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Abstract 

Pharmacogenomics (PGx) is a relatively new field of study. It links genetics to 

pharmacology since it deals with the influence of the genetic makeup of the individual on 

their ability to respond to specific medications. Some of the most important genes in this 

field, dubbed very important pharmacogenes (VIPs), belong to the cytochrome P450 

(CYP) superfamily of drug metabolizing enzymes. The two members of this family that 

are the main focus of this thesis are CYP2C19 and CYP2D6. They play major roles in the 

metabolism of numerous medications, and it is therefore imperative that variations within 

those genes in various populations are detected in an efficient and timely manner, as well 

as establishing their impact on the function of the encoded enzymes.  

In this study, seven variants in CYP2C19 that have been detected in the Emirati 

population were analysed to determine their potential effects on the enzyme’s activity. 

Major aims of this thesis were to perform in silico analysis, generate the seven target 

variants in mammalian expression vectors, express them in mammalian cell lines, and 

measure the resulting enzyme’s activities. The variants were successfully generated by 

site-directed mutagenesis using two expression vectors as templates and were expressed in 

COS and Hek293T cells. However, the enzymatic activity tests using lysates from those 

cells were inconclusive and, therefore, further analysis, perhaps using different kits, are 

needed to further establish the impact of those variants.  

For CYP2D6, a long-range PCR-based technique was optimized and utilized to 

detect gene copy numbers using DNA extracted from blood samples isolated from 

psychiatric patients to determine their CYP2D6 metabolic status. In particular, this test 

was used to detect if the patients have a deletion star allele (CYP2D6*5) or duplication of 

CYP2D6. The results indicate that this approach could be used to implement genetic testing 

to determine CYP2D6 copy numbers in patients requiring medication metabolized by this 

enzyme. 

Keywords: Pharmacogenomics (PGx), cytochrome P450s (CYP), CYP2C19, CYP2D6, 
enzyme activity, personalized medicine. 
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Title and Abstract (in Arabic) 

  2D6و  2C19و  P450موركوتیسلا تامیزنلإ يئایمیكلاو يئیزجلا لیلحتلا

صخلملا  

 ریثأت عم لماعتی ھنلأ ةثارولاب ةیودلأا ملع طبری .اًیبسن دیدج ةسارد لاجم وھ (PGx) ةینیجلا ةیودلأا ملع

 قلطی يتلاو ،لاجملا اذھ يف تانیچلا مھأ نم ضعب .ةنیعم ةیودلأ ةباجتسلاا ىلع ھتردق ثیح نم درفلل ينیجلا بیكرتلا

 تامیزنإ نم P450 (CYP) موركوتیسلا تلابقتسم ةلئاع ىلإ يمتنت  (VIP) ةیاغلل ةمھملا ةیئاودلا تانیچلا مسا اھیلع

  CYP2C19 امھ ةحورطلأا هذھ مھیلع زكرت ناذللا و ةلئاعلا هذھ يف نایسیئرلا ناوضعلا .ةیودلأا بلاقتسا

 تاریغتلا فاشتكا متی نأ يرورضلا نمف اذلو ،ةیودلأا نم دیدعلا بلاقتسا يف ةیسیئر ارًاودأ امھیدل   CYP2D6.و

 .ةرفشملا تامیزنلإا ةفیظو ىلع اھریثأت مھفو ،بسانملا تقولا يفو ةلاعف ةقیرطب تانیچلا هذھ لخاد

 ریثأتلا دیدحتل نییتاراملإا ناكسلا يف اھفاشتكا مت CYP2C19 يف تاریغتم ةعبس لیلحت مت ،ةساردلا هذھ يف

 ةعبس ىلع فرعتلاو ،يبسوح لیلحت ءارجإ وھ ثحبلا اذھل ةیسیئرلا فادھلأا دحأ ناك .میزنلإا طاشن ىلع اھیدل يذلا

 ثادحإ مت .اھنع ةجتانلا میزنلإا ةطشنأ سایقو ،ةیناویحلا ایلاخلا يف اھنع فشكلاو ،تانیچلا لقاون يف ةفدھتسم تاریغتم

 و COS ایلاخ يف اھروھظ متو جذامنك ةینیچ لقاون مادختساب ةھجوملا تارفطلا قیرط نع حاجنب تاریغتملا

.Hek293T مادختساب يمیزنلأا طاشنلا تارابتخا تناك ،كلذ عمو lysates مزلی يلاتلابو ،ةعطاق ریغ ایلاخلا كلت نم 

 .ةفلتخم تاودأ مادختساب امبر ،تلایلحتلا نم دیزم ءارجإ

 مادختساب نیجلا خسن دادعأ فاشتكلا اھمادختساو ىدملا ةلیوط PCR ةینقت نیسحت مت ، CYP2D6ىلإ ةبسنلاب

 مادختسا مت . CYP2D6میزنلإل يبلاقتسلاا عضولا ةلاح دیدحتل ضیرملا مد تانیع نم جرختسملا يوونلا ضمحلا

 CYP2D6. راركت وأ (CYP2D6*5) ةمجن فذح لیلأ ىضرملا ىدل ناك اذإ ام دیدحتل صاخ لكشب رابتخلاا اذھ

 ىضرملا يف CYP2D6 خسن دادعأ دیدحتل ةینیچلا تارابتخلاا قیبطتل ھمادختسا نكمی جھنلا اذھ نأ ىلإ جئاتنلا ریشت

 .میزنلإا اذھ ةطساوب اھبلاقتسا متی ةیودأ ىلإ نوجاتحی نیذلا

 ، P450s (CYP) ،CYP2C19موركوتیسلا تامیزنإ ، (PGx)ةینیجلا ةیودلأا ملع :ةیسیئرلا ثحبلا میھافم

CYP2D6، يصخشلا بطلا ،میزنلإا طاشن. 
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Chapter 1: Introduction 

1.1 Overview 

Enzymes are very important proteins that catalyze and accelerate chemical 

reactions in cells of all living organisms. Without these proteins, essential chemical 

reactions would take very long periods of time and would therefore not be practical to 

sustain life. The importance of enzymology, or the study of enzymes, including the study 

of their structure and function, is illustrated in the effects of deficiencies or 

overexpression of some enzymes on living organisms, which often manifest in metabolic 

or other abnormalities and may lead to life-threatening diseases. There are seven main 

classes of enzymes in nature including oxidoreductases, transferases, hydrolases, lyases, 

isomerases, ligases, and translocases (Nelson et al., 2021). The cytochrome P450 

superfamily of enzymes are classified as oxidoreductases. Therefore, the literature on 

this class will be reviewed and summarized in the following sections. 

1.2 Oxidoreductases 

Oxidoreductases are a large class of enzymes involved in oxidation-reduction 

(redox) reactions. They facilitate the transfer of electrons from a reductant, or electron 

donor, to an oxidant, or an electron acceptor. The types of oxidoreductases are separated 

based on the aspect of the redox reaction in which they play a role, as well as the 

reductants and/or oxidants involved. Oxidoreductases are classified into four groups: 

dehydrogenases, reductases, oxidases, and oxygenases (Frey & Hegeman, 2007). These 

groups will be reviewed briefly in the following subsections. 

1.2.1 Dehydrogenases 

 As the name indicates, dehydrogenases are active in dehydrogenation reactions, 

where a hydrogen atom is removed from one molecule and added to another. There are 

two main types of dehydrogenases: aerobic and anaerobic dehydrogenases. Aerobic 

dehydrogenases are the ones where hydrogen is added to oxygen to create hydrogen 

peroxide as a byproduct. Anaerobic dehydrogenases are the ones where hydrogen is 

added to a coenzyme, such as NAD+, NADP+, or FAD (Vasudevan et al., 2013). While 
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these two types of dehydrogenases exist in nature, most tend to be of the anaerobic type 

(Nelson et al., 2021). 

1.2.2 Reductases 

 Whereas dehydrogenases are responsible for the oxidation of the substrate, 

reductases are responsible for the reduction of the substrate. Aldo-keto reductases 

(AKRs) are an example of a superfamily of reductases involved in metabolizing many 

endogenous compounds, such as sugar and ketosteroids, and xenobiotics such as drugs 

and carcinogens (Penning & Drury, 2007). 

1.2.3 Oxidases 

 Similar to aerobic dehydrogenases, oxidases catalyze the transfer of hydrogen to 

oxygen. The difference is that water is the byproduct of this reaction instead of hydrogen 

peroxide (Vasudevan et al., 2013). Urate oxidase is an example of an oxidase that 

catalyzes the transformation of uric acid to 5-hydroxyisourate and then to allantoin. It is 

absent in humans, as the levels of plasma urate are maintained by urine excretion. 

However, it is sometimes administered as a medication to treat elevated urate levels that, 

when elevated, can lead to cardiovascular diseases (Fetzner & Steiner, 2010). 

1.2.4 Oxygenases 

 Unlike oxidases where oxygen is added to the byproduct, oxygenases add oxygen 

to the product (Frey & Hegeman, 2007; Nelson et al., 2021). There are two types of 

oxygenases: monooxygenases and dioxygenases. Monooxygenases, also called 

hydroxylases, add one oxygen to the product and the other forms water as the byproduct. 

On the other hand, dioxygenases add both oxygen atoms to the product (Vasudevan et 

al., 2013; Nelson et al., 2021). Some significant examples of monooxygenases are part of 

a superfamily of enzymes known as the cytochrome P450 group of metabolizing 

enzymes. 

1.3 Cytochrome P450 enzymes 

 Cytochrome P450 enzymes (CYPs) are a superfamily of multi-function oxidases 

and monooxygenases. This group of proteins was discovered in 1958 by Garfinkel and 
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Klingenberg, and it was named a cytochrome because it contained a heme group that 

gave it redox capabilities. It was designated P450 because of its absorption band, while 

bound to carbon monoxide, was 450 nm (Garfinkel, 1958; Klingenberg, 1958). 

