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ABSTRACT
Pharmacogenetics is the study of genetic variation that causes variation in drug levels 

(pharmacokinetics), drug response (pharmacodynamics) and adverse drug reactions. 
Pharmacogenetics aims at identifying biomarkers that allows a personalized drug treatment and 
thereby increased drug efficacy and reduced occurrence of adverse drug reactions. The highest 
genetic influence on interindividual variability in drug bioavailability is exerted by polymorphism 
in cytochrome P450 (CYP) genes encoding enzymes of critical importance for drug metabolism. 
In the current thesis, genetic factors behind the interindividual variation in CYP2C19 and CYP3A 
expression and activity have been investigated. 

A yet unidentified member of the CYP3A subfamily, CYP3A43, was cloned and 
characterized. It was found that CYP3A43 expression was insignificant in human tissues and 
that the cDNA-expressed protein did not translate into detectable protein or catalytically active 
enzyme in a variety of heterologous expression systems. Thus, we concluded that CYP3A43 
does not contribute to interindividual variation in CYP3A activity.  

CYP3A5 has been claimed to be polymorphically expressed at very high levels in 
Caucasians and CYP3A5 expression has been suggested to account for a large part of the 
interindividual differences in CYP3A activity. However, using antibodies raised against the C-
terminal peptide of CYP3A5 and a peptide-conjugate as standard, we could show that the 
average expression in Caucasian liver is only 2 % of total CYP3A, although some livers with 
higher expression were identified. By contrast, we found that the fetal form of CYP3A, i.e. 
CYP3A7, unexpectedly accounted for a similar amount of CYP3A protein as that of CYP3A5 in 
adult human livers. The expression was to some extent associated to the presence of the 
previously described CYP3A7*1C allele. It is concluded that additional genetic factors remain to 
be identified in order to explain the interindividual differences in CYP3A activity. 

CYP2C19 catalyzes the metabolism of e.g. proton pump inhibitors and antidepressants 
and its genetic polymorphism significantly affects drug metabolism and pharmacokinetics. There 
is a high interindividual variability in homozygote carriers of wildtype alleles, the basis of which 
has not been known. We were able to identify a new common allele (CYP2C19*17) containing a 
-806C>T mutation that introduces a functional transcription factor element that results in binding 
of nuclear factors and increased transcriptional activity. Analyses in Ethiopians and Swedes 
revealed a significant influence of CYP2C19*17 on drug pharmacokinetics and it was calculated 
that homozygous carriers will have about 40% lower omeprazole area under the plasma 
concentration-time curve after a single dose as compared to homozygotes for the wildtype allele. 
Thus, this is the first study to provide with a basis for the variability in CYP2C19 activity among 
subjects previously defined as homozygous for the wildtype allele. It is suggested that 
CYP2C19*17 may contribute to a higher frequency of non-responders during antiulcer and 
possibly also antidepressant therapy. 



PUBLICATIONS

I. Westlind A, Malmebo S, Johansson I, Otter C, Andersson TB, Ingelman-Sundberg M, 
Oscarson M. Cloning and tissue distribution of a novel human cytochrome P450 of the 
CYP3A subfamily, CYP3A43. Biochem Biophys Res Commun. 2001; 281:1349-55. 

II. Westlind-Johnsson A*, Malmebo S*, Johansson A, Otter C, Andersson TB, Johansson I, 
Edwards RJ, Boobis AR, Ingelman-Sundberg M. Comparative analysis of CYP3A 
expression in human liver suggests only a minor role for CYP3A5 in drug metabolism. 
Drug Metab Dispos. 2003; 31:755-61. 
*These authors contributed equally to this work. 

III. Sim SC, Edwards RJ, Boobis AR, Ingelman-Sundberg M. CYP3A7 protein expression is 
high in a fraction of adult human livers and partially associated with the CYP3A7*1C
allele. Pharmacogenet Genomics. 2005; 15:625-31. 

IV. Sim SC, Risinger C, Dahl ML, Aklillu E, Christensen M, Bertilsson L, Ingelman-Sundberg 
M. A common novel CYP2C19 gene variant causes ultrarapid drug metabolism relevant 
for the drug response to proton pump inhibitors and antidepressants. Clin Pharmacol 
Ther. 2006; 79:103-13. 

APPENDIX

V. Sim SC, Ingelman-Sundberg M. The human cytochrome P450 allele nomenclature 
committee web site: submission criteria, procedures, and objectives. Methods Mol Biol.
2006; 320:183-91. 



ABBREVIATIONS 

ADR  Adverse drug reaction 
APL  Acute promyelocytic leukemia 
atRA  All-trans retinoic acid 
AUC  Area under the plasma concentration-time curve 
CAR  Constitutive androstane receptor 
CLA  Clarithromycin 
CYP  Cytochrome P450 
DHEA  Dehydroepiandrosterone 
DPL  Drug package label 
EM  Extensive metabolizer 
EMSA  Electrophoretic mobility shift assay 
EST  Expressed sequence tag 
FDA  Food and drug administration 
IM  Intermediary metabolizer 
MDR1  Multidrug resistance 1 
MDZ  Midazolam 
MR  Metabolic ratio 
MUT  Mutant 
P450   Cytochrome P450  
PCR  Polymerase chain reaction 
P-gp  P-glycoprotein 
PM  Poor metabolizer 
PPI  Proton pump inhibitor 
PXR   Pregnane X receptor 
RA  Retinoic acid 
RACE  Rapid amplification of cDNA ends 
RFLP  Restriction fragment length polymorphism 
SNP  Single nucleotide polymorphism 
SSRI  Selective serotonin re-uptake inhibitor 
TCA  Tricyclic antidepressant 
TPMT Thiopurine methyltransferase  
UGT  UDP-glucuronosyltransferase 
UM  Ultrarapid metabolizer 
VKOR  Vitamin K epoxide reductase complex  
WT  Wildtype 



