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Preface

Imatinib mesylate (Gleevec”) has become the gold standard for treating chronic
myeloid leukaemia (CML). This drug restores crucial cell processes including
apoptosis, by inhibiting the BCR-ABL tyrosine kinase responsible for the disease.
CML patients generally respond well to imatinib treatment with approximately 70% of
these achieving progression free survival. However, there are reports that some
patients experience adverse drug reactions (ADRS) to imatinib. In the event of ADRs
developing to a drug, it is common practice to reduce the dose, resort to a different
drug or terminate treatment. Due to the concern that lowering the dose of imatinib
could increase chances of developing resistance to imatinib, the current
recommendation is that treatment be stopped, rather than reduced. In theory, if
ADRs are a result of over exposure to imatinib, the dose could be lowered as long as
the required levels of imatinib in the plasma were maintained without exposing the

patient to risk of developing resistance.

The CYP3A4 enzyme is responsible for the metabolism of imatinib. Reduced activity
of CYP3A4 can lead to an overexposure of the body to imatinib and result in an ADR.
Conversely, an over active CYP3A4 can result in reduced efficacy of the drug. Thus
the aim of this study was to screen the exons of CYP3A4 for single nucleotide
polymorphisms (SNPs) and determine whether any of these are associated with the
presence of ADRs. The rationale for investigating SNPs, is that they can result in a
change in amino acid sequence of the CYP3A4 enzyme, responsible for the break
down of imatinib, that impact on the metabolic rate of the enzyme. Decreased
metabolism could lead to the development of ADRs, while an increased metabolic

rate could result in inefficient treatment.

This dissertation consists of 3 chapters, including a literature review (chapter 1),
research aim and methodology (chapter 2), as well as results and discussion
(chapter 3). The literature review presents a summary of the literature regarding
CML disease, its treatment with imatinib and the CYP3A4 enzyme responsible for its
metabolism. Chapter 2 includes the research aim and the methods used. The
results and interpretation thereof are discussed in the final chapter. Throughout this

dissertation, reference is made to specific genes and their protein products. Gene

Vi



names are referred to in the italic form and the protein/enzyme in normal text.
Capital letters may be used to denote either a gene or its corresponding protein,
according to the convention used in published literature.

vii
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Chapter 1: Literature Review

1.1 Chronic Myeloid Leukaemia (CML)

Chronic myeloid leukaemia (CML) is a myeloproliferative neoplastic disorder of
haematopoietic stem cells, characterised by an increase in myeloid cells,
predominantly granulocytes, in peripheral blood (Johnson et al. 2003; Gupta and
Prasad 2007). CML occurs with a frequency of approximately one to two in every
100,000 individuals per annum and accounts for approximately 15% of newly
diagnosed cases of adult leukaemia (Johnson et al. 2003). The median age at
diagnosis is 53 years, but this disease affects all age groups, including children
(Sawyers 1999).

CML is characterized by progressive granulocytosis, marked bone marrow
hyperplasia and splenomegaly (Igbal et al. 2004). Typical symptoms of CML at
presentation include thrombocytosis, fatigue, weight loss, fever, anaemia and
weakness (Sawyers 1999; Igbal et al. 2004). Approximately 40% of CML patients at
diagnosis are asymptomatic and are diagnosed as a result of atypical blood counts
(Sawyers 1999). The disease progresses in three phases, from a benign chronic
phase, to an accelerated phase and ending in the fatal blast crises, within three to
five years from onset (Johnson et al. 2003). During the chronic phase, white blood
cells continue to mature, whereas during the accelerated phase and blast crises,

immature white blood cells (blasts) accumulate in peripheral blood (Sawyers 1999).

The genetic basis of CML, is the presence of the Philadelphia (Ph) chromosome
(Nowell and Hungerford 1960). The Ph-chromosome is the result of a reciprocal
translocation between the long arms of chromosomes 9 and 22, giving rise to the
juxtaposition of BCR (breakpoint cluster region) and ABL (Abelson) genes on a
shortened chromosome 22 (Figure 1) (Mauro and Druker 2001). The Ph
chromosome is present in approximately 95% of CML patients. The other 5% have
complex or alternative translocations involving additional chromosomes that may also

result in the fusion of the BCR and ABL genes (Sawyers 1999).
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Wild type chromosomes During Translocation After Translocation
' ij BCR ) _@ BCR i
el q iy # Philadelphia
e Rz Chromosome
ABL ;BE_ )
#9 #9
#IL

Figure 1. Schematic representation of the reciprocal translocation between the long
arms of chromosome 9 and 22, resulting in a longer chromosome 9 and a shortened
chromosome 22, known as the Philadelphia (Ph) chromosome. The Ph chromosome
harbours the BCR-ABL oncogene (Figure adapted from
http://www.budapeststudent.com/notes/pphys/hematology3.htm).

The BCR-ABL oncoprotein is a constitutively active tyrosine kinase, which interferes
with multiple signal transduction pathways, which in turn affect cell growth,
differentiation and death (Ottmann and Wassmann 2003; Igbal et al. 2004). The
BCR-ABL oncoprotein can vary in size, i.e. 185 kDa (p185), 210 kDa (p210) or 230
kDa (p230), depending on the breakpoint site in the BCR gene (Figure 2) (Mauro and
Druker 2001). The majority (95%) of all CML patients express the p210 BCR-ABL
protein, whereas patients with Ph positive ALL (acute lymphoblastic leukaemia)
express either the p190 or p210 BCR-ABL protein. The rate of disease development
for patients with the p230 BCR-ABL protein appears to be at a slower compared to
those with the p210 or p190 BCR-ABL protein (Sawyers 1999). Each of the BCR-
ABL fusion variants contains the ABL tyrosine kinase that is characteristic of CML
(Sawyers 1999).
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Chromosome: #9

Chromosome: #22 BCR - 190kd
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190kd - ECR-ABL BCR - 190kd

210kd - BCR-ABL
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Figure 2: The three different BCR-ABL fusion proteins in CML. The size of the BCR-
ABL protein depends on the breakpoint in the BCR gene. TK denotes the tyrosine

kinase domain, which is located in ABL (Figure was adapted from Sawyers (1999)).

1.2 Tyrosine kinase and signal transduction

In general terms, a kinase enzyme transfers a phosphate group from a donor
molecule (e.g. ATP) to a substrate molecule, which has a lower energy potential than
the donor, by phosphorylation. Tyrosine kinase specifically transfers a phosphate
group from ATP to tyrosine amino acids. Tyrosine kinase enzymes form a subgroup
of a larger protein kinase group, which all play a vital role in normal cellular signal
transduction (Tang et al. 2007).

Signal transduction is the process whereby a signal or stimulus is converted to a form
that can be recognized within the cell. The transduction process incorporates a
series of biochemical reactions carried out by specific enzymes and forms an
integrated mechanism to relay information within and between cells (Mukherjee et al.
2006; Shenoy 2007). The activation of genes, altered metabolism, cell proliferation,
cell division, differentiation and cell death (apoptosis) are typical cellular responses
associated with the signal transduction pathways (Lalli and Sassone-Corsi 1994;
Tang et al. 2007). A deregulation of any of these cellular responses, apoptosis in
particular, can lead to any number of diseases. For example, apoptosis is overactive

in Alzheimer’s, Huntington’s and Parkinson’s disease, and infrequent in CML and
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ALL (Robertson et al. 2000; Blume-Jensen and Hunter 2001). Over active signalling
can result due to mutations, gene amplification or oncogenic fusion such as BCR-
ABL in the case of CML (Li and Hristova 2006).

1.3 Treatment of CML
Options for CML treatment include bone marrow transplantation (allogeneic stem cell
transplantation), cytoreductive chemotherapeutic drugs, Interferon-a (alpha) and

tyrosine kinase inhibitors (Johnson et al. 2003).

1.3.1 Cytoreductive chemotherapy

CML cells are sensitive to several oral chemotherapeutic drugs including busulfan
and hydroxyurea (Sawyers 1999). Approximately 90% of CML patients treated with
these chemotherapeutic drugs achieve a complete haematologic remission (CHR)!
(Golas et al. 2003). The use of busulfan, to treat CML, started in 1953 and at that
time was regarded as the treatment of choice, since it produced better treatment
results than radiation therapy (Henkes et al. 2008). However, busulfan is associated
with a number of adverse drug reactions (ADRs) such as the risk of bone marrow
aplasia, infertility, pulmonary, hepatic and cardiac fibrosis (Silver et al. 1999). As a
result of ADRs associated with busulfan, hydroxyurea came into use during the
1960’s (Silver et al. 1999). Compared to busulfan, Hydroxyurea has fewer reports of
ADRs (Sawyers 1999). However, although both busulfan and hydroxyurea induce
CHR, the majority of CML patients do not achieve a cytogenetic response® and none
a molecular response® (Henkes et al. 2008). Thus, bone marrow transplantation is
still preferred over chemotherapeutic treatment, due to the greater chance of curing

the disease.

L A complete haematologic remission (CHR) is characterized by an absence of immature cells in
peripheral blood, a white blood cell count less than 10 x 10%L, a platelet count less than 450 x 10°/L
and no obvious signs of splenomegaly. Furthermore this treatment response has to be maintained for
at least four weeks.

ZA cytogenetic response is characterized in four stages, namely complete, partial, minor or minimal.
A complete cytogenetic response is characterized by the absence of the Ph-chromosome. For partial
cytogenetic response the Ph chromosome is present at 1 to 35%, minor response at 36 to 55% and
minimal response at 66 tot 95%.

® A molecular response is defined as a decrease in BCR-ABL transcript levels, with a complete
response when transcript level is below the level of detection (0.01%) and a major molecular response
is when the levels of BCR-ABL transcripts are lower than 0.1%.

4
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1.3.2 Allogeneic stem cell transplantation (Bone ma  rrow transplantation)

Stem cell transplantation (SCT) is currently the only curative approach for CML
(Henkes et al. 2008). However, SCT in conjunction with chemotherapy has proven to
be more successful than SCT alone. The success rate of SCT is 50 to 60% among
CML patients in the chronic phase (Sawyers 1999). The disadvantage of SCT is
finding a suitable bone marrow donor, as a result only 15 to 20% of patients are
potential candidates. In addition, SCT has a high probability of side effects such as
immunodeficiency, infection, organ toxicity and acute as well as chronic graft versus
host disease (Sawyers 1999; Mauro and Druker 2001; Johnson et al. 2003; ISSCR:
http://www.isscr.org/clinical_trans/pdfs/ISSCRPatientHandbook.pdf).

1.3.3 Interferon- a

In comparison to busulfan and hydroxyurea, interferon-a has been shown to induce
complete haematologic and cytogenetic remission, with a lower incidence of ADRs in
CML patients (Sawyers 1999; Silver et al. 1999; Johnson et al. 2003; Silver et al.
2003; Wang and Seed 2003). However, ADRs such as fatigue, arthralgias, weight
loss, myalgias, headaches, depression, diarrhoea, neurological symptoms, memory
changes, hair thinning and cardiomyopathy have been reported to hamper the
efficacy of interferon-a treatment (Talpaz et al. 1991; Sacchi et al. 1995; Wetzler et al.
1995; O'Brien et al. 1996). In some cases, resistance to interferon-a has been
shown to develop in CML patients (Johnson et al. 2003; Kuhr et al. 2003).

1.3.4 Imatinib mesylate (Gleevec D)

1.3.4.1 Background

The development of the tyrosine kinase inhibitor, imatinib mesylate, took the
treatment of CML into a new chapter. Imatinib, also known as Gleevec, formerly
known as STI571 (Signal transduction inhibitor — 571), is a potent tyrosine kinase
inhibitor, which is considered to be reasonably non-toxic, and able to induce a
molecular response in CML patients in the chronic phase (Gambacorti-Passerini et al.
2003). Imatinib was developed by Novartis in 1990 and approved by the FDA in
2001 for the treatment of chronic phase CML patients (Hamada et al. 2003; Johnson
et al. 2003; Monroy et al. 2007; Henkes et al. 2008).
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A series of trials determined that imatinib is superior to interferon-a with regards to
treatment efficacy and drug safety (Hamada et al. 2003; Johnson et al. 2003). The
first trial of imatinib included 83 CML patients who had failed on interferon-a or who
could not tolerate the drug (Henkes et al. 2008). According to Novartis, no ADRs
hampering the treatment were encountered by patients participating in the trial.
However, patients did experience toxicity at doses higher than 750 mg/day (Henkes
et al. 2008). Approximately 98% of trial patients on imatinib experienced a complete
haematological response, with 31% of these achieving a major cytogenetic response
(Druker et al. 2001; Gupta and Prasad 2007). Recent results have shown that up to
70% of CML patients on imatinib achieve a complete cytogenetic response after 12
months of therapy, and 89% after 60 months (Druker et al. 2006).

To date, numerous trials and studies have focussed on the efficacy and safety of
imatinib. However, only a few studies have reported on the pharmacokinetic
characteristics of imatinib (le Coutre et al. 2004). Pharmacokinetics focuses on the
absorption, metabolism, distribution and excretion of a drug, which all have an
imperative role in treatment outcome. Although ADRs related to treatment with
imatinib have been described, the pharmacokinetic link with these ADRs has not

been investigated thoroughly.

1.3.4.2 Functioning of imatinib mesylate

At first it was thought that imatinib inhibits the BCR-ABL tyrosine kinase activity by
acting as a competitive inhibitor through binding to the ATP-binding pocket, thus
preventing ATP from binding (Gambacorti-Passerini et al. 2003). However, recent
studies have shown that imatinib only occupies a part of the ATP binding domain of
the tyrosine kinase resulting in the kinase to be stabilised in its inactive, non-ATP
binding form (Schindler et al. 2000; Gambacorti-Passerini et al. 2003). According to
the manufacturer, Novartis, imatinib produces comparable inhibition for different
forms of tyrosine kinase such as abl (Abelson), c-abl (normal ABL), PDGF-R (platelet
derived growth factor receptor) and c-kit (cytokine receptor) tyrosine kinases (le
Coutre et al. 2004). However, these findings are subject to change, as the different

factors involved with pharmacokinetics can be altered.



