signs of tricyclic toxicity when taking amitriptyline for
migraine and concurrently receiving a cyclic regimen for oral contraception, which comprised
norethisterone and ethinyloestradiol. The adverse effects were partially eased when the oral
contraceptive was temporarily discontinued, clearly indicating drug-drug interaction. Genetic
analysis identified the participant to be a CYP2D6 intermediate metaboliser (having only one
functional gene copy) and a CYP2C19 normal metaboliser (having two functional gene copies).
Both CYP2D6 and CYP2C19 are involved in amitriptyline metabolism and thus are important
determinants of the response to the drug, warranting dosage adjustment in reduced metabolisers
(HICKS et al. 2013). There is evidence suggesting an inhibitory effect of oral contraceptives on
CYP2C19 activity, but it was also noted to be insufficiently large to induce phenocopying from
extensive to poor metabolism!(TAMMINGA et al. 1999). Hence, the observed amitriptyline toxicity
was likely to be due to both inherently impaired clearance and drug-drug interaction.
The interplay between genetic and clinical factors is not always evident, and the latter may
predominate in some cases such as in UDRUGS002. The participant was found to have likely
normal CYP2D6 function; nevertheless he described having experienced severe confusion and
tremor while taking nortriptyline for depression. This resulted in a switch to fluoxetine, which still
caused adverse effects, albeit less severe. While on either drug, the participant was concurrently
taking tramadol for analgesia, possibly leading to dual interaction that is both pharmacokinetic
and pharmacodynamic in nature. Tramadol could compete with nortriptyline for the same
metabolic machinery (OLESEN and LINNET 1997; GONG et al. 2011), leading to reduced clearance
of the two drugs. Likewise, being a strong CYP2D6 inhibitor, fluoxetine could slow the
metabolism of tramadol (GILLMAN 2007). Co-administration of fluoxetine and tramadol has been
reported to result in serotonin syndrome (KESAVAN and SOBALA 1999). Another report suggested
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that an overdose of tramadol alone was sufficient to cause serotonergic toxicity (TAKESHITA and
LITZINGER 2009). Of note, UDRUGS003 had also concurrently taken two of the implicated drugs,
nortriptyline and fluoxetine, but had experienced few adverse effects despite very high
nortriptyline levels. Comparison of the two cases suggests the following possibilities: 1)
contributions from other genes such as ABCB1 may also be significant (DE KLERK et al. 2013); 2)
a poor association exists between the levels of nortriptyline or fluoxetine in vivo and the response
to the drugs (ROBERTS et al. 2004). Unfortunately, drug concentrations were not known for
UDRUGS002. To more definitively determine genotype-phenotype correlation in the future, in
vitro assays or in vivo phenotype determination using probe drugs would be required.
4.3.2 Metoclopramide-induced movement-related adverse effects
Few studies have reported the pharmacogenetics of metoclopramide’s adverse effects (VAN DER
PADT et al. 2006; PARKMAN et al. 2012). It was proposed that impaired CYP2D6 function is a
major risk factor for metoclopramide-induced acute dystonia, arising from slow metabolic
clearance of the drug (VAN DER PADT et al. 2006). The estimated incidences of metoclopramideinduced dystonia and akathisia are 0.5% and 11.7%, respectively (BATEMAN et al. 1989; GANZINI
et al. 1993). UDRUGS005, 022, 029 and 047 reported movement-related adverse effects after
taking metoclopramide (Table 4.4). These effects are likely to have resulted from the dopamineantagonistic action of the drug. Genotyping results appeared concordant with the described
severities of the adverse reactions. UDRUGS005 and 047 suffered acute dystonia whereas
UDRUGS029 experienced intense restlessness, following ingestion of metoclopramide; all three
participants were found to be CYP2D6 poor metabolisers. In contrast, UDRUGS022 reported
much milder effects and she was genotyped to be an extensive metaboliser. Several points are
worth considering with respect to the role of CYP2D6 in modulating the adverse response
towards metoclopramide.
Approximately 20% of metoclopramide is excreted unchanged, and 50% is excreted in the
conjugated form, via the kidney (GRAFFNER et al. 1979). Metoclopramide undergoes multiple
metabolic conversions including those mediated by the CYP enzymes. The major urinary
metabolite is a sulfate conjugate. Other metabolic routes, including the de-ethylation or monooxygenation reaction mediated largely by CYP2D6, are relatively minor and believed to not have
a significant impact on metoclopramide’s levels in vivo (TENG et al. 1977; BATEMAN et al. 1980;
DESTA et al. 2002; ARGIKAR et al. 2010; LIVEZEY et al. 2014). In other words, metoclopramide
clearance is influenced chiefly by an individual’s renal function and the activity of SULT2A1,
which is the enzyme responsible for sulfo-conjugation of the drug (SENGGUNPRAI et al. 2009). For
all four participants, no damaging variants were identified in the SULT2A1 gene. Thus, it seems
improbable that the adverse effects could have been due to increased drug exposure. Although the
inhibition of CYP2D6 activity has been shown to elevate the blood levels of metoclopramide, the
clinical significance of this finding is uncertain (VLASE et al. 2006). In another study, no
difference in metoclopramide’s levels was found between children who suffered acute dystonia
and those who did not, suggesting that drug pharmacokinetics is possibly not a major risk
determinant (BATEMAN et al. 1983). Other factors such as age and sex may be more important
risk modifiers (BATEMAN et al. 1989). Unfortunately, the possibility of increased drug exposure
cannot be definitively ruled out because the concentrations of metoclopramide were not measured.
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It is more likely that the influence of deficient CYP2D6 function on the action of metoclopramide
is pharmacodynamic, rather than pharmacokinetic, in nature. This in tandem with other
extraneous factors is required to trigger a noticeable response. CYP2D6 may modulate
dopaminergic functioning via its ability to convert tyramine to dopamine in an alternative
synthetic route of the neurotransmitter (HIROI et al. 1998; BROMEK et al. 2011), consistent with
the observation that CYP2D6 inhibitors, for example paroxetine, can induce extrapyramidal side
effects even though they do not possess strong central dopaminergic activity (VANDEL et al. 1996).
This could partially explain the development of acute dystonia in UDRUGS005 and 047, who are
completely deficient in CYP2D6 function. Additionally, altered hormonal levels in UDRUGS005
and 047’s pregnancy may have rendered the participants more sensitive towards the antidopaminergic effect of metoclopramide. Oestrogens may enhance or curb dopaminergic
neurotransmission, depending on the affected pathway (HRUSKA and SILBERGELD 1980;
BONUCCELLI et al. 1991; THOMPSON et al. 2000). Co-administration of oral contraceptives is
known to increase an individual’s risk of experiencing metoclopramide-induced movement
disorders (BATEMAN et al. 1985). This would account for the mild adverse effects experienced by
UDRUGS022. For UDRUGS029, the participant’s underlying autonomic disorder, namely
postural orthostatic tachycardia syndrome, could be the more dominant predisposing factor.
As the prevalence of poor metaboliser phenotype is about 10% in the Caucasian population
(BERNARD et al. 2006), these findings could have been coincidental. Nevertheless, the four cases
provide further evidence that CYP2D6 poor metaboliser status may be associated with
metoclopramide-induced movement disorders (VAN DER PADT et al. 2006). More cases should be
collected in future studies to better elucidate this association.
4.4 Limitations
This pilot project to establish a biobank lacked funding for a clinical recruiter which limited our
ability to recruit subjects. Another major difficulty lay in the assessment of the effect of
regulatory variants, as in the case of UDRUGS022 (Table 4.4). The C-insertion in the CYP2D6
enhancer region has uncertain functional significance. It should also be noted that the CYP2D6
assay utilised in this study does not detect “hybrid” alleles owing to a lack of positive control; but
this should not affect the genotyping accuracy in most instances (BLACK et al. 2012). In addition,
the CYP2D6 deletion assay may fail to detect atypical cross-over events and produce a falsenegative outcome (FUKUDA et al. 2005). Retrospective collection of clinical data is also
susceptible to inaccuracies such as memory recall errors. !
4.5 Conclusions
A methodological framework was constructed for collection of cases involving the occurrence of
serious ADRs or aberrant response to pharmacological treatment - the high-risk group where
genetic factors may be more likely to be involved. This entailed preparation and submission of a
human ethics application, recruiting participants via various routes, documenting phenotype data,
collecting and storing blood samples, exploring the range of appropriate genetic analyses,
assessing the clinical relevance of genetic findings based on in silico predictions or available
literature, and returning the results to the participants in an easily understood format. A
sequencing-based approach has proven to be of value, detecting novel alleles, as in UDRUGS003
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(described more fully in Chapter 5). Genomic analyses should eventually identify most genetic
variants that predispose to ADRs, enabling a priori detection of such variants with high
throughput DNA tests. Establishing this biobank has proven to be an important step towards
facilitating analysis of the genetic underpinnings of ADRs or other forms of unusual drug
response in New Zealand.
4.6 Future directions
Several key messages concerning project implementation can be extracted from previous efforts
(the projects listed in Table 4.1): 1) Consultation with the experts and the community regarding
ethical and implementation issues; 2) A prospective study design; 3) Broadly encompassing
inclusion criteria with subsequent identification of high-risk genetic subgroups; 4) Links to
electronic medical records allowing thorough phenotypic characterisation; 5) An efficient
hospital-based recruitment process; and 6) A robust sample-tracking mechanism that protects the
participants’ information privacy.
Thus, several important research priorities for ongoing work with UDRUGS have been identified:
1) To establish a formal and more efficient pathway for patient recruitment, such as by the use of
e-prescribing systems that are being introduced into the District Health Boards, as well as funding
for a clinical recruiter. A better-defined, anticipatory mechanism should be also in place to
pinpoint incidental findings of major health significance; 2) To define specific cohorts and
inclusion criteria carefully; 3) To improve phenotypic characterisation of drug reactions by
inclusion of more objective data or diagnostic criteria where possible; 4) To collect biological
samples such as plasma/urine samples and patient cells; this would be desirable, but would be
most appropriate if recruitment occurs at the time of the ADR, which is difficult to achieve; 5) To
design suitable NGS assays for comprehensive genetic analysis and apply these assays to
incoming samples; 6) To establish in vitro assays for understanding the likely functional effects of
rare genetic variants identified in this work; and 7) To explore other aspects of drug action in
addition to metabolism. In addition, several specific ADR types described in this pilot study are
worth further exploration, particularly movement-related adverse effects induced by
metoclopramide.
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Chapter 5: Identification of novel CYP2D6 and CYP2C19 defective alleles in
association with adverse effects caused by antidepressant therapy
5.1 Introduction
In this chapter, the results of detailed genetic analysis for a depressed patient who experienced
adverse effects while receiving antidepressant therapy are presented. The reported adverse effects
were suspected to be of serotonergic origin, and to be due to novel CYP2D6 and CYP2C19 alleles
described herein.
5.1.1 Serotonin toxicity
In vivo, the neurotransmitter serotonin exerts a great many physiological roles. These effects,
when exaggerated by a therapeutic agent, can sometimes be fatal, manifesting themselves in an
adverse reaction termed “serotonin toxicity” (BOYER AND SHANNON 2005). A constellation of
symptoms are characteristic of the toxic reaction, forming the basis of two diagnostic schemes, as
illustrated in Table 5.1 (STERNBACH 1991; DUNKLEY et al. 2003). The Hunter scheme is an
adaptation of the Sternbach’s criteria, with a shift in emphasis from affective to neuromuscular
symptoms, using the latter as a predominant diagnostic feature. The rework was driven by the
consideration that alterations in mental state are often not definitive; other types of drug toxicity
could engender similar changes and thus obscure the actual diagnosis (DUNKLEY et al. 2003;
BOYER AND SHANNON 2005).
Table 5.1. Sternbach’s (STERNBACH 1991) and Hunter (DUNKLEY et al. 2003) criteria for the
diagnosis of serotonin toxicity.
Sternbach’s Diagnostic Criteria
1. Recent addition or increase in a known serotonergic
agent
2. Absence of other possible aetiologies (infection,
substance abuse, withdrawal, and so on)
3. No recent addition or increase of a neuroleptic agent
4. At least three of the following symptoms:
Mental status changes (confusion, hypomania)
Agitation
Myoclonus
Hyperreflexia
Diaphoresis
Shivering
Tremor
Diarrhoea
Incoordination
Fever

Hunter Serotonin Toxicity Criteria: Decision Rules
In the presence of a serotonergic agent:
1. If (spontaneous clonus=yes)
then serotonin toxicity=YES
2. Else if (inducible clonus=yes)
and [(agitation=yes) or (diaphoresis=yes)]
then serotonin toxicity=YES
3. Else if (ocular clonus=yes)
and [(agitation=yes) or (diaphoresis=yes)]
then serotonin toxicity=YES
4. Else if (tremor=yes)
and (hyperreflexia=yes)
then serotonin toxicity=YES
5. Else if (hypertonic=yes)
and (temperature>38°C)
and [(ocular clonus=yes) or (inducible clonus=yes)]
then serotonin toxicity=YES
6. Else serotonin toxicity=NO

Serotonin toxicity is notable for its potential fatality, rapid progression, and association with a
large number of serotonergically enhancing drugs that include antidepressant agents. The first
suggestive sign is akathisia (restlessness), followed by tremor, mental status changes, clonus
(inducible or sustained), muscular hypertonicity, hyperthermia, and ultimately death (BOYER AND
SHANNON). In its mild or subacute form, serotonin toxicity is, however, less well-recognised,
probably because of the difficulty in establishing a diagnosis. The jitteriness-anxiety syndrome is
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possibly a much less severe variant of serotonin toxicity, being marked by principally affective
symptoms such as restlessness, insomnia, agitation, irritability, anxiety, and euphoria; and other
constitutional manifestations such as tremor and diarrhoea (HEGERL et al. 1998; SINCLAIR et al.
2009). Within the primary-care settings, venlafaxine was reported to cause serotonin-related
adverse effects at a rate of 0.9 per 1,000 patient-months (MACKAY et al. 1999).
5.1.2 Pharmacological properties of venlafaxine and nortriptyline
Venlafaxine and nortriptyline are distinguished by their relative affinities at the serotonin and
noradrenaline transporters. The two antidepressant agents enhance serotonergic neurotransmission
to comparable extents, but differ markedly with regard to their potencies in the inhibition of
noradrenaline reuptake. Nortriptyline has an almost negligible influence on the disposition of
noradrenaline (GILLMAN 2007). Both drugs share a similar metabolic fate, being primarily
metabolised by CYP2D6, with minor contributions from several other enzymes that include
CYP2C19, as illustrated in Figure 5.1 (OLESEN AND LINNET; FOGELMAN et al. 1999).
Accumulation in the brain is affected by the polymorphic activity of P-glycoproteins, which eject
extraneous compounds across the blood-brain barrier (UHR et al. 2007; UHR et al. 2008). The
elimination of venlafaxine, O-desmethylvenlafaxine and 10-hydroxynortriptyline is decreased in
individuals with impaired renal function, but that of nortriptyline is unaffected (DAWLILNG et al.
1981; DAWLING et al. 1982; TROY et al. 1994).

Figure 5.1. Contributions of CYP2D6 and CYP2C19 towards the metabolism of venlafaxine and
nortriptyline, whereby the major pathways are indicated by thicker arrows [redrawn based on ref.
(ALEXANDERSON AND BORGÅ 1973; NORDIN AND BERTILSSON 1995; OLESEN AND LINNET 1997;
VENKATAKRISHNAN et al. 1999; SANGKUHL et al. 2014)].
5.1.3 Variant haplotype analysis and its relevance to phenotype prediction
The genetic analysis described in this chapter involved haplotype analysis. Haplotype information
is important in metabolic phenotype prediction, particularly when the variants in question have
potentially severe effects on protein function. Where the variants are located on the same allele,
leaving the other allele “intact”, the metabolic activity would be partially preserved, resulting in
an “intermediate metaboliser” phenotype. In contrast, if the deleterious variants occur on separate
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alleles, a “poor metaboliser” phenotype would result. While it is relatively straightforward to
determine the haplotype relationship over a few hundred bases, this is not so for variants located
several kb or further apart. A wide range of experimental techniques exist for the determination of
long-range haplotype; those that are more suited for “as-required” purposes include fusion PCR
(TURNER et al. 2008; TURNER AND HURLES 2009; TYSON AND ARMOUR 2012), long-range PCR
[and its variants] (MICHALATOS-BELOIN et al. 1996; MCDONALD et al. 2002; WU et al. 2005), and
single-molecule multiplex (M1) PCR (DING AND CANTOR 2003). Discussion of other higherthroughput methods aimed at multi-locus haplotyping is beyond the scope of this thesis.
Each of the aforementioned molecular-haplotyping techniques has its strengths and limitations.
The fusion-PCR approach employs a chimeric bridging primer that elegantly unites two desired
loci into a single product during amplification. Theoretically, variant haplotypes of any distance
can be ascertained using fusion PCR, which is performed in an emulsion to ensure that only
products from the same allele are merged (TURNER et al. 2008; TURNER AND HURLES 2009;
SCHUTZE et al. 2011). However, with inherently low reaction efficiency, emulsion PCRs could
entail onerous optimisation. The success of fusion is critically dependent on stable and robust
annealing between joining amplicons within their overlap segments (CHA-AIM et al. 2009; TYSON
AND ARMOUR 2012). On the other hand, long-range PCR-based methods may be less technically
demanding but are constrained by the maximum target size that can be reliably amplified by a
DNA polymerase. Typically, products of up to 20-40 kb are attainable. Generation of extremely
long products is prone to PCR artifacts such as template switching, resulting in recombined alleles
that would obfuscate the interpretation of the original haplotypes (MICHALATOS-BELOIN et al.
1996; MCDONALD et al. 2002; WU et al. 2005). Analogous to fusion PCR, single-molecule PCR
imposes no limits on the length of the determinable haplotype. Nevertheless, this technique relies
on extreme dilution to whittle down the amount of DNA to only one molecule, and is thus
subjected to severe stochastic fluctuation. It requires numerous replicate reactions to be performed,
whereby only a small fraction of the replicates will contain a template molecule to bring about
successful amplification, causing a high degree of consumption and wastage of reagents (DING
AND CANTOR 2003).
5.2 Specific methods
5.2.1 Subject recruitment
A 24-year-old female individual of Gujarati descent (participant code, UDRUGS003) was
referred from the Department of Psychological Medicine, University of Otago, Christchurch, by
Dr James Foulds for CYP2D6 and CYP2C19 genotyping. Dr Foulds also provided the patient’s
written consent, clinical information, and two tubes of blood samples. The participant’s mother
(participant code, UDRUGS021) was also recruited later for variant haplotype analysis, and this
was done with verbal approval from the participant. A consent form together with the OrageneTM
OG-250 kit (DNA Genotek Inc., Ontario, Canada) was mailed to the patient’s home; the consent
form and saliva sample were returned in a prepaid envelope. DNA was then extracted from the
blood and saliva samples.
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The participant presented with treatment-resistant depression but was healthy otherwise.
Previously trialled antidepressants were, in chronological order, fluoxetine (from 2008 to 2010;
reinstated in October 2011 and continued until February 2012), venlafaxine XR (in 2010,
unknown exact time point), citalopram (from March to October 2011), nortriptyline (in February
2012), sertraline (from April to July 2012), and bupropion (from May to July 2012). Of particular
interest were two unusual events that resulted from the administration of venlafaxine and
nortriptyline, respectively. During a trial of venlafaxine XR (extended release), the drug was
discontinued approximately two months following initiation, when the participant complained of
intense agitation, dysphoria (“made me feel worse”), and dry mouth, despite taking a moderate
dose of 150 mg daily.
A subsequent switch to fluoxetine and nortriptyline resulted in similarly aberrant effects. The
participant was initially taking fluoxetine alone and showing a partial response to 60 mg daily.
Nortriptyline was then added to augment treatment efficacy, with its dose then titrated to 75 mg
daily. The participant reported only dry mouth and no other side effects. However, a plasma
nortriptyline level taken twelve hours post-dose was 1830 nmol/L, three times the upper limit of
the therapeutic range (200-600 nmol/L). The dose of nortriptyline was thus reduced to 25 mg and
finally discontinued. Significant drug levels persisted for several days even after complete drug
withdrawal. Remarkably, the participant experienced no serious adverse reactions in spite of the
high drug levels.
5.2.2 Variant analysis
Pairwise sequence alignment was performed using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland,
New Zealand). The effects of individual variants on protein function were predicted using SIFT
and PolyPhen-2, whereas their combined impact was assessed using PROVEAN v1.1 (Table 2.10).
The possible regulatory role of a non-exonic variant, mediated via alteration of a transcription
factor binding site for instance, was assessed by query of an online database, RegulomeDB
(BOYLE et al. 2012).
5.3 Results
5.3.1 Determining CYP2D6 genotype
The entire CYP2D6 gene was Sanger-sequenced. CYP2D6 whole-gene duplication or deletion
was also screened by multiplex long-range PCRs. For the participant’s mother, only the CYP2C19
gene was sequenced to aid haplotype analysis. Genotyping results showed that the participant did
not harbour CYP2D6 deletion or duplication alleles. Sequencing of the CYP2D6 gene identified a
novel deleterious SNV, 2579C>T, in the fifth exon. This SNV resulted in a codon change from
CGA to TGA (Arg269Ter), creating a premature stop codon. It was found in conjunction with two
nearby non-synonymous SNVs located downstream, 2606G>A (Glu278Lys) and 2610T>A
(Met279Lys), which are catalogued in The Human CYP Allele Nomenclature Database (listed as
“submitted by Tandon and colleagues”, with no published reference available).
Allele-specific PCR was then performed to ascertain the haplotype relationship between the three
CYP2D6 variants. A 658-bp PCR product was amplified with an allele-specific forward primer,
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CT_SNP_WT or CT_SNP_Mut, in combination with a common reverse primer 2D6Ex56SR, in a
standard PCR mixture and using diluted (to 1000-fold) CYP2D6 long amplicon as the input
template. A touchdown protocol was adopted with the starting and target temperatures set at 65°C
and 55°C respectively. Two other patients with known complete CYP2D6 sequences were used as
controls to ensure that the primers were sufficiently specific to distinguish the two alleles. The
resultant PCR products were purified and Sanger-sequenced. Haplotype analysis revealed that the
three alternative SNVs are in phase and constitute a single haplotype, as shown in Figure 5.2. This
truncated gene was most likely non-functional, although the patient would still have one
functional copy of the gene, and was therefore predicted to be a CYP2D6 intermediate
metaboliser.

Figure 5.2. Analysis of the haplotype relationship between three variants identified in CYP2D6
exon 5. Panel A. The participant was shown to be heterozygous at all three sites, as indicated by
vertical arrows. Panel B. Sequences of products derived from allele-specific PCRs. Haplotype
analysis showed that the three alternative alleles co-segregate, giving two distinct haplotypes
TAA and CGT respectively. Images were generated using Geneious Pro 5.5.6 (Biomatters Ltd.,
Auckland, New Zealand). Abbreviations: F, forward sequence; R, reverse sequence; ref.,
reference sequence M33388; aT, allele T, aC, allele C
The entry in the Human CYP Allele Nomenclature Database suggests that the two variants
2606G>A and 2610T>A arose by gene conversion from the pseudogene CYP2D7, spanning a
141-bp region in CYP2D6 exon 5 from positions 2470 to 2610. However, the delineation of a
region affected by gene conversion varies depending on the reference sequence used (SIM et al.
2012; BLACK et al. 2012). As depicted in Figure 5.3, two CYP2D7 reference sequences, M33387
and NC_000022, differ at the variant positions that define the cross-over event, namely 2575,
2606 and 2610. If M33387 is used, the definition would be lost. Complete haplotype and
functional information for 2606G>A and 2610T>A was not available at the time of writing this
thesis; however, it is worth pointing out that unlike the results reported by Tandon and colleagues,
the variant that marks the commencement of the putative CYP2D6-CYP2D7 gene conversion
event, namely 2470T>C, plus a second variant, 2575C>A, are both absent in this case. Thus, it is
unclear whether 2606G>A and 2610T>A represent vestiges of a gene conversion event.
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Figure 5.3. Variant cluster giving rise to a 141-bp CYP2D7-converted region in CYP2D6 exon 5, as proposed by Tandon and colleagues. CYP2D7
reference sequences were aligned with that of CYP2D6 to illustrate the differences between these references. Ref. 1 represents M33387; ref. 2,
NC_000022; ref. 3, M33388. Image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New Zealand).
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5.3.2 Determining CYP2C19 genotype
The promoter region and all nine exons of the CYP2C19 gene were Sanger-sequenced. With this
approach, the patient was found to be heterozygous for the following variants: -98T>C, -13G>A,
7C>T, 10T>C, 12662A>G, 19154G>A, 57740C>G, and 80160C>T; and homozygous for 99C>T
and 80161A>G. Of note -13G>A, 7C>T and 10T>C were novel variants and the latter two were
non-synonymous; 7C>T causes an amino acid change from proline (CCT) to serine (TCT)
whereas 10T>C results in a change from phenylalanine (TTT) to leucine (CTT), as illustrated in
Figure 5.4. The remaining variants constituted a combined pattern that closely resembled the
CYP2C19*2D sub-allele documented in the Human CYP Allele Nomenclature Database. For
phenotype prediction, the haplotype relationship between -13G>A, 7C>T, 10T>C and 19154G>A
needed to be ascertained. The haplotype within the cluster of novel variants was first determined
by restriction digestion, as 7C>T transition abolishes a BamHI recognition site. A 769-bp PCR
product that also encompassed a neighbouring variant, -98T>C, was amplified using the primers
2C19Prom2F and 2C19Ex1R and digested by BamHI-HF (New England Biolabs, Ipswich, MA,
USA) at 37°C for two hours. The digested fragments were gel-purified and Sanger-sequenced.
Sequencing results revealed that the three novel variants co-segregate and exist on a separate
allele from -98T>C; in other words they may comprise a novel allele haplotype. Interestingly, the
23-bp stretch of CYP2C19 covering the three SNPs is identical to a corresponding region in
CYP2C9. These variants could be a result of gene conversion involving CYP2C9, as a similar
event was also noted for CYP2D6. This was very unlikely to have been due to CYP2C9
contamination, as the three novel variants were not observed in other subjects in the UDRUGS
study, for whom CYP2C19 sequence data were generated.

Figure 5.4. Analysis of the haplotype relationship between three variants identified around CYP2C19 exon
1. Panel A & B. Restriction digestion of a 769-bp PCR product encompassing the cluster of novel variants
and an upstream variant -98T>C, known to be in linkage disequilibrium with 19154G>A. Panel C. Novel
CYP2C19 variants were identified near the translation start site (underlined), as indicated by vertical
arrows, whereby all three variants exist on the same allele. The fragments were digested by BamHI,
purified, and Sanger-sequenced. Sequence images were generated using Geneious Pro 5.5.6 (Biomatters
Ltd., Auckland, New Zealand) and disagreements between sequences are highlighted. Abbreviations: Mut,
amplicon resistant to BamHI digestion; WtF, WtR, BamHI-digested fragments; Ref. 1, CYP2C19 reference
sequence NT_030059.13; Ref. 2, CYP2C9 reference sequence AL359672.19
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To determine the long-range haplotype relationship between the novel variants and 19154G>A
(the key splice variant defining CYP2C19*2), multiple strategies were attempted. A previously
reported method (MCDONALD et al. 2002) was first trialled. This involved amplifying a 19.5-kb
PCR product covering CYP2C19 exons 1 to 5 followed by intramolecular ligation, in order to
bring the assemblage of novel variants and 19154G>A into close proximity. Inverse PCR was
then performed and the resultant product was simultaneously digested by two restriction enzymes
in the same reaction mixture. This approach is depicted in Figure 5.5. As shown in the figure, the
resultant double-digest pattern yielded ambiguous haplotype information. Sequencing of the nondigested 711-bp amplicon confirmed that a specific product was obtained, ruling out the
possibility of CYP2C9 co-amplification (Figure 5.6). The results from previous haplotype analysis
(Figure 5.4) suggested that -13G>A, 7C>T and 10T>C most probably composed a novel allele
discrete from 19154G>A. Hence, it was more likely that the original haplotype was obscured by
the occurrence of PCR recombination, which gave rise to chimeric PCR products containing
amplifed sequences from both alleles (Figures 5.7).

Figure 5.5. Determination of long-range haplotype spanning a region from the first exon to the
fifth exon of the CYP2C19 gene. A 19.5-kb PCR product was amplified and circularised by bluntend intramolecular ligation (A). A low PCR product concentration in the ligation reaction was
employed to ensure that intramolecular ligation was favoured over the formation of concatemers.
Inverse PCR was then performed on the circular products and the resultant product was doubledigested and gel-electrophoresed (B). The first lane of the gel image (+) represents UDRUGS003
whereas the second lane (-) represents a control, which was known to harbour no variants in the
implicated exons, and was included to check for complete digestion.
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Figure 5.6. Sanger sequencing to confirm the identity of the 711-bp product prior to restriction digest. CYP2C19 exon 5 and exon 1 are indicated by
underlying dark blue and light blue lines, respectively. Sequence image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New
Zealand).
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Figure 5.7. Sanger sequencing of the 711-bp chimeric PCR product that was resistant to restriction digest. CYP2C19 exon 5 and exon 1 are indicated by
underlying dark blue and light blue lines, respectively. Sequence image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New
Zealand).
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An alternative approach to haplotype analysis was adopted in which the 19.5-kb product was
dissected into two shorter segments. A variant, 12662A>G located in intron 2, was used as a
bridging marker. If the haplotype relationship was known between -13G>A, 7C>T, 10T>C and
12662A>G, and in turn 19154G>A and 12662A>G, the entire long-range haplotype could then be
reconstructed. This indirect approach was employed because of the technical difficulty in
obtaining a very long PCR product (~20 kb) approaching the limits achievable by PCR. A 13-kb
amplicon spanning from CYP2C19 exons 1 to exon 3 was amplified using the primers
2C19Ex1REF and 2C19Ex23RER, which possessed a SacII recognition site at their 5’ ends. PCR
products were digested with SacII at 37°C for one hour and then circularised by intramolecular
ligation. Inverse PCR was carried out under standard PCR conditions with the primers 2C19Ex3F
and 2C19Ex1R, producing a 745-bp product. This was followed by a 25-cycle nested PCR using
primers 2C19Ex3F and 2C19Ex1spR, as the product yield from the initial PCR was too low and
not sufficient for Sanger sequencing. Two controls were included in the PCR reactions, namely a
negative control in which non-circularised PCR product was added, and a no-template control.
The 625-bp PCR product (including the six-nucleotide SacII recognition site) was subsequently
digested with BamHI-HF, gel-purified, and Sanger-sequenced. The overview of the experimental
procedure is presented in Figure 5.8. As shown in Figure 5.9 and Figure 5.10, the novel variants
co-occur with 12662A.
Then, the haplotype between 12662A>G and 19154G>A was ascertained by allele-specific longrange PCR. This was first carried out by amplifying a 7-kb PCR product covering the third and
fifth exons of CYP2C19 using the primers 2C19Ex3F and AS_20kb_MutR. The reverse primer
AS_20kb_MutR was specific for the 19154A allele. The resultant PCR product was diluted 1000fold and used in subsequent nested PCRs amplifying CYP2C19 exon 3 and exon 5 separately. The
resultant PCR products were purified and Sanger-sequenced. As shown in Figure 5.11, 19154A
was found to be in phase with 12662G, very much in accordance with existing haplotype data
recorded in the Human CYP Allele Nomenclature Database. Overall this means that -13G>A,
7C>T, and 10T>C occur on a separate allele from 19154G>A.
For family studies aimed at clarifying the CYP2C19 haplotypes, only the patient’s mother was
recruited as the father declined participation. DNA sequence data from the patient’s mother
revealed she has a CYP2C19*2 allele in addition to the three novel variants. This meant that the
participant inherited the three novel SNVs from her mother. The 1000 Genomes database was also
queried for the linkage disequilibrium plots across a 20-kb region spanning from 96,522,115 to
96,541,866 on chromosome 10 (GRCh37 assembly). It was found that no information was
available on the linkage between -98T>C and 19154G>A among Gujarati Indians; however these
variants are tightly linked in other populations such as Europeans and Han Chinese. In addition, it
was noted that compared with these populations, relatively limited linkage disequilibrium data
were available for Gujarati Indians.
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Figure 5.8. Overview of the experimental procedure for the determination of the 12-kb haplotype.
A 13-kb PCR product was amplified with primers that possessed a SacII recognition site at their 5’
ends, purified, digested, and circularised by sticky-end intramolecular ligation. PCR was carried
out for only 20 cycles to minimise cross-over extension. Inverse PCR was then performed to
amplify a 625-bp product (+) containing exons 1 and 3 brought into close proximity; also included
in the PCR were a linear PCR product (-) and a non-template control (--). Finally the target
amplicon was digested with BamHI, gel-purified, and Sanger-sequenced.
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Figure 5.9. Sanger sequencing of the CYP2C19 mutant allele. CYP2C19 exon 3 and exon 1 are indicated by underlying dark blue and light blue lines,
respectively. Sequence image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New Zealand).
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Figure 5.10. Sanger sequencing of the CYP2C19 wild-type allele. CYP2C19 exon 3 and exon 1 are indicated by underlying dark blue and light blue lines,
respectively. Sequence image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New Zealand).
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Figure 5.11. Sequence data showing the haplotype relationship between 19154G>A and
12662A>G, as indicated by vertical arrows. A penultimate mismatch deliberately introduced into
the 5’end of one primer to improve its allele-discriminating ability is indicated by an arrow.
Sequence image was generated using Geneious Pro 5.5.6 (Biomatters Ltd., Auckland, New
Zealand).
Predictions on the effects of 7C>T varied between tools whereas those for 10T>C were more
consistent. SIFT predicted that the 7C>T possibly has a damaging effect on protein function,
contrasting PolyPhen-2, which predicted that it is likely benign (Table 5.2). 10T>C was predicted
by both tools to be benign. The upstream variant -13G>A was assigned a score of 4 (“minimal
binding evidence”) by RegulomeDB, suggesting that the variant is unlikely to have a substantial
influence on gene expression (BOYLE et al. 2012). All novel CYP2D6 and CYP2C19 variants were
submitted to the Human CYP Allele Nomenclature Database and were named CYP2D6*81
(2579C>T, alongside previously reported 2606G>A and 2610T>A) and CYP2C19*34 (-13G>A,
7C>T and 10T>C), respectively. They were also collated into dbSNP and were assigned the
following accession numbers: rs367543000, 2579C>T; rs367543001, -13G>A; rs367543002,
7C>T; and rs367543003, 10T>C.
Table 5.2. Predicted effects of 7C>T (Pro3Ser) and 10T>C
(Phe4Leu) by three different web-based tools1.
Variant

Prediction algorithm
SIFT (GRCh37 Ensembl 63)
Prediction
Score
Median
Number
information of aligned
content
sequences
Pro3Ser
Damaging
0.02
3.18
152
Phe4Leu
Tolerated
0.79
3.18
155
SIFT (GRCh37 Ensembl 66)
Pro3Ser
Tolerated2
0.052
3.28
163
Phe4Leu
Tolerated
0.227
3.25
166
PolyPhen-2 (HumDiv)
Pro3Ser
Benign
0.058
NA
NA
Phe4Leu
Benign
0.061
NA
NA
PolyPhen-2 (HumVar)
Pro3Ser
Benign
0.063
NA
NA
Phe4Leu
Benign
0.040
NA
NA
PROVEAN v1.1
Pro3Ser
Deleterious
-3.966
NA
298
Phe4Leu
Neutral
-0.579
NA
298
Combined Deleterious
-4.565
NA
298
1
The reference protein sequence ENSP00000360372 was used for
SIFT and PROVEAN; P33261 was used for PolyPhen-2. Note that
lower SIFT or PROVEAN scores indicate a more deleterious effect,
whereas the reverse is true for PolyPhen-2.
2
Would be damaging if a less stringent cut-off score of 0.1 was used
(usual cut-off is 0.05).
Abbreviation: NA, not applicable
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5.4 Discussion
5.4.1 Correlation between CYP2D6 and CYP2C19 genotypes and antidepressant response
In this chapter, a case report was described of a Gujarati Indian female who experienced intense
agitation and dysphoria while taking a moderate dose of venlafaxine of 150 mg daily. She was
referred for pharmacogenetic investigation and was subsequently found to harbour novel defective
CYP2D6 and CYP2C19 alleles. The presence of a premature stop codon in the fifth exon of the
CYP2D6 gene, 2579C>T, was anticipated to abrogate protein function, making the participant
possibly a CYP2D6 intermediate metaboliser. Of note, the truncation variant was in close
proximity with two downstream non-synonymous variants, 2606G>A and 2610T>A, which have
been reported in an individual also of Indian descent (DODGEN et al. 2013). Impairment of the
CYP2D6 activity was speculated to have a major contribution towards the decreased venlafaxine
tolerance. The adverse reaction experienced by the participant is possibly a mild or subacute form
of serotonin toxicity, considering that neuromuscular signs were absent. The adverse reaction
could also be related to jitteriness-anxiety syndrome known to be triggered by antidepressant
treatment (SINCLAIR et al. 2009), or an isolated case of venlafaxine-induced akathisia, which is
characterised by psychological and motor restlessness (GEORGE AND CAMPBELL 2012). CYP2D6
poor-metaboliser phenotype is a known predictor of venlafaxine-related adverse effects (SHAMS et
al. 2006). Correlations between drug disposition and toxicity have also been reported for other
CYP2D6 substrates with a serotonin-augmenting effect, such as tramadol and amitriptyline,
clearly demonstrating the broad significance of deficient CYP2D6 function (SMITH AND CURRY
2011; NELSON AND PHILBRICK 2012).
Patients with at least one functional CYP2D6 gene copy usually tolerate venlafaxine up to 150 mg
daily or more (MCALPINE et al. 2007), in contrast to this case. Dr Foulds, the referring physician,
also commented that most patients in his practice had been able to tolerate doses up to 300 mg
daily. There is some evidence that CYP2C19 function may become relevant if CYP2D6 function
is impaired (FUKUDA et al. 2000). Sanger sequencing of the CYP2C19 gene revealed that the
participant was a carrier of the CYP2C19*2 null allele, in addition to three novel variants, namely
-13G>A, 7C>T, and 10T>C. Using SIFT and PROVEAN algorithms, 7C>T was predicted to have
a damaging effect, contrasting the assessment given by PolyPhen-2 (ADZHUBEI et al. 2013; NG
AND HENIKOFF 2001; KUMAR et al. 2009; CHOI et al. 2012). This may have been due to different
supporting algorithms employed by these tools. SIFT predicts the effects of amino acid changes
by performing alignment of homologous protein sequences and assessing the rate and type of
substitutions at a particular position. On the other hand, PolyPhen-2 adds other features, which
encompass structural information and datasets of known damaging mutations, to its evaluation of
the functional consequences of a variant, yielding a lower rate of false-positives than SIFT (NG
AND HENIKOFF 2001; NG AND HENIKOFF 2003; NG AND HENIKOFF 2006; ADZHUBEI et al. 2010).
The prediction provided by PolyPhen-2 concords with the known conformation of CYP proteins,
which are generally composed of a relatively short membrane-anchoring segment and a dominant
soluble portion that protrudes into the cytosol, as depicted in Figure 5.12. The first 25 residues of
the CYP2C19 protein, within which the novel variants reside, were postulated to insert into the
membrane of the endoplasmic reticulum, holding the protein in place. The two non-synonymous
mutations may slightly alter CYP2C19 topology but seem unlikely to affect protein folding or
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catalytic activity (BLACK 1992; LEWIS et al. 1998). Hence, the patient is probably a CYP2C19
intermediate metaboliser.

Figure 5.12. Partial comparison of the N-terminal amino acid sequences across several CYP2C
members. These sequences are involved in anchoring the CYP proteins to the membrane of the
endoplasmic reticulum. The two novel variant positions across CYP2C members (Pro3Ser and
Phe4Leu) are delineated by a rectangular box [redrawn based on ref. (BLACK 1992; LEWIS et al.
1998)].
Remarkably, the patient tolerated a very high blood level of nortriptyline which exceeded the
therapeutic range by three-fold. This coincides with a previous observation wherein patients
taking paroxetine experienced only mild serotonergic adverse symptoms despite high drug levels
greater than 100 ng/mL (HEGERL et al. 1998). The very high nortriptyline level was most
plausibly due to a combination of underlying genetic polymorphisms and dual inhibitory effects
of fluoxetine on CYP2D6 and CYP2C19 activity (GILLMAN 2007). Overall, the combined effects
of CYP2D6 and CYP2C19 null alleles may have underpinned the observed responses towards
venlafaxine and nortriptyline. The utility of genotyping multiple metabolic genes has already been
described in a report assessing the interacting effects of CYP2D6 and CYP2C19 polymorphisms
on the risk of amitriptyline toxicity (STEIMER et al. 2005).
There are several limitations which warrant cautious interpretation of the suggested genotypephenotype association. First, the patient’s genotype status for CYP2C9 and CYP3A4 was not
determined; these genes have also been implicated in the metabolism of venlafaxine (FOGELMAN
et al. 1999). Second, the levels of venlafaxine or its metabolites were not measured; therefore it is
not known whether impairment of CYP2D6 and CYP2C19 functions did cause an increase in
drug exposure. Third, the correlation of drug levels with the occurrence of adverse effects is not
always consistent. As illustrated in the present case, the patient tolerated a nortriptyline level that
was three times the upper limit of the therapeutic range. This suggests that variants in other genes
may also be important determinants of antidepressant response, such as the ABCB1 gene (UHR et
al. 2008; BREITENSTEIN et al. 2014). This gene encodes an efflux pump, P-glycoprotein, in the
blood-brain barrier. Data from two in vivo studies suggest that nortriptyline and its active
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metabolite may be extruded to a greater extent than venlafaxine (UHR et al. 2007; UHR et al.
2008). This may partially explain an individual’s varied sensitivity towards different
antidepressant agents and hence the participant’s apparent tolerance of very high nortriptyline
levels. Moreover, the potent noradrenergic effects of venlafaxine may also contribute to the
development of affective symptoms (LINDENMAYER 2000).
Finally, the participant may not have disclosed all medications taken concurrently with the
primary antidepressant treatment. This could have given rise to overlooked pharmacokinetic or
pharmacodynamic interaction. Also, the exact time points for the discontinuation of fluoxetine
and the ensuing initiation of venlafaxine were not clear. Thus, it was not known if a sufficient
washout period was permitted for complete elimination of fluoxetine, which has a long half-life.
Significant interaction could have occurred between residual fluoxetine and venlafaxine, and
caused the reported adverse reaction (BRUNSWICK et al. 2001).
5.4.2 Methods for the analysis of long-range variant haplotype
Initial haplotype analysis involving the amplification of a 19.5-kb PCR product yielded
ambiguous results. This was first thought to be due to an overly high concentration of the PCR
product in the ligation mixture, driving intermolecular instead of intramolecular ligation. But a
dilution series experiment showed that adding lesser amounts of the product in the ligation
reaction had no effects (data not shown). Subsequently, it was considered that the ambiguity was
most likely to be a consequence of cross-over extension or template switching, which is a wellknown PCR artifact whereby incompletely extended PCR products (“mega-primers”) anneal to
new templates giving rise to allelic recombination (ODELBERG et al. 1995). Template switching
can be overcome by prolonging the extension time to ensure complete synthesis of PCR products
in each cycle, or reducing the number of PCR cycles (MCDONALD et al. 2002). Cross-over events
are more likely to occur near the end of PCR cycling or following numerous rounds of extensions,
during which the synthesised products are most concentrated. Hence, amplification was limited to
20 cycles and the magnitude of PCR was reduced by generating two shorter overlapping products,
13-kb and 7-kb, respectively. With this strategy, the long-range haplotype was successfully
reconstructed.
Recombined alleles would confound haplotype interpretation and it is noteworthy that such errors
are clinically significant. In the case of characterising the BCR-ABL1 gene in chronic myeloid
leukaemia, the occurrence of PCR recombination was found to create artificial compound BCRABL1 mutations, potentially mis-guiding anti-cancer therapy. After two rounds of PCR, totalling
80 cycles, nearly 50% of the amplicons were noted to be chimeric (PARKER et al. 2014). The
haplotype-determination approach described in this chapter also entailed nested PCRs, which
could have exacerbated the occurrence of template switching.
I also attempted other methods, particularly fusion PCR, to ascertain the long-range haplotype but
to little avail. I found that fused PCR products were difficult to obtain when the overlap segment
between amplicons was made up of natural sequences. In contrast, product fusion was successful
when artificial GC-rich overlap sequences were used (data not shown); but this approach did not
retain the original haplotype (CHA-AIM et al. 2009). Despite being difficult to set up, fusion PCR,
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when optimised and coupled with a streamlined workflow of emulsion PCR, can be a powerful
tool for long-range haplotype analysis. Theoretically, there is no limit on the length of haplotype
that can be determined (TURNER et al. 2008; TURNER AND HURLES 2009; SCHUTZE et al. 2011;
TYSON AND ARMOUR 2012). Future experiments may benefit from the exploration of more
strongly binding natural sequences within the overlap segment, or trial of other enzyme systems.
In the original report, Phusion® DNA polymerase was used (TURNER et al. 2008).
5.5 Conclusions
In conclusion, the case described in this chapter highlights the importance of genotyping multiple
metabolic genes to more accurately predict drug clearance, and hence drug responses. The
metabolic pathways of a drug are interrelated, whereby ancillary pathways could predominate
when the major ones are thwarted (OLESEN AND LINNET 1997; FUKUDA et al. 2000). Also, DNA
sequencing analysis of specific pharmacogenes in individuals with uncommon drug reactions may
identify unusual variants of potential relevance to the clinical phenotype. These variants would
have been missed had conventional genotyping methods been employed. But, it is unclear
whether the novel variants detected herein may represent alleles specific to the Indian population,
which could have been underrepresented in contemporary pharmacogenetics research. This was
evidenced by the limited linkage disequilibrium data recorded in the 1000 Genomes Project
database. Experimental determination of long-range haplotypes is a significant technical hurdle in
our understanding of human polymorphisms, and is a particularly acute problem for rare alleles.
While many high-throughput methods are available, with some requiring sophisticated
instrumentation, there is still a need for an approach that can be applied on a lower scale, for
individual cases. Finally, there is a pressing need to establish in vitro assays for gauging the
functional effects of novel CYP2D6 and CYP2C19 mutations such as those described herein.
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Chapter 6: Impact of the choice of microtubes on the outcome of long-range
PCRs
6.1 Introduction
Long-range PCR is an important tool with various applications in molecular biology such as
variant discovery in clusters of highly similar genes (ROBERTS and KENNEDY 2006; HORTON et al.
2013), detection of complex structural variations (ROBERTS and KENNEDY 2006), determination of
long-distance haplotype spanning several kb (MCDONALD et al. 2002), and preparation of
templates for NGS (SHIINA et al. 2012). However, amplification of long targets poses several
difficulties (BARNES 1994; CHENG et al. 1994; CHENG et al. 1995). First, the likelihood of
nucleotide mis-incorporation by Taq DNA Polymerase becomes higher when target product size
increases, resulting in stalled extension. Second, long templates are more susceptible to
depurination at high temperatures such as those employed for denaturation, which normally range
from 94-98°C. Third, success of long PCRs depends critically on the integrity of input DNA.
Strategies to overcome these limitations include addition of a proof-reading enzyme to correct
nucleotide mis-incorporation, adoption of an alkaline buffer system to preserve integrity of
elongated templates, minimisation of template exposure to high temperatures (denaturation), and
use of high-molecular-weight input DNA (BARNES 1994; CHENG et al. 1994; CHENG et al. 1995).
This chapter describes the first part of the effort to set up a PCR-based next-generation amplicon
sequencing assay for the CYP2D6 and CYP2C19 genes, which is described in Chapter 7. The
reproducibility of the CYP2D6 long-range PCR was found to be low, although the same enzyme
system was used as that stated in the original report (WRIGHT et al. 2010). Testing of various PCR
components (recorded anecdotally in Table 6.1) suggested the plastic microtubes used for the
PCRs were a significant source of inconsistency. Several experiments were then carried out to test
this hypothesis.
Table 6.1. The approximate effects of various reaction components on long PCR efficiency.
Reaction component
Quality of DNA template

Amount of DNA template

Thermal cycler

Enzyme systems

Effect
DNA should be of high molecular weight, possibly at least 30 or 40 kb.
DNA templates of lower molecular weight, even though still more than
20 kb, resulted in dramatically decreased amplification efficiency.
Typically for 10-µL reactions, 30-50 ng of DNA was sufficient for good
amplification, though this depended on the enzyme system used. Adding
too much DNA, more than 10 ng/µL for instance, appeared to inhibit the
reaction.
It was found that long-range PCRs were also sensitive to a thermal
cycler’s characteristics. This could be due to two reasons: 1) well
temperatures are not consistent across different machines and 2) the
thermal ramp rates vary between PCR cyclers. A slower ramp rate is
possibly better as it allows more time for the template to be completely
denatured and all PCR components to interact with each other.
Various enzyme systems were also tested, namely Elongase® Enzyme
(Life Technologies, Invitrogen, Carlsbad, CA, USA), KAPATM
LongRange HotStart DNA Polymerase, PrimeSTAR® GXL DNA
Polymerase (Takara Bio Inc., Otsu, Shiga, Japan), and AtMax Taq
(Vivantis Technologies Sdn. Bhd., Subang Jaya, Selangor, Malaysia).
Performance was roughly equal for all enzymes.
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6.2 Specific methods
6.2.1 Effects of different microtube brands on long-range PCR
Four brands of PCR microtubes were tested and their catalogue and lot numbers were recorded in
Table 6.2. The duplex long-range PCR designed for the detection of CYP2D6 whole-gene
duplication, and the 13-kb CYP2C19 PCR described in Chapter 5, were used as benchmarking
reactions. Briefly, all PCRs were set up as 10 µL reactions using KAPATM LongRange HotStart
DNA Polymerase and thermal cycling was performed on a TProfessional Basic Thermocycler
(Biometra GmbH, Goettingen, Germany) or a T100TM Thermal Cycler (Bio-Rad, Hercules, CA,
USA). To determine whether the observed inter-brand differences could be a more universal
event, in other words not specific to a single enzyme or PCR system, another enzyme was also
tested. The CYP2D6 PCRs were set up in a similar fashion using Phusion® Hot Start II High
Fidelity DNA Polymerase (Thermo Fisher Scientific, Waltham, MA, USA). Denaturation
temperature was increased to 98°C and template was extended at 30 s/kb, based on the
manufacturer’s recommendations.
For all PCRs, a master mix sufficient for n+1 reactions was prepared and aliquoted into individual
PCR microtubes and systematically placed in the thermal block; for each brand, two aliquots were
placed several wells apart in the same row and all PCR microtubes were similarly arranged, such
that one column of the thermal block would hold all types of PCR microtubes to account for
possible positional effects. After PCR, 5 µL of products were resolved on 0.9-1% agarose gel.
Table 6.2. Summary of the properties of PCR microtubes from four different manufacturers.
Manufacturer
4titude Ltd.
(FrameStripTM,
Wotton, Surrey,
UK)
Neptune
Scientific
(Biotix, Inc., San
Diego, CA,
USA)
Axygen (Corning
Life Sciences,
Tewksbury, MA,
USA)
Labcon North
America
(Tewksbury,
MA, USA)

Catalogue
number
4ti-0786/X

Lot number

Description

299100290903/100TIT/10301

Eight strip tubes with
flat optical caps, black
frame, clear tubes

3426.8AS.X

78718

Eight 0.2 mL strip
tubes with separate
strip caps, assorted
colours, sterile

Made of polypropylene
Thin-walled
Free of RNase, DNase, or
endotoxins

PCR-0208CP-C

121005-800

Eight 0.2 mL strip
tubes with separate
strip caps, clear tubes

3934-500000

114C7-1104

Individual tubes with
attached dome caps,
clear tubes, sterile

Made of polypropylene
Thin-walled
Free of RNase or DNase
Non-pyrogenic
Non-sterile
Made of polypropylene
Free of human DNA,
RNase or DNase
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6.2.2 Characterising the presence of water leachates using UV spectrophotometry
Ten microlitres of water were placed in the microtubes and subjected to long-range PCR cycling,
which was approximately a five-hour protocol using the KAPATM LongRange HotStart DNA
Polymerase PCR system. UV light absorbance at 220 nm of water leachates was then measured
by NanoDrop 8000 UV-Vis Spectrophotometer, using unheated water as a blank control. For each
brand, two heated water samples were prepared and measurement was taken twice. UV
absorbance profiles spanning the range 220-748 nm were also obtained.
6.2.3 Determining the identity of water leachates using liquid chromatography-mass
spectrometry
Liquid chromatography-mass spectrometry (LC-MS) analysis was led by Dr Rufus Turner, Centre
for Free Radical Research, University of Otago, Christchurch. Heated water samples were diluted
two-fold and 20 µL of diluted samples were injected into a high-performance liquid
chromatography [HPLC]-mass spectrometry system, which consisted of a Dionex UltiMate® 3000
HPLC attached to a Velos ProTM Ion Trap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA). Analytes were separated by a 100 mm x 2 mm reverse-phase NX-C18
column with a particle size of 3 µm (Phenomenex, Torrance, CA, USA). The column temperature
was 30°C and elution was initiated with a mix of 98% Solvent A (0.1% formic acid in water) and
2% Solvent B (0.1% formic acid in acetonitrile). This was held for two minutes, followed by a
seven-minute gradient to 2% Solvent A and 98% Solvent B, then another hold for three minutes
before reverting to the initial elution conditions.
The mass spectrometer scanned between m/z 50 and 1,000 in positive mode. The experimental
conditions were as follows: temperature for heated-electrospray ionization, 400°C; capillary
temperature, 275°C; collision gas, nitrogen; and collisional energy, 35%. Both collision-induced
dissociation and high-energy collisional dissociation spectra were obtained.
6.2.4 Ascertaining the source/mechanism of inhibition
Using a clean scalpel, small fragments of plastic material were cut out from the microtubes and
added to the CYP2D6 long-range PCR mixtures. For this experiment, the reaction volume was
increased to 20 µL to ensure that the microtube fragments were completely submerged, thereby
maximising their contact with the reaction components. Only microtubes from Neptune Scientific
were tested in this experiment, along with 4titude Ltd. to control for possible introduction of PCRinhibitory foreign materials during handling of the microtubes. In another experiment, 10-µL
water samples were placed in the microtubes from Neptune Scientific, subjected to CYP2D6
long-PCR cycling, transferred into the microtubes from 4titude Ltd., and left at room temperature
to evaporate (in a laminar flow cabinet). Long-range PCRs were then carried out as usual in these
microtubes. The same procedure, minus thermal cycling, was repeated using methanol as the
extractive solvent. Different amounts of bovine serum albumin (BSA), 1µg, 2 µg, 4 µg and 8 µg,
were added to the PCR mixtures to determine whether addition of BSA would improve reaction
outcome.
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6.3 Results
As described in Table 6.2, all microtubes used were made of polypropylene and shared similar
properties. The only obvious difference was that microtubes that were obtained from Neptune
Scientific were coloured while others were colourless. Using long-range PCRs generating
amplicons with different lengths (3.5 kb, 6.6 kb and 13 kb), the microtubes from Neptune
Scientific were found to have a PCR-inhibitory effect. As shown in Figure 6.1, the yields of the
6.6-kb and 13-kb products were substantially reduced when PCR was carried out in Neptune
Scientific microtubes, but the shorter 3.5-kb amplicon remained unaffected. All other brands
performed equally well; therefore the observed PCR inhibition was likely a brand-specific effect.
The inhibitory effects were also universal across two different enzyme systems, namely KAPATM
LongRange HotStart DNA Polymerase and Phusion® Hot Start II High-Fidelity DNA Polymerase
(Figure 6.1).