CONTENTS

INTRODUCTION ......................................................................................................... 1
 GENERAL INTRODUCTION ....................................................................................... 1
 THE CYTOCHROME P450 SUPERFAMILY OF ENZYMES ..................................... 1 

CYP NOMENCLATURE AND DEFINITIONS ............................................................. 2 
 PHARMACOGENETICS.............................................................................................. 2 
            Phenotype categories.......................................................................................... 3 
            Cytochrome P450 enzymes of particular importance for drug metabolism ....... 3 
            Antidepressants as an example of genetic polymorphism affecting target, 
    transport and metabolism of drugs ..................................................................... 4
            Examples of aspects for evaluating pharmacogenetic importance.................... 5
            Non-genetic sources of variation......................................................................... 6
            Impact of therapeutic index ................................................................................. 7
            Commercial P450 genotyping and clinical implications...................................... 8
            Current status of clinical genotyping tests in Sweden ...................................... 10

REGULATION OF CYTOCHROME P450................................................................. 10
THE CYP3A SUBFAMILY.......................................................................................... 10

           Cytochrome P450 3A4 ....................................................................................... 12
           Cytochrome P450 3A5 ....................................................................................... 12
           Cytochrome P450 3A7 ....................................................................................... 12

CYTOCHROME P450 2C19 ...................................................................................... 13

THE PRESENT STUDY ......................................................................................... 15 
 AIMS ........................................................................................................................... 15
 COMMENTS ON METHODOLOGY.......................................................................... 16 
                Bioinformatics...................................................................................................... 16 
                EST-based cloning and RACE ........................................................................... 16
                In vitro transfection .............................................................................................. 16
               Cell lines and cell culture .................................................................................... 17
              In vivo transfection .............................................................................................. 18
               Reporter gene assays ......................................................................................... 20
            Human liver samples........................................................................................... 20
            Western blotting, protein standards and quenching effects ............................... 21
             Semi-quantitative PCR........................................................................................ 23
                 Real-time PCR .................................................................................................... 24 
                CYP2C19 in vivo phenotyping with omeprazole and mephenytoin ................... 24
                 Genotyping methods ........................................................................................... 26



                 Electrophoretic mobility shift assay..................................................................... 27 
                 Statistical analyses.............................................................................................. 28 
 RESULTS AND DISCUSSION .................................................................................. 29 
                 Paper I - Cloning and tissue distribution of a novel human  
  cytochrome P450 of the CYP3A subfamily, CYP3A43 ...................................... 29 

                Identification of the novel CYP3A43 ........................................... 29 
                CYP3A43 expression is insignificant in adult human liver ......... 29 
                Expression of recombinant CYP3A43 in mammalian cells  
   yields no detectable protein ........................................................ 30 
                Expression of recombinant CYP3A43 in yeast yields no  
   detectable protein........................................................................ 31 
                CYP3A43 as discussed by others .............................................. 32 

Paper II - Comparative analysis of CYP3A expression in human  
  liver suggests only a minor role for CYP3A5 in drug metabolism...................... 34 

                CYP3A5 mRNA levels in adult human liver in relation to  
   other CYP3A enzymes and to CYP3A5 genotype ..................... 34 
                CYP3A5 protein levels in adult human liver in relation to  
   other CYP3A enzymes and to CYP3A5 genotype ..................... 34 
                CYP3A5 and drug metabolism ................................................... 36 
      Paper III - CYP3A7 protein expression is high in a fraction of adult  
  human livers and partially associated with the CYP3A7*1C allele .................... 38 
   CYP3A7 protein levels in adult human liver in relation to  
                other CYP3A enzymes................................................................ 38 
                CYP3A7 protein levels in adult human liver in relation to 
                CYP3A7 genotype....................................................................... 39 
                CYP3A7 in the metabolism of endogenous and exogenous  
   compunds.................................................................................... 40 
                Summary on CYP3A protein expression in Caucasian  
   livers ............................................................................................ 41 

Paper IV - A common novel CYP2C19 gene variant causes ultrarapid drug  
metabolism relevant for the drug response to proton pump inhibitors and   
antidepressants ................................................................................................... 42 

      Identification of the CYP2C19*17 allele...................................... 42 
                CYP2C19*17 mediates a higher transcriptional rate
                compared to CYP2C19*1............................................................ 42 
                Prediction of transcription factor binding sites of relevance  
   for the CYP2C19*17-mediated phenotype ................................. 43 
                Nuclear transcription factors are binding specifically to  
   the 5’-flank of the CYP2C19*17 allele ........................................ 43 



                CYP2C19*17 is associated with increased enzyme activity
in vivo .......................................................................................... 44 

                Prediction of the effect of CYP2C19*17 on omeprazole  
   AUC ............................................................................................ 45