Literature Review

1.3.4.3 Pharmacokinetics of imatinib mesylate

Pharmacokinetic studies focus on the factors and time taken to transform the parent
compound, such as imatinib, to its active metabolite as well as the time taken to
further break down the compound or excretion. The active metabolite of imatinib
(CGP74588) is present in the body for between 30 to 50 hours. Imatinib (Figure 3)
has a half life of approximately 19 hours with a range of between 14 hours to 23
hours (de Kogel and Schellens 2007). However, recent research has suggested that
the prolonged exposure to imatinib may be the cause for the development of ADRs,
especially if a patient is sensitive to the active metabolite (Lin et al. 2003; Peng et al.
2005).

Thr315 Glu286

. o
b : | —
= \‘( \T(O k/ l “CH,

His361

Asp381

/N

|

Met318

Figure  3: Structural  formula of imatinib  mesylate  (4-[(4-methyl-1-
piperazinyll)methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinylJamino]-phenyl]
benzamide methanesulfonate) (Cz9H3:N7O.CH4SO3). The main metabolite of imatinib
is CGP74588 (Cy9H33N;SO,), also known as N-desmethyl-imatinib (the structural
formula of imatinib was copied from Peng et al. (2005) and Henkes et al. (2008).

1.3.4.4 Adverse drug reactions (ADRs) associated wi  th imatinib treatment

Imatinib is prescribed at an initial dose of 400 mg/day for patients in the chronic
phase and 600 mg/day for patients in the accelerated phase or blast crises of CML
(Mauro and Druker 2001). The dose is adjusted according to treatment response as

well as ADRs. The dose of imatinib can be increased when response to treatment is

7
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not favourable (e.g. 800 mg/day) or decreased when ADRs develop (e.g. 300
mg/day) (Johnson et al. 2003; le Coutre et al. 2004; Cohen and Tang 2006). The

ADRs experienced from imatinib can range from mild to severe.

The FDA accelerated the approval of imatinib during 2001 due to its treatment
efficacy and favourable toxicity profile over interferon-a (Johnson et al. 2003; Henkes
et al. 2008). The approval was based on a short follow-up period and as a result, not
all the long-term ADRs were determined. However, a longer post release follow-up
identified additional ADRs not reported initially. The ADRs from imatinib can be
grouped into serious and less serious events. Less serious ADRs are usually
managed with medication to provide symptomatic relief and the major ADRs on the
other hand, are dealt with a temporary cessation in treatment (Table 1). According to
Henkes et al. (2008) and Johnson et al. (2003), when a patient experiences ADRSs, it
is better to cease treatment rather than decrease dosage. Dose reduction is not
considered due to the possible development of resistance to imatinib. However, if
the ADRs are a result of prolonged exposure, it may be possible to reduce the
dosage without compromising plasma drug levels and treatment efficacy.
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Table 1: Major and minor ADRs experienced from imatinib treatment.

Major ADR

Reference

Minor ADR

Reference

Haematological
cytopenias

Henkes et al. 2008;
Hughes et al. 2003;
O’'Brien et al. 2003a;
Sneed et al. 2003;
Sawyers et al. 2002;
Talpaz et al. 2002;
Pestina et al. 2001;
Simmons et al. 1990

Gastrointestinal
side effects

Monroe et al. 2007;
Johnson et al. 2003;
Veronese et al. 2003;
Cohen et al. 2002;
Deininger et al. 2003

Severe skin rashes

Deininger et al. 2003;
Rule et al. 2002

Musculoskeletal
side effects

Henkes et al. 2008;
Deininger et al. 2003

Fluid retention

Cohen et al. 2002;
Ebnoether et al. 2002

Cutaneous side
effects

Deininger et al. 2003;
Rule et al. 2002

Cardiotoxicity

Henkes et al. 2008;
Deininger et al. 2003;
Cohen et al. 2002

Renal dysfunction

Henkes et al. 2008

Hepatictoxicity

Ridruejo et al. 2007,
Deininger et al. 2003

Teratogenic and
embryonic side
effects

Henkes et al. 2008;
Huang et al. 2008
Choudhary et al.
2006;

Ali et al. 2004;
Deininger et al. 2003;
Lee et al. 2003

Pulmonary toxicity

Henkes et al. 2008;
Lee et al. 2003;

1.3.4.5 Absorption, distribution, metabolism and ex

cretion of imatinib

It is generally accepted that understanding the pharmacokinetics of a drug assists in

ensuring its efficacy (Lin et al. 2003; Ekins et al. 2005). This is achieved through

studies

pharmacogenomics of a drug (Ekins et al. 2005).

focussing on

the

toxicogenomics,

proteomics,

metabolomics and

Drug efficacy relies on a

coordinated system of transporters, channels, receptors, gatekeepers and enzymes

that can all in turn affect the absorption, distribution, metabolism, excretion and
toxicity of a drug (Ekins et al. 2005).
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1.3.4.5.1 Absorption of imatinib

Imatinib is an orally administered drug and is absorbed by the digestive system into
the bloodstream. Ineffective absorption may influence drug-plasma levels of imatinib.
However, this is not considered a problem with imatinib, since very few cases of poor

absorption have been reported (Peng et al. 2005).

1.3.4.5.2 Distribution of imatinib

The efficient distribution of imatinib involves the transport of the active metabolite to
the target cells via blood plasma and the uptake into the cell via transport proteins.
The distribution of imatinib is generally regarded to be extensive, however, there are
factors that can influence its distribution negatively (Hamada et al. 2003; Peng et al.
2004; Peng et al. 2005). Imatinib has been found to bind to plasma proteins such as
albumin and al — acid glycoprotein (A1AGP). This binding to plasma proteins can
reduce the exposure of free imatinib and it is hypothesised that this may indirectly
contribute to resistance against imatinib (Gschwind et al. 2005; Peng et al. 2005). In
addition, transport protein OCT-1 (organic cation transporter - 1) is responsible for
cell influx and P-glycoprotein for efflux. Thus a decrease in influx or efflux may lead

to inefficient treatment or toxicity, respectively (Hamada et al. 2003; Peng et al. 2005).

1.3.4.5.3 Metabolism of imatinib

The metabolism of a drug is hypothesised to be the main factor affecting drug
efficacy after absorption, distribution and excretion (Evans and Relling 1999; Wolf
and Smith 1999). Drug metabolism is primarily controlled by the cytochrome P450
(CYP450) enzyme system and the metabolism of imatinib is mainly controlled by the
CYP3A4 enzyme (Schmidli et al. 2004; de Kogel and Schellens 2007). The CYP450
enzymes are mainly located in the liver and small intestine. Their function is to
increase the water solubility of their substrates through oxidative metabolism, on
order to facilitate their excretion from the body (Hashimoto et al. 1993; Sata et al.
2000). A decrease or increase in the metabolic rate of a CYP450 enzyme can lead
to a drug being metabolised too quickly or too slowly and can ultimately result in
treatment failure or ADRs (Wolf et al. 2000).
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1.3.4.5.4 Excretion of imatinib
Excretion of imatinib relies on efflux proteins. This system needs to function at an
optimal rate to ensure that the body is not exposed to imatinib for too long, as ADRs

could develop. Imatinib is mainly excreted through faeces and urine as a metabolite.

1.4 Pharmacogenetics

Pharmacogenetics is the study of the genetic basis to drug metabolism and its impact
on treatment response. Drug therapy is often based on the assumption that all
individuals respond similarly to drugs (Innocenti et al. 2000). However, drug efficacy
has been reported to vary considerably between individuals (Garcia-Martin et al.
2002; de Jong et al. 2006). This can impact treatment outcome as well as result in
additional medical cost in treating ADRs (van Schaik 2004). In the United Kingdom
(UK), ADRs were reported to occur at an incidence of 20,000 cases per year in 1999,
compared to 250,000 cases in 2006. The estimated cost of this in 2006 was
approximately £466 million to the National Health Service (NHS) (Wolf and Smith
1999; Hitchen 2006). In the United States of America (USA), ADRs were reported to
be the 5" leading cause of death in 2006 (Nakamura 2008). It is not known whether
the rise in the incidence of ADRs is a result of poor drug development or whether the
reporting of ADRs has improved (Veltmann 2005; Ushma et al. 2007). What is
evident is that patients do not respond uniformly to drug treatment and this has to be

considered an important factor in the development of ADRSs.

Differences in drug response between individuals are either a result of a lack of
therapeutic effect, due to a too rapid drug clearance (rapid metabolisers), or ADRs
due to impaired drug clearance (poor metabolizers) (Wolf et al. 2000; Murray 2006).
There are several factors that can impact drug efficacy. These include dietary intake,
age, health, gender, concurrent drug therapy and genetic variation (McKinnon and
Evans 2000; Leeder 2001). Of these, genetic variation is considered to be the main
factor contributing to altered drug efficacy and ADRs, with altered catalytic activity of
CYP450 enzymes hypothesised to be the main cause (Evans and Relling 1999; Wolf
et al. 2000; Innocenti et al. 2002).

11



Literature Review

CYP450 enzymes are responsible for the metabolic breakdown of any foreign
compound that enters the body, including drugs. Variation in DNA that results in
altered activity of CYP450 enzymes can be due to single nucleotide polymorphisms
(SNPs), insertions, deletions, inversions or translocations. SNPs are the most
common cause of change in the CYP450 protein sequence (van Schaik et al. 2001).
SNPs either result in non-synonymous or synonymous changes in DNA. Non-
synonymous SNPs result in a change in protein sequence by altering the codon for a
specific amino acid. Synonymous SNPs can result in a translational pause during
protein synthesis and this is hypothesised to have an impact on protein structure and
function. Changes in CYP450 protein structure can alter the metabolic rate of the
enzyme, which if decreased can all lead to ADRs, and if increased, will result in an
increased clearance of a drug and possibly inefficient treatment (Sachese et al. 1999;
van Schaik et al. 2001; Hirota et al. 2004; Mathijssen and van Schaik 2006; Schirmer
et al. 2007).

In addition to genetic contribution, concomitant therapy is also an important factor in
the development of ADRs or inefficient drug treatment. Drug interaction becomes
problematic where more than one drug is metabolised by the same CYP450 enzyme
(Murray 2006; www.healthanddna.com/Druglist.pdf). For example, the same enzyme
that metabolises imatinib, CYP3A4, is also responsible for the metabolism of
ketoconazole, indinavir, voriconazole, clarithromycin, delavirdine, itraconazole and
simvastatin, to name a few. If imatinib and a drug such as ketoconazole, both shown
to have an inhibitory effect on the CYP3A4 enzyme, are taken concomitantly, the
enzyme CYP3A4 would metabolise these drugs at a slower rate than normal and
result in an extended exposure to these drugs, and possibly lead to the development
of ADRs. Furthermore, inhibition or induction of CYP3A4 does not only occur with
drugs, but also with food. For example, CML patients being treated with imatinib are
discouraged from ingesting grapefruit whilst on imatinib treatment, as grapefruit
contains the furanocoumarin, epoxybergamottin and the flavinoid, naringenin, all of
which are substrates of CYP3A4 and inhibit CYP3A4 activity (Wolf and Smith 1999;
Veronese et al. 2003; Monroe et al. 2007).
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1.5 Cytochrome P450 enzyme system (CYP450)
1.5.1 Background on cytochrome P450

Currently there are over 400 known members of the CYP450 family in diverse
organisms such as mammals, fish, insects, nematodes, plants, yeast, fungi and
bacteria (Wauthier et al. 2007; Sim et al. 2008). Eukaryotes require CYP450
enzymes for biotransformation, such as sterol biosynthesis for plasma membranes
and metabolism of all compounds that enter the body. Although previously it was
thought that these enzymes were only located in the liver, it was later shown to also
be present in the intestines, skin, brain, kidneys, prostate and lungs (Hellmold et al.
1998). However, the liver harbours the majority of CYP450 enzymes, especially the

enzymes responsible for drug metabolism.

CYP450 enzymes are a super family of haeme-containing proteins that are crucial for
the oxidative, peroxidative and reductive metabolism of a diverse group of
compounds, including endobiotics, such as steroids, bile acids, fatty acids,
prostaglandins, leukotrienes and xenobiotics including most therapeutic drugs and
environmental toxins (Ingelman-Sundberg et al. 1999; Rogers et al. 2002; Xu et al.
2002; Sim et al. 2008). These enzymes display inter-individual variation in activity as

a result of SNPs, making CYP450 enzymes the focus of pharmacogenetics.

1.5.2 Cytochrome P450 nomenclature and classificati  on

The CYP450 enzymes are denoted as CYP which is an abbreviation for the word
cytochrome. A characteristic of all CYP450 proteins is that when these proteins are
in the reduced state, the haeme iron (Fe*") pigment binds to carbon monoxide (CO),
giving the CYP450 protein a unique absorption at 450 nm (Omura and Sato 1964;
Garfinkel 2003). The cytochrome P450 (CYP450) name was derived due to this
absorption wavelength (Omura 1999). The Arabic number following “CYP” is used to
describe the specific family (e.g. CYP3). This is followed by a letter that denotes the
sub-family (e.g. CYP3A) and a number that identifies the specific enzyme (e.qg.
CYP3A4). Different allelic variants, due to an alteration in DNA sequence, are
denoted with “** followed by a number (e.g. CYP3A4*2) (Nebert et al. 1987).