Figure 6.1. Comparison of microtubes with respect to their effects on long-range PCRs. A.
Initially observed differences between 4titude Ltd. (4td) and Neptune Scientific (NSci) tubes. All
reactions were aliquots from the same master mix, but contained three different DNA samples.
One of the samples was already known to be CYP2D6 duplication-positive, hence the additional
amplification of the 3.5-kb products. B. Comparison of four brands of PCR microtubes, using
KAPATM LongRange HotStart DNA Polymerase. All lanes represent identical reactions using
another CYP2D6 duplication-positive sample. For each brand, two reactions were prepared and
placed in different columns of the thermal cycler block to account for positional effects. C.
Another enzyme system, Phusion® Hot Start II High Fidelity DNA Polymerase, was tested; the
two lanes represent aliquots from the same master mix. D. Two identical CYP2C19 13-kb PCR
reactions, set up using KAPATM LongRange HotStart DNA Polymerase.
Subsequently, the UV-absorbance profiles were characterised for water samples that were placed
in the microtubes and subjected to thermal cycling. As shown in Figure 6.2, only water samples
heated in the Neptune Scientific microtubes exhibited noticeable absorbance peaks located
approximately between 220 nm and 260 nm. No other peaks were observed in the range of
wavelengths from 260 nm to 748 nm. When UV absorbance was quantitated at 220 nm, again it
was noted that Neptune Scientific microtubes produced the highest values, whereas other brands
gave almost equal values. Heating was necessary to trigger release of UV-absorbent entities as no
increase in absorbance was observed when water samples were incubated in the microtubes at
room temperature for 30 minutes, in comparison with those that were heated for a similar length
of time (data not shown). The UV absorbance profile of the Neptune Scientific microtubes
suggested the presence of a comparatively high level of leachates in the water samples.
When water leachates were subjected to analysis by LC-MS, no compound was identified, other
than a common water contaminant. Other methods were employed to elucidate the PCR-inhibition
mechanism, but none produced conclusive findings. When fragments of microtube plastic
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material were placed in the CYP2D6 long-range PCR mixtures that were then subjected to thermal
cycling, no effects were observed (Figure 6.3). This was consistent with the observation that
4titude microtubes treated with water samples presumed to contain heat-extracted leachate(s)
remained suitable for long PCR (Figure 6.4). BSA is known to reverse the effects of PCR
inhibitors (KREADER 1996); but addition of different amounts of BSA did not improve reaction
outcome (Figure 6.5). Overall, these findings suggested that the adverse effects of the Neptune
Scientific microtubes on long-range PCRs may not have been due to the presence of leachate(s).
However, the results from other experiments were conflicting. As shown in Figure 6.6, evaporated
methanol rinses of the Neptune Scientific microtubes inhibited the amplification of the 3.5-kb
product, but not the 6.6-kb amplicon. No effects were noted for the control, Axygen tubes. This
implies that other methanol-extracted bioactive compounds were present in the Neptune Scientific
samples. However, the same outcome could not be replicated with the 13-kb PCR (data not
shown).
A.

Mean UV absorbance

B.
0.1
0.09
0.08
0.07
0.06
0.05
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0.02
0.01
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4titude Ltd.

Neptune
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Labcon North
America

Figure 6.2. Comparison of microtubes with respect to heat-triggered increase in UV absorbance.
A. UV absorbance profiles spanning from 220 nm to 748 nm for all four brands of PCR
microtubes. A cluster of small peaks located approximately between 220 nm and 260 nm are
indicated by an arrow and these were speculated to be water leachates from the Neptune Scientific
microtubes. B. Average UV absorbance as measured at 220 nm for all PCR microtubes. A total of
10 µL of water was placed in the microtubes and subjected to long-range PCR thermal cycling.
Reactions were in duplicates and measurement was taken twice, with resultant values averaged.
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Figure 6.3. Effect of microtube plastic fragments on CYP2D6 long PCR. The first lane (Ctrl)
represents a control reaction into which no plastic fragment was added; the second and third lanes
represent fragments from 4titude (4td) and Neptune Scientific (NSci) microtubes, respectively.
All reactions were carried out in 4titude microtubes.

Figure 6.4. Effect of putative heat-extracted water leachates on long PCR. All reactions were
performed in duplicate. Two 10-µL water samples were subjected to the entire CYP2D6 long PCR
cycling in Neptune Scientific microtubes, transferred to 4titude microtubes, and left to air-dry.
PCR was then carried out in these microtubes. As controls, PCR was also performed in 4titude
microtubes similarly treated with unheated water samples. Results from two PCR runs are shown
(A and B).

Figure 6.5. Effect of BSA on CYP2D6 long PCR, carried out in Neptune Scientific microtubes.
Different amounts of BSA were added to the 10-µL reaction mixtures, ranging from 1 µg to 8µg.

Figure 6.6. Effect of methanol leachate on CYP2D6 long PCR. Ten microliters of methanol were
placed in the microtubes from Neptune Scientific and Axygen, incubated at room temperature for
half an hour, transferred into 4titude microtubes, and left to air-dry. Long PCR was then carried
out in these microtubes alongside control reactions (the first and last two lanes).
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6.4 Discussion
A variety of chemical contaminants have been reported to leach from laboratory plastic ware. For
instance, McDonald and colleagues identified di(2-hydroxyethyl)methyldodecylammonium and
9-octadecenamide as two major chemical contaminants leaching from disposable tubes and
causing interference with the activity of human monoamine oxidase-B (MCDONALD et al. 2008;
MCDONALD et al. 2009). Other contaminants reported thus far have included oestrogenic
compounds (SOTO et al. 1991; KRISHNAN et al. 1993; FELDMAN and KRISHNAN 1995; ISHIKAWA
et al. 2001), substituted benzaldehyde (LEWIS et al. 2010), erucamide (WATSON et al. 2009),
bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (SCHAUER et al. 2013), and nonylphenol ethoxylate
(BELAICHE et al. 2009). Leachates released from laboratory plasticware are a major concern
because they are often the least suspected source of contaminants and their presence could
confound experimental procedures or results.
The findings presented in this chapter have demonstrated the differences between microtubes with
respect to their effects on long-range PCRs. Specifically, the Neptune Scientific microtubes were
found to have an inhibitory effect on the PCRs, although the underlying mechanism could not be
elucidated. The inhibition also appeared to be a universal phenomenon, occurring across different
enzymes or PCR systems generating amplicons of different lengths. The KAPATM LongRange
HotStart enzyme system is a blend of Taq DNA polymerase and a proof-reading archaeal (Type
B) DNA polymerase. Phusion® Hot Start II High-Fidelity DNA Polymerase is a highly processive
Pyrococcus-like enzyme with proof-reading ability. It was noted that the amplification of the
CYP2D6 6.6-kb product and the CYP2C19 13-kb amplicon were adversely affected by the use of
Neptune Scientific microtubes, but the shorter CYP2D6 3.5-kb product remained intact. This
suggests that amplification of larger products is more vulnerable to variability in the properties of
PCR microtubes, such as their heat-transfer characteristics or chemical-leachate profiles. Neptune
Scientific microtubes may possess physical characteristics that are not conducive towards long
PCRs. Thin-walled tubes are crucial in long-range PCRs for efficient thermal transfer (BARNES
1994). However, the other three brands performed equally well despite observable differences in
plastic wall thickness or shape.
Increased UV absorbance of heated water samples initially suggested that Neptune Scientific
microtubes leached chemicals that could be PCR-inhibitory. However, this could not be
confirmed by LC-MS analysis. Other investigators have found that brief heating triggered insolution release of microtube manufacturing additives, which was evidenced by altered UV
absorbance spectra (LEWIS et al. 2010). Thus, it is still possible that the LC-MS methodology
employed in this report has not been able to detect the presence of leachate compound(s). The
leachate could have been a colorant (the tested Neptune Scientific microtubes were coloured).
Several other experiments were conducted to elucidate the inhibition mechanism, although
findings were unclear. “Treated” water samples, presumed to contain the causal chemical
leachate(s), or plastic fragments excised from the microtubes, were added to the long-range PCR
mixtures but no effects were observed. Nevertheless, it is possible that the putative leachate(s)
present in the treated water samples were too dilute to bring about PCR inhibition. The lack of an
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effect from the plastic fragments could be because that direct block heating of microtubes, rather
than in-solution thermal transfer, was required to trigger leaching.
BSA is a known PCR enhancer that antagonises the effects of strong inhibitors such as melanin
and humic acid, or acts as a molecular crowder, at 6 µg/µL for instance, promoting contact
between reaction components. Effective concentrations of BSA vary between PCRs and need to
be empirically determined (KREADER 1996; GIAMBERNARDI et al. 1998; FARELL and ALEXANDRE
2012). As shown in Figure 6.5, different BSA concentrations were added to CYP2D6 PCRs
carried out in Neptune Scientific microtubes, but none seemed to have a “rescuing” effect.
Paradoxically, methanol rinses of Neptune Scientific microtubes inhibited the generation of the
3.5-kb, but not the 6.6-kb, PCR product. Again, this implies the presence of different chemical
entity(s) that were extracted by the solvent. Since methanol rinses of the control Axygen
microtubes did not influence PCR outcome, the apparent PCR inhibition could not have been due
to other foreign materials introduced during experimental set-up. Finally, physical adsorption of
Taq DNA polymerase onto the microtube surface could also diminish PCR efficiency (KODZIUS et
al. 2012). This has not been tested owing to technical constraints. Overall, it is uncertain as to
whether the demonstrated inhibitory effects of Neptune Scientific microtubes on long PCR were a
consequence of chemical inhibition or unfavourable thermal transfer properties.
6.5 Conclusions
The choice of microtubes has an impact on the success of long-range PCRs (and hence that of the
assay described in the next chapter) and should be considered during development of any longrange PCR-based assay. Although insufficient evidence was obtained to allow conclusive remarks
regarding the inhibitory mechanism, heat-triggered leaching of inhibitory compound(s) seems the
most likely cause of the effect.
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Chapter 7: Comprehensive genotyping of the CYP2D6 and CYP2C19 genes
using a next-generation amplicon sequencing assay
7.1 Introduction
Conventional means of CYP2D6 and CYP2C19 profiling are usually limited to examination of
common or known variants by a range of genotyping methods. Such a targeted genotyping
approach may overlook a significant fraction of relevant pharmacogenetic variants (NELSON et al.
2012; GORDON et al. 2013). Rapid advances in sequencing technology have permitted more
comprehensive genotyping by enabling cost-effective, customisable DNA sequencing-based
testing, where a large number of genes or samples can be analysed in a single run (HARISMENDY
et al. 2009). Indeed, NGS technology is assuming a more substantive role in clinical genetic
testing such as for the breast cancer susceptibility genes BRCA1 and BRCA2 (ELLARD et al.
2013). Several other examples of NGS-based panels being used for pharmacogenetics are listed in
Table 7.1.
Table 7.1. NGS-based panels for use in the research or clinical setting.
Panel
Hi-Plex

PGRNseq

PGxOne (Genewiz)

A custom panel designed
by a team at the Medical
College of Wisconsin

Descriptions
A PCR-based method that relies principally on simultaneous amplification of a large
number of short, tightly sized fragments in a single PCR reaction, to cover multiple
regions of a gene. This method has recently been tested for its applicability in the
genotyping of breast cancer susceptibility gene PALB2 (NGUYEN-DUMONT et al.
2013a; NGUYEN-DUMONT et al. 2013b).
A custom capture-based sequencing panel that simultaneously interrogates the coding
and upstream (2 kb) regions of 84 pharmacogenes. This panel is aimed to utilised in
both the clinical and research settings (BIELINSKI et al. 2014; GORDON et al. 2012).
A commercial panel that targets 25 of the most “clinically actionable” pharmacogenes
(for instance CYP genes, VKORC1 and SLCO1B1). A research-use version interrogates
more genes. The panel is compatible with both Illumina MiSeq® and Ion Torrent
Personal Genome Machine® (ASHFORD 2013).
A commercial panel that targets 35 pharmacogenes (for instance CYP2D6, CYP2C19
and VKORC1). This panel employs Agilent SureSelectTM for target capture and is
designed to be run on the Ion Torrent Personal Genome Machine® platform (HEGER
2012).

However, these NGS panels may not be entirely applicable for genes with closely related
homologs and a high burden of complex polymorphisms. In particular, analysis of CYP2D6 still
depends on long-range PCRs to identify copy-number aberration and to avoid unspecific
amplification of related pseudogenes composed of near-identical sequences. This chapter
describes the development and evaluation of an amplicon-based NGS assay for comprehensive
genotyping of the CYP2D6 and CYP2C19 genes in large sets of patient samples. A secondary aim
was to explore the utilisation of a free web-based bioinformatics suite, Galaxy, for data analysis
(GIARDINE et al. 2005; BLANKENBERG et al. 2010; GOECKS et al. 2010). The rationale was to
devise an assay that was accessible to research laboratories with limited bioinformatics expertise.
This has, at times, restricted the range of software that could be trialled and assessed.
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7.2 Specific methods
7.2.1 Sample population
This study used 96 research or clinical samples including 17 controls for which CYP2D6 and/or
CYP2C19 Sanger sequence data were available [including UDRUGS001, 002, 003, 005, 021 and
the two Somalian individuals described in Chapter 4; eight samples from the Acute Coronary
Syndrome (ACS) cohort for which CYP2C19 was sequenced (subject IDs 58, 73, 175, 187, 241,
324, 421 and 423), as detailed in Chapter 9], twelve samples from the thiopurine-resistant cohort
described in Chapter 8, 34 liver bank samples contributed by Dr Nuala Helsby (Faculty of
Medical and Health Sciences, University of Auckland), 24 samples from a Takotsubo syndrome
cohort for which WES had been performed (KENNEDY et al., unpublished data), two samples
(with known CYP2D6 and CYP2C19 genotypes) purchased from the Coriell Institute for Medical
Research (Camden, NJ, USA), and various other samples of interest [Note: readers are referred to
Appendix F for complete sample layouts].
7.2.2 Amplifying the entire CYP2D6 gene with long-range PCRs
The specifics of the CYP2D6 long PCRs were described in Chapter 2. The 6.6-kb PCR products
from the two duplex reactions were pooled in equal volumes for subsequent NGS library
preparation. The long PCR products for duplicated CYP2D6 genes were treated separately from
the original 6.6-kb amplicons.
7.2.3 Amplifying small CYP2C19 fragments with multiplex PCRs
Because the CYP2C19 gene has long introns it spans approximately 90 kb, so nine small
amplicons covering the promoter region and all nine exons were generated with three multiplex
PCRs (Figure 7.1). The compatibility between primer pairs was checked using a web-based tool,
PriDimerCheck (available at http://biocompute.bmi.ac.cn/MPprimer/primer_dimer.html). Gibbs
free energy cut-off to define a primer dimer was recommended at -7 kcal/mol, whereby a more
negative value indicates a more stable dimer structure (SHEN et al. 2010). Using this cut-off, no
incompatible primer combinations were identified so primer pairs were combined based on the
resultant product size and the ease of separation by agarose gel electrophoresis. Care was taken to
ensure that the primers did not mask known polymorphic sites. Subsequently, the multiplex PCRs
were optimised based on previously reported strategies (HENEGARIU et al. 1997), as depicted in
Chapter 2. The reaction conditions for the three multiplex PCRs are shown in Table 7.2. PCRs
were generally carried out in 10 µL volumes containing 0.25U of TAQ-Ti Heat-Activated DNA
Polymerase, and 25-50 ng of input DNA, in the supplier’s buffer. Thermal cycling was preceded
by heat-denaturation at 94°C for two minutes. As equal volumes of all PCR products were pooled
prior to library preparation, care was taken to ensure that all three multiplex reactions resulted in
similar overall yields.
7.2.4 Preparing Nextera XTTM sequencing libraries
This work was led by Dr Simone Cree (postdoctoral fellow, Gene Structure and Function
Laboratory). Sequencing libraries for 96 samples of CYP2D6 and CYP2C19 amplicons were
constructed in a 96-well plate using the Nextera XTTM Sample Preparation Kit (Illumina Inc., San
Diego, CA, USA) as per the manufacturer's instructions. Briefly, this entailed “tagmentation”
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(simultaneous fragmentation and tagging) of amplicons, followed by PCR amplification using a
combination of indexing primers unique to each sample, library normalization and pooling
samples of equimolar concentrations. The resulting fragment libraries were sequenced from both
ends on one lane of a MiSeq® system (Illumina Inc., San Diego, CA, USA) with a read length of
2×100 nucleotides (sequencing service provider was New Zealand Genomics Ltd., Palmerston
North, New Zealand).
Table 7.2. Primer combinations and reaction conditions for triplex CYP2C19 PCRs.
Reaction
Triplex 1

Primers1

Fragment size
(bp)
907

Primer
concentration
0.2 µM

Mg2+
concentration
2 mM

Annealing
temperature
62 °C

Final buffer
concentration
1×

2C19Prom3F
2C19Prom4R
2C19Ex23F
607
0.3 µM
2C19Ex23R
2C19Ex8MF
389
0.15 µM
2C19Ex8R
Triplex 2 2C19Ex6F
456
0.4 µM
3 mM
Touchdown: 65 °C
1.4×
2C19Ex6R
decreased to 50 °C in
15 cycles, then
2C19Ex4MF
383
0.1 µM
continued with target
2C19Ex4R
temperature for
2C19Ex9F
529
0.35 µM
another 20 cycles
2C19Ex9R
Triplex 3 2C19PrExF
905
0.3 µM
3 mM
62 °C
1×
2C19Ex1MR
2C19Ex5F
409
0.1 µM
2C19Ex5R
2C19Ex7MF
521
0.15 µM
2C19Ex7R
1
Most of the primers were previously reported (BLAISDELL et al. 2002) except 2C19PrExF, 2C19Ex1MR,
2C19Ex4MF, 2C19Ex7MF, and 2C19Ex8MF (documented in Table 2.3).

7.2.5 Ion TorrentTM sequencing
Data that were generated in a pilot experiment with the Ion TorrentTM Benchtop Sequencer (Life
Technologies, Carlsbad, CA, USA) were used for comparative purposes. PCR products for
sequencing were prepared in a similar fashion, except with a slightly different CYP2C19
multiplex format (refer to Appendix G for a complete protocol). Sample purification and library
preparation steps were outsourced to New Zealand Genomics Ltd. (Auckland, New Zealand). A
total of seven samples were included in the trial run. All amplicons were fragmented using Ion
ShearTM and barcoded with the Ion XpressTM Barcode Adaptors. Libraries were size-selected,
amplified, and sequenced using a single 314 chip. Analysis of Ion TorrentTM sequencing data was
done using the same web-based pipeline as described below for MiSeq® sequencing data.
7.2.6 Bioinformatics analysis
All data processing was done via Galaxy (GIARDINE et al. 2005; BLANKENBERG et al. 2010;
GOECKS et al. 2010), which is a web-based collection of bioinformatics tools that provides a
graphical user interface. The overall workflow is shown in Figure 7.2. The specific settings for
various processing steps will be described in the following sections.
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Figure 7.1. Approximate positions of the primers for the multiplex CYP2C19 PCRs. The nine blue blocks represent CYP2C19 exons 1 to 9; the
light-blue lines represent the up- and downstream regions, and the introns; half-arrows represent the primers: forward primers were black
whereas reverse primers were grey.
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Low-qualiy bases and
contaminating adaptor/index
sequences were removed
using Trimmomatic.

Trimmed FASTQ reads were
uploaded onto Galaxy and
mapped against a custom
reference using BWA.

Library-level de-duplication
was done individually for
each sample using Picard's
Mark Duplicate Reads

The raw VCF file was
annotated with a set of
recommended filters and
false-positives were
removed to produce the
final, valid call-set.

Variants were called across
samples with GATK's
Unified Genotyper to
generate a raw VCF file.

Sample-level indel
realignment was done usng
GATK's Indel Realigner.

Figure 7.2. Bioinformatics analysis workflow for targeted CYP2D6 and CYP2C19 sequencing.
Abbreviations: BWA, Burrows-Wheeler Aligner; GATK, Genome Analysis Toolkit; indel,
insertion/deletion; VCF, variant call format
7.2.7 Processing raw sequence reads prior to alignment
Low-quality (average Phred-scale quality less than 15), unknown trailing (N) bases, and
contaminating adapter-primer-index sequence read-throughs were trimmed from the raw FASTQ
reads using Trimmomatic v0.30 (LOHSE et al. 2012). A different sequence (to be trimmed) input
FASTA file was used for each sample to account for the specific adapter-primer-index
combination. Only reads that were at least 15 nucleotides long were retained. Trimmomatic v0.30
is a JAVA-based tool so sequence read trimming was done locally, whereas subsequent analysis
steps were all performed on Galaxy.
7.2.8 Preparing reference files for downstream analysis
Sequences of amplified regions were extracted from GRCh37.p13 assemblies of human
chromosome 22 and chromosome 10 (accession numbers NC_000010.10 for CYP2D6;
NT_030059.13 for CYP2C19), and were concatenated into one contiguous reference sequence
(Appendix H). A reference-ordered binding file in the VCF format was created to document
known CYP2D6 and CYP2C19 variants along with their more commonly adopted names
(Appendix I), which were based on the nomenclature system set by the Human CYP Allele
Nomenclature Committee (http://www.cypalleles.ki.se/). This file was subsequently used in
variant calling for annotation purposes. To standardise variant calling, sequence data from the
duplicated gene were aligned against the same custom reference sequence and mapping ratio was
thus reported. Nonetheless, to check for potential alignment artifacts, the sequence reads were
also aligned to another reference sequence that encompassed portions of the repetitive elements
adjacent to the CYP2D6 and CYP2D7 genes. A BED file was also included in all variant-calling
steps to limit analysis to non-primer binding sites (Appendix J).
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7.2.9 Aligning sequence reads
Trimmed sequence reads were aligned with BWA. The BWA-backtrack algorithm v1.2.3 was
employed for MiSeq® data as the sequence reads were shorter with a mean length of 151 bases;
BWA-MEM (in the BWA-0.7.9a package) was used to align Ion TorrentTM sequence reads, which
were longer with a mean length of approximately 200 nucleotides (LI AND DURBIN 2009) or
Bowtie 2 (version 0.2) using the default settings, against a custom reference sequence or the entire
human genome (hg_g1k_b37). The default insert size limit for Bowtie 2 was increased to 500
nucleotides. BWA-MEM was not supported by Galaxy so the tool was run locally. Although it
may seem counterintuitive to perform deduplication for PCR-based libraries, for which a high
level of “PCR duplication” was anticipated, this was done nevertheless to minimise false-positives
that may arise from optical artifacts during sequence detection. For other platforms that do not
employ a dye-based sequencing chemistry, such as the Ion TorrentTM platform, this step can be
safely omitted. For MiSeq® data, library-level duplicates removal was done separately for each
sample using Picard v1.56.0. Base realignment around indels was also performed on the sample
level using the GATK (it was noted that the versions of various in-built tools available on Galaxy
ranged from 0.0.1 to 0.0.6) (MCKENNA et al. 2010). Base quality score recalibration (BQSR) was
omitted as this was considered neither necessary nor useful for a small dataset such as that
produced from a targeted sequencing run. In particular, BQSR is expected to work better with
large datasets composed of at least 100 million aligned bases, based on GATK’s
recommendations.
7.2.10 Determining average per-base depth of coverage
Per-base coverage (determined from de-duplicated sequence alignment files) was computed using
GATK’s Depth of Coverage, with read down-sampling disabled by default. Average depth of
coverage and GC content (%) were computed across CYP2D6 from the downstream segment to
the promoter region within non-overlapping 100-bp windows. Then the average depth of coverage
for each window was plotted against GC content to ascertain whether any association exists
between the two parameters. Similar analysis was not done for CYP2C19 as coverage bias could
have been introduced in the pre-library steps, where amplification of different-sized CYP2C19
fragments could still vary despite optimisation.
7.2.11 Variant calling and filtering
Multi-sample variant calling was performed using GATK’s Unified Genotyper v0.0.6 and
subsequently annotated with a set of recommended hard filters (which can be found in Chapter 8).
The final VCF file was annotated with information from these filters as well as the rs ID and
common name of a variant site (if any), permitting quick comparison with the Human CYP Allele
Nomenclature Database (http://www.cypalleles.ki.se/). To distinguish between true and falsepositive variant sites, quality by depth (QD) was used as the primary filter. Variant sites which
were not compiled in the reference-ordered binding file, in other words not documented in the
Human CYP Allele Nomenclature Database, and had a QD value of lower than 2.0, were
removed. Sequence alignment files were visually inspected in Integrative Genomics Viewer
(IGV) v2.3 for further assessment of potentially novel variants that passed the QD filter
(THORVALDSDÓTTIR et al. 2013). To be judged acceptable, variant sites were required to be
supported by well aligned reads with low numbers of mismatches, giving a visually clean view in
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IGV. Genotype calls for all variant sites were also individually evaluated based on the
approximate read depth and genotype quality reported in the VCF file. Additional filters as
described in Chapter 8 provided information for further evaluation of a variant site, but were not
regarded as definitive. A subset of pass-filter genotype calls, identified in the 19 samples for
which CYPD6 or CYP2C19 Sanger sequencing or genotype data were available (77 variant sites
listed in Table 7.3), were used to assess the accuracy of variant-calling. These sites were
distributed throughout the CYP2C19 and CYP2D6 genes. The suitability of another caller, namely
SAMtools’ MPileup v0.0.1, was also evaluated, considering only variant sites with a Phred-scale
quality (QUAL) score of at least 50.0. The default settings were employed except that the
computation of base alignment quality score was disabled.
Table 7.3. Variant sites included in the assessment of the accuracy of variant calling.
Variants listed as common names
CYP2C19
-1439T>C, -1418C>T, -1041G>A, -889T>G, -806C>T, -98T>C, -13G>A, 7C>T, 10T>C, 55A>C,
99C>T, 12306G>A, 12460G>C, 12662A>G, 17948G>A, 19153C>T, 19154G>A, 57678T>G,
57740C>G, 80160C>T, 80161A>G, 87290C>T, 87313A>C
CYP2D6
4722T>G, 4653_4655delACA, 4481G>A, 4401C>T, 4180G>C, 3853G>A, 3828G>A, 3790C>T,
3584G>A, 3582A>G, 3435C>A, 3384A>C, 2988G>A, 2939G>A, 2850C>T, 2615_2617delAAG,
2610T>A, 2606G>A, 2579C>T, 2483G>T, 2291G>A, 2097A>G, 1846G>A, 1790A>G, 1661G>C,
1458A>C, 1170G>A, 1039C>T, 997C>G, 984A>G, 974C>A, 843T>G, 746C>G, 310G>T, 270C>T,
245A>G, 233A>C, 232G>C, 227T>C, 223C>G, 221C>A, 214G>C, 100C>T, 31G>A, -1T>C, -2G>C, 18T>G, -678G>A, -740C>T, -890G>A, -1000G>A, -1426C>T, -1584C>G, -1770G>A
Note: CYP2D6 is located on the minus strand, hence the reverse order of its listed variants.

7.2.12 Quality control by variant-calling of known CYP2D6 and CYP2C19 alleles and
assignment of metabolic status to all samples
As another measure of quality control, variant-calling of 20 variants with known functional
effects was carried out using the NGS data for all 96 samples; some of these variants are relatively
common in the Caucasian population. These variants included CYP2C19*2, *3, *4, *5, *6, *7, *8,
*9, *10 and *17, CYP2D6*2, *3, *4, *6, *7, *8, *9, *10 and *41, and the CYP2D6 promoter
variant -1584C>G, which constitutes *2A. Variant calling was performed with Unified
Genotyper’s “Genotype Known Alleles” mode to allow all specified sites to be reported including
those where all samples were found to be invariant. Different cut-offs for genotype quality (≥30.0
or 20.0) and approximate read depth (≥15 or 10) were used to define the fractions of successful
genotypes. It is worth pointing out these filtering criteria were not absolute and only partly
reflected the confidence of a call. A genotype quality of ≥20.0 and an approximate read depth ≥10
were deemed to be “minimum quality criteria”. Genotype calls failing these filters had a very low
confidence and were regarded with caution. Subsequently, the most likely CYP2C19 and CYP2D6
genotypes and metabolic status were assigned to each sample (Table 7.4), based on all identified
variants. Where this was not possible, for instance because of too many variant calls failing to
meet the minimum quality criteria, the genotype was excluded.
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Table 7.4. Genotype-based prediction of CYP2C19 and CYP2D6 metabolic status.
Genotype
CYP2C19
Two loss-of-function alleles
One fully active allele plus one loss-of-function allele
Two fully active allele
One or two gain-of-function alleles

Metabolic status
Poor metaboliser
Intermediate metaboliser
Extensive metaboliser
Ultra-rapid metaboliser

CYP2D6
Two loss-of-function alleles
Poor metaboliser
One loss-of-function allele plus one reduced-function Intermediate metaboliser
allele, or two *10 alleles
Two fully active alleles, or one fully active allele plus Extensive metaboliser
one reduced-function allele, or one fully active allele
plus one loss-of-function allele, or two non-*10
reduced-function alleles
Whole-gene duplication leading to more than two
Ultra-rapid metaboliser
fully active alleles
Notes: (1) The CYP2D6*10 allele was recently suggested to have more a pronounced diminishing effect on protein
function and thus should be assigned a lower activity score (0.25) than other reduced-function alleles (0.5). (2)
CYP2C19 loss-of-function alleles: *2, *3; gain-of-function allele: *17; CYP2D6 loss-of-function allele: *3, *4, *5,
*6, *7, *8; reduced-function allele: *9, *10, *17, *41. Novel alleles predicted to have a damaging effect on protein
function by SIFT or PolyPhen-2 would be classified into the loss-of-function category.

7.2.13 Cross-comparison with variant calls from WES data
The accuracy of WES for CYP2D6 and CYP2C19 profiling was assessed by comparison of WES
data for a subset of 36 of the 96 samples with the amplicon sequencing data described in this
chapter. The 36 exomes represented samples of convenience for which WES data had already
been generated, including the 24 Takotsubo subjects. Details for the processing of these samples
can be found in Chapter 8. Briefly, all 36 exomes were enriched using the TruSeqTM capture kit
and subjected to the same bioinformatics pipeline. To maximise the number of WES calls
available for comparison, the threshold for read-depth was set to just four-fold per call. This
means that each call should have an assigned Phred-scaled genotype quality score of at least 10.0,
with the likelihood of false-positives being 10%. WES calls having a read depth below four-fold
were designated “not evaluable”. Further, to evaluate the effectiveness of VQSR at improving
variant calling accuracy, all on-target variants were divided into two sets, namely those that were
called below the 99% truth sensitivity threshold, also designated “pass-filter”, and those that were
called beyond the threshold. Similar grouping could not be done for off-target variants as VQSR
was omitted for this call-set. Categorisation of a variant site as on- or off-target was based on the
intervals
file
provided
by
Illumina,
Inc.
(downloaded
from
http://support.illumina.com/sequencing/sequencing_kits/truseq_exome_enrichment_kit/download
s.html). Variant calls generated by amplicon sequencing were required to have an approximate
read depth of at least ten-fold to be considered sufficiently confident. A false-positive event was
defined as the calling of the alternate allele that was determined to be absent by Sanger
sequencing. A false-negative event was defined as the failure to detect the alternate allele(s).
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7.3 Results
7.3.1 Optimising CYP2C19 multiplex PCRs
Primers were empirically combined to ascertain the optimal combinations. Primer compatibility
was assessed using a web-based prediction tool, PriDimerCheck, but this was found to be
inaccurate in certain instances. An example is shown in Figure 7.3. Despite being predicted to be
compatible with other primers in the same reaction, a forward primer for CYP2C19 exon 9,
FU2C19Ex9F, had a clear inhibitory effect on reaction efficiency.

Figure 7.3. Empirical determination of the compatibility between primer pairs. In this tested
combination exons 6, 8 and 9 were amplified. FU2C19Ex9F was predicted to be compatible with
other primers, nevertheless was found to have an unfavourable effect on reaction efficiency.
Agarose gels (1.5%, TAE) show products from equivalent gradient PCRs at three different
annealing temperatures of 61.7°C, 62.9°C and 63.9°C. Both PCRs contained the same three
primer pairs with the only exception being substitution of primer FU2C19Ex9F (A) with primer
2C19Ex9F (B). Self-inhibition and amplification failure of CYP2C19 exon 6 was clearly apparent
when primer FU2C19Ex9F was present (A).
Following empirical determination of primer compatibility, and optimisation of Mg2+
concentrations and annealing temperatures, the product yields of the initial primer-pair
combinations were as shown in Figure 7.4. It was noted that the overall reaction efficiency of
Triplex 1 was low. Increasing primer concentrations did not improve the amplification yield of
Triplex 1 (data not shown).

Figure 7.4. Empirical determination of initial primer pair combinations. The three PCRs were
designated Triplex 1, 2 and 3, respectively. All reactions were carried out in the same run with an
annealing temperature of 62°C. The third, sixth and ninth lanes were no-template controls. The
lowest band in each lane represents unincorporated primers.
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The source of low reaction efficiency for Triplex 1 was then investigated. Because the products
for the fourth and eighth exons were similar in size, primer pairs for the two loci were switched
between Triplex 1 and Triplex 2. This resulted in increased product yield for the new Triplex 1,
and decreased product yield for the new Triplex 2 (Figure 7.5), which was somewhat better than
that of the previous combinations. The buffer concentration was increased to 1.4× to augment
PCR yield of the modified Triplex 2 combination (data not shown), and cycling conditions of
Triplex 2 were re-optimised. A low amount of non-target product, slightly smaller in size than the
CYP2C19 exon 4 amplicon, was noted and was believed to originate from the related gene
CYP2C9. As illustrated in Figure 7.6, raising the annealing temperature did not help to eliminate
this undesired product. Consequently, a touchdown protocol was employed, although the
improvement was not substantial (Table 7.2; data not shown). The final optimised outcomes of all
three triplex PCRs are shown in Figure 7.7. The yields across amplicons after these optimisation
steps were fairly even.
Figure 7.5. Primer switch between
Triplex 1 and Triplex 2. Switch of exon 4
and exon 8 primer pairs between PCRs
resulted in decreased efficiency of
Triplex 2, again highlighting the failure
of the primer-checking tool to accurately
predict primer compatibility.

Figure 7.6. Re-optimisation of the annealing
temperature for modified Triplex 2. A faint
unspecific product band was noticed beneath
the target exon 4 amplicon and was believed to
originate from CYP2C9. Increasing the
annealing temperature did not eliminate this
undesired side-product.
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Figure 7.7. The final optimised CYP2C19 triplex reactions. The three lanes demonstrated here in
each panel represent different samples.
7.3.2 Sample selection and NGS library preparation
A total of 96 research and clinical samples were selected for this proof-of-principle experiment,
including 17 controls for which CYP2D6 and/or CYP2C19 Sanger sequence data were available,
and two samples purchased from the Coriell Institute for Medical Research. The short CYP2C19
(section 7.3.1) and the long CYP2D6 amplicons (section 7.2.2) were generated for all samples,
purified using the Agencourt AMPure XP beads (Beckman Coulter, Inc., High Wycombe,
Buckinghamshire, UK), and quantified by UV spectrophotometry. Then, 192 barcoded libraries
(96×2) were constructed from the purified CYP2D6 and CYP2C19 amplicons using the Nextera
XTTM Sample Preparation Kit (section 7.2.4), pooled and submitted to New Zealand Genomics
Ltd. for sequencing (for complete sample layouts, readers are referred to Appeddix F). Sequence
reads were returned in the FASTQ format and were further processed as described in the
following sections.
7.3.3 Bioinformatics processing of NGS sequence reads
7.3.3.1 Comparison of short-read aligners and variant callers
Two aligners were compared using a set of 79 known CYP2C19 and CYP2D6 variants as a
benchmark. Compared with BWA-backtrack, Bowtie 2 was found to consistently assign a lower
mapping quality (MQ) score to each variant site (Figure 7.8). Such differences were especially
obvious when sequence reads were mapped against the entire human genome, resulting in 30
false-negative variant sites (Table 7.5). Some of the false-negatives are shown in Figure 7.9; the
presence of these variants causes a small segment of the CYP2D6 intron 1 to resemble a
corresponding region in CYP2D7. Consequently, the sequence reads harbouring the alternate
allele could not be uniquely aligned by Bowtie 2 and were thus marked as having low MQ.
Variants residing within sequence reads with low MQ are generally distrusted by the variant
caller.
The performance differences between BWA-backtrack and Bowtie 2 diminished with more
constrained alignment. But still, alignment files generated by BWA-backtrack yielded better
variant call-sets with slightly lower numbers of false-positives (custom reference, 9 versus 15
with Bowtie 2; whole-genome, 5 versus 7 with Bowtie 2), although Bowtie 2 was able to map
more reads to the reference sequence (custom reference, 83.03% versus 80.13% by BWA; wholegenome, 97.88% versus 93.55% by BWA), as shown in Table 7.5. Aligning the sequence reads to
a custom reference composed only of the target regions was probably better than against the entire
human genome. As shown in Figure 7.10, a true variant, 3853G>A, was found to be missing
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following BWA-backtrack, whole-genome alignment. This variant-calling error was most likely
to have resulted from mis-alignment of the sequence reads carrying the alternate allele to nearby
pseudogenes, rather than underestimation of MQ. Overall BWA-backtrack appeared to be a more
suitable aligner than Bowtie 2 for the sequence data generated in the present study.
Subsequently, another variant caller, MPileup, was also evaluated but no major differences from
Unified Genotyper were identified. Inputting targeted alignment files generated by BWAbacktrack, eighty-six variant sites (including all 79 known sites) were detected by both callers;
whereas five and four sites were unique to Unified Genotyper and Mpileup, respectively. This
suggests that the two callers have comparable variant-detection sensitivities. Unified Genotyper
was chosen as the caller of choice because it has more supporting features than MPileup,
particularly its in-built variant annotation functionality. Also, Unified Genotyper is more suitable
than MPileup for large-scale variant calling.
Table 7.5. Comparison of targeted versus whole-genome mapping using two different aligners,
BWA-backtrack versus Bowtie 2. A total of 79 variant sites identified in 19 control samples were
included in the evaluation.
Mapping ratio (raw)
On-target ratio (raw)
Mapping ratio (de-duplicated)
On-target ratio (de-duplicated)
Number of pass-QD variant sites
Number of pass-QD known variant sites
Additional pass-QD variant sites (likely
false sites)

BWA-backtrack
(targeted)
80.13%
(314,224/392,128)
NA
79.00%
(293,121/371,025)
NA
91
79
12 (9)

BWA-backtrack
(whole-genome)
93.55%
(366,841/392,128)
73.41%
(287,847/392,128)
93.21%
(346,872/372,159)
72.36%
(269,311/372,159)
86
78
8 (5)

Bowtie 2
(targeted)
83.03%
(325,574/392,128)
NA
82.09%
(304,954/371,508)
NA
97
79
18 (15)

Bowtie 2 (wholegenome)
97.88%
(383,812/392,128)
75.94%
(297,800/392,128)
97.77%
(364,477/372,793)
75.02%
(279,681/372,793)
58
49
9 (7)

Abbreviations: NA, not applicable; QD, quality by depth; indel, insertion/deletion

7.3.2.2 Overview of the quality of the MiSeq® sequencing run
Overall the MiSeq® sequencing run produced high-quality data; the mapping ratio and average
per-base coverage were 80.21% and 172-fold respectively. More than 90% of the aligned bases
were covered at least 15 times (Table 7.6); and only four samples were noted to have a low
fraction of aligned bases (<80%) achieving 15-fold coverage (Figure 7.11). Of the 96 samples,
eight were positive for CYP2D6 whole-gene deletion and this was confirmed by a loss of
heterozygosity in the sequencing data; five samples were positive for whole-gene duplication. To
assess the accuracy of variant-calling, a subset of known genotype calls, which were verifiable by
available Sanger-sequencing data or sample genotypes, were compiled. A total of 646 calls (77
variant sites in 19 samples), having a genotype quality of at least 30.0 and an approximate read
depth equal to or greater than 15, were selected regardless of the nature of the call, in other words
whether comprising reference and/or alternate alleles. It was found that all genotype calls made
were highly accurate with a 100% concordance rate with Sanger sequencing data (Table 7.6).
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Figure 7.8. Comparison of BWA-backtrack and Bowtie 2 for sequence read alignment. A total of 79 known true variant sites (19 samples) were
included in this assessment with respect to root mean square of mapping quality (MQ) (A) and quality by depth (QD) (B), as recorded in the output VCF
file generated by Unified Genotyper. Missing variant sites were assigned a value of zero. Alignment was performed with the default settings for both
tools except that the insert size limit was increased to 500 nucleotides for Bowtie 2.
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Figure 7.9. Comparison of BWA-backtrack (A) and Bowtie 2 (B) for whole-genome alignment.
More reads were assigned a mapping quality (MQ) score of zero by Bowtie 2 (sequence reads
coloured white and highlighted by red rectangular boxes), particularly those carrying the alternate
alleles. The variant sites were still visible in IGV when MQ filter threshold was set to zero
(represented by coloured blocks within the vertical bars). However, when the threshold was raised
to 20, many sequence reads were discarded by IGV causing no-calls at those variant sites.
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Figure 7.10. Whole-genome versus targeted alignment using the BWA-backtrack aligner. A
variant, 3853G>A or rs61737947, was noted to be missing following whole-genome alignment.
The reads carrying the alternate allele were most likely mis-aligned (variant site highlighted by
broken vertical lines). Top-panel vertical bars represent coverage; reference and alternate alleles
are indicted by different colours within the bar; heights of colour blocks are proportional to allele
count.
Table 7.6. MiSeq® quality overview for 96 samples and assessment of variant-calling accuracy.
Criterion
Mean read length (base)
Mapping ratio (determined from de-duplicated
alignment file)1
Duplicate reads1

Samples (n=96)
151
1 771 529/2 208 662 reads
(80.21%)
114 062/2 208 662 reads
(5.16%)
171.68-fold

Average per base coverage (determined from deduplicated alignment file)
Percentage of bases with coverage of at least 15 times
91.07%
Subset of verifiable passed-filter genotype calls2
646 (variant sites=77)
Fraction of passed-filter calls concordant with Sanger
646/646 (100% concordance)
sequencing or known genotypes
1
Mapping ratio and percentage of duplicates were computed using SAMtools’s Flagstat
2
Genotype calls having a genotype quality ≥30.0 and an approximate read depth ≥15, and for which Sanger
sequencing or genotype data were available
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Figure 7.11. Percentage of bases covered at least 15 times (shown per sample).
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A relatively simple strategy was developed for variant-site filtering (Figure 7.12). A total of 184
variant sites initially identified were ultimately filtered to 110 (93 known, 17 undocumented)
using QD as the principal filter, with varying small contributions from other filters such as overall
site coverage and bias in read position between reference and alternate bases (as indicated by a
low value of ReadPosRankSum). Metrics for MQ, strand bias (FS), MQ bias (MQRankSum), and
consistency of the site with only two haplotypes (Haplotype-Score), did not differentiate true
variant sites from false sites. Indels within or near the homopolymeric region (run >5) were
generally disregarded and undocumented variant sites were inspected in IGV for sufficient
coverage (at least 15-fold), even allelic balance (0.3-0.7), no bias in read position between
reference and alternate bases (non-significant ReadPosRankSum test with a value of greater than
-19.5) and visually clean sequence-read alignment. Pre-processing steps prior to variant calling,
particularly indel re-alignment, was important in that it corrected the false-positive mismatches
that often occur around an indel site (Figure 7.13).