Prediction of the effect of CYP2C19*17 on pH increase
                mediated by omeprazole............................................................. 45 
                 CYP2C19 and personality trait ................................................... 45 
                 CYP2C19 and antidepressants .................................................. 46 
                 CYP2C19 and proton pump inhibitors ........................................ 48 
                CYP2C19 and prodrugs.............................................................. 50 
                CYP2C19 and benzodiazepines................................................. 50 
               Aspects and considerations in CYP nomenclature............................................ 52 
                 The CYP-allele website............................................................... 52 
                 Haplotype considerations............................................................ 53 
                 Allele definitions .......................................................................... 53 

    Gene size considerations............................................................ 54 
    Suballeles .................................................................................... 54 

SUMMARY AND CONCLUSION............................................................................... 56

ACKNOWLEDGEMENTS ..................................................................................... 59 

REFERENCES ........................................................................................................... 61 



1

INTRODUCTION 

GENERAL INTRODUCTION 
There is a large interindividual variability in drug levels, drug response and adverse drug 
reactions (ADRs) between individuals. Drug levels can vary substantially between different 
subjects with the same body weight and receiving the same drug dose, and this variation can be 
due to for example environmental or genetic factors. The variation in drug levels can in turn 
affect the frequency and magnitude of drug response and side effects. One class of drugs, the 
antidepressants, has a particularly high rate of non-responders that can vary between 30% to 
70% depending on the study (1). In the US, the amount of people that will experience 
depression during their lifetime is 16% (2). Thus, the high rate of non-response to 
antidepressant treatment is a considerable problem both from an economical and an individual 
point of view. The occurrence of ADRs in drug treatment is a large problem that can lead to 
severe injury or secondary disease, such as hepatotoxicity, drug-induced hepatitis or even 
death. Not only can ADRs be a personal catastrophe for the patient, it also costs the society 
substantial amounts of money. About 5% of all hospital admissions in the US and up to 7% in 
Sweden and the UK are predicted to be caused by ADRs (3, 4).  

Of all genetic factors that affect drug treatment, those affecting the activity of the drug-
metabolizing enzymes cytochrome P450 (P450) are currently considered the quantitatively most 
important. This thesis aims at investigating genetic variation in P450 genes of importance for 
drug treatment. 

THE CYTOCHROME P450 SUPERFAMILY OF ENZYMES 

The P450 superfamily of heme-containing enzymes is involved in the conversion of a wide 
variety of endogenous and exogenous compounds to more hydrophilic derivatives that are more 
easily excreted from the body. The name P450 refers to the "pigment at 450 nm" and is based 
on the absorbance at 450 nm after reduction of the heme iron and complexing with carbon 
monoxide. It is generally accepted that the human genome contains 57 functional P450 genes 
(5).

The P450s are mainly expressed in the liver and intestine, but are also present at lower levels in 
other tissues. P450s are localized to the endoplasmic reticulum or the mitochondrial outer or 
inner membrane where they are membrane-anchored through their N-termini.  
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The families CYP1-4 (see below for definition) are involved in the metabolism of drugs and 
xenobiotics and many of them are inducible. For drug metabolism, CYP3A4, CYP2C9, 
CYP2C19 and CYP2D6 are considered to be the most relevant (6). 

CYP NOMENCLATURE AND DEFINITIONS 

The enzymes of the cytochrome P450 superfamily are classified according to amino acid 
sequence homology. The P450 nomenclature follows that of dividing isoenzymes into families 
(e.g. CYP3), subfamilies (e.g. CYP3A) and individual enzymes (e.g. CYP3A4). Separate alleles 
of the same gene are designated by an asterisk and a number (e.g. CYP3A4*15). To be 
designated a unique allelic number; the nucleotide variations should affect transcription, splicing, 
translation, posttranscriptional or posttranslational modifications, or result in at least one amino 
acid change (see www.cypalleles.ki.se/criteria). If additional variations are identified in an allele 
already given a specific number and they have a less dominant effect on function than the one 
already present, additional alleles are defined by additional letters (e.g., CYP3A4*15B), whereas 
the primary allele is designated by A (e.g., CYP3A4*15A). If the effects of additional variations 
are expected to be functionally similar, e.g. two variations giving rise to different amino acid 
substitutions, the combination can be designated by a new allelic number.  

PHARMACOGENETICS 

Pharmacogenetics is the study of genetic variation that causes variation in drug levels 
(pharmacokinetics), drug response (pharmacodynamics) and side effects. Genetic variation 
affecting drug concentration and response can be exerted at the level of for example drug-
receptor binding (target), absorption rate (transport) or drug elimination (e.g. metabolism). 
Relevant genes to study in these respects are those encoding drug-metabolizing enzymes, as 
well as drug transporters and drug receptors. However, with a few exceptions, the genetic 
polymorphism of transporters and receptors has hitherto not been shown to exert important 
effects on drug levels and drug response (4). By contrast, polymorphic enzymes catalyzing drug 
metabolism have often been shown to affect drug bioavailability. Drug metabolism is mainly 
catalyzed by P450-mediated reactions and conjugations (4). About 15-30% of the variability in 
drug metabolism can be explained by genetic factors (4). Drug levels can relatively easily be 
monitored in plasma or serum and genetic association studies be carried out, but there is not 
always a clear drug concentration-effect relationship and investigations of the impact of gene 
variants on treatment outcome are thus more difficult. 
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Phenotype categories  

Dividing individuals into groups based on the activity (phenotype) of P450 metabolism can be 
done by the use of P450 isoform-specific probe drugs. Consequently, individuals can be 
classified as ultrarapid metabolizers (UM), extensive metabolizers (EM), intermediate 
metabolizers (IM) and poor metabolizers (PM). Ultrarapid metabolism is usually caused by gene 
duplications such that more than one gene copy occur on the same chromosome. Intermediate 
metabolizers normally carry one defective allele, whereas poor metabolizers carry two. 