In addition to the standard CYP nomenclature for allelic variants, different SNPs

located in intron regions as well as non-synonymous and synonymous SNPs have
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their own unique denotation, prior to naming by the CYP450 nomenclature committee
(CYP450 Nomenclature Committee: http://www.cypalleles.ki.se/). A non-
synonymous exon SNP is denoted by the original amino acid abbreviation, followed
by the amino acid number and the subsequent amino acid abbreviation (e.g. M123V).
Synonymous SNPs are denoted in a similar fashion, only with no substitution of the
amino acid (e.g. M123M). Intron SNPs are denoted with the original base, followed
by the nucleotide base location and the subsequent nucleotide substitution (e.g.
G20228A).

To date, 265 CYP450 families have been identified, of which 18 families are found in
humans and consists of 43 subfamilies (Sim et al. 2008). The system for cytochrome
P450 nomenclature was initially proposed by Nebert et al. (1987). CYP450 genes in
a particular family have a 40% sequence similarity (e.g. CYP2C9 and CYP2B6) and
those with a 55% sequence similarity are placed within a subfamily (e.g. CYP2C9
and CYP2C19) (Nebert et al. 1987; Coon et al. 1992; Hashimoto et al. 1993).

1.5.3 Cytochrome P450 function and mechanism

Different CYP450 enzymes are responsible for the metabolism of different
compounds (Table 2). These enzymes can also catalyze a variety of compounds
concurrently (Figure 4) (Frye 2004). For example, CYP3A4 is involved in steroid
biosynthesis and oxidative drug metabolism (Table 2) (Frye 2004). Compounds are
metabolised through oxidation which converts them from a hydrophobic to a
hydrophilic form, which allows for excretion from the body (Ekins et al. 2005). This is

achieved by introducing a polar hydroxyl group to the compound.
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Table 2: Different human cytochrome P450 (CYP450) families and their major

functions. Data was adapted from the Cytochrome P450 Homepage
(http://drnelson.utmem.edu/CytochromeP450.html) (White et al. 1997; Lund et al.

1999).

Cytochrome P450 Family

Main Function

CYP1 Xenobiotic metabolism

CYP 2 Xenobiotic metabolism, Arachidonic acid metabolism an
Steroid Metabolism

CYP 3 Xenobiotic metabolism and Steroid metabolism

CYP 4 Arachidonic acid metabolism and Fatty Acid metabolism

CYP5 Thromboxane synthesis

CYP 7 Cholesterol 7a —hydroxylation

CYP 8 Prostacyclin Synthesis and Bile acid biosynthesis

CYP 11 Steroid biosynthesis and Aldosterone synthesis

CYP 17 Steroid 17a — hydroxylation

CYP 19 Androgen aromatization

CYP 20 Unknown Function

CYP 21 Steroid biosynthesis

CYP 24 Steroid biosynthesis and Vitamin-D degradation

CYP 26 Retinoic Acid hydroxylation

CYP 27 Steroid hydroxylation and Bile acid biosynthesis

CYP 39 7a —hydroxylation of 24-hydroxy cholesterol

CYP 46 Cholesterol 24-hydroxylation

CYP 51 Cholesterol biosynthesis
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Figure 4. Different metabolism roles of Cytochrome P450 enzymes (copied from
Simpson (1997).

Estabrook et al. (1971) proposed a cyclic reaction to explain the catalytic action of
CYP450 enzymes (Figure 5) (Omura 1999; Estabrook 2003). The substrate binds to
the active site of the CYP450 enzyme and forms a ferric-haem substrate complex.
Following this, two electrons are donated to the CYP450 enzyme by the reducing co-
factor NADPH (Shet et al. 1993; Omura 1999; Estabrook 2003). During the first
electron donation from the reductase co-enzyme, the iron (Fe®*") is reduced to the
ferrous state (Fe®*). Following this, a second electron is donated by the co-enzyme,
P450 reductase or cytochrome b5. Finally, the substrate is oxidized with a water
molecule produced (Guengerich 1991; Shet et al. 1993; Estabrook 2003). This
process completes the biotransformation of the substrate to a hydrophilic form that

facilitates its excretion from the body.
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- P450 reductase
Fe™— RH Y € (oxidized) NADPH
Cl)z' 2 P450 reduct
reductase +
2 (reduced) NADP
(5)
"
e -
Fe — RH
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P450 reductase Fe+ RH 02
(reduced) | (4)
or D_ 24
Cytochrome b5 2 TE — RH
02
Summary of cyclic reaction:
NADPH + RH + O, + H' > NADP" + H,0 + ROH

Figure 5: Catalytic cycle for cytochrome P450 reactions (copied from Estabrook
(2003), Omura (1999) and Shet et al. (1993). (Fe*" = Oxidised CYP450 enzyme, Fe?*
= Reduced CYP450 enzyme, Cytochrome b5 = Co-enzyme for CYP450, RH =
Substrate, ROH = Product of biosynthesis and e~ = electron). (1) Binding of
substrate to active site of CYP450 enzyme. (2) Iron (Fe*") is reduced to ferrous state
(Fe?"). (3) Oxygen is incorporated into substrate-enzyme complex. (4) and (5)
second electron is donated by co-enzyme P450 reductase or Cytochrome b5. (6)

substrate is oxidised with water molecule produced.

1.5.4 Human drug metabolising CYP450 enzymes

Even though most of the functions of the enzymes within these families have been
determined, there are still a few enzymes whose function is unknown (Nelson 1999).
Only specific enzymes from the CYP1, CYP2 and CYP3 families are responsible for
the active metabolism of therapeutic drugs (Table 3) (Shimada et al. 1994; Capdevila
et al. 2000).
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Table 3: Cytochrome P450 enzymes involved with drug metabolism. This table was
adapted from the following sources: Lewis et al. (2002), Frye (2004) and van Schaik
(2005).

Family Subfamily Enzyme
CYP1 CYP1A CYP1A2
CYP2 CYP2A CYP2A6
CYP2B CYP2B6
CYP2C CYP2C8, CYP2C9, CYP2C19
CYP2D CYP2D6
CYP2E CYP2E1
CYP3 CYP3A CYP3A4, CYP3A5, CYP3A7

1.5.4.1 CYP1A2

The CYP1 family consists of three genes namely, CYP1Al, CYP1A2 and CYP1B1
(Sim et al. 2008). All three CYP1 enzymes are involved with the metabolism of
polycyclic aromatic hydrocarbons (PAH), petroleum derivatives and insecticide
derivatives (Shimada et al. 1996). Of these, only CYP1A2 has been associated with
drug metabolism (Raunio et al. 1995; Shimada et al. 1996;). CYP1A2 expression is
thought to be restricted to the liver with a total content of approximately 13% (Figure
6) and is estimated to be responsible for the metabolism of approximately 11% of all
drugs (Figure 7) (Murray et al. 1993; Shimada et al. 1994; Koskela et al. 1999).

1.5.4.2 CYP2 family

The CYP2 family contains the subfamilies CYP2A, CYP2B, CYP2C, CYP2D, CYP2E,
CYP2F and CYP2J (Sim et al. 2008). Of these, CYP2A6, CYP2B6, CYP2C8,
CYP2C9, CYP2C19, CYP2D6 and CYP2E1 have been reported to be involved in
drug metabolism (Lewis et al. 2002; Frye 2004; van Schaik 2005).

1.5.4.2.1 CYP2A6
CYP2AG6 is generally associated with the metabolism of nicotine and cotinine as well

as the metabolism of nitrosamines, carcinogens (aflatoxin B1l), coumarin-type
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alkaloids and certain pharmaceuticals (Kitagawa et al. 2001; Rautio 2003). Although
this enzyme is estimated to constitute a total of 10% of total hepatic CYP450 content
(Figure 6) it is only responsible for the metabolism of approximately 0.5% of drugs
(Figure 7) (Shimada et al. 1994). SNPs in the CYP2A6 gene have been associated
with the difference in the metabolism of nicotine between individuals (Oscarson 2001,
Rautio 2003).

1.5.4.2.2 CYP2B6

CYP2B6 is regarded as a minor form of the CYP450 enzymes, as it only has a
supporting role in the metabolism of most compounds, with a total CYP450 hepatic
content of 3 to 5% (Figure 6A) (Imaoka et al. 1996; Guan et al. 2006; Korhonen et al.
2007). Guan et al. (2006) confirmed that CYP2B6 participates in the metabolism of
approximately 3% of therapeutic drugs (Figure 7). This enzyme is mainly expressed
in the liver, but has also been detected in extrahepatic tissue, including the kidneys,
intestine, brain, skin and lungs (Guan et al. 2006; Korhonen et al. 2007). SNPs in
CYP2B6 have been associated with altered catalytic activity of certain substrates
between individuals (Heyn et al. 1996; Lang et al. 2001; Guan et al. 2006).

1.5.4.2.3 CYP2C8, CYP2C9, and CYP2C19

The CYP2C subfamily consists of four highly homologous enzymes, CYP2CS8,
CYP2C9, CYP2C18 and CYP2C19. Of these, CYP2C8, CYP2C9 and CYP2C19
have been associated with drug metabolism (Jiang et al. 2002; Allabi et al. 2004;
Grasmader et al. 2004; Chang et al. 2008). Certain SNPs in the different CYP2C
genes, have been associated with the decreased enzyme activity in vivo, and has led
to preliminary screening for these allelic variants before administering doses of
certain drug types (Allabi et al. 2004). It is estimated that CYP2C is responsible for
the metabolism of 24% of all therapeutic drugs (Figure 7).

1.5.4.2.4 CYP2D6

The CYP2D subfamily consists of four pseudogenes and one functional gene,
CYP2D6 (Shimada et al. 1996). CYP2D6 was the first CYP enzyme identified to
have polymorphisms linked to decreased catalytic activity (Kapitany et al. 1998;
Ishida et al. 2002; Markowitz et al. 2003a; Markowitz et al. 2003b; Grasmader et al.

2004). CYP2De6 is estimated to be responsible for the metabolism of approximately

19



Literature Review

25% of all therapeutic drugs (Figure 7) even though it only constitutes 2 to 5% of the
total CYP450 hepatic content (Figure 6) (Bernard et al. 2006).

1.5.4.25 CYP2E1

CYP2EL1 is the only member of the CYP2E subfamily (Shimada et al. 1996). This
enzyme has been identified as an important enzyme for ethanol metabolism (Kunitoh
et al. 1997; Nolin et al. 2003). CYP2E1l has been estimated to metabolise
approximately 4% of therapeutic drugs (Figure 7) but is mainly implicated in the
metabolism of toxins and other exogenous compounds such as protoxicant and

procarcinogenics (Nolin et al. 2003).

1.5.4.3 CYP3 family

The CYP3 family consists of only one subfamily, CYP3A (Shimada et al. 1996).
CYP3A contains the CYP3A4, CYP3A5, CYP3A7 and CYP3A43 enzymes (Finta and
Zaphiropoulos 2000; Boulton et al. 2001). The CYP3A subfamily is considered to be
one of the most multifunctional CYP450 biotransformation enzyme systems as it
facilitates the elimination of drugs, other xenobiotics compounds and endogenous
molecules from the human body (Lamba et al. 2002). It is thought that the CYP3A
group of enzymes is responsible for 50 to 60% of the metabolism of therapeutic
drugs (Lamba et al. 2002; Yamaori et al. 2002; Hirota et al. 2004).

1.5.4.3.1 CYP3A4

CYP3A4 is considered to be the most important drug metabolising enzyme in the
human body and represents approximately 30 to 40% of total CYP450 liver content
(Figure 6) and is involved in over 50% of therapeutic drug metabolism (Figure 7)
(Westlind et al. 1999; Boulton et al. 2001; Hsieh et al. 2001; O'Brien et al. 2003b;
Eap et al. 2004; Lopes et al. 2004; Peng et al. 2005). Initially the CYP3A4 enzyme
was thought to be non-polymorphic, however 68 polymorphisms have been identified,
of which a few have altered catalytic activity (Table 4, Table 5 and Appendix A) (Dai
et al. 2001; van Schaik et al. 2001; Sim et al. 2008). There are currently 28 known
allelic variants of CYP3A4, of which CYP3A4*8, CYP3A4*11, CYP3A4*12,
CYP3A4*13, CYP3A4*16, CYP3A4*17 and CYP3A4*18 have been shown to have
altered catalytic activity in vitro (Table 4). However, recently Kang et al. (2009)
determined that CYP3A4*18 has altered catalytic activity in vivo as well (Table 4)
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(Sim et al. 2008; Kang et al. 2009). Even though certain polymorphisms of CYP3A4
have been associated with altered catalytic activity, a great deal of uncertainty still
exists to what extent these polymorphisms impact drug efficacy in general.

1.5.4.3.2 CYP3A5

CYP3AS is estimated to account for approximately 10 to 25% of the entire CYP450
content in the human liver (Figure 6) (Tateishi et al. 1999; Liu et al. 2002; Eap et al.
2004). However, despite its high prevalence, studies have concluded that
approximately only 20% of adults express CYP3A5 (Dai et al. 2001; Daly 2006).
CYP3A5 generally metabolises the same substrates as CYP3A4, but is thought only
to play a supporting role in the metabolism of these compounds (Daly 2006). For
example, the metabolism of CYP3A4 substrates midazolam, nifedine and docetaxel

were no different in the presence or absence of CYP3AS5 (Dai et al. 2001; Daly 2006).

1.5.4.3.3 CYP3A7

CYP3A7 is a foetal specific isoform that is also expressed in adults (Yamaori et al.
2002; Daly 2006). Altough this enzyme is involved in the metabolism of substrates
similar to that of CYP3A4 and CYP3AS5, it is only thought to play a supporting role in
the metabolism (Tateishi et al. 1999).