Figure 7.12. General strategy for filtering and assessing variants called using the GATK’s Unified
Genotyper. Abbreviations: QD, quality by depth; ReadPosRankSum, Read Position Rank Sum
Test; SNP, single-nucleotide polymorphism; IGV, Integrative Genomis Viewer
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Figure 7.13. The effect of re-alignment of bases around indel. Mismatches to reference (A) were
reduced after base re-alignment (B). The example shown here is 2615_2617delAAG in the fifth
exon of CYP2D6.
As read depth can be variable across a gene region, genotyping may fail in certain parts of the
gene which are poorly covered. The fraction of successful genotypes (having passed pre-defined
quality criteria) can be a useful indicator of the overall assay performance as well as its
application, revealing gene sections which suffered very low coverage and thus a small fraction of
successful genotypes. Therefore, additional quality control was performed and this demonstrated
that the fraction of genotype calls which passed the “minimum quality criteria” was high
(94.27%) for 20 known CYP2D6 and CYP2C19 alleles (Table 7.7). Employing more stringent
quality criteria (genotype quality ≥30.0 and read depth ≥15), the overall fraction of pass-filter
calls decreased to 89.84%. It should be noted that failed genotyping does not necessarily imply a
missing call; rather, it is an indication of low confidence such that the variant call(s) would need
to be verified by other strategies.
CYP2C19 and CYP2D6 genotypes were inferred from the sequence data and metabolic status was
accordingly assigned (Figure 7.14). Two CYP2C19 and four CYP2D6 genotypes were excluded
owing to ambiguity. The majority of the samples were predicted to have an extensive-metaboliser
phenotype (45 for CYP2C19 and 73 for CYP2D6). Four samples were assigned a CYP2C19 poor
metaboliser status; seven samples were identified as having a CYP2D6 deficiency genotype.
These samples represent a metabolic group with important therapeutic implications. Enhanced
CYP2C19 activity was predicted for 21 samples, and two samples were positive for CYP2D6
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functional gene duplication. In the clinical setting, increased enzymatic function may lead to a
higher likelihood of therapeutic failure. Intermediate metabolic status was assigned to 24
CYP2C19 genotypes and ten CYP2D6 genotypes. It is noteworthy that CYP2C19 metabolic status
could be inferred for most samples despite a high fraction of low-confidence calls for CYP2C19*2
(Table 7.7), because most genotype calls for -98T>C, a variant known to be in linkage
disequilibrium with *2, were of good quality. This demonstrates the usefulness of incorporating
haplotype information into genotype assignment.
80

Number of samples

70
60
50
40

CYP2C19 genotype

30

CYP2D6 genotype

20
10
0
Poor metaboliser

Intermediate
metaboliser

Extensive
metaboliser

Ultra-rapid
metaboliser

Figure 7.14. Assignment of sample CYP2C19 (n=94) and CYP2D6 (n=92) metabolic status based
on MiSeq® sequence data.
The depths of coverage for a portion of the CYP2C19 promoter region, exon 4 and exon 5 were
particularly unsatisfactory across all samples, resulting in a relatively low fraction (73.96%) of
reported CYP2C19*2 and CYP2C19*3 genotype calls meeting the minimum quality criteria
(Table 7.7). Similar variations in coverage were also observed for CYP2D6, where intron 5-exon
5 and exon 4-intron 3 junctions were particularly under-represented. This decreased the fractions
of minimally confident genotype calls for two important functional alleles, CYP2D6*4 and
CYP2D6*9 (89.58% and 94.79% respectively). Overall a greater number of confident genotype
calls were reported for CYP2D6 alleles than for CYP2C19 alleles, possibly owing to the
difference in PCR format (single long-range amplicon for CYP2D6, multiplexed short amplicons
for CYP2C19). The source of coverage variation was further investigated. Average read depth was
plotted against GC content (%) for CYP2D6, where both parameters were determined within 100bp windows. The scatter plot showed no recognizable trend (Figure 7.15), suggesting that no
association exists between depth of coverage and GC content (%) for these regions. Crossplatform comparison between MiSeq® and Ion TorrentTM showed that both datasets contained
consistently under-represented regions within CYP2D6, but at different locations (Figure 7.16).
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Table 7.7. Evaluation of passed-filter variant calls for known CYP2D6 and CYP2C19 alleles as an indicator of overall assay performance (n=96).
Fractions of variant calls passing different cut-offs for genotype quality and approximate read depth are shown.
Defining variant (allele)

CYP2C19 alleles
19154G>A (CYP2C19*2)
17948G>A (CYP2C19*3)
1A>G (CYP2C19*4)
90033C>T (CYP2C19*5)
12748G>A (CYP2C19*6)
19294T>A (CYP2C19*7)
12711T>C (CYP2C19*8)
12784G>A (CYP2C19*9)
19153C>T (CYP2C19*10)
-806C>T (CYP2C19*17)

Effect

Location

Average
approximate
read depth per
site

Cut-off: GQ
≥30.0 and DP
≥15

Cut-off: GQ
≥20.0 and DP
≥10

Distribution of reported
genotypes1

Splicing defect
Premature stop codon
Alternate initiation
codon
Amino acid change
Amino acid change
Splicing defect
Amino acid change
Amino acid change
Amino acid change
Increased transcription

Exon 5
Exon 4
Exon 1

18.97
37.73
184.51

50 (48/96)
68.75 (66/96)
98.96 (95/96)

73.96 (71/96)
84.38 (81/96)
100 (96/96)

34 GG, 14 GA
64 GG, 2 GA
All wild-type

Exon 9
Exon 3
Intron 5
Exon 3
Exon 3
Exon 5
Upstream region

127.49
232.70
59.32
240.49
207.23
18.97
85.09

97.72 (94/96)
98.96 (95/96)
93.75 (90/96)
98.96 (95/96)
98.96 (95/96)
50 (48/96)
97.92 (94/96)
85.42 (820/960)

98.96 (95/96)
100 (96/96)
96.88 (93/96)
100 (96/96)
100 (96/96)
73.96 (71/96)
98.96 (95/96)
92.71 (890/960)

All wild-type
All wild-type
All wild-type
All wild-type
All wild-type
47 CC, 1 CT
69 CC, 22 CT, 3 TT

48 CC, 5 C/-, 32 CT, 7 TT, 2 T/83 CA/CA, 7 CA/-, 1 CA/C
49 GG, 7 G/-, 21 GA, 3 AA
84 GT/GT, 7 GT/-, 1 GT/G
All wild-type
All wild-type
75 GAAG/GAAG, 4 GAAG/-, 3
GAAG/G, 2 G/53 CC, 7 C/-, 25 CT, 8 TT
74 GG, 7 G/-, 11 GA, 1 AA
58 CC, 5 C/-, 23 CG, 5 GG, 2 G/-

Total
CYP2D6 alleles
2850C>T (CYP2D6*2)
2549delA (CYP2D6*3)
1846G>A (CYP2D6*4)
1707delT (CYP2D6*6)
2935A>C (CYP2D6*7)
1758G>T (CYP2D6*8)
2615_2617delAAG
(CYP2D6*9)
100C>T (CYP2D6*10)
2988G>A (CYP2D6*41)
-1584C>G (promoter variant)

Amino acid change
Frameshift
Splicing defect
Frameshift
Amino acid change
Premature stop codon
Loss of an amino acid

Exon 6
Exon 5
Intron 3
Exon 3
Exon 6
Exon 3
Exon 5

249.81
80.39
43.38
124.79
243.48
85.43
39.09

97.92 (94/96)
94.79 (91/96)
83.33 (80/96)
95.83 (92/96)
96.88 (93/96)
95.83 (92/96)
87.5 (84/96)

97.92 (94/96)
94.79 (91/96)
89.58 (86/96)
95.83 (92/96)
97.92 (94/96)
95.83 (92/96)
94.79 (91/96)

Amino acid change
Altered splicing
Increased expression

Exon 1
Intron 6
Upstream region

272.38
224.94
199.70

96.88 (93/96)
96.88 (93/96)
96.88 (93/96)
94.27 (905/960)

96.88 (93/96)
97.92 (94/96)
96.88 (93/96)
95.83 (920/960)

Total
Whole-gene deletion was indicated by ‘-’. Only variant calls with GQ ≥30.0 and DP ≥15 were counted.
Abbreviations: GQ, genotype quality; DP, approximate read depth
Note: DP was determined from the final VCF output and is not representative of the depth of coverage determined from de-duplicated alignment files.
1
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Figure 7.15. Average depth of coverage (n=96) against GC content (%) of the CYP2D6 gene.
Coverage depth was determined from de-duplicated alignment files, whereas GC content was
determined within 100-bp non-overlapping windows from the downstream segment to the
promoter region of the CYP2D6 gene.
7.3.2.3 Utilisation of WES data for pharmacogenomic profiling
For the subset of 36 samples for which WES data were available, a total of 56 variant sites were
identified in CYP2D6 and CYP2C19 (Table 7.8). The per-exon WES coverage depths for the two
genes are presented in Figure 7.17. Of the 56 variant sites, 27 were within the target capture
regions and 13 were called without violating the pre-defined truth-sensitivity threshold. WES
variant calling was highly accurate for the 13 pass-filter variant sites, achieving nearly 100%
concordance rate (Table 7.9). A total of 468 genotype calls were generated for on-target, passfilter variant positions, but 48 calls were excluded for being insufficiently covered or because
amplicon sequencing data was not available. Of the 420 verifiable genotype calls, only three calls
were found to be discordant with MiSeq® data. None were false-positive. Sanger sequencing
revealed that two of the discordant calls (rs17885098 and rs3758581) were actually accurate
(Table 7.10). The errors in the amplicon sequencing data might have arisen from sample mix-up.
Table 7.8. All variants identified in CYP2D6 and CYP2C19 genes by WES
Variants listed as rs IDs (or genomic position alongside nucleotide change where rs ID not available)
Below truth-sensitivity threshold 99%
rs17885098, rs17878459, rs4244285, rs3758580, rs3758581, rs1135840, rs16947, rs5030655, rs78482768,
rs1081003, rs1065852, rs769258, rs72549358
Exceeding truth-sensitivity threshold 99%
rs150552908, rs61745683, rs1058172, rs28371726, rs202102799, rs3915951, rs28371713, rs150163869,
rs139779104, rs111606937, rs1058164, rs28371705, rs28371704, rs28371703
Off-target variants
rs12769205, rs28399511, rs4417205, rs4917623, rs12268020, rs28371729, 22:42,523,397G>A,
rs28578778, rs1985842, rs28371725, rs5030656, rs58440431, rs111564371, rs112568578, rs113889384,
rs3892097 rs113678157
Variants sites that were poorly covered (<4-fold):
rs1081004, rs1081003, rs71328650, rs147296446, rs28371699, rs56011157, rs28695233, rs75276289,
rs76312385, rs74644586, rs1080996, rs1080995
Notes: False-positive variant sites or sites for which at least one discordant call was identified are italicised.
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Figure 7.16. Comparison of MiSeq® and Ion TorrentTM platforms for uniformity of coverage. De-duplicated merged alignment file was input into IGV
to illustrate the approximate depth of coverage across amplified regions within CYP2D6 and CYP2C19 genes sequenced using A. MiSeq® (n=96) and B.
Ion TorrentTM (n=7). The entire sequence spans approximately 11 kb. The height of the grey-coloured plots was proportional to depth of coverage. Gene
exons were represented by IGV as red blocks. The entire CYP2D6 gene was amplified as one contiguous 6.6-kb amplicon whereas the promoter region
and all nine exons of CYP2C19 were amplified as nine smaller products ranging from 400-900 bp in size. Ion TorrentTM reads were mapped using the
BWA-MEM algorithm and the deduplication step was omitted.
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Figure 7.17. Average coverage depths for CYP2D6 and CYP2C19 exons across the 36 exome-sequenced samples. Interval definitions were based on
those demarcated for TruSeqTM, in a BED file.
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In contrast, the rate of concordance with MiSeq® data substantially dropped to just 78.81% for 14
variant sites that were called beyond the truth sensitivity threshold. A total of 497 calls were
generated; but 32 had a read depth of lower than four-fold and thus were excluded. Further,
amplicon sequencing data were missing for 21 calls, resulting in a final set of 453 evaluable calls.
Of these, 96 mismatches were identified, with the majority being false-positives.
A total of 29 variant sites were identified outside the target regions. Of note, two important
reduced-function CYP2D6 variants, rs3892097 (*4) and rs5030656 (*9), were not initially
targeted by the TruSeqTM capture technology. A relatively high rate of calls with poor coverage
was also noted in the non-target regions, resulting in 101 no-calls and 334 calls with very low
read depths (<4), as shown in Table 7.9. Of the final evaluated set of 567 genotype calls, 480
(84.66%) were validated by MiSeq® data. In addition, 100% concordance rates were noted for
rs3892097 and rs5030656, although the two variants were outside the target regions. Individual
quality metrics were further examined; using a QD cut-off of 2.0 resulted in the exclusion of two
false variants (22:42,523,397G>A and rs113678157) but no other distinguishing features
indicative of low-quality variant could be identified. This suggests that the accuracy of a variant
position may have to be experimentally determined, where soft-filtering by VQSR score is not
possible.
Table 7.9. Overview of variant calls generated by WES for CYP2D6 and CYP2C19, and
validation by amplicon sequencing using the MiSeq® platform.1,2
On-target
Off-target
Total
Truth sensitivity Truth sensitivity
below 99%
exceeding 99%
Variant sites
13
14
29
56
Total genotype calls
468
497
943
1908
No-calls
0
7
101
108
Harbouring alternate allele(s)
113
143
424
680
Less than 4-fold
27
32
334
393
Evaluable calls
441
465
609
1515
Missing MiSeq® data
21
12
42
75
Total calls evaluated
420
453
567
1440
Discordant calls
3
96
87
186
False-positive(s)3,5
0
91
77
168
False-negative(s)4,5
1
5
10
18
Concordance rate
99.29%
78.81%
84.66%
87.08%
1
All evaluated WES genotype calls had read depths ≥4.
2
All evaluated genotype calls generated by amplicon sequencing had read depths ≥10.
3
Where alternate allele was incorrectly called.
4
Where reference allele was incorrectly called.
5
For discordant calls generated below the truth sensitivity threshold, the discrepancy was resolved by Sanger
sequencing. This was not done for the other two groups of genotype calls.
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Table 7.10. Further examination of three pass-filter discordant genotype calls.
Variant, nucleotide
change
rs17885098, T/C

Quality metrics
(reference reads,
alternate reads,
genotype quality)
19, 0, 57

rs3758581, G/A

7, 0, 21

rs1135840, G/C

29, 19, 99

WES

MiSeq®

Sanger
sequencing

Homozygous
reference
Homozygous
reference
Heterozygous
variant

Heterozygous
variant
Heterozygous
variant
Homozygous
variant

Homozygous
reference
Homozygous
reference
Homozygous
variant

7.4 Discussion
In the present chapter the development and pilot implementation of a multiplexed NGS amplicon
assay was described, allowing comprehensive analysis of the CYP2D6 and CYP2C19 genes for up
to 96 samples in one run. The entire CYP2D6 gene was amplified with long-range PCR for
detection of copy-number aberration, and the resultant 6.6-kb PCR product was used in library
construction. Because CYP2C19 spans a large genomic region, the promoter region and all nine
exons of CYP2C19 were amplified with three multiplex PCR reactions and the resultant PCR
products were pooled for NGS library preparation. All indexed libraries were sequenced on one
MiSeq® lane. Data analysis was carried out using a freely available web-based tool, Galaxy,
making this method accessible even to research laboratories with limited bioinformatics
infrastructure.
7.4.1 Choice of aligner, reference sequence and variant caller
The bioinformatics processing steps were first optimised. Two aligners were compared, namely
BWA-backtrack and Bowtie 2, whereby the performance of the former was found to be better in
regards to its compatibility with the downstream variant caller, Unified Genotyper. With Bowtie
2, a number of polymorphic sites were discarded by the caller because too many reads were
assigned a MQ score of zero when aligned against the human genome (Figure 7.9). In a previous
study, BWA and Bowtie 2 were found to produce comparable variant calling results when used to
align reads generated from a mouse genome (HATEM et al. 2013). It is possible that the
performance difference between the two aligners, as determined in the present study, was related
to the properties of the reference sequence used. The CYP2D6 gene is known to share a high
degree of nucleotide identity with nearby pseudogenes CYP2D7 and CYP2D8. Aligning NGS
reads generated from CYP2D6 amplicons is likely to yield multiple “hits” within the human
genome, and these would be marked by low MQ scores. The BWA-backtrack algorithm assumes
that the correct alignment is always obtainable (LI AND DURBIN 2009), possibly leading to its less
stringent assigning of MQ score as opposed to Bowtie 2. A recent study demonstrated that
underestimation of MQ by Bowtie 2 led to an excessive loss of true variants (LI 2014).
The performance advantage of BWA-backtrack diminished when a reference sequence composed
solely of the target regions was employed, suggesting that a constrained alignment mode is
probably better. Moreover, a true variant, 3853G>A, was not detectable in the whole-genome
alignment files generated by BWA-backtrack or Bowtie 2; the sequence reads carrying the
alternate allele may have been misplaced to neighbouring pseudogenes. Subsequently, a unified
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pre-variant-calling pipeline, consisting of BWA-backtrack coupled with alignment to a set of
target regions, was adopted. Another variant caller, MPileup, was additionally evaluated,
revealing that it was comparable to Unified Genotyper in its variant detection sensitivity,
concordant with the findings of a previous study (LIU et al. 2013). Nevertheless, Unified
Genotyper was preferred because of its in-built variant annotation functionality. Moreover,
MPileup may be less suitable for large-scale multi-sample variant calling as it imposes a default
depth limit per variant site (LIU et al. 2013).
7.4.2 Overview of the quality of MiSeq® sequencing data
Overall the performance of this method was found to be satisfactory despite coverage variation
across CYP2C19 and CYP2D6 gene regions. It is also scalable and applicable to other
pharmacogenes. More samples or genes can be included in a single run at the expense of overall
coverage. Assuming that an average per-base coverage of 150-fold is easily achievable for 96
samples (Table 7.6), up to 288 samples could be multiplexed to achieve a minimum coverage of
50-fold. However, it is worth noting that this would run the risk of losing the under-represented
regions, as illustrated in Figure 7.16. The MiSeq® sequencing data were processed through the
GATK pipeline. A limitation is that some of GATK’s features may not be entirely applicable as it
is designed mainly for discovery of variants from whole-genome sequence. As a result, BQSR
and a number of filtering parameters recommended for genome-scale variants were omitted. The
recommended three post-alignment steps for processing exomes, namely duplicates removal,
indel re-alignment, and BQSR, were reported to contribute differently to the improved quality of
final variant calling, and read duplicates removal was found to be the most crucial step (LIU et al.
2012). Moreover, it is clear from GATK’s recommendations that BQSR would only be applicable
when a large number of observations are present. Thus omitting BQSR was not likely to have
affected the quality of variant calls. The computed duplication rate was surprisingly low for the
MiSeq® data presented here. Picard’s tool identified only about 5% of sequence reads to be
optical or PCR duplicates; thus the loss of data was minimal. The inclusion of the deduplication
step in a PCR-based sequencing pipeline is debatable, as a high proportion of “PCR duplicates” is
expected. But for the present study, this step was performed to minimise the number of spurious
variants that may arise from optical artifacts, an error characteristic that is unique to platforms that
rely on dye-based sequencing chemistry. To maximise the amount of usable data, duplicates
removal could be omitted, particularly for NGS platforms that are driven by non-dye-based
chemistry such as Ion TorrentTM, which detects proton release during nucleotide incorporation.
With respect to variant filtering, careful examination in IGV of sites that passed the QD filter was
necessary to ensure high sensitivity for discovery of true-positive variants (GUO et al. 2012a). A
statistical variant-calling model tailored to smaller-scale targeted sequencing data may help to
expedite the variant assessment process.
Coverage variation was visually noticeable when the sequence alignment files were viewed in
IGV. For CYP2D6, the skewed coverage was initially suspected to be due to differences in GC
content; however no such association was detected (Figure 7.15). PCR or sequencing bias is
known to occur in extremely GC-rich (GC content exceeding 80%) or AT-rich (GC content lower
than 20%) regions (ROSS et al. 2013). As the CYP2D6 gene was contiguously amplified by longrange PCR, coverage bias could only have been introduced during the library preparation step.
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Slightly greater site preference (towards specific DNA sequence motifs) and GC bias was
detected for transposase-catalysed fragmentation when the approach was first evaluated alongside
mechanical and endonuclease-based methods, in a 2010 study (ADEY et al. 2010). The authors
further pointed out that the observed insertion bias could be exacerbated in low-complexity
libraries such as those generated from PCR products. One possible approach to circumvent this
problem is to use a different library construction method. As shown in Figure 7.16, overall
coverage for the CYP2D6 gene sequenced on the Ion TorrentTM platform appeared to be more
uniform, possibly because an enzymatic fragmentation method was employed (Ion ShearTM).
Nevertheless, one could still argue that this observation could be related to other inherent
characteristics of the platforms, as MiSeq® and Ion TorrentTM operate on very different
sequencing chemistries. On another note, the preparation method for Ion TorrentTM is generally
regarded as the standard, more labour-intensive approach in contrast to Nextera XTTM, which
simplifies fragmentation and adapter ligation into a single step.
The low coverage observed especially for CYP2C19 exons 4 and 5, in which important defective
CYP2C19 variants reside, could be due to amplification bias during initial preparation of
sequencing templates using multiplex PCRs. However, re-inspection of the agarose gel images
confirmed that this could not have explained all cases of low coverage. Based on apparent band
intensity (Figure 7.7), exon 5, exon 7, and promoter-exon 1 were amplified to similar extents
within the same reaction. Despite this, exon 5 was less well represented than exon 7. This could
be partly related to amplicon size: the PCR product covering exon 7 was larger than that of exon
5. Following tagmentation and purification, in comparison with exon 7, many more fragments
originating from exon 5 could have become too small and were consequently lost (KNIERIM et al.
2011). Thus, for small CYP2C19 amplicons, the fragmentation step could be removed to avoid
this issue.
Sanger “fill-in” sequencing could be applied for low-coverage regions producing low-quality
variant calls. However, other dry-laboratory strategies could first be attempted to salvage usable
genotype calls. Some heterozygous genotype calls, despite having unsatisfactory approximate
read depth, could still be acceptable provided that sequence reads are evenly distributed between
the reference and alternate alleles. For instance, a heterozygous genotype call with four reads
supporting the reference allele and five reads harbouring the alternate allele should be regarded as
acceptable, despite clearly not having passed the minimum read-depth threshold (≥10). In
addition, co-segregating variants (a list can be found at http://www.cypalleles.ki.se/), -98T>C and
19154G>A (CYP2C19*2 key SNP) for instance, could be used to verify low-quality homozygous
reference- or alternate-allele genotype calls, in order to circumvent the need for Sanger
sequencing. By using these strategies, CYP2C19 and CYP2D6 genotypes could be assigned with
confidence to most samples (Figure 7.14). In total, 94 CYP2C19 genotypes and 92 CYP2D6
genotypes were inferred from the sequencing data. Notably, four samples were predicted to be
completely deficient in CYP2C19 activity; seven samples were assigned a CYP2D6 poor
metaboliser status. These samples represent metabolic outliers that may respond aberrantly to
drug treatment, requiring tailored therapeutic strategies.
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7.4.3 Utilisation of WES data for CYP2D6 and CYP2C19 profiling
WES is an increasingly important technology in rare-disease (MAXMEN 2011) or drug-response
genetics (PRICE et al. 2012). Its core technique comprises simultaneous capture, enrichment, and
sequencing of protein-coding regions within the genome (exome). Besides being an effective tool
at detecting causative variant(s), WES also provides added information on polymorphisms in
pharmacogenes. Though WES data has been shown to be highly accurate in previous studies,
provided that appropriate quality filters are applied (WANG et al. 2013; STROM et al. 2014; YI et
al. 2014), none of these studies have specifically explored the accuracy of WES data for
pharmacogenetic profiling. Notably, sequencing of the CYP2D6 gene is confounded by the
presence of closely related pseudogenes, such that pre-amplification with long-range PCRs has
become necessary to avoid undesired sequence contamination. A high degree of sequence
similarity between genes may cause WES to underperform in these genes (DROGEMOLLER et al.
2013).
The difference in concordance rate was rather striking between pass-filter variants and those that
were called with surplus sensitivity (>99%), confirming previous findings which have
demonstrated the effectiveness of VQSR at reducing errors in WES data (YI et al. 2014). The
concordance rate dropped substantially from 99.76% for variants called below the 99% sensitivity
threshold to 78.81% for those called beyond that threshold. Off-target variants were unexpectedly
accurate, but some sites were poorly covered. Consequently, out of 943 genotype calls, 101 were
no-calls and 334 had a read depth lower than four-fold. Where appropriate quality criteria were
applied, a concordance rate of 84.66% with amplicon sequencing data was attained. Such a high
proportion of accurate calls suggests that off-target variants represent a usable subset that gives
added information, much in agreement with a previous study (GUO et al. 2012b). But further
analysis is required to quantify the acceptable deviation from the target regions that would
maintain sufficient overall coverage for variant discovery. However, functional variants that are
too distant from the exonic regions will still be overlooked. For instance, -806C>T, the
transcription-enhancing promoter variant of the CYP2C19 gene, was not detected by WES. This
variant is common in the Caucasian population with an allele frequency of 18% (SIM et al. 2006)
and may have an important influence on clopidogrel responsiveness (TIROCH et al. 2010). For
detection of remote regulatory variants, WGS would most likely be superior to WES.
7.4.4 Limitations
In addition to the coverage variation observed within the CYP2C19 and CYP2D6 gene regions,
several other points are worth considering for improvement of this method. The web-based tool,
Galaxy, may not have all the functionalities required for data analysis. Good examples are
sequence read trimming and alignment. The adaptor sequence trimmer available on Galaxy, Clip,
does not support paired-end reads. Of the three BWA algorithms, only BWA-backtrack is
supported by Galaxy. BWA-backtrack works well for short, accurate sequence reads up to 100
nucleotides. But for long reads exceeding 200 nucleotides in length and containing a high rate of
errors, such as those generated by the Ion TorrentTM platform, other algorithms, namely BWAMEM or BWA-SW, are better options. Establishing a local pipeline may provide a greater degree
of flexibility in regards to the specific settings or the range of tools that can be used for data
processing.
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A second limitation is the reliance of this method on PCRs for the preparation of sequencing
templates. This can be relatively labour-intensive compared with methods driven by a capture
probe-based mechanism. Moreover, PCR artifacts may result in false-positive variants (nucleotide
incorporation errors during PCR) (BRODIN et al. 2013; LI 2014) or inconsistent haplotypes within
a polymorphic region (cross-over extension) (ODELBERG et al. 1995). It could be difficult to
create a variant-calling model that considers both sequencing and PCR errors. A PCR-free library
construction method may be more a practical approach (LI 2014).
Owing to a lack of appropriate controls, CYP2D6 hybrid alleles, which involve large-scale
CYP2D7 conversion of the CYP2D6 gene, were not tested as a part of the assessment of this
method. Consequently, the resolution of these chimeric sequences, which would contain a large
number of mismatches to the CYP2D6 reference sequence, by BWA-backtrack and Unified
Genotyper is not known. Because BWA-backtrack is not designed to tolerate a high error rate (LI
AND DURBIN 2009), it is probably not able to process extensively CYP2D7-converted reads. The
presence of hybrid alleles is also likely to adversely affect the quality of CYP2D6 variant calling
on WES data, but no conclusive remarks can be made at this stage.
7.5 Conclusions
In the present chapter, a methodological framework has been presented for comprehensive
genotyping of CYP2D6 and CYP2C19 genes in a highly multiplexed format on the MiSeq®
platform, with respect to both sample and library preparation. An accessible and effective
approach to bioinformatics analysis has also been described. These data are manageable with an
existing open-access bioinformatics pipeline, and pass-filter variant calls are as accurate as Sanger
sequencing. Relatively simple strategies are required to distinguish between true- and falsepositive variant calls. Although low fractions of minimally confident genotype calls were noted
for CYP2C19*2-*3, CYP2D6*4 and CYP2D6*9, comprising the main limitation of this method,
several strategies were proposed to overcome it. Overall, CYP2D6 and CYP2C19 genotypes can
still be inferred for most samples. Cross-comparison with WES data revealed that WES is a
potential high-throughput screening tool for pharmacogenomic profiling. The PCR-based method
presented herein should be of value for high-throughput pharmacogenetic analysis of subjects in
the research setting.
7.6 Future directions
Follow-up experiments are required to determine the source of coverage variation in CYP2D6.
This could be achieved by subjecting CYP2D6 libraries that are constructed using different
fragmentation methods to the same sequencing run. For the CYP2C19 multiplex PCRs,
amplification of the under-represented loci could be augmented by increased primer
concentrations. Alternatively, a probe-based mechanism for target capture could be adopted to
obviate the requirement for PCRs. For data processing, a local pipeline could be established to
allow a wider range of tools to be included. For example, data generated by the Ion TorrentTM
platform are not entirely compatible with Galaxy. A long-read aligner (>200 nucleotides) that is
more error-tolerant (LI AND DURBIN 2010), and a variant caller tailored to resolve homopolymeric
regions (ZENG et al. 2013), are requisite components. The suitability of a custom reference
sequence should be further tested using other more sensitive aligners, for which the occurrence of
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false variants is more likely (a larger number of mismatches would be tolerated). To avoid this
problem, known contaminant sequences could be included in addition to the principal reference
sequence. This could be achieved by creating a sequence dictionary that groups sequences into
different categories so that the original numbering of the principal reference sequence would not
be affected. With this approach, new target sequences, such as those for an expanded panel, can
also be added without the need to revamp the entire variant annotation file.
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Chapter 8: Exome sequencing and array-based comparative genomic
hybridisation analysis of preferential 6-methylmercaptopurine producers
8.1 Introduction
The work described herein was aimed at elucidating the biological pathway(s) that may underlie
thiopurine resistance, via the application of WES. This involved a small group of patients who
were treated with thiopurine compounds (azathioprine or 6-mercaptopurine) for inflammatory
bowel disease or autoimmune hepatitis, but were found to under-produce the active metabolite to
elicit a therapeutic response. In the following subsections, the genetic underpinnings of thiopurine
responsiveness, and the utility of WES in decoding complex drug response phenotypes, will be
described.
8.1.1 Thiopurine pharmacology
Azathioprine and 6-mercaptopurine structurally resemble endogenous purines, differing from the
latter at the sixth carbon atom, where the substituent is replaced by a sulfhydryl-based functional
group. Hence, these compounds are categorically designated “thiopurines”. Intracellularly,
azathioprine or 6-mercaptopurine is converted by successive metabolic steps into 6-thioguanine
nucleotides (6-TGN), which are mis-incorporated into DNA during DNA synthesis, disrupting the
process and causing cytotoxicity (LENNARD 1992). In addition, 6-TGN also specifically binds to
and inhibits the activity of the GTPase Rac1, which is an important regulator of T-lymphocyte
proliferation, thereby causing cell death and blocking the development of an immune response
(GOMEZ et al. 2000; TIEDE et al. 2003; POPPE et al. 2006). Other pathways competing with the
formation of 6-TGN are methylation and oxidation of 6-mercaptopurine, mediated by TPMT and
xanthine dehydrogenase (XDH), respectively, as illustrated in Figure 8.1. Historically, use of
thiopurine compounds in inflammatory bowel disease has been noted particularly for its steroidsparing effects (ROSENBERG et al. 1975; LENNARD-JONES 1981), despite potentially fatal
immunosuppressive complications (O'DONOGHUE et al. 1978).
The success rate of thiopurine therapy in inflammatory bowel disease, excluding individuals
requiring premature discontinuation (less than six months of treatment), is approximately 50%
(FRASER et al. 2002). Resistance to thiopurine compounds can be explained, in part, by an
individual’s inability to generate sufficient 6-TGNs to induce a clinical response despite taking an
adequate dose (DUBINSKY et al. 2000; CUFFARI et al. 2001; FRASER et al. 2002). Attainment of a
favourable metabolic profile depends on the net effect of the counteracting pathways as shown in
Figure 8.1. At present, therapeutic monitoring in individuals receiving thiopurine therapy is
achieved by determining the relative erythrocyte concentrations of 6-TGN and 6methylmercaptopurine (6-MMP) (DUBINSKY et al. 2002; GEARRY and BARCLAY 2005; JHARAP et
al. 2010), and dose adjustment can help improve drug response and minimise potential treatment
toxicity (SMITH et al. 2013). Individuals who preferentially methylate thiopurine compounds into
6-MMP (thiopurine “shunters”), as evidenced by a high 6-MMP/6-TGN ratio greater than 20, are
predicted to have a non-favourable response. According to a retrospective study (n=1,879), 18.6%
of New Zealand individuals receiving thiopurine treatment can be classified as non-responders
according to their skewed metabolic profiles; 2.5% exhibited extreme therapeutic resistance,
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characterised by a very high 6-MMP/6-TGN ratio of more than 100 (VAN EGMOND et al. 2012). It
was suggested that the predominance of the methylation pathway could be due to unusually high
TPMT activity (ANSARI et al. 2002; CUFFARI et al. 2004), but this possibility has been discounted
by other investigators (DUBINSKY et al. 2002; KWAN et al. 2008; VAN EGMOND et al. 2012;
CHOUCHANA et al. 2013). Involvement of other genes, such as those mediating the production of
6-TGN, has not been firmly established (ROBERTS et al. 2006; HAGLUND et al. 2013). Overall, the
mechanisms underlying the metabolite-shunting phenomenon remain unclear.
Extracellular

Intracellular

6-Methylmercaptopurine

Blockade of Rac1 activity

TPMT

Azathioprine

GST

6-Mercaptopurine

6-Mercaptopurine
XDH

Thiouric acid

In successive order:
HPRT1
IMPDH1
GMPS

6-Thioguanine nucleotide
Incorporation
into DNA
Cytotoxicity

Figure 8.1. A simplified representation of major thiopurine metabolic pathways. Azathioprine is
first converted to 6-mercaptopurine by glutathione transferase (GST) or non-enzymatically.
Following uptake into the cells, inactivation of the drug involves TPMT, which methylates it into
6-methylmercaptopurine; and XDH, which converts it to thiouric acid. The active metabolite of
azathioprine or 6-mercaptopurine is 6-TGN. Conversion of azathioprine to this active form
requires processing by three different enzymes, namely hypoxanthine guanine
phosphoribosyltransferase (HPRT1), inosine monophosphate dehydrogenase type 1 (IMPDH1),
and guanosine monophosphate synthetase (GMPS) [adapted from ref. (DUBINSKY et al. 2000;
ZAZA et al. 2010)].
8.1.2 Pharmacogenetics of thiopurine therapy
Inter-individual variability in response to thiopurine compounds has been studied extensively. In
addition to TPMT, new pharmacogenetic markers are emerging (CHOUCHANA et al. 2012). Thus
far, TPMT is perhaps the most extensively studied enzyme in the thiopurine metabolic pathways.
The 34-kb TPMT gene is located on the short arm of chromosome six and is made up of ten exons
(SZUMLANSKI et al. 1996). Weinshilboum and Sladek were the first to demonstrate the variation
in TPMT function among 298 unrelated Caucasian individuals, of which 88.6% were classified as
having a high activity, 11.1% were placed in the intermediate-activity subgroup, and 0.3% were
noted to be completely deficient in TPMT function. They proposed that the observed variation
was a genetic trait (WEINSHILBOUM and SLADEK 1980). To date, more than 30 TPMT variants
have been identified [reviewed in ref. (FOTOOHI et al. 2010); the complete, up-to-date list can be
found at http://www.imh.liu.se; ref. (APPELL et al. 2013)], and the nomenclature of these variants
follows a star (*) allele system similar to that for the CYP genes (SHOWS et al. 1987; SZUMLANSKI
et al. 1996).
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The most common reduced-function TPMT alleles, TPMT*2 and *3, impair enzyme function by
diminishing protein stability. The two variants disrupt TPMT protein folding, causing it to form
aggregates which are then degraded by ATP-dependent proteolysis (TAI et al. 1997; AMEYAW et
al. 1999; TAI et al. 1999; WANG et al. 2005). TPMT activity could also be extraneously
influenced by concurrent treatment modalities such as the administration of aminosalicylates,
which have an inconsistent, beneficial effect on 6-TGN levels, conferred by their ability to inhibit
the TPMT enzyme (HANDE et al. 2006; KWAN et al. 2008). Impaired TPMT function can cause
severe drug toxicity that hinders treatment continuation, whereas ultra-high TPMT activity may
decrease the likelihood of therapeutic success (KRYNETSKI et al. 1995; ANSARI et al. 2002;
HINDORF et al. 2006; KWAN et al. 2008). Thiopurine adverse effects may have a haematopoietic,
hepatic or gastrointestinal origin. In particular, the 6-MMP metabolite is thought to be responsible
for the liver toxicity induced by thiopurine drugs (KRYNETSKI et al. 1995; DUBINSKY et al. 2002;
HINDORF et al. 2006).
In addition to TPMT, variants in other genes are also implicated in therapeutic resistance or
reduced treatment tolerance. These have ranged from rare, singleton variants to relatively
common polymorphisms with less consistent effects. In a patient who was refractory to
azathioprine treatment, an unusual nine-base insertion was identified within the promoter region
of the inosine monophosphate dehydrogenase type 1 gene (IMPDH1). Evidence from in vitro
assays implied that the mutation caused a substantial reduction in gene transcription, and hence
impaired enzymatic conversion of azathioprine into its active form, 6-TGN (ROBERTS et al. 2006).
A common non-synonymous variant of the inosine triphosphate pyrophosphatase (ITPA) gene,
rs1127354 or Pro32Thr, has been variably associated with adverse reactions towards thiopurine
treatment (GEARRY et al. 2004; PALMIERI et al. 2007; UCHIYAMA et al. 2009). This variant has a
high minor allele frequency (MAF) of approximately 8% in the European population. However,
the small effect of the variant could also reflect the gene’s indirect involvement in the generation
of 6-TGNs (thus not shown in Figure 8.1). Interestingly, the significance of the variants in
hypoxanthine guanine phosphoribosyltransferase (HPRT1) also seems questionable, despite the
enzyme being a major component in the 6-TGN-producing machinery (PALMIERI et al. 2007).
Finally, previous work in our laboratory has suggested a role for defective, low-frequency
mutations in the guanosine monophosphate synthetase (GMPS) gene in decreasing responsiveness
to thiopurine compounds (ROBERTS et al., unpublished observation).
8.1.3 Use of WES in pharmacogenomics studies
WES has identified several novel pharmacogenetic markers such as those involved in the response
to clopidogrel (PRICE et al. 2012), escitalopram (TAMMISTE et al. 2013), clozapine (TIWARI et al.
2014), and anticancer agents (pazopanib and everolimus) (WAGLE et al. 2014). Compared with
studies involving rare-disease genetics (NG et al. 2009b; NG et al. 2010a), pharmacogenomics
studies employing the WES technique are relatively scarce. Hence, it is worth exploring the use of
WES in detecting rare but highly penetrant variants that may account for aberrant drug responses
such as thiopurine hypermethylation.
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8.1.4 Summary and chapter aims
There is clearly still a gap in our understanding of thiopurine pharmacogenetics, particularly with
regard to the intrinsic factors that could render an individual refractory to thiopurine therapy typified by over-production of the toxic 6-MMP metabolite. Such a skewed metabolic profile can
be corrected by the addition of allopurinol, an XHD inhibitor. Though this strategy proves
effective, its mode of action is not well understood. It was proposed that other as-yet undiscovered
enzyme cofactors, targeted by allopurinol, may be involved in thiopurine metabolism (LEONG et
al. 2008). It is also possible that rare defects in the 6-TGN-generating machinery could favour the
methylation reaction that forms 6-MMPs. The main aim of this chapter was to test whether
thiopurine hypermethylation resulted from rare or low-frequency variants in a single gene, or in
several genes that individually contribute to thiopurine metabolism, transport or function. A
secondary aim was to seek evidence for potentially novel biological pathways that may give rise
to the “shunter” phenotype.
8.2 Specific methods
8.2.1 Patient recruitment
A total of twelve patients who had 6-MMP/6-TGN ratios over 100 while on thiopurine therapy,
referred to as “extreme shunters”, were identified from a previous local study (VAN EGMOND et al.
2012). Potential participants were contacted first by mail and were required to indicate interest to
participate by filling in and returning an enclosed opt-in-opt-out form. Face-to-face interviews
were subsequently conducted to obtain written consent and collect relevant medical history. DNA
was extracted from peripheral leukocytes using a KingFisher™ Flex Magnetic Particle Processor,
as per the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA). Extracted
DNA samples were subsequently checked for integrity by agarose gel electrophoresis, and
quantified by UV spectrophotometry.
8.2.2 TPMT activity
Available TPMT activity data (generated by Canterbury Health Laboratories, CDHB,
Christchurch) were also documented for each participant. A previous study established the normal
range of TPMT activity to be 9.3-17.6 IU/mL in the local New Zealand population (SIES et al.
2005). The distribution of TPMT activity among New Zealand individuals is trimodal, similar to
that in other populations (MCLEOD et al. 1994; GEARRY et al. 2005; SIES et al. 2005).
8.2.3 Exome sequencing
Whole-exome enrichment and sequencing was done by New Zealand Genomics Ltd (Dunedin,
New Zealand). Twelve TruSeqTM (Illumina Inc., San Diego, CA, USA) DNA libraries were
prepared and sequenced on one lane of HiSeqTM 2000 (Illumina, Inc., San Diego, CA, USA) to
produce paired-end reads that were 100 nucleotides long.
8.2.4 Quality control, sequence reads alignment, and variant calling
Sequence reads were aligned by BWA v0.74 (LI and DURBIN 2009) to the human GRCh37.p13
reference assembly and processed with SAMtools v0.1.19 (LI et al. 2009) and Picard v0.96
(http://picard.sourceforge.net). Reads originating from PCR duplicates were removed with Picard
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before and after local realignment around potential indels with GATK v2.7.1 (MCKENNA et al.
2010). Illumina base quality scores were recalibrated with GATK in the final alignments. SNVs
and indels were called simultaneously via local de-novo assembly of haplotypes using GATK’s
HaplotypeCaller tool (DEPRISTO et al. 2011). Joint variant calling and VQSR were supported by
adding exome alignments from 24 European individuals obtained by the same sequencing and
alignment procedures. These 24 exomes originated from another local study (Takotsubo
syndrome cohort; KENNEDY et al., unpublished data) with a homogeneous phenotype that was
unrelated to thiopurine resistance and were used as a filter for false-positives that may be
population- or platform-specific. For instance, variants that were present at high frequency in both
the extreme shunters and this control cohort were deemed likely to be harmless.
8.2.5 Whole-exome on-target variant filtering and annotation
Multiple pre-annotation variant-reduction strategies were adopted, using GATK’s Select Variants
built into the web-based tool Galaxy [version 0.0.2] (GIARDINE et al. 2005; BLANKENBERG et al.
2010; GOECKS et al. 2010). First, variant sites that fell within truth-sensitivity tranches of 99 to
99.9 and 99.9 to 100 were removed, although this ran the risk of excluding true-positive variants;
the retained variants were designated as pass-filter variants. Low-coverage sites (less than 100fold) were also filtered out, by assuming a minimum acceptable read depth of 10-fold per sample.
Then, common variants having a global MAF exceeding 10%, as defined in the Phase I 1000
Genomes Project (ABECASIS et al. 2010; ABECASIS et al. 2012), were discarded. The reference
files, which document all high-confidence SNVs and indels in the Phase I Project, were obtained
from “GATK bundle” (VAN DER AUWERA 2012). The final step of variant-reduction comprised
removal of singleton variants (present in only one individual). Overall, the rationale for such a
filtering strategy was to acquire a manageable, condensed set of variants that were more likely to
be linked to thiopurine hypermethylation, with the presumption that the causal variant(s) should
be shared, to some extent, among the study subjects. Various filtering approaches were trialled
and each contributed to the construction of the ultimate variant reduction pathway. For instance,
the coverage filter was instituted to minimise the number of low-quality genotype calls resulting
from shallow read depths. These poor calls gave rise to many “false signals” that distracted the
primary analysis. The order of the various filters has also been considered. As an example, should
the variant list be whittled down first to those with a low MAF or rather, significant biological
consequences? The former approach was found to be more efficient.
The reduced variant file was annotated using SeattleSeq Variant Annotation 138
(http://snp.gs.washington.edu/SeattleSeqAnnotation138/) (NG et al. 2009b), build 9.02 (last
update noted to be on 20 April 2014). The annotated file was then successively filtered based on
the Combined Annotation-Dependent Depletion (CADD) C scores (KIRCHER et al. 2014), which
capture information from various other annotations including functional and conservation metrics,
and population MAFs documented in the HapMap and Exome Variant Server databases. It was
noted that CADD C scores were not generated for indels; as a result this group of variants were
treated separately and were filtered by their GERP scores (COOPER et al. 2005), in accordance
with the recommended cut-off value (COOPER et al. 2010). Other functional annotations,
including the PolyPhen-2 predictions (ADZHUBEI et al. 2010), were also considered. Because the
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GATK tool cannot parse multiple allele frequencies, for the final annotation files that contained
only multiallelic variants, singleton variants were manually removed.
8.2.6 Whole-exome off-target variant filtering and annotation
VQSR was not performed for off-target variants as they could behave differently from the core
variants and affect the overall effectiveness of the step (Dr Klaus Lehnert, University of
Auckland, personal communication). These variants were subjected to “hard filtering”, whereby
absolute cut-offs for several quality metrics were pre-defined and applied. It is important to note
that this approach may not be as effective as VQSR (“soft filtering”), which clusters variants into
truth-sensitivity tranches based on model learning of the quality annotations of a known, true
variant call-set. The primary hard filters employed are listed in Table 8.1 alongside brief
explanations. Specific cut-off values are described in the Results section. Off-target variants that
passed the hard filters underwent downstream processing (annotation) similar to that for on-target
variants.
Table 8.1. Descriptions for various hard filters applied to off-target variants (directly reproduced
from http://gatkforums.broadinstitute.org/discussion/2806/howto-apply-hard-filters-to-a-call-set).
Quality filter
QualByDepth

Abbreviation
QD

FisherStrand

FS

RMSMappingQuality

MQ

MappingQualityRankSumTest

MQRankSum

ReadPosRankSumTest

ReadPosRankSum

Description
Variant confidence (quality score) divided by the unfiltered
depth of non-reference samples.
Phred-scaled p-value using Fisher’s Exact Test to detect
strand bias (the variation being seen on only the forward or
only the reverse strand) in the reads. More bias is indicative
of false positive calls.
Root mean square of the mapping quality of the reads across
all samples.
U-based z-approximation from the Mann-Whitney Rank Sum
Test for mapping qualities (reads with reference bases versus
those with the alternate allele). The MQ rank sum test cannot
be carried out for sites without a mixture of reads showing
both the reference and alternate alleles. In other words, this
will only be applied to heterozygous calls.
U-based z-approximation from the Mann-Whitney Rank Sum
Test for the distance from the end of the read for reads with
the alternate allele. If the alternate allele is only seen near the
ends of reads, this is indicative of error. The read position
rank sum test cannot be calculated for sites without a mixture
of reads showing both the reference and alternate alleles. In
other words, this will only be applied to heterozygous calls.

8.2.7 Screening of protein functions
Putative protein functions for the final lists of candidate genes/variants were manually curated
from the UniProtKB online database (THE UNIPROT CONSORTIUM 2014), considering only entries
that were marked as “reviewed”. During the process, variant sites noted to suffer reference bias
(the alternate allele being the more prevalent allele), contain excess heterozygosity (loosely
defined as all twelve individuals carrying at least one alternate allele), and possess no designated
gene name were discarded. To avoid promiscuous inclusion of a large number of genes that may
seem functionally relevant, several key terms were applied, namely “purine/nucleoside transport
or metabolism”, “urate transport or metabolism”, “folate transport or metabolism”, “erythrocyte
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membrane”, “Rho-type or Rac GTPases”, and genes interacting with those already known to be
involved in thiopurine disposition (as listed in Table 8.2). Genes were also checked for their
tissue-specific expression (if available); of particular relevance were those expressed in the blood
and gastrointestinal systems.
8.2.8 Candidate-gene analysis
A list of 52 candidate genes was compiled from a literature search encompassing thiopurine
transport, metabolism and targets, as well as genes observed to be differentially expressed in
individuals who were thiopurine shunters versus those with a normal metabolic profile, and other
genes with relevant functions (SMITH et al. 2009; KARAS-KUZELICKI et al. 2010; ZAZA et al.
2010; BLAKER et al. 2012; DULEY et al. 2012; MILEK et al. 2012; STOCCO et al. 2012; HAGLUND
et al. 2013; ROSMARIN et al. 2014) (Table 8.2). UCSC Genome Browser’s Table Browser was
used to extract hg19 genomic coordinates for these candidate genes from the track ‘RefSeq
Genes’. The prefixes ‘chr’ were manually removed from the resultant intervals file but the zerobased genomic coordinates (UCSC standard) were not adjusted to the one-based format (GATK
standard) as this was automatically corrected by Galaxy. The final edited intervals file was used to
extract variant calls originating only from the candidate genes. Extracted variant calls were
subsequently annotated using SeattleSeq Variant Annotation 138. The output file was similarly
filtered as described for whole-exome variants, except that singleton variants were not removed.
Aggregation of singleton variants within the same candidate gene would indicate a potentially
substantial association. However, for merely pragmatic reasons, this analysis was not performed
for exome-wide variants, as the resultant gene/variant list would have otherwise been too large
and unmanageable. The final gene lists generated by exome-wide filtering and candidate-gene
analysis were also cross-compared with known disease-related genes recorded in the literature for
Crohn’s disease, ulcerative colitis and autoimmune hepatitis (CZAJA 2006; HINDORFF et al. 2014).
Table 8.2. Candidate genes with involvement in thiopurine transport,
metabolism or therapeutic action.
Candidate genes
Thiopurine transport, metabolism or target:
ABCC4, ABCC5, ADA, ADK, AHCY, AOX1, GART, GMPS,
GSTA1, GSTA2, GSTM1, HPRT1, IMPDH1, ITPA, NT5E,
PPAT, PRPS1, RAC1, SLC28A2, SLC28A3, SLC29A1,
SLC29A2, TPMT, XDH
Genes identified through gene expression profiling:
CD1D, CTSS, DEF8, FAM46A, FAM156A, FAR1, GNB4,
HVCN1, IMPDH2, LAP3, MAP3K1, PLCB2, SLX1A, SMAP2,
TGOLN2, TOX4, TUSC2, UBE2A
Synthesis of S-adenosylmethionine:
TYMS, MAT1A, MAT2A, MTHFR, MOCOS
Molybdenum cofactor:
MOCOS
Modulation of TPMT activity:
PACSIN2
Efflux of methylated metabolite:
ABCB5
Others:
GDA, MTAP, NT5C2

Reference
ZAZA et al. 2010

HAGLUND et al. 2013

KARAS-KUZELICKI et al.
2010; MILEK et al. 2012;
ROSMARIN et al. 2014
SMITH et al. 2009
STOCCO et al. 2012
BLAKER et al. 2012
DULEY et al. 2012
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8.2.9 Array-based comparative genomic hybridisation
The bench work for array-based comparative genomic hybridisation (aCGH) was led by Dr Kit
Doudney, Canterbury Health Laboratories, CDHB, Christchurch). Genome-wide CNV was
screened in the twelve “extreme shunters” using the NimbleGen CGX12 Comparative CGH
Microarray (Roche NimbleGen, Madison, WI, USA), as per the manufacturer’s instructions.
Briefly, subject DNA samples and reference DNA samples were first labelled with Cy3 and Cy5
dyes, respectively. The reference DNAs used were pooled genomic DNAs from Promega
Corporation (Madison, WI, USA). Labelled DNA samples were purified by isopropanol
precipitation, quantitated, and equal amounts of subject and reference DNAs were mixed and
hybridised onto the microarray for 48 hours. Thereafter the microarray was washed three times
and scanned using the SureScan Microarray Scanner (Agilent Technologies, Santa Clara, CA,
USA). Resultant raw data were further processed in NimbleScan v2.6 software and loaded onto
the web-based Genoglyphix® Analysis Software (PerkinElmer, Inc., Waltham, MA, USA) for
viewing. Only CNVs called with a probe count greater than five were considered for further
evaluation. The pathogenicity of identified CNVs was assessed by comparison with the Database
of Genomic Variants (DGV), which contains a collection of benign structural variants found in
healthy individuals (MACDONALD et al. 2013). A CNV was deemed to be likely benign if a
variant of similar size has already been curated in the DGV database.
8.2.10 Statistical analysis
Case variant frequencies (allele counts) were compared with those recorded in the Exome Variant
Server database using the chi-square test of independence with Yates’ correction (PREACHER
2001). A p-value of lower than 0.05 was considered statistically significant.
8.3 Results
8.3.1 Clinical characteristics
Clinical details of the participants are shown in Table 8.3. Nine females and three males were
recruited for exome sequencing. All participants were of European ancestry except one male
participant who reported to have mixed ethnic origins. The primary indications for initiation of
thiopurine treatment were Crohn’s disease (n=8), autoimmune hepatitis (n=3), and ulcerative
colitis (n=1). All participants had previously been tested for TPMT activity and found to be
normal metabolisers. However, following administration of thiopurine compounds they exhibited
extremely high 6-MMP/6-TGN ratios of greater than 100, resulting in therapeutic modifications
which largely comprised addition of allopurinol.
8.3.2 Analysis of on-target variants
The initial analysis of exome data used a variant filtering approach, which did not include a priori
consideration of the candidate genes identified in Table 8.2. A total of 118,784 pass-filter variant
sites located within the genome regions directly targeted by the exome capture kit were
discovered in the twelve participants. These variants were successively filtered by site coverage
(>100), population MAF (≤10%), and intra-group allele frequency (required to be present in at
least two participants), and then annotated by SeattleSeq Variation SNP 138, as illustrated in
Figure 8.2. SNVs were prioritised based on their CADD C scores; whereas indels were filtered by
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their GERP conservation scores (Figure 8.2). This produced a final variant list, which consisted of
1,176 variants most likely to be of functional significance. Putative functions of implicated genes
were then manually curated from UniProtKB (http://www.uniprot.org/) and screened for
association with thiopurine hypermethylation. The majority of the genes identified via this wholeexome filtering approach appeared unrelated to the phenotype in question (Table K1, Appendix
K). Nevertheless, five genes, namely ENOSF1, GDA, NFS1, RCC2 and SLC17A4 were observed
that each harboured low-frequency (MAF <2%) heterozygous variants that may indirectly
influence thiopurine metabolism, transport or therapeutic action via the genes’ roles in associated
pathways (Table 8.4). It should be noted that GDA, discovered via this variant filtering approach,
was also one of the a priori candidate genes. Additional variants with a higher MAF (>3%), listed
in Table 8.5, were deemed likely to have arisen by chance, although an enrichment of genes
associated with RAC1 was observed (PTHLH, ARHGAP9, SPATA13, DOCK6 and PLEKG2).
Variants in ENOSF1, NFS1, RCC2 and SLC17A4 occurred at a frequency that was higher than
expected (p <0.05). These variants were not observed in any of the individuals from the in-house
control cohort. However, because these variants were each seen in only a few subjects, and
because the mechanistic links with thiopurine hypermethylation are relatively indirect, it is
uncertain whether these genes play a significant role in hypermethylation.
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Table 8.3. Relevant clinical history of participants recruited for exome sequencing.
Participant

Sex

Age at
Ethnicity
time of
recruitment

Primary
Indication for
thiopurine
compounds

ES001
ES002

Female
Female

49
56

European
European

ES003
ES004

Female
Female

40
63

European
European

ES005

Male

57

European

ES006

Male

49

European

ES007

Male

49

ES008

Female

44

French,
Arabic, and
Scandinavian
European

Crohn's disease
Autoimmune
hepatitis
Crohn's disease
Crohn’s
disease
Ulcerative
colitis
Crohn’s
disease
Crohn’s
disease

ES009

Female

43

European

ES010

Female

49

European

ES011

Female

40

European

ES012

Female

51

European

Crohn’s
disease
Crohn’s
disease
Autoimmune
hepatitis
Crohn’s
disease
Autoimmune
hepatitis

Experienced
adverse effect(s)
when on
thiopurine
therapy?
No
No

Addition of
allopurinol?