Cytochrome P450 enzymes of particular importance for drug metabolism 

CYP2D6 is one of the most studied P450s in the literature, due to its polymorphic expression 
and its importance in drug metabolism that equals to 20-25% of all drugs in clinical use (7). 
Examples of classes of CYP2D6 substrates are antidepressants, antipsychotics and 
neuroleptics. The CYP2D6 phenotype can be divided into four clear categories that are caused 
by polymorphism of the CYP2D6 gene. Defective alleles such as CYP2D6*4 give rise to the IM 
and PM phenotypes. Alleles produced by duplication of the CYP2D6 gene (e.g. CYP2D6*1XN
where N indicates two or more gene copies) give rise to the UM phenotype (see 
www.cypalleles.ki.se). Individuals with the UM phenotype are shown to suffer from a reduced 
response to drug treatments such as those with certain antidepressants (8, 9). As a 
consequence, much higher than the standard antidepressant dose can be recommended for UM 
phenotypes, who correspond to approximately 5% of the European population (3, 10). In 
contrast, PM individuals would require down to 30% of the standard dose of antidepressants in 
order to achieve the same plasma concentrations (10), and this would be relevant for about 7% 
of the European population (3). CYP2D6 UMs are at increased risk of experiencing morphine 
intoxication due to the high rate of bioactivation of codeine to morphine. In fact, infants being 
breast fed by mothers with a CYP2D6 UM phenotype that are taking codeine are at the risk of 
fatal intoxication due to the high amount of morphine being transferred to the infant via breast 
milk (11). CYP2D6 PMs are on the other hand at an increased risk of experiencing ADRs due to 
increased plasma concentration at standard drug dosage due to inefficient metabolism in these 
individuals (3). 

The CYP3A subfamily metabolizes more than 40% of clinically used drugs (3, 12) and is thus 
quantitatively the most important enzyme route for drug metabolism. The variation in CYP3A 
metabolism between individuals is large, thus potentially affecting drug levels for a substantial 
number of drugs. CYP3A activity can be affected by induction and inhibition events, thereby 
increasing and decreasing CYP3A drug metabolism, respectively. For example, the antibiotic 
rifampicin is a potent inducer, whereas inhibition can be caused by antiretroviral drugs used in 
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the treatment of HIV infection. Examples of substrates are antihypertensive medications and 
antimalaria drugs. 

CYP2C9 metabolizes about 10% of clinically used drugs (3) and is an important enzyme due to 
the metabolism of for example warfarin that is used in the treatment of thrombosis. CYP2C9 is 
also involved in the metabolism of antidiabetic drugs and non-steroidal anti-inflammatory drugs 
(NSAID), which are common in the treatment of pain, fever and inflammation. Defective CYP2C9 
alleles (see www.cypalleles.ki.se) cause to increased drug levels of CYP2C9 substrate drugs 
and an increased risk of ADRs.  

CYP2C19 is involved in the metabolism of about 5% of drugs (3). CYP2C19 plays an important 
role in the metabolism of antiulcer drugs and antidepressants. The CYP2C19 PM phenotype 
occurs with a frequency of about 5% in Caucasian populations and it is well supported that 
patients with the PM phenotype benefits from antiulcer treatment using standard doses due to 
increased drug levels and thus improved healing of gastric ulcers (13). 

CYP1A2 metabolizes about 5% of all drugs (3), but is also involved in the activation of 
procarcinogens (14). CYP1A2 is induced by smoking and several dietary components, and is 
involved in the metabolism of caffeine (14). Induction and inhibition of the CYP1A2 enzyme are 
the main mechanisms behind variation in activity, since genetic polymorphism giving rise to 
interindividual differences in the activity level are rare (see www.cypalleles.ki.se).   

CYP2A6 is quantitatively the least important P450 of those mentioned in this section, since it 
accounts for the metabolism of only 2% of all drugs (3). However, CYP2A6 metabolizes some 
important drugs such as the antithrombotic medication coumarin, and is also involved in the 
metabolism of nicotine (15).  

Antidepressants as an example of genetic polymorphism affecting target, transport and 
metabolism of drugs 

As mentioned, drug levels and response can be affected by genetic variation in drug target, drug 
transport and drug metabolism. The antidepressant class of drugs, which encompasses tricyclic 
antidepressants (TCA) and serotonin re-uptake inhibitors (SSRI), is a good example for which 
genetic variation at all three levels appears to have an impact. Antidepressants are partially or 
selectively blocking the uptake of serotonin from the synapse, and polymorphism in a gene 
encoding the target, i.e. the serotonin transporter, has been shown to affect treatment response 
due to differences in transcription level of the target transporter (16). Consequently, alleles 
giving rise to higher levels of the serotonin transporter could lead to higher response rates in 
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antidepressant treatment. In addition, polymorphism in the gene multidrug resistance 1 (MDR-1)
that encodes the drug transporter P-glycoprotein (P-gp, ABCB1) appears to affect the amount 
of antidepressant reaching the brain by controlling the transport over the blood-brain barrier (16). 
Thus, low-activity MDR-1 alleles could infer a higher drug response due to increased drug 
concentration in the brain. Finally, the drug-metabolizing enzyme CYP2D6 has as mentioned 
been implicated in the response rate and the occurrence of side effects during antidepressant 
treatment, whereby UM phenotypes experience a lower frequency of response due to lowered 
antidepressant levels (8, 9), and PM phenotypes are predisposed for the occurrence of side 
effects (17, 18).  