1.5.5 CYP450 enzymes and pharmacogenetics

Even though there are a great number of different CYP450 enzymes, it is interesting
to note that the majority of all drugs are metabolised by approximately only 11 of
these enzymes, all belonging to the CYP1, CYP2 and CYP3 families. These families
contribute to the majority of all CYP450 enzymes in the liver (Figure 6, Table 3). Of
these, CYP3A4 and CYP2D6 metabolise approximately 55% of all therapeutic drugs
(Figure 7). However, the remaining CYP450 enzymes are thought to play an
important part in CYP3A4 and CYP2D6 mediated metabolism (Peng et al. 2005). In
addition to this, CYP3A4 and CYP2D6 can play a supporting role in the metabolism
of each other, for example, imatinib is mainly metabolised by CYP3A4, but CYP2D6,
like CYP3A5, CYP1A2, CYP2C9 and CYP2C19 is thought to play a minor supporting
role (Schmidli et al. 2004; de Kogel and Schellens 2007). Thus, any change in
metabolic activity of these enzymes, especially CYP3A4 with regard to CML patients

being treated with imatinib, may have a range of therapeutic corollaries. These
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include, limited to no therapeutic result, due to an increased catalytic activity, ADRS,
due to a decreased metabolic rate of a drug, or compromised treatment, due to the
limited activation of a drug (Wolf and Smith 1999).

Other CYP450s - 27.3%

CYP3A4I5IT - 29%

CYPZB6 -0.2%

CYP2A6 -4%

CYP1AZ -13%
CYP2C8i9/19 -18%

CYP2ET -7% — - CYP2D6 -15%

Figure 6 : Relative liver abundance of CYP450 enzymes in the human liver (adapted
from Shimada et al. (1994), Wolf and Smith (1999), Lamba et al. (2002), Nolin et al.
(2003), Hirota et al. (2004), Bernard et al. (2006), Guan et al. (2006), Korhonen et al.
(2007)).
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CYPZE1 - 1% ~__

CYP3A4I5IT -51%

CYP2D6 - 24%

CYP2B6 -0.5% —
CYP2A6 -0.5%

Figure 7: Relative proportion of drugs metabolised by CYP450 enzymes (adapted
from Shimada et al. (1994), Wolf and Smith (1999) Lamba et al. (2002), Nolin et al.
(2003), Hirota et al. (2004), Bernard et al. (2006), Guan et al. (2006), Korhonen et al.
(2007)).

1.5.5.1 Impact of SNPs on the catalytic activity of CYP3A4

Various SNPs, resulting in amino acid changes have been identified in the CYP3A4
gene (Table 5). SNPs are usually detected through sequencing and evaluated using
probe drugs to determine whether these have an impact on catalytic rate (Dai et al.
2001; Eiselt et al. 2001; Murayama et al. 2002). For example, a study done by Dai et
al. (2001), showed that CYP3A4*17 has a decreased clearance rate of testosterone
and chlorpyrifos in vitro and recently Kang et al. (2009) showed that the allelic variant
CYP3A4*18 had a decreased rate of the same probes in vivo. However, these

findings have not been investigated for other substrates such as imatinib.
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1.5.5.2 Population differences of CYP3A4

The allelic variants of CYP450, including CYP3A4, have a low frequency. However,
allelic differences in CYP450 enzymes do not only occur between individuals, but can
also be population specific (van Schaik et al. 2001; Lamba et al. 2002; Yamaori et al.
2002). Differences in CYP450 enzymes between populations can prove problematic
when a standard treatment regimen is employed for therapeutic drugs (Wolf and
Smith 1999; van Schaik et al. 2001; Garcia-Matrtin et al. 2002). For example, a study
by Lamba et al. (2002), determined that the most common variant of CYP3A4,
CYP3A4*1B, thought to influence the expression of CYP3A4, is present in
Caucasians at a frequency of 2.0 to 9.6%, in African Americans at 40% but absent in
Japanese and Chinese. In South Africa, the same variant was detected in 81.3% of
Indians, 42.9% of Caucasians and 16.4% of Africans (Chelule et al. 2003). These
studies have demonstrated the difference in CYP3A4 allelic distribution between
different populations. If such a variant was shown to impact therapeutic drug
metabolism, it would be crucial to screen for such an allelic variant. Thus, in the case
where allelic variants have been shown to alter catalytic activity for specific drugs,
routine pharmacogenetic screening should be required prior to treatment to ensure

adequate dosage for drug efficacy.

1.6 Conclusion

CML can be effectively treated with the tyrosine kinase inhibitor, imatinib. Imatinib is
metabolised by the specific CYP450 enzyme, CYP3A4. Allelic differences of
CYP3A4 exist due to SNPs, which could alter the catalytic activity of CYP3A4 and
lead to ADRs or inefficient treatment. Despite the extensive research that has been
done involving CYP3A4 and various substrates, no studies involving the impact of
CYP3A4 polymorphisms on imatinib treatment have been conclusive. Studies
involving other substrates have been used to elucidate the impact of the different
CYP3A4 polymorphisms on catalytic rate, but do not address whether the same
impact will arise with imatinib (Dai et al. 2001; Murayama et al. 2002). Currently the
variability in drug treatment makes the effects from treatment such as ADRs and
under-dosing, highly unpredictable. By understanding the impact of polymorphisms
in the CYP450 enzymes responsible for drug metabolism, a more accurate treatment
regimen can be established for each patient, depending on which allelic variants are
present.
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Table 4. CYP3A4 allelic variants with altered catalytic activity. Data was obtained

and adapted from Hamzeiy et al. (2002), Keshava et al. (2004), Sim et al. (2008).

Position in . Enzyme Activit
SNP Change and | Location 4 d
Allele GenBank = -
equence Contex i i
AF280107 q Exon In vivo In vitro
CYP3A4*8 75944 agattacG/Aatcattg 5 Unknown Decreased
CYP3A4*11 83903 gaatgaaaC/Tgctcaga 11 Unknown Decreased
CYP3A4*12 83932 gctatgagaC/Tttgaga 11 Unknown Decreased
CYP3A4*13 84062 agttcctccC/Ttgaaagg 11 Unknown Decreased
CYP3A4*16A 77639 tgtgatcaC/Gtagcac 7 Unknown Decreased
CYP3A4*17 77651 cacatcatT/Ctggagt 7 Unknown Decreased
CYP3A4*18A 82106 ctgtccgatcT/Cggag 10 Decreased | Increased/
Decreased

25




Literature Review

Table 5: DNA variations identified within the CYP3A4 promoter region, 3-UTR region, intron
regions and exon regions. Each table entry is denoted with a number, which is used in, and
referred by Appendix A. Data was obtained and adapted from Keshava et al. (2004) and
Hirota T et al. (2004).

CYP450 Distance from Position in Nucleotide Change and
Nomenclature ATG start Genbank sequence context
signal (AF280107)
(1) - CYP3A4*1B - 392 61645 agggcaA/Ggagagag
(2) - CYP3A4*1C -444 61593 ggcttgtT/Ggggatgaa
(3) - CYP3A4*1D - 62 61975 gcccagC/Aaaagagca
(4) - CYP3A4*1x - 66 61971 gcacatagcC/Gcagcaaaga
(5) - CYP3A4*1M - 156 61881 gctgcagctC/Acagcecctge
(6) - CYP3A4*1E - 369 61668 aatagattT/Atatgccaa
(7) - CYP3A4*1w - 666 61371 gaaacaggcG/Atggaaacac
(8) - CYP3A4*1K - 655 61382 tggaaacacaA/Gtggtggtaa
(9) - CYP3A4*1L - 630 61407 aagaggacaaA/Gtaggattgc
(10) - CYP3A4*1F - 747 61290 acagcacC/Gctggtagg
(11) - CYP3A4*15B - 8447845 6119112 aagaaATGGAGTGA gtca
(12) - 3'UTR 25958 87994 taaggacttcT/Ggctttgct
(13) - CYP3A4*1T 26011 88049 aaattacttT/Cgtgaataga
CYP3A4*1T 26082 88120 ttctgtacaT/Ggcattgagc
(14) - CYP3A4*1H 26204 88242 tccaccaccC/Accagttagc
CYP3A4*1H 26269 88305 tcaataatttC/Tctccacaa
CYP3A4*1H 26418 88454 ctttcctgcaC/Tattaagga
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(15) - CYP3A4*1ly 3856 65993 tatctataaA/-gtcacaatc 1
(16) - T5922C 5917 67953 tctgatttcaT/Ctggcttcg 2
(17) - CYP3A4*1J 6076 68113 gaaacttccA/Gttggataga 3
(18) - T6165A 6159 68195 gggatgaagctcT/Atgtca 3
(19) - SNP4 13804 75840 ccacaactgA/Ttgtaggaca 4
(20) - G13875A 13757 75793 tgaataagtG/Attcctgttta 4
(21) - G13947C 13829 75865 tgtttctgctitG/Caactctag 4
(22) - SNP5 14200 76236 tatgggtggtg T/Gtgtgtttt 5
(23) - M10 14323 76359 aagcgcagcC/Tatggggtt 6
(24) - M11 14329 76365 gccatgggG/Ttetgagctgtc 6
(25) - T14475G 14357 76393 cccctecageT/Ggcectgeca 6
(26) - CYP3A4*1Z 15552 77589 taattttccA/Ccatctttct 6
(27) - CYP3A4*1P 15726 77763 aagtatgtgG/Aactactatt 7
(28) - T15871G 15753 77789 ttttatttatcttT/Gctctcttaaa 7
(29) - T15901C 15783 77819 tttattgagaT/Cataaatcacca 7
(30) - SNP10 15804 77840 tgtaattcaT/Gccacttaaaa 7
(31) - CYP3A4*1Q 15808 77845 ttcatccacT/Ctaaaatata 7
(32) - T15955A 15837 77873 gtgatttgtagT/Aacatttgaag 7
(33) — C78013T 15977 78013 tcaactttctgcC/Ttctatggattt 7
(34) — C78649T 16613 78649 actgctgtagC/Tggtgctcctta 7
(35) - CYP3A41R 16774 78811 acattcacaA/Gtgaatttct 7
(36) - C17141T 17024 79060 gtgcagttacC/Ttgtatgttttta 8
(37) - CYP3A4*11b 17717 79754 tttctgaggG/Actacttgtg 9
(38) - SNP14 17815/6 79851/2 agaacgacacAT/-gtttgaat 9
(39) — CYP3A4*1G 20230 82266 tgagtggatgG/Atacatggag 10
(40) - SNP16 20265 82301 gaaaccttagC/Taaaaatgcc 10
(41) - G20417C 20309 82345 tttttataaaaaG/Ccataatcact 10
(42) - A21891C 21785 83821 caatttatccaA/Catctgtttcgt 10
(43) - SNP18 21795 83831 caaatctgtttcG/Attctttccagg 10
(44) - M16 22041 84077 aggtacaaggC/Tccctgggaa 11
(45) - SNP21 23024 85060 aagtaagaaA/Gccectaacatg 11
(46) - C23187T 23081 85117 aaaaatctaccaaC/Tgtggaac 11
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(47) - CYP3A4*2 77749 15713 attctttctcT/Ccaataa 7
(48) - CYP3A4*3 85208 23171 gcattggcaT/Cgaggttt 12
(49) - CYP3A4*4 75907 13871 aagtgccA/Gtctctat 5
(50) - CYP3A4*5 77738 15702 ttttggatcC/Gattcttt 7
(51) - CYP3A4*6 7969879 176617176622 gatgattgac_A tctcag 9
(52) - CYP3A4*7 68040 6004 tcccaggG/Acttttgt 3
(53) - CYP3A4*8 75944 13908 agattacG/Aatcattg 5
(54) - CYP3A4*9 76328 14292 gcaagcctG/Atcacct 6
(55) - CYP3A4*10 76340 14304 ccttgaaaG/Cagtaag 6
(56) - CYP3A4*11 83903 21867 gaatgaaaC/Tgctcaga 11
(57) - CYP3A4*12 83932 21896 gctatgagaC/Tttgaga 11
(58) - CYP3A4*13 84062 22026 agttcctccC/Ttgaaagg 11
(59) - CYP3A4*14 62080 44 gcttctccT/Cggctgt 1
(60) - CYP3A4*15A 76305 14269 tctgaggcG/Aggaag 6
(61) - CYP3A4*16A 77639 15603 tgtgatcaC/Gtagcac 7
(62) - CYP3A4*17 77651 15615 cacatcatT/Ctggagt 7
(63) - CYP3A4*18A 82106 20070 ctgtccgatcT/Cggag 10
(64) - CYP3A4*19 85273 23237 tccttcaaaC/Tcttgtaa 12
(65) - CYP3A4*20 87925 25889725890 agaaaaa_A cccgttg 13
(66) — 11931 # 15628 77664 gagtgaacatC/Tgactct 7
(67) - A297A # 20083 82119 ctcgtggcC/Tcaatcgaa 10
(68) - T346T # 21817 83853 ccacccacC/Atatgata 11
(69) — T363T # 21868 83904 tgaatgaaacG/Actcaga ol
(70) — T499T # 25925 87961 gggatggcacC/Tgtaagt 13
~ - DNA Nucleotide Insertion

/ - DNA Nucleotide change [e.g. G/C - A (G)-Nucleotide changed to a (C)- Nucleotide]

# - Synonymous SNP
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Chapter 2: Research Aim and Methodology

2.1 Rationale for this study

The CYP3A4 gene consists of 13 exons and 12 introns, which comprise
approximately 27,000 nucleotides (Hashimoto et al. 1993). Only 10 of the 13
CYP3A4 exons harbour SNPs known to alter the amino acid sequence of CYP3A4
and only four of these have been shown to alter the catalytic activity in vitro or in vivo
(Table 4). There are currently 68 polymorphisms identified within the CYP3A4 gene
of which 14 are located in the promoter and 3’-UTR regions, 30 in the intron regions
and 24 in the exon regions (Keshava et al. 2004; Sim et al. 2008).