6-MMP/6-TGN
ratio (highest
recorded)

TPMT activity
(IU/mL)

Yes
Yes

180.86
145.94

11.9
15.9

Yes
Yes

Yes
No; drug
discontinued
Yes

198.80
131.28

11.4
14.9

163.34

13.3

153.37

12.1

Yes

No; treatment
modified
Yes

192.87

13.5

Unknown

Yes

126.88

17.8

Yes

No

101.53

16.3

Yes

212.36

17.0

Unknown

No; drug
discontinued
Yes

161.35

16.6

Yes

Yes

170.78

9.0

No
No
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118,784 pass-filter on-target variant sites

96,381 variants sites with overall coverage greater than 100-fold

42,573 variants with global MAF less than or equal
to 10% (as reported in the 1000 Genomes Project)

17,833 biallelic variants found to have
an allele frequency ≥0.083 (2/24)

1,401 multiallelic variants

1,348 multiallelic variants annotated
by SeattleSeq Annotation 138

16,833 biallelic variants annotated
by SeattleSeq Annotation 138

37 SNVs:
12 missense SNVs
25 others

13,627 SNVs:
3,278 missense SNVs
39 stop SNVs
1 within a splice site
10,309 others

1,311 indels:
27 coding indels
1,284 others

3,206 indels:
104 frameshift indels
143 coding indels
4 within a splice site
2,955 others

1,176 candidate variants
(793 SNVs, 332 indels and
51 multiallelic variants)

Heuristic filters:
HapMap or EVS MAF
(European) >10%
CADD C score <15 (SNVs only)
GERP score ≤4 (indels only)
Present in only one individual
(multiallelic variants only)

Majority did not appear to directly
influence thiopurine metabolism or
transport (UniProtKB gene function)
Genes possibly having a
significant association: ENOSF1,
NFS1, RCC2 and SLC17A4

Figure 8.2. Whole-exome filtering strategies employed to identify novel candidate genes that may
be related to response towards thiopurine compounds.
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Cont’d: Legend for Figure 8.2. Variants with excess heterozygosity, reference bias, or no annotated gene-name were excluded. The first branch point in the pathway reflects the fact
that GATK cannot perform allele-frequency filtering for multiallelic variants. Abbreviations: EVS, Exome Variant Server; MAF, minor allele frequency; CADD, Combined
Annotation-Dependent Depletion; SNV, single-nucleotide variant; indel, insertion/deletion; GERP, Genomic Evolutionary Rate Profiling; UniProtKB, the Universal Protein Resource
Knowledgebase

Table 8.4. Variants identified via multiple exome-wide variant-reduction approaches1.
Genomic position
(hg19; chromosome:
nucleotide)
1:17,735,340

Nucleotide
change
T/G

Amino
acid
change
3’UTR

Gene

Function2

CADD C
score

RCC2

PolyPhen-2
prediction

GERP
score

Case3

Allele count
MAF (EVS)4

p-value

May be a guanine-nucleotide
24.5
NA
3.12
2/24
4/758 (0.5%)
0.0018
exchange factor for Rac1
(8.3%)
6:25,778,182
C/T
Gln/Ter
SLC17A4
Active transport of phosphate
35
NA
0.718
3/24
101/8,600
<0.0001
into cells via Na+ co-transport
(12.5%)
(1.2%)
9:74,840,668
G/A
Val/Met
GDA
Hydrolytic deamination of
15.83
Probably
4
2/24
161/8,578
0.1172
guanine, producing xanthine
damaging
(8.3%)
(1.9%)
and ammonia
18:694,303
G/A
Ala/Val
ENOSF1
Regulation of thymidylate
19.64
Probably
5.62
2/24
16/8,600
0
synthase activity
damaging
(8.3%)
(0.2%)
20:34,278,459
T/C
Lys/Arg
NFS1
Biosynthesis of molybdenum
33
Probably
5.6
2/24
53/8,600
0.0005
cofactor
damaging
(8.3%)
(0.6%)
1
Exome-wide hits included GDA which was one of the pre-compiled candidate genes. It is noteworthy that the variants in RCC2, SLC17A4, ENOSF1 and NFS1 were identified in none
of the individuals from the in-house control cohort, suggesting that these variants may have an equally low frequency in the New Zealand population.
2
Protein functions were curated from the UniProtKB (http://www.uniprot.org/).
3
All reported genotypes had a quality score ≥30.0.
4
This was limited to the European population; where SNP information was not available from EVS, comparison was based on data from the 1000 Genomes Project.
Abbreviations: UTR, untranslated region; NA, not available; MAF, minor allele frequency; EVS, Exome Variant Server; CADD, Combined Annotation-Dependent Depletion; GERP,
Genomic Evolutionary Rate Profiling
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Table 8.5. Exome-wide hits that did not reach statistical significance (MAF ≥3%).
Gene

Function1

CADD C
score

PolyPhen-2
prediction

GERP
score

G/C

Amino
acid
change
3’UTR

ARHGEF2

18.86

NA

3.12

4:57,314,905

A/C

Lys/Asn

PAICS

Stimulates the cortical activity
of Rac
De novo purine biosynthesis

15.48

Benign

4.35

6:132,206,079

C/T

Arg/Cys

ENPP1

Genomic position (hg19;
chromosome: nucleotide)

Nucleotide
change

1:155,917,389

Case2
3/24
(12.5%)
4/24
(16.7%)
2/24
(8.3%)
2/24
(8.3%)

Allele count
MAF (EVS)3

p-value

75/758 (9.9%)

0.9436

500/8,220
(6.1%)
314/8,600
(3.7%)
493/8,600
(5.7%)

0.0829

Hydrolysis of nucleoside 5’20.9
Probably
2.8
0.4995
triphosphates
damaging
7:143,092,269
G/A
Pro/Leu
EPHA1
Induces cell attachment to the
18.09
Probably
4.83
0.9128
extracellular matrix through
damaging
regulation of ILK and
downstream RhoA and Rac
9:124,103,523
A/G
Met/Thr
STOM
Regulates ion channel activity
16.46
Benign
4.86
2/24
340/8,600
0.5657
and transmembrane ion
(8.3%)
(4.0%)
transport (erythrocyte)
12:28,111,073
T/C
3’UTR
PTHLH
Promotes colon cancer cell
25.5
NA
5.73
2/24
23/758 (3.0%)
0.3877
migration and invasion through
(8.3%)
activation of Rac1
12:57,873,042
T/C
Arg/Gly
ARHGAP9
Has a substantial GTPase16.03
Possibly
3.59
2/24
558/8,600
0.9643
activating protein activity
damaging
(8.3%)
(6.5%)
towards Rac1
13:24,823,699
G/A
Gly/Ser
SPATA13
As a guanine-nucleotide
19.19
Unknown
4.08
2/24
185/3,182
0.9287
exchange factor for Rac1
(8.3%)
(5.8%)
17:959,286
T/C
Lys/Arg
ABR
Promotes the exchange of Rac15.45
Benign
5.68
3/24
551/8,600
0.4244
bound GDP by GTP, thereby
(12.5%)
(6.4%)
activating it
19:11,348,960
G/A
Pro/Leu
DOCK6
As a guanine-nucleotide
25.6
Probably
4.8
2/24
615/8,316
0.8302
exchange factor for Rac1
damaging
(8.3%)
(7.4%)
19:39,911,451
C/G
Pro/Arg
PLEKHG2
May be a guanine-nucleotide
17.2
Probably
2.41
2/24
282/8,600
0.4162
exchange factor for Rac1
damaging
(8.3%)
(3.3%)
1
Protein functions were curated from the UnitProtKB (http://www.uniprot.org/).
2
All reported genotypes had a quality score ≥30.0.
3
This was limited to the European population; where variant information was not available from EVS, comparison was based on data from the 1000 Genomes Project.
Abbreviations: UTR, untranslated region; NA, not available; MAF, minor allele frequency; EVS, Exome Variant Server; CADD, Combined Annotation-Dependent Depletion; GERP, Genomic
Evolutionary Rate Profiling
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8.3.3 Analysis of off-target variants
A comparable number of good-quality variants were identified outside the target capture regions,
consisting of 52,827 variants that passed the hard filters (Figure 8.3). Removal of singleton
variants plus successive filtering according to MAFs, CADD C scores (SNVs) and GERP scores
(indels) produced 271 candidate genes (listed in Table K2, Appendix K). Out of these genes, only
ARHGAP17 occurred at a frequency that was significantly greater than expected by chance (Table
8.6).
8.3.4 Candidate-gene analysis
For analysis of the 52 a priori candidate genes (including GDA), a slightly more relaxed filtering
approach was adopted, whereby singleton variants were included. Candidate-gene analysis was
performed for variants located both within and outside the target regions. As shown in Table 8.7,
a total of thirteen on-target variants spread across twelve different genes were identified, not
counting the GDA variant already reported in Table 8.4. Some variants were noted to have a very
low population MAF of less than 1%. Most variants listed in Table 8.7 were singletons. When a
similar filtering approach was applied to the in-house control cohort, a comparable number of ontarget candidate-gene variants were identified in these individuals [13 variants in 12 cases versus
29 in 24 control individuals]. This suggests that the extreme shunters and the control individuals
had a similar load of rare variants across the 52 candidate genes. For instance, the GDA variant at
the genomic position 9:74,840,668 was also identified in one individual from the control cohort.
Two low-frequency (<5%), candidate-gene variants were discovered outside the core regions for
GDA and SLC28A3; however, both variants were intronic and therefore likely of little functional
relevance (Table 8.6). Overall, the candidate-gene variants documented in the extreme shunters
did not appear strongly related to the hypermethylation phenotype.
8.3.5 CNV analysis
CNVs are an additional source of genetic variation with potential pharmacogenetic significance
(HE et al. 2011) and these would not be readily detected by exome sequencing. Therefore, aCGH
was applied to the DNA of the twelve subjects. This analysis did not identify any potentially
pathogenic or unusual CNVs. As shown in Table 8.8, a total of 61 duplication/deletion events
were identified in the twelve subjects, but the majority (n=48) of these events have already been
curated in the DGV database. For instance, a prevalent duplication/deletion event that involved
ADAM5P and tMDC I, the former being a pseudogene while the latter reported to encode nonfunctional transcripts (FRAYNE and HALL 1998), is predictably benign and unrelated to thiopurine
hypermethylation (Table 8.8). The remaining thirteen events were classified as possibly benign,
because they were larger in size, or were of a different CNV type (gain instead of loss, for
instance) when compared with their counterparts in the DGV database.

146

!
145,342 off-target variant sites

56,532 variants sites with overall coverage greater than 100-fold

49,329 biallelic SNVs and
6,304 biallelic indels

99 multiallelic SNVs and
800 multiallelic indels
and mixed-type variants

47,289 biallelic SNVs
and 4,949 biallelic
indels passed filters

93 multiallelic SNVs and 496
multiallelic indels and mixedtype variants passed filters

21,752 biallelic variants with global MAF
less than or equal to 10% (as documented
in the 1000 Genomes Project)

38 multiallelic SNVs and 487
multiallelic indels and mixed-type
variants with global MAF less than
or equal to 10% (as documented in
the 1000 Genomes Project)

10,932 biallelic variants found to
have an allele frequency ≥0.083
(2/24)

Hard filters:
SNVs
QD <2.0
FS >60.0
MQ <40.0
MQRankSum <-12.5
ReadPosRankSum <-8.0
Indels and mixed-type
variants
QD <2.0
FS >200.0
ReadPosRankSum <-20.0

474 multiallelic variants annotated
by SeattleSeq Annotation 138

10,335 biallelic variants annotated
by SeattleSeq Annotation 138
36 SNVs:
1 missense SNVs
35 others

8,539 SNVs:
35 missense SNVs
6 stop SNVs
33 within a splice site
8,465 others

438 indels:
1 coding indels
1 within a splice site
436 others

1,796 indels:
10 frameshift indels
3 coding indels
4 within a splice site
1,779 others

Heuristic filters:
HapMap or EVS MAF
(European) >10%
CADD C score <15 (SNVs only)
GERP score ≤4 (indels only)
Present in only one individual
(multiallelic variants only)

271 candidate variants (173
biallelic SNVs, 85 biallelic
indels, and 13 multiallelic
indels and mixed-type variants
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Cont'd:

ARHGAP17 (UniProtKB
gene function)
Figure 8.3. Whole-exome filtering for variants located in the off-target regions. Hard-filtering was applied to reduce
the number of possible false-positives. Variants with excess heterozygosity, reference bias, or no annotated genename were also excluded. Abbreviations: EVS, Exome Variant Server; MAF, minor allele frequency; CADD,
Combined Annotation-Dependent Depletion; SNV, single-nucleotide variant; indel, insertion/deletion; GERP,
Genomic Evolutionary Rate Profiling; UniProtKB, the Universal Protein Resource Knowledgebase

8.3.6 Protein-protein interaction
The relationship between ENOSF1, GDA, NFS1, RCC2, SLC17A4 and ARHGAP17 was analysed
using the STRING 9.1 Database (VON MERING et al. 2003; SZKLARCZYK et al. 2011). No
significant interaction between these genes was identified, as illustrated in Figure 8.4.
Figure 8.4. Protein-protein interaction between
genes identified from exome-wide filtering
(STRING 9.1 database). Confidence level of
the interaction was pre-set to low (a score of at
least 0.150)
Note: IscS is NFS1.

148

!

!

Table 8.6. Off-target exome-wide and candidate-gene hits.
Genomic position
(hg19; chromosome:
nucleotide)
5:169,145,605

Nucleotide
change

Gene

C/T

Amino
acid
change
Intronic

9:74,862,294

T/C

Intronic

GDA

9:86,912,946

G/A

Intronic

SLC28A3

16:24,988,646

A/G

ARHGAP17

21:35,229,027

TTG/T

Intronic,
near a
splice
site
Intronic

DOCK2

Function1

Mediates lymphocyte
migration in response to
chemokines; activates Rac1
and Rac2
Hydrolytic deamination of
guanine, producing xanthine
and ammonia
Homeostasis of endogenous
nucleosides
Acts as a GTPase activator
in vitro for Rac1

CADD C
score

PolyPhen-2
prediction

GERP
score

16.21

NA

2.38

3/24
(12.5%)

63/758 (8.3%)

0.7237

17.53

NA

4.84

2/24
(8.3%)

369/8,596
(4.3%)

0.6383

18.01

NA

1.77

NA

3.13

142/8,600
(1.7%)
65/8,600
(0.8%)

0.8695

15.12

1/24
(4.2%)
2/24
(8.3%)

Case

Allele count
MAF (EVS)3

2

p-value

0.0022

ITSN1

Inhibits ARHGAP31 activity NA
NA
5.21
4/24
67/758 (8.8%) 0.3404
toward Rac1
(16.7%)
1
Protein functions were curated from the UniProtKB (http://www.uniprot.org/).
2
All reported genotypes had a quality score ≥30.0.
3
This was limited to the European population; where variant information was not available from EVS, comparison was based on data from the 1000 Genomes Project.
Abbreviations: UTR, untranslated region; NA, not available; MAF, minor allele frequency; EVS, Exome Variant Server; CADD, Combined Annotation-Dependent Depletion; GERP,
Genomic Evolutionary Rate Profiling

Table 8.7. Potentially deleterious variants identified in the candidate genes1.
Genomic position
(hg19; chromosome:
nucleotide)
2:31,600,072

Nucleotide
change

Gene

G/C

Amino
acid
change
Ser/Cys

5:56,168,770

A/G

Thr/Ala

MAP3K1

6:82,461,726

C/CTCCG
CCG

Frameshift

FAM46A

XDH

Function2

Oxidation of hypoxanthine to
xanthine and xanthine to uric acid
A component of a protein kinase
signal transduction cascade
Poly(A) RNA binding
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CADD C
score

PolyPhen-2
prediction

GERP
score

21.4

Possibly
damaging
Possibly
damaging
NA

4.82

15.5
NA

5.97
4.08

Allele count
Case
MAF
(EVS)4
1/24
19/8,600
(4.2%)
(0.2%)
1/24
0/8,198
(4.2%)
(0%)
1/24
NA
(4.2%)

p-value

3

0.0590
0
NA

Cont’d Table 8.7
Gene

Function2

CADD C
score

PolyPhen-2
prediction

GERP
score

C/A

Amino
acid
change
Gln/Lys

ABCB5

Cellular efflux of doxorubicin

20.6

4.79

10:82,040,480

C/T

Val/Ile

MAT1A

Synthesis of S-adenosylmethionine

21.6

10:97,635,721

T/G

3’UTR,
intron

ENTPD1

18.23

13:95,830,299

C/T

Arg/Gln

ABCC4

G/A

Val/Met

TOX4

Probably
damaging
Probably
damaging

5.8

14:21,960,826

16:90,020,700

C/T

His/Tyr

DEF8

Hydrolyses ATP and other
nucleotides to regulate purinergic
neurotransmission
An organic anion pump relevant to
cellular detoxification
Control of chromatin structure and
cell cycle progression during the
transition from mitosis into
interphase
Intracellular signal transduction

Probably
damaging
Probably
damaging
NA

5.11

18:33,793,438

A/C

His/Pro

MOCOS

15.07

21:34,907,023

C/A

Cys/Phe

GART

Sulphuration of the molybdenum
cofactor, which is essential for the
activity of xanthine dehydrogenase
and aldehyde oxidase
Biosynthesis of inosine
monophosphate

Probably
damaging
Possibly
damaging

5.93

21:34,907,024

A/T

Cys/Ser

X:118,717,547

C/T

3’UTR

Probably
damaging
Probably
damaging
NA

Genomic position
(hg19; chromosome:
nucleotide)
7:20,685,484

Nucleotide
change

35
18.43

27.8

27.9
33

UBE2A

Regulation of transcription

1

16.12

4.53
0.137

4.89

5.56

5.93
5.52

Allele count

p-value

1/24
(4.2%)
1/24
(4.2%)
3/24
(12.5%)

46/7,164
(0.6%)
0/8,600
(0%)
51/758
(6.7%)

0.3843

1/24
(4.2%)
1/24
(4.2%)

7/8,600
(0.1%)
2/8,600
(0%)

0.0013

1/24
(4.2%)
1/24
(4.2%)

0/8,600
(0%)
0/8,600
(0%)

0

1/24
(4.2%)
1/24
(4.2%)
1/24
(4.2%)

0/8,600
(0%)
0/8,600
(0%)
NA

0

0
0.4907

<0.0001

0

0
NA

A similar approach to exome-wide variant filtering was employed, except that singleton variants were not discarded.
Protein functions were curated from the UniProtKB (http://www.uniprot.org/).
3
All reported genotypes had a quality score ≥30.0.
4
This was limited to the European population; where variant information was not available from EVS, comparison was based on data from the 1000 Genomes Project.
Abbreviations: UTR, untranslated region; NA, not available; MAF, minor allele frequency; EVS, Exome Variant Server; CADD, Combined Annotation-Dependent Depletion; GERP,
Genomic Evolutionary Rate Profiling
2
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Table 8.8. CNVs identified in the extreme shunters.
Participant

CNV type

Region (chromosome:nucleotide)1

Size

Affected gene(s)

Probe
count

Log odds
ratio

ES001

Deletion
Duplication
Deletion
Deletion
Deletion
Duplication

7:85,419,214-85,834,401
8:39,365,946-39,490,567
9:28,578,644-28,741,916
12:12,099,568-12,213,110
X:3,761,569-3,863,478
14:21,838,399-22,029,169

415.19 kb
124,621 bp
163.27 kb
113.54 kb
101.91 kb
190.77 kb

14
7
6
5
12
21

-0.65207
0.57529
-0.75967
-0.9816
-0.33342
0.41571

Duplication
Duplication
Duplication
Deletion
Duplication
Duplication

17:41,541,432-41,631,306
X:1,281,419-1,312,913
X:3,761,569-3,863,478
4:64,543,659-64,707,516
8:39,365,946-39,490,567
14:21,660,604-22,039,924

89.87 kb
31.49 kb
101.91 kb
163.86 kb
57.54 kb
379.32 kb

15
7
12
6
5
37

0.42147
0.42243
0.46825
-0.71333
0.694
0.42741

Yes
Yes
Yes
Yes
Yes
Possible

Duplication
Deletion
Duplication
Duplication
Deletion
Duplication
Deletion
Deletion
Duplication
Deletion
Duplication
Deletion
Deletion
Duplication
Deletion

16:79,444,984-79,639,269
19:20,408,868-20,506,175
X:827,639-1,164,762
1:246,818,971-246,911,471
3:46,774,634-46,824,447
8:39,365,946-39,490,567
13:82,205,831-82,325,949
17:19,455,859-19,476,708
17:41,541,432-41,631,306
3:163,968,740-164,118,145
5:150,699,562-150,820,645
5:176,611,927-176,625,665
8:39,365,946-39,490,567
10:135,083,179-135,253,240
17:41,541,432-41,631,306

194.28 kb
97.31 kb
337.12 kb
92.50 kb
49.81 kb
124.62 kb
120.12 kb
20.85 kb
89.87 kb
149.41 kb
121.08 kb
13.74 kb
124.62 kb
170.06 kb
89.87 kb

Upstream of GRM3
ADAM5P, tMDC I
LINGO2
ETV6, BC038742, BCL2L14, LRP6
LOC389906, BC017239, AK000470, AK097803
TCRA, TRD, AV30S1, hADV29S1, AV4S1, hADV36S1, hADV38S2,
av27S1, TCR-[alpha] V33.1, AK093552, AK125397, hDV102S1,
TRD@, TCRD, AK310110, TCRDV2, hDV103S1, X61074, TCR V
alpha 8.1, J alpha IGRJa07, TRAC
KIAA1267, LOC644246
CRLF2, il-xr
LOC389906, BC017239, AK000470, AK097803
Upstream of SRD5A2L2
ADAM5P, tMDC I
TCRA, TCRAVS.1a, AV2S1A1, TRD, AV30S1, TRA@, hADV29S1, V
alpha immunoglobulin, AV4S1, AV25S1, hADV36S1, TCRAV14.1a,
hADV38S2, av27S1, TCR-[alpha] V33.1, AK093552, AK125397,
hDV102S1, TRD@, TCRD, AK310110, TCRDV2, hDV103S1,
X61074, TCR V alpha 8.1, J alpha IGRJa07, TRAC, X60137,
TCRAV21-J9.11
AK093002, C16orf61, DC13, CENPN, ATMIN
Upstream of ZNF737, Downstream of ZNF826
Upstream of CRLF2, downstream of SHOX
OR2T10, OR2T11, OR2T35, OR2T27
TSP50, TESSP5
ADAM5P, tMDC I
None
Upstream of ALDH3A2
KIAA1267, LOC644246
BC073807
SLC36A1, SLC36A2, PAT2
NSD1
ADAM5P, tMDC I
SPRN, FLJ00268, CYP2E1, SYCE1
KIAA1267, LOC644246

Known
benign CNV
in DGV?2,3
Possible
Yes
Yes
Possible
Yes
Possible

7
7
37
6
5
7
5
7
15
6
5
5
7
14
15

0.51714
-0.67814
0.45605
0.3025
-0.64
0.68471
-0.8268
-0.782
0.45913
-0.34
0.4562
-0.3508
-2.115
0.37029
-0.51213

Possible
Yes
Possible
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Possible
Yes
Yes
Yes
Yes

ES002

ES003

ES004

ES005
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Table 8.8 (cont’d)!
Participant

CNV type

Region (chromosome:nucleotide)1

Size

Affected gene(s)

Probe
count

Log odds
ratio

ES005
ES006

Duplication
Duplication
Duplication
Duplication
Deletion
Deletion
Deletion
Duplication
Duplication

22:20,650,930-20,896,220
6:168,083,038-168,328,832
8:39,365,946-39,490,567
X:3,761,569-3,863,478
8:39,365,946-39,490,567
17:41,541,432-41,571,837
X:3,761,569-3,863,478
8:39,365,946-39,490,567
14:21,740,366-22,029,169

245.29 kb
245.79 kb
124.62 kb
101.91 kb
124.62 kb
30.41 kb
101.91 kb
124.62 kb
288.80 kb

53
26
7
12
7
5
12
7
28

0.48445
0.3895
0.37943
0.43775
-2.5164
-0.4772
-0.45967
0.70886
0.47925

Duplication
Deletion
Deletion
Deletion
Deletion
Deletion
Duplication

15:20,372,901-20,636,841
17:19,455,859-19,476,708
17:41,550,370-41,631,306
19:20,408,868-20,506,175
6:220,111-321,106
11:4,591,852-4,622,733
14:21,713,746-22,039,924

263.94 kb
20.85 kb
80.94 kb
97.31 kb
101.00 kb
30.88 kb
326.18 kb

32
7
14
7
18
5
31

0.46706
-0.85443
-0.45021
-0.56286
-0.69683
-0.3014
0.35474

Yes
Yes
Yes
Yes
Yes
Yes
Possible

Duplication

15:61,152,042-61,835,237

683.20 kb

22

0.51491

Possible

Deletion
Duplication
Duplication
Deletion
Deletion
Deletion
Deletion
Duplication
Duplication

17:41,562,491-41,631,306
17:73,915,697-73,959,184
X:3,761,569-3,863,478
X:153,064,828-153,168,166
8:39,365,946-39,490,567
16:22,535,211-22,611,223
19:20,408,868-20,506,175
X:216,519-312,801
X:3,761,569-3,863,478

68.81 kb
43.49 kb
101.91 kb
103.34 kb
124.62 kb
76.01 kb
97.31 kb
96.28 kb
101.91 kb

TOP3B, AK131325, IGLV2-14, abParts
MLLT4, HGC6.3, KIF25, FRMD1, FLJ00181
ADAM5P, tMDC I
LOC389906, BC017239, AK000470, AK097803
ADAM5P, tMDC I
KIAA1267
LOC389906, BC017239, AK000470, AK097803
ADAM5P, tMDC I
TCRA, AV2S1A1, TRD, AV30S1, TRA@, hADV29S1, AV4S1,
AV25S1, hADV36S1, TCRAV14.1a, hADV38S2, av27S1, TCR[alpha] V33.1, AK093552, AK125397, hDV102S1, TRD@, TCRD,
AK310110, TCRDV2, hDV103S1, X61074, TCR V alpha 8.1, J alpha
IGRJa07, TRAC
TUBGCP5, KIAA1899, CYFIP1, NIPA2, NIPA1
Upstream of ALDH3A2
KIAA1267, LOC644246
Upstream of ZNF737, downstream of ZNF826
DUSP22
OR51D1, OR51E1
TCRA, AV2S1A1, TRD, AV30S1, TRA@, hADV29S1, AV4S1,
AV25S1, hADV36S1, TCRAV14.1a, hADV38S2, av27S1, TCR[alpha] V33.1, AK093552, AK125397, hDV102S1, TRD@, TCRD,
AK310110, TCRDV2, hDV103S1, X61074, TCR V alpha 8.1, J alpha
IGRJa07, TRAC, X60137, TCRAV21-J9.11
LACTB, RPS27L, RAB8B, APH1B, CA12, USP3, BC036918,
BC017581, AK093077, FBXL22, HERC1, AK091624
KIAA1267, LOC644246
PGS1, DKF Zp762M186, DNEL2
LOC389906, AK000470, AK097803, BC017239
OPN1LW, TEX28, OPN1MW
ADAM5P, tMDC I
Downstream of AK057335
Upstream of ZNF737, downstream of ZNF826
PPP2R3B
LOC389906, AK000470, AK097803, BC017239

Known
benign CNV
in DGV?2,3
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Possible

13
6
12
6
7
18
7
12
12

-0.41677
0.5985
0.50708
-0.30133
-2.389
-0.67944
-0.59929
0.42375
0.87792

Yes
Possible
Yes
Yes
Yes
Yes
Yes
Possible
Yes

ES007

ES008

ES009

ES010
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Table 8.8 (cont’d)!
Participant

CNV type

Region (chromosome:nucleotide)1

Size

Affected gene(s)

Probe
count

Log odds
ratio

ES011

Deletion
Deletion
Duplication

6:65,891,944-65,977,194
8:39,365,946-39,490,567
14:21,591,054-22,052,134

85.25 kb
124.62 kb
461.08 kb

Upstream of EYS
ADAM5P, tMDC I
TCRA, TCRAVS.1a, AV2S1A1, TRA@, AV1S3A1T, TRD, AV30S1, Tcell Receptor V-alpha region, TCRVA13, hADV23S1, TCRD,
TCRAVN1, hADV29S1, V alpha immunoglobulin, AV4S1, AV25S1,
hADV36S1, TCRAV14.1a, hADV38S2, av27S1, TCR-[alpha] V33.1,
AK093552, AK125397, hDV102S1, TRD@, AK310110, TCRDV2,
hDV103S1, X61074, TCR V alpha 8.1, J alpha IGRJa07, TRAC,
X60137, TCRAV21-J9.11, TCRAV23-J37, X58749
KIAA1267, LOC644246
MLLT4, HGC6.3, KIF25, FRMD1, FLJ00181
Downstream of AL137655
ADAM5P, tMDC I
KIAA1267, LOC644246

11
7
44

-0.66455
-1.4271
0.32984

Known
benign CNV
in DGV?2,3
Yes
Yes
Possible

11
26
6
7
11

-0.45218
0.87608
0.383
0.60357
-0.44682

Yes
Yes
Yes
Yes
Yes

Deletion
17:41,571,777-41,631,306
59.53 kb
Duplication
6:168,083,038-168,328,832
245.79 kb
Duplication
7:136,363-162,388
26.02 kb
Duplication
8:39,365,946-39,490,567
124.62 kb
Deletion
17:41,571,777-41,631,306
59.53 kb
1
Genomic positions were based on Human March 2006 (NCBI36/hg18) Assembly.
2
Possible denotes the presence of larger CNV(s), or CNVs of a different type, across the region of interest, as documented in DGV.
3
The DGV was accessed via the UCSC web browser (http://genome.ucsc.edu/).
Abbreviations: CNV, copy-number variant; DGV, Database of Genomic Variants
ES012
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8.3.7 Variant quality control
All genotype calls of variants identified from exome-wide filtering and candidate-gene analysis
were noted to be of high quality, having a genotype quality score of more than 30.0 (Tables 8.9
and 8.10). As an additional quality-control check, the five exome-wide variants (RCC2, SLC17A4,
GDA, ENOSF1 and NFS1) were validated by Sanger sequencing (Figure 8.5). The read depths for
GMPS, HPRT1, IMPDH1 and TPMT were also computed using GATK. Overall the average pergene coverage for all four genes was greater than ten-fold (n=12) and should have been sufficient
for variant discovery (Table 8.11). However, upon closer inspection, within a gene, coverage
depth was noted to vary substantially across exons, although the total per-gene coverage appeared
satisfactory. This is illustrated using IMPDH1 as an example. The depths of coverage for its first,
fourth and twelfth exons were evidently lower than those of other exons in the gene (Figure 8.6).
Consequently, variants residing within these regions could have been miscalled as the reference
alleles. Figure 8.6 also illustrates that the coverage variation was unlikely to be related to GC
content.
8.4 Discussion
Response to thiopurine compounds is most likely to be a complex phenotype with a large number
of genes purported to influence the occurrence of adverse drug reactions (MATIMBA et al. 2014),
particularly TPMT. Current consensus is that individuals who are deficient in TPMT activity are
more susceptible to thiopurine adverse effects and thus should be given a lower dose (RELLING et
al. 2011). But in most cases the effectiveness of thiopurine compounds cannot be predicted based
on TPMT activity alone. In particular, no difference in TPMT activity was found between
individuals with a normal metabolic profile and those with hypermethylated thiopurines (VAN
EGMOND et al. 2012). In the clinical setting, strategies to overcome preferential metabolism to 6MMP comprise addition of allopurinol to the existing drug regimen (HOENTJEN et al. 2013) or
splitting the original daily thiopurine dose into twice-daily administration (SHIH et al. 2012).
Although both strategies have been demonstrated to be successful, the underlying mechanisms are
not well understood. A recent study reported that by inhibiting XDH, allopurinol reduces the
breakdown of thioxanthine, an intermediary metabolite that inhibits TPMT (BLAKER et al. 2013).
Thioxanthine is formed during the two-step conversion of 6-mercaptopurine to thiouric acid, an
intestinal pathway that predominates only upon oral administration of thiopurine compounds
(RASHIDI et al. 2007). Elevated levels of thioxanthine cause a greater decrease in TPMT activity
and consequently thiopurine methylation (BLAKER et al. 2013), indirectly shifting the metabolic
machinery towards 6-TGN production. Despite this proposed mechanism, we still do not
understand the biological process that gives rise to the hypermethylation phenomenon per se. In
the present study, twelve individuals, who exhibited extreme thiopurine resistance, were recruited
for comprehensive pharmacogenetic investigation by WES.
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RCC2

Figure 8.5. Validation of
exome-wide ‘hits’ by Sanger
sequencing. Note that variants
for NFS1 and ENOSF1 are
reported here in a different
orientation to account for the
actual direction of
transcription.
Abbreviation: Ref., reference
sequence; reference sequences
for all genes were extracted
from the GRCh37.p13
primary assembly: RCC2,
NC_000001; SLC17A4,
NC_000006; GDA,
NC_000009; ENOSF1,
NC_000018; NFS1,
NC_000020.
Variant position (based on the
highest exon number):
SLC17A4, exon 11; GDA,
exon 9; ENOSF1, exon 4;
NFS1, exon 6. Subject
identifiers are shown to the
left of each sequence trace.

SLC17A4

GDA

ENOSF1

NFS1

155

!

Table 8.9. Quality metrics of all variants identified from exome-wide filtering and candidate-gene analysis.
Genomic position (hg19;
chromosome: nucleotide)

Nucleotide
change

Gene

Participant

1:17,735,340

T/G

RCC2

1:155,917,389

G/C

ARHGEF2

2:31,600,072
4:57,314,905

G/C
A/C

XDH
PAICS

5:56,168,770
6:25,778,182

A/G
C/T

MAP3K1
SLC17A4

6:82,461,726

FAM46A

6:132,206,079

C/CTCCGC
CG
C/T

7:20,685,484
7:143,092,269

C/A
G/A

ABCB5
EPHA1

9:74,840,668

G/A

GDA

9:124,103,523

A/G

STOM

10:82,040,480
10:97,635,721

C/T
T/G

MAT1A
ENTPD1

12:28,111,073

T/C

PTHLH

12:57,873,042

T/C

ARHGAP9

ENPP1

Number of
alternate reads

Genotype
quality

VQSLOD
score1

dbSNP ID

ES007
ES008
ES004
ES009
ES011
ES011
ES006
ES008
ES010
ES012
ES008
ES003
ES010
ES011
ES011

Number of
reference
reads
7
11
8
7
9
11
5
9
10
11
12
13
17
20
11

5
9
8
7
12
13
3
8
9
4
12
15
14
15
9

99
99
99
99
99
99
47
99
99
62
99
99
99
99
99

3.81

rs140308778

6.10

rs41264995

6.65
7.06

rs138649664
rs11549976

6.29
5.75

None
rs2328894

1.65

None

ES002
ES007
ES006
ES001
ES006
ES010
ES012
ES003
ES009
ES002
ES003
ES004
ES010
ES007
ES011
ES003
ES009

7
6
16
9
15
8
4
21
16
10
4
3
5
8
10
11
12

7
7
7
8
9
8
14
16
11
9
9
5
8
11
3
11
12

99
99
99
99
99
99
43
99
99
99
76
64
99
99
54
99
99

5.69

rs28933977

5.77
7.16

rs2074000
rs34372369

6.77

rs61752956

7.20

rs41273438

5.80
7.84

None
rs78679271

7.83

rs6252

7.44

rs33927108
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Table 8.9 (cont’d)

1

Genomic position (hg19;
chromosome: nucleotide)

Nucleotide
change

Gene

Participant

13:24,823,699

G/A

SPATA13

13:95,830,299
14:21,960,826
16:90,020,700
17:959,286

C/T
G/A
C/T
T/C

ABCC4
TOX4
DEF8
ABR

18:694,303

G/A

ENOSF1

18:33,793,438
19:11,348,960

A/C
G/A

MOCOS
DOCK6

19:39,911,451

C/G

PLEKHG2

20:34,278,459

T/C

NFS1

21:34,907,023
21:34,907,024
X:118,717,547

C/A
A/T
C/T

GART

ES001
ES012
ES003
ES004
ES012
ES002
ES005
ES012
ES005
ES012
ES010
ES005
ES008
ES001
ES005
ES010
ES003
ES009
ES007
ES007
ES009

UBE2A

Number of
reference
reads
13
11
12
15
6
14
12
9
22
14
3
20
25
23
30
10
20
7
12
12
38

Number of
alternate reads

Genotype
quality

VQSLOD
score1

dbSNP ID

7
14
12
14
7
10
7
5
21
18
4
40
19
20
20
12
12
8
5
5
28

99
99
99
99
99
99
99
99
99
99
64
99
99
99
99
99
99
99
99
99
99

7.27

rs41287016

7.02
4.51
4.78
6.16

rs142211148
rs149041174
None
rs34169260

4.88

rs150777254

6.20
7.84

None
rs12609039

6.85

rs34975345

5.30

rs112446981

5.94
5.50
4.31

rs145820555
rs138272749
None

This score was calculated based on variant calls in all 36 exomes. It represents the log odds ratio of a variant site being true versus being false under a Gaussian mixture model trained
by known true call-sets (http://gatkforums.broadinstitute.org/discussion/39/variant-quality-score-recalibration-vqsr).
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Table 8.10. Quality metrics of all off-target variants identified from exome-wide filtering and candidate-gene analysis.
Genomic position
(hg19; chromosome:
nucleotide)
5:169,145,605

Nucleotide
change

Gene

Participant

C/T

DOCK2

9:74,862,294

T/C

GDA

9:86,912,946
16:24,988,646

G/A
A/G

SLC28A3
ARHGAP17

21:35,229,027

TTG/T

ITSN1

ES003
ES004
ES012
ES002
ES005
ES005
ES010
ES011
ES004
ES008
ES009

Number of
reference
reads
6
8
4
6
9
8
18
4
6
0
13

Number of
alternate reads

Genotype
quality

dbSNP ID

7
3
8
5
6
8
15
12
11
22
10

99
55
90
99
99
99
99
65
99
99
99

rs79390718

Table 8.11. Per-gene coverage (within the core capture intervals) for selected genes
(determined from raw alignment files).
Participant
ES001
ES002
ES003
ES004
ES005
ES006
ES007
ES008
ES009
ES010
ES011
ES012
Overall

TPMT
10.81
15.23
16.23
13.49
12.09
15.28
12.57
14.98
15.35
13.12
17.00
12.16
14.03

HPRT1
16.35
23.99
24.74
18.32
8.87
10.29
10.31
19.34
21.09
19.58
27.70
17.87
18.20

Selected genes
IMPDH1
18.92
22.19
23.14
23.27
22.51
21.73
18.15
23.37
21.21
17.70
28.47
18.96
21.64
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GMPS
11.65
14.11
13.05
12.59
13.28
13.52
10.89
14.87
15.42
10.87
15.95
12.27
13.21

rs11143199
rs41282427
rs74013605
rs141163237

!

Average depth of coverage

60.00
50.00
40.00
30.00
20.00
10.00
0.00
exon 1 exon 2 exon 3 exon 4 exon 5 exon 6 exon 7 exon 8 exon 9 exon 10 exon 11 exon 12 exon 13 exon 14 exon 15 exon 16 exon 17
IMPDH1

80.00

GC content (%)

70.00
60.00
50.00
40.00
30.00
20.00
10.00
0.00
exon 1 exon 2 exon 3 exon 4 exon 5 exon 6 exon 7 exon 8 exon 9 exon 10 exon 11 exon 12 exon 13 exon 14 exon 15 exon 16 exon 17
IMPDH1

Figure 8.6. Average per-exon depths of coverage (n=12) for IMPDH1, in relation to GC content. Exon numbering was based on the transcript
NM_000883. GC content per interval was calculated by invoking the GATK’s GCContentByInterval functionality.

159

!