However, now it has been found that CYPs are heme-thiolate enzymes, as opposed to 

cytochromes, since the iron in the heme group has a bond with the sulfur of cysteine, and 

it was discovered that CYPs only transfer electrons to oxygen, not other atoms, like other 

cytochromes (Kahn & Durst, 2000; Lewis, 2001). There are 57 known human 

cytochrome P450s. Fifty of them are localized at the membrane of the endoplasmic 

reticulum (ER) and the remaining 7 are found in the mitochondria (Guengerich et al., 

2016). Although these proteins are present in their highest concentrations in the liver, 

they are also expressed in other organs and tissues, such as the kidneys, pancreas, lungs, 

and brain (Lewis, 2001). 

 Each individual CYP is named using Arabic numbers to represent the family it 

belongs to, a letter to indicate the subfamily, and another Arabic number to distinguish 

the specific CYPs. To classify two proteins in the same family, they should have ≥40% 

amino acid similarity. To be in the same subfamily, the proteins should be within the 

same gene cluster and have ≥55% amino acid similarity. The last Arabic numeral is 

chosen in the discovery order (Nelson et al., 1996). As with other genes and proteins, 

when the name is italicized, it refers to the gene, while if it is not italicized, it refers to 

the protein (Manikandan & Nagini, 2018). 

There are multiple terms used to classify CYPs. The most common way to 

differentiate between the different CYPs is by the role they play in detoxifying 

xenobiotics and those involved in the biosynthesis of endogenous compounds. Another 

way to refer to them is by defining them as moonlighting or non-moonlighting proteins. 

Moonlighting proteins are multifunctional, and these functions are typically not related 

or reliant on each other. Moonlighting CYPs are the ones involved in the biosynthesis of 

endogenous compounds. Non-moonlighting CYPs are the ones that detoxify xenobiotics 

(Manikandan & Nagini, 2018). 
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1.3.1 CYPs structure 

 Cytochrome P450s generally have similar structures made up of helices and folds. 

The majority of the folds are α-helical with a small number of β-sheets. They contain 

400-500 amino acids and a heme prosthetic group located in the active site. The iron 

found in the heme group is in the ferric (Fe3+) state rather than ferrous (Fe2+). This form 

has two spin states: low spin and high spin. Low spin is when the 3d electrons are all 

paired, while high spin is when the 3d electrons are all unpaired. When the enzyme is 

substrate-free, and the iron is in low spin, a water molecule is used to stabilize it. Once a 

substrate needs to bind, the water molecule is removed (Manikandan & Nagini, 2018). 

Figure 1.1 shows the structure of CYP2C19 based on the findings submitted to 

the Protein Data Bank by Reynald et al. (2012). While this report is specific to the 

structure of CYP2C19, other cytochrome P450s generally have similar structures. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Structure of CYP2C19 from the Protein Data Bank. 
The chains are each depicted in different colors starting from blue, which is the N-terminus, and ending at red, 
which is the C-terminus. The heme prosthetic group is represented by the stick representation in the center (Reynald 
et al., 2012). 
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1.3.2 CYPs function 

 Since cytochrome P450s are found throughout the body, they have many different 

functions. In the brain, CYPs help maintain cholesterol and vitamin A levels (Kuban & 

Daniel, 2020). In reproductive organs, on the other hand, CYPs synthesize and break 

down steroid hormones, while in the liver, CYPs play a role in bile acid biosynthesis and 

the metabolism of many xenobiotics including many drugs (Manikandan & Nagini, 

2018).  

The basic chemical reaction that occurs is that oxygen combines with the 

substrate to create a mono-oxygenated product and water. The coenzyme used in this 

reaction is typically NADH or NADPH. This reaction also requires redox partners, such 

as an iron-sulphur redoxin, a flavoprotein, or cytochrome b5 (Lewis, 2001). 

 Crucially, CYPs act in phase I reactions of drug metabolism. In contrast to phase 

II, phase I metabolism is non-synthetic; no new substance is created but a modified one 

that is easier for the body to excrete. This is usually done through oxidation, and to a 

lesser extent, through reduction or hydrolysis. Phase II metabolism, on the other hand, is 

synthetic. It involves combining the drug with an endogenous substance, such as sulfate 

or glycine, which leads to a polar product that can leave the body through the kidneys in 

urine or the liver in bile. While some drugs undergo phase I and II metabolisms, this is 

not the case in all, as some drugs only require one of the two phases to be excreted 

(Meyer, 1996). The two phases of drug metabolism are broadly illustrated in Figure 1.2. 

 

 

 

 

 

  
Figure 1.2: The general mechanism of phase I and phase II drug metabolism. 
Phase I, commonly performed by CYPs, involves oxidizing the drug. Phase II detoxifies the drug, allowing it to 
exit the body (Zhao et al., 2021). 

Figure 1.2 
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1.3.3 CYPs inhibition 

 One mechanism of CYPs inhibition is drug-drug interaction. If a patient takes 

more than one drug that can bind to the same enzyme, it will interfere with the enzyme’s 

ability to metabolize one of the drugs. This can lead to above average levels of the drug 

in the patient’s body, which increases the likelihood that they will develop adverse drug 

reactions (ADRs). Another form of inhibition, known as catalysis-dependent inhibition, 

is when a reactive species formed from drug metabolism interacts with moieties in the 

active site of the CYP. This would lead to the enzyme’s inactivation (Manikandan & 

Nagini, 2018). Along with drugs, genetic variants can also affect the activity of these 

enzymes, leading to severe adverse reactions or impaired drug response. Due to the 

severity of some ADRs, it is crucial to study drug-drug interactions, and genetic 

variations that influence enzyme activity and efficacy. This field of study is known as 

pharmacogenetics, or pharmacogenomics when response is influenced by multiple genes. 

1.4 Pharmacogenetics and pharmacogenomics 

 The phenomenon of different reactions to the same drugs based on genetic 

variability was recognized in the 1950s, which led to the beginning of a new field 

interchangeably called pharmacogenetics or, more recently, pharmacogenomics. 

Pharmacogenomics studies how one’s genetic makeup affects drug response. In other 

words, it deals with the intersection between pharmacology and genetics. There are two 

possible pathways where genetic variation may exert its effects, pharmacokinetics and 

pharmacodynamics. Pharmacokinetics focuses on the absorption and transportation of 

the drug, its metabolic pathways, and how it is excreted from the body. 

Pharmacodynamics, on the other hand, focuses on the drug’s effects on the body (Müller 

& Rizhanovsky, 2019). 

Genetic variations in some genes can affect how efficiently a drug can be 

metabolized. This effect can either be an increase or a decrease in metabolizing ability. 

Individuals with an increased metabolizing ability are known as rapid or ultra-rapid 

metabolizers. In contrast, individuals can be classified to be poor metabolizers if they 

have reduced or abolished enzymatic activity. Determining the genetic variants in an 

enzyme-encoding gene can identify the individual’s metabolizer status for a drug 
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metabolized mainly by this enzyme. It is essential to identify abnormal metabolizer 

statuses since increased or decreased levels of the drug can affect its response or increase 

the risk of developing ADRs (Pirmohamed, 2014). PharmGKB, the largest database 

curating pharmacogenomic variations and their effect on drug choice and dosing, 

designates the genes that code for enzymes with a crucial role in drug response as Very 

Important Pharmacogenes (VIP) (PharmGKB, n.d., b). Many members of the CYP 

family are categorized among VIPs. 

1.4.1 The importance of CYPs 

 As mentioned in section 1.3, cytochrome P450s are a group of oxygenases and 

oxidases that play a role in phase I drug metabolism. The CYPs that typically affect 

human drug metabolism are in the subfamilies CYP1, CYP2, and CYP3. Members of 

these three subfamilies play roles in the metabolism of about 90% of medications 

(Isovoran et al., 2017). Due to the sheer number of life-saving drugs being used by 

individuals and the high percentage of them affected by CYP variations, it is imperative 

to study these genes and their encoded enzymes. Within the subfamily of CYP2, three 

main enzymes are the focus of pharmacogenomic research: CYP2C9, CYP2C19, and 

CYP2D6 (Cavallari et al., 2011). The focus of the current thesis is on two members of 

family 2, namely CYP2C19 and CYP2D6. 

1.5 CYP2C19 

 CYP2C19 is involved in the metabolism of many commonly prescribed 

medications. The medications that have Clinical Pharmacogenetics Implementation 

Consortium (CPIC) guidelines based on CYP2C19 genotypes are listed in Table 1.1 

(Botton et al., 2021; Guidelines, 2021). 
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Table 1.1: List of medications with CPIC prescription guidelines for CYP2C19 
(Guidelines, 2021). 

Name Medication Class 

Amitriptyline Tricyclic antidepressant 

Citalopram Selective serotonin reuptake inhibitor 

Clomipramine Tricyclic antidepressant 

Clopidogrel Antiplatelet 

Desipramine Tricyclic antidepressant 

Dexlansoprazole Proton pump inhibitor 

Doxepin Tricyclic antidepressant 

Escitalopram Selective serotonin reuptake inhibitor 

Esomeprazole Proton pump inhibitor 

Fluvoxamine Selective serotonin reuptake inhibitor 

Imipramine Tricyclic antidepressant 

Lansoprazole Proton pump inhibitor 

Nortriptyline Tricyclic antidepressant 

Omeprazole Proton pump inhibitor 

Pantoprazole Proton pump inhibitor 

Paroxetine Selective serotonin reuptake inhibitor 

Rabeprazole Proton pump inhibitor 

Sertraline Selective serotonin reuptake inhibitor 

Trimipramine Tricyclic antidepressant 

Voriconazole Antifungal 
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Antidepressants, such as Citalopram and Escitalopram, and antiplatelet 

medications, such as Clopidogrel, are two of the most important medications influenced 

by CYP2C19. The metabolic pathways of Citalopram and Escitalopram are shown in 

Figure 1.3 and for Clopidogrel in Figure 1.4, illustrating the roles of CYP2C19 in their 

metabolism, among other CYPs. 