2.2 Aim of study
The aim of this preliminary study was to screen for SNPs in the CYP3A4 gene of
CML patients being treated with imatinib and determine whether these SNPs result in

a functional change in the CYP3A4 enzyme as well as their association with ADRSs.

2.3 Study Design

The study group consisted of an experimental group and control group. The 13
exons of CYP3A4 were sequenced in both groups and SNPs identified. SNPs were
investigated to determine whether they result in a change in amino acid sequence of

CYP3A4 and whether they are associated with the presence of ADRs.

2.4 Study group

The study group consisted of CML patients, being treated with imatinib (Table 6).
The patients routinely visit the Haematology clinic at the Universitas Hospital
(Bloemfontein, South Africa) for diagnosis and treatment. Since CML is an
uncommon condition, it was difficult to acquire sufficient patients for statistical
purposes. The experimental group consisted of nine CML patients reported to
experience ADRs from imatinib. The control group consisted of 16 CML patients who

did not experience ADRs at the standard or higher dose of imatinib.
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Table 6: CML patients and imatinib dosage.

Patient Number

Ethnic Group

Imatinib Dose !

Study Group °

1 Sesotho 400 mg/day Control group

2 Sesotho 400 mg/day Control group

3 Sesotho 600 mg/day Control group

4 Sesotho 400 mg/day Control group

52 Sesotho 400 mg/day Experimental Group
6 Sesotho 800 mg/day Control group

7 Sesotho 600 mg/day Control group

8 Caucasian 400 mg/day Control group

9 Sesotho 200 mg/day Experimental Group
10 Sesotho 200 mg/day Experimental Group
11 Sesotho 200 mg/day Experimental Group
12 Sesotho 200 mg/day Experimental Group
13 Sesotho 400 mg/day Control group

14 Sesotho 800 mg/day Control group

15 Sesotho 400 mg/day Control group

16 Sesotho 800 mg/day Control group

17 Sesotho 200 mg/day Experimental Group
18 Sesotho 400 mg/day Control group

19 Sesotho 300 mg/day Experimental Group
20 Coloured 200 mg/day Experimental Group
21 Sesotho 400 mg/day Control group

22 Sesotho 400 mg/day Control group
237 Coloured 400 mg/day Experimental Group
24 Caucasian 400 mg/day Control group

25 Sesotho 800 mg/day Control group

I

2

— Dose at the time of sampling.

— Not able to tolerate a dose higher than 400 mg/day

S_ Experimental group consisted of patients not able to tolerate the drug at recommended levels

2.4.1 Inclusion criteria

Cohort selection was based on CML patients

receiving a lower than the

recommended dose of 400 mg/day of imatinib due to the development of ADRs as
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well as patients experiencing ADRs at 600 or 800 mg/day (Table 6). Patients who
received a dose of 400 mg/day or higher of imatinib, who did not experience ADRs
were selected for the control group. Patient sex or age was not considered a
significant parameter as the SNPs that may affect the functioning of the CYP3A4
enzyme are not de novo. The study group consisted of a mixed population and race

was not considered to be a significant parameter in this preliminary investigation.

2.4.2 Exclusion criteria

Patients, who were on concomitant therapy where the functioning of the CYP3A4
enzyme was suspected to be affected, were excluded from this study. The loss of
response to treatment was not considered as exclusion, since patient response is
affected by other factors including mutation development in the kinase domain of
BCR-ABL.

2.5 Methods

2.5.1. Blood sampling

Informed consent was obtained from each patient before participating in this study.
Patient data was documented according to the ethics approval protocol (ETOVS
32/07). A unique identifier code was assigned to each consenting patient to identify
their blood or DNA sample. Approximately 20 ml of blood was collected from each

patient.

2.5.2 Sample stabilization

Within six hours of sampling, lysis buffer (consisting of equal parts of 0.144 M NH,CL
and 0.01 M NH4HCO3) was added to each blood sample to a volume of 50 ml and left
to stand for 10 min at room temperature with periodic mixing. The lysis buffer sample
was centrifuged for 10 min at 3000 rpm and the supernatant discarded. Thereafter,
each sample was made up to 20 ml with lysis buffer and incubated for 5 min at room
temperature. Following this, each sample was centrifuged at 3000 rpm and the
supernatant discarded, leaving only white blood cells. Each white blood cell pellet
was homogenized in 3.2 ml of Trizol” (Invitrogen) reagent. Where the cells did not
dissolve properly, additional Trizol reagent was added to ensure complete

homogenization. The homogenate was stored at -70C until used for DNA extraction.
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2.5.3 DNA extraction

The DNA extraction from the Trizol”/Blood samples was performed using the
DNA/RNA isolation protocol from Trizol (http://humanvaccine.duke.edu). The
Trizol"/Blood samples were thawed at room temperature before use. For each DNA
extraction, 1 ml of sample was used. To each 1 ml of sample, 200 pul of chloroform
was added and mixed thoroughly for 15 sec. The samples were incubated at room
temperature for 15 min and then centrifuged for 15 min at 12,000 rpm. The
supernatant was discarded and 300 ul of absolute ethanol added to precipitate the
nucleic acids for 3 min at room temperature. This was followed by centrifugation for
5 min at 12,000 rpm. The supernatant was removed and the DNA pellet washed
twice with 1 ml of 0.1 M sodium citrate containing 10% absolute ethanol. Following
the washing steps, the DNA pellet was washed in 1 ml of 75% ethanol for 20 min with
periodic mixing. This was followed by centrifugation for 5 min at 12,000 rpm. The
supernatant was discarded and the DNA pellet was air dried for 5 min and re-
suspended in 100 pl of sterile water. Where necessary, the sample was heated to
55 for 10 to 20 min to aid solubility. The DNA c oncentrations were determined for

each sample using the Qubit® Fluorometer (Invitrogen).

2.5.4 PCR amplification

The PCR reactions were performed using specific DNA primers, for each of the 13
exons (Table 7). DNA primer sequences were obtained from Hamzeiy et al. (2002).
Where PCR amplification proved problematic with the primers from Hamzeiy et al.
(2002), additional primers were designed using the Lightcycler Probe Design
Software v0.99.34 (Table 7).

PCR reactions were performed in a total volume of 50 pl. Each reaction contained 5
pl of 10x PCR Gold buffer (500 mM potassium chloride and 150 mM Tris-HCI pH
8.05), 3 ul of 25mM MgCl,, 0.5 pul of 10 mM dNTP mixture, 0.16 ul Amplitaq Gold® (5
U/ul), 15 pmol of forward and reverse primer (Table 7) and between 50 to 150 ng of
genomic DNA. The cycling conditions were: 10 min at 95T for one 1 cycle; 30 sec
at 95T, 1 min at 58<C, and 1 min at 72 for 40 cy cles, followed by 7 min at 72<C for
1 cycle.
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Table 7: DNA primers used for the amplification of CYP3A4 exons. Primer

sequences were obtained from Hamzeiy et al. (2002) and In House primer design.

Primer _ Annealing Fragment
Pairs Primer Sequence Temp Size (bases)
Exon 1 F? 5 — AGTGGTGTGTGTGTGA - 3’
Exon 1 R? 5’ — TTAGCACCCCAAGTCC - 3’ °8T 375
Exon 2 F? 5 — GTGTCTCATGGTGGAGG - 3’
Exon 2 R? 5 - TGTTCTGGGTGATGCC - 3’ °8T 426
Exon 3 F* 5' — GCCAGCAAGTCTGATTT - 3’
Exon 3 R? 5' — TGCAGATTCCCATTGCA - 3’ °8T 348
Exon 4 F* 5 — TTTGGCCCACATTATCCT - 3
Exon 4 R? 5' — GGACGTGGAACCTTCC - 3’ °8T 428
Exon 5 F' 5’ — CATCACCCAGTAGACAGTCAC - 3’
Exon 5 R! 5' - GGCAGCTCAAATTCAGTGGAC - 3’ °8T 351
Exon 6 F* 5' — GGGAAAGCCATGTCCT - 3’
Exon 6 R? 5 — GGATATGTAAACCCTGGCC - 3’ °8T 390
Exon 7 F* 5' — CCTGTTGCATGCATAGAGG - 3’
Exon 7 R* 5' — GATGATGGTCACACATATC - 3’ °8T 366
Exon 8 F? 5' — TAGACCTGCCCTTGCT - 3
Exon 8 R? 5 - TGTGCTGTCTCTGACTCA - 3’ °8T 523
Exon 9 F* 5 — CACTGGTGATTCAGGC - 3’
Exon 9 R? 5’ — GCCTCCAACTACCACTT - 3’ °8T 362
Exon 10 F* |5 — CCAGTGTACCTCTGAATTGC - 3’
Exon 10 R* |5 — CAGAGCCTTCCTACATAGAG — 3’ °8T 430
Exon 11 F' |5 — CCAGTATGAGTTAGTCTCTGGA - 3
Exon 11 R' |5 - TGTCCTGTAGATTAAGAGAGGC - 3’ °8T 416
Exon 12 F' |5 — AGGGGTGGCCCTAAGTAAG — 3’
Exon 12 R' | 5 - GATCACAGATGGGCCTAATTG - 3 °8T 396
Exon 13 F° |5 — TGAAGGAGTGTCTCACTCAC - 3’
Exon 13 R®> | 5 — CTGACAAAGGCCCCAC - 3 °8T 750

1 - Primers sequences obtained from Hamzeiy et al. 2002.

2 - Primers sequences designed in-house.

F — Forward Primer.

R — Reverse Primer.

33




Research Aim and Methodology

2.5.5 PCR product purification

PCR amplicons were purified prior to DNA sequencing using the illustra™ GFX™
PCR DNA and gel band purification kit, according to the kit protocol PCR product
was mixed with 500 ul of Capture Buffer and mixed gently. Thereafter, the samples
were loaded onto a filter column and centrifuged for 30 sec at 16,000 rom. The flow
through was discarded and the column washed twice with 500 pl Wash Buffer and
centrifuged for 30 sec at 16,000 rpm. The DNA was eluted by the addition of 50 pl

Elution Buffer and centrifugation for 1 min at 16,000 rpm.

2.5.6 Gel electrophoresis

PCR amplicons were resolved with 2% agarose (molecular biology grade) gel
electrophoresis, in 1x TAE buffer (0.438 g/L Tris, 0.022 g/L EDTA pH 8 and 0.09 ml/L
Acetic Acid) for approximately 25 min at 130 V and 200 mA. Thereafter, the gel was
stained in ethidium bromide (0.5 pg/ml) for approximately 25 min and visualised
using a Kodak Gel Logic 200 Imaging system with the KodaklD v3.6.5 software,
under UV light.

2.5.7 DNA sequencing reactions

All sequencing reactions were performed using the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems). The reactions were set up according to the
manufacturer’s protocol. Sequencing reactions were performed in a total volume of
10 ul. Each reaction contained 2 ul of Terminator mix, 1 pl of Sequencing buffer, 5 ul
of purified PCR product and 0.8 pmol of primer (Table 7). Sequencing reactions
were performed with forward and reverse primers, respectively. The cycling
conditions were: 1 min at 96 for one cycle; 10 sec at 96, 5 sec at 58T, and 4

min at 60C for 25 cycles.

2.5.8 DNA sequencing product precipitation

The sequencing products were precipitated prior to capillary electrophoresis using
ethanol/sodium acetate precipitation according to the ABI PRISM BigDye Terminator
v3.0 Ready Reaction Cycle Sequencing kit protocol. Sequencing reaction products
were added to a pre-mixed solution containing 3 pl of 3M sodium acetate (pH 5) kept
at 4C, 62.5 pl of absolute ethanol and 14.5 pl of sterile water, mixed thoroughly and
stored in the dark for 30 min followed by centrifugation for 30 min at 13,200 rpm. The
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supernatant was discarded, and the pellet washed with 250 ul 70% ethanol by mixing,
followed by centrifugation for 10 min at 13,200 rpm. The supernatant was discarded
and the DNA pellet dried at 90C for 1 min. Following this, 25 ul Hi-Di™ Formamide
(Applied Biosystems) was added mixed to homogenate. Finally, the sequencing

sample was denatured at 95<C for 2 min, and quick c ooled on ice for 5 min.

2.5.9 DNA sequencing

DNA sequencing was performed using the ABI Prism 310 Genetic Analyzer (Applied
Biosystems). Separation of DNA fragments was performed using polymer POP-6
(Performance Optimized Polymer — 6). The samples were electro-kinetically injected
into the analyzer for 30 sec at 12.2 kV and seperated for approximately 70 min at 50
volts/cm, 5 pA and 50C. The data was analysed by the Sequence Analysis
Software v5.31 (Applied Biosystems), and interpreted with Chromas v2.31
(http:www.technelysium.com.au) against the GenBank (http://www.ncbi.nim.nih.gov)
reference  sequence AF280107, wusing the online software, LALIGN
(http://www.ch.embnet.org/software/LALIGN_form.html).

2.5.10 Three dimensional (3D) protein structure ima  ging

The 3D structure of CYP3A4 was generated with the software package RasMol
(http://'www.openrasmol.org) together with a PDB file specific to CYP3A4, obtained
from the Protein Data Base (PDB) (http://www.rcsb.org/pdb/home/home.do). The
CYP3A4 PDB file contains the information regarding folding patterns, amino acids
involved with the beta sheets and alpha helices of the protein. The RasMol software
renders the PDB file into a visible 3D structure. The location of amino acids forming
the active site of CYP3A4 was obtained from Williams et al. (2004), and illustrated
using the RasMol software. Any amino acid substitutions can also be shown in the
3D structure.