8.4.1 Exome-wide variant filtering and screening of protein functions
Two analytical strategies were used, the first involving filtering for rare, potentially damaging
variants over-represented in the extreme shunters. WES variants were successively filtered based
on their MAF, deleteriousness as indicated by CADD C and conservation scores, and gene
function(s) documented in the UniProtKB database. The total number of variants called was
comparable to a previous report (TIWARI et al. 2014). Following whole-exome filtering, a
preponderance of low-frequency variants (MAF <2%, p <0.05) were identified in five genes,
namely ENOSF1, NFS1, SLC17A4, RCC2 and ARHGAP17, which may potentially be associated
with thiopurine metabolism, transport or therapeutic action, discussed as follows. The G-allele of
a SNV in ENOSF1, rs2612091, was reported to increase capecitabine-related toxicity, possibly as
a result of its diminishing effect on gene expression. The role of ENOSF1 was further attributed to
its ability to regulate thymidylate synthase’s activity, though the exact regulatory mechanism is
not clear (ROSMARIN et al. 2014). In turn, via its involvement in the synthesis of Sadenosylmethionine, a TPMT-stabilising cofactor, thymidylate synthase may influence thiopurine
metabolism by TPMT (KARAS-KUZELICKI et al. 2010; MILEK et al. 2012). Decreased availability
of S-adenosylmethionine may impair TPMT activity and predispose individuals taking thiopurine
compounds to toxicity (KARAS-KUZELICKI et al. 2009).
Nfs1 acts as a sulphur donor in the synthesis of molybdenum cofactor (MARELJA et al. 2008),
which is essential for the hydroxylating activity of XDH and aldehyde oxidase (HILLE 1996). A
complete deficiency of molybdenum cofactor abrogates the functions of sulphite oxidase, XDH
and aldehyde oxidase, resulting in serious developmental aberrations, neurological abnormalities,
and metabolic impairments including inability to convert xanthine to uric acid (JOHNSON et al.
1980). With respect to thiopurine treatment outcome, a synonymous variant in XDH, c.837C>T,
and a missense variant in MOCOS¸ c.2107A>C, were reported to confer a protective effect against
adverse effects; whereas a missense variant in AOX1, c.3404A>G, was predictive of therapeutic
resistance, but this was noted to be independent of 6-TGN levels (ANSARI et al. 2008; SMITH et al.
2009). The functional effects of all three variants are, however, uncertain. The protective effect of
the synonymous XDH variant may contradict the enzyme’s suggested role in relieving TPMT
inhibition by thioxanthine (BLAKER et al. 2013). Speculating that the variant may be in linkage
with a causative variant that diminishes XDH function (SMITH et al. 2009), a consequent decrease
in TPMT activity is plausible; but this should have increased the risk of adverse effects instead of
lowering it (ANSARI et al. 2008). Considering these findings together, it seems improbable that
impaired XDH function would lead to thiopurine hypermethylation.
The third variant was identified in SLC17A4 which encodes a urate transport in the small intestine
(TOGAWA et al. 2012). A loss of the transporter’s function may be expected to cause an increase
in blood urate levels owing to decreased intestinal excretion. However, since intestinal export is
not the major pathway of urate elimination, this effect may not be significant (MCDONAGH et al.
2014). The role of the SLC17A gene cluster was reported to be of much lesser importance
compared with other major urate-modulating loci such as SLC2A9, in genome-wide association
studies (KOLZ et al. 2009). Moreover, it is uncertain how changes in blood urate levels would
affect purine metabolism overall and the role of SLC17A4 therein may need further evaluation.
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The effects of the last two variants were particularly uncertain, as they were not discovered in the
coding regions. Both variants occurred in genes associated with RAC1. The RCC2 variant resides
within the 3’ untranslated region of the gene and could potentially have a regulatory role in gene
expression (MILLER and MADRAS 2002). RCC2 encodes a coordinator protein that limits the
activity of Rac1 (HUMPHRIES et al. 2009), a therapeutic target of thiopurine compounds (ZAZA et
al. 2010). The other variant was in an intron of ARHGAP17, and located six bases from a splice
site. The gene encodes a GTPase-activating protein that down-regulates Rac1 activity (RICHNAU
and ASPENSTROM 2001). It is interesting to note an abundance of additional, relatively common
variants in genes also related to Rac activity (Tables 8.5 and 8.6). These Rac1-interacting genes
are more plausible candidates that may trigger immune dysregulation, rather than affect thiopurine
disposition (GOMEZ et al. 2000). These genes were not classified as highly variable, thus it is
unlikely that they are impervious to the effect of a functional polymorphism (FUENTES FAJARDO
et al. 2012). But again, the variants found in the Rac-related genes occurred at comparable
frequencies among the in-house control individuals, suggesting that they are probably innocuous
(data not shown). Overall, no unifying theme was noted in the genes identified from exome-wide
variant reduction and screening of protein functions, suggesting that the hypermethylation
phenotype is unlikely to be mediated by strongly penetrant, low-frequency (≤10%) variants with
obvious commonality among affected individuals. The majority of variants were present in only
two to three individuals (Tables K1 and K2, Appendix K). This is further supported by proteinprotein interaction analysis, which revealed no correlations between ENOSF1, NFS1, RCC2,
SLC17A4 and ARHGAP17 (Figure 8.4).
8.4.2 Candidate-gene analysis
The second, complementary approach to analysis of the exome data involved close inspection of a
set of a priori defined candidate genes with links to thiopurine metabolism. However, the variants
found in the candidate genes also seem likely to be just rare or private variants unrelated to the
thiopurine metabolic phenotype, particularly when a similar rate of candidate-gene variant
discovery was noted in the in-house control cohort. Moreover, the significance of the GDA variant
seems questionable. The gene encodes a deaminase protein that metabolises 6-thioguanine to 6thoxanthine (BRONK et al. 1988). In theory, a decrease in the protein’s activity should be
beneficial as it increases drug availability. Also, it is plausible that when downstream machinery
generating 6-TGN is defective, upstream pathways would be shunted towards production of 6MMP. However, no potentially deleterious mutations were observed in the three major 6-TGNproducing enzymes, namely GMPS, HPRT1, and IMPDH1. The depths of coverage for these
genes were then checked; though the total per-gene coverage seemed adequate, considerable
variation was found between exons. In other words, certain regions within a gene may have been
underrepresented to enable variant calling. Such capture bias had been recognised early on during
the development of the WES technology (DAHL et al. 2007).
8.4.3 CNV analysis
Results from aCGH were similarly non-informative (Table 8.8), coinciding with a recent study
which reported no significant association between CNVs and antidepressant response (TANSEY et
al. 2014). However, because CNV analysis was based largely on the DGV database, which
collates CNVs identified in healthy control individuals (MACDONALD et al. 2013), it is possible
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that even when a variant is “rated” as non-pathogenic, it may still have a true, unknown
pharmacogenetic potential. This also applies to the analysis of SNVs and small indels and
represents an important conceptual difference between rare-disease genetics and
pharmacogenomics.
8.4.4 Limitations
The main limitation of this study is that of sample size coupled with the use of population MAFs
documented in the public database for statistical comparisons. Also, I have relied on heuristic
filtering, which, of course, could have excluded potentially causative variants. For instance, a
common SLCO1B1 variant, c.521T>C, which has a MAF of 10-20% among Europeans, is known
to impair hepatic uptake of simvastatin and hence increase the risk of myopathy induced by the
drug (KALLIOKOSKI and NIEMI 2009). Nevertheless, the utility of WES lies in its power to detect
highly penetrant variants, which likely have a low prevalence (MAF) in the general population.
Moreover, given the low frequency (2.5%) of the extreme hypermethylation phenotype, defined
by a 6-TGN/6-MMP ratio of greater than 100, the use of a population control is appropriate for
the detection of large-effect variants. The hard-filtering approach employed for the off-target
variants may have caused an excessive loss of the true-positive variants or retaining of the falsepositive variants.
Downstream WES bioinformatics processing is also susceptible to errors such as incorrect
alignment, owing to inter-gene sequence similarity (DROGEMOLLER et al. 2013). Fuentes Fajardo
and colleagues identified a large number of false-positive variants in 118 exomes from 29 families
with distinct phenotypes. These variants were noted to be shared between more than three families
(highly polymorphic) or to have excess heterozygosity (arising from misalignment of sequence
reads). Thus it was suggested that variation in these genomic positions is merely “background
signal” and should be removed from the exome sequencing data prior to assessing a particular
genotype-disease correlation (FUENTES FAJARDO et al. 2012). This is in agreement with the results
from a large-scale WGS study, which demonstrated that mutations in certain genes were often not
biologically relevant (THE GENOME OF THE NETHERLANDS CONSORTIUM 2014). The rate of falsepositive signals is probably population- and platform-specific, calling for accrual and creation of a
local exomes database, which will then act as a “subtractive filter” to minimise the number of
false-positive variants (GOODLOE et al. 2014). This has been done to a degree in the present
report, by using a small in-house control cohort (n=24). For instance, a seemingly rare variant was
identified at a high frequency (in six of the twelve participants) in the TPTE gene (chromosomal
position 21:10,942,756, nucleotide change G/A). The documented MAFs in the HapMap and
Exome Variant Server databases for this variant were nil. However, upon closer inspection, the
variant was noted to be similarly prevalent in the control cohort, being present in eight of the
twenty-four individuals. All of its genotype calls had a skewed ratio of the reference and alternate
reads (allelic imbalance), suggesting that it was probably a false-positive arising from technical
errors. The availability of a large number of local control exomes would facilitate the accurate
identification of such spurious variants.
The use of a sole bioinformatics pipeline may have been insufficiently effective at uncovering the
causative variant(s). The reported average sensitivity of the GATK pipeline, when implemented in
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the multi-sample variant calling mode and under different experimental conditions (varied sample
sizes and mean coverage depths), was 95.87% (LIU et al. 2013). In other words, approximately
4% of all true variants in the exome sequence data may have remained undetected; some of these
variants may be causal. In the clinical setting, failure to detect the causative variant(s) would be
detrimental to diagnosis and determination of a fitting therapeutic course. It has thus been
recommended that deployment of multiple pipelines is most reliable in that this would achieve
maximal variant detection sensitivity, yielding a unified, near-exhaustive call-set that additionally
incorporates variants specific to each pipeline (LIU et al. 2013; O’RAWE et al. 2013).
Causative mutations may lie within intronic or other regulatory regions that are not captured by
WES; or are silent exonic variants, the pathogenicity of which is difficult to assess. Other
pharmacogenomics studies seem to support this (TAMMISTE et al. 2013; TIWARI et al. 2014). For
instance, a case-control study in Finnish patients with clozapine-induced agranulocytosis
identified only SNVs with nominal statistical significance, none of which were non-synonymous
variants (TIWARI et al. 2014). Haglund et al. examined the expression changes in a complex
network of genes and reported small differences between individuals with different 6-MMP/6TGN profiles, although inter-group expression levels overlap. Some genes that were implicated in
disease susceptibility, notably those affecting immune function, were found to be distantly related
to drug metabolism or transport (HAGLUND et al. 2013).
Manual examination of a gene’s function and assessment of its relation to the thiopurine pathways
is a relatively subjective process. Such subjectivity was minimised by applying a variety of key
words pertaining to thiopurine transport, metabolism or therapeutic action. However, it is still
possible that for some genes, their function(s) may not have been completely documented in
UniProtKB, clouding their relevance to thiopurine response. For instance, the BMP5 gene is
mainly involved in bone and cartilage formation but also has an obscure association with
escitalopram responsiveness, reported in a WES study (TAMMISTE et al. 2013). Such instances
would have been excluded from consideration. Finally, the measurement of thiopurine metabolites
in the erythrocytes may confound phenotype interpretation, because the metabolite levels found in
the erythrocytes may not be truly reflective of those achieved in the peripheral leucocytes.
8.5 Conclusions
In summary, comprehensive pharmacogenetic investigation using WES and aCGH of twelve
thiopurine-resistant participants did not reveal prevalent, strongly penetrant variants. The lowfrequency variants found in ARHGAP17, ENOSF1, NFS1, RCC2 and SLC17A4 were present in
only two to three individuals. Candidate-gene variants were mostly singletons. If indeed a
unifying mechanism or pathway modulating thiopurine methylation was present in the
participants, a substantially higher rate of variant discovery in relevant genes should have been
observed, given a background phenotype frequency of approximately 2.5% (VAN EGMOND et al.
2012). Nevertheless, it should be emphasized that this holds true only when mutations in single
genes are sufficiently penetrant. The results presented herein have failed to demonstrate this.
Alternatively, if the drug-response phenotype is mediated by multiple genes, each having a small
contribution, then the combined effects would have been difficult to detect. It is also worth noting
that no participants were reported to have ultra-high TPMT function, ruling out the role of the
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enzyme in causing hypermethylation. The present report illustrates the application of exome
analysis and aCGH in the pharmacogenetic setting, and adds to the current body of evidence
demonstrating the complexity of thiopurine response.
8.6 Future directions
In spite of inconclusive findings, this report provides clues for future work. In particular, a more
exhaustive approach, WGS, could possibly be performed to identify causative intronic or
regulatory variants that are not detectable by WES. Alternatively, if much larger cohorts of
patients with this phenotype could be assembled, coupled with a drug-tolerant control cohort, a
genome-wide association study may prove effective at identifying novel relevant loci. Inclusion of
a drug-tolerant control would help to eliminate some of the uncertainties associated with heuristic
filters. This was not been done in the present study as the cost of WES precluded analysis of a
drug-tolerant control group.
The combined effect of mutations in multiple genes, instead of a single biological pathway, is
another theory worth further exploration, as has been suggested by previous reports (HAGLUND et
al. 2013; MATIMBA et al. 2014). The effects of the few novel candidate genes identified in this
study could also be further examined in a replication cohort. For the a priori candidate genes, the
under-represented gene regions could be interrogated again by the application of a panel targeting
these regions specifically.
A database tailored for the annotation of pharmacogenomic variants would ease the processing of
WES or WGS data. Off-target variants should always be considered in the analysis. The pipeline
utilised in the present report can be improved with a slight modification. Instead of applying
different filtering procedures to on- and off-target variants, these processes could be integrated
into a unified workflow, whereby quality control is performed prior to VQSR. For instance,
variant sites with poor coverage could be removed beforehand, as these would impact on the
effectiveness of VQSR (CARSON et al. 2014). The recalibration step could then be performed on
all variants regardless of their genomic locations, obviating the need for applying hard-filters to
off-target variants.
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Chapter 9: Impact of CYP2C19*2 and *17 on clopidogrel responsiveness
9.1 Introduction
This chapter describes efforts to examine the effect of two common CYP2C19 alleles, *2 and *17,
on clopidogrel responsiveness in a New Zealand cohort of patients who sufferred from acute
coronary syndrome (ACS). Additionally, CYP2C19 sequencing was also performed in selected
subjects, in an attempt to uncover novel variant(s) that could have contributed to the poor
antiplatelet response observed in some patients. In the following subsections, the pharmacological
properties of clopidogrel, and the existence of a major genetic component in the responsiveness
towards the drug, will be described.
9.1.1 Clopidogrel pharmacology
The platelet receptor P2Y12, which interacts primarily with adenosine diphosphate (ADP), is
pivotal to the propagation and amplification of haemostatic signals. The P2Y12-ADP interaction
induces platelet activation and recruitment of activated members to the locale of a growing
thrombus (DORSAM and KUNAPULI 2004). To participate in signal transduction, the P2Y12
receptors must first associate via disulphide bonds to form oligomers that are then clustered
within the “lipid rafts”, which are condensed membrane micro-domains with specialised functions
(SIMONS and EHEHALT 2002; SAVI et al. 2006). A metabolite of the antiplatelet agent, clopidogrel,
irreversibly blocks a thiol group of the P2Y12 receptor, thereby preventing the disulphidemediated assembly of P2Y12 members (HOLLOPETER et al. 2001; SAVI et al. 2006). Clopidogrel
is a prodrug and for its conversion into the active metabolite, the drug must undergo two
sequential oxidative reactions that lead to the liberation of the thiol group from its ring structure
(SAVI et al. 2000; KAZUI et al. 2010), as depicted in Figure 9.1. The CYP2C19 enzyme has a
major role in the metabolic processing of clopidogrel into its active form (KAZUI et al. 2010). In
vivo, the hydrolytic pathways forming the inactive carboxyl metabolites predominate (CAPLAIN et
al. 1999; TAUBERT et al. 2004), and urinary and faecal excretions contribute almost equally to the
elimination of the drug (LINS et al. 1999).
9.1.2 Impact of CYP2C19 polymorphisms and non-genetic factors on clopidogrel response
Clopidogrel is an essential therapeutic agent in the management of ACS and the inter-individual
variability in responsiveness towards the drug is well recognised by major medical organisations
to be partly due to underlying genetic polymorphisms (HAMM et al. 2011; O'GARA et al. 2013). In
particular, a black-box warning was added to the clopidogrel drug label by the US Food and Drug
Administration to advise against using the drug in individuals who are CYP2C19 poor
metabolisers (US FOOD AND DRUG ADMINISTRATION (FDA) 2010). The CYP2C19 loss-offunction allele, *2, impairs the conversion of clopidogrel to its active metabolite, and thus
diminishes the antiplatelet response towards the drug (HULOT et al. 2006). This effect has been
consistently corroborated in numerous studies in which a variety of outcomes, pertaining to
generation of the open-ring active metabolite, inhibition of platelet aggregation triggered in vitro,
and/or occurrence of adverse cardiovascular events, were assessed across different populations
(BRANDT et al. 2007; FONTANA et al. 2007; FRERE et al. 2008; GEISLER et al. 2008b; GLADDING
et al. 2008; KIM et al. 2008; TRENK et al. 2008; UMEMURA et al. 2008; ALEIL et al. 2009; COLLET
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et al. 2009; MEGA et al. 2009; SHULDINER et al. 2009; SIMON et al. 2009; VARENHORST et al.
2009; MEGA et al. 2010; DELANEY et al. 2012; OH et al. 2012; PRICE et al. 2012). The therapeutic
relevance of CYP2C19*2 is indication-dependent, being most important for individuals suffering
ACS (PARÉ et al. 2010; JOHNSON et al. 2012). While the influence of CYP2C19*2 is prominent,
the potential pharmacological benefit derived from the gain-of-function allele, *17, is unclear
(GEISLER et al. 2008b; GLADDING et al. 2008; TIROCH et al. 2010; DELANEY et al. 2012). In most
of those listed studies, the tested CYP2C19 variant has been *2; nonetheless it is worth pointing
out that other defective CYP2C19 alleles, such as *3, may also be important.
The effects of the polymorphisms in other enzymes also implicated in clopidogrel absorption or
metabolism are uncertain, although the role of ABCB1 (SHULDINER et al. 2009; SIMON et al. 2009;
DELANEY et al. 2012) or carboxylesterase 1 (LEWIS et al. 2013; ZHU et al. 2013) may be
substantial. Non-genetic factors can also influence clopidogrel responsiveness by modifying
baseline platelet reactivity. In particular, patient attributes such as old age greater than 65 years,
obesity, active smoking, diabetes, renal impairment, a history of ACS and reduced left ventricular
function are known to attenuate the antiplatelet response induced by clopidogrel (FRERE et al.
2008; GEISLER et al. 2008a; SIBBING et al. 2009). Renal dysfunction or diabetes alter the in vivo
environment and create a physiological state that promotes thrombus formation. In individuals
with diminished renal function, such thrombogenic propensity arises from a combination of
increased inflammatory markers and endothelial dysfunction (LANDRAY et al. 2004; BALLOW et
al. 2005). The diabetes-related mechanisms are more complex and additionally include increased
expression of surface glycoproteins, absence of the regulatory action of insulin against platelet
agonists such as ADP, and oxidative stress (ANGIOLILLO et al. 2005; SCHNEIDER 2009).
9.1.3 Summary and chapter aims
The current body of evidence corroborates the existence of a strong and consistent association
between deficient CYP2C19 activity and impaired response towards clopidogrel (SCOTT et al.
2011; SCOTT et al. 2013). The principal aim of this chapter was to determine the effects of
CYP2C19*2 and *17 on clopidogrel responsiveness (gauged by on-treatment platelet reactivity) in
a cohort of New Zealand patients who suffered ACS. A second aim was to identify poor
responders with apparent wild-type CYP2C19 genotypes (at least one intact CYP2C19 allele as
determined by the CYP2C19*2 genotyping assay) and perform whole-gene sequencing to
ascertain the presence of novel or rare, potentially deleterious gene variants.
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Figure 9.1. Metabolic conversion of clopidogrel into an active metabolite that reacts with the thiol group of the platelet receptor P2Y12 in a
stereospecific manner. The principal enzymes mediating the first and second metabolic steps are boldened [redrawn based on ref. (SAVI et al. 2000;
SAVI et al. 2006; KAZUI et al. 2010; LEWIS et al. 2013)].
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9.2 Specific methods
9.2.1 Study population
The work presented in this chapter was part of a study comparing clopidogrel and prasugrel in
patients with ACS, which was led by the Cardiovascular Research Team at the University of
Otago, Wellington (in particular, Associate Professor Peter D. Larsen, Dr Scott A. Harding, Lisa
R. Johnston and Ana Holey). The team prospectively recruited the study participants from
Wellington Regional Hospital, reviewed medical records and documented clinical data, acquired
whole-blood samples, measured on-treatment platelet reactivity, and extracted genomic DNAs.
The details of the study have been published elsewhere (JOHNSTON et al. 2013b), but are
described briefly below. My role in this work was to carry out the genotyping assays for the
CYP2C19*2 and *17 alleles and analyse the genetic data in reference to the subjects’ clinical
characteristics. The cohort comprised 330 patients but genotyping was unsuccessful in 18 subjects
owing to PCR amplification failure.
9.2.2 Platelet function testing
Blood samples were collected prior to angiography or immediately following cardiac
catheterisation and residual platelet reactivity was measured using the Multiple Platelet Function
Analyzer (Multiplate®; Dynabyte Medical, Munich, Germany). Addition of ADP to blood
samples induces platelet attachment to the electrodes in the sensor, causing an increase in
electrical impedance over time, which is arbitrarily expressed as aggregation unit (AU)*minutes.
One U is equal to 10 AU*min (JOHNSTON et al. 2013a; JOHNSTON et al. 2013b). Using the
therapeutic range (19-46U) proposed in a previous report (SIBBING et al. 2010b), the participants
were classified as having low or high on-treatment platelet reactivity.
9.2.3 DNA extraction
DNA was extracted from whole blood samples using the Wizard® Genomic DNA Purification Kit
(Promega Corporation, Madison, WI, USA) as per the manufacturer’s instructions.
9.2.4 Definitions
Clopidogrel regimen was clinically determined by the attending physicians and was not informed
by the CYP2C19 genotypes, which were obtained retrospectively. Details of the dosing regimens
are shown in Table 9.1.
Table 9.1. Clopidogrel dosing regimen.
Regimen
Low dosing
Medium dosing
High dosing

Loading dose
300 mg
300 mg
600 mg
600 mg

Maintenance dose
75 mg daily
150 mg daily
75 mg daily
150 mg daily

9.2.5 CYP2C19*2 and *17 genotyping
CYP2C19*2 and *17 are the predominant loss- and gain-of-function alleles, respectively, in the
Maori and Caucasian populations (LEA et al. 2008; SIM et al. 2006), All DNA samples were
normalized to 20-50 ng/µL by Leon Smyth (Summer Student 2012). The presence of CYP2C19*2
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or *17 was determined by HRM assays. The CYP2C19*2 genotyping assay was based on a
previously published method (TEMESVARI et al. 2011). The in-house CYP2C19*17 assay was
validated using 26 samples for which the -806C>T genotypes were determined via the sequencing
method described in Chapter 7. Genotyping for most samples was performed twice. Ambiguous
HRM calls were resolved by restriction digestion or Sanger sequencing.
9.2.6 Whole-gene sequencing for outliers
Eleven patients who had a high aggregation value (≥90 U) not associated with a CYP2C19 poormetaboliser status were selected from the cohort. The promoter region and all nine exons of the
CYP2C19 gene were then Sanger-sequenced in these subjects.
9.2.7 Prediction of metabolic phenotypes based on the CYP2C19 genotypes
Genotype-based assignment of CYP2C19 metabolic status was in accordance with the dosing
guidelines issued by the CPIC (SCOTT et al. 2011; SCOTT et al. 2013). Individuals having two
CYP2C19*2 alleles were classified as poor metabolisers; one *2 allele as intermediate
metabolisers; one or two *17 alleles as ultra-rapid metabolisers. The combined net effect of
CYP2C19*2 and *17 alleles is less certain. Current recommendations suggest this confers an
intermediate metaboliser phenotype, as upregulation due to CYP2C19*17 is unlikely to fully
offset the negative functional effect of *2 (SIBBING et al. 2010a).
9.2.8 Statistical analysis
Continuous variables were expressed as mean ± standard deviation (data for all genotype groups
were normally distributed) or as median and interquartile range (data for at least one genotype
group were not normally distributed). Categorical variables were expressed as frequencies and
percentages. Departure of the genotyping results from Hardy-Weinberg Equilibrium was tested by
the Pearson chi-square test. Data normality was determined using the D'Agostino-Pearson
omnibus test. Comparison of medians between two groups was performed using the MannWhitney test whereas the Kruskal-Wallis test was performed when more than two groups were
involved. One-way ANOVA was used for the comparison of means between multiple groups.
Differences in baseline clinical characteristics between genotype groups were tested using the
Pearson chi-square test. A two-tailed p-value of less than 0.05 was considered statistically
significant. All statistical tests were performed using SPSS Statistics 22 (IBM Corporation,
Armonk, NY, USA) and Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA).
9.3 Results
9.3.1 Baseline clinical characteristics
No statistically significant differences were identified between participants in different genotype
groups with respect to gender, age, body-mass index, smoking status, drug indication, platelet
count, risk factors or comorbidities (Table 9.2). In contrast, clopidogrel dosage and ethnicity were
noted to differ significantly between genotype groups (p=0.017 and p <0.001 respectively). As a
result, subsequent analysis was further stratified by clopidogrel dosage.
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Table 9.2. Baseline clinical characteristics.
Characteristic

Gender, n (%)
Female
Male
Age (years)2
Mean
Obesity, n (%)
Obese
Ethnicity, n (%)
European
Maori/Pacific Islander
Other
Indication for clopidogrel, n (%)
ST segment elevation myocardial infarction
non-ST segment elevation myocardial infarction
Unstable angina
Medical history, n (%)
Prior angina
Prior myocardial infarction
Family history of coronary artery disease
Prior percutaneous coronary intervention
Prior coronary artery bypass graft
Risk factors, n (%)
Hypertension
Dyslipidaemia
Diabetes
Active smoker
Renal function, n (%)
Renally impaired
Platelet count (109/L)3
Median
Clopidogrel dosing, n (%)
Low
Medium
High

*2/*2 (n=11)

*1/*2 (n=69)

CYP2C19 genotype
*1/*1 (n=126)

5 (45.5%)
6 (54.6%)

20 (29.0%)
49 (71.0%)

61 ± 10.0

p-value for
Pearson chisquare test
0.722

*1/*17 or *17/*17
(n=85)

*2/*17 (n=21)1

35 (27.8%)
91 (72.2%)

22 (25.9%)
63 (74.1%)

5 (23.8%)
16 (76.2%)

63 ± 10.8

62.5 ± 9.8

65.0 ± 10.6

62.0 ± 11.2

4 (36.4%)

32 (46.4%)

55 (43.7%)

35 (41.2%)

10 (47.6%)

3 (27.3%)
6 (54.6%)
2 (18.2%)

40 (58.0%)
25 (36.2%)
4 (5.8%)

93 (73.8%)
31 (24.6%)
2 (1.6%)

78 (91.8%)
6 (7.1%)
1 (1.2%)

18 (85.7%)
2 (9.5%)
1 (4.8%)

2 (18.2%)
8 (72.7%)
1 (9.1%)

18 (26.1%)
48 (69.6%)
3 (4.4%)

20 (15.9%)
100 (79.4%)
6 (4.8%)

11 (12.9%)
70 (82.4%)
4 (4.7%)

7 (33.3%)
13 (61.9%)
1 (4.8%)

2 (18.2%)
1 (9.1%)
4 (36.4%)
1 (9.1%)
0

24 (34.8%)
18 (26.1%)
25 (36.2%)
10 (14.5%)
3 (4.4%)

39 (31.0%)
44 (34.9%)
50 (39.7%)
25 (19.8%)
11 (8.7%)

39 (45.9%)
25 (29.4%)
34 (40%)
13 (15.3%)
6 (7.1%)

8 (38.1%)
5 (23.8%)
10 (47.6%)
3 (14.3%)
1 (4.8%)

0.158
0.325
0.918
0.772
0.752

7 (63.6%)
6 (54.6%)
5 (45.5%)
4 (36.4%)

45 (65.2%)
45 (65.2%)
14 (20.3%)
13 (18.8%)

87 (69.1%)
85 (67.5%)
35 (27.8%)
20 (15.9%)

60 (70.6%)
59 (69.4%)
19 (22.4%)
20 (23.5%)

14 (66.7%)
14 (66.7%)
6 (28.6%)
3 (14.3%)

0.954
0.893
0.380
0.362
0.323

2 (18.2%)

7 (10.1%)

23 (18.3%)

13 (15.3%)

6 (28.6%)

281 (176-323)

221 (186.5-255)

225.5 (181-268)

204 (177.5-250)

233 (180.5-274.5)

8 (72.7%)
2 (18.2%)
1 (9.1%)

42 (60.9%)
10 (14.5%)
17 (24.6%)

46 (36.5%)
36 (28.6%)
44 (34.9%)

47 (55.3%)
19 (22.4%)
19 (22.4%)

12 (57.1%)
2 (9.5%)
7 (33.3%)

0.2855
0.940
p <0.001

0.386

0.2303
0.016

1

This includes a participant who was found to be homozygous for the fast-metabolism *17 allele in addition to a potentially damaging missense variant in exon 5.
One-way ANOVA was peformed for inter-group comparison of means.
3
Kruskal-Wallis test was performed for inter-group comparison of medians.
2
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Figure 9.2. HRM assay for testing the presence of the defining variant for CYP2C19*17, -806C>T.
Three genotype groups were defined by clearly distinctive melting profiles: CC (blue), CT (green),
and TT (red-brown).
9.3.2 CYP2C19*2 and *17 genotyping using HRM assay
The genotyping assay for CYP2C19*17 was validated using 26 samples previously sequenced by
the method described in Chapter 7, with 100% inter-assay concordance. Of the 26 validation
samples, 19 were CYP2C19*1/*1, six were *1/*17, and one was *17/*17. The distinctive HRM
profiles of different CYP2C19*17 carrier statuses are shown in Figure 9.2.
Genotyping of both CYP2C19*2 and *17 alleles was successful in 312 individuals. Of the
genotyped individuals, 3.5% were found to be poor metabolisers, having two CYP2C19*2 alleles;
22.1% were intermediate metabolisers; 40.4% were extensive metabolisers; and 27.2% were ultrarapid metabolisers, harbouring one or two transcription-enhancing CYP2C19*17 alleles. The
metabolic status of 6.4% participants was uncertain, as they possessed a compound genotype of
CYP2C19*2/*17. One individual was initially identified as being homozygous for CYP2C19*17
while also carrying a *2 allele, leading to unclear genotype classification. As a result, the
CYP2C19 promoter region and exons of this subject were Sanger-sequenced, revealing a novel
non-synonymous mutation, 688C>T or His230Tyr, located seven bases downstream of the
CYP2C19*2-defining variant, 681G>A (Figure 9.3). Because both 681G>A and 688C>T involve
purine-pyrimidine base changes, they would predictably have a similar effect on the melting
behaviour of an amplicon. This would explain the initial misinterpretation of 688C>T as
CYP2C19*2-positive. The 688C>T mutation was probably damaging, according to predictions
given by SIFT and PolyPhen-2. Hence, it was provisionally assumed to have an abrogating effect
on CYP2C19 function.
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Figure 9.3. A novel variant (688C>T) identified in CYP2C19 exon 5. This variant is located near
CYP2C19*2 (681G>A), as indicated by vertical arrows. Abbreviations: Ref., reference sequence;
F, forward sequence; R, reverse sequence. Sequence image was generated using Geneious Pro
5.5.6 (Biomatters Ltd., Auckland, New Zealand).
Frequencies of the CYP2C19*2 and *17 alleles also varied significantly between ethnic groups
(Table 9.2 and Figure 9.4). CYP2C19*2 was more frequent among Maori or Pacific Islanders than
among those of European descent (MAF 0.28 versus 0.14, respectively). Conversely,
CYP2C19*17 was more prevalent in the European group than in Maori/Pacific Islanders (MAF
0.23 versus 0.06, respectively). To demonstrate the distribution of estimated CYP2C19 activity in
different ethnic groups, an activity score of 0 was assigned to CYP2C19*2, a score of 1 to *1, and
1.5 to *17 considering that the positive influence of this allele cannot negate the effect of *2.
Overall, because of the lower prevalence of CYP2C19*2 coupled with the higher frequency of
*17, individuals of European ancestry were found to have inherently greater CYP2C19 activity, in
comparison with Maori individuals or Pacific Islanders, as illustrated in Figure 9.5.

Minor allele frequency

0.30
0.25
0.20
European

0.15

Maori/Pacific Islander

0.10
0.05
0.00
CYP2C19*2

CYP2C19*17

Figure 9.4. Frequencies of the CYP2C19*2 and *17 alleles among individuals of European or
Maori/Pacific Islander descent.
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Figure 9.5. Inferred CYP2C19 activity in different ethnic groups. Activity scores were inferred from patient
genotypes (alleles summed for each patient using the following scheme: CYP2C19*1, 1; *2, 0; *17, 1.5). The bottom
and top of the box represent the first and third quartiles, respectively; the band inside the box represents median
CYP2C19 activity. The horizontal lines marking the ends of whiskers represent minimum and maximum activity
scores. Note: the median activity score for Maori/Pacific Islanders was 2, overlapping the first quartile; it is thus not
obvious in the bar graph.

9.3.3 Correlation between CYP2C19 genotype and on-treatment platelet reactivity
No statistically significant differences in median residual platelet reactivity were found between
the five genotype groups, namely CYP2C19*1/*1, *1/*2, *2/*2, *1/*17 or *17/*17, and *2/*17,
regardless of clopidogrel dosing (Figure 9.6 and Table 9.3). Nonetheless, it was noteworthy that
individuals harbouring the CYP2C19*2/*17 compound genotype were phenotypically similar to
*2-heterozygous subjects. This was especially obvious in the low-dose group (47.5 U for
CYP2C19*2/*17 and 47 U for *1/*2) and confirmed the previous postulation that the
transcription-enhancing effect of CYP2C19*17 cannot compensate fully for the loss of activity
caused by *2. Subsequently, genotype classification was simplified into just three groups based on
CYP2C19*2 or *17 carrier status, whereby the effect of *2 was presumed to predominate over
*17 and that individuals carrying both the *2 and *17 alleles were grouped with the *2heterozygote subjects. Subjects harbouring one or two CYP2C19*2 alleles were noted to have
higher median on-treatment platelet reactivity than those predicted to possess wild-type CYP2C19
activity, after being treated with varied clopidogrel dosage, but this observation fell short of
attaining statistical significance (45 U versus 34 U, p=0.0807). A similar, non-significant trend
was observed for the comparison between CYP2C19*17 carriers and *1/*1 individuals (31 U
versus 34 U, p=0.4335). Nevertheless, when compared with subjects having impaired CYP2C19
function, the putative therapeutic benefit conferred by CYP2C19*17 did become statistically
significant (45 U versus 31 U, p=0.0219). Further analysis was stratified based on clopidogrel
dosing regimens but the outcome was similar (Table 9.4). However, it was noted that the intergroup differences diminished with higher clopidogrel dosage, as evidenced by both the absolute
values of median platelet reactivity and increasingly larger p-values. For instance, the absolute
difference in median on-treatment platelet reactivity between CYP2C19*2 and *17 carriers
decreased from 18.5 U in the low-dose group to 3 U in the high-dose group. This implies that with
more aggressive clopidogrel regimens, the effects of CYP2C19 genotypes became less important.
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Figure 9.6. On-treatment platelet reactivity stratified by CYP2C19 genotypes and clopidogrel
dosing regimens. The bottom and top of the box represent the first and third quartiles, respectively;
the band inside the box represents median platelet reactivity. The horizontal lines marking the
ends of whiskers represent minimum and maximum aggregation values.
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9.3.4 Correlation between CYP2C19 genotype and high (≥47 U) or low on-treatment platelet
reactivity (≤18 U)
Subjects carrying one or two CYP2C19*2 alleles were less likely to respond favourably to lowdose clopidogrel than those with wild-type or enhanced CYP2C19 activity. As shown in Table 9.5,
the proportions of subjects exhibiting high on-treatment platelet reactivity (≥47 U) were 54.8%,
43.5% and 27.7% respectively in the CYP2C19*2, *1 and *17 genotype groups (p=0.0179).
However, the influence of the defective allele became non-significant among individuals
receiving higher doses of clopidogrel (Table 9.5). Using low on-treatment platelet reactivity (≤18
U) as a surrogate measure, the CYP2C19*17 carrier status was not found to substantially increase
the risk of bleeding associated with the antiplatelet action of clopidogrel (p >0.05 for all dosing
groups). For instance, combining all dosing groups, the rates of low on-treatment platelet
reactivity were 15.8%, 19.1% and 18.8% respectively among CYP2C19*2, *1 and *17 carriers.
9.3.5 Whole-gene sequencing in eleven individuals with very high on-treatment platelet
reactivity (“poor responders”)
Eleven individuals who exhibited very high residual platelet reactivity (approximate range 90-140
U) and who had at least one intact CYP2C19 allele were chosen for whole-gene sequencing.
However, no additional mutations were found in these individuals (Table 9.6). Intriguingly, six of
eleven individuals who responded poorly to clopidogrel were carriers of the CYP2C19*17 allele.
It is noteworthy that these subjects possessed multiple risk factors and/or comorbidities associated
with clopidogrel poor responsiveness, suggesting that non-genetic factors may have a more
prominent influence than genetic factors.
Table 9.3. Median platelet reactivity stratified by clopidogrel dosing regimens and CYP2C19
genotypes.
Clopidogrel
dosing

CYP2C19 genotype

Median platelet
reactivity, U (IQR)

D'Agostino-Pearson
Kruskal-Wallis
omnibus test for
test
normality
Low
*2/*2 (n=8)
67.50 (32-108.8)
p=0.5859
p=0.0574
(n=155)
*1/*2 (n=42)
47 (29.5-62.3)
p=0.2781
*1/*1 (n=46)
41 (29-57.3)
p <0.0001
*1/*17 or *17/*17 (n=47)
31 (21-52)
p <0.0001
*2/*17 (n=12)
47.5 (27.8-66.8)
p=0.2636
Medium
*2/*2 (n=2)
31.5 (27-36)
NA
p=0.9336
(n=69)
*1/*2 (n=10)
35.5 (19.5-49.5)
p=0.4723
*1/*1 (n=36)
30.5 (21.3-54.5)
p=0.1932
*1/*17 or *17/*17 (n=19)
25 (18-52)
p <0.0001
*2/*17 (n=2)
42.5 (34-51)
NA
High
*2/*2 (n=1)
24
NA
p=0.94871
(n=88)
*1/*2 (n=17)
30 (17-71)
p=0.2427
*1/*1 (n=44)
30.5 (17-53.5)
p=0.0141
*1/*17 or *17/*17 (n=19)
33 (22-42)
p=0.5892
*2/*17 (n=7)
32 (17-61)
NA
Overall
*2/*2 (n=11)
59 (24-108)
p=0.3574
p=0.1383
(N=312)
*1/*2 (n=69)
45 (25-61.5)
p=0.1816
*1/*1 (n=126)
34 (22-55)
p <0.0001
*1/*17 or *17/*17 (n=85)
31 (20.5-51)
p <0.0001
*2/*17 (n=21)
43 (23.5-62)
p=0.3152
1
CYP2C19*2/*2 was excluded from analysis. Abbreviations: IQR, interquartile range; NA, not applicable
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Table 9.4. Median platelet reactivity stratified by clopidogrel dosage and CYP2C19*2 and *17 carrier status.
Clopidogrel
dosing

CYP2C19 genotype1

Median platelet
D'Agostino-Pearson
Mann-Whitney test
reactivity, U
omnibus test for
(*2 vs. wild-type)
(IQR)
normality1
Low (n=155) *2 carrier (n=62)
49.5 (29.5-63.3)
p=0.0337
p=0.3000
*17 carrier (n=47)
31 (21-52)
p <0.0001
Homozygous wild-type (n=46)
41 (29-57.3)
p <0.0001
Medium
*2 carrier (n=14)
35.5 (24-49.5)
p=0.6718
p=0.9617
(n=69)
(p=0.7351, unpaired t*17 carrier (n=19)
25 (18-52)
p <0.0001
test, equal variance)
Homozygous wild-type (n=36)
30.5 (21.3-54.5)
p=0.1932
High (n=88)
*2 carrier (n=25)
30 (17-66.5)
p=0.1883
p=0.6087
*17 carrier (n=19)
33 (22-42)
p=0.5892
Homozygous wild-type (n=44)
30.5 (17-53.5)
p=0.0141
Overall
*2 carrier (n=101)
45 (25-62)
p=0.0111
p=0.0807
(N=312)
*17 carrier (n=85)
31 (20.5-51)
p <0.0001
Homozygous wild-type (n=126) 34 (22-55)
p <0.0001
1
CYP2C19*2/*17 was classified as *2 heterozygote as the effect of *2 was deemed to exceed that of *17.
Abbreviation: IQR, interquartile range

Mann-Whitney test
(*17 vs. wild-type)

Mann-Whitney test
(*2 vs. *17)

Kruskal-Wallis
test

p=0.0906

p=0.0117

p=0.0318

p=0.5417

p=0.7668

p=0.8389

p=0.7467

p=0.9486 (p=0.3949,
unpaired t-test,
unequal variance)

p=0.8645

p=0.4335

p=0.0219

p=0.0558

Table 9.5. Rates of high or low on-treatment platelet reactivity across CYP2C19 genotype groups.
Clopidogrel dosing

CYP2C19 genotype

Rate of HOTPR, Pearson chiRate of LOTPR,
n (%)
square test
n (%)
Low (n=155)
*2 carrier (n=62)
34 (54.8%)
p=0.0179
6 (9.7%)
*17 carrier (n=47)
13 (27.7%)
8 (17.0%)
Homozygous wild-type (n=46)
20 (43.5%)
4 (8.7%)
Medium (n=69)
*2 carrier (n=14)
4 (28.6%)
p=0.6295
2 (14.3%)
*17 carrier (n=19)
8 (42.1%)
5 (26.3%)
Homozygous wild-type (n=36)
11 (30.6%)
7 (19.4%)
High (n=88)
*2 carrier (n=25)
9 (36%)
p=0.5603
8 (32%)
*17 carrier (n=19)
4 (21.1%)
3 (15.8%)
Homozygous wild-type (n=44)
13 (29.6%)
13 (29.6%)
Overall (N=312)
*2 carrier (n=101)
47 (46.5%)
p=0.0438
16 (15.8%)
*17 carrier (n=85)
25 (29.4%)
16 (18.8%)
Homozygous wild-type (n=126) 44 (34.9%)
24 (19.1%)
Abbreviations: HOTPR, high on-treatment platelet reactivity; LOTPR, low on-treatment platelet reactivity
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Pearson chisquare test
p=0.3777

p=0.6857

p=0.4362

p=0.7977
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Table 9.6. CYP2C19 whole-gene sequencing for eleven outliers with high on-treatment platelet
reactivity.
Subject
ID

Residual
CYP2C19
Gender, age,
Indication
Number
Number of
Smoking
platelet
genotype
BMI, ethnicity
of risk
comorbidities2 status
reactivity
factors1
(U)
49
141
*17/*17
F, 67, 21.1, E
NSTEMI
3
2
Former
58
92
*1/*2
M, 48, 30.0, E
STEMI
0
1
Non-smoker
73
99
*1/*2
M, 70, 24.5, E
NSTEMI
4
3
Former
175
98
*1/*17
M, 70, 34.7, E
UA
1
1
Former
187
109
*2/*17
F, 62, 45.9, E
STEMI
3
4
Former
241
96
*1/*17
M, 66, 35.2, E
NSTEMI
0
3
Non-smoker
322
96
*1/*1
F, 55, 44.6, E
NSTEMI
1
2
Former
324
92
*1/*17
M, 74, 33.3, E
STEMI
2
3
Active
346
99
*1/*1
F, 53, 40.3, E
NSTEMI
1
2
Non-smoker
421
97
*1/*17
M, 75, 33.4, E
STEMI
2
2
Former
423
89
*1/*1
F, 67, 28.2, E
NSTEMI
2
2
Non-smoker
1
History of angina, previous episode of myocardial infarction, family history of coronary artery disease, prior
intervention, or prior coronary artery bypass graft procedure
2
Hypertension, dyslipidaemia, or impaired renal function
Abbreviations: F, female; E, European; M, Maori; NSTEMI, non-ST segment elevation myocardial infarction;
segment elevation myocardial infarction; UA, unstable angina

Clopidogrel
dosing

Low
High
High
Low
Low
Low
Low
Low
Low
Low
High
percutaneous
STEMI, ST-

9.4 Discussion
A major fraction (>90%) of an ingested dose of clopidogrel is hydrolysed by hepatic esterases into
carboxylic acid derivatives that are pharmacologically inactive (HAGIHARA et al. 2009). The
competing activation pathway comprises two successive oxidative reactions driven by multiple
CYP enzymes. The first reaction involves, in descending order with respect to enzymatic
contributions, CYP2C19, CYP1A2 and CYP2B6; whereas in the second step, CYP3A4
predominates over CYP2B6, CYP2C19 and CYP2C9 (KAZUI et al. 2010). The metabolic role of
CYP2C19 in clopidogrel bio-activation forms the basis for a large number of studies that have
consistently shown that reduced CYP2C19 activity is culpable for the poor response observed in a
subset of individuals receiving the drug.
9.4.1 CYP2C19 polymorphisms and clopidogrel responsiveness
Compared with subjects of European ancestry, Maori individuals or Pacific Islanders had
inherently lesser CYP2C19 activity, owing to higher prevalence (two-fold) of the *2 allele and
considerably lower frequency (four-fold) of the *17 allele (Figure 9.4), much in agreement with
previously reported findings (LEA et al. 2008). In other words, Maori individuals or Pacific
Islanders are less likely to respond well to clopidogrel and may derive greater therapeutic benefits
from receiving prasugrel, which has been shown to be unaffected by CYP2C19 polymorphisms in
some studies (BRANDT et al. 2007; VARENHORST et al. 2009), though contradictory findings have
also been reported (CUISSET et al. 2012). The overall proportions of poor (3.5%), intermediate
(22.1%), extensive (40.4%), and ultra-fast metabolisers (27.2%) were comparable to those
documented in other studies (BRANDT et al. 2007; COLLET et al. 2009; CUISSET et al. 2012). No
departure from the Hardy-Weinberg equilibrium was noted (p=0.9092 and p=0.9999 for
CYP2C19*2 and *17, respectively), indicating accurate genotyping results.
In general, CYP2C19*2 carriers responded less favourably to clopidogrel, exhibiting a greater
degree of on-treatment platelet reactivity than subjects with wild-type or enhanced CYP2C19
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function (Table 9.4). Despite not being statistically significant, such a trend is concordant with
many other studies which have similarly demonstrated a deleterious effect of the CYP2C19*2
allele on clopidogrel responsiveness (BRANDT et al. 2007; FONTANA et al. 2007; FRERE et al.
2008; GEISLER et al. 2008b; GLADDING et al. 2008; KIM et al. 2008; TRENK et al. 2008;
UMEMURA et al. 2008; ALEIL et al. 2009; COLLET et al. 2009; MEGA et al. 2009; SHULDINER et al.
2009; SIMON et al. 2009; VARENHORST et al. 2009; MEGA et al. 2010; DELANEY et al. 2012; OH
et al. 2012; PRICE et al. 2012). The failure to attain statistical significance could have been due to
the electrode-impedance-based mechanism employed to measure platelet aggregation. Multiplate®
was reported to have a lower sensitivity than VerifyNow® in predicting adverse clinical outcomes
among patients pre-treated with a combined regimen of aspirin and clopidogrel prior to
undergoing percutaneous intervention (KO et al. 2011). In the present study, it is also possible that
the influence of the CYP2C19 polymorphisms was obfuscated by the varied clopidogrel dosing the differences in on-treatment platelet reactivity between genotype groups diminished with more
aggressive clopidogrel dosage. This is in contrast to other studies enrolling patients treated with
relatively uniform antiplatelet regimens (GEISLER et al. 2008b; TRENK et al. 2008; VARENHORST
et al. 2009; OH et al. 2012).
By defining clopidogrel non-response as having on-treatment platelet reactivity exceeding 47 U,
CYP2C19*2 carriers were more likely to be classified as poor responders than subjects harbouring
the CYP2C19*1 or *17 alleles, when receiving low clopidogrel doses (54.8% versus 43.5% and
27.7%, p=0.0179; Table 9.5). However, it is noteworthy that this effect diminished with higher
doses of clopidogrel, consistent with the previous comparisons of absolute platelet aggregation
values across different dosing groups. At higher loading or maintenance doses of clopidogrel, the
influence of CYP2C19 defective variants was overwhelmed. Notably in a previous study, after
seven days of clopidogrel therapy that comprised a loading dose of 600 mg followed by
maintenance doses of 150 mg daily, all treated patient groups exhibited almost identical degrees
of platelet inhibition, irrespective of CYP2C19 genotypes (GLADDING et al. 2008). This suggests
that augmented clopidogrel doses could be a viable strategy to overcome poor drug
responsiveness in CYP2C19 reduced metabolisers.
The effect of CYP2C19*17 on residual platelet reactivity was less obvious. In particular, no
association was identified between the allele and enhanced responsiveness towards clopidogrel (p
>0.05 for all dosing groups; Table 9.5), as gauged by the rates of low on-treatment platelet
reactivity (≤18 U). Other studies have reported variable pharmacological benefits conferred by the
CYP2C19*17 allele (GEISLER et al. 2008b; GLADDING et al. 2008; TIROCH et al. 2010; DELANEY
et al. 2012). Moreover, the effect of CYP2C19*17 is deemed less prominent than that of *2
(SIBBING et al. 2010a). Another possibility is that other novel or rare variants could co-occur with
CYP2C19*17 and abolish enzymatic function; these variants would have remained undetected by
the HRM assays (SKIERKA and BLACK 2014). In support of this speculation, a novel, potentially
damaging mutation (681G>A) was identified by Sanger sequencing in a study subject whose
genotype was initially misinterpreted as CYP2C19*17/*17 in tandem with *2.
Subsequently, eleven subjects having at least one active CYP2C19 allele yet displaying very high
on-treatment platelet reactivity (89-141 U) were selected for whole-gene sequencing. No
!
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additional variants were found (Table 9.6). Most poor responders possessed multiple risk factors
or co-morbidities known to attenuate antiplatelet response, such as old age (>65 years), obesity
(body-mass index ≥30.0), active smoking, diabetes, renal impairment, and a history of ACS
(FRERE et al. 2008; GEISLER et al. 2008a; ALEIL et al. 2009; SIBBING et al. 2009; FRELINGER et al.
2013). This highlights the contributions of non-genetic factors towards clopidogrel responsiveness.
Other investigators have also attempted to examine the “baseline” variability in clopidogrel
pharmacokinetics among healthy individuals. Extensive CYP2C19 genotyping (*2-*10, *17) was
performed and individuals with non-wild-type CYP2C19 status were excluded. Despite such
careful selection of a subgroup of individuals anticipated to have a relatively homogeneous
response towards clopidogrel, wide inter-individual variation was observed in regards to activemetabolite generation and in vitro platelet aggregation (FRELINGER et al. 2013). This implies that
there may be other as-yet unidentified factors that can also affect antiplatelet response.
9.4.2 Limitations
There are several limitations of this study that warrant consideration. First, the effect of comedication(s) was not accounted for in the final analysis. For instance, proton pump inhibitors
such as omeprazole is commonly prescribed for patients taking clopidogrel in order to alleviate
the gastrointestinal adverse effects caused by the drug. Significant pharmacokinetic interaction
exists between clopidogrel and omeprazole as both drugs compete for the same metabolic
machinery, potentially reducing the formation of active metabolites from clopidogrel (CHEN et al.
2009; SIBBING et al. 2009). However, this has not been shown to translate into substantive clinical
relevance. Concurrent administration of omeprazole was not found to result in increased
occurrence of adverse cardiovascular events in patients treated with clopidogrel and aspirin for
coronary artery disease (BHATT et al. 2010).
Second, the levels of clopidogrel’s active metabolite were not determined. However, the
pharmacokinetic association between CYP2C19*2 and clopidogrel has been borne out in multiple
studies (KIM et al. 2008; UMEMURA et al. 2008; MEGA et al. 2009; VARENHORST et al. 2009).
Third, variants in other genes that are also involved in clopidogrel disposition were not tested;
those of particular importance are carboxylesterase 1 (CES1) which inactivates clopidogrel and its
metabolites (ZHU et al. 2013), and P-glycoprotein (ABCB1) which governs intestinal absorption of
the drug (TAUBERT et al. 2006). Lower esterase activity permits a higher rate of active-metabolite
formation, resulting in better antiplatelet response and treatment outcome. However, this
therapeutic benefit may be relevant in only a small group of individuals. The reported proportion
of individuals carrying one decreased-function allele has been as low as 1.4% [7 out of 506
enrolled participants] (LEWIS et al. 2013; ZHU et al. 2013).
A synonymous variant in the ABCB1 gene, 3435C>T, decreases clopidogrel responsiveness via its
enhancing effect on protein expression and hence intestinal efflux of the drug (SIMON et al. 2009;
DELANEY et al. 2012). Concurrent genotyping of the CYP2C19 and ABCB1 genes may account
for a larger portion of the innate variability in clopidogrel responsiveness. Another gene that has
caused a great deal of controversy is paraoxonase-1 (PON-1). The encoded enzyme was proposed
to have a major role in place of CYP2C19 in generating clopidogrel’s active metabolite, based on
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findings of in vitro experiments. Further, lesser PON-1 activity was found to be associated with a
higher rate of stent thrombosis in a validation cohort of patients who had been treated with
clopidogrel for six to twelve months following percutaneous coronary intervention (BOUMAN et al.
2011). These observations were, however, not reproducible in subsequent studies (DELANEY et al.
2012; GONG et al. 2012).
Fourth, the weakening effect of CYP2C19*2 on clopidogrel response may be mediated via other
mechanisms in addition to altered drug metabolism. The CYP2C19 enzyme also metabolises
endogenous arachidonic acid. Consequently, the carriage of the CYP2C19*2 allele has been
shown to cause elevated levels of pro-inflammatory markers, such as IL-6 and TNF-α, among
healthy individuals without a history of cardiovascular illnesses (BERTRAND-THIEBAULT et al.
2008). In other words, individuals harbouring the CYP2C19*2 allele may possess inherently
altered physiology that blunts antiplatelet response; this may explain the influence of CYP2C19
polymorphisms on the responsiveness towards prasugrel, which depends much less heavily on the
enzyme for transformation into its active metabolite (WIVIOTT et al. 2010; CUISSET et al. 2012).
Finally, the HRM assay employed to genotype CYP2C19*2 and *17 might have been confounded
by some level of subjectivitity. Slight deviation of the HRM profile, which could result from the
presence of other unknow variant(s), was not easily noticeable. This issue was partially addressed
by having the CYP2C19*2 assay repeated by a second person. The first genotyping round was
performed by Leon Smyth (Summer Student 2012). Discrepant calls were resolved by restriction
fragment length polymorphism analysis or Sanger sequencing. As no departure from HardyWeinberg equilibrium was noted, the genotyping results were likely to be accurate.
9.5 Conclusions and future directions
The present study has demonstrated a significant effect of CYP2C19*2 on clopidogrel
responsiveness at lower doses, consistent with findings from other reports (BAUER et al. 2011; JIN
et al. 2011; MEGA et al. 2011). In contrast, the impact of the fast-metabolism allele CYP2C19*17
was less obvious. The study is still ongoing and aims to collect long-term follow-up data in order
to ascertain the relationship between the defective CYP2C19*2 allele and clinical outcomes.
Heightened in vitro platelet reactivity predicts adverse events such as myocardial infarction, stent
thrombosis and death (BREET et al. 2010; BRAR et al. 2011). Clear recommendations exist in
regards to the therapeutic actions that should be taken if a patient’s CYP2C19 genotype is known
prior to receiving clopidogrel (SCOTT et al. 2011; SCOTT et al. 2013). Basing clopidogrel therapy
on CYP2C19 testing could be a cost-effective strategy, diminishing the occurrence of adverse
events in poor metabolisers and enhancing their quality of life (REESE et al. 2012; LALA et al.
2013). Pharmacogenetics-tailored therapy has been found to be well received by physicians and
patients alike (O'DONNELL et al. 2014). In the future, perhaps with the aid of point-of-care testing,
CYP2C19-guided identification of individuals most likely to benefit from receiving clopidogrel
may become a reality (STIMPFLE et al. 2014).
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Chapter 10: Sequencing of the CYP2D6 and CYP2C19 long amplicons using the
nanopore sensing technology
10.1 Introduction
One of the limitations of current NGS technologies is the short, achievable sequence read length.
Both the MiSeq® and Ion TorrentTM platforms are driven by the SBS mechanism, the peformance
of which tends to deteriorate in late sequencing cycles. The nanopore sensing technology relies on
real-time detection of single DNA molecules as the DNA strands are drawn through an array of
nano-scale pores in a membrane, causing changes in ionic current across the membrane. These
changes are later translated into DNA sequences as each of the four DNA bases generates a
distinctive “event”. In theory, the nanopore sensing mechanism imposes no limit on the sequence
read length. Rather, the chief limiting factor lies within library construction (OXFORD NANOPORE
TECHNOLOGIES 2014).
MinIONTM is a miniature, portable nanopore sequencing device about half the size of a modern
cell phone that was developed by Oxford Nanopore Technologies (ONT) (Figure 10.1). As an
initiative to drive improvement and adoption of the device, scientists throughout the world were
invited to participate in an early access program (MinIONTM Access Programme, or MAP) to trial
the device and share experience within an online user community. Because one of the features of
the MinIONTM is its ability to carry out long-read sequencing, the principal aim of the present
chapter was to test its effectiveness for analysis of long amplicons commonly generated in
pharmacogenetic analyses.