 

Figure 1.3: Depiction of Citalopram and Escitalopram metabolic pathway.  
Citalopram is made up of its R/S enantiomers, while Escitalopram is made up of only the S enantiomer. CYP2C19, 
CYP2D6, and CYP3A4 catalyze both enantiomers into R/S-demethylcitalopram. CYP2D6 alone then converts it 
into R/S-didesmethylcitalopram, which can then be excreted from the body (Citalopram and Escitalopram Pathway, 
Pharmacokinetics, 2021). 
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Figure 1.4: Clopidogrel metabolic pathway.  
Clopidogrel is a prodrug that must be activated in the liver. This is done in two steps. The first step involves 
clopidogrel being converted into 2-oxo-clopidogrel by CYP1A2, CYP2B6, CYP2C19, and CYP3A4. The second 
step is when it is converted into the active metabolite. 2-oxo-clopidogrel is metabolized into cis- and trans-thiol 
diastereoisomers H1, H2, H3, and H4, as well as an endo-thiol isomer. Research of these products has shown that 
the active metabolite is H4, which is primarily formed by CYP2C19 (Clopidogrel Pathway, Pharmacokinetics, 
2019). 

 

CYP2C19 was first discovered in 1984 after it was noticed that healthy 

individuals were not able to properly metabolize the anti-convulsant drug mephenytoin 

(Küpfer & Preisig, 1984). CYP2C19 encoding for this enzyme is one of four other 

cytochrome P450 genes located on chromosome 10q23.33. The other three genes are 

CYP2C8, CYP2C9, and CYP2C18 (Goldstein & de Morais, 1994). Multiple alleles of 

CYP2C19 have been identified and designated with the star allele nomenclature. Table 
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1.2 lists the major star alleles that have a known effect on the enzyme, as well as their 

resulting impact on enzyme function. 

Table 1.2: List of CYP2C19 star alleles with a known enzyme function assignment from 
CPIC (PharmGKB, n.d., a). 

CYP2C19 Star Allele CPIC Function Assignment 
CYP2C19*1 Normal function 
CYP2C19*2 No function 
CYP2C19*3 No function 
CYP2C19*4 No function 
CYP2C19*5 No function 
CYP2C19*6 No function 
CYP2C19*7 No function 
CYP2C19*8 No function 
CYP2C19*9 Decreased function 
CYP2C19*10 Decreased function 
CYP2C19*11 Normal function 
CYP2C19*13 Normal function 
CYP2C19*15 Normal function 
CYP2C19*16 Decreased function 
CYP2C19*17 Increased function 
CYP2C19*18 Normal function 
CYP2C19*19 Decreased function 
CYP2C19*22 No function 
CYP2C19*24 No function 
CYP2C19*25 Decreased function 
CYP2C19*26 Decreased function 
CYP2C19*28 Normal function 
CYP2C19*35 No function 
CYP2C19*36 No function 
CYP2C19*37 No function 
CYP2C19*38 Normal function 
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Due to the influence that CYP2C19 has on the effectiveness and response to 

multiple drugs, it is important to determine the effects that the variations in this gene 

may have on the enzyme’s metabolizing ability. One way to do this is by using in vitro 

enzyme activity studies of expressed mutants. These studies are performed in laboratory 

settings using microorganisms or mammalian cells expressing the gene variants. Their 

goal is typically to define the effects of variants on the enzyme’s activity and function. 

The cell lines most commonly used for CYP2C19 experiments are COS-1, COS-7, 

HepG2, Hek293T, and Hek293FT (Dai et al., 2015). 

1.5.1 In vitro studies to evaluate the effects of variation on the enzymatic function of 
CYP2C19 

 In the work of Takahashi and colleagues, COS-7 cells were used to test the effects 

that the CYP2C19 star alleles CYP2C19*1-CYP2C19*28 have on the enzyme’s 

metabolizing ability in general, as well as specifically on clopidogrel (Takahashi et al., 

2015). Site-directed mutagenesis was used to create the polymorphisms, followed by 

transfecting them into COS-7 cells for expression. Western blots were carried out to 

confirm the expression of CYP2C19 in each mutant sample. In order to determine how 

effectively clopidogrel is metabolized by each CYP2C19 star allele, the first product in 

the process, 2-oxo-clopidogrel was measured using liquid chromatography and mass 

spectrometry. Since clopidogrel is a drug that is highly sensitive to drug dosage changes, 

an S-mephenytoin 4’-hydroxylation assay was used to confirm if the results of the 

clopidogrel assay are specific to that drug. Out of the 21 variants tested, 8 of them were 

expressed in quantities too low to be tested. Seven of the remaining 13 variants were 

shown to have significantly decreased enzyme activity. These star alleles are 

CYP2C19*5A, CYP2C19*5B, CYP2C19*6, CYP2C19*8, CYP2C19*16, CYP2C19*22, 

and CYP2C19*24. Overall, this work confirmed previously reported findings, as well as 

determined the effects that less common polymorphisms have on clopidogrel metabolism 

(Takahashi et al., 2015). Due to how life-threatening cardiovascular conditions can be, 

the influence that CYP2C19 has on the effectiveness of clopidogrel is an important area 

of study. By repeating tests on previously reported variants and testing newly discovered 

ones, the risk of fatal and preventable adverse drug reactions can be reduced. 
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 Similarly, Devarajan and coworkers focused on confirming the effects of a series 

of rare variants in CYP2C19 and CYP2C9 from the RIGHT study (Devarajan et al., 

2019). The RIGHT study was conducted to determine the feasibility and impact that 

preemptive genetic testing can have in a clinical setting (Bielinski et al., 2014; Ji et al., 

2016). Site-directed mutagenesis was used to recreate the target mutations in CYP2C9 

and CYP2C19 plasmids. These mutations were then expressed in COS-1 cells. Western 

blots were done to confirm the presence of the proteins. Some cells were treated with 

proteasome inhibitors to determine if protein degradation could affect the results. 

Multiple enzyme assays were done to determine activity. The Vivid assay 

(ThermoFisher Scientific) was used for both cytochrome P450s. Tolbutamide assay was 

used for CYP2C9, and S-mephenytoin was used for CYP2C19. These two assays were 

performed using liquid chromatography and mass spectrometry. In-silico prediction 

analyses were also done using Polyphen version 2, PROVEAN, and SIFT software. The 

results showed that variants that had differing protein expression levels compared to the 

wild type measurements. This was also shown in the Vivid assays, as well as in the 

liquid chromatography and mass spectrometry experiments. In total, there were seven 

CYP2C9 mutations and seven CYP2C19 mutations tested. Five of the CYP2C9 variants 

showed decreased activity while the remaining two had similar levels to the wild type. 

For CYP2C19, six of the variants showed decreased activity, and one had similar activity 

to the wild type. The in-silico predictions had varying accuracy. For example, some 

variants that had significantly decreased levels were predicted to be benign (Devarajan et 

al., 2019). This work was able to determine the effects of previously reported variants. 

This experiment highlights the importance of reviewing studies focused on sequencing 

patients’ samples. 

1.6 CYP2D6 

 CYP2D6 is a very important enzyme in metabolizing more than 72 clinically-

relevant drugs, such as antidepressants, antipsychotics, stimulants, and anti-malarial 

medications (Taylor et al., 2020). As other enzymes, ultra-rapid metabolizers taking 

medications metabolized mainly by CYP2D6 may not get benefit of treatment because 

drugs are metabolized too quickly. On the other hand, poor metabolizers are more likely 

to develop ADRs from the medication being in their system for too long. Due to these 
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risks, which are more sensitive when related to drugs in complex mental illnesses, it is 

imperative to determine these genetic variants before a prescription for the patient to 

receive the most benefits from taking their medication. However, sequencing CYP2D6 is 

very difficult and complicated by its highly polymorphic structure (Gaedigk, 2013). 

CYP2D6 was discovered and named in 1988 by Gonzalez and colleagues while studying 

why people reacted differently to debrisoquine, an antihypertensive drug (Gonzalez et 

al., 1988). In 1989, Kimura and coworkers discovered that CYP2D6 shares a gene locus 

with two other genes; CYP2D7 and CYP2D8 (Kimura et al., 1989). Not only do they 

share a gene locus, but they also share a long identical sequence. Variants only make the 

process of sequencing and cloning CYP2D6 even more complicated. Some alleles are 

defined by large sections being deleted, duplicated, or even leading to a hybrid gene of 

CYP2D6 and CYP2D7 (Gaedigk, 2013). While it is difficult to sequence CYP2D6, it is 

not impossible. 

 In the work of Puaprasert and colleagues, patients from the Karen population on 

the Thailand-Myanmar border with Plasmodium vivax infection were tested for CYP2D6 

variations (Puaprasert et al., 2018). This population was selected due to the high rates of 

P. vivax infection in this area. These cases are treated using the anti-malarial drug 

primaquine, which is metabolized by CYP2D6. To detect CYP2D6 deletions or 

duplications in DNA extracted from the blood samples collected, a tetra-primer extra-

long PCR (XL PCR) technique was used (Puaprasert et al., 2018). This technique 

requires four primers; two are designed to flank the wild type CYP2D6 gene and the 

other two are designed to flank variants (Medrano & de Oliveira, 2014). The products of 

the XL PCR were then reamplified before being sequenced. While the study size was 

small, with only 70 subjects, it was revealed that many carried a decrease-in-function 

allele. The small sample size limited the results of this study; however, the technique 

used proved feasibility (Puaprasert et al., 2018). 