2.5.11 Statistical analysis

SNP data was analysed using SNPator, a web based statistical analyses package for
SNPs (Morcillo-Suarez et al. 2008)
(http://bioinformatica.cegen.upf.es/public/principal/dataMngA.php). Allele and
genotype frequencies were calculated and deviation from Hardy-Weinberg

equilibrium assessed by Chi-square and Fisher’'s exact probability test. Confidence
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Intervals (95% CI) were calculated using the Odds Ratio with Haldane correction.
Associations were determined between SNPs and adverse drug reactions or imatinib
dosage, respectively. A p-value of less than 0.05 was considered statistically

significant.
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Chapter 3: Results and Discussion

3.1 Results and discussion

A total of 25 samples were analysed from which the 13 exons of CYP3A4 were PCR
amplified and sequenced, respectively. From this, six SNPs were detected, of which
four were located in introns and two in exons (Table 8). Two of the SNPs detected
were novel, 1369V and G73239A, as they have not previously been described in the

literature and were identified in an exon and intron, respectively.

The novel SNP, 1369V, was identified in exon 11 at base 83920 (Table 8). The SNP
is a base change from A to G (Figure 8). The SNP results in a codon change from
ATT to GTT that encodes a valine instead of an isoleucine. This SNP is denoted as
1369V, based on the position of the amino acid substitution. The altered amino acid
is situated in close proximity to the active site of the enzyme (Figure 9). However,
although the SNP alters the peptide sequence of CYP3A4, it was not statistically

associated with ADRs in patients treated with imatinib (Table 9 and Table 12).

SNP 1369V has not previously been reported in literature, and was only identified in
two Sesotho patients (Table 10) associated with the experimental group, with an
allele frequency of 0.04 (Table 11). Further research involving a population study will
be required to determine whether this is a rare SNP, as in the case with CYP3A4*3,
where it was only detected in one of 91 Chinese individuals investigated. Although
thought to be rare, this SNP was later shown to be present in the Dutch Caucasian

population as well at a frequency of 0.011 (Sata et al. 2000, van Schaik et al. 2001).

The novel intron SNP is located in intron three at base 73239 (Table 8). This SNP
involves a base substitution of a G with an A, and is subsequently referred to as
G73239A (Figure 10). This SNP was heterozygous in one Sesotho patient with an
allele frequency of 0.02 (Table 11) This SNP was not statistically associated with the
experimental group (Table 9 and Table 12) even though it was detected in a patient
experiencing ADRs (Table 10).
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The remaining four SNPs detected, included a known synonymous SNP, and three
known intron SNPs. The synonymous SNP, 1193l, is located at base 77664, in exon
7 (Table 8). This SNP was heterozygous in two patients (Sesotho) associated with
the experimental group (Table 10) with an allele frequency of 0.08 (Table 11). This
SNP involves a base change of a C with a T, that results in a codon change from
ATC to ATT, coding for isoleucine (Figure 11). Synonymous SNPs do not produce
altered coding sequences and are therefore not expected to change the function of
the protein in which they occur (Purvis et al. 1987). However, synonymous SNPs are
thought to have an impact on protein folding as a result of translational pause
(Parmley and Hurst et al. 2007; Sauna et al. 2007).

Protein folding has been shown to occur immediately after peptide formation, while
the remainder of the protein is still being translated (Horton et al. 2002). A
synonymous SNP is thought to slow the translational process by forcing the ribosome
to pause during translation while producing a suitable tRNA molecule corresponding
to the new codon (Sauna et al. 2007). During this translational pause, the translated
protein undergoes folding, despite the fact that the entire peptide chain is not fully
translated. This premature folding may result in an altered protein structure and
altered activity (Horton et al. 2002; Sauna et al. 2007). A study by Kimchi-Sarfaty et
al. (2007) found that a synonymous SNP affects the timing of translational folding of
the P-glycoprotein, thereby altering the protein structure with regard to substrate

interaction.

The three known intron SNPs detected in this study included CYP3A4*1G, T15871G
and C23187T (Table 8). From all the SNPs detected, CYP3A4*1G was calculated to
have a significant association with the experimental group (P = 3.217 x 10®) (Table
9). The CYP3A4*1G SNP is located in intron 10 at base 82266. This SNP involves a
base change of a G with an A (Figure 12). Five patients were homozygous (Sesotho:
* = 0.2) for this polymorphism, and five were heterozygous (Sesotho: f = 0.06 and
Coloured: f = 0.04), with a combined allele frequency of 0.30 (Table 10). This
frequency is considerably higher than all the other SNPs detected in this study. In
previous research, this SNP was found to be present at a frequency of 0.146 in

Caucasians, 0.73 in African Americans and 0.375 in Asians (Dai et al. 2001).

* - Frequency
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However, different results were obtained from a study by Eiselt et al. (2001) and
Lamba et al. (2002) for Caucasians and African Americans, with a frequency of 0.095

and 0.5 respectively.

The intron SNP T15871G was also statistically associated with ADRs (P = 0.0172)
(Table 9). However, this SNP was only detected in two patients (Sesotho), and had
a higher allelic frequency (0.06) due to its homozygous status in one patient. In
previous research, this SNP is reported to have a frequency of 0.065 in Caucasians
and 0.48 in African Americans (Lamba et al. 2002). T15871G is located in intron 7
and involves a base change of a T with a G (Figure 13). The intron SNP C23871T
was not significantly associated with ADRs, even though it is grouped with the
experimental group (Table 9 and Table 12). This SNP is located in intron 11 and
involves a base change of a C with a T (Figure 14). This SNP was homozygous and
only detected in one patient (Sesotho), with an allele frequency of 0.04. Previous
research indicates this polymorphism to be present at a frequency of 0.21 in African
Americans (Dai et al. 2001).

Since the cohort comprised a mixed South African population (Black (Sesotho),
Caucasian and Coloured), it is possible that SNPs, especially those occurring at low
frequency and found only in patients experiencing ADRs may prove significant in a
larger population study. For example, the majority of the patients that participated in
this study were Sesotho, with a few Caucasians and Coloured patients. The SNPs
detected were all associated with the Sesotho ethnic (Black) group, and only two
coloured patients presented the CYP3A4*1G SNP. No SNP was detected within
Caucasian patients, which consisted of 3 patients. Due to the cohort only consisting

of a small number of patients, a significant population study could not be carried out.

It is not certain how an intron SNP could impact on the metabolic rate of an enzyme.
However, Hirota et al. (2004) reported on two SNPs in intron seven of CYP3A4,
C78013T and C78649T are significantly associated with lower levels of CYP3A4
MRNA. The lower levels of CYP3A4 expression result in reduced metabolic
capability. Although this was confirmed by Schrimer et al. (2007), the possible effect

of intronic SNPs on gene expression in still unknown.
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It has been hypothesised that an SNP can alter intron splice sites (Swida et al. 1986;
Jap et al. 2002; Mathijssen et al. 2006). Swida et al. (1986) found that an SNP in an
intron of CYH2 (ribosomal protein) in the yeast Saccharomyces cerevisiae, inhibits
splicing efficacy during mRNA processing. Other studies have found similar results.
For example, an intron SNP in the cholesterol ester transfer protein (CETP) gene,
has been associated with hyperalphalipoproteinemia disease (Jap et al. 2002). In
contrast to these studies, it has also been shown that intron SNPs can induce protein
expression. Sachse et al. (1999) and Basile et al. (2000) found that an SNP in intron
one of CYP1A2 was associated with the ADR, tardive dyskinesia (TD). This
potentially irreversible ADR is reported to develop during long term treatment with
typical antipsychotic drugs and involves involuntary muscle movements. This study
demonstrated that the severity of TD was 3.4 fold greater in the presence of the

intron SNP than in patients without this allele (Basile et al. 2000).

3.2 DNA primers

DNA primer sequences for the amplification of the 13 exons of CYP3A4 were
obtained from Hamzeiy et al. (2002) (Table 7). However, only exons 5, 7, 10, 11 and
12 were successfully amplified using these primers (Figure 15). For exons 1, 2, 3, 4,
6, 8, 9, and 13 the PCR reactions did not result in amplification or produced more
than one amplicon. Sequencing of these PCR products was unsuccessful and new
primers for these exons were designed. The new primers for exons 1, 2, 3, 4, 6, 8, 9,
and 13 produced single amplicons (Figure 16) of the expected size that were

possible to sequence (Table 7).

3.3 Conclusion

ADRs can adversely affect treatment, in CML patients treated with imatinib. It is
recommended that the treatment is stopped, should ADRs become a problem. Thus
ADRs can adversely affect the outcome of treatment. There is currently little
understanding of the link between ADRSs in patients being treated with imatinib and
CYP3A4 metabolism. An understanding of the effect of SNPs on the activity of
CYP3A4 and subsequently also possibly ADRs, will allow for more effective

management of CML patients experiencing ADRs from imatinib.
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In this study six SNPs were detected of which two, 1369V and G73239A, were not
previously described in literature. These two SNPs were not statistically associated
with the presence of ADRs in this study. Two known intron SNPs, CYP3A4*1G and
T15871G, were significantly associated with the presence of ADRs in CML patients
being treated with imatinib. It is currently hypothesised that intron SNPs can delay
intron splicing in mMRNA resulting in a decreased expression level of the enzyme.
Two other SNPs, previously described, were detected in patients experiencing ADRS.
However they were not statistically associated with the occurrence of ADRs. 1t is
possible that these SNPs were not significantly associated as a result of a

combination of low frequency and small population size.

This study was not intended to analyse different populations in SA. Furthermore, the
effect of SNPs on gene expression was not investigated and the normal frequency of
these SNPs in different SA populations not determined. Thus future research should
focus on these aspects. It is hoped that this research will act as a basis for future
studies and assist in understanding the association between ADRs and SNPs, since
this could affect the treatment of CML patients with imatinib as well as other tyrosine

kinase inhibitors.
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Table 8: SNPs identified in the CYP3A4 gene in CML patients treated with Imatinib.

SNP Position in Nucleotide Amino Acid Homo/ Intron/
Genbank Change Change Heterozygous Exon
(AF280107)

I 369 V (Novel) 83920 Ato G lle to Val Heterozygous Exon 11
11931 77664 CtoT None Heterozygous Exon 7
G73239A (Novel) 73239 Gto A None Heterozygous Intron 3
T15871G 77789 TtoG None Homozygous and

Intron 7

Heterozygous

CYP3A4*1G 82266 GtoA None Homozygous and

Intron 10

Heterozygous
C23187T 85117 CtoT None Homozygous Intron 11
Table 9: Allelic association with experimental and control group.
SNP P Odds Ratio Cl 95 P-Fisher

I 369 V (Novel) 0.0543 9.8485 0.45-217.24 0.1249
1193I 0.0543 9.8485 0.45-217.24 0.1249
G73239A (Novel) 0.1780 5.5714 0.22-144.12 0.3600
T15871G 0.0172 * 14.6774 0.71-302.08 -
CYP3A4*1G 3.217 x 1078 ** 108.5000 11.09-1061.22 -
C23187T 0.0543 9.8485 0.45-217.24 0.1249

* - Significant at P < 0.05
** _ Significant at P < 0.01
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Table 10: SNPs identified within the study group illustrating homozygote and

heterozygote individuals relative to the experimental and control groups.

SNP

1369 V G73239A CYP3A4*

Patient (Novel) 1193l (Novel) T15871G 1G C23187T | STATUS' Dosage
1 AJA CiC G/G T/T G/G CciC C 400
2 AJA CiC G/G T/T G/G CciC C 400
3 AJA CiC G/G T/T G/G CciC C 600
4 AJA CiC G/G T/T G/G CciC C 400
5 AIG CiC G/A T/T G/A CiC E 400
6 AJA CiC G/G T/T G/A CiC C 800
7 AJA CiC G/G T/T G/G CciC C 600
8 AJA CiC G/G T/T G/G CiC Cc 400
9 AJA CIT G/G T/T A/A CiC E 200

10 AJA CIT G/G G/G A/A CiC E 200
11 AJA CiC G/G T/T A/A CiC E 200
12 AIG CiC G/G T/G A/A CiC E 200
13 AJA CiC G/G T/T G/G CiC C 400
14 AJA CiC G/G T/T G/G CiC Cc 800
15 AJA CiC G/G T/T G/G CiC Cc 400
16 AJA CiC G/G T/T G/G CiC Cc 800
17 AJA CiC G/G T/T G/A CiC E 200
18 AJA CiC G/G T/T G/G CiC C 400
19 AJA CiC G/G T/T A/A T/T E 300
20 AJA CiC G/G T/T G/A CiC E 200
21 AJA CiC G/G T/T G/G CiC C 400
22 AJA CiC G/G T/T G/G CiC C 400
23 AJA CiC G/G T/T G/A CiC E 400
24 AJA CiC G/G T/T G/G CiC Cc 400
25 AJA CiC G/G T/T G/G CciC c 800

1 _ Cis for control group indicating those patients that did not experience ADRs to Imatinib.

E refer to the experimental group, including the patients who experience ADRs to Imatinib.
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Table 11: Allele and Genotype frequencies within the study group.