Figure 10.1. The MinIONTM sequencing device.
This pilot work described here was performed as part of the programme and was led by Dr
Simone Cree, who prepared the sequencing libraries, ran the MinIONTM device, and processed the
raw data into analysable sequence reads. Two sequencing runs were carried out with different
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sequencing chemistries, namely R6 and R7 respectively. Only data from the second run (R7) are
presented in this chapter.
10.2 Specific methods
10.2.1 DNA samples
The DNA sample used for CYP2D6 and CYP2C19 amplicon sequencing was UDRUGS001 and
UDRUGS003, respectively. UDRUGS001 was a known heterozygous carrier of the defective
CYP2D6*4 allele (Chapter 4), whereas UDRUGS003 harboured the genotype CYP2C19*2/*34
(Chapter 5).
10.2.2 Library construction
Details of the 6.6-kb CYP2D6 PCR and the 13-kb CYP2C19 PCR have already been described in
Chapter 2. One microgram each of the amplified products were end-repaired using the NEBNext®
End Repair module (New England Biolabs, Ipswich, MA, USA) and the resultant products were
cleaned up with 1× by volume Agencourt AMPure XP beads (Beckman Coulter, High Wycombe,
Buckinghamshire, UK). Then, dA-tailing was carried out using the NEBNext® dA-Tailing
Module in a 50 µL reaction. Subsequent ligation reaction comprised 50 µL dA-tailed products, 10
µL each of the adaptor mix and the HP adaptor, 20 µL ONT-supplied ligation buffer, and 20,000
U of T4 DNA Ligase. In a microfuge tube, the reagents were sequentially added and mixed by
inversion between each addition. This was followed by a brief, low-speed centrifugation sufficient
to collect the reagents at the bottom of the tube. The reaction mixture was then incubated for 10
min. Adaptor-ligated PCR products were purified using 0.4× by volume Agencourt AMPure
XP beads as per the manufacturer's protocol except that ONT-supplied Wash Buffer and Elution
Buffer were used, and the pelleted beads were washed once rather than twice. Elution was
performed using 25 µL Elution Buffer. Purified products were mixed with 10 µL of tether and
incubated for 10 min at room temperature. Then, 15 µL HP motor (ONT, Oxford, UK) was added
to 35 µL of the reaction mixture from the previous step, followed by mixing and overnight
incubation at room temperature. The resultant library was called Pre-Sequencing Mix - made up
of adaptor-ligated, tethered products attached to HP motor; 12 µL Pre-Sequencing Mix was mixed
with 135 µL EP Buffer and 4 µL Fuel Mix prior to loading on the MinIONTM device.
10.2.3 Data analysis
Raw data generated by the sequencing device were uploaded onto a cloud-based base-caller
(MetrichorTM Agent v2.19.43228) provided by ONT and were converted into sequences stored in
the Fast5 format. However, being incompatible with current bioinformatics tools, these long-read
sequences were not analysis-ready and were thus further processed by Poretools and combined
into a single FASTQ file (LOMAN AND QUINLAN 2014). FASTQ reads were mapped to a custom
reference sequence of the amplified CYP2D6 and CYP2C19 regions, using the LASTZ aligner
v7.0 (HARRIS 2007). This aligner was available as a plugin in Geneious 8.0.4 (Biomatters Ltd.,
Auckland, New Zealand). The alignment settings employed are listed in the table below.
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Table 10.1. Alignment settings using LASTZ.
Parameter
Step length
Seed pattern
Search strand
HSP threshold score
Gapped threshold score

Value
1
12 of 19
Both
1000
1000

Abbreviation: HSP, high scoring segment pairs
10.3 Results and discussion
The R7 run generated 677 sequence reads. Of these, 75 were two-directional (2D). 2D reads were
generated when signals from both strands were present and were considered in base-calling. To
successfully produce a 2D read, a hairpin must be ligated to the DNA strands tethering the two
together, allowing the second strand to be sequenced after the first strand has been drawn through
the pore. Overall, the per base quality score was low. The average Phred-scaled quality score was
4.8, and only 1.2% of all bases possessed a quality score of 20 (Table 10.2). 2D reads were noted
to be of better quality, with a slightly higher fraction (1.5%) of bases possessing a quality score of
20. As shown in Figure 10.1, the majority of the reads were shorter than 5 kb, although the target
read lengths were 6.6 kb and 13 kb for CYP2D6 and CYP2C19, respectively. The relatively short
reads may have resulted from nicks or fragmentation of the PCR products, or other factors that
impacted on DNA quality or sequencing efficiency of the nanopores.

Figure 10.2. Sequence length distribution for the R7 run. Image was generated using Geneious
8.0.4 (Biomatters Ltd., Auckland, New Zealand).
Sequence reads were aligned using LASTZ to a custom reference sequence. Again, the degree of
identity between the reference and the sequence reads was low (37.1% for all reads and 44.1% for
2D reads; Table 10.2). An example of split, gapped alignment of a long read to the CYP2D6 gene
is shown in Appendix L. A closer inspection of the alignment quality revealed that both
substitution errors and indels were prevalent in the sequence reads (Figure 10.3); nevertheless the
data were consistent with the presence of a Sanger-validated variant, 1846G>A. Errors in recently
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reported MinIONTM sequence data are generally not systematic, and indications are that many of
the errors can be resolved with alignment of several independent reads, although the quality of the
read in Figure 10.3 was too poor for variants to have been confidently detected in this way
(MIKHEYEV AND TIN 2014; QUICK et al. 2014).
At the time of writing this thesis, only three studies have been published to demonstrate the data
quality of different versions of MinIONTM sequencing chemistries (ASHTON et al. 2014;
MIKHEYEV AND TIN 2014; QUICK et al. 2014). The authors of the first study trialled the R6
chemistry (this was not specified in the paper and was judged from the date of publication) and
found that the sequence reads were largely inaccurate, causing them to conclude that the device is
unlikely to be of utility (MIKHEYEV AND TIN 2014). The second study, however, showed that the
R7 and R7.3 sequencing chemistries generated good-quality data that were 70-80% similar to the
reference (QUICK et al. 2014). The considerably better alignment quality attained by Quick and
colleagues could be due to the nature of the sequencing template (input was genomic DNA rather
than PCR products), the variation in the quality of the MinIONTM device, and/or other unknown
experimental errors. The output from the R7 run of the pilot study described in this chapter (677
reads) was much lower than that described by Quick and colleagues (87,000 reads). It was noted
that at the initiation of the sequencing run, only about one-tenth of the 512 nanopores were
“active”, although the device was stored appropriately at 4°C and was primed prior to use, as per
ONT’s instructions. However, a recent finding indicated that storage in the fridge was not
optimum. Instead, storage at room temperature or 15°C yielded much better pore quality (MAP
Community User Forum; access restricted to MAP members).
Table 10.2. Statistics for the R7 run.1,2
All reads

Two-direction
reads
75
5,061.6
2,681.8
608
13,927
8.6
1.5%
0
0
44.1

Total
677
Mean length (base)
3,438.1
Standard deviation (base) 4,001.3
Minimum length (base)
10
Maximum length (base)
53,929
Confidence Mean
4.8
At least Q20
1.2%
At least Q30
0
At least Q40
0
Pairwise % identity3
37.1
1
All reads included template, complement and 2D reads.
2
Statistics were generated by Geneious 8.0.4 (Biomatters Ltd., Auckland, New Zealand).
3
Defined as the number of identical bases relative to the number of aligned bases.
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Figure 10.3. A snapshot of MinIONTM read alignment around a known variant site, 1846G>A.
This is indicated by a rectangular box.
10.4 Conclusions
The pilot work described in this chapter demonstrated that nanopore sensing could be a promising
technology in that it generated very long reads that could be valuable for the determination of the
haplotype relationship between distant variants. While the pilot data presented herein were very
“noisy”, precluding more in-depth analysis particularly examination of long-range haplotypes, the
chemistry of the sequencing kits and the flowcell is continually improving and thus far, two
groups have used the MinIONTM device effectively, generating usable data (ASHTON et al. 2014;
QUICK et al. 2014). In future studies, preserving the original haplotype information in the long
PCR product, the synthesis of which is susceptible to template switching, would be a major
challenge.
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Chapter 11: General discussion
The principal aim of this thesis was to develop and apply methods for determining the genetic
basis of uncommon ADRs or unusual drug responses. Towards this end, a local biobank
(UDRUGS) was set up to accrue DNA samples from individuals who have suffered an ADR,
consenting for long-term storage and potentially extensive genetic analysis of each sample. A
secondary aim of this thesis was to explore the application of next-generation DNA sequencing
methods for studying ADRs and unusual drug responses. In the following section, the attainment
of the specified research goals is discussed.
11.1 Establishing a local biobank
At the time of writing this thesis, a total of 37 ADR cases had been collected and stored in a
biobank. The small number reflects both the limits on resources available for this project, and the
need for more efficient recruitment mechanisms. However, this thesis provides valuable pilot data
that will help build the case for more substantive funding to develop this research area.
Considerable difficulty was experienced identifying cases of interest for this project, despite
efforts to collaborate with the Centre for Adverse Reactions Monitoring (University of Otago,
Dunedin, New Zealand), or to recruit cases via a range of other avenues. Future work will benefit
from a more focused local approach, such as utilising the new electronic ADR reporting service at
Christchurch Hospital, and having a staff member primarily responsible for recruiting participants.
Initial experience with UDRUGS has provided valuable lessons. Feedback from involved
clinicians suggested that the clinical questionnaire and the consent form were rather lengthy.
Because of the “all-encompassing” nature of the study, a questionnaire aimed at the universal
documentation of all ADRs was necessary. However, if specific types of ADRs were to be
targeted in future studies, dedicated questionnaires could be made more specific and less
cumbersome. The consent form was developed to cover issues related to incidental findings that
may arise from genomic analysis, and handling of genetic data which are sensitive and private
information. These aspects of the consent process are seen to be particularly important (WOLF et
al. 2008) and long consent forms are unavoidable to properly protect participants. Finally, the
participants’ oral accounts were the principal source of phenotypic information, although such
accounts can suffer from recall, perception or documentation errors. Objective laboratory and
clinical data reports, obtained with patient consent, would be a more reliable source of data, and
less subject to these issues of accuracy.
11.2 Understanding the genetic basis of unusual ADRs or drug response using genomic
sequencing
Despite the difficulty in recruiting cases of interest, several ADRs were explored in considerable
depth. One small case series, for metoclopramide-induce acute dystonia, proved interesting. Being
a CYP2D6 poor metaboliser is a known major risk factor contributing towards the development of
this ADR. Two females who took metoclopramide for pregnancy-associated nausea and vomiting
experienced a major acute dystonic reaction. The underlying mechanism for this ADR seems
related to the neurotransmitter-metabolising capacity of the CYP2D6 enzyme in the brain rather
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than to drug clearance. CYP2D6 is involved in an alternative synthetic pathway of dopamine.
Hence it is possible that individuals with deficient CYP2D6 function are more susceptible to the
anti-dopaminergic effects of metoclopramide. This speculation would need to be confirmed in a
case-control study, whereby drug concentrations are measured to rule out the role of increased
drug exposure. As discussed in Chapter 4, the prevalence of CYP2D6 poor metaboliser status is
about 5-10% among Caucasian individuals thus the findings in this thesis could have been
coincidental. If CYP2D6 indeed has a substantial role, it is unlikely to be the sole risk factor or
predictor of metoclopramide-induced dystonia, as the estimated incidence of this ADR is only
0.5% (BATEMAN et al. 1989). There may be other interacting factors that need to be also present
for the ADR to occur.
The case report presented in Chapter 5 highlights the utility of sequencing technologies in
identifying gene variants of potential functional relevance. Novel CYP2D6*81 and CYP2C19*34
alleles were identified in an Indian individual experiencing adverse effects (agitation and
restlessness) when receiving venlafaxine. The effect of the CYP2D6 allele was clear-cut. A
variant in CYP2D6 exon 5, 2579C>T, created a premature stop signal that would probably result
in the production of a truncated, inactive protein. A sequencing-based approach has an important
advantage in that it permits recording of all variants regardless of their putative functional
consequences. Variants that appear innocuous may actually be causative. A good example is the
CYP2D6*2-associated variant, rs16947, which has recently been reported to alter exon splicing
and affect CYP2D6 expression level (WANG et al. 2014). Until this publication, rs16947 was
wrongly predicted to not affect enzymatic activity, and is still listed as a normal allele in the
Human CYP Allele Nomenclature Database. The rs16947 variant is usually not included in a
targeted panel (ROBERTS AND KENNEDY 2006). Full sequencing data on key pharmacogenes,
rather than targeted genotyping, allows identification of all variants and provides the opportunity
to revisit the relevance of these variants in the light of findings from new functional studies.
A related problem highlighted in Chapter 5 was the determination of molecular haplotypes in
specific cases, for which a high-throughput method is not suitable (FAN et al. 2011). Haplotype
relationships between variants is an important consideration in phenotype prediction. Current
PCR-based methods suffer several drawbacks that include PCR recombination artifacts, the
requirement of extensive optimisation, and the upper limit of the haplotype length that can be
reliably amplified (MCDONALD et al. 2002; DING AND CANTOR 2003). An ideal method should be
“limitless” in terms of the distance between the variants in question, be free of template switching,
and be easy to set up and run. The fusion PCR method seems close to being “ideal” (TURNER et al.
2008). Laboratory-based methods could be circumvented if other linkage markers are also
considered in predicting the long-range haplotype. However, linkage disequilibruim between gene
variants tends to be population-specific. For the Indian population, from which the case described
in Chapter 5 was drawn, very little linkage disequilibrium data was available in the 1000 Genome
Project Database, implying that this population has been underrepresented in pharmacogenetics
research. The same presumption probably holds true for other non-European populations. This
issue should be addressed in future genetic studies.
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In chapter 8, WES was applied to a small cohort of twelve individuals who were refractory to
thiopurine therapy. To date, the major use of WES has been in disease genomics. The downstream
variant annotation tools are arguably more applicable to disease-related variants. A variant that
has a strong influence on drug response does not necessarily share similar characteristics with a
disease-causing variant; in other words, it is not “penetrant” when the offending agent is not
administered and would probably not undergo purifying selection, thereby allowing it to remain
relatively prevalent in the general population. Consequently, imposing filters on allele frequency
and conservation metrics would probably result in a loss of some true positives. Is the use of a
drug-tolerant control group the solution to this problem, rather than relying on population controls
such as those available through the 1000 Genomes Project or the Exome Variant Sever database?
Probably. Cases and controls could be directly compared genome-wide to screen for variants that
differ significantly in frequency between the two groups, obviating the requirement for heuristic
filtering. Despite being theoretically ideal, the practicality of a case-control study design for a
WES study is debatable, as WES is an expensive technology. Distinguishing real variants from
sequencing or data processing artifacts was also a challenge. The filtering mechanism employed
by the GATK pipeline is not absolute. By altering the stringency of the filters, the fractions of
true- and false-positives would vary. Another problem identified in the WES data is the exon-toexon coverage variation within a gene. For instance, several exons of the IMPDH1 gene were
found to be poorly covered. Variants located in these segments would have been missed and these
variants could have been relevant to the phenotypes under study. Another limitation was that
WES could not detect distant regulatory variants that may govern gene expression.
Conclusions should be drawn with care from a case-population study, as carried out here. Various
factors need to be considered, including the underlying genetic association model, the variant
effect size and allele frequency, ethnic stratification, and the prevalence of the phenotype
(PURCELL et al. 2003). In this study, the principal hypothesis tested by WES was whether
thiopurine hypermethylation was caused by rare, damaging variants in one gene (monogenic) or a
combination of genes (polygenic). The data presented in Chapter 8 did not seem to support this
hypothesis, though there was still a possibility that the sample size was too small to allow the
“segregation” of rare variants to be detected. Alternative genetic models ought to be considered: 1)
The causative variant may occur at a high frequency in the general population but possess a large
pharmacogenetic effect; 2) There may be multiple causative variants and each of these has a small,
additive effect; these variants could either be common or rare. To test these alternative models,
genome-wide association studies involving a large number of cases would be a sensible approach.
In addition, several variants identified by WES in SLC17A4, RCC2, NFS1 and ENOSF1 appeared
relevant, in spite of being present in only two or three subjects. The roles of these genes should be
confirmed in a validation cohort or in vitro functional studies. Then, to determine the relevance of
regulatory variants to thiopurine hypermethylation, WGS could be performed to capture regions
not targeted by WES.
In chapter 9, the influence of CYP2C19*2 and 17 on clopidogrel responsiveness was assessed in a
local group of patients suffering ACS. The effect of CYP2C19*2 was limited to the low-dosing
group and that of *17 was noted to be non-significant. More importantly, in patients exhibiting
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high on-treatment platelet reactivity (≥90 U) and possessing at least one intact CYP2C19 gene
copy, no additional mutations were identified by whole-gene sequencing. These findings may
help to guide clinical strategies to optimise antiplatelet treatment in ACS patients. In patients
treated with medium or high clopidogrel doses, or in those whose antiplatelet response is blunted
by underlying risk factors or comorbidities, the influence of CYP2C19 polymorphisms is likely to
be overwhelmed. In other words, those genotypically predicted to have impaired CYP2C19
function may benefit from higher clopidogrel dosage; whereas patients with heightened baseline
platelet reactivity should be treated with a more aggressive antiplatelet regimen, even when the
CYP2C19 testing result implies otherwise. For instance, a subject who harboured two activating
CYP2C19*17 alleles nevertheless displayed high residual platelet reactivity (>100 U) when
receiving low-dose clopidogrel. Is there sufficient evidence now to advocate pretreatment
CYP2C19 testing? A point-of-care device is available for prompt testing in the emergency setting.
Early findings suggest that this may help to achieve a more favourable platelet aggregation profile
(STIMPFLE et al. 2014), but more evidence is required in regards to the long-term clinical endpoints and the cost-effectiveness of such a strategy. It is also possible that taking into account the
effects of other genes may augment the predictive power of pharmacogenetics in clopidogrel
responsiveness.
11.3 Assessing a next-generation amplicon sequencing assay for genotyping of the CYP2D6
and CYP2C19 genes
In Chapters 6 and 7, an amplicon-based NGS assay was developed and assessed. The performance
of the assay was found to be satisfactory; however, there is much room for improvement. The
major limitation of the assay is the requirement for multiple PCRs which are not only tedious but
also susceptible to artifacts. Another amplicon-based NGS assay, called Hi-Plex, combines a large
number of loci into a single PCR yet retaining even coverage across all targets, offers a potentially
simpler approach. The method also streamlines target amplification and adaptor incorporation into
a single step (NGUYEN-DUMONT et al. 2013). This assay is compatible with both the Ion
TorrentTM and MiSeq® platforms. However, amplicon size is strictly fixed meaning that for long
target regions, several overlapping products would need to be amplified. This poses some degree
of difficulty in primer design, particularly for genes that are highly polymorphic. With more
primer pairs the likelihood that these primers would anneal to a polymorphic site is higher. This
issue can nevertheless be tackled by trimming off the primer sequences during data analysis to
remove any “masking” effect. Amplification of the CYP2C19 gene could be converted to the HiPlex format. However, such an approach is less feasible for CYP2D6, as long PCRs are still a
requisite for the detection of CNVs at this locus. Assuming a target product size of 200 bases
pairs, amplifying the entire CYP2D6 gene plus a portion of the upstream region would require at
least 33 primer pairs. This would increase the assay cost considerably. The performance of short
PCRs in extensively CYP2D7-converted CYP2D6 regions (“hybrid” allele) is another potentially
confounding factor for this approach. Nonetheless, a Hi-Plex-CYP2D6 format may offer two
advantages. First, the coverage variation observed for CYP2D6 long amplicon sequencing could
be resolved because potential fragmentation bias would be eliminated. Second, if a sufficiently
large number of amplicons or genes are multiplexed, CYP2D6 CNV could be estimated with a
greater degree of certainty than long-range PCRs. A recent study reported that CNV can be
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effectively detected in tumour samples using amplicon sequencing data from just eleven genes
(covered by 96 amplicons) (BOEVA et al. 2014).
A major advantage of the method described in Chapter 7 was that most of the data processing can
be done using a free web-server, Galaxy, which has a user-friendly interface and offers several
options of read aligners (BWA-backtrack, Bowtie and Bowtie 2) and variant callers [Unified
Genotyper, MPileup (SAMtools) and Freebayes]. The performance of BWA-backtrack coupled
with Unified Genotyper was demonstrated to be satisfactory for the short MiSeq® sequences with
a read length averaging 151 bases. With Ion TorrentTM data, this pipeline did not perform well,
probably because BWA-backtrack could not tolerate a high error rate. BWA-MEM was used
instead to process Ion TorrentTM reads but this tool was not included in the Galaxy package.
Although easy to use, Galaxy is not readily customisable and thus would always impose a certain
degree of inflexibility on the range of analyses that can be carried out, or versons/types of the
tools that can be used. Updated versions of the tools such as Unified Genotyper are often
improved with respect to their performance. To overcome this bottleneck, a basic knowledge of
the Unix command line mode is necessary for running the tools in the Unix environment.
Both the MiSeq® and Ion TorrentTM platforms underperformed in sequencing homopolymeric
regions. Calling CYP2D6 and CYP2C19 alleles from the sequencing data was still a rather manual
process, entailing inspection of the genotype calls in the VCF file or in IGV. An algorithm could
be developed to expedite this process, taking into account the small-scale nature of the data, PCR
or sequencing errors, and existing haplotype information documented in the Human CYP Allele
Nomenclature Database to enhance variant calling.
11.4 Nanopore sequencing
A novel sequencing technology based on nanopore sensing has already been shown to be of value
in aiding de novo assembly despite containing a high rate of errors (HEGER 2014). Moreover, the
technology is improving rapidly (QUICK et al. 2014). Unlike the MiSeq® and Ion TorrentTM
platform, the nanopore sensing technology is able to generate extremely long reads that are at
least several kb. This could be useful for clarifying the haplotype relationship between distant,
novel variants. However, it is uncertain whether the original haplotype information could be
preserved over such a long product, for which cross-extension between different templates may
occur. A reduced-cycle long PCR is not feasible as a sufficient amount of products would not be
generated for use in sequencing. The viability of long-range amplification in an emulsion is
questionable as the reaction efficiency is low. Whether PCR could be bypassed in library
construction, for example by using oligonucleotide capture technology, has yet to be tested.
Current versions of the nanopore sensing technology did not generate sufficiently good-quality
data to permit the assessment of haplotype information. Hence, in subsequent sequencing runs,
this would be an important consideration for experimental design.
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11.5 Summary of findings and achievements
Key findings from this thesis are summarised as below:
1. Procedures for consenting, collecting, documenting and storing DNA samples from ADR
cases were developed. This pilot biobanking project provided material for several studies
described in this thesis, including analysis of metoclopramide-induced acute dystonia, and it
will act as a foundation for development of a more formalised approach to study the genetics
of ADR and unusual drug responses.
2. Novel CYP2D6*81 and CYP2C19*34 alleles were identified in an Indian patient experiencing
adverse effects when receiving venlafaxine. This report illustrates the utility of genomic
sequencing of unusual cases for uncovering gene variants of potential therapeutic relevance.
3. The choice of PCR microtubes was found to have a significant impact on the success of longrange PCRs. In particular, coloured microtubes obtained from Neptune Scientific performed
poorly in comparison with other brands of microtubes. The inhibitory mechanism was not
defined, but thought likely to be due to chemical compound(s) leaching into solution (possibly
colourant).
4. A CYP2D6 and CYP2C19 NGS amplicon sequencing assay was designed, implemented and
assessed in 96 DNA samples. The assay was run on the MiSeq® platform and was found to
generate high-quality data (100% agreement with Sanger sequencing for 19 control samples).
5. Cross-comparison between CYP2D6 and CYP2C19 data from WES and amplicon sequencing
revealed a high rate of concordance between the two techniques, approaching 100% for passfilter variant calls. This suggests that WES is potentially an effective high-throughput
screening tool for pharmacogenomic profiling.
6. WES was applied to a cohort of subjects with a thiopurine hypermethylation phenotype. The
contribution of candidate-gene variation to this phenotype appeared to be minimal; a similar
load of mutations in these genes was observed in the control cohort. The role of pathogenic
copy-number aberrations was also excluded by aCGH analysis.
7. In a New Zealand cohort of ACS patients, CYP2C19*2 was shown to have a substantive
influence on clopidogrel responsiveness whereas the effect of *17 was less obvious.
8. Being in its infancy, the nanopore sensing device (MinIONTM) produced amplicon sequencing
data that were of inadequate quality for reliable CYP2D6 variant calling. Nevertheless, the
many long reads (5-10 kb) that were generated were remarkable. With further improved
sequencing chemistries, the device could possibly be used to determine the presence of a
variant. These preliminary data suggest that this technology could well have utility in
pharmacogenetics.
11.6 Concluding remarks
The use of a comprehensive, sequencing-based approach rather than simply genotyping common
genetic variants has proven to be of value in the study of ADR pharmacogenetics. For cancer
therapeutics, the use of the NGS technique has already progressed beyond the research setting.
The cost of NGS technologies may eventually drop to a point where we could afford to perform
pre-treatment WGS or WES to identifiy all genetic risk factors for ADRs, potentially resolving
the debate surrounding the cost-effectiveness of pharmacogenetic testing. Nevertheless, it is
foreseeable that ascertaining the functional consequences of variants identified by WES or WGS,
and interpreting this information in the clinical context, would remain a major challenge.
!
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University of Otago, Christchurch
Gene Structure and Function Laboratory
Department of Pathology
P.O. Box 4345
Christchurch 8140
NEW ZEALAND

INFORMATION SHEET
Understanding Adverse Drug Reactions or Responses Using Genomic Sequencing
(UDRUGS)
If an interpreter is requested
Participants will need to be reasonably fluent in English; however an interpreter may be
available.
English
Deaf
Māori
Cook Island
Māori
Fijian
Niuean
Sāmoan
Tokelaun
Tongan

I wish to have an interpreter
I wish to have a NZ sign language interpreter
E hiahia ana ahau ki tetahi kaiwhaka Māori/kaiwhaka pakeha
korero
Ka inangaro au i tetai tangata uri reo

Yes
Yes
Ae

No
No
Kao

Ae

Kare

Au gadreva me dua e vakadewa vosa vei au
Fia manako au ke fakaaoga e taha tagata fakahokohoko kupu
Ou te mana’o ia i ai se fa’amatala upu
Ko au e fofou ki he tino ke fakaliliu te gagana Peletania ki na
gagana o na motu o te Pahefika
Oku ou fiema’u ha fakatonulea

Io
E
Ioe
Ioe

Sega
Nakai
Leai
Leai

Io

Ikai

You are invited to take part in this study, which is part of a PhD research project, to help us
identify genes that may influence a person’s response to medications. This study has received
ethical approval from the Southern Health and Disability Ethics Committee (formerly known as
Upper South A Regional Ethics Committee).
Investigators
Professor Martin Kennedy, molecular geneticist
Professor Murray Barclay, clinical pharmacologist/gastroenterologist
Eng-Wee Chua, PhD student
Background of this study
To some degree, every person has a different response to their medications. While drugs
prescribed by a doctor for treatment of a medical condition usually work for most people, some
patients fail to get relief from the drugs, and others may suffer a bad side effect (adverse drug
reaction). These situations can be really distressing when they occur. This study will help us find
out whether individual genetic make-up is linked to these rare situations. By identifying genes
that may change a person’s response to certain drugs, medical treatment can be fine-tuned.
Where the person is genetically prone to a drug’s side effects, the drug can be avoided; where
we know that the person would not get benefits from a drug, another drug can be used at the
beginning of treatment. Knowledge from this research may, in the long run, help us to improve
drug treatments and make them safer.
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Who will take part in this study?
• People who get a very bad or unusual side effect after taking their medications.
• People who have an unusual response to their medications.
• In some cases, family members of such people may be asked to participate.
Where will this study be held?
The study will take place at the University of Otago, Christchurch (Christchurch Medical School).
What does this study involve?
Your participation in the study is entirely voluntary (your choice).
This study involves the following:
• Completing a questionnaire so we are able to collect demographic, medical and lifestyle
information. The questionnaire will take around ½ hour to complete.
• Allowing us to review your medical notes and collect relevant medical information such as
laboratory test results.
• Providing up to 20 mL of blood (less than two tablespoons full) for DNA. Blood is definitely
preferred, but if you are unable or unwilling to contribute blood, we can collect a saliva
sample instead.
• Agreeing to have your DNA and blood stored for future research into rare and serious
adverse drug reactions or unusual drug responses. Any subsequent use of your sample will
be subject to approval from a Health & Disability Ethics Committee.
In some situations we may wish to contact members of your family to ask for their involvement,
for reasons described below. However, you can choose whether or not we do approach any
relatives, and you can also specify who we may or may not contact.
If you do agree to take part in this study, you are free to withdraw at any time, without having to
give a reason, and this will in no way affect your future health care.
What will happen to the blood sample?
The blood sample will be sent to the University of Otago, Christchurch, where a portion of blood
will be frozen and from the other portion DNA will be extracted. Both the DNA and remaining
blood will be stored in a secure freezer (-20 °C) for analysis in the future. The sample will be
stored for up to 10 years, before it will be disposed of. At various times during this period, the
sample may be studied further as new tests or new knowledge becomes available.
It is possible that the investigators may need to collaborate with overseas researchers to carry
out some specific gene studies. This would involve sending a small amount of your DNA
overseas. In this situation, your DNA would still be under the custodianship of the investigators
and any DNA not used up in the study will be returned to New Zealand.
We cannot be specific about what tests might be done on the stored DNA in the future except
that the tests will be relevant to unusual treatment side effects or responses. If you withdraw
consent at any time in the future, your DNA and blood will be destroyed. If you withdraw consent
for the study, any information about you will not be used in the future but some information may
have already been published as part of the study. We are unable to retract this information at this
point. You have the option of choosing a standard disposal method for your samples, or disposal
with karakia (blessing).
How will the DNA be used?
Each person has a DNA make-up (their genes) which is unique except in the case of identical
twins. This genetic make-up is a mixture of the genes of our parents. The precise way they are
mixed varies from child to child within the same family, so having the same parents does not
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mean that two children will have exactly the same genes. We already know that some drug
effects are linked to genetic make-up and tests are now available to identify certain genes before
treatment is started. However, some drug effects that are not often seen are still poorly
understood. We do not know whether these are influenced by genetic factors.
The genes found in our DNA contain information that “instructs” the body how to make proteins,
which are important for many functions of our body. These functions include breaking down the
drugs we take or changing them to the forms that work well in our body (active forms). Thus if
any errors occur in these kinds of genes, the proteins that are made may not work properly. For
example, a person may not respond well to a drug treatment if a protein that changes the drug to
its active form is faulty.
In this study, we may apply a range of genetic analyses. The first, and simplest, involves looking
at a single gene, if there is clear evidence that gene might be important. At the other end of the
spectrum, new methods now enable us to look at all of your genes simultaneously, a process
called “exome” or “whole genome” sequencing. This will enable us to find variations in genes we
may not realise are important in the response to various drugs, which is quite possible for very
rare reactions or responses. In some situations we may wish to introduce small parts of your
DNA into a bacterium called E.coli, to help us better understand how genetic variations can
impact on drug responses. Finally, we may need to occasionally perform these kinds of genetic
analyses on some of your family members. This is to determine how combinations of variants are
inherited from parent to child. Such inheritance patterns cannot be determined from the analysis
of your sample alone, and these patterns can influence how a person responds to their drug
treatment.
The information we obtain will be confidential and will not be disclosed or used in any way
without your informed consent. In particular, the researchers will not claim any right, ownership or
property in your individual genetic information or that of your kinship group, hapu or iwi, without
your having first sought and obtained informed consent to the transfer of any such right,
ownership or property. Your consenting to participate in DNA sampling for the proposed study
will not be construed as creating any right or claim on the part of the researcher to your genetic
information.
How will the information and samples collected in this study help identify genetics factors
for rare drug responses?
The samples we collect will be used to help us identify changes in DNA, which are called
variants, that may alter a person’s risk of getting a bad drug side effect or make that person
unresponsive to treatment by certain drugs. Information we collect using the questionnaire will
help us confirm the nature of the side effect or unusual drug response as well as rule out any
other factors that are not gene-related. For example, by determining how often a specific genetic
variant occurs in a group of affected people and comparing it with existing data will help us to
pinpoint which variations in DNA influence drug response and which do not.
What are the risks of this study?
Apart from the mild and temporary discomfort associated with a blood test there are no risks from
contributing the blood samples. Blood will only be taken by trained medical staff. However,
because we may carry out quite extensive analysis of all of your genes, it is possible we could
discover something not related to the research question, which is relevant to your health or your
family’s health. If this situation (called “incidental findings”) arises, we will seek advice via a
medical geneticist about the need for confirmatory testing and appropriate feedback to you. You
have a choice whether or not you wish to be informed of these findings if they occur. Any
unexpected finding may vary considerably in the implications for you and your family. If the
testing reveals a condition that is not likely to be of serious health or reproductive importance or
whose likely health or reproductive importance cannot be ascertained then you will not be
informed of the findings.
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If we do inadvertently discover something of major health significance that is reported back to
you, it is important to note that this information could be considered “prior knowledge” of a
medical condition. This knowledge may potentially impact on your right to receive cover for the
medical condition through any private medical insurance scheme to which you belong.
What are the benefits of this study?
It is possible that this information may be useful for your family to know, in case they are also at
risk of suffering similar outcomes if given the same drugs. It is also possible that the knowledge
discovered though this research will help us to improve drug treatments in the future, making
them safer and more effective for other patients.
Expenses
There will be no payment for taking part in the study. However if you require assistance with
travel or parking costs in order to participate this will be reimbursed.
Confidentiality
The data and samples collected from participants will only be used for the study of unusual cases
of treatment side effects or responses. No material that could personally identify you will be used
in any reports on this study. Results of all testing will be coded by a system known only to the
researchers. If you decide to withdraw from the study, the DNA sample would then be destroyed
before the sample analysis is performed; or if the testing has already been performed, then the
information would be destroyed.
Results
We aim to have the results published in the international medical literature, although individual
patients will not be identified in any such publications. It may take some time for the results to be
completed after you have taken part in the study, and we will inform you by letter of any findings
that may relate to your adverse drug reaction or unusual response. Because this research uses
new methods there is also a risk that it may not yield useful findings, and if that is the case, we
will also inform you of this by letter.
Your rights
If you have any queries or concerns regarding your rights as a participant in this study you may
wish to contact a Health and Disability Advocate. This is a free service provided under the Health
and Disability Commissioner Act.
• Telephone: (NZ wide)
: 0800 555 050
• Free Fax (NZ wide)
: 0800 2787 7678 (0800 2 SUPPORT)
• Email (NZ wide)
: advocacy@hdc.org.nz
Compensation
In the unlikely event of a physical injury as a result of your participation in this study, you may be
covered by ACC under the Injury Prevention, Rehabilitation and Compensation Act. ACC cover is
not automatic and your case will need to be assessed by ACC according to the provisions of the
2001 Injury Prevention Rehabilitation and Compensation Act. If your claim is accepted by ACC,
you still might not get any compensation. This depends on a number of factors such as whether
you are an earner or non-earner. ACC usually provides only partial reimbursement of costs and
expenses and there may be no lump sum compensation payable. There is no cover for mental
injury unless it is a result of physical injury. If you have ACC cover, generally this will affect your
right to sue the investigators. If you have any questions about ACC, contact your nearest ACC
office or the investigator.
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Contacts
Please feel free to contact the researcher if you have any questions about this study.
Professor Martin Kennedy
Department of Pathology
University of Otago, Christchurch
PO Box 4345, Christchurch
Tel: 03-364 0590
Email: martin.kennedy@otago.ac.nz

!
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Appendix B: UDRUGS consent form
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University of Otago, Christchurch
Gene Structure and Function Laboratory
Department of Pathology
P.O. Box 4345
Christchurch 8140
NEW ZEALAND

CONSENT FORM
Understanding Adverse Drug Reactions or Responses Using Genomic Sequencing
(UDRUGS)

Full Name:________________________________________

NHI Number: ______
[if known]

I have read and understood the information sheet about this study, and I understand
what is involved. .............................................................................................................. YES / NO
I understand that I will be given a copy of this Consent Form and the Information
Sheet to keep. ................................................................................................................ YES / NO
I have been given the opportunity to discuss this study and to ask questions about
it. I am satisfied with the answers I have been given. .................................................... YES / NO
I have had enough time to consider whether to take part, and to discuss my
decision with a person of my choice (if required). .......................................................... YES / NO
I know who to contact if I have questions about the study. ............................................ YES / NO
I understand that taking part is voluntary and I am free to withdraw at any
time and for any reason. ................................................................................................ YES / NO
I understand that my participation in this study is confidential and no information
that could identify me will be used in any reports on this study. .................................... YES / NO
I consent to having my doctor notified of my participation in this study .......................... YES / NO
I am aware that this study will involve potentially extensive analysis of my
genetic makeup. ............................................................................................................. YES / NO
!
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I consent to the researchers approaching members of my family for genetic analysis
where necessary, provided I am contacted beforehand to specify which family
members may be approached. ....................................................................................... YES / NO
I am aware that the genetic testing may produce unexpected results of potential
health or reproductive significance that are unrelated to the research into drug
reactions or responses. ................................................................................................. YES / NO
I wish to be notified of any additional findings of health or reproductive significance
should they arise ........................................................................................................... YES / NO
I consent to providing up to 20ml of blood for this study ................................................ YES / NO
I am aware that the study will store and examine my DNA (genetic make-up) for
this research project and I consent to such analysis being performed ........................... YES / NO
If yes, I consent to the samples being stored for up to ten years………..………………..YES / NO
I understand that if I consent to such analysis, no rights will be created for the
researcher to my genetic information ............................................................................. YES / NO
I agree to complete questionnaires about my medical history and drug treatment ....... YES / NO
I consent for my medical records to be accessed through the National Health
Index (NHI) database .................................................................................................... YES / NO
I consent to being contacted in the future to ask about participating in related studies YES / NO
I consent to my DNA sample and clinical data being retained for later use as part of
research with other New Zealand research collaborators (subject to approval
by a NZ Ethics Committee) ............................................................................................ YES / NO
I consent to my DNA sample and clinical data being retained for later use as part of
research with other international research collaborators (subject to approval
by a NZ Ethics Committee) ............................................................................................ YES / NO
I consent to my DNA sample being sent overseas for analysis .................................... YES / NO
I understand that for some genetic analyses in this study parts of my DNA may
need to be introduced into a laboratory bacterium (E. coli), and I consent to
this procedure. ............................................................................................................... YES / NO
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I understand that I can request to have my DNA sample destroyed at any time ............ YES / NO
I elect to have all my samples disposed of with an appropriate karakia. ....................... YES / NO

I, _______________________________________________________________ (print full
name), hereby consent to take part in this study.

Signature: ______________________

Date: _____________

Consent obtained by:

Staff signature: _________________________________

Staff name:

!

__________________________________

250

Date: ______________________

!

Appendix C: UDRUGS consent form (for family members or
relatives)
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University of Otago, Christchurch
Gene Structure and Function Laboratory
Department of Pathology
P.O. Box 4345
Christchurch 8140
NEW ZEALAND

CONSENT FORM (FOR FAMILY MEMBERS OR RELATIVES)
Understanding Adverse Drug Reactions or Responses Using Genomic Sequencing
(UDRUGS)

Full Name:________________________________________

I have read and understood the information sheet about this study, and I understand
what is involved. .............................................................................................................. YES / NO
I understand that I will be given a copy of this Consent Form and the Information
Sheet to keep. ................................................................................................................ YES / NO
I have been given the opportunity to discuss this study and to ask questions about
it. I am satisfied with the answers I have been given. .................................................... YES / NO
I have had enough time to consider whether to take part, and to discuss my
decision with a person of my choice (if required). .......................................................... YES / NO
I know who to contact if I have questions about the study. ............................................ YES / NO
I understand that taking part is voluntary and I am free to withdraw at any
time and for any reason. ................................................................................................ YES / NO
I understand that my participation in this study is confidential and no information
that could identify me will be used in any reports on this study. .................................... YES / NO
I am aware that this study will involve extensive analysis of my genetic makeup. ......... YES / NO
I am aware that the genetic testing may produce unexpected results of potential
health or reproductive significance that are unrelated to the research into drug
reactions or responses. .................................................................................................. YES / NO
!
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I wish to be notified of any additional findings of health or reproductive significance
should they arise ........................................................................................................... YES / NO
I consent to providing up to 20ml of blood or a saliva sample for this study .................. YES / NO
I am aware that the study will store and examine my DNA (genetic make-up) for
this research project and I consent to such analysis being performed ........................... YES / NO
If yes, I consent to the samples being stored for up to ten years………..………………..YES / NO
I understand that if I consent to such analysis, no rights will be created for the
researcher to my genetic information ............................................................................. YES / NO
I consent to being contacted in the future to ask about participating in related studies YES / NO
I consent to my DNA sample being retained for later use as part of research with
other New Zealand research collaborators (subject to approval by a NZ Ethics
Committee) ..................................................................................................................... YES / NO
I consent to my DNA sample being retained for later use as part of research with
other international research collaborators (subject to approval by a NZ Ethics
Committee) ..................................................................................................................... YES / NO
I consent to my DNA sample being sent overseas for analysis .................................... YES / NO
I understand that for some genetic analyses in this study parts of my DNA may need to be
introduced into a laboratory bacterium (E. coli), and I consent to this procedure. ........ YES / NO
I understand that I can request to have my DNA sample destroyed at any time ........... YES / NO
I elect to have all my samples disposed of with an appropriate karakia. ....................... YES / NO
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I, _______________________________________________________________ (print full
name), hereby consent to take part in this study.

Signature: ______________________

Date: _____________

Consent obtained by:

Staff signature: _________________________________

Staff name:

!

__________________________________
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Date: ______________________
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Appendix D: UDRUGS questionnaire
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University of Otago, Christchurch
Gene Structure and Function Laboratory
Department of Pathology
P.O. Box 4345
Christchurch 8140
NEW ZEALAND

Patient ID:
Date:

!
!

CONFIDENTIAL
Understanding Adverse Drug Reactions or Responses Using Genomic
Sequencing (UDRUGS)
How to complete this questionnaire
INSTRUCTIONS
Please use a blue/black pen
To answer each question, you just need to tick [ ] the appropriate response box.

Example:!Are!you!a!smoker?!
!
Yes!

!

!

No!
!
!
I!used!to!be!one![!!!!!]!
!

[!!!!!]!
[

!]!

!

Thank you for your help with this important research.

!
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SECTION A: GENERAL INFORMATION
People respond to their medications differently. Some tend to get a very bad side effect (termed
ADVERSE DRUG REACTION) while some have an unusual response to their medications.
These may be due to genetic factors or other outside factors. Getting general information about
you may help us to determine the factors that influence your response to your medication(s).
1.
2.
3.

Sex

Male
[
Female
[
Date of birth (please write down in the space provided)
/day
/month
/year
Ethnicity (you may tick more than one ethnicity if European
[
necessary)
New Zealand Maori
[
Pacific Peoples
[
Asian
[
Middle Eastern / Latin [
American / African
Other (please specify below)

]
]
]
]
]
]
]

!

4.

Weight (please write down in the space provided)

5.

Height (please write down in the space provided)

6.

Are you a smoker?

7.

How often do you NOW smoke cigarettes, cigars, pipes
or other tobacco products?

8.

When did you finally stop smoking? (please write
down in the space provided)

9.

Do you drink alcohol?

10

How often did you have a drink containing alcohol in
the past year?

11

How many drinks did you have on a typical day when
you were drinking in the past year?

!
!
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/kilograms
OR
/stone
/pounds
/centimetres
OR
/feet
/inches
Yes (please go to question 7)
[ ]
No (please go to question 9)
[ ]
I used to be one (please go to [ ]
question 8)
Daily (number per day)
[ ]
At least weekly (not daily)
[ ]
Less often than weekly
[ ]
/day
/month
/year OR
/years old OR
/weeks ago OR
/months ago OR
/years ago
Yes
[ ]
No (please skip questions 10- [ ]
12)
I used to drink alcohol (please [ ]
skip questions 10-12)
Monthly or less
[ ]
Two to four times a month
[ ]
Two to three times a week
[ ]
Four or more times a week
[ ]
1 or 2
[ ]
3 or 4
[ ]
5 or 6
[ ]
7 to 9
[ ]
10 or more
[ ]

!

12

How often did you have six or more drinks on one Never
occasion in the past year?
Less than monthly
Monthly
Weekly
Daily or almost daily
13. Do you have any of these medical conditions? (you may tick more than one condition)
A. Diabetes (the body loses control of the sugar level in the blood)
B. Heart disease (for example the heart becomes weak and cannot pump enough blood
to other parts of the body)
C. High blood pressure
D. Gout (uric acid builds up in the body and causes inflamed and painful joints)
E. Kidney disease (for example the kidney loses its function and fails to excrete water
and salts from the body)
F. Osteoporosis (the bone becomes thin and fractures easily)
G. Asthma (the airways narrow suddenly making breathing difficult)
H. Eczema (the skin becomes inflamed and itchy)
I. Thyroid disease (there’s either too much or too little thyroid hormone in the body)
J. Other (please specify)
a. _______________________
b. _______________________
c. _______________________
d. _______________________
e. _______________________
f. _______________________
g. _______________________
h. _______________________
14. What do you do for a living?

!
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[
[
[
[
[

]
]
]
]
]

[
[
[
[
[
[
[
[
[
[
[

]
]
]
]
]
]
]
]
]
]
]
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SECTION B: MEDICATION HISTORY
List all medications that you have regularly taken in the past TWELVE (12) months. This is
important because some medications interact with each other. These interactions may cause the
medications to work less well or may make you more prone to a medication’s side effects.
Here are some guides to filling the tables below:
I. Medication name: write down brand name as printed on the package of the medication.
II. Form of the medication: for example, tablet, capsule, injection pen, etc.
III. Dose and frequency: the amount of the medication you take and how often you take it, for
example 10 mg three times a day. Note that not all medications are measured in milligrams;
for example insulins are measured in units; inhalers for asthma, in puffs. Also, note that not
all medications are taken every day; some can be taken every other day or even weekly.
IV. Duration: give a rough estimate of how long you have taken the medication. If possible, put
down the date(s) when you started and stopped the medication.
V. Reason for use: such as for a medical condition or for some health benefits
A. Medications that you are currently taking:
Medication name Form of the
Dose and
medication
frequency
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Duration OR date Reason for use
when you started
the medication

!

B. Medications that you have taken for the past 12 months:
Medication name Form of the
Dose and
Duration OR
medication
frequency
dates when you
started and
stopped the
medication

C. Supplements and herbal remedies:
Medication name Form of the
Dose and
medication
frequency

!
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Duration OR
dates when you
started and
stopped the
medication

Reason for use

Reason for use

!

SECTION C: MEDICAL HISTORY
In this section we would like to find out how you have responded to your medication i.e. whether
you have got a bad side effect from your medication or it has worked in an unusual way. We
would also like to get other information that would help us determine the nature of the bad side
effect or unusual drug response.
1.

What is the name of the medication that gave you the bad reaction? (please put down brand
name)
!

2.

What was the medication used for?
!

3.

Write down the amount and frequency of the medication.
!!!!!!!!!!/mg OR other (please specify)

/times a day OR other (please specify)
4.

Describe what the reaction was like in as much detail as possible in the space below. (You may
also use the checklist to help you identify the SYMPTOMS; note that the list is not exhaustive
and all symptoms are classified by body parts)
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SYMPTOM CHECKLIST
Skin
a. Bleeding
b. Bruising
c. Burning sensation
d. Flushing of skin or hot flushes
e. Increased sensitivity to light
f. Itching of the skin
g. Pale skin
h. Puffy skin
i. ‘Pins and needles’ sensation
j. Skin rash
k. Yellowing of the skin

Heart or bloodstream
a. Palpitations or racing heart
b. Missed heart beat
Bowel
a. Black tarry stool
b. Constipation
c. Diarrhoea
Kidneys, bladder or urinary system
a. Burning, discomfort or pain while passing
water
b. Dark brown urine
c. Difficulty in passing water
d. Passing water less often
e. Passing water more often
f. Bloody urine

Hair or nails
a. Change in fingernails
b. Hair loss
Muscle, bones or joints
a. Bone or joint pain
b. Muscle pain
c. Muscle weakness
d. Trembling and shaking of fingers and hands
e. Unsteadiness on feet
f. Unusual or uncontrolled body movement
Head
a. Headache
b. Migraine headache
Eyesight or eyes
a. Blurred vision
b. Double vision
c. Itchy or irritated or inflamed eyes or eyelids
d. Inability to move eyes
e. Unusual movement of the eyes
Hearing or ears
a. Change or difficulty in hearing
b. Feeling of fullness in the ears
c. Ringing, buzzing or noises in the ears
Mouth or gums
a. Bleeding from gums
b. Dry mouth or throat

!
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Sexual function
a. Decrease in sexual desire
b. Decrease in sexual ability
c. Increase in sexual desire
Sex organ
a. Abnormal or change in vaginal bleeding
b. Burning or irritated penis
Nervous system
a. Confusion or delirium
b. Light headed when getting up from a lying
or sitting position or feeling faint
c. Dizziness or staggering (vertigo)
d. Increase in convulsions (seizures)
Mental health
a. Anxiety (nervousness) or agitation
b. Change in mood
c. Difficulty concentrating or learning
d. Hallucinations (seeing, hearing, or feeling
things that are not there)
e. Nightmares
f. Anger or aggression
g. Loss of memory
h. Thought of suicide
i. Reduction in sleeping
j. Increased sleep or drowsiness

!

Nose, throat, neck or voice
a. Difficulty talking
b. Slurred speech
c. Runny or stuffy nose
d. Sore throat

Other
a. Increased sensitivity to cold
b. Excessive thirst
c. Fever
d. Flu-like symptoms
e. Increased sweating
f. Unusual tiredness or weakness
g. Weight gain
h. Weight loss

Breathing or lungs
a. Cough
b. Difficulty breathing
c. Fast breathing
d. Slow breathing
Stomach or digestive system
a. Bloated feeling or gas
b. Decrease in appetite
c. Indigestion or heartburn
d. Increase in appetite
e. Pain or cramps in lower abdomen
f. Nausea or vomiting
g. Vomiting blood or material that looks like
coffee grounds
5. When did the bad reaction occur?