1.7 Pharmacogenetic and pharmacogenomics research and implementation in the 
United Arab Emirates (UAE) 

 The clinical implementation of pharmacogenomics potentially can increase the 

effectiveness of medications and decrease the risk of adverse drug reactions. While many 

studies analyzed the benefits of this practice in Western countries, very few studies have 



15 
 

been carried out in the Middle East, including in the UAE. There have been preliminary 

survey studies performed on medical professionals and students in the UAE to determine 

the level of understanding that they currently have. In the work of Rahma and co-

workers, a survey was given to medical students to assess their level of knowledge and 

opinion on pharmacogenomics (Rahma et al., 2020). It was found that most medical 

students had a positive opinion of pharmacogenomics but needed a stronger 

understanding of it. The students did reflect a desire to learn more about 

pharmacogenomics and the benefits of genetic testing for patients. While there was a 

more optimistic view in this survey, it is essential for these opinions to be taken seriously 

and used for guidance in improving the education of this field so that it can be 

implemented fully in clinics (Rahma et al., 2020). A similar survey was also given to 

pharmacists practicing in the UAE. The results show that pharmacists do not have strong 

knowledge of pharmacogenomics and genetic testing, however, they are willing to learn 

and would like to be given reliable sources to use. While the pharmacists’ raised some 

concerns in this study, such as their worry about the confidentiality of the genetic testing 

results, it is evident that most of them would like to have pharmacogenomics programs 

incorporated into their training (Rahma et al., 2020). 

Overall, it has been demonstrated that there is a need for precision medicine and 

pharmacogenomics-based research studies in the UAE for effective implementation. It is 

even more important to genotype and identify unique variations in pharmacogenes, and 

determine their effects on the resulting enzymes, especially in small populations like 

Emiratis. In this context, Al-Mahayri and coworkers examined variants of 100 

pharmacogenes in 100 healthy Emiratis (Al-Mahayri et al., 2020). This work identified 

common, rare, and novel variants in multiple very important pharmacogenes, including 

CYP2C19 (Al-Mahayri et al., 2020). Seven of the rare or novel variants found in 

CYP2C19 in that study were predicted, using in silico tests, to have a detrimental effect 

on the enzyme. These variants are shown in Table 1.3. 
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Table 1.3: Seven rare or novel variants found in CYP2C19 in the Emirati population (Al-
Mahayri et al., 2020).  

 

Other studies determined some of the alleles and genotypes, as well as their 

frequencies, of other pharmacogenes in the UAE (Qumsieh et al., 2011; Al-Jaibeji et al., 

2016; Al-Ahmad et al., 2017a, 2017b). Nevertheless, no follow-up studies analyzed the 

effects of these mutations on the CYP2C19 enzyme. This is an important piece of 

information to learn about these mutations with the aim to improve the practice of 

precision medicine in the country. 

1.8 Aims and objectives 

 The main aim of the current thesis was to evaluate the impact of variation in two 

of the most important pharmacogenes, namely CYP2C19 and CYP2D6. The first section 

focuses on CYP2C19, and the effects of some novel or rare variations detected in 

Emiratis on the enzyme’s activity. The second section aimed to optimize a protocol for 

detecting duplications and deletions in CYP2D6 gene for psychiatric patients in the UAE 

requiring anti-depressants. 

 

rs ID Location Mutation 
(nucleotide) 

Mutation 
(amino acid) 

Rare/
novel 

gnomad 
Frequency 

References 

rs572853437 96522626 c.C164G p.T55S Rare 0 Zhang et al., 
2020 

rs17878459 96534922 c.G276C p.E92D Rare 0.02769 Wang et al., 
2011a, 2011b 
Zhang et al., 
2020 

rs145119820 96535152 c.G337A p.V113I Rare 0.0006918 Devarajan et 
al., 2019 
Matimba et 
al., 2009 
Zhang et al., 
2020 

rs577255883 96541719 c.G784A p.D262N Rare 0 Zhang et al., 
2020 

rs377674118 96541736 c.C801A p.F267L Rare 0 Zhang et al., 
2020 

rs748832049 96602641 c.C1009T p.P337S Novel 0  
rs372873637 96609683 c.A1159G p.I387V Novel 0  

Table 3 
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1.8.1 CYP2C19 

 As a follow-up of work carried out by Al Mahayri et al. (2020), specific 

CYP2C19 variants identified in Emirati genomes by next generation sequencing are to 

be examined. The criteria for selecting a variant included having in silico predictions of 

being “detrimental” to the enzyme product, being a rare or novel variant, and its 

potential effect on enzyme activity was either never studied before or has been studied 

with conflicting evidence. The primary objective of this part of the project was to 

determine the effects of selected CYP2C19 variants on enzyme activity, subcellular 

localization, and perform molecular modelling. The specific objectives were to generate 

the target variations in two CYP2C19 mammalian expression vectors, express them in 

COS-1, Hek293T, and HeLa cells, perform Western blots to confirm the presence of the 

protein, use immunofluorescence to detect the subcellar location of CYP2C19, use 

molecular modelling to view any differences in intramolecular bonds between the wild 

type protein and the mutated proteins, and attempt to use an enzyme assay to measure 

CYP2C19 enzyme activity with the variations. 

1.8.2 CYP2D6 

 The aim of this part of the project was to optimize a protocol used for the 

detection of CYP2D6 structural variations (copy number variations), which is considered 

one of the main troublesome issues in pharmacogenomics laboratories. The objective 

was to optimize and test a simple long-range PCR-based technique used for CYP2D6 

deletion and duplication detection, use agarose gel electrophoresis to analyze the results, 

and utilize the information for the implementation of pharmacogenetics-based treatment 

for individuals with depression. 
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Chapter 2: Methods 

2.1 CYP2C19 

The aim of this part of the study was to evaluate the potential effects of novel or 

rare variants found among Emiratis in CYP2C19 using in silico, as well as in vitro, 

approaches. The in silico approach included performing molecular modelling, and the in 

vitro approach involved the generation of variants by using site-directed mutagenesis 

with a mammalian expression vector as a template, followed by attempts at determining 

their effects on the enzymatic activity using in vitro enzyme assays. This was done by 

introducing the mutations using site-directed mutagenesis with the CYP2C19 cDNA 

cloned into mammalian expression vectors as templates. The WT and mutant constructs 

were then transiently transfected into COS-1 and Hek293T cells. To confirm the 

expression of the proteins, lysates from the transfected cells were tested using the 

Western blot technique. Finally, CYP2C19 enzyme activity testing was attempted to be 

measured using a commercially available CYP2C19 enzymatic assay kit. 

Immunofluorescence was also used to verify that the protein is localized at the 

endoplasmic reticulum of both COS-1 and Hela cells. Molecular modelling was used to 

establish if there are physical changes in the enzyme’s structure due to the variations that 

could lead to a difference in the enzyme’s activity. 

 The rare variants focused on in this project were chosen based on the results 

obtained by Al-Mahayri et al. (2020). They were chosen based on the lack of consistent 

data on their effects on CYP2C19 activity. The studied mutations are listed in Table 2.1. 

Table 2.1: List of the studied mutations in CYP2C19. 

rs ID Location Mutation 
(nucleotide) 

Mutation 
(amino acid) 

rs572853437 96522626 c.C164G p.T55S 
rs17878459 96534922 c.G276C p.E92D 
rs145119820 96535152 c.G337A p.V113I 
rs577255883 96541719 c.G784A p.D262N 
rs377674118 96541736 c.C801A p.F267L 
rs748832049 96602641 c.C1009T p.P337S 
rs372873637 96609683 c.A1159G p.I387V 

Table 4 
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 The following sections describe the materials and the main methodologies used. 

2.1.1 Vectors 

 Two vectors harboring the CYP2C19 cDNA have been obtained and used in this 

thesis. The human untagged CYP2C19 clone in pCMV6-XL5 CYP2C19 plasmid has 

been purchased from Origene Inc. (NM_000769, Origene, Rockville, Maryland, U.S.A.). 

The pcDNA3.4 CYP2C19 untagged plasmid was a kind gift from Dr. Masahiro 

Hiratsuka of Tohoku University (Takahashi et al., 2015). The first vector was selected 

following the work of Devarajan and colleagues, in which they used enzyme activity 

assays to measure the activity of novel CYP2C19 variations. To generate the mutations, 

the pCMV6-XL5 CYP2C19 human untagged clone was used (Devarajan et al., 2019). 

The structure and organization of this plasmid are shown in Figure 2.1.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: A map of the pCMV6-XL5 CYP2C19 human untagged clone sequence. 
Abbreviations: CMV; Cytomegalovirus. MCS; Multiple cloning site. SV40 ori; Simian virus origin of replication. 
ColE1; Colicin E1. Amp; Ampicillin. 

Figure 5 

Figure 2.1 
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The pcDNA3.4 CYP2C19 untagged plasmid was also used because it has been 

used to successfully generate mutations, and in an enzyme activity assay (Takahashi et 

al., 2015). This plasmid’s structure is shown in Figure 2.2. 

Figure 6 

 

Figure 2.2: The vector map for the pcDNA 3.4 plasmid.  
Abbreviations: WPRE; Woodchuck hepatitis virus posttranscriptional regulatory element. PSV40; Simian virus 40 
promotor. SV40 pA; Simian virus 40 polyA signal. pUC; Plasmid cloning vector origin of replication. PCMV; 
Cytomegalovirus promotor (Takahashi et al., 2015). 

 

2.1.2 Generation of variants by site-directed mutagenesis 

 The primers used for site-directed mutagenesis (SDM) were designed using the 

PrimerX website and the resulting primers are listed in Table 2.2. The designed primers 

were custom made by Metabion Inc (Metabion Inc., Steinkirchen, Germany). 
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Table 2.2: List of CYP2C19 variants and their mutagenic primers.  

 

 

The PCR step of the site-directed mutagenesis was performed by combining 19.5 

µL of DNAse free water, 2.5 µL of Pfu buffer (Agilent, Santa Clara, California, U.S.A.), 

1 µL of plasmid, 0.5 µL of dNTPs, 0.5 µL of the forward primer, 0.5 µL of the reverse 

primer, and 0.5 µL of the Pfu enzyme (Agilent, Santa Clara, California). The total 

volume in each tube was 25 µL. The SimpliAmp thermal cycler (ThermoFisher 

Scientific, Waltham, Massachusetts, U.S.A.) was set to the parameters shown in Figure 

2.3. 