SNP Base Allele Frequency Genotype Frequency
Change
1 369 V (Novel) Ato G A: 0.9600 | G: 0.0400 AA: 0.9200 | AG:0.0800 | GG: 0.0000
1193l CtoT C:0.9600 | T:0.0400 CC:0.9200 | CT:0.0800 | TT:0.0000
G73239A (Novel) Gto A G: 0.9800 | A:0.0200 GG: 0.9600 | GA: 0.0400 | AA:0.0000
T15871G TtoG T:0.9400 | G: 0.0600 TT:0.9200 | TG: 0.0400 | GG: 0.0400
CYP3A4*1G Gto A G: 0.7000 | A:0.3000 GG: 0.6000 | GA: 0.2000 | AA:0.2000
C23187T CtoT C: 0.9600 | T:0.0400 CC: 0.9600 | CT:0.0000 | TT:0.0400
Table 12: Hardy-Weinberg Equilibrium of SNPs detected.
SNP Observed Expected G P

1 369 V (Novel) 0.0800 0.0768 0.0036 0.9521

11931 0.0800 0.0768 0.0036 0.9521

G73239A (Novel) 0.0400 0.0392 0.0004 0.9836

T15871G 0.0400 0.1128 1.3240 0.2499

CYP3A4*1G 0.2000 0.4200 4.9672 0.0258 *

C23187T 0.0000 0.0768 2.0797 0.1493

* - Significant at P < 0.05




Results and Discussion

(i) Reference Sequence (Exon 11)

T E & 'E F B & 4 T O 68 BE T & T B R OE

(i) Sequencing Results - Exon 11 (Heterozygous)
T T O Y E ¢ ¢ H T FWY OE 9T E YT B OB UG

\’

Figure 8 : Sequence results of 1369V SNP located in exon 11. In this sequence a A-
Nucleotide is substituted for a G-Nucleotide. The SNP is located at the arrow, where
a black peak (G-Nucleotide) is at the same location as a green peak (A-Nucleotide).
The N denotes two bases called at the same location, signifying a heterozygous SNP.

(i) — Reference DNA sequence for exon-11; (ii) — Exon 11 sequence results.
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(i)

|CYP3A4 ACTIVE SITE]

Figure 9 (i): CYP3A4 three dimensional structure. Area within red box illustrates the
active site of CYP3A4 where a substrate would bind to be metabolised. Visualized

using RasMol (Available from: http://www.openrasmol.org).
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(ii)

CYP3A4 - Active Site |

Valine Amino Acid

Figure 9 (ii)): CYP3A4 Three Dimensional structure. A close-up view of the CYP3A4
active site. The area within the green circle illustrates the active site of CYP3A4, and
the amino acids (ball and stick structures) that make up the active site of CYP3A4.
The amino acid circled in blue (ball and stick structure) is the Valine amino acid which
is the result of the 1 329 V SNP. The blue coloured ball in the amino acid structure
represent the Nitrogen, the red ball an oxygen atom, and the grey balls are carbon

atoms.
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(). Reference Sequence
B A A ; A & T iy [ = i G G E ¥ Il Il T G T 5 2R I

(ii). Sequencing Results (Heterozygous)

el

Figure 10: Sequence results of G73239A SNP located in intron 3. In this sequence a G-

Nucleotide (reference sequence) is substituted for an A-Nucleotide. The SNP is located at
the arrow, where a black peak (G-Nucleotide) is at the same location as a green peak (A-
Nucleotide). In figure (ii), the N denotes two bases called at the same location, signifying a

heterozygous SNP. (i) — Reference DNA sequence; (ii) — Intron 3 sequence results.
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(i) Reference Sequence — Exon 7

(i) Sequencing Results —Exon 7 (Heterozygous)
E R & i R R @ e kO N & R B fm oEr B B AE =R G e B

Figure 11: Sequence results of 1193 located in exon 7. In this sequence the C-Nucleotide is

substituted for a T-Nucleotide. The SNP is located at the arrow, where a blue peak (C-
Nucleotide) is at the same location as a red peak (T-Nucleotide). The N denotes two bases
called at the same location, signifying a heterozygous SNP. (i) — Reference DNA sequence.

(i) — Exon 7 sequencing results.
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(i) Reference Sequence (Intron 10)
5 'y T G 5 A T & |E| T & Z A T G 15 i 5 A A 5 5

(i) Sequencing Results - Intron 10 (Heterozygous)
5 B = T B G A T

oo ALY

(iif) Sequencing Results - Intron 10 (Homozygous)
G % & T & 6 % ¥ OO OE TN OB OE T OB 5 B TR OEGG

e

_ Pl L P i, SO, =

Figure 12: Sequence results of CYP3A4*1G located in intron 10. In this sequence the G-
Nucleotide is substituted for a A-Nucleotide. The SNP is located at the arrow in both (ii) and
(iif). In Figure (ii), the black peak (G-Nucleotide) is at the same location as a green peak (A-
Nucleotide). The N denotes two bases called at the same location, signifying a heterozygous
SNP. In Figure (iii), there is only one green peak (A-Nucleotide), in the position of the
original black peak (G-Nucleotide), signifying a homozygous SNP. (i) — Reference DNA
(Intron-10) sequence. (i) — Intron-10 sequencing results with heterozygous SNP. (i) -

Intron-10 sequencing results with homozygous SNP.
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(i) Reference Sequence (Intron 7)

ATTTATCTTC E e T & L & & & # & T &

(i) Sequencing Results - Intron 7 (Heterozygous)

gy O & B OEE T T W OE O O OE OB ¥ O OA & B B F OB

(iif) Sequencing Results - Intron 7 (Homozygous)
P OTTOT OE T OCEOE P OEE T OCTETY OEEAE AT A

Figure 13: Sequence results of T15871G located in intron 7. In this sequence the T-
Nucleotide is substituted for a G-Nucleotide. The SNP is located at the arrow in both (i) and
(ii1). In Figure (ii), the black peak (G-Nucleotide) is at the same location as a red peak (T-
Nucleotide). The N denotes two bases called at the same location, signifying a heterozygous
SNP. In Figure (iii), there is only one black peak (G-Nucleotide), in the place of the original
red peak (T-Nucleotide), signifying a homozygous SNP. (i) — Reference DNA (Intron-7)
sequence. (ii) — Intron-7 sequencing results with heterozygous SNP. (iii) - Intron-7

sequencing results with homozygous SNP.
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(i) Reference Sequence (Intron 11)
T 8 3 &8 ¢ A& B B ¥ g Ok #Eo @

(i) Sequencing Results - Intron 11 (Homozygous)
¥ & ¢ &0 T adE T B ¥F 8§ B @ &5 €

¥

Figure 14: Sequence results of C23187T located in intron 11. In this sequence the C-
Nucleotide is substituted for a T-Nucleotide. The SNP is located at the arrow in (ii). In Figure
(if), there is only one red peak (T-Nucleotide), in the place of the original blue peak (C-
Nucleotide), signifying a homozygous SNP. (i) — Reference DNA (Intron-11) sequence. (ii) -

Intron-11 sequencing results with homozygous SNP.
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LANE: 1 2 3 4 5 &
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300 bp

Figure 15: Gel electrophoresis image for Exon 5, 7, 10, 11, 12.
Lane 1: Exon 5 (351 bp); Lane 2: Exon 7 (366 bp); Lane 3: Exon 10 (430 bp);
Lane 4: Exon 11 (416 bp); Lane 5: Exon 12 (396 bp); Lane 6: HyperLadder I

LANE: 1 2 3 4 5 & [ & 9
BP0 edHE S

2000 bp

1008 bp
00 Lp
500 hp

400 bp
304 bp

Figure 16: Gel electrophoresis image for Exon 1, 2, 4, 6, 8, 9, 13.

Lane 1: Exon 1 (375 bp); Lane 2: Exon 2 (426 bp); Lane 3: Exon 3 (348 bp);
Lane 4: Exon 4 (428 bp); Lane 5: Exon 6 (390 bp); Lane 6: Exon 8 (523 bp);
Lane 7: Exon 9 (362 bp); Lane 8: Exon 13 (750 bp), Lane 9: HyperLadder I
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Chapter 5: Summary

Chronic myelogenous leukaemia (CML) is a malignant clonal disorder that results in
the uncontrolled production of white blood cells. This disease is a result of a
reciprocal translocation of the long arms of chromosome 9 and 22 resulting in a
shortened chromosome 22, harbouring the BCR-ABL fusion gene, known as the
Philadelphia chromosome. The BCR-ABL oncogene encodes for a constitutively
activated tyrosine kinase that interferes with normal cell differentiation and apoptosis.
CML can be effectively treated with tyrosine kinase inhibitors, such as imatinib
mesylate (Gleevecll). However, some CML patients experience adverse drugs
reactions (ADRS) to imatinib and cannot be treated at the recommended dose. There
is a concern that lowering the dose of imatinib to reduce the side effects can result in
the development of resistant cancer cells, and thus a cessation in treatment is rather
recommended. Imatinib is metabolized by the cytochrome P450 enzyme, CYP3A4.
However, if the ADRs were a result of decreased metabolic effect of CYP3A4, it
would be possible to reduce the dose of imatinib without effecting efficacy.

It is hypothesised that single nucleotide polymorphisms (SNPs) can alter the catalytic
activity of the CYP3A4 enzyme. Thus a decrease in metabolic rate can result in
ADRs due an increased exposure to the drug. Therefore, the aim of this study was to
determine whether SNPs in the CYP3A4 gene are associated with ADRs from
imatinib treatment. In this study, the DNA sequence of the CYP3A4 gene from 25
CML patients treated with imatinib were compared to a reference DNA sequence
obtained from Genbank. The SNPs identified during this study was statistically
analysed, and their association with the presence of ADRs was determined using the

online statistics package, SNPator.

A total of six SNPs were detected, 1193I, T15871G, CYP3A4*1G, C23187T, 1369V
and G73239A. Of these, 1369V and G73239A are novel and not described previously
in literature. It was found that 1369V resulted in an amino acid change, involving a
substitution of isoleucine with valine. The remaining SNPs identified in this study
were located in intron regions, with the exception of 11931 which is a synonymous
SNP.
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There is little information available on the frequency of SNPs located in introns, since
these SNPs are generally regarded to have no impact on the expression or activity of
a protein. However, in this study an SNP located in intron 10 was significantly
associated with the presence ADRs. Current hypothesises suggest that intron SNPs
could affect the expression levels of a protein by influencing the splicing efficiency of
MRNA and subsequently translation efficacy. Future research needs to elaborate on
the role of CYP3A4*1G on CYP3A4 expression as well as on the prevalence of other

alleles identified in this study in South African populations.

Keywords: ADRs, BCR-ABL, Chronic myeloid leukemia (CML), CYP3A4, imatinib,

intron, tyrosine kinase, single nucleotide polymorphism (SNP), synonymous
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Opsomming

Chapter 6: Opsomming

Chroniese meloiede leukemie (CML) is 'n kwaadaardige klonale toestand wat lei tot
onbeheersde produksie van witbloedselle. Die toestand ontstaan as gevolg van n
resiproke translokasie tussen die lang arms van chromosoom 9 en 22. Dit lei tot 'n
verkorte chromosoom 22, die sogenaamde Philadelphia chromosoom, wat die BCR-
ABL fusiegeen bevat. Die BCR-ABL onkogeen kodeer vir 'n tirosienkinase wat
permanent aangeskakel is en inmeng met normale selfdifferensiasie en apoptose.
CML kan effektief behandel word met tirosienkinase inhibitore soos imatinib mesylate
(Gleevec"). Sommige CML pasiénte ervaar egter newe-effekte teen imatinib en die
aanbevole dosis moet aangepas word. Die gevaar bestaan ook dat indien die dosis
verlaag word om newe-effekte te verminder, dit kan lei tot die ontwikkeling van
imatinib bestande kankerselle. Om weerstand te voorkom word opskorting van
behandeling voorgestel. Imatinib word deur die sitochroom P450 ensiem, CYP3A4,
gemetaboliseer. Indien die newe-effekte onstaan as gevolg van 'n verlaagde
metaboliese effek van die CYP3A4-ensiem, sou dit moontlik wees om die dosis van

imatinib te verlaag sonder om die effektiwiteit daarvan te beinvloed.

Daar word gespekuleer dat enkelnukleotiedpolimorfismes (SNPs) die katalitiese
aktiwiteit van die CYP3A4-ensiem kan beinvloed. 'n Verlaging van die metaboliese
tempo kan dus lei tot newe-effekte as gevolg van 'n verlengde blootstelling aan die
middel. Die doel van die studie was dus om te bepaal of SNPs in die CYP3A4 geen
gekoppel kon word aan newe-effekte as gevolg van imatinib behandeling. In hierdie
studie is die DNA opeenvolging van die CYP3A4-geen vanaf 25 CML pasiénte
vergelyk met die standaard DNA opeenvolging vanaf Genbank. Statistiese analises
is gedoen om die assosiasie van die SNPs wat voorgekom het met die verskyning

van newe-effekte te bepaal. Die SNPator program is hiervoor aangewend.

In totaal is ses SNP’s waargeneem nl. 11931I, T15871G, CYP3A4*1G, C23187T,
1369V en G73239A. Twee van hierdie SNPs, 1369V en G73239A, is nog nie
voorheen beskryf nie. Daar is vasgestel dat 1369V lei tot 'n aminosuur verandering nl.
die vervanging van isoleusien met valien. Die ander SNPs wat voorgekom het was in

introne geleé, met die uitsondering van 11931 wat 'n sinverwante SNP is.
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Opsomming

Daar is min inligting bekend aangaande die frekwensie van SNPs wat in introne
voorkom, aangesien daar gereken word dat hierdie SNPs geen invioed het op die
uitdrukking of aktiwiteit van proteiene nie. In hierdie studie is daar egter gevind dat
twee intron SNPs, CYP3A4*1G en TI15871G, statisties beduidend met die
teenwoordigheid van newe-effekte geassosieer kon word. Huidige voorstelle dui
daarop dat intron SNPs die uitdrukkingsvlakke van 'n proteien kan beinvioed deur
middel van 'n effek op die snydingseffektiwiteit van mRNA te hé en dus ook die
vertalingseffektiwiteit. Toekomstige navorsing moet uitbrei op die rol van CYP3A4*1G
en T15871G op CYP3A4 uitdrukking asook die voorkoms van ander allele wat in

hierdie studie gevind is, in Suid Afrikaanse bevolkings.
Sleutelwoorde: BCR-ABL, Chroniese meloiede leukemie (CML), CYP3A4,

enkelnukleotiedpolimorfismes (SNPs), imatinib, intron, newe-effekte, tirosienkinase,

sinverwante SNP

74



Appendix

Appendix A

The precise location of each CYP3A4 SNP listed in Table 5. These tables served as
a database of all known CYP3A4 gene variants in the respective exons and introns,

in seqguence context.