[
[
[
[
[

] hours OR
] days
] weeks
] months
] other (please specify)

after the causative medication
was taken
6. Did the reaction go away after you stopped the medication? Yes
[ ]
No
[ ]
7. Did you try to take your medication after the reaction Yes
[ ]
subsided?
No (skip question 8)
[ ]
8. Did the reaction worsen after you tried taking your Yes
[ ]
medication again?
No
[ ]
9. Overall, how much did the reaction bother you?
A little
[ ]
Moderately
[ ]
Considerably
[ ]
Greatly
[ ]
10. Did you have a similar reaction to the same Yes (please briefly describe the reaction [ ]
medication before?
below)

No
!
!
!
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[

]
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11. Are you allergic to any drug or any type of Yes (Please specify below)
food?

[

]

[

]

!

No

!
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Note to this section: to be completed by the investigator or the physician only
SECTION D: CLINICAL NOTES
SUB-SECTION D1
1.
Sex
2.
3.

Date of birth
Ethnicity

Male
Female
/day
/month
/year
European
New Zealand Maori
Pacific Peoples
Asian
Middle Eastern / Latin American / African
Other

[
[

]
]

[
[
[
[
[

]
]
]
]
]

[
[
[
[
[
[

]
]
]
]
]
]

!

4.

Weight

/kilograms
OR
/stone
/pounds
/centimetres
OR
/feet
/inches
Smoker
Non-smoker
Ex-smoker
Drinker
Non-drinker
Ex-drinker

5.

Height

6.

Smoking status

7.

Alcohol intake

8.

Occupation

9.

Underlying disease(s)

10.

Past medication list (alternative medicine included)
Name
Formulation Dose and
Duration OR dates
frequency
started and stopped
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Indication
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11.

Current medication list (alternative medicine included)
Name
Formulation Dose
and Duration OR dates Indication
frequency
started and stopped

12a. Adverse drug reaction (ADR)
Causative medication
Date of drug administration
Date of reaction
Clinical manifestations

Management of the ADR

!

/day
/day

/month
/month

/year
/year

No changes in current dosage regimen required
Altered dosage regimen required or desirable
Withdrawal required or desirable
Other (please specify below)
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[
[
[
[

]
]
]
]
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Outcome of the ADR

Has recovered without sequelae
Has recovered with sequelae
Has not recovered yet
Hospitalisation (initial or prolonged)
Death
Unknown
Other (please specify below)

12.b Unusual drug response
Medication
Brief description of the
unusual
drug
response
(including its management
and treatment outcome)

13.

Review of systems (note down any abnormality, including dates)
A. ENT
B. Gastrointestinal
C. Pulmonary
D. Cardiovascular
E. Haematologic
F. Endocrine
G. Hepatic
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[
[
[
[
[
[
[

]
]
]
]
]
]
]
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H. Renal
I. Genitourinary/reproductive
J. Musculoskeletal
K. Dermatologic
L. Neurological
M. Psychological
N. Fluid/electrolyte status

14.

15.

!

O. Vital signs
a. Temperature:
/°C
b. Heart rate:
/min
c. Blood pressure:
/mm Hg
d. Respiratory rate:
/min
Other relevant laboratory tests/monitoring parameters (for example therapeutic drug
monitoring, drug metabolite levels, etc.)

Other comments from the clinician (if any)
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SUB-SECTION D2: NARANJO ALGORITHM (ADR-ONLY)
Yes

No

Do not know
or not done

1.
2.

Are there previous conclusive reports on this reaction?
Did the adverse event appear after the suspected drug was
given1?
3. Did the adverse reaction improve when the drug was
discontinued or a specific antagonist was administered?
4. Did the adverse reaction appear when the drug was
readministered?
5. Are there alternative causes that could have caused the
reaction?
6. Did the reaction reappear when a placebo was given?
7. Was the drug detected in any body fluid in toxic
concentrations?
8. Was the reaction more severe when the dose was increased
or less severe when the dose was decreased?
9. Did the patient have a similar reaction to the same or similar
drugs in any previous exposure?
10. Was the adverse event confirmed by any objective evidence?
Total
ADR Scoring
[

] Definite (≥9)

[

] Probable (5-8)

[
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] Possible (1-4)

[

] Doubtful (0)
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Appendix E: Commonly used drugs for which CYP2D6 metaboliser status may be
relevant
CYP2D6 drugs where therapeutic modification may be relevant:
Drug
Brand name or generic
manufacturer (as listed in
PHARMAC schedule)
Amitriptyline
Arrow-Amitriptyline, Amirol,
Amitrip
Aripiprazole
Abilify
Atomoxetine

Strattera

Clomipramine

Apo-Clomipramine

Codeine

PSM, Paracetamol + Codeine
(Relieve)
Anten

Doxepin
Flecainide
Haloperidol
Imipramine
Metoprolol
Nortriptyline
Oxycodone
Paroxetine

Propafenone
Risperidone

Tetrabenazine
Tramadol
Venlafaxine
Zuclopenthixol

!

Tambocor, Tambocor CR
Serenace, Haldol, Haldol
Concentrate
Tofranil
AFT-Metoprolol-CR, Lopressor,
Slow- Lopressor
Norpress
OxyContin, OxyNorm,
Oxycodone Orion
Loxamine

Rytmonorm
Apo-Risperidone, Dr Reddy’s
Risperidone, Ridal, Risperdal,
Risperdal Consta, Risperdal
Quicklet
Motetis
Tramal-SR, Arrow-Tramadol
Arrow-Venlafaxine XR, Efexor
XR
Clopixol
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Use(s)
Depression
Bipolar disorder, major
depressive disorder,
schizophrenia
Attention deficit hyperactivity
disorder
Delusional disorder, depression,
obsessive-compulsive disorder,
panic disorder
Cough, pain relief
Alcoholism, depression,
psychoneurotic personality
disorder, insomnia, pruritus
Heart rhythm disorder
Tourette’s syndrome,
schizophrenia
Depression, panic disorder,
urinary incontinence
Angina, congestive heart failure,
high blood pressure
Depression
Pain relief
Generalized anxiety disorder,
major depressive disorder,
obsessive- compulsive disorder,
panic disorder, posttraumatic
stress disorder, premenstrual
dysphoric disorder, social phobia
Heart rhythm disorder
Bipolar disorder, schizophrenia

Huntington’s disease
Pain relief
Generalized anxiety disorder,
major depressive disorder, panic
disorder, social phobia
Agitation associated with
dementia, psychotic disorders

!
Key reference:
Swen JJ, Nijenhuis M, De Boer A, Grandia L, Maitland-Van Der Zee AH, Mulder H, et al.
Pharmacogenetics: from bench to byte--an update of guidelines. Clin Pharmacol Ther. 2011;89(5):662–73.
Websites:
P450 Drug Interaction Table
http://medicine.iupui.edu/clinpharm/ddis/table.aspx
Table of Pharmacogenomic Biomarkers in Drug Labels
http://www.fda.gov/drugs/scienceresearch/researchareas/pharmacogenetics/ucm083378.htm
CYP2D6 drugsfor which no therapeutic recommendations were given (SWEN et al, 2011):
Drug
Brand name or generic
Use(s)
manufacturer (as listed in
PHARMAC schedule)
Carvedilol
Dilatrend
Angina, heart failure, high blood
pressure, myocardial infarction
Clozapine
Clozaril, Clopine,
Schizophrenia
Flupenthixol
Fluanxol
Cocaine withdrawal, depression,
schizophrenia
Mirtazapine
Avanza
Major depressive disorder
Olanzapine
Dr Reddy’s Olanzapine,
Bipolar disorder, schizophrenia,
Olanzine, Zyprexa, Zyprexa
chemotherapy-induced nausea
Relprevv, Olanzine- D, Zyprexa
and vomiting
Zydis
Additional CYP2D6 substrates of uncertain significance:
Drug
Brand name or generic
manufacturer (as listed in
PHARMAC schedule)
Chlorpheniramine
Histafen
Chlorpromazine
Largactil

Fluoxetine
Fluvoxamine

Fluox
Luvox (Note: not listed in
PHARMAC)

Lidocaine

Depo-Medrol with lidocaine (in
combination with
methylprednisolone)

Metoclopramide

Paramax (in combination with
paracetamol), Metamide, Pfizer

Mexiletine
Ondansetron

Mexiletine Hydrochloride USP
Dr Reddy’s Ondansetron, Zofran
Zydis

Perhexiline

Pexsig
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Use(s)
Allergic rhinitis
Presurgical apprehension, bipolar
disorder, intractable hiccoughs,
nausea and vomiting,
schizophrenia, tetanus
Depression
Depression, obsessivecompulsive disorder, social
phobia
Lidocaine is a local anaesthetic.
The drug combination is used in
various inflammatory conditions
such as arthritis
Nausea and vomiting, diabetic
gastroparesis, gastroesophageal
reflux disease, intestinal
intubation, radiography of the
gastrointestinal tract
Heart rhythm disorder
Prevention of chemotherapy- or
radiation-induced nausea and
vomiting, prevention of
postoperative nausea and
vomiting
Angina, aortic valve stenosis,
heart rhythm disorder

!

Con’d. Table
Drug

Brand name or generic
manufacturer (as listed in
PHARMAC schedule)
Avomine, Allersoothe,
Promethazine Winthrop Elixir,
Mayne

Use(s)

Propranolol

Cardinol, Apo-Propranolol,
Cardinol LA

Tamoxifen
Timolol

Genox
Arrow-Timolol, Timoptol XE,
Cosopt (in combination with
dorzolamide), Combigan (in
combination with bromonidine),
Apo-Timol

Angina, anxiety, heart rhythm
disorder, heart failure, tremor,
stomach bleeding (to reduce heart
rate), high blood pressure,
migraine, movement disorder,
thyroid disorder
Breast cancer
Glaucoma, high eye pressure

Promethazine

!
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Allergy, motion sickness, nausea
and vomiting, pain relief,
sedation
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Appendix F: Sample layouts for CYP2D6 and CYP2C19 NGS assay
CYP2D6
TAK001
TAK002
TAK003
TAK004
ACT1B3
ACT1D3
ACT1E2
ACT1E3

TAK005
TAK006
TAK007
TAK008
AJS
HL44
NA16688
ACT1C4

TAK009
TAK010
TAK011
TAK012
UD001
ACT1D4
UD002
ACT1H3

TAK013
TAK014
TAK015
TAK016
ACT1F1
ACT1B4
Mother8.6
ACT1F3

TAK017
TAK018
TAK019
TAK020
HL09
HL18
HL08
HL17

TAK021
TAK022
TAK023
TAK024
HL07
HL16
HL06
HL15

ES001
ES002
ES003
ES004
HL05
HL14
HL04
HL12

ES005
ES006
ES007
ES008
HL02
HL11
HL01
HL10

ES009
ES010
ES011
ES012
HL32
HL42
HL31
HL41

Infant
Mother
NA07439
UD005
HL30
HL40
HL29
HL39

ACT1C3
HL43
ACT1H2
ACT1G2-dup
HL28
HL36
HL27
HL35

ACT1F2
ACT1C2
ACT1E1-dup
UD003
HL25
HL34
HL24
HL33

TAK005
TAK006
TAK007
TAK008
ACT1A2
ACS175
ACT1G1
ACS423

TAK009
TAK010
TAK011
TAK012
UD001
ACS187
UD002
HL44

TAK013
TAK014
TAK015
TAK016
ACS58
ACS241
ACS324
HL43

TAK017
TAK018
TAK019
TAK020
HL09
HL18
HL08
HL17

TAK021
TAK022
TAK023
TAK024
HL07
HL16
HL06
HL15

ES001
ES002
ES003
ES004
HL05
HL14
HL04
HL12

ES005
ES006
ES007
ES008
HL02
HL11
HL01
HL10

ES009
ES010
ES011
ES012
HL32
HL42
HL31
HL41

Infant
Mother
NA07439
UD005
HL30
HL40
HL29
HL39

NA16688
ACT1A3
ACT1H2
ACT1G2-dup
HL28
HL36
HL27
HL35

ACT1F2
UD021
ES004
UD003
HL25
HL34
HL24
HL33

CYP2C19!
TAK001
TAK002
TAK003
TAK004
ACT1B3
ACS73
ACT1E2
ACS421
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Appendix G: Initial CYP2C19 multiplex format
Reaction

Primers

1

2C19Prom2F
2C19Prom2R
2C19Ex23F
2C19Ex23R
2C19Ex5F
2C19Ex5R
2C19Prom4F
2C19Prom4R
2C19Ex7F
2C19Ex7R
2C19Ex8F
2C19Ex8R
2C19Prom1F
2C19Prom1R
2C19Ex4F
2C19Ex4R
2C19Ex6F
2C19Ex6R
2C19Prom3F
2C19Prom3R
2C19Ex1F
2C19Ex1R
2C19Ex9F
2C19Ex9R

2

3

4

Fragment
size (bp)
463

Primer
concentration
0.3 µM

607

0.35 µM

409

0.35 µM

483

0.25 µM

325

0.5 µM

284

0.2 µM

593

0.4 µM

384

0.15 µM

456

0.3 µM

486

0.2 µM

410

0.35 µM

529

0.2 µM

Mg2+
concentration
1.5 mM

Final buffer
concentration
1×

1.5 mM

1×

1.5 mM

1.4×

1.5 mM

1.5×

Note: All reaction mixes were subjected to the same touchdown protocol: 65 °C decreased to 49
°C in 16 cycles, then continued with the target temperature for another 19 cycles.
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Appendix H: FASTA reference sequence used for targeted alignment
>2C19_2D6_p13
AATGACCAGTGAAACATTGTGCAATTGTGTCTTAACATAACTTACTTTTTCTTAATAAGAGAACTGGAAATAACCTCATTAGGAAAT
TTAGAACAAATACGATGATATCTTTAAAGAAAATGGCTTTGTGTAAGTATTGTCGTTAGTGATCTAGTAATGTGTATCTTTCTGGTT
GTATTTAGACCTTCAACTCAAATGTCAGCTCCCGTTAAGGTCTATACATTGTGGTGGTTTTGTGCTGTGGGTCCATTTAGTGATTTCC
CTACCTCCCATCCTCTATTAGATTCACAACTGTTGTTCTGCCCATAATTTCCTATGCTTGCTTTGCATTGTTACATTTTTTTTTGAAAA
TCAGAAAGCAAAATCAATATAAAGCAGCCATGTCTGGAGGAGACCAGGAGGTCAAGAAGCCTTAGTTTCTCAAGCCCTTAGCACC
AAATTCTCTGAGATCAGCTCTTCCTTCAGTTACACTGAGCATTTCCCCTCTGCAGTGATGGAGAAGGGAGAACTCTTATTTTTTCTCA
TGAGCATCTCTGGGGCTGTTTTCCTTAGATAAATAAGTGGTTCTATTTAATGTGAAGCCTGTTTTATGAACAGGATGAATGTGGTAT
ATATTCAGAATAACTAATGTTTGGAAGTTGTTTTGTTTTGCTAAAACAAAGTTTTAGCAAACGATTTTTTTTTTCAAATTTGTGTCTT
CTGTTCTCAAAGCATCTCTGATGTAAGAGATAATGCGCCACGATGGGCATCAGAAGACCTCAGCTCAAATCCCAGTTCTGCCAGCT
ATGAGCTGTGTGGCACCAACAGGTGTCCTGTTCTCCCAGGGTCTCCCTTTTCCCATTTGAAATATAAAAAATAACAATTCCTGCCTT
CACGTGTTTTTTTAGGGGGTTAAATGGTAAAGGTGTTTATATCTGCTAAGGTAATTTACTTGATATATGTTTGGTTATTGAAGATATA
TGAGTTATGTTAGCTATTTCATGTTTAGGCTGCTGTATTTTTAGTAGGCTATATTAAATAGAGGATTTCATTATAAAGGACAAAGTCT
CCTAATCTTCGATATAGGATTGACATACTTTTTAAATATACAAGGCATAGAATATGGCCATTTCCGTTAAATCATAAATTCCCAACT
GGTTATTAATCTAAGAATTCAGAATTTTAAGTAATTGTTTTTGCATCAGATTGTTTACTTCAGTGCTCTCAATTATGACGGTGCATTG
GAACCACTTGGGTTAACATTTTTTTGTTTTTATTACCAATACCTAGGCTTCAACCTAGTACAATGAAACCAGAATGTACAGAGTGGG
CACTGGGACGAAGGAGAACAAGACCAAAGGACATTTTATTTTTATCTCTATCAGTGGGTCAAAGTCCTTTCAGAAGGAGCATATAG
TGGGCCTAGGTGATTGGCCACTTTATCCATCAAAGAGGCACACACACTTAATTAGCATGGAGTGTTATAAAAAGCTTGGAGTGCAA
GCTCACGGTTGTCTTAACAAGAGGAGAAGGCTTCAATGGATCCTTTTGTGGTCCTTGTGCTCTGTCTCTCATGTTTGCTTCTCCTTTC
AATCTGGAGACAGAGCTCTGGGAGAGGAAAACTCCCTCCTGGCCCTACTCCTCTCCCAGTGATTGGAAATATCCTACAGATAGATA
TTAAGGATGTCAGCAAATCCTTAACCAATGTAAGTATGCTCCTTCAGTGGCTTGCAAAAGGTAAGTAAATTCACCTGTATTTTTTAA
ATAAAGTATATCCCTAGAGGTACAATGTTACAAAAAATATGAATCTAAGTCAGGCTTAGTAAATGGACAAAACAGTGACTTCATTT
GCTGTTAACTGTATCTCCTTTTCTAGCTCTCAAAAATCTATGGCCCTGTGTTCACTCTGTATTTTGGCCTGGAACGCATGGTGGTGCT
GCATGGATATGAAGTGGTGAAGGAAGCCCTGATTGATCTTGGAGAGGAGTTTTCTGGAAGAGGCCATTTCCCACTGGCTGAAAGAG
CTAACAGAGGATTTGGTAGGTGTGCAAGTGCCTGTTTCAGCATCTGTCTTGGGGATGGGGAGGATGGAAAACAGACTAGCAGAGCT
TCTCGGGCAGAGCTTGGCCCATCCACATGGCTGCCCAGTGTCAGCTTCCTCTTTCTTGCCTGGGATCTCCCTCCTAGTTTCGTTTCTC
TTCCTGTTAGGAATCGTTTTCAGCAATGGAAAGAGATGGAAGGAGATCCGGCGTTTCTCCCTCATGACGCTGCGGAATTTTGGGAT
GGGGAAGAGGAGCATTGAGGACCGTGTTCAAGAGGAAGCCCGCTGCCTTGTGGAGGAGTTGAGAAAAACCAAGGGTGGGTGAAC
ATACTCTCTATCACTGACCTTTCTGGACTGCTCTCCGCTTTTAAGGGAATTCATAGGTAAGATATTACTTAAAATTTCTAAACTATTA
TTATCTGTTAACAAATATGAAGTGTTTTATATCTAATGTTTACTCATATTTTAAAATTGTTTCCAATCATTTAGCTTCACCCTGTGATC
CCACTTTCATCCTGGGCTGTGCTCCCTGCAATGTGATCTGCTCCATTATTTTCCAGAAACGTTTCGATTATAAAGATCAGCAATTTCT
TAACTTGATGGAAAAATTGAATGAAAACATCAGGATTGTAAGCACCCCCTGGATCCAGGTAAGGCCAAGTTTTTTGCTTCCTGAGA
AACCACTTACAGTCTTTTTTTCTGGGAAATCCAAAATTCTATATTGACCAAGCCCTGAAGTACATTTTCAACCAGAGCTTGGCATAT
TGTATCTATACCTTTATTAAATGCTTTTAATTTAATAAATTATTGTTTTCTCTTAGATATGCAATAATTTTCCCACTATCATTGATTAT
TTCCCGGGAACCCATAACAAATTACTTAAAAACCTTGCTTTTATGGAAAGTGATATTTTGGAGAAAGTAAAAGAACACCAAGAATC
GATGGACATCAACAACCCTCGGGACTTTATTGATTGCTTCCTGATCAAAATGGAGAAGGTAAAATGTTAACAAAAGCTTAGTTATG
TGACTGCTTGCGTATTTGTGATTCATTGACTAGTTTTGTGTTTACTACGGATGTTTAACAGGTCAAGGAGTAATGCTTGAGAAGCAT
ATTTAAGTTTTTATTGTATGCATGAATATCCAGTAAGCATCAAAAACTGGCACAAGACAGGGATGCCCTCTCTCACCGCTCCTATTC
AATATTTTTTTCTAGTACTATACTTTACAGTTTCTATGTTGGTAAGTATACAATGTGAGTAATTTTGAATTTACTGTCATCAAATATG
CTGTTAAATAATTTGTCAGATAATTGCATCAAATCATTCCTAGGAAAAGCAAAACCAACAGTCTGAATTCACTATTGAAAACTTGGT
AATCACTGCAGCTGACTTACTTGGAGCTGGGACAGAGACAACAAGCACAACCCTGAGATATGCTCTCCTTCTCCTGCTGAAGCACC
CAGAGGTCACAGGTATGATCACAGAGGATGAGTTAATTGAGTTTTAGGAAAGATGTTGGGAAGGTGCTGCTAGTGTTCTCCTTTCT
GTTTCTCTTAGAGAAGTTCCATTATTTAAATTTCTGTGCCCGCAGCTGTAATCTGTCCCAATTTTCTTCCTGCCTTCCTTTATTGATAA
TAATTTTCTCTGCATATATGTGTACAGATTTTTCTTAATGCCTAGCTTAAGGCACAGTTACACATTTGTGCATCTGTAGCAGTCCTCT
CTTTAAGTTACACATACTTCCAGCACTATAATTTAAATTTATTATGATGTTTGGATACCTTCATCATGATTCATGTACCCCTGAATTG
CTAGAACAAATGTTCCATTTCTCTCCTTTTCCATCAGTTCTTACTTGTGTCTTGTCAGCTAAAGTCCAGGAAGAGATTGAACGTGTCG
TTGGCAGAAACCGGAGCCCCTGCATGCAGGACAGGGGCCACATGCCCTACACAGATGCTGTGGTGCACGAGGTCCAGAGATACAT
CGACCTCATCCCCACCAGCCTGCCCCATGCAGTGACCTGTGACGTTAAATTCAGAAACTACCTCATTCCCAAGGTAAGTTTGTTTCT
CCTACACTGCAACTCCATGTTCTTTTATTCCTCAAATTCACAGTATGATTCTTACCCTCTAGCTCATGCCTCTTATTACTTCGTCTATC
TGTCTGGAAATGGTACTGCTCTTCTTTGGAATGGTGTTTCATCATCTGTACATCAAAAGATTTAACTGCATGATTACCACTGTTTCTT
AAACCTTCGTGACTTCTTTACAGCTCAGTTCACCTATGTCTCTTGTTTCTAGGGCACAACCATATTAACTTCCCTCACTTCTGTGCTA
CATGACAACAAAGAATTTCCCAACCCAGAGATGTTTGACCCTCGTCACTTTCTGGATGAAGGTGGAAATTTTAAGAAAAGTAACTA
CTTCATGCCTTTCTCAGCAGGTAATATAAATTTATTTCCCTTTGTGTTTCAGGGTACAAGATAACTTTTTTGATCAGTTGGAACTTAC
ATGTGCCTTCATCTACTCATCCCTCCTATGATTCACCGAACAGTTCTTGCATATTCTGTCTGTGCCAGTTATAGAGACAGTGTTTGTC
ACTCTCACAGTTACACATGAGGAGTAACTTCTCCCTATGTTTGTTATTTTCAGGAAAACGGATTTGTGTGGGAGAGGGCCTGGCCCG
CATGGAGCTGTTTTTATTCCTGACCTTCATTTTACAGAACTTTAACCTGAAATCTCTGATTGACCCAAAGGACCTTGACACAACTCCT
GTTGTCAATGGATTTGCTTCTGTCCCGCCCTTCTATCAGCTGTGCTTCATTCCTGTCTGAAGAAGCACAGATGGTCTGGCTGCTCCTG
TGCTGTCCCTGCAGCTCTCTTTCCTCTGGTCCAAATTTCACTATCTGTGATGCTTCTTCTGACCCGTCATCTCACATTTTCCCTTCCCC
CAAGATCTAGTGAACATTCAGCCTCCATTAAAAAAGTTTCACTGTGCAAATATATCTGCTATTCCCCATACTCTATAATAGTTACAT
TGAGTGCCACATCGACTGAGCCCTGGGAGGTAGGTAGCCCTGGCCTATAGCTCCCTGACGCCATGATTTGTCTTCCGTTTTGGGGTG
TCATATATGAAGGGAGGTGACTGTGATGGTGCTGGCAGGACTGCTGTCCCTGATGTGGGGTGGGCTGAGTTAGGCCTGAAATATGG
GCCTCCAGGCTGAGTCCTGCCCTCTCCACCACATCCAGGGCTGACTGACACCTCTAGTCAGCCCATTCTGGCCCCTTCCCCACATGC
CAGGACAATGTAGTCCTTGTCATCAATCTGGGCAGTCAGAGTTGGGTCAGTGGGGGACATGGGATTATGGGCAAGGGTAACTGACA
TCTGCTCAGCCTCAACGTACCCCTGTCTCAAATGCGGCCAGGCGGTGGGGTAAGCAGGAATGAGGCAGGGGTGGGGTTGCCCTGAG
GAGGATGATCCCAACGAGGGCGTGAGCAGGGGACCCGAGTTGGAACTACCACATTGCTTTATTGTACATTAGAGCCTCTGGCTAGG
GAGCAGGCTGGGGACTAGGTACCCCATTCTAGCGGGGCACAGCACAAAGCTCATAGGGGGATGGGGTCACCAGGAAAGCAAAGA
CACCATGGTGGCTGGGCCGGGGCTGTCCAGTGGGCACCGAGAAGCTGAAGTGCTGCAGCAGGGAGGTGAAGAAGAGGAAGAGCT
CCATGCGGGCCAGGGGCTCCCCGAGGCATGCACGGCGGCCTGTGGGGAGGGGAGGGGCGTCAGTGAGCCTGGCTCCTGGGTGATA
CCCCTGCAAGACTCCACGGAAGGGGACAGGGAGCCGGGCTCCCCACAGGCACCTGCTGAGAAAGGCAGGAAGGCCTCCGGCTTCA
CAAAGTGGCCCTGGGCATCCAGGAAGTGTTCGGGGTGGAAGCGGAAGGGCTTCTCCCAGACGGCCTCATCCTTCAGCACCGATGAC
AGGTTGGTGATGAGTGTCGTTCCCTGGGCAGAAGATGCAGGGTGAGAGTGGGGACTGGACTCTAGGATGCTGGGACCCCTGCCACC
AAACACACGGGGGACACACACTGCCTGGCACACAGCTGGACTCTGTCAACTAGTCCTGCGCCCGAGAAGCTCCACAGTACCCTCTC
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CGACCCCACAGCAGGGCGCAGTCACACCTCTCAGAGGCACCCACACTGCCCCCTCTCCCTGCAGGTGTTGGGTCCTCCAACATTCTG
GCAGGTCCTGGTTTGTCTCCCCACTAGACGGGGGCTCTGGATGGACAGGCCAGCCCTGCCTATACTCTGGACCCCCCACCCAAGTG
GGGACAGTCAGTGTGGTGGCATTGAGGACTAGGTGGCCAGGGTTCCTAGAGTGGGCCCACCTGGCAGTAGCCATGCTGGGGCTATC
ACCAGGGGCTGGTGCTGAGCTGGGGTGAGGAGGGCGCCAGGCCTACCTTAGGGATGCGGAAGCCCTGTACTTCGATGTCACGGGA
TGTCATATGGGTCACACCCAGGGGGACGATGTCCCCAAAGCGCTGCACCTCATGAATCACGGCAGTGGTGTAGGGCATGTGAGCCT
GGTCACCCATCTCTGGTCGCCGCACCTGCCCTATCACGTCGTCGATCTCCTGTTGGACACGGCCTGGACAGACATGCGTCCCCACAA
TGGGTCAGCACCCAGGGGGTCCGGCCCTGACACTCCTTCTTGCCTCCTATGTTGGAGGAGGTCAGGCTTACAGGATCCTGGTCAAG
CCTGTGCTTGGAGCCCCGGGTGTCCCAGCAAAGTTCATGGGCCCCCGCCTGTACCCTTCCTCCCTCGGCCCCTGCACTGTTTCCCAG
ATGGGCTCACGCTGCACATCCGGATGTAGGATCATGAGCAGGAGGCCCCAGGCCAGCGTGGTCGAGGTGGTCACCATCCCGGCAG
AGAACAGGTCAGCCACCACTATGCACAGGTTCTCATCATTGAAGCTGCTCTCAGGGTTCCCCTTGGCCTGAGCAGGGCCGAGAGCA
TACTCGGGACAGAACGGGGTAGCCCCCAAATGACCTCCAATTCTGCACCTGTCAGCCCAGATGCGGCTCGCCGGGTGATGCACTGG
TCCAACCTTTTGCCCAGCCTCCCCTCATTCCTCCTGGGACGCTCAACCCACCACCCTTGCCCCCCACCGTGGCAGCCACTCTCACCTT
CTCCATCTCTGCCAGGAAGGCCTCAGTCAGGTCTCGGGGGGGCTGGGCTGGGTCCCAGGTCATCCTGTGCTCAGTTAGCAGCTCATC
CAGCTGGGTCAGGAAAGCCTTTTGGAAGCGTAGGACCTTGCCAGCCAGCGCTGGGATATGCAGGAGGACGGGGACAGCATTCAGC
ACCTACACCAGACAGAACGGGGTCTCAATCCCTCCTGTGCTCTGCGTTCACCTGGACAAGTCTCAGGCCCCAGCCATCTCCAGGTA
GACCCAGGGCCTGCCTGTCCTTACCACTGACCTCACCAAGTCCCTCCCCAAGTGCCAGCCTCCACCCTCTCTCCTTGCCCAGAGGAG
AAACCTAAAATCGAAATCTCTGACGTGGATAGGAGGTACAGAGTCCTTGGCCTCTCCTGGTGCCCCCTGACCCGGGCACACCTCTC
CCACGACCATGTCTGAGATGTCCCCTCCTCCTCCAGGCCCTTCTTACAGTGGGGTCTCCTGGAATGTCCTTTCCCAAACCCATCTATG
CAAATCCTGCTCTTCCGAGGCCCCAGTCCAGCCCCGGCACCTCTCGGGAGCTCGCCCTGCAGAGACTCCTCGGTCTCTCGCTCCGCA
CCTCGCGCAGAAAGCCCGACTCCTCCTTCAGTCCCTCCTGAGCTAGGTCCAGCAGCCTGAGGAAGCGAGGGTCGTCGTACTCGAAG
CGGCGCCCGCAGGTGAGGGAGGCGATCACGTTGCTCACGGCTTTGTCCAAGAGACCGTTGGGGCGAAAGGGGCGTCCTGGGGGTG
GGAGATGCGGGTAAGGGGTCGCCTTCCCCGTCCCCCGCCTTCCCAGTTCCCGCTTTGTGCCCTTCTGCCCATCACCCACCGGAGTGG
TTGGCGAAGGCGGCACAAAGGCAGGCGGCCTCCTCGGTCACCCACTGCTCCAGCGACTTCTTGCCCAGGCCCAAGTTGCGCAAGGT
GGAGACGGAGAAGCGCCTCTGCTCGCGCCACGCGGGCCCATAGCGCGCCAGGAACACCCCTGGGGGTGGGACGGGCACGTGCGCG
TGGCCATGAAGGCATTAGCCCCACCATCCACCACCCACTCCAACCCTATGCTCCCCCTGGTCTCCCGCAGTCCCTGGCTCTGTCCAG
CTGGTCACAGGGCCCACTCTTTGTGCATCCACCTTGCTCCCTTGGCTGGGGCAGGGCTTTGCCCCACCTCGTCTCTGCCCACCCTGAC
CGCCTTTGCACTCAGGGAAGACCCCGCGGGCCCCGCGCCACCCACACTGAGCTTACAGCACAGGTGCGGTCCCCGCCCCCCACTTC
GACACCGGATTCCAGCTGGGAAATGCGCCAGCCTCACCCATTGGGCTCCTGCCAGGTCTCGGCAGTGGCCCCGCCCACTCGTCACA
AGCCCCGCCCTCGTCCCCATGCTCACACCTCCCTAGTGCAGGTGGTTTCTTGGCCCGCTGTCCCCACTCGCTGGCCTGTTTCATGTCC
ACGACCCCGCGCCCTCTCTGCCCAGCTCGGACTACGGTCATCACCCACCCGGGTCCCACGGAAATCTGTCTCTGTCCCCACCGCTGC
TTGCCTTGGGAACGCGGCCCGAAACCCAGGATCTGGGTGATGGGCACAGGCGGGCGGTCGGCGGTGTCCTCGCCGTGGGTCACCA
GCGCCTCGCGCACGGCCGCCAGCCCATTGAGCACGACCACCGGCGTCCAGGCCAGCTGCAGGCTGAACACGTCCCCGAAGCGGCG
CCGCAACTGCAGAGGGAGGGTCAGGGCCTCTTGTCAAGCCAGGATCCCCCCAGACTACAGGTCCTAGTCCTATTTGAACCTTGGAC
GACCCCCGGGGCTACCAGGAGTGAGCAGGTGGAAGGAGGAGACCCAGCCTCCTGATCCTGGGGCGGGGGTGGGGGTCACACCTTC
TGTGATGGAGGAACTCAGTTTGGATGCGTCACCCAGGTATGACCTTGCAAGAGTCACCAAAATTGCCGAGAGGCCCCAGTTAGCAT
CCCATTCCCAGATGATGGTCCATGCCGGTGAGCAGTGAGGCCCGAGGACCCACAGTGCAAAAGGTTTGAACCGGGTCACTGCACCC
CCTTCATCCTCGATTTCGTGATTTAAACGGCACTCAGGACTAACTCATCTTCCATTCCCAAGGCCTTTCCTTCTGGTGTCAGCAGAAG
GGACTTTGTACTCCATAACATATGTTGCCCAATGGGCTTGCATGCCCACTGCCAAGTCCAGCTCCACCTCCAGGCCCTTGCCCTACT
CTTCCTTGGCCTTTGGAAAATCCAGTCCTTCATGCCATGTATAAATGCCCTTCTCCAGGAAGTCCCCCAAACCTGCTTCCCCTTCTCA
GCCTGGCTTCTGGTCCAGCCTGTGGTTTCACCCACCACCCATGTTTGCTGGTGGTGGGGCATCCTCAGGACCTCTGCCGCCCTCCAG
GACCTCCTCCCTCACCTGGTCGAAGCAGTATGGTGTGTTCTGGAAGTCCACATGCAGCAGGTTGCCCAGCCCGGGCAGTGGCAGGG
GGCCTGGTGGGTAGCGTGCAGCCCAGCGTTGGCGCCGGTGCATCAGGTCCACCAGGAGCAGGAAGATGGCCACTATCACGGCCAG
GGGCACCAGTGCTTCTAGCCCCATACCTGCCTCACTACCAAATGGGCTCCTCTGGACACACCTGGCACCCCCACCCCACCAGGCAC
AGAGGACCAGGCAGGACACTCTCAGCACACCGAGCGCGTGACCCTTCCCTTATAAAGGGAGCTGATGATGGCCTTTGCCCTCTGCT
GTGAGTGAACCTGCTGTGTTGACTGTGCTGCCAGTGGCAGAGTCAGGCCAGGGCGGGTATGGGCTGCTCCAGAGGTTCTTGCCCCT
GCTTCCTGCTCCAGGCCCTTACCCAGGGTAGGCCGGTGGAGGGGCCTGGTCGGAGAAGTCACCCCCTCTCCCCACTCCAAGCTCCT
GAAGCCTGCAAAGCCTTCTGGGATAACCAGGGTTTCAGTGGACCCGGCCATCCACCTCCCAGCTAGGCTCATACACCCTAATGTAG
TCACAACCCCTCCTCCAGAACATGGCCTTGCCCTTTCCCTACCCCCACCTGCCCACTCCAGAGTGACCTTCAGCACCCTTATCTGTCA
CTGGCACTTACCTGGGGCCTTAGAGCTCCTGATGATGAGTGGCATCATGGGCCTGGTCCCTTCACTTCACCTTGCACTCTTGACATG
CACAGACGCTATGCACACACCTGATGGTGCACAGATCTCTTGTCCACTCCCAGACACTTGTCCACTTGTTCACACTTGCAGGGACAC
GATTACACATGCAGAAAATCACCCACACAAAGACAATATTCACACATACACAGACTCACACTGACACTTAGAGCACACATTCTCTC
TCACACACACCAGTCACACACACATACAGACCCGGCACCAAGTACCCCACTTCCCAGCCATGCCGGAGGTTTCCTGGATGGGACCA
CTCCTGTCCAGAGGCTGCTCCCAGCCCAGCCCACATTCCTGGGCTCTGGCCGGGCTATGGCTTCTTGTTTGCAACAGGGCTGTTCCC
AGAGCTCCCAGTTGGTAGCCGGAAGGCCCTTGCCCCAGCCTGTGACAACATCCTCCCGGGCTGCCTGAGGGTCGTCCTCCTCCACTG
CTTTCTGGCCTCCATGTTTCTGATTAGAAATCTGGTGGGAACGTTATGGAGGATCCTTTGTTCAGGATATGTTGCTTTATTTTTTTTTT
CTTTAGACAGGGTCTCACTCTGTTGCCCAGGCCGGAGTGCAGTGGCAGGATCATGGCTCACTGCAGTCTCGACATCAAGTGGACCC
CCTGCCTCCCAAGTAGCTGGGACTACAGGCACCACCCAGCCTAATCCTTTTTTTTTTTTTTTTTTTTTTTTTTTGGAGACGGAGATTTC
CTCTTGTTGCCCAGGCTGGTGGCTCCCCTCCATTGTGCAATGATGCAATCTCGGCTCACTACAACCTTCACCTCTAGGCTTCAAGCA
ATTCTCCTGCCTCAGCCTCCTAAGTAGCTGGGATTACAGGTGTGTGCCACCACGTCTAGCTTTTTGTATTTTCAGTAGAGATAGGGTT
TCACCATGTTGGCCAGGCTAGTCTTGAACTCCTGACTTCAGGTGATCCACCCACCTCAGGCTCCCAAAGTGCTGGGATTATAGGCAT
GAGCCACCGCACCCAATCCCAGCTAATTTTGTATTTTTTGTAGAGACCCGGTTCTTCCAAGTTGTCCAGGCTGGTCTTGAATTCCTGG
GGTGAAGCGATCCTCCCACCTGGGCCTCCCAAAGTGCTGGGATTACAGGCCTGAGCCACTGTGACTACCTGATACGTCTCTTCTCTC
TTGCTGCTTTCAAAATCCTGTCTTTTGTGGGAGGGCAGCTGCCGAGCTCTGGACTTCTATGGGATCATCCACTGAGGACAGGAGGAC
CGGGCCCTCTACAGGTGGATTGTATGGCAGCTGCCAT
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Appendix I: Annotation of variant sites
Note: The VCF file is only partially displayed herein.
#CHROM
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13

POS
79
100
477
629
712
1420
1441
1448
1505
1518
1524
1527
1539
1545
1563
1567
1572
1616
1668
1700
1809
1908
1958
1963
2165
2193
2214
2251
2287
2305
2337
2530
2585
2664
2879
2880
2965
3020
3239
3301
3437
3695
3915
3919
3920
3933
4007
4049
4216
4352
4369
4385
4400
4423
4678
4705
4725
4854
5103
5108
5113
5166
5287
5341
5421
5434
5493
5642
5646

ID
-1439T>C, rs17878739
-1418C>T, rs3814637
-1041G>A, rs7902257
-889T>G, rs11568732
-806C>T, rs12248560
-98T>C, rs4986894
-77C>T, rs151265892
-70T>C, rs17886301
-13G>A, rs367543001
1A>G, rs28399504
7C>T, rs367543002
10T>C, rs367543003
22G>T, rs141890453
28T>C, rs200381600
46C>T, rs147255955
50T>C, rs55752064
55A>C, rs17882687
99C>T, rs17885098
151A>G
183T>G, rs17882201
12306G>A, rs17878649
221T>C, rs28399505
12455G>C, rs118203756
12460G>C, rs17878459
12662A>G, rs12769205
337G>A, rs145119820
12711T>C, rs41291556
12748G>A, rs72552267
12784G>A, rs17884712
12802G>A, rs58973490
12834G>C, rs181297724
502T>C, rs28399510
17869G>C, rs140278421
17948G>A, rs4986893
19153C>T, rs6413438
19154G>A, rs4244285
19239G>A
19294T>A, rs72558186
57678T>G, rs28399511
57740C>G, rs4417205
905C>G, rs58259047
79936T>A, rs28399513
80156G>A, rs138142612
80160C>T, rs3758580
80161A>G, rs3758581
80174G>A, rs118203757
80248G>A, rs144036596
80290G>A, rs113934938
87106T>C, rs4917623
1180G>A, rs55948420
87259A>G
87275G>A
87290C>T, rs17879685
87313A>C, rs17886522
90033C>T, rs56337013
90060C>T, rs192154563
90080C>G, rs118203759
90209A>C, rs55640102
4722T>G, rs35028622
4717C>T, rs77827855
4712G>A, rs4078249
4653_4655delACA
4535insT
4481G>A, rs116390392
4401C>T, rs28371738
4388C>T
4329C>T, rs77845838
4180G>C, rs1135840
4176G>C, rs147943410
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2C19_2D6_p13
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2C19_2D6_p13
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5648
5650
5654
5655
5656
5658
5664
5665
5666
5667
5689
5689
5691
5694
5698
5739
5753
5765
5777
5778
5780
5935
5945
5945
5969
5987
5994
6032
6115
6213
6238
6240
6331
6344
6387
6414
6438
6504
6534
6543
6545
6554
6557
6562
6568
6596
6621
6624
6639
6642
6650
6662
6792
6834
6872
6876
6883
6884
6887
6926
6957
6959
6969
6972
6975
6993
7004
7062
7159
7161
7191
7204
7212
7216
7220

4174T>G
4172C>T, rs28371736
4168C>G, rs75467367
4167G>A, rs74478221
CYP2D7 exon 9 conversion T>A (A482S)
CYP2D7 exon 9 conversion InsG (F481V)
CYP2D7 exon 9 conversion G>C (G479R)
4157T>G
CYP2D7 exon 9 conversion A>C (H478S)
4155C>T, rs28371735
4133T>C, rs1135836
4125_4133dupGTGCCCACT
4131A>G, rs1135835
4128C>G, rs1135833
4124G>C, rs1135832
4083T>G
4069C>A, rs79392742
4057G>A
4045G>A, rs113940699
4044C>T
4042G>A
3887T>C, rs72549345
3877G>A, rs28371733
3877G>C
3853G>A, rs61737947
3835A>C
3828G>A, rs28371732
3790C>T, rs116917064
3707G>A, rs77867647
3609G>T
3584G>A, rs28371730
3582A>G, rs2004511
3491G>A
3478A>T, rs79596243
3435C>A, rs28371729
3408T>C, rs28371728
3384A>C, rs1985842
3318G>A, rs75386357
3288G>A, rs150552908
3279G>A, rs61745683
3277T>C
3268T>C
3265G>A, rs1058172
3259_3260insGT, rs72549346
3254T>C, rs28371726
3226A>G, rs61736517
3201C>T, rs147960066
3198C>G
3183G>A, rs59421388
3180G>A, rs78209835
3172A>C, rs72549348
3160G>C, rs141009491
3030G>A
2988G>A, rs28371725
2950G>C, rs72549349
2927_2945delGATCCTACATCCGGATGTG
2939G>A, rs79292917
2938C>T, rs140513104
2935A>C, rs5030867
2896C>T, rs1135830
2865G>A, rs1058171
2863C>G, rs1058170
2853A>C
2850C>T, rs16947
2847C>G, rs61736514
2828delC
2818A>G, rs1135829
2760T>A, rs28371723
2663G>A, rs28371722
2661G>A, rs76015180
2631C>T, rs77562994
2615_2617delAAG, rs5030656
2610T>A, rs201830078
2606G>A, rs77913725
2602G>T, rs28371719
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2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13

7231
7243
7247
7248
7248
7266
7272
7279
7339
7342
7352
7356
7370
7398
7519
7530
7531
7607
7693
7699
7725
7824
7843
7844
7846
7848
7879
7899
7934
7953
7958
7958
7964
7976
8032
8064
8064
8065
8067
8073
8098
8102
8106
8114
8118
8161
8163
8201
8205
8211
8214
8224
8309
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8364
8654
8757
8762
8785
8788
8796
8801
8802
8810
8811
8827
8840
8850
8852
8867
8937
8941
8981
9078
9513

2587_2590delGACT, rs72549351
2579C>T, rs367543000
2575C>A, rs28371718
2574C>A, rs148769737
2573_2574insC, rs72549352
2556C>T
2549delA, rs35742686
2539_2542delAACT, rs72549353
2483G>T, rs28371717
2480C>T
2470T>C, rs150518553
2466T>C, rs17002853
2452T>C, rs146540061
2424C>G, rs79331140
2303C>T, rs79738337
2292G>A, rs75203276
2291G>A
2215A>G, rs80262685
2129A>C
2123C>T, rs76327133
2097A>G, rs58440431
1998T>C, rs28371713
1979T>C, rs199535154
1978C>T, rs150163869
1976G>A, rs5030866
1973_1974insG, rs72549354
1943G>A, rs72549355
1923C>T
1887insTA
1869T>C, rs111606937
1863_1864insTTTCGCCCCx2, rs72549356
1863_1864insTTTCGCCCC, rs72549356
1858C>T, rs67780109
1846G>A, rs3892097
1790A>G, rs76326664
1758G>A, rs5030865
1758G>T, rs5030865
1757C>T, Â rs199849357
1755T>G, rs1135826
1749A>G, rs1135824
1724C>T, rs74962936
1720A>C/T
1716G>A, rs28371710
1707delT, rs5030655
1704C>G, rs78482768
1661G>C, rs1058164
1659G>A, rs61736512
1621G>T
1617G>T, rs1135823
1611T>A, rs1135822
1608G>A
1598A>G
1513C>T, rs67497403
1494T>C
1458A>C
1170G>A, rs1081004
1067T>G, rs78854695
1062A>G
1039C>T, rs1081003
1036T>C, rs1135821
1028A>G, rs78459009
1023C>T, rs28371706
1022A>T, rs74802369
1014T>C, rs76187628
1013G>A
997C>G, rs28371705
984A>G, rs28371704
974C>A, rs28371703
972C>T
957C>T
887C>T
883G>C, rs201377835
843T>G, rs71328650
746C>G, rs147296446
310G>T, rs28371699
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9553
9578
9590
9591
9596
9600
9602
9609
9685
9698
9699
9723
9741
9746
9750
9792
9804
9805
9823
9824
9840
9864
9920
9998
10187
10199
10320
10451
10500
10513
10562
10570
10712
10822
10833
10850
10915
10931
10946
11057
11125
11235
11245
11253
11370
11411
11421
11427
11567
11597

270C>T, rs29001678
245A>G, rs56011157
233A>C, rs28695233
232G>C, rs75276289
227T>C, rs76312385
223C>G, rs74644586
221C>A, rs1080996
214G>C, rs1080995
137_138insT, rs72549357
125G>A, rs118203758
124G>A, rs5030862
100C>T, rs1065852
82C>T, rs138100349
77G>A, rs28371696
73C>T
31G>A, rs769258
19G>A, rs72552268
18G>A, rs148382141
-1T>C
-2G>C
-18T>G
-43insG, rs75085559
-98C>T
-176G>A, rs1080993
-365G>A, rs1080992
-377A>G
-498C>A, rs74966855
-629A>G
-678G>A, rs28633410
-695_-692delTGTG, rs75324300
-740C>T, rs28624811
-750_749delGA
-890G>A
-1000G>A, rs1080989
-1011T>C, rs59360719
-1028T>C
-1094_-1093insA
-1109C>T
-1124A>C/G, rs62625688
-1235A>G, rs28735595
-1298G>A, rs59099247
-1408G>A, rs1080987
-1419T>A, rs1080986
-1426C>T, rs28588594
-1543G>A, rs76210340
-1584C>G, rs1080985
-1594T>C, rs1080984
-1601_1600GA>TT
-1740C>T, rs58188898
-1770G>A, rs1080983
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Appendix J: Target intervals that excluded primer-binding sites
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13
2C19_2D6_p13

22
907
1803
2408
2787
3198
3655
4176
4569
5095

871
1750
2355
2745
3152
3607
4129
4516
5042
11635

CYP2C19 promoter
CYP2C19 promoter-exon 1
CYP2C19 exons 2, 3
CYP2C19 exon 4
CYP2C19 exon 5
CYP2C19 exon 6
CYP2C19 exon 7
CYP2C19 exon 8
CYP2C19 exon 9
CYP2D6
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Appendix K: Lists of genes identified from exome-wide filtering
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Table K1. All genes identified from exome-wide on-target variant filtering1,2,3,4.
A. SNVs (present in 2 of 12 individuals)5
AADACL3
AARS2
ABCA8
ABI3
ACAA1
ACACB
ACBD3
ACIN1
ACOT11
ADAM5
ADCY6
ADPRHL1
AGMAT
AGPAT9
AJUBA
AKAP12
AKR1C3
ALPK3
ANKFY1
ANKLE2
ANKRD12
ANKRD45
ANKRD52
ANKS1A
ANO1
ANO4
ANO10
ANPEP
ANXA11
AP1G1
APMAP
APOH
ARHGAP25
ARHGAP9
ARHGEF12
ARIH2
ARMC2
ARNTL
ARSD
ASCC2
ATG2A

ATP10A
ATP6V0A4
ATP6V1B1
AVPI1
B4GALT2
BCAS3
BEND4
BEST3
BHLHE22
BSPRY
BTN2A2
C12orf52
C17orf98
C1orf51
C1orf63
C1QL4
C21orf49,C21orf62
C3orf17
C3orf20
C5orf42
C7orf31
C8B
C9
C9orf43
CA6
CABS1
CADM4
CADPS
CALM1
CALU
CAMKK2
CANX
CAPN8
CARD14
CARD6
CCDC24
CCDC41
CCDC42
CCDC42B
CCDC135

CCDC154
CCHCR1
CCM2L
CD101
CD109
CD22
CD79A
CDCA5
CDHR1
CDKL1,ATP5S
CDO1
CEP192
CEP350
CERS3
CHAF1B
CHAT
CHMP2B
CHST15
CHTF8
CIAPIN1
CKAP4
CLIP1
CLSTN1
CNBD2
CNN3
COL4A2
COL6A6
COLCA1
CPNE1
CRBN
CRISP2
CRY1
CRYBB3
CSDE1
CTDSP2
CXCR1
CYP3A43
DCLRE1A
DDAH2
DDX54
DDX59

DFFB
DGKE
DHODH
DHRS1
DHX34
DHX57
DHX58
DIEXF
DIS3
DIS3L
DNAH2
DNAH7
DNAJC4
DNASE1,TRAP1
DOCK6
DOK2
DOPEY1
DSC3
DST
DUSP1
EFTUD2
EGR2
EGR3
EHD3
EIF2B5
ENGASE
ENOSF1
ENPP1
EPB41L4A
EPG5
EPHA1
ERCC4
ESAM
ESRRA
ETFA
ETV1
EVA1A
FAM26E,TRAPPC3L
FAM65A
FAM84A

FAM102A
FAM107A
FAM154A
FAM175A
FAM187B
FAM188B,INMTFAM188B
FAM189A1
FAM194A
FAM214A
FANCM
FIG4
FLNC
FMO2
FOXN4
FRMD4B
FUK
FUT3
GALNT12
GANC
GDA
GEN1
GFI1
GFM1
GIT2
GJB4
GLI3
GLTSCR2
GNA14
GOLPH3
GPR157
GRIN3A
GRM1
GSTZ1
GTF3C1
GTPBP8
HABP2
HAUS6,SCARNA8
HCCAT5
HENMT1
HERC1

HERC3,NAP1L5
HMHA1
HOOK2
HSD17B14
HSPA4
HSPG2
IGF2BP1
IGSF22
IL1RN
IMMP1L
INADL
IPPK
IQSEC3,LOC574538
ISX
ITGA1
ITGA11
ITGBL1
ITPK1
ITPR1
JAM2
JARID2
KANK3
KCNAB1
KCNH3
KCNJ14
KCNK6
KHDC1,C6orf147
KIAA1407
KIAA1432
KIAA1671
KIAA1731
KIF7
KRT31
KRTAP4-5
LAMC2
LARGE
LECT2
LEMD1
LENG9
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LEPREL2
LINC00320
LIPI
LMNB1
LMO4
LOC284100
LOX
LPIN3
LPPR2
LRP5
LRP6
LRRC16B
LRRN3,IMMP2L
LYZ
MAEL
MANEA
MAP4K5
MAPK15
MAPRE1
MCFD2
MCL1
MCMDC2
MET
METTL2B
MICALCL
MIEF1
MIR216A
MME
MON1B
MRGPRX3
MRVI1
MSI2
MYADML2
MYH1
MYLK4
MYO18B
MYO1C
MYO1H
MYOF
MYOM2
NAPA

NBAS
NCAPD2
NDUFA9
NEBL
NEDD4L
NEFH
NEUROD4
NFS1
NOD2
NOL8
NOTCH3
NOX1
NPHS1
NPSR1,NPSR1AS1
NR0B2
NRG1
NUPL1
NXF5
ODF3
OPA1,OPA1AS1
OPHN1
OR10G3
OR10V1
OR1N2
OR4D5
OR51B5
OR52A1
OR52N2
OTOF
OVOL1
PABPN1L
PACS2
PAM
PAN2
PANK1
PARP12
PARP2
PBX1
PCDH7

PCDHA
PCLO
PCSK1
PDE7A
PDLIM4
PEG3,ZIM2
PER1
PGM2L1
PHF20L1
PHF21A
PHOX2B
PITRM1
PKIG
PLA2G2F
PLEKHG2
PLEKHG3
PLEKHG7
PLXDC1,LOC100131347
PNPLA7
POLG
POLR1C,XPO5
POLR3G
POM121L2
PPARA
PPM1J
PPP2R3A
PRF1
PRKAG1
PRKCA
PRKD3
PRKDC
PRKG1
PRPH
PRSS16
PSCA
PSD4
PSMD14
PSRC1
PTHLH
PTPN14

PUM2
R3HCC1
RAB10
RAB5B
RABEP1
RAMP3
RASAL2
RBM28
RBP5
RCC2
RCL1
RDH10
RFESD
RFFL,RAD51L3RFFL
RGL1,APOBEC4
RIMS4
RING1
RIPK2
RNF141
RNF19A
RPA1
RPS18
RPS8,SNORD55
RRP7A
RSPH3
RTTN
RWDD3
SCAMP4,ADAT3
SCARF1
SDCBP2
SEMA3E
SEPT10
SEPT14
SGCD
SGK494,SPAG5AS1
SH2D4A
SHCBP1L
SHISA4
SIDT1

!