Examples of aspects for evaluating pharmacogenetic importance  

The main goal of pharmacogenetic studies is to improve drug treatment. Concerning drug-
metabolizing enzymes, Gardiner and Begg (6) have listed the following general aspects for 
addressing the pharmacogenetic importance of genetic variations: 

a) does the polymorphism significantly affect total concentration of active moieties 
(parent drug and metabolite)? 
b) is there a clear concentration-response relationship? 
c) is the therapeutic index low? 
d) are the concentration-related side effects significant?  

If a particular enzyme metabolism leads to an active drug metabolite, polymorphism in the gene 
encoding the enzyme would not be expected to affect the outcome of drug treatment. In 
addition, if several enzymes are involved in the metabolism of a drug, genetic polymorphism in 
one enzyme pathway would not significantly alter drug levels and drug response. By using an 
algorithm for the pharmacogenetic effect on drugs, and based on the above aspects and data 
supportive of pharmacoeconomic benefits, Gardiner and Begg (6) identified only two enzymes, 
thiopurine methyltransferase (TPMT) and butyrylcholinesterase, that could be rated as being of 
“definite importance” for genotype-adjusted drug dosing in clinical practice using 
immunosuppressants and muscle relaxants, respectively. The clinical value of genotyping the 
TMPT gene is due to the strong association of low activity alleles with severe myelosuppression 
during treatment with particular immunosuppressant drugs (6-mercaptopurine, azathioprine) (4). 
However, since many cases of myelosuppression occur also in patients with high activity alleles, 
genotyping is not expected to replace blood monitoring (6). In addition, phenotyping red blood 
cells for the capacity to produce the bioactivated azathioprine appears to efficiently and reliably 
predict clinical outcome in Crohn’s disease (19), whereby genotyping is of minor importance.  
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Based on the algorithm, it was also found that warfarin and CYP2C9 genotype, and omeprazole 
and CYP2C19 genotype, belong to the category of “possible importance” in prospective 
genotyping (6) (see further discussions in sections below). 

Despite the relevance of every single aspect mentioned above, an overall rating based on the 
sum of scores is not applicable. Specifically, a high total rating based on high scores of most 
aspects but a low score in one aspect is not necessarily practically relevant. For example, if 
there is a lack of drug concentration-response relationship, fulfilling the other aspects is not 
sufficient to support genotype-adjusted drug dosing, despite potentially high total scores. In 
addition, a relatively low total rating due to a wide therapeutic window does not necessarily 
mean that genotype-based drug dosing is irrelevant, as will be further discussed below. Thus, 
separate aspects are indeed important as such, but the weighted rating based on all aspects is 
not an easy task. In addition, the occurrence of ADRs is a very important aspect to consider 
when evaluating the significance of pharmacogenetic testing. This has not been listed as one 
major aspect by Gardiner and Begg (6), but appears still to be considered in their algorithm (see 
TPMT above). It needs however to be emphasized that avoidance of ADRs due to genotyping 
analyses is a very important aspect in pharmacogenetics.  

A cost-benefit evaluation of any genotype-adjusted drug dosage must be taking several sources 
of expenses and advantages into consideration. The cost of genotyping and the cost of 
implementing a more complicated dosing schedule must be weighted against a lower incidence 
of ADRs and thus savings in the treatment of those, and an increased treatment efficacy, which 
thus reduces the cost due to a reduced necessity of second-line treatments. The frequency and 
severity of ADRs is of course variable depending on the drug, as is also the possibility to affect 
treatment efficacy. Thus, the cost-benefit relationship needs to be specifically investigated for 
every drug.  

Non-genetic sources of variation 

Genetic variation must be impacting more on the drug level and response than other sources of 
variation in order to be clinically important. Other sources of variation are for example age, sex, 
height, weight, poor compliance and disease states. Drug-drug interactions are also important 
sources of variation, giving rise to enzyme induction and/or inhibition events. Thus, despite a 
good association of genotype with drug levels, variability exerted at other non-genetic levels may 
be large, thus making drug dosing based on only genotyping difficult.  
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Impact of therapeutic index 

The therapeutic index is largely but not determinately affecting the relevance of genotyping 
tests. A narrow therapeutic index leading to severe side effects or lack of response of a severe 
condition if the drug concentration is slightly increased or decreased, respectively, justifies 
genetic testing in order to avoid unwanted effects. However, a wide therapeutic index, where a 
variation in drug concentration does not significantly affect side effects or drug response, does in 
general not support genetic testing. Despite the difference in therapeutic index, the following 
drugs and P450 enzymes have relatively strong implications for future genotype-based drug 
dosing: 

 Proton pump inhibitors (PPIs) such as omeprazole are used in combination with 
antibacterial agents to treat H. pylori-positive gastric and duodenal ulcers and they have 
a wide therapeutic index. The several fold higher omeprazole area under the plasma 
concentration-time curve (AUC) observed in CYP2C19 PMs compared to EMs does not 
result in any significant side effects (20). The PPI drug level and effect (acid inhibition 
and cure rate of H. pylori infection) is however dependent on CYP2C19 genotype, and 
PMs have a higher cure rate of acid-related ulcers than EMs at standard doses  (21).  