Table 5 

Target Forward Primer Reverse Primer 
c.C164G,  
p.T55S 

5’-GCA AAT CCT TAA GCA 
ATC TCT CAA-3’ 

5’-TTG AGA GAT TGC TTA 
AGG ATT TGC-3’ 

c.G276C,  
p.E92D 

5’-GAT CTT GGA GAC GAG 
TTT TCT GG-3’ 

5’-CCA GAA AAC TCG TCT 
CCA AGA TC-3’ 

c.G337A,  
p.V113I 

5’-GGA TTT GGA ATC ATT 
TTC AGC AAT GG-3’ 

5’-CCA TTG CTG AAA ATG 
ATT CCA AAT CC-3’ 

c.G784A,  
p.D262N 

5’-CAA CAA CCC TCG GAA 
CTT TAT TGA TTG-3’ 

5’-CAA TCA ATA AAG TTC 
CGA GGG TTG TTG-3’ 

c.C801A,  
p.F267L 

5’-TTG ATT GCT TAC TGA 
TCA AAA TGG AGA-3’ 

5’-TCT CCA TTT TGA TCA 
GTA AGC AAT CAA-3’ 

c.C1009T,  
p.P337S 

5’-AAA CCG GAG CTC CTG 
CAT GCA-3’ 

5’-TGC ATG CAG GAG CTC 
CGG TTT-3’ 

c.A1159G,  
p.I387V 

5’-GGG CAC AAC CGT ATT 
AAC TTC C-3’ 

5’-GGA AGT TAA TAC GGT 
TGT GCC C-3’ 
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Figure 7 

 

Figure 2.3: SimpliAmp thermal cycler parameters for SDM. 

 

The primers used for Sanger sequencing to confirm the generation of the intended 

mutations are shown in Table 2.3. 

Table 2.3: List of primers used for Sanger sequencing of CYP2C19 mutations. 

Targets Sequencing Primer 
c.C164G p.T55S 
c.G276C p.E92D 

5’-GGA CTT TCC AAA ATG TCG-3’ 
This is the VP1.5 primer (Origene, 
Rockville, Maryland, U.S.A.) 

c.G337A 
p.V113I 
c.G784A 
p.D262N 
c.C801A 
p.F267L 

5’-GTG AAG GAA GCC CTG ATT GA-3’ 

c.C1009T 
p.P337S 
c.A1159G 
p.I387V 

5’-ACA CCA AGA ATC GAT GGA CA-3’ 

Table 6 
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The sequence of the plasmids, location of the mutations, and the primers used are 

shown in Figure 2.4. 

 

Figure 2.4: An illustration of the sequence of the CYP2C19 cDNA cloned in the 
expression vectors. 
The nucleotides shown in red are the locations of the target mutations. The portions that are bold and underlined 
indicate the primers that are used in this experiment. 

 

The next step is Dpn1 (Promega, Madison, Wisconsin, U.S.A.) digestion. This 

was done by adding 0.5 µL of Dpn1 enzyme to 10 µL of the PCR product. This mixture 

was then placed in a water bath set to 37℃ for 4 hours. 

 The transformation was done by transferring 5 µL of the Dpn1 treated product to 

100 µL of JM109 competent cells. This mixture was kept on ice for 30 minutes, with the 

tubes being gently tapped every 5 minutes. They were then placed in a water bath set to 

42℃ for 50 seconds and then immediately being put into ice again for 2 minutes. 100 µL 

of an LB broth and glucose mixture was added to each tube and then placed in a shaker 

set to 37℃ and 150 rpm for 2 hours. They were then plated on ampicillin LB agar plates 

(Invitrogen, Waltham, Massachusetts, U.S.A.) and incubated for 18 hours at 37℃. 
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The colonies grown were then picked and placed into a tube containing 5 mL of 

LB broth and 5 µL of ampicillin. They were incubated in a shaker set to 37℃ and 150 

rpm for 18 hours. 

 DNA extraction was done using the Qiagen Miniprep Kit (Qiagen, Hilden, 

Germany). The tubes were centrifuged at 4℃ and 4,000 rpm for 10 minutes. The 

supernatant was removed. The pellet was dissolved in 250 µL of P1 buffer and moved 

into an Eppendorf tube. 250 µL of P2 buffer was added and the tubes were inverted for 3 

minutes. 350 µL of N3 buffer was added and the tubes were inverted again for 3 

minutes. The tubes were then centrifuged at 4℃ and 13,000 rpm for 10 minutes. The 

supernatant was poured into a spin column and centrifuged for 1 minute. 750 µL of PE 

buffer was added and centrifuged for 1 minute. The flow-through was discarded, and the 

column was centrifuged again for 1 minute. 50 µL of water was added and allowed to sit 

at room temperature for 1 minute, followed by centrifuging for 1 minute. The DNA 

concentration of the product was then measured on the Implen Nanophotometer N60 

(Implen, Westlake Village, California, U.S.A.). 

2.1.3 Sanger sequencing 

 Sanger sequencing was performed on the SDM products to confirm the presence 

of the mutation. The BigDye Terminator Cycle Sequencing Kit (Applied Biosystems, 

Waltham, Massachusetts, U.S.A.) was used for this purpose. The machine used was the 

3130xl Genetic Analyzer (Applied Biosystems, Waltham, Massachusetts, U.S.A.). The 

results were viewed using the Chromas software (Technelysium, Australia). 

2.1.4 Cell culture 

 There were three main cell lines used: COS-1 cells, Hek293T cells, and HeLa 

cells. All of the cell lines were maintained in T25 flasks with Dulbecco’s Modified Eagle 

Medium (DMEM; Invitrogen, Waltham, Massachusetts, U.S.A.) containing 10% Fetal 

Bovine Serum (FBS; Invitrogen, Waltham, Massachusetts, U.S.A.). Once the flasks 

reached 80-90% confluency, they were washed with 3 mL of phosphate-buffered saline 

(PBS; Invitrogen, Waltham, Massachusetts, U.S.A.). Trypsinization was done on the 

Hek293T cells for 1 minute and on the COS-1 and HeLa cells for 5 minutes using 0.5 

mL of Trypsin for both. DMEM was then added once again to halt trypsinization. They 
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were then seeded into 6-well plates for the COS-1 and Hek293T cells and 24-well plates 

with coverslips for the COS-1 and HeLa cells. 

 For the COS-1 and Hek293T cells in 6-well plates, transfection began by adding 1 

µg of the plasmid to 45 mL of Opti-MEM (Invitrogen, Waltham, Massachusetts, 

U.S.A.). This mixture was vortexed, spun down, and incubated at room temperature for 5 

minutes. Next, 3 µL of FuGene HD (Promega, Madison, Wisconsin, U.S.A.) was added 

and mixed using a pipette. They were spun down and sat at room temperature for 12 

minutes. They were then added into the wells and were incubated for 48 hours at 37℃. 

For COS-1 and HeLa cells in 24-well plates, the process is identical but with smaller 

volumes; 27.5 µL of Opti-MEM, 1.5 µL of FuGene HD, and 0.5 µg of plasmid. 

 Once both cell lines in 6-well plates were transfected, they were scraped, pelleted, 

and frozen at -80℃ until needed. 

2.1.5 Western blotting 

 Western blotting was performed on COS-1 and Hek293T cells. The protein 

content in these cells is measured following the steps provided in the Bicinchonic Acid 

Protein Assay Kit (BCA; Pierce, Waltham, Massachusetts, U.S.A.). The lysis buffer used 

is Tris buffer with TritonX. The protein concentration needed for Western blot is 30 µg. 

The total amount that will be loaded into each well is 40 µL. In order to reach this 

amount, 8 µL of Laemmli buffer is added and the remainder is made up of Tris buffer 

with TritonX (Sigma-Aldrich, St. Louis, Missouri, U.S.A.). This mixture is then boiled 

at 98˚C for 5 minutes. These samples were loaded into premade gels (GenScript, 

Picataway, New Jersey, U.S.A.). The gel was run at 70V for 30 minutes before being 

increased to 120V for an hour. The transfer was done using PVDF membrane (Pierce, 

Waltham, Massachusetts, U.S.A.) at 100V for an hour on ice. Blocking was done using 

5% milk. The primary antibody used to bind to the membrane was a CYP2C19 rabbit 

polyclonal antibody (Origene, Rockville, Maryland, U.S.A.). Anti-β-actin antibody was 

also used to provide a control. The membrane was incubated in a 5% milk and primary 

antibody mixture overnight on a roller at 4˚C. The membrane was then washed with 

TBST three times for 10 minutes each, followed by incubation with the secondary 

antibody. For the CYP2C19 antibody, an anti-rabbit antibody was used. For the β-actin 
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antibody, an anti-mouse antibody was used. The membrane was then washed thrice with 

TBST once again. The ECL Plus Kit (ThermoFisher Scientific, Waltham, Massachusetts, 

U.S.A.) was used to detect the bands on the membrane. The membrane was viewed 

using Typhoon FLA 9500 Imager. The images obtained were edited using the ImageJ 

software. 

2.1.6 CYP2C19 enzyme activity assays 

 The CYP2C19 Enzyme Activity Assay Kit (Abcam, Cambridge, United 

Kingdom) was used to detect the activity of the mutated CYP2C19 enzymes. The 

mutated plasmids obtained with SDM were transfected into COS-1 and Hek293T cells. 

Once the protein concentration was detected, the concentrations used were between 20-

250 µg. For this experiment, a 96-well plate was used, with each well containing 70 µL. 