A. SNVs (present in 2 of 12 individuals, cont’d)5
SIGLEC12
SKIV2L
SLC6A9
SLC12A8
SLC13A3
SLC25A12
SLC25A15,TPTE2P5
SLC33A1
SLC52A3
SLCO2B1
SLX4

SMARCAL1
SMYD5
SNORD48,C6orf48
SNX25
SOCS2
SPARC
SPATA13
SPEG
SPEM1
SPERT
SPNS1

SPPL2A
SSR3
ST8SIA1
STK36
STK40
STOM
STRN4
SUOX
SYCE1L
SYNE1
SYNE2

SYNRG
SYPL2
TACC2
TAP1
TBC1D5
TBX15
TCTN3
TEKT4,LOC442028
TEKT5
TESPA1
TET2

TG
TGFA
THSD7A
TIPRL
TLL2
TLR2
TM6SF1
TMC2
TMC3
TMED7,TICAM2,TMED7TICAM2

TMEM26
TMEM54
TMEM101
TMEM123
TMUB2
TNFAIP8L3
TNIP2
TNRC18
TNXB
TP53BP2
TPM3

TPRG1
TRAF3IP1
TRAP1
TRERF1
TROAP
TTC16
TTC21A
TTC29
TTN
TUB
TXLNA

UBE2O
UBR3
UGGT2
UGT2B11
UNC45B
UNC50
UPF2
UQCRC2
USP42
USP9X
VWA3B

VWA8
WDFY4,LRRC18
WRN
XKR8
YTHDC2
ZAN
ZC3H3
ZCCHC4
ZDHHC12
ZDHHC5
ZFHX3

ZNF217
ZNF260
ZNF608
ZNF652
ZNF664,ZNF664FAM101A
ZSCAN12

B. SNVs (present in 3 or ≥4 of 12 individuals)5
Present in 3 of 12 individuals
ABHD12B
ABR
ACSBG1
ADAMTSL4
ADCY1
AKT3
ANKH
ANKRD13A
ANKRD16
ANKRD28
AQP7
ARHGEF17
ARHGEF2
ARMC8,NME9
BCL10
BDP1
BTBD16
BTD
C6orf15
CACNA1S
CARS2
CC2D2B,ENTPD1AS1
CCT3
CD101
CDK15
CHD1L
CHD4,SCARNA11

!

CHTOP
CIT
CLIC5
CMPK1
CMYA5
CNOT1
COL18A1
CPED1
CSNK1A1
CSRNP2
CTTNBP2
CTXN3
DAZAP2
DNAH10
DPYD
DYTN
ENTPD1,ENTPD1-AS1
ERCC5,BIVM-ERCC5
FAM114A2
FAM86JP
FARP1
FBXO15
FGGY
FLJ37453
FNDC3A
GAS8
GFAP
GNN

GPR98
HOXA1
HOXC4
HSPG2
IL23R
INPP5F
IQCF1
KIAA0226
KIAA1109
KLHDC4
KRT5
KRT32
KRT78
LANCL2
LECT2
LOXHD1
LRRC3B
LRRK2
LZTFL1
MAGI1
MCMDC2
MEGF11
MFSD9
MLF1
MMAA
MMS19
MYH7
MYO5B

MYOM2
N4BP3
NAV1
NBAS
NCOA5
NDC1
NMRAL1
NMT1
OBSL1
OCA2
OR4D6
OR10T2
OSBPL11
OTC
PAX9
PCBP4
PCDH10
PCDHB16
PDE12,DENND6A
PIN1P1,LRRC7
PLEKHG5
PLSCR1
POLR3B
PPAN,SNORD105,PPANP2RY11
PPP6C
PRRC2B
PSMB11

Present in ≥4 of 12 individuals
PTPRO
PTPRQ
PYGO2
QSER1
RAB30
QSOX1,FLJ23867
RAG1
RHOBTB3
RNF175
ROCK1
ROCK2
ROS1
RPL4,SNORD18A
RSBN1
S100PBP
S1PR3
SEL1L
SKA3
SLC17A4
SLC24A3
SLC36A3
SLC39A1
SLC39A12
SNX29
SOS2
SPTB
ST8SIA4 TMEM245
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TRIM15
TRO
TTC21A
TTC23
UBR3
UBR7
VDAC1
VWA3B
WDR33
ZBTB39
ZDHHC23
ZNF385B
ZNF700
ZZEF1

ABCA13
ACACB
AFMID
AMPD3
ANKZF1
APBA1
ATP5O
ATP10A
ATP13A5
BEND3P3
C1orf172
C6orf57
C11orf58
CACNA2D4,LRTM2
CACTIN
CCDC93
CD3G
CHD6
CHN2
CHRNA3
CHRNB2
CHRNB4
COL9A3
CROCC
DDIT4L
DNAL1
DPH1
DSE

DSG3
ELFN2
EPB41L1
F5
FSTL4
FYCO1
GALNT16
GLT6D1
GPC6
GPR22,COG5
GPRIN2
GPSM2
GRM6
GUCY2GP
HAS1
HECTD1
IGF2BP1
IQGAP2
KPNA4
KRT37
LAMA3
LCORL
LDLRAD3
LRMP
LRP6
MARCH9
MPND
MTERFD2

MYH6
NPAT
NR0B2
OR4N4
PAICS
PDPR
PDSS1
PIFO
PNPLA8
PRKAG3
PRKRA
PRKRIP1,LOC100630923
PROSER2AS1,PROSER2
PSMF1
QARS
RAB5A
RIN1
SDCBP2,FKBP1ASDCBP2
SIGLEC1
SLC6A5
SOGA2
ST8SIA1
STX17
TBC1D1
TJP2

TMEM50B
TMPO-AS1
TNFRSF25
TNRC6A
TPTE
TTC27
UBN1
VSTM4
WDHD1
YWHAZ
ZAN
ZFAT
ZNF207

!

C. Indels6
Present in 2 of 12 individuals
AMMECR1L
ANKH
ARHGAP39
ARPP19
ASTE1,ATP2C1
ATP11C
AXIN2
BCL11A
BCL9
BCLAF1
BOC
CAMK2D
CCDC150
CCNL2
CCR5
CREBRF
CYB5B
CYYR1,LOC100996571
DCAF8
DCHS1
DGKG
DIAPH2
DNAJC5B
DSC2
DUSP1
EIF4G3
ELOVL5
ESRRA
EVA1A
FAM169A
FGD1
FGF14
GATAD2B
GEN1
HOXD10
HYALP1
IER3
IER3IP1
INO80D
IPP
KIAA2018
KLF11
LARP1B

LHFPL2
LIN9
LRP6
LUZP2
MAMDC2
MANSC1
MIR4697HG
MSL2
MXD1
NADK2
NALCN,NALCNAS1
NFE2L1
NHLH1
NPPA,NPPA-AS1
NPTX2
OR2C1
OR51B5
PKD1L2
PKN2
PPP1R14C
PRKCB
PRMT8
QKI
RAD23B
RBM10
RBM19
RBMX
RNF6
RORA
RPRD2
RPS6KB1
RYR3
SAMD11
SAMD13
SDPR
SEMA3A
SIN3A
SLC6A14
SNRNP27
SOX12
SP4
SRGAP3
ST6GAL2

TAF1B
THADA
TMUB2
TOB1
TOP1
TROAP
TRPC4
TTC28,TTC28AS1
UBE2E1
UNK
VGLL3
VPS26A
WASF3
WNT5A
XRN1
ZBTB21
ZFP112
ZNF281
ZNF629
ZNF687

Present in 3 of 12 individuals
ARL15
ATF2
ATP2B1
BACH2
BAIAP2L2
BBX
BCL11B
CASK
CASP8AP2
CHURC1FNTB,RAB15
CPEB2
CSNK1E
CTNNA2
DPH6
EBF1
ETAA1
FUBP3
GLTSCR1L
ITGA6
KCNJ12
KLHDC4
MAL2
MARCH7
MBTD1
MLK7-AS1,ZAK
MUC21
MYO15B
NFAT5
NFE2L1
NFIB
NRXN3
OSBPL9
PAPSS2
PCDHB16
PCDHGA
PDE4D
PIKFYVE
POU2F2
PPM1E,TRIM37
PRAM1
PRX
PTH2
RB1CC1

RBM14,RBM14
-RBM4
RBM25
RHBG
RIMS1
RIMS3
RNF125
SAMD4A
SCN9A
SLITRK4
SSTR1
STXBP5L
SVEP1
SYT14
TAB3
THAP2
THBS2
TRA2A
UBA6
UBE2O
WWOX
WWTR1

Present in ≥4 of 12 individuals
ACIN1
ACTR3
AFF3
AGPS
ANKRD12
ANKS1B
ASCL1
ATRN
B3GALTL
BCL11A
BIRC6
BSN
C10orf118
C20orf112
CACNA2D3
CACNG3
CACUL1
CAMTA1
CANX
CCDC9
CCDC37
CDH12
CDK2
CELF2
CEP68
CHD2
CHFR
COL4A4
COL6A4P2
CORO1C
CPEB3
CPNE1
CSMD2
CSNK1E
CSNK1G3
CTNNB1
CYB5D1,LSMD1
DCAF15
DICER1
DNAH7
EIF2S2
FAM19A2
FAM65B
FAM126A
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FARP1
FGA
FLI1
FLRT2
FMN2
FOXJ2
GALNT3
GAP43
GATA3
GCLC
GJC1
GLI3
GSPT1
GTF2H5
H2AFY,LOC100996485
H3F3B
HAND2
HDAC4
HECTD4
HLCS
HMGN2
HOXB1
HOXB-AS1,HOXB3
HSP90B1,MIR3652
ID4
IDO2
IREB2
IST1
ITGB5
KATNBL1
KCNN3
KCTD6
KLF6
KLHL14
KRTAP2-1
LEMD2
LIMD1,LIMD1-AS1
LIN54
LRRC8A
LRRC49
MIPOL1
MMP16
MN1
MSANTD2

MTF1
MXI1
NAP1L1
NEFH
NR2F2
NUP50
NUSAP1
OR52D1
OR5P2
OSBPL11
PAX6
PBX3
PCDHB8
PDE4D
PGAP2
PKD1L2
PKIB
PLCH1
PMEPA1
PPP2R5E
PPP3R1
PRKAG2
PRSS48,SH3D19
PSD3
PTER
PTH1R
PTPRVP
RAB31
RAPGEF2
RBM5
RBPJ
RELL1
RERE
REV3L
RHOB
RNF38
RPA1
RSPO2
RUNX1T1
RYR3
SALL1
SERPINH1
SERTAD2
SGK1

SH3KBP1
SIRT1
SLC12A5
SLC17A6
SLITRK3
SPAG7
SPOP
SRA1
ST18
STAU2
STRIP2
SUMO2
SYNGR1
TDG
TES
TFAP2D
TMEM255B
TNRC6B
TTN
TXLNB
UBASH3B
VAX1
VGLL3
ZEB2
ZNRF3

!

D. Multi-allelic variants (encompassing insertions/deletions,
single-nucleotide and mixed-type variants)6
Present in 2 of
12 individuals

Present in 3 of
12 individuals

PAPD5
RXRB

DNAH17
GRIP1
MTF2
PHACTR3

1

Present in ≥4 individuals
ACTB
AMER1
CACNA2D2
DGKE
DLGAP2
DYNC1LI1
ELMSAN1
EPHB3
ESRP1
FAM222B
GABPB1
GID4
HIPK2
HS3ST3A1
KAT6B
KCNJ3
LATS2
LHX1
MEOX2
NTM
OSBP

PAF1,SAMD4B
PARD6B
PRKCI
PRSS23
PSPC1
RIMS2
RNF2
RPL23A
SHANK2
SKIDA1
SORCS1
SPRED1
SYNE1
TMEM260
TP63
TRAM1
TRIM2
UNC5B
USP31
WIPF2
YWHAB

Genes with more than one variant in the same allele-frequency category are underlined.!
Genes with potential involvement in thiopurine metabolism, transport or therapeutic action are boldened; those that are disease-related are highlighted in grey.
3
Genes sharing the same position are separated by coma(s).
4
Variant sites with excess heterozygosity, reference bias or no annotated gene name were excluded.
5
All variants were reported to have a CADD C score ≥15.
6
All variants were reported to have a GERP score >4.
2

!
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!

Table K2. All genes identified from exome-wide off-target variant filtering1,2,3,4.
A. SNVs5
Present in 2 of 12 individuals
ADAMTSL4
AGXT2
APBA1
ARHGAP17
ARHGAP18
ATF2
ATP6V1B1
BCL9
BUD13
C1QTNF9B,C1QTNF9BAS1
CAD
CD46
CLCN4
CLCN6
CLK3
COL24A1
COL5A1
CS
CSNK2A2
CWC27
DECR1
DENND1A
DENND4B
DES
DHRS4
DOK5
DUSP1
DVL2
ETV5
EXOC1
FAM208A
FANCL
FBL
FMN1
GCC2
GDA
GRAMD3
HIPK3
HLA-A

IGSF11
IKZF1
KIAA0368
KIAA1456
LEMD3
LSM2
MARK4
MAST1
MCTP1
MEF2C
MITF
MRPL16
NFAT5
OR10AD1
OSBP
OTC
PAX3
PCSK5
PDE1C
PDE4B
PEAR1
PGC
PIWIL2
PLCXD3
POLR2K
PRDM6
PRKAG2
PUF60
PUS7L
RAB8B
RBM20
RCSD1
RGL2
RNF13
SCN4A
SLAIN1
SLC37A2
SLC39A5
SLC41A1
SMG5

SORCS1
SP100
STT3B
STX1A
SUMF1
SYNE1
SYTL2
TBC1D19
THOC7,C3orf49
TJP1
TNKS
TP53BP2
TROAP
TRPM3
TTC21A
TTF1
USH1C
USP45
WWOX

Present in 3 of 12 individuals
AEBP1
ALOX12,LOC100506713
ARFGAP2
ASS1
C1orf94
CDHR3
CNTN5
DENND2D
DOCK2
EML4
FAM133B
FAM19A3
HEPACAM
IDE
ITGA6
M1AP
MEAF6
MOK
MORF4L1
MPPED2
MSH5,MSH5-SAPCD1
MYO18A
NDUFAF5
NR5A2
OSCP1
PCCA
PCDHGB,PCDHGA
PDE11A
PLAC8L1
PLCD4
PPP1R42
ROS1
SKAP1
SKAP2
SLC9A5
SLC37A2
SPTBN1
SPTLC3
STAC3
UBE4A,LOC100131626

UNC13A
USP20
VIT
ZNF516
ZZEF1

Present in ≥4 of 12
individuals
ACAP2
ACIN1
ARAP2
ARHGAP23
ATG10
BMS1P20
CCDC65
DMD
FAR1
FOXJ2
FUNDC1
HLA-A
INTS4
KANSL2
KIAA1524
LHX4,LOC100527964
LIMA1
LRP6
MSANTD3,MSANTD3TMEFF1
PDPR
POP1
PRPF39
RNF157
RTN4
SENP2
SLC6A7
WDR75
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!

B. Indels6
Present in 2 of
12 individuals

Present in 3 of 12
individuals

ASAP1
CCDC90B
CCDC151
CCNL2
CHPT1
CLHC1,RPS27A
DCUN1D5
DDX18
DMTF1
HEATR5B
HNRNPH1
IMPA1
L2HGDH
LNX1
LPCAT4
MROH2B
MRS2
PADI1
SAMD4A
SPHKAP
SPTB
TRAPPC13
ZNF532

AARS
ABI3BP
ACTR8
ATF2
ATG3
CCDC73
COL25A1
CSPG5
DGKI
EFNA3
EVA1C
FSIP1
ITSN1
NCL
PSPH
R3HDM2
RBL2
TRAM2
UBR4
UNC79
VPS9D1,VPS9D1-AS1

Present in ≥4 of 12 individuals
ADCK1
AUP1
AXDND1
CBX6
CELF2
COL24A1
DAPK1
DCAKD
DEFB129
DENND2D
DGKH
FAM120A
FKBP15
GFI1
GFM1
HNRNPH1
IPP
KIF24
MMS22L
MON2
NEB
NOC3L
NSF

OGDH
POC1B
SLC13A2
SLC15A2
SNX27
SPOP
SRA1
SYT15
TAOK3
THRB
TMF1
TPM2
TRAPPC6B
TRPM3
TRPM7
UGDH
ZDHHC21
ZFP64

C. Multiallelic indels and mixed-type variants6
Present in 2 of
12 individuals

Present in 3 of 12
individuals

Present in ≥4 of
12 individuals

CES5A

TTLL12

CLYBL
COL19A1
DPF3
EPAS1
FRK
HSPA14
RNF144A
SEC23IP
SQLE
TMX1
WDR16

!

1

Genes with more than one variant in the same allele-frequency category are underlined.!
Genes with potential involvement in thiopurine metabolism, transport or therapeutic action are boldened; those
that are disease-related are highlighted in grey.
3
Genes sharing the same position are separated by coma(s).
4
Variant sites with excess heterozygosity, reference bias or no annotated gene name were excluded.
5
All variants were reported to have a CADD C score ≥15.
6
All variants were reported to have a GERP score >4.
2

!
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Appendix L: Alignment of a long read (6,125 bp) to the CYP2D6 gene (BLASTN
2.2.30 search, with default scoring parameters; GRCh37.p13 Primary Assembly,
NC_000022.10; not all matches are shown here)
Range 1: 42,525,930-42,528,567
Query

73

Sbjct

42528567

Query

131

Sbjct

42528509

Query

187

Sbjct

42528449

Query

239

Sbjct

42528390

Query

289

Sbjct

42528332

Query

342

Sbjct

42528274

Query

397

Sbjct

42528215

Query

451

Sbjct

42528160

Query

508

Sbjct

42528101

Query

560

Sbjct

42528041

Query

598

Sbjct

42527981

Query

658

Sbjct

42527921

Query

717

Sbjct

42527867

Query

774

Sbjct

42527807

Query

831

Sbjct

42527749

TAGAAGTCCACATATCGGCAGCTGCCCTCCAA--aaagacaggattttgaaagcagagca
|||||||||| | |||||||||||||||| | |||||||||||||||||||||| ||
TAGAAGTCCAGAGCTCGGCAGCTGCCCTCCCACAAAAGACAGGATTTTGAAAGCAG--CA

130

agagagaagagacgtatcaggtcg---cagtggctcag-cctgtaaggtatccactttgg
|||||||||||||||||||||| |
||||||||||| |||||||
||||||||
AGAGAGAAGAGACGTATCAGGTAGTCACAGTGGCTCAGGCCTGTAATCCCAGCACTTTGG

186

gaggccctatcacgcg-atggttgga-----ggaattcaataaataacgctgacacgt-|||||||
| | || | | |
||||||||| |
| |
|||| |
GAGGCCCAGGTGGGAGGATCGCTTCACCCCAGGAATTCAAGACC-AGCCTGGACAACTTG
-acgaacccggtc-ctc--aaaattacaaa-ttagcttccac---gtgcctgtaggct-| ||||| |||| ||
|||| |||||| ||||||
|
|||| || ||||
GAAGAACCGGGTCTCTACAAAAAATACAAAATTAGCTGGGATTGGGTGCG-GT-GGCTCA
-gc---taatcccagcactttggat--ct-aggtgggtgggtgaccattgaagtcaggag
||
|||||||||||||||||
|| |||||||||| | ||| ||||||||||||
TGCCTATAATCCCAGCACTTTGGGAGCCTGAGGTGGGTGGATCACC--TGAAGTCAGGAG
gc--agactagc-tcgataa-atggcaaacaccctatctctactgaaaatacaaaagcc|||||||| | | || |||| || |||||||||||||||||||||||||| |
TTCAAGACTAGCCTGGCCAACATGGTGAA-ACCCTATCTCTACTGAAAATACAAAAAGCT
-gacgtggtggcacac--ctgtaatcccagctgactatgtagaggggctcacg---gaga
||||||||||||||| |||||||||||||| |||
||| | |||| | |
||||
AGACGTGGTGGCACACACCTGTAATCCCAGCT-ACT---TAG-GAGGCTGAGGCAGGAGA
attgcttgaagccccgtagtaacaggttg--gtgagccgagattgcatcattgcact-tg
||||||||||||| | || | |||||| ||||||||||||||||||||||||| ||
ATTGCTTGAAGCCTAGAGGTGA-AGGTTGTAGTGAGCCGAGATTGCATCATTGCACAATG
gaggggagcg-ccagcctctgaagcc---ggaaatctccggctcggaaaaagaaaC---||||||||| ||||||| | | |
||||||||||| ||| ||||| |||
GAGGGGAGCCACCAGCCTGGGCAACAAGAGGAAATCTCCGTCTCCAAAAAAAAAAAAAAA
----------------TAGTCTGG----TGCCTGTAGTCCCA--TAGCTTGGAGGCAGGG
||| ||||
|||||||||||||| || | ||||||||||
AAAAAAAAAAAAGGATTAGGCTGGGTGGTGCCTGTAGTCCCAGCTACTTGGGAGGCAGGG
GTCATAATGGTTCTAAGGActgcaatcagccatgatcctgccactgcactccagcATCGT
|
| | | | |
||||||| | ||||||||||||||||||||||||| || | |
GGTCCACTTGATGTCGAGACTGCAGTGAGCCATGATCCTGCCACTGCACTCCGGCCTGGG

42528510

42528450
238
42528391
288
42528333
341
42528275
396
42528216
450
42528161
507
42528102
559
42528042
597
42527982
657
42527922

AACGTAAACGAG-CCATATCGATAGCTGTTAAAAGAAAAATAAAGCAACATATCCTGAAA
|
| ||| || | || | ||
|||| |||||||||||||||||||||| ||
CAACAGAGTGAGACCCTGTCTAAAG-----AAAAAAAAAATAAAGCAACATATCCTG-AA

716

TAAAGGATCCTCCATAACGTT-CCACCCAATTTCTAATCAGAAACATGGAG--CAGAAAG
|||||||||||||||||||| ||||| |||||||||||||||||||||| |||||||
CAAAGGATCCTCCATAACGTTCCCACCAGATTTCTAATCAGAAACATGGAGGCCAGAAAG

773

CAGTGTAG--AGAGAACTCACGAGCAGCCCGGGGAGGTTGTCGATGATAGTC-GGGGCAA
||||| ||
|| || | | ||||||| |||||| ||| | | | || | |||||||
CAGTGGAGGAGGACGACCCTCAGGCAGCCC-GGGAGGATGTTG-TCACAGGCTGGGGCAA
TG---TCGCGGCTAC--AATGCGA--TATGGGAACAGCC--GGTGCAA--CAGA--CC-|
| ||||||| | || || | ||||||||||| | |||||
||| ||
GGGCCTTCCGGCTACCAACTGGGAGCTCTGGGAACAGCCCTGTTGCAAACAAGAAGCCAT

289

42527868

42527808
830
42527750
875
42527690

!

Query

876

Sbjct

42527689

Query

928

Sbjct

42527629

Query

982

Sbjct

42527572

Query

1032

Sbjct

42527513

Query

1081

Sbjct

42527453

Query

1136

Sbjct

42527393

Query

1188

Sbjct

42527336

Query

1241

Sbjct

42527276

Query

1292

Sbjct

42527216

Query

1345

Sbjct

42527157

Query

1403

Sbjct

42527102

Query

1460

Sbjct

42527044

Query

1508

Sbjct

42526986

Query

1564

Sbjct

42526927

Query

1617

Sbjct

42526870

Query

1670

Sbjct

42526811

Query

1723

Sbjct

42526751

!

-GACTCATCTAAGTTCAGGAATGT-GGCTGGGCTGGGAGCAGC--GTGGAC--GAAT--T
| |
| || ||||||||| ||||||||||||||||||
||||| || | |
AGCCCGGCCAGAGCCCAGGAATGTGGGCTGGGCTGGGAGCAGCCTCTGGACAGGAGTGGT
ACGATGGAGGAAACCTCTAACCTATCGGCT--GAATTTAGTCA---GGTGCTTGGT-TGT
| || ||||||||||
| |
|||| ||| | | |
||||| ||| |||
CCCATCCAGGAAACCTCCGGCAT---GGCTGGGAAGTGGGGTACTTGGTGCCGGGTCTGT

927
42527630
981
42527573

ATGTGTGTG-GA-TCGCGTGT-----CCAGAATGTGT--TACAAGTGTCA-TGTGGAGTC
||||||||| || | | ||||
||||||||| | |||||||| ||| |||||
ATGTGTGTGTGACTGGTGTGTGTGAGAGAGAATGTGTGCTCTAAGTGTCAGTGT-GAGTC

1031

TGTG-AT---TGAA-GTTGTCTTTGT---CGTGATTTT-TCCGCGTGTTAAC-TG-CTCT
|||| ||
|||| ||||||||||
|||||||| | | |||| | | || | ||
TGTGTATGTGTGAATATTGTCTTTGTGTGGGTGATTTTCTGCATGTGTAATCGTGTCCCT

1080

TCAA-CCTAAACAAGTGAACAA-TGTCTGGGAGTGGACAAG---TCACAGCACCATCAGG
|||
| |||||||| |||| ||||||||||||||||||
||
|||||||||||
GCAAGTGTGAACAAGTGGACAAGTGTCTGGGAGTGGACAAGAGATCTGTGCACCATCAGG
TGTGCACA---CGTCTTGCCTTGCCCGTAAGAGTGCAA--TGAAG-GAATGAA--ACTAC
|||| ||
|||||
| || |
|||||||||| ||||| ||| | | |
|
TGTGTGCATAGCGTCTGTGCATGTC---AAGAGTGCAAGGTGAAGTGAAGGGACCAGGCC
CAT-AT-TCACTCATCATCAGGAGCTCTAAGGCCC---ATACGTGCCAAATACACTCA-||| || |||||||||||||||||||||||||||
|| ||||||
|||
|
CATGATGCCACTCATCATCAGGAGCTCTAAGGCCCCAGGTAAGTGCCAGTGACAGATAAG
--TTATGAAGAT-ACTCTGGAGTG---ACCCATCGATA-GGAAAGG--CACTACAGGTTC
| ||||| | |||||||||||
|
| || |||||||
|
|| ||||
GGTGCTGAAGGTCACTCTGGAGTGGGCAGGTGGGGGTAGGGAAAGGGCAAGGCCATGTTC
TGGAGGAGGGTTTG-----ACGATTGCTAGTATGAGCTCTAGCTGGGAGGTCGAT--ACG
|||||||||| |||
|| | |
|||||||| ||||||||||||| |||
||
TGGAGGAGGGGTTGTGACTACATTAGGGTGTATGAGC-CTAGCTGGGAGGTGGATGGCCG

42527514

42527454
1135
42527394
1187
42527337
1240
42527277
1291
42527217
1344
42527158

GGTCTATACGAACATCCCTGGTTATCCC--AAAGCGTTGCAAGGCTTCAGGAGCTTGAAT
|||| |
|| | ||||||||||||| || || |||| |||||||||||||||| |
GGTCCA-CTGA--AACCCTGGTTATCCCAGAAGGCTTTGC-AGGCTTCAGGAGCTTGGA-

1402

ACGAGGGGTGAGTTGGCTGGATCCCCAACTAGCGGCCTCGACCGGCTCAGCTCG---AAG
| |||| ||| ||
|| || || ||
|||| |||||| | | |
|||
--GTGGGGAGAGGGGGTGACTTCTCCGACCAGGCCCCTCCACCGGCCTACCCTGGGTAAG

1459

GCGCCCCAAG--GGAATATGG---ATGAAC------ACCAACCTCATAATCCACCT-GAC
| |||
|| ||||
||
| ||||
| || || |||| | ||| | |
G-GCCTGGAGCAGGAAGCAGGGGCAAGAACCTCTGGAGCAGCC-CATACCCGCCCTGGCC

42527103

42527045
1507
42526987

TGA-TCT--CACTGGCAGCACAAT-AACACATGAAGGTCACTCACGGCCACGCGACGATA
||| ||| ||||||||||||| | |||||| | | |||||||| | ||
| | |
TGACTCTGCCACTGGCAGCACAGTCAACACAGCAGGTTCACTCACAG-CAGAGGGCAAAG

1563

GTAATGA--ATCTACCATTACTAGGGCTTGTGGACCACTGTGTTGGGGTGCTGAG----| || | | || || ||| ||||
|| |||
| || ||||||||
GCCATCATCAGCTCCCTTTATAAGGG---AAGGGTCACGCGCTCGGTGTGCTGAGAGTGT

1616

CTTGCTTATT--GTGGTGCCT-GTAGGGT-AGGGTGCCAGCTTATGTC---AGGAGCCTT
| ||| | |
|||||| || |||| ||||||||| | ||||
|||||||
CCTGCCTGGTCCTCTGTGCCTGGTGGGGTGGGGGTGCCAG-GTGTGTCCAGAGGAGCCCA
TACCGTA--GAGGCAGGTATGGG--AGGAAGCACTGGT-ACCCTGGCCGTGGTGATGG-|
||| ||||||||||||||
||||||||||| ||||||||||| | |||
TTTGGTAGTGAGGCAGGTATGGGGCTAGAAGCACTGGTGCCCCTGGCCGTGATAGTGGCC
AGC-TCCTTC-CTTAGTAGTACTCTGATGCACCCTAG---ACGGTGGGCTCCACGCCA-| | |||| | | | || | || ||||||||||
|
||| |||||| ||||| |
ATCTTCCTGCTCCTGGT-GGAC-CTGATGCACCGGCGCCAACGCTGGGCTGCACGCTACC

290

42526928

42526871
1669
42526812
1722
42526752
1775
42526694

!

Query

1776

Sbjct

42526693

Query

1828

Sbjct

42526637

Query

1883

Sbjct

42526578

Query

1937

Sbjct

42526519

Query

1991

Sbjct

42526461

Query

2040

Sbjct

42526401

Query

2089

Sbjct

42526341

Query

2142

Sbjct

42526284

Query

2194

Sbjct

42526228

Query

2250

Sbjct

42526171

Query

2299

Sbjct

42526115

Query

2352

Sbjct

42526055

Query

2408

Sbjct

42525997

Query

2462

Sbjct

42525938

------GCCCCTGGAGATTGCGTACCGGGCT-GGCAACCTGC-ACGTGAATATTTCCATG
||||| | | |||
||||||| |||||||||| | ||
| ||||| |
CACCAGGCCCCCTGCCACTGC---CCGGGCTGGGCAACCTGCTGCATGTGGACTTCCA-G

1827

AACA---CATACTGCTTCTAACA-GTGA-GGAGGAGGTCTATGGAGGGCGGCGCAGGTGA
||||
||||||||||| | || |||| |||||||||| ||||||||||| ||||
AACACACCATACTGCTTCGACCAGGTGAGGGAGGAGGTC-CTGGAGGGCGGCAGAGGTCC

1882

TGAGGCT-CCCTACGA--AGCAAACAACGGT--ACCCTGAAACCACGTAGCAATAAC-TA
||||| | ||| || | |||||||| |||
|||||||||
||
| | |
TGAGGATGCCCCACCACCAGCAAACATGGGTGGTGGGTGAAACCAC-AGGCTGGACCAGA

1936

AGCCA---TGAGACCAGGGAAGCAGGTTTTGGCGGACGTC--GGCCAAAGGCA-TTCCAC
|||||
|||||
|||||||||| ||||| |||| || || || |||| || ||
AGCCAGGCTGAGA-AGGGGAAGCAGG-TTTGGGGGACTTCCTGGAGAAGGGCATTTATAC
-TG--ACGAAGCACTTCA--TTCC---GACTAAGGAAGAGTA-GGCAAGG--CTGGAGGT
|| | |||| ||| | ||||
| | ||||||||||| ||||||| ||||||||
ATGGCATGAAGGACTGGATTTTCCAAAGGCCAAGGAAGAGTAGGGCAAGGGCCTGGAGGT
G--GCTGGACTTGGCAGT--GAATGAAAGCCC---GTGGAATA-ATGT--TGGAATGGA| ||||||||||||||| | ||| ||||||
| | || | |||| |||| | |
GGAGCTGGACTTGGCAGTGGGCATGCAAGCCCATTGGGCAACATATGTTATGGAGTACAA

42526638

42526579

42526520
1990
42526462
2039
42526402
2088
42526342

--TGCTTTATG-----ACAAGAAGGAAAGGTGATTAGAATGATGAAGATGAGTCGGTCAG
| | || ||
|| |||||||||||
| ||||| |||||||||| |||
AGTCCCTTCTGCTGACACCAGAAGGAAAGGCCTTGGGAATG--GAAGATGAGTTAGTC-C

2141

TGCGTCCCTATCACGAATCA-GAAAACGCTACATTAAAAGTGGT--AG-----CATTTCA
|| || || | | ||||| |||| || |
| || | ||| ||
| ||||
TGAGTGCCGTTTA--AATCACGAAATCG--AGGATGAAGGGGGTGCAGTGACCCGGTTCA

2193

42526285

42526229

ACTCATTTG-AATGATTGTGCTATTGGCCTCAC-GCTTA--AGCATGAGACATGATAGTA
| | |||| | ||
|| ||
|||||||| ||| |
|||||
||| ||
AACCTTTTGCACTGTGGGTCCT-CGGGCCTCACTGCTCACCGGCATGGACCATCAT--CT

2249

TGGAATGGGATCGACTCTAGCTGGCG---------AATTTT-ATGACT-GTGCAAGGTCA
||||||||||
||| |||| |
|||||| ||||| ||||||||||
GGGAATGGGAT----GCTAACTGGGGCCTCTCGGCAATTTTGGTGACTCTTGCAAGGTCA

2298

TACCTGGAACCGACTTACAAA-TGAGTTCCTCCATCA-AGAA-ATGT-ACTC---ACCCC
|||||||
| | |||| ||||||||||||||| |||| ||| || |
||||
TACCTGGGTGACGCATCCAAACTGAGTTCCTCCATCACAGAAGGTGTGACCCCCACCCCC
GCCCCACGATCAGGAGGCTGGGTCCTTCCTCCTT-GACCTGCTCACTCCT-GTAGCCC-|||||| ||||||||||||||||| |||||||| |||||||||||||| |||||||
GCCCCAGGATCAGGAGGCTGGGTC--TCCTCCTTCCACCTGCTCACTCCTGGTAGCCCCG
GGGGTCGTCCAAGGTTCACTCAGCGACT----TAATTAGTC--GGGTGATCCTGGCTTAT
||||||||||||||||||
|| ||||
||||| ||| |||||||||||
GGGGTCGTCCAAGGTTCAAATAG-GACTAGGACCTGTAGTCTGGGGGGATCCTGGCTTGA
AAAGAGGCC
||||||||
CAAGAGGCC

42526172

42526116
2351
42526056
2407
42525998
2461
42525939

2470
42525930

Range 2: 42,525,148 to 42,525,228
Query

3112

Sbjct

42525228

Query

3171

Sbjct

42525171

ATGCCTTCATGGCCCACACGTTACGTCTCTGACCGCCCCCAAGGGGCTGTTCG-GGCGCG
|||||||||||||| || || |||| | | || |||| ||||| ||||| ||||||
ATGCCTTCATGGCC-ACGCGC-ACGTGCCCGTCCCACCCCCAGGGG-TGTTCCTGGCGCG
CCTCTA----CGCGTGGCGCGAGCA
| | |
|||||||||||||||
C-TATGGGCCCGCGTGGCGCGAGCA

3191
42525148

291

3170
42525172

!

Range 3: 42,524,408 to 42,524,922
Query

3403

Sbjct

42524922

Query

3456

Sbjct

42524864

Query

3515

Sbjct

42524810

Query

3571

Sbjct

42524754

Query

3626

Sbjct

42524695

Query

3683

Sbjct

42524644

Query

3739

Sbjct

42524587

Query

3791

Sbjct

42524534

Query

3843

Sbjct

42524474

Query

3894

Sbjct

42524415

TCGTGGACAAAGGCTCGTTGAAACGTGATCGCCTCCCTC-------GGCGCCTGCTTCTC
|| ||||||||| | | | ||||||||||||||||||
|||||| |||||
TCTTGGACAAAGCCGTGA-GCAACGTGATCGCCTCCCTCACCTGCGGGCGCC-GCTTCGA

3455

GCGCCCAATGACGACGCTGGCTTCCTGAGCGCCGTAATAATGAGCTCAGGAGG-ACTGAA
| |
|||||| || ||||||| || || |
|
||||||||||| ||||||
GTAC-----GACGACCCTCGCTTCCTCAG-GCTGCTGGACCTAGCTCAGGAGGGACTGAA

3514

GGAGGATCCTGGCTTTCGTGGTCGCGCGCGTAGGGAGCGAGA--CCG--GAGTCGCTCCT
|||||| | ||||||| || |||| | || ||||||||| ||| ||||| || |
GGAGGAGTCGGGCTTTC-TG--CGCGAG-GTGCGGAGCGAGAGACCGAGGAGTCTCTGCA
GCACCGAGCTCCCG-GAGGTGCTCCAGCA--ACTGGGGCCTCG-AAGAG-AGCATTCCAA
| | ||||||||| |||||||
||
|||||||||||| ||||| || |||
|
GGGC-GAGCTCCCGAGAGGTGCCGGGGCTGGACTGGGGCCTCGGAAGAGCAGGATTTGCA

42524865

42524811
3570
42524755
3625
42524696

GTACTCGTCATTTGGGAAATAAGGACATTCCGGGAGCCACTAGT-TAAG--GGGATAACC
| |
|||||||||
||||||||| |||| | | | | |||| |||
||
TAGATGGG--TTTGGGAAA---GGACATTCCAGGAGACCCCACTGTAAGAAGGG----CC

3682

TATCCAGGAGGAGGCGACATCTCAGACATTGGTCGTGGGAG----GTGCCCGGGTCTAGG
|
||||||||| ||||||||||||| ||||||||||||
||||||||||| ||
TGG--AGGAGGAGGGGACATCTCAGACA-TGGTCGTGGGAGAGGTGTGCCCGGGTCAGGG

3738

42524645

42524588

---ATCAGGAGAGGCATAG--ATCTGTA--GCCTATCCCACGTTA-CGATTTCTTGCCCG
| |||||||||| ||
||||||
||||| |||||| | |||||
||
GGCACCAGGAGAGGCCAAGGACTCTGTACCTCCTAT-CCACGTCAGAGATTT------CG

3790

TGTTCA--TTTCTCCTCTG---AAG--GAGAAGTAGGAGGCTGGCACTTTCAG-GAGACT
|| | |||||||||||
||| |||| | ||||||||||||||
| | ||||
ATTTTAGGTTTCTCCTCTGGGCAAGGAGAGAGGGTGGAGGCTGGCACTTGGGGAGGGACT

3842

T--ATCGCTCAGTTGGTAAGGAC--GCAAG--CTGGGTCTATC-GCAGCT--CTACGGGC
|
| |||| |||||||||| ||| | ||||||||| | | || | || || |
TGGTGAGGTCAG-TGGTAAGGACAGGCAGGCCCTGGGTCTACCTGGAGATGGCTGGGGCC
TGAGACTT
||||||||
TGAGACTT

42524535

42524475
3893
42524416

3901
42524408

Range 4: 42,524,173 to 42,524,287
Query

4013

Sbjct

42524287

Query

4067

Sbjct

42524229

AAAGGCTTTCCGTACC-AGCTCATATGAGCTGCTG-----GCACGGAGATGACGATACGC
||||||||||| ||| ||||
||||||||||
|||| | ||||||
|
AAAGGCTTTCCTGACCCAGCTGG-ATGAGCTGCTAACTGAGCACAG-GATGACCTGGGAC
CAAGCCCGCCGGCCCCAAG--CTGACTGAGGCCTTCCTGGCAGCAATAGAGAGGCTG
| ||||| | |||| || |||||||||||||||||||||| || |||| | ||
CCAGCCCAGCCCCCCCGAGACCTGACTGAGGCCTTCCTGGCAGAGATGGAGAAGGTG

4066
42524230

4121
42524173

Range 5: 42,547,223 to 42,547,276
Query

4284

Sbjct

42547276

!

GCCAAGGG-AATCATGAGAGCAGCTTCAATCATCCCAAAATCCACATAGTGGTG
|||||||| || | |||||||||||||||| ||
|| | | ||| ||||||
GCCAAGGGGAACCCTGAGAGCAGCTTCAATGATGAGAACCTGCGCATGGTGGTG

292

4336
42547223

!

Range 6: 42,523,748 to 42,523,812
Query

4453

Sbjct

42523812

Query

4510

Sbjct

42523757

GAGGGAGGAAGGGTACA-GCGGGGCGCCATGAACTTTGCTCCTACCGGACAGCC--GGCT
||||||||||||||||| |||||| ||||||||||||||
||||| || ||||
GAGGGAGGAAGGGTACAGGCGGGGGCCCATGAACTTTGCT-----GGGACACCCGGGGCT
GCAAGCACAG
|||||||||
CCAAGCACAG

4509
42523758

4519
42523748

Range 7: 42,523,597 to 42,523,677
Query

4583

Sbjct

42523677

Query

4637

Sbjct

42523619

CCCTGGGTGAT-ACCGATTTGTGCCGACGCATCGTC-GTCGAG--CGTGTT-AAC-GGAG
||||||||| | ||| ||| ||| ||||||| ||| ||| || ||||| ||| ||||
CCCTGGGTGCTGACCCATT-GTGGGGACGCAT-GTCTGTCCAGGCCGTGTCCAACAGGAG
ATCGACGACATGTCAGCGCAAGT
||||||||| || || ||| ||
ATCGACGACGTGATAGGGCAGGT

4636
42523620

4659
42523597

Range 8: 42,522,878 to 42,523,172
Query

5052

Sbjct

42523172

Query

5111

Sbjct

42523114

Query

5166

Sbjct

42523054

Query

5220

Sbjct

42522996

Query

5274

Sbjct

42522941

Query

5328

Sbjct

42522887

AGGTGTGAATGCGCCCTGCCTGTGGGCTTAGAGAGCGACTCTGTGGAGCTTC-CGGGCGA
|||||||| |||||||||| |||||| | ||||| |
|||||||||||| ||||||
AGGTGTGACTGCGCCCTGC-TGTGGGGTCGGAGAGGGTA-CTGTGGAGCTTCTCGGGCGC
TAGACCGGTTAACAC-GTC-AGCTGTGTGCCAGGCAGTGTCTTT---CAGCGTGTTTGAT
||| ||| ||| ||| |||||||||||||||||||| | |
| | ||||||| |
AGGACTAGTTGACAGAGTCCAGCTGTGTGCCAGGCAGTGTGTGTCCCCCGTGTGTTTGGT

5110
42523115
5165
42523055

---CGAGTTGGCTACATCCTAGAGT-CAGT-CCCACTCTCA-GCTGCGACTCCTTGGGCC
| | | | ||||||||||| |||| |||||||||| |||| || || | ||
GGCAGGGGTCCCAGCATCCTAGAGTCCAGTCCCCACTCTCACCCTGCATCTTCT--GCCC

5219

--GGAACGACCCTTAAGACC-TTCTGAC-TCGTT--TGAAAGGATACGGCTGCCCGTCTG
|||||||| || | |||
||| | ||| | || |||||| ||
|||||||
AGGGAACGACACTCATCACCAACCTGTCATCGGTGCTG-AAGGATGAGG----CCGTCTG

5273

GGAGAAGCC--TCCTGTTCCATTCATGAAACACTTCCTCCATTACGCACTAGGG----TT
||||||||| ||| ||||| |
|||||||||| ||
|| | ||||
||
GGAGAAGCCCTTCCGCTTCCA--CCCCGAACACTTCCTGGAT---GC-CCAGGGCCACTT

5327

TGTGAAGCCG
||||||||||
TGTGAAGCCG

5337
42522878

293

42522997

42522942

42522888

!

Range 9: 42,535,835 to 42,536,244
Query

5660

Sbjct

42536244

Query

5715

Sbjct

42536186

Query

5772

Sbjct

42536130

Query

5825

Sbjct

42536081

Query

5878

Sbjct

42536021

Query

5931

Sbjct

42535962

Query

5990

Sbjct

42535906

Query

6045

Sbjct

42535848

!

AATGTACAATAG-GCGAGGTC--AGTTCTCAAACCCGGGTCTCAT--TAACGCCCTCGTT
||||||||||| || | ||
|||||
||| |||||| | | | |||||||||||
AATGTACAATAAAGCAATGTGGTAGTTCC--AACTCGGGTCCCCTGCTCACGCCCTCGTT

5714
42536187

GGGATCA--CTCCTCAGG-CAACCGCCACCCTGCCTCATTCCTCTCTGCTTACCCTAAAA
||||||| ||||||||| ||||| | |||||||||||||||
|||||||| |
GGGATCATCCTCCTCAGGGCAACCCCACCCCTGCCTCATTCCT----GCTTACCCCACCG

5771

TCC-----CATTTCAACCGGACCTAGTAGATTTCATAGCCGGCCGACCA--TTTAAGTTA
|
||||| | |||
||| ||
||| || || | | |||||
CCTGGCCGCATTTGAGACGG-----GTACGTTGA------GGCTGAGCAGATGTCAGTTA

5824

CG--TGCC-ATAATCCCATCTTTTC-ACGGATGAAACT--GACTGCC-AGATTGGTGACA
|
|||| |||||||||| |
| || ||
|||| ||||||| ||||||||||||
CCCTTGCCCATAATCCCATGTCCCCCACTGACCCAACTCTGACTGCCCAGATTGGTGACA
AGGACGATAC-GTCT--GAATGCTAGGAAGG---CACAGTACTCATGAACCGAGC-GTCA
||||| | | |||
| |||
||||||
|| | |
| |||
||| ||||
AGGACTACATTGTCCTGGCATGTGGGGAAGGGGCCAGAATGGGC-TGACTAGAGGTGTCA

42536131

42536082
5877
42536022
5930
42535963

TT-ACTACTGAGGGGATGTGGGTCAGCAGCAAGGATCCAGCCTGGAGGCCCATATTTTCA
| |
|||
|||||||
|| | |||| ||||||||||||||||||||
GTCAGCCCTG----GATGTGGTGGAGAGGGCAGGACTCAGCCTGGAGGCCCATATTTCAG

5989

GCCTGACTCAGCCCACCCCA-AGTAAGGACGGCA-CCATGCTTCAGCACCATC---AAAG
|||| ||||||||||||||| | | |||| ||| | ||| ||||||||||
| ||
GCCTAACTCAGCCCACCCCACATCAGGGACAGCAGTCCTGC--CAGCACCATCACAACAG

6044

TTA-CTCCCTTCAT
| | ||||||||||
TCACCTCCCTTCAT

6057
42535835

294

42535907

42535849