Warfarin is an antithrombotic drug with a narrow therapeutic index and the variation in 
dose required for achieving desired therapeutic effect is large, whereby monitoring of the 
anticoagulative effect is necessary. CYP2C9 is the main enzyme involved in warfarin 
metabolism and defective CYP2C9 alleles are associated with lower dose requirement 
and increased risk of bleeding (22). Warfarin reduces coagulation by inhibiting the 
vitamin K epoxide reductase complex (VKOR) that is necessary for the Vitamin-K 
dependent clotting cascade, and defective VKORC1 gene variants affect warfarin 
response. Polymorphisms in the CYP2C9 gene (metabolism) as well as the VKORC1
gene (target) are relatively common and it appears that genotyping of both together with 
age and height parameters can predict 55% of the factual doses (23).  

It is interesting that both of the above examples are likely to benefit from a P450 genotype-
based drug dose adjustment, despite their difference in the size of the respective therapeutic 
windows. Genotyping for CYP2C19 in omeprazole treatment would not be based on any risk of 
side effects, but rather aims at increasing drug response to minimize treatment costs. Indeed, it 
seems clear that the cost of antiulcer treatment would be reduced by individualizing drug dose 
based on CYP2C19 genotype, at least for the treatment of duodenal ulcer (24). In addition to 
individualizing drug dose, choice of therapy could also be improved since a dual therapy of a 
PPI and an antibacterial agent would be sufficient for PM individuals, and triple therapy using a 
PPI and two antibacterial agents would be reserved for EM genotypes, thereby minimizing the 
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risk of bacterial resistance (20). For CYP2C9 and warfarin treatment, the risk of severe reactions 
due to side effects or too low therapeutic effect is substantial. Genotyping-based therapy would 
not only have the potential to reduce treatment cost and to facilitate faster adjustement of 
warfarin dosing, but could also be very important to improve quality of life and reduce the risk of 
long-term or infinite disability for the patients.  

Commercial P450 genotyping and clinical implications 

In 2004, the first pharmacogenetic DNA microarray assay, which determines several CYP2D6
and CYP2C19 alleles in order to predict phenotype of drug metabolism, was approved by the 
US Food and Drug Administration (FDA) (25). Together, CYP2D6 and CYP2C19 metabolize 
approximately 25-30% of all clinically prescribed drugs. Among them are several clinically 
important and commonly used drugs such as antidepressants and antipsychotics (25). The high 
frequency of CYP2D6 and CYP2C19 genetic variants (26, 27) together with the importance of 
the corresponding enzymes in the metabolism of drugs make them good target genes in 
pharmacogenetic testing for the aim of individualizing drug dosage: 

CYP2D6 is non-inducible (27), whereby potential environmental factors modulating 
enzyme activity is diminished. CYP2D6 is well characterized regarding genetic variation. 
The level of CYP2D6 activity can as mentioned be resolved into 4 phenotype groups; 
UM, EM, IM and PM, and these phenotype groups can be predicted rather accurately by 
genotyping analyses.  

CYP2C19 is genetically well characterized, but is inducible by for example rifampicin and 
phenobarbital that thus can account for a non-genetic basis of variation (28). The 
phenotype categories of EM, IM and PM can be relatively well separated. In addition, two 
defective alleles explain the majority of phenotype groups.   

When aiming at determining genotype to predict phenotype, one need to keep in mind that 
genotype-phenotype predictions are probe-specific, i.e. they are based on a particular P450 
substrate to monitor the enzyme activity. Since the specific enzyme activity can vary with the 
probe drug of choice, the outcome of a genotype-phenotype prediction is dependent on the 
probe drug used for the analyses. Thus, the outcome of the drug metabolism phenotype 
prediction may not apply for all drugs metabolized by the enzyme, and thus needs to be 
addressed for particular drugs. Also, known or unknown rare allelic variants are not/can not be 
genotyped, whereby a 100% accuracy in the prediction never can be achieved.   
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When addressing the relationship between drug package label (DPL) and pharmacogenetic data 
in the literature, Zineh et al. (29) found that among the 174 most used drugs only 22 (13%) had 
pharmacogenetic information in their DPLs and that this information was not related to the 
relevance of the pharmacogenetic data in the literature. Thus, there appears to be a gap 
between knowledge and clinical application. The US FDA (www.fda.gov/cder/genomics) states 
that pharmacogenetic information (genetic biomarkers) is present in about 10% of DPLs for 
drugs approved by the FDA. Only a few of these biomarkers have been ranked as “genetic test 
required” or “genetic test recommended”, most of which are drug targets: 

Required Epidermal growth factor receptor (EGFR) - high or low 
expression (genotype-based) is immunohistochemically 
determined for the treatment of colorectal cancer by the 
monoclonal antibody cetuximab, and based on the necessity of 
overexpressing the receptor to benefit from treatment (30). 