. Nucleotides underlined, highlighted and in bold represent the nucleotide

which can vary

. Sections of DNA sequence within box and shaded in grey, represent the
Exon DNA.

. Regions not within a box, represent the Intron DNA

. SNPs number (33) and (34) are not presented in these tables, as they are

located further within in the intron 7 sequence, and not amplified by the DNA
primers designed for the CYP3A4 exons.
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Appendix

Promoter region DNA sequence of CYP3A4 with specific locations of DNA variants

as described by Table 5. Data was obtained and adapted from Sim et al. (2008),
Keshava et al. (2004), GenBank Accession No. AF280107 and NM_017460.

CYP3A4 Distance From ATG

Position in GenBank

DNA variant
Promoter start codon AFASULY
Region — 896. 61141
acagcagct gaggcacagccaagagct ct ggct gt at t aat
gacct aagaaljgt caccagaaagt cagaagggat gacat gca SYRSAISE(11)

gaggcccagcaat ct cagct aagt caact ccaccagcecttt
ctagttgcccact gt gt gt acagcacet ggt agggaccag
agccat gacagggaat aagact agact at gccct t gaggag
ct cacct ct gt t cagggaaacaggcG ggaaacacAat ggt
ggt aaagaggaaagaggacafit aggat t gcat gaaggggat
ggaaagt gcccaggggaggaaat ggt t acat ct gt gt gagg
agt t t ggt gaggaaagact ct aagagaaggct ctgtctgtc
t gggt t t ggaaggat gt gt aggagt ct t ct agggggcacag
gcacact ccaggcat aggt aaagat ct gt aggt gt ggcttg
t loggat gaat t t caagt at t t t ggaat gaggacagccat a
gagacaagggcaAgagagaggcgat t t aat agatt Tt at gc
caat ggct ccact t gagt t t ct gat aagaacccagaaccct
t ggact ccccagt aacatt gattgagttgtttat gatacct
cat agaat at gaact caaaggaggt cagt gagt ggt gt gt g
tgtgattctttgccaacttccaaggt ggagaagcctcttcc
aact gcaggcagagcacaggt ggccct gct act ggct gcag
ct Ccagccct gect cct t ct ct agcat at aaacaat ccaac
agcct cact gaat cact gct gt gcagggcaggaaagct cca
t gcacat agcfcagfaaagagcaacacagagct gaaaggaa
gact cagaggagagagat aagt aaggaaagt agt g

CYP3A4*TE (10)

CYP3A4* 1w (7)
CYP3A4* 1K ( 8)

CYRSASEE (9)

CYP3A4*1C (2)
CYP3A4*1B (1)
CYP3A4* 1E ( 6)

CYP3A4* 1M ( 5)

EYRSAEN (4)
CYRSAESIR (3)
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The 3'UTR region DNA sequence of CYP3A4 with specific locations of DNA variants
as described by Table 5. Data was obtained and adapted from Sim et al. (2008),
Keshava et al. (2004), GenBank Accession No. AF280107 and NM_017460.

CYP3A4 | Distance From ATG | Position in GenBank

DNA variant
3UTR start codon Moo
25940 87977
attttcctaaggacttcflgctttgctcttcaagaaat ctgtgc BEEIR (12)
ct gagaacaccagagacct caaatt act t Igt gaat agaact c CYP3A4* 1T (13)

t gaaat gaagat gggct t cat ccaat ggact gcat aaat aacc
ggggatt ct gt acalgcatt gagctctctcattgtctgtgtag CYP3A4* 1T (13)
agt gtt at act t gggaat at aaaggaggt gaccaaat cagt gt
gaggaggt agatttggctcctctgcttctcacgggactatttc
caccaccCccagttagcaccattaact cct cct gagct ct gat CYP3A4* 1H ( 14)
aagagaat caacatttctcaataattt@tccacaaattatta CYPSAZHIR (14)
at gaaaat aagaattattttgat ggctctaacaatgacattta
tatcacatgttttctctggagtattctataagttttatgttaa

at caat aaagaccactttacaaaagta
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Exon 1-13 DNA sequence of CYP3A4 including adjacent intron DNA sequence.

Specific locations of DNA variants as described by Table 5 are illustrated where

applicable. Data was obtained and adapted from Sim et al. (2008), Keshava et al.

(2004), GenBank Accession No. AF280107 and NM_017460.

Position in GenBank

CYP3A4 Distance From ATG
DNA variant
Exon 1 start codon AF280107
1 62037
IATGgct ct cat cccagact t ggccat ggaaacct ggctt ct cf
clogct gt cagect ggt get cet ct at ct | SRS (59)

Position in GenBank

CYP3A4 Distance From ATG
DNA variant (Refer
Exon 2 start codon AF280107 (
to Table 8B +8C)
3997 66034
cccctat at ct at aaffigt cacaat cgct gt gacttgatttct SRS (15)
gtttcactttgtagatat ggaacccattcacatggacttttt]
\@agaagct t ggaat t ccagggcccacacctctgecttttttg|
lggaaatattttgtcctaccat aag|
CYP3A4 Distance From ATG Position in GenBank
DNA variant
Exon 3 start codon AF280107
6002 68039
gccagcaagt ct gat tt caffjt ggcttcgactgttttcatcc 58228 (16)

caat t agaggcagggt t aagt acat t aaaaat aat aat caa

atattattttgtttctcctcccaggCettttgtatgtttga

cat ggaat gt cat aaaaagt at ggaaaagt gt ggggjgt gag

tattctggaaacttccAttggatagacttgtttctatgatg

agtttaccccact gcacagaggacagt ct cagcccaaagcc

t ctt gggat gaagct cTt gt caacct aact acaaacagaga

gaagt t ct ct gaaagaagaagat attt at t t gggt gt agag

CYP3A4*T7 (52)

CYP3A4*1J (17)

T6165A (18)
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CYP3A4
Exon 4

Distance From ATG

start codon

Position in GenBank
AF280107

11383

73420

DNA variant

t gt agaat aaggct gttgatgtttaatcaactctgtttttt]

t cacacagct ttt at gat ggt caacagcct gt gct ggct at |

No nut ati ons

identified
cacagat cct gacat gat caaaacagt gct agt gaaagaat | within this
gttattctgtcttcacaaaccggagg| exon
CYP3A4 Distance From ATG Sloilen 1 CEhiER
DNA variant
Exon 5 start codon HrzEtlus
13837 75874
cat cacccagt agacagt cact aaat agt t gt t gaat aagt BIS8SA (20)
I{tcct gtttaacacattttctacaaccat ggagacctcca SNP4 (19)

caact gAt gt aggacaaaatgtttctgcttt Gaact ct ag

cttttggtccagtgggatttat gaaaagt gccAtctct at a

GL3947C (21)
CYP3A4*4 (49)

|gct gaggat gaagaat ggaagagat t aclat cattgct gt c| _ (53)
t ccaacctt caccagt ggaaaact caaggag|
CYP3A4 Distance From ATG Position in GenBank
DNA variant
Exon 6 start codon AF280107
14206 72543
ggaaagccat gt cctt ct gggact agagt ct gcacatttaa - (22)

ct at gggt ggt offft gt gttt t gt gct t aglat ggt ccct at ¢

att gcccagt at ggagat gt gt t ggt gagaaat ct gaggcG

lggaagcagagacaggcaagcct G cacct t gaaaCagt aag

t agaagcgcagcBat gggBt t ct gagct gt cat gaacccct
ccagclgcct gccat ggagcet gat att cct gct gt t gggt t

at t ccagt gaccagacaaaaggagggct gt ggt aat gcaac

CYP3A4*15A ( 60)
CYP3A4*9 (54)
CYP3A4*10 (55)

Mg (23)
NI (24)

T14475G ( 25)
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Position in GenBank

CYP3A4 Distance From ATG
DNA variant
Exon 7 start codon AF280107
15570 77607
cct gt t gcat gcat agaggaaggat ggt aaaaaggt gct gat YRSz (26)

tttaattttcclicat ctttctccact cagcgtctttggggcec

t acagcat ggat gt gat caCt agcacat cat Tt ggagt gaac|

at Bgact ct ct caacaat ccacaagacccct t t gt ggaaaac

laccaagaagcttttaagatttgattttttggatcCattcttt]

ct clicaat aalgt at gt gfact actatttccttttatttatct

t fct ct ctt aaaaat aact gcttt att gagaTat aaat cacc

at gt aat t caTccac[lit aaaat at acagtt cagt gatttgta

gllacat t t gaagat at gt gt gaccat cat ¢

CYP3A4*16A (61)
CYP3A4*17 (62)
IS ( 66)
CYP3A4*5 (50)
CYPSAER2 (47)
EXESIEER (27)

T15871G ( 28)
T15901C ( 29)

SNP10 (30)
CYPSAZRIR (31)
IIS9SSA (32)
CYP3A4 | Distance From ATG | Fositionin GenBank
DNA variant
Exon 8 start codon AF280107
16814 78851
aggt aaattttgcacattcacafft gaatttctttttctgttt BIRSEEER (35)

ttgttttgtttttcctacagcagtctttccattcctcatccc

@attcttgaagtattaaatatctgtgtgtttccaagagaagt|

tacaaattttttaagaaaat ct gt aaaaaggat gaaagaaag|

t cgcct cgaagat acacaaaaggt aaaat gt ggt ggt agt t a

taggaggatgtttagtttttcataattttttagat aatatac

at at gat cagt gcagttacCtgtatgtttttaaagaatgctt

ttaa

CI7141T (36)
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CYP3A4 | Distance From ATG | Fositionin GenBank

Exon 9 start codon AF280107

17629 79666

caccgagt ggat tt cct t cagct gat gat t gaclt ct cagaat|

t caaaagaaact gagt cccacaaaggt aaccagagtgtttctg

aggct act t gt ggggcact cagagggaaggcctt gttct gaa
aat gt gcaggaagt at t ccaggat gat gagaat t t ct gccaca
t agcagaacgacacATgt t t gaat gt t at aagt ggt agt t gga
ggc

DNA variant

ENRSAENS (51)

CYP3A4*11b (37)

SNP14 (38)

CYP3A4 | Distance From ATG | Fositionin GenBank

Exon 10 start codon AF280107

20057 82094

DNA variant

cagtgtacctctgaattgcttttctattcttttcccttaggg
atttgagggcttcacttagatttctcttcatctaaactgtga
tgccctacattgatctgatttacctaaaatgtctttcctctc

ctttcaglct ct gt ccgat cflggagct cgt ggc€caat caat t]

atctttatttttgctggct at gaaaccacgagcagt gttctc]

tccttcattatgtatgaact ggccact caccct gat gt ccag|

cagaaact gcaggaggaaat t gat gcagt t t t acccaat aag|

gt galgt ggat g& acat ggagaaggagggaggaggt gaaacc
tt agCaaaaat gcct cct caccactt cccaggagaattttta

t aaaaaCcat aat cact gattctttcactgactctat gt agg

aaggctctg

SYRSAEISA (63)
B20A (67)

CYP3A4*1G (39)
SNP 16 (40)
@0417C (41)
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CYP3A4 | Distance From ATG | Position in GenBank
Exon 11 . AF280107 DNA variant
21805 83842

ccagt at gagt t agt ct ct ggagct cct aat act t cat t agt B2IBoE (42)
act gcat ggact gagtt aaaagtt aatt caaaatctcaattt SNP18 (43)
atccaflatctgtttcG tctttccaggcaccacccaclt at g| 18460 (63)
at act gt gct acagat ggagt at ct t gacat ggt ggt gaat g CYP3A4*11 (56)
raaCBct cagat t at t cccaat t gt at gagaCl t gagaggg| MSE8N (69)

t ct gcaaaaaagat gt t gagat caat gggat gt t catt cccal

laaggggt ggt ggt gat gat t ccaagct at gct ct t caccgt g

CYP3A4*12 (57)

58
lacccaaagt act ggacagagcct gagaagt t cct ccBt gaaal ————
NIE (44)

glot acaaggfccct gggaagggagecect cect gaaccagcect
ggt t caagcat att ct gcct ct ct t aat ct acaggaca

CYP3A4 | Distance From ATG | Fositionin GenBank

DNA variant
Exon 12 start codon AF280107
23091 85128

t agt t gaggggt ggcccct aagt aagaaficcct aacat gt aac BNB2E (45)

tcttaggggtattatgtcattaactttttaaaaatctaccaal

gt ggaaccalgat t cagcaagaagaacaaggacaacat agat cc|

ttacat at acacaccctt t ggaagt ggacccagaaact gcat t|

lggcaTgaggt t t gct ct cat gaacat gaaact t gct ct aat ca

lgagt cctt cagaacttctcctt caaaCctt gt aaagaaacaca

g

C23187T (46)

CYP3A4*3 (48)
CYP3A4*19 (64)
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Position in GenBank

CYP3A4 Distance From ATG
DNA variant
Exon 13 start codon AF280107
25844 87881
at cccect gaaat t aagcet t aggaggact t ct t caaccagaaal CYP3A4*20 (65)
aallcccgt t gt t ct aaaggt t gagt caagggat ggcaclgt aal 488N (70)

gt ggagcct gal
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