Each well would contain either the sample, the inhibitor control (sample + inhibitor), 

background control, enzyme control, or enzyme-inhibitor control. To prepare the sample 

reaction mix, 2 µL of the NADPH Generating System was added to the sample, along 

with Assay Buffer to get a 50 µL sample reaction mix. An additional 20 µL of Assay 

Buffer is also added to get a 70 µL sample. For the inhibitor control, 50 µL of the sample 

is combined with 20 µL of the inhibitor. The background control is 70 µL of the Assay 

Buffer. The enzyme control consists of 25 µL of the Recombinant Human CYP2C19 

Enzyme received in the kit, along with 45 µL of the Assay Buffer. The enzyme-inhibitor 

control is 25 µL of the Recombinant Human CYP2C19 Enzyme with 20 µL of the 

inhibitor and 25 µL of the Assay Buffer. Once all the wells are filled, the plate is 

incubated at 37ºC for 10-15 minutes. During the incubation period, the reaction mixture 

is made. For one well, the mixture is comprised of 0.12 µL of the CYP2C19 Substrate, 1 

µL of the β-NADP+ stock, and 28.88 µL of the Assay Buffer, so a total of 30 µL of this 

reaction mix is added to one well. Once the reaction mix is added, the plate is taken to 

the microplate reader to get the Initial reading at Ex/Em = 406/468 nm. The plate is then 

incubated at 37ºC between readings, which were taken at 15-minute intervals for a total 

of 60 minutes. 
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2.1.7 Immunofluorescence confocal microscopy 

 Immunofluorescence was done on the transfected COS-1 and HeLa cells in 24-

well plates. DMEM was removed and the coverslips were washed thrice with PBS. The 

cells were fixed using cold methanol. Following the fixation, the cells were washed 

thrice once again with PBS to wash off the methanol residue. Blocking was done using 

3% Bovine Serum Albumin (BSA) for 30 minutes. The primary antibodies used were the 

CYP2C19 rabbit polyclonal antibody and goat polyclonal anti-calnexin. Calnexin is 

being used as a control since it is found in the endoplasmic reticulum. The cells were 

incubated with the primary antibodies at room temperature for an hour in a dark 

environment. They were then washed thrice with PBS before the secondary antibodies 

were added. The ones used were a red anti-rabbit antibody and a green anti-goat 

antibody. They were incubated once again at room temperature for an hour in the dark. 

The cells were washed thrice with PBS again before the coverslips were mounted onto a 

slide. The slide was then observed using confocal microscopy. Images were edited using 

ImageJ. 

2.1.8 Molecular modelling 

Molecular modelling was performed to view the protein, with and without the 

variations. The software used for this was the Molecular Operating Environment (MOE; 

Chemical Computing Group, Montreal, Canada). 

2.2 Determination of CYP2D6 copy numbers using long-range PCR 

2.2.1 Patient recruitment 

 Patients were recruited from Al Ain Hospital (Abu Dhabi, U.A.E.). The main 

requirement was that the patient had experienced an episode of unipolar major 

depression. If the patient had any other psychiatric diagnoses, this was not a reason for 

them to be excluded from this study. In total, fifteen patients were recruited. 

2.2.2 Long-range polymerase chain reaction (PCR) 

Long-range PCR was performed to amplify the amount of DNA from the 

psychiatric patient samples that were received. The primers used were provided by 
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Professor George Patrinos from the University of Patras in Greece and were designed to 

flank the regions of CYP2D6 that indicate the presence of a duplication or deletion. 

These primers are shown in Table 2.4. Positive and negative controls were also provided 

by the collaborating laboratory. 
 

Table 2.4: List of primers and mutations for CYP2D6. 

Variation 
Type 

SNP Forward 
Primer 

Reverse Primer Product Size 

Duplication CYP2D6_X
N_1 
CYP2D6_X
N_2 

5’-TCC CCC 
ACT GAC CCA 
ACT CT-3’ 

5’-CAC GTG 
CAG GGC ACC 
TAG AT-3’ 

Wild type: 
5.2 kb 
Duplication: 
3.6 kb 

Deletion CYP2D6*5_
1 
CYP2D6*5_
2 

5’-TCC CCC 
ACT GAC CCA 
ACT CT-3’ 

5’-CAG GCA 
TGA GCT AAG 
GCA CCC AGA 
C-3’ 

Wild type: 
3.3 kb 
Deletion: 
4.85 kb 

Table 7 

 

The PCR was performed by adding 3.5 µL of Long-Range PCR Master Mix 

(Biotech Rabbit, Berlin, Germany), 1.5 µL of Long-Range PCR Enhancer (Biotech 

Rabbit, Berlin, Germany), 1 µL of the forward primer, 1 µL of the reverse primer, and 3 

µL of DNA. The total volume in each tube was 10 µL. The settings of the SimpliAmp 

thermal cycler are shown in Figure 2.5.  
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Figure 8 

 

Figure 2.5: SimpliAmp thermal cycler parameters for long range PCR. 

 

2.2.3 Agarose gel electrophoresis 

 Gel electrophoresis was used to confirm the success of amplification and to 

determine copy number variations through PCR product size discrimination. Due to the 

difference in the PCR product size of a duplication, deletion, and the wild type, it is 

possible to determine the CYP2D6 copy number variation through this technique. The 

gel used is 0.8% agarose with ethidium bromide, and 5 µL of the sample and dye were 

loaded in the gel, along with a 1kb DNA ladder (Qiagen, Hilden, Germany). The 

electrophoresis was run at 100 V for approximately an hour. Using UV light, the bands 

were then viewed using the Image Lab Software. 
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Chapter 3: Results 

3.1 CYP2C19 

3.1.1 The generation of the desired mutants confirmed by Sanger DNA sequencing 

 The results of the Sanger sequencing for the products of SDM confirmed the 

generation of all 7 target mutations in the pcDNA3.4 CYP2C19 untagged vector and 6 of 

the mutations in the pCMV6-XL5 CYP2C19 human untagged vector. The product 

sequence was compared to the wild type sequence using the NIH Blast Compare tool 

from NCBI to confirm that the desired mutations have been introduced. In addition, the 

Sanger sequencing chromatograms have been visually inspected for further 

confirmation. The chromatograms with the mutations are shown in Figure 3.1. 

 

 

 

 

 

 

 

 

Figure 3.1: Chromatograms illustrating the inserted mutations. 
The top chromatogram is for the wild type and the bottom chromatogram is for the mutation. A: c.C164G, p.T55S. 

 

Figure 9 
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Figure 3.1: Chromatograms illustrating the inserted mutations. (Continued) 
The top chromatogram is for the wild type and the bottom chromatogram is for the mutation. B: c.G276C, p.E92D, 
C: c.G337A, p.V113I. 
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Figure 3.1: Chromatograms illustrating the inserted mutations. (Continued) 
The top chromatogram is for the wild type and the bottom chromatogram is for the mutation. D: c.G784A, 
p.D262N. E: c.C801A, p.F267L.  
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Figure 3.1: Chromatograms illustrating the inserted mutations. (Continued) 
The top chromatogram is for the wild type and the bottom chromatogram is for the mutation. F: c.C1009T, 
p.P337S. G: c.A1159G, p.I387V.  

 

3.1.2 Western blot confirmed that the mutant proteins are expressed in transfected 
mammalian cell lines 

In order to confirm that the wild type and mutants are expressible in mammalian 

cells, they were transfected into two cell lines (COS-1 and Hek293T) with the various 

vectors, total lysates were prepared from the expressing cells, and then the expressed 

protein was analyzed by SDS-PAGE followed by Western blotting to detect the 

expressed proteins. The bands detected on transfer membranes of lysates from COS-1 

cells transfected with pCMV6-XL5 CYP2C19 were probed with anti-CYP2C19 

Figure 3.1 
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antibodies confirmed the presence of the CYP2C19 protein at the expected size of 55.93 

kDa (Figure 3.2). This step was performed to confirm the presence of the CYP2C19 

enzyme produced from the mutated gene. β-actin was also detected as a control to rule 

out human error in loading the samples. The target protein was detected at 42 kDa, 

which is the expected size. The images produced using the pCMV6-XL5 CYP2C19 

human untagged clone transfected into Hek293T cells are shown in Figure 3.3 with 

similar results except that Hek293T cells seem to express endogenous CYP2C19 as 

evidenced by the presence of a band in the non-transfected cell samples. The results 

using the pcDNA3.4 CYP2C19 untagged plasmid are shown in Figures 3.4 and 3.5, 

showing similar results to pCMV6-XL5. 

Figure 3.2: Western blot results using the COS-1 cell line. 
Transfected using the pCMV6-XL5 CYP2C19 plasmid. 

 

 

Figure 3.3: Western blot results using the Hek293T cell line. 
Transfected using the pCMV6-XL5 CYP2C19 plasmid. 

Figure 11 

Figure 10 

Figure 3.3 

Figure 3.2 
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Figure 3.4: Western blot results using the COS-1 cell line. 
Transfected using the pcDNA3.4 CYP2C19 plasmid. 

 

 

Figure 3.5: Western blot results using the Hek293T cell line.  
Transfected using the pcDNA3.4 CYP2C19 plasmid. 

 

The results confirm that no endogenous CYP2C19 protein is in the COS-1 cell 

line since the un-transfected cells do not have a band. On the other hand, there is 

endogenous CYP2C19 present in Hek293T cells. Regarding the mutations, apparently 

p.D262N, p.F267L, and p.P337S variants tend to express lower levels of CYP2C19 

compared to the wild type, which may reflect either reduced stability or reduced 

expression in these samples. In comparison, p.T55S and p.I387V seem to express about 

the same or higher protein levels. In Figures 3.2, 3.3, and 3.5, the p.E92D and p.V113I 

variants have lower protein levels while in Figure 3.4, it has a greater protein 

concentration. 