HER2/neu receptor – gene duplication is determined by genetic 
test for the treatment of breast cancer using the monoclonal 
antibody trastuzumab/herceptin, due to the necessity of 
overexpressing the receptor to benefit from treatment (31). 

Recommended Activated protein C deficiency – the disorder is detected by 
genetic test for the treatment of thrombosis by warfarin, due to the 
increased risk of skin necrosis during treatment (32). 

TPMT – defective variant alleles are detected by genetic test for 
the treatment of for example organ transplantation and 
autoimmune diseases by azathioprine, due to the increased risk 
of myelosuppression during treatment (see also above) (4). 

UDP-glucuronosyltransferase 1A1 (UGT1A1) – low-activity 
alleles are detected by genetic test for colon cancer treatment by 
irinotecan, due to the increased risk of neutropenia during 
treatment (33).  
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Current status of clinical genotyping tests in Sweden 

In my work, I have received several enquires to genotype patients classified as non-responders 
in drug treatment. In addition, referral forms used in the Swedish clinics include preprinted 
options for genotyping the drug metabolizing enzymes CYP2C9, CYP2C19, CYP2D6, N-
acetyltransferase-2 (NAT-2) and UGT1A1. These genotyping tests are generally used to explain 
side effects or lack of response, rather than prospective drug dosing. Methylenetetrahydrofolate 
reductase (MTHFR) is also included in the referral form, due to the function of this enzyme in the 
folate homeostasis and the association of low-activity alleles with a potentially increased risk of 
thrombosis, atherosclerosis, miscarriage and fetal defects (34), whereby increased intake of 
folate can be recommended to carriers of defective alleles.  

REGULATION OF CYTOCHROME P450 

There seems to be a complex network of receptors protecting the organism from toxic levels of 
potentially harmful compounds by inducing enzyme levels and thereby increasing the enzymatic 
metabolism. Receptors regulating CYP2B, CYP2C and CYP3A genes have been shown to 
share dimerization partner, ligands, DNA response elements and response genes in an 
overlapping manner (35), and the receptors involved are mainly the pregnane X receptor (PXR) 
and the constitutive androstane receptor (CAR), but also the vitamin D3 receptor and the 
glucocorticoid receptor have been implicated (36-41). Additional receptors involved in the 
regulation of drug-metabolizing P450s are the aryl hydrocarbon receptor (AhR) and the 
peroxisome proliferator activated receptors (PPARs), which are regulating CYP1 and CYP4 
expression, respectively (42).  

THE CYP3A SUBFAMILY 

The CYP3A subfamily is composed of four members; CYP3A4, CYP3A5, CYP3A7 and the 
recently discovered CYP3A43 that was identified and characterized in the current study (paper 
I). The CYP3A gene cluster is located on chromosome 7 (Fig. 1). CYP3A is the most important 
subfamily in drug metabolism due to the wide range of different substrates and the high 
expression of CYP3A in the liver and intestine. This is manifested by the involvement of CYP3A 
in the metabolism of 40-60% of drugs (3, 12), and a protein expression level that accounts for 
30% and 40% of total P450 in human liver and intestine, respectively (43, 44). There is a 
substantial interindividual variation in CYP3A activity both in vivo and in vitro (45, 46), and by 
measuring the variability in CYP3A metabolism between and within individuals it has been 
estimated that up to 90% of the variation could be explained by genetic factors (47). Hitherto, 
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however, any major genetic factors affecting CYP3A variability has not been identified. Thus, the 
first aim of this study is to investigate and evaluate genetic factors of potential importance for 
interindividual variation in CYP3A expression and activity. 

Figure 1. The CYP3A gene cluster spans approximately 220 kb and is located on chromosome 7q21-q22. The cluster 
encompasses CYP3A5, CYP3A7 and CYP3A4 that are located in tandem, and CYP3A43 that lies in reverse order 
compared to the other CYP3A genes. Two pseudogenes are present within the cluster (indicated in grey).  
Reproduced from NCBI Entrez Gene (www.ncbi.nlm.nih.gov/entrez). 

Several studies have tried to clarify the difference in substrate specificity, regioselectivity and 
activity between the different CYP3A isoenzymes. For example, CYP3A4 and CYP3A5 
hydroxylate midazolam (MDZ) at the 4-position at a similar rate, whereas the 1-hydroxylation 
occurs at different rates (48). Furthermore, CYP3A7 seems to lack catalytic activity for the 1-
hydrozylation of MDZ (49). In a comparative study of the catalytic activities of CYP3A4, CYP3A5 
and CYP3A7 for ten different endogenous and exogenous substrates, CYP3A4 possessed on 
average a 3 to 4-fold lower Km than CYP3A5 and CYP3A7 (50). Furthermore, there was an 
apparent difference in regioselectivity for the CYP3As for some of the substrates and a general 
rank order in clearance of substrates in the order of CYP3A4>CYP3A5>CYP3A7 (50). CYP3A7 
is however considerably more effective than CYP3A4 in the 16 -hydroxylation of 
dehydroepiandrosterone (DHEA) (49, 51). On the contrary, CYP3A4 catalyses the conversion of 
testosterone to its 6 -hydroxylated derivative at a rate significantly higher than that of CYP3A7 
(49, 51). The CYP3A isoforms are also differently susceptible to inhibition by drugs. For 
example, ketoconazole and fluconazole inhibits CYP3A4 more efficiently than CYP3A5 (52).  

CYP3A5 

CYP3A5P1 

Chromosome 7q21-q22

CYP3A5P2 

CYP3A7 CYP3A4 CYP3A43 
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Cytochrome P450 3A4 

CYP3A4 is considered to be the most important enzyme involved in the metabolism of drugs due 
to the involvement of CYP3A4 in the oxidation of a large range of substrates and due to the high 
amounts of CYP3A4 present in the liver (53). It has been shown that CYP3A4 mRNA accounts 
on average for 95% of all CYP3A transcripts in liver (54). 

Currently, there are 19 different CYP3A4 alleles leading to amino acid substitutions or 
frameshifts (www.cypalleles.ki.se). However, several of these alleles are rare and several of 
them have not been demonstrated to affect enzyme activity (55).  

CYP3A4 is partially co-regulated with P-gp (56), which serves as an efflux transporter of drugs in 
the liver and in the intestine, thereby affecting drug bioavailability. The effect of P-gp on 
bioavailability is however more relevant at low drug concentrations due to saturation of P-gp at 
high concentrations (57, 58). There is an overlapping substrate specificity between CYP3A4 and 
P-gp, and together with similarities in P-gp and CYP3A4 inhibitors and inducers it may form a 
basis for drug interactions (59). It seems that the concerted action of inducers to upregulate both 
CYP3A4 and P-gp is a mechanism by which the body reduces the amount of high or even toxic 
levels of endogenous and exogenous substances by increased metabolism and by increased 
efflux, respectively. 

Cytochrome P450 3A5 

It has long been recognized that CYP3A5 protein is expressed at significant amounts in 10-30% 
of adult and fetal human livers (60-64). It was reported that this polymorphic CYP3A5 expression 
was associated with the occurrence of the CYP3A5*1 allele and that this allele could lead to an 
increased total level of hepatic CYP3A protein (65). The CYP3A5*3 allele, which genetically 
explains the majority of livers lacking CYP3A5 expression (65), carries an intronic single 
nucleotide polymorphism (SNP) that gives rise to a cryptic splice site and a mRNA with a 
premature stop codon.  

Cytochrome P450 3A7 

CYP3A7 has been considered a fetus-specific isoform that accounts for up to 50% of total P450 
in fetal human livers (66). In adult livers, the CYP3A7 mRNA level is on average only 2% of that 
of fetal livers (67). There is a shift in hepatic CYP3A7 expression to CYP3A4 expression after 
birth, as evident by a decrease in CYP3A7 activity (16 -hydroxylation of DHEA), an increase in 
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CYP3A4 activity (6 -hydroxylation of testosterone), and an increase in CYP3A4 mRNA (49). 
However, a relatively common phenotype of increased CYP3A7 mRNA levels in 11% of adult 
livers indicates the presence of significant CYP3A7 mRNA expression also in adult life (40). Two 
alleles with polymorphisms in the 5’-flanking region of the CYP3A7 gene, CYP3A7*1C and 
CYP3A7*1B, were shown to explain 50 and 15% of livers with increased CYP3A7 mRNA levels, 
respectively (40). The CYP3A7*1C allele is a product of a gene conversion event between the 
CYP3A4 and CYP3A7 genes that lead to the insertion of the proximal PXR/CAR response 
element of CYP3A4 into the proximal promoter of CYP3A7 (65).  

CYTOCHROME P450 2C19 

CYP2C19 is a member of the CYP2C subfamily of P450 enzymes that also includes CYP2C8, 
CYP2C9, and CYP2C18 (Fig. 2).  

Figure 2. The CYP2C gene cluster spans approximately 500 kb and is located on chromosome 10q23-q24. CYP2C19
is indicated by the thicker arrow. CYP2C18, CYP2C19 and CYP2C9 are located in tandem, with the CYP2C8 gene in 
reverse order compared to the other CYP2C genes.  
Reproduced from NCBI Entrez Gene (www.ncbi.nlm.nih.gov/entrez). 

Classical CYP2C19 substrates and commonly used probe drugs are omeprazole and 
mephenytoin (68). The PM phenotype of CYP2C19 activity occurs at a frequency of 3-5% in 
Caucasians and Africans, and 13-23% in Asians, and is the result of two defective CYP2C19 
gene variants (69-72). The defective CYP2C19*2 and CYP2C19*3 alleles account for most of 
the PM phenotypes (73, 74). Consequently, in Japanese and Ethiopian individuals, the 
CYP2C19*2 allele together with the less frequent CYP2C19*3 allele explains 100% of PMs (72, 
74). In Caucasians however, the CYP2C19*2 allele accounts for 75-93% of PM alleles, whereas 
the CYP2C19*3 allele is absent (73-76). There is a gene dose effect of defective alleles on 
CYP2C19 catalytic activity such that subjects carrying none, one or two defective CYP2C19
alleles can be separated into EMs, IMs and PMs, respectively (77).  

CYP2C18 CYP2C19 CYP2C9 CYP2C8 

Chromosome 10q23-q24
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Together, CYP2C9 and CYP2C19 are estimated to account for 10% of drug metabolism (6). For 
CYP2C19 substrate drugs, they can be divided into categories based on the extent of CYP2C19 
metabolism; drugs where CYP2C19 contributes to a) >80