3.1.3 Immunofluorescence microscopy using the anti-CYP2C19 antibodies are 
inconclusive 

To examine the sub-cellular localization of the exogenously expressed proteins, 

immunofluorescence microscopy on HeLa and COS-1 cells transfected with wild type in 

the two vectors was performed. The confocal microscopy results are inconclusive 

Figure 13 

Figure 12 

Figure 3.5 

Figure 3.4 
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because these antibodies show non-specific staining in all the cells, including the non-

transfected cells. This suggests that the used antibodies are not suited for 

immunofluorescence microscopy. Although the imaged cells were transfected with the 

wild type and mutants, the data in Figure 3.6 are for the wild type only for illustration 

purposes. As shown in this Figure, the images appear to be quite grainy. There was a 

non-specific binding of the antibody since all of the cells are shown in both the wild type 

image and the Calnexin image.  Therefore, conclusions cannot be drawn from this 

experiment due to the technical unsuitability of the antibodies for immunofluorescence. 

Figure 3.6: Representative immunofluorescence-stained COS-1 and Hela cells 
transfected with the pCMV6-XL5 CYP2C19 and pcDNA3.4 CYP2C19 plasmids to 
show CYP2C19 cellular localization.  
Column A: COS-1 cells using the pcDNA3.4 CYP2C19 plasmid. Column B: Hela cells using the pcDNA3.4 
CYP2C19 plasmid. Column C: COS-1 cells using the pCMV6-XL5 CYP2C19 plasmid. Column D: Hela cells 
using the pCMV6-XL5 CYP2C19 plasmid. 

 

 

 

Figure 3.14 
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3.1.4 Molecular modelling 

Once the mutations were inserted into the CYP2C19 PDB file obtained from the 

RCSB Protein Data Bank, the mutations were isolated and viewed in the MOE software. 

Based on molecular modelling of the studied variants, they are categorized into three 

groups: variants that lead to a change in bonding (Figure 3.7), variants that result in 

proteins with bonds similar to the wild type (Figure 3.8), and variants with no profound 

effect on the bonds (Figure 3.9). The stability scores are also shown in the Figures. If the 

Stability score is negative, then that means that the protein is sTable. The more positive 

the dStability score is, the less sTable it is compared to the wild type. All of the 

mutations were still sTable, according to the Stability score, however, the dStability 

score shows that they are all less sTable than the wild type. 
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Figure 3.7: Molecular models of variants affecting the intramolecular bonding.  
These images represent the superimposed models of wild type and mutation for comparison. The wild type is 
depicted as the pink molecule and the mutation is depicted as the green molecule.  
A: c.C164G, p.T55S. Threonine55 is connected by hydrogen bonds to Serine58 and Histadine78. Serine55 is 
connected by hydrogen bonds to Serine51, Lysine59, and Histadine78. 
B: c.G 276C, p.E92D. Glutamic acid92 is connected by two hydrogen bonds to Lysine121 and 1 bond to 
Lysine432. Aspartic acid92 is connected by hydrogen bonds to Lysine121 and Lysine432. 
C: c.G784A, p.D262N. Aspartic acid 262 is connected by hydrogen bonds to Histadine251 and Aspartic acid265. 
Asparagine262 is connected by a hydrogen bond to Aspartic acid265. 

 

 

 

 

 

Figure 3.15 
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Figure 3.8: Molecular models of variants with the same bonds between the wild type and 
variations.  
These images represent the superimposed models of wild type and mutation for comparison. The wild type is 
depicted as the pink molecule and the mutation is depicted as the green molecule.  
A: c.G337A, p.V113I. Valine113 is connected by hydrogen bonds to Arginine97 and Aspartic acid293. 
Isoleucine113 is connected by hydrogen bonds to Arginine97 and Aspartic acid293. 
B: c.C1009T, p.P337S. Proline337 is connected by a hydrogen bond to Glutamine146. Serine337 is connected by a 
hydrogen bond to Glutamine146. 

 

 

 

 

 

 

Figure 3.16 
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Figure 3.9: Molecular models of variants without bonds affecting the folding of the 
protein.  
A: c.C801A, p.F267L. B: c.A1159G, p.I387V. 

 

3.1.5 Enzyme activity assay 

 The enzyme activity results are shown in time-lapse graphs, with the start of the 

reaction marked at 0 minutes. The end of the reaction is either 30 or 60 minutes. The 

results were calculated by subtracting the reading with the inhibitor from the one without 

it. Due to the results not presenting as the kit stated they would, multiple changes were 

made to attempt to optimize this kit. These changes included the use of different cell 

lines for expression, different protein concentrations, changing the lysis buffer, and using 

the recombinant CYP2C19 enzyme provided in the kit. All of the results from the listed 

changes were the same. These results are shown in graphs in Figures 3.10-3.17. 

Figure 3.17 
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Figure 3.10: This graph shows the results received with Hek293T cells lysed using Tris 
buffer with TritonX.  
The concentrations of protein used were 20 and 40 µg. 

 

Figure 3.11: This graph shows the results received with Hek293T cells lysed using RIPA 
buffer.  
The concentrations of protein used were 20 and 40 µg. 

 

Figure 3.19 

Figure 3.18 
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 These were done to determine which lysis buffer should be used. The results were 

inconclusive. For the remainder of the results, Tris buffer with TritonX was used due to 

other literature citing that this buffer was used (Devarajan et al., 2019). 

Figure 3.12: This graph shows the results using Hek293T cells. 
The protein concentration was increased to 60, 80, and 100 µg. 

 

Figure 3.13: This graph shows the results using Hek293T cells. 
The protein concentration was increased further to 100, 150, 200, and 250 µg. 

Figure 3.21 

Figure 3.20 
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The concentration of CYP2C19 in the samples were increased since it appeared 

that there was not enough protein to have the reagents in the Abcam kit react properly. 

The suggested concentration in the protocol was between 20 and 100 µg. However, it 

still does not seem to work properly. 

Figure 3.14: This graph shows the results using SHSY5Y, Hek293, and HeLa cells, as 
well as mouse liver lysates. 

 

Figure 3.15: This graph shows the results using only the recombinant enzyme received in 
the kit, which was given to be used as a positive control. 
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Different cell lines were used to test if that was the issue causing the kit not to 

work, but the results remained the same as before. The positive control was also used 

with varying protein concentrations. The results were still not satisfactory and 

inconclusive. 

Figure 3.16: This graph shows the results using Hek293T cells with increasing 
concentrations from 20 to 100. 

 

Figure 3.17: This graph shows the results using COS-1 cells with increasing 
concentrations from 20 to 100. 

Figure 3.25 
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A different plasmid was used to determine if there could be an issue with the 

previously used one, as well as another cell line. The results still appear to remain the 

same. 

3.2 The testing of an assay to determine CYP2D6 copy numbers in patients 
requiring antidepressants 

3.2.1 Gel electrophoresis 

 The PCR results obtained from DNA extracted from patient’s blood samples were 

run on agarose gels to determine if a CYP2D6 structural variation is present, which could 

influence the patient’s CYP2D6 metabolizer status. Positive and negative controls with 

duplications and deletions were also used. Each test set produced a PCR product that 

indicates carrying the deletion in one allele, two alleles, or none of the alleles, i.e., wild 

type for the deletion (referred to here as wild type deletion). The same applies to 

duplication, where the expected band representing the PCR product will be either 

compatible with the absence (i.e., wild type duplication) or presence of the duplication, 

however in a non-quantitative method (i.e., shows there are more than one copy of the 

gene without discriminating the number of extra copies present). The gels were viewed 

under UV light. Repeats were also done to confirm the results. A representative gel is 

shown in Figure 3.18. 
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Figure 3.18: Representative agarose gel results. 
This patient’s (Ps015) results show that they do not contain a duplication or deletion. 

 

The analysis of 15 samples revealed one carrier of a homozygous whole gene 

deletion (CYP2D6*5/*5), and one carrier of a heterozygous deletion. The rest of the 

samples (N=13) had bands representing carrying homozygous wild type. These gels 

prove that this PCR-based technique can be used to detect duplication and deletion in 

CYP2D6. The results of all 15 samples are shown in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

Figure 3.26 
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Table 3.1: Copy number variation results of all 15 patients. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient ID Deletion (+/-) Duplication (+/-) 

Ps001 - - 
Ps002 - - 
Ps003 - - 
Ps004 - - 
Ps005 + - 
Ps006 - - 
Ps007 - - 
Ps008 - - 
Ps009 - - 
Ps010 - - 
Ps011 - - 
Ps012 - - 
Ps013 - - 
Ps014 + - 
Ps015 - - 

Table 8 
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Chapter 4: Discussion 

4.1 CYP2C19 

 Cytochrome P450s are a superfamily of enzymes that play both major and minor 

roles in numerous drugs’ metabolism. As such, they tend to be extensively studied in 

pharmacogenomics. The two members of this family focused on within this thesis are 

CYP2C19 and CYP2D6, which are responsible for metabolizing between 20% and 70% 

of all clinically used drugs (Ivanov et al., 2022). The current work aimed at two 

challenging topics in pharmacogenomics: (1) evaluating the effect of rare and 

population-specific variants in the very important pharmacogene CYP2C19, and (2) 

establishing an efficient and time-saving methodology for detecting troublesome 

structural variants (duplication and deletion) in CYP2D6.  

Rare and novel variants contribute to significant differences in drug 

pharmacokinetics and are highly population-specific (Zhou & Lauschke, 2021; 

Siamoglou et al., 2022). The variants chosen to be studied in CYP2C19 are c.C164G 

(p.T55S), c.G276C (p.E92D), c.G337A (p.V113I), c.G784A (p.D262N), c.C801A 

(p.F267L), c.C1009T (p.P337S), and c.A1159G (p.I387V). These variants were detected 

in the Emirati population and suggested by in silico analysis to have potential 

detrimental effects on the enzyme (Al-Mahayri et al., 2020). 

In order to study the target variants, they were generated in two mammalian 

expression plasmids using site-directed mutagenesis (SDM). This method was chosen 

since it is a well-established technique used to introduce mutations into cDNA. It is also 

documented as being used for experiments with CYP2C19. In 2007, Hanioka and 

colleagues used SDM to generate variants that were detected in the Japanese population 

so that they could determine the effects they have on enzyme activity (Hanioka et al., 

2007). For Devarajan and coworkers, this technique was used to replicate rare variants 

detected in CYP2C9 and CYP2C19 in the RIGHT study. The RIGHT study was 

performed by Mayo Clinic using 1,013 subjects to investigate the effectiveness of 

genetic testing so that prescriptions could be personalized for each patient. The study 

was dubbed the RIGHT study since the goal was to be able to prescribe patients with the 

right drug at the right dosage (Bielinski et al., 2014). In order to be able to study these 
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variants in depth, the SDM technique was implemented so that they could be tested in 

vitro (Devarajan et al., 2019). In another case, star alleles that were already discovered 

were studied by Takahashi and colleagues to confirm the effects that these amino acid 

changes would have on the enzyme’s ability to metabolize clopidogrel. In order to study 

the 21 CYP2C19 variants chosen, SDM was used to generate them (Takahashi et al., 

2015). In the present study, SDM was successfully used to generate the seven target 

variants and Sanger sequencing proved this. 

The cell lines used in this project are COS-1, Hek293T, and HeLa cells. COS-1 

cells are African green monkey kidney cells. Hek293T cells are human embryonic 

kidney. HeLa cells are cervical cancer cells. The COS-1 and Hek293T cells were chosen 

for studying CYP2C19 enzyme activity since there is a precedent for these lines. There 

was an experiment conducted by Dai and colleagues in which they compared the protein 

expression levels, as well as in vitro functional analyses using CYP variants. The cell 

lines used with previously reported use in CYP experiments were Hek293T, HepG2, and 

COS-7, which is a variant of COS-1. A Hek293 cell variant, 293FT, was also introduced 

to determine its viability in CYP research. It was confirmed that COS-7 and Hek293T 

cells were the best lines to use from the established cell lines. It was also shown that 

293FT cells showed high levels of protein expression and could be viable options for use 

in future CYP research (Dai et al., 2015). COS-1 cells are typically used when studying 

CYP2C19 due to it being relatively easy to culture and not endogenously expressing 

CYP2C19 (Devarajan et al., 2019; Goldstein et al., 1994; Gonzalez & Korzekwa, 1995). 

Similar to COS-1, Hek293T cells are also easy to maintain in cell culture and also have 

high transfection efficiency. This makes them ideal for producing variant enzymes and 

measuring their activity (Dai et al., 2015; Zhang et al., 2020). 

According to the literature, the variants c.C164G (p.T55S) and c.G276C (p.E92D) 

were predicted as having no effect on the enzyme’s activity based on in silico tests 

(Zhang et al., 2020). For variant c.G276C, there have also been enzyme activity assays 

performed that confirm this (Wang et al., 2011a, 2011b). The molecular modelling 

images for both variants showed that there was a difference in the bonds made compared 

to the wild type, but the Western blot bands were different for each. For p.T55S, it 

showed similar protein expression levels to the wild type. On the other hand, p.E92D 
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mostly had lower expression. For variant c.G337A (p.V113I), in silico tests performed 

predict that this variant would lead to a normal enzyme (Devarajan et al., 2019; Matimba 

et al., 2009; Zhang et al., 2020). While the Western blot band appears similar to the wild 

type, two enzyme activity assays were performed in previous literature that showed that 

this variant actually decreased enzyme activity. One assay was a modification of the 

Vivid CYP2C19 Blue Screening Kit (ThermoFisher Scientific, Waltham, Massachusetts, 

U.S.A.) that showed that the enzyme decreased in efficacy by about 20%. The second 

one was a liquid chromatography/mass spectrometry assay using S-mephenytoin as a 

substrate. The result of this showed a decrease in enzyme activity of about 90%. This 

discrepancy could be attributed to the substrate specificity of this enzyme, which implies 

that this variant may alter the binding site (Devarajan et al., 2019). Unlike the Western 

blot obtained from the published literature, the expression overall appeared to be lower 

than the wild type. For both c.G784A (p.D262N) and c.C801A (p.F267L), previously 

performed in silico testing predicted that they would damaging to the resulting enzyme. 

Western blotting showed that there was significantly less protein expressed for variant 

p.F267L compared to the wild type (Zhang et al., 2020). This result was also achieved in 

the Western blot performed in this project for p.F267L and showed that p,D262N also 

had lower protein expression. The remaining two variants, c.C1009T (p.P337S) and 

c.A1159G (p.I387V) were not mentioned in any previously published literature. The 

Western blot results showed that p.P337S had a lower expression level, similar to 

p.D262N and p.F267L, while p.I387V had the same expression as the wild type and 

p.T55S. A summary of the results is shown in Table 4.1. 
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Table 4.1: Summary of results obtained using Western blotting and molecular modelling 
compared to previously published literature. 

Mutation Western 
blot 

Molecular 
modelling 

Literature results ANNOVAR 

c.C164G 
p.T55S 

Same or 
higher 

expression 

Affected 
intramolecular 

bonding 

No effect (Zhang et 
al., 2020) 

Detrimental 

c.G276C 
p.E92D 

Varying 
expression 

Affected 
intramolecular 

bonding 

No effect (Wang et 
al., 2011a, 2011b; 
Zhang et al., 2020) 

Detrimental 

c.G337A 
p.V113I 

Varying 
expression 

Similar 
intramolecular 

bonding compared to 
the wild type 

Decreased enzyme 
activity (Devarajan 

et al., 2019) 
No effect (Matimba 

et al., 2009; Zhang et 
al., 2020) 

Detrimental 

c.G784A 
p.D262N 

Lower 
expression 

Affected 
intramolecular 

bonding 

Decreased enzyme 
activity (Zhang et 

al., 2020) 

Detrimental 

c.C801A 
p.F267L 

Lower 
expression 

No effect Decreased enzyme 
activity (Zhang et 

al., 2020) 

Detrimental 

c.C1009T 
p.P337S 

Lower 
expression 

Similar 
intramolecular 

bonding compared to 
the wild type 

No previously 
published literature 

Detrimental 

c.A1159G 
p.I387V 

Same or 
higher 

expression 

No effect No previously 
published literature 

Detrimental 

Table 9 

 

4.2 CYP2D6 

 CYP2D6 is a very important pharmacogene that tends to influence psychiatry 

medications, such as antidepressants. This type of medication can have very serious 

repercussions to prescribing the wrong dosage, or even the wrong medication. In order to 

decrease the likelihood of this happening, genetic testing can be done to determine if 

there are any variations that could lead to a difference in enzyme activity. For this 

project, CYP2D6 gene deletion (CYP2D6*5) and duplication were focused on in 
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personalizing prescriptions for psychiatry patients with antidepressants. This part of the 

study aimed to establish a time-efficient method to detect these common structural 

variants. 

 To date, the CYP2D6*5 allele has only been investigated in five countries within 

the Middle East. The frequency of this allele was between 0.98% and 3.3%. While this is 

a low number, there have been too few studies regarding this allele in the Middle East 

for it to be disregarded. This is an important allele to investigate since it is considered a 

null allele, which means it results in a nonfunctional CYP2D6 enzyme (Alali et al., 2022; 

Qumsieh et al., 2011). If a prescribed medication is primarily metabolized by CYP2D6, 

then a nonfunctional enzyme would be especially dangerous to the patient since it could 

lead to adverse drug reactions (ADRs), such as insomnia, headaches, and gastrointestinal 

dysfunction (Bousman et al., 2023). There are many commonly prescribed 

antidepressants that have CYP2D6 play a major role in its metabolic pathway or that act 

as CYP2D6 inhibitors. Its importance in drug metabolism is evident enough that there 

are CPIC guidelines for dosages, as well medications to avoid prescribing when a 

mutation in CYP2D6 is detected (Gressier et al., 2015; Milosavljević et al., 2023; 

Nofziger et al., 2019). Due to the fact that CYP2D6 influences the efficacy of many 

commonly prescribed drugs, it is vital to create efficient methods for testing the presence 

of variations in CYP2D6. 
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Chapter 5: Conclusions 

5.1 Summary 

 Pharmacogenomics is a relatively new field of study, especially in the Middle 

East. Two very important pharmacogenes belong to the cytochrome P450 superfamily, 

which are CYP2C19 and CYP2D6. Seven rare variants found in the Emirati population 

in CYP2C19 were focused on to determine the effects that they have on enzyme 

efficacy. Unfortunately, the kit used did not yield any accurate results. In CYP2D6, a 

PCR-based approach was used to detect a deletion and duplication in order to tailor 

medication concentrations to individual patients being treated with antidepressants. The 

results of this showed that this is a promising technique to be used in this type of genetic 

testing. Overall, pharmacogenomics research and personalized medicine should be 

implemented more in the Middle East in order to improve the quality of life for its 

citizens. 

5.2 Future experiments 

 A different enzyme activity assay should be performed to determine the effects 

that these variants have on the resulting enzyme. The one that will be used here is the 

ThermoFisher Scientific Vivid CYP2C19 Blue Kit (ThermoFisher Scientific, Waltham, 

Massachusetts, U.S.A.). In addition to this, the Abcam Microsome Isolation Kit (Abcam, 

Cambridge, United Kingdom) will also be used to attempt to isolate the cytochrome 

P450s from other enzymes in the cell lysates that could be interfering with the enzyme 

activity readings.         

5.3 Limitations 

 One limitation of this thesis was the use of a commercially available CYP2C19 

enzyme activity assay. There appeared to be an issue with the sensitivity of the readings 

using this kit. Further optimization is required, or the use of other (possibly using home-

made reagents) assays. 
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Pharmacogenomics is a relatively new field of study. Some of the most 
important genes in this field are CYP2C19 and CYP2D6. In this thesis, seven 
variants in CYP2C19 that have been detected in the Emirati population were 
analysed to determine their potential effects on the enzyme’s activity. For 
CYP2D6, a long-range PCR-based technique was optimized and utilized to 
detect gene copy numbers using DNA extracted from blood samples isolated 
from psychiatric patients to determine their CYP2D6 metabolic status. 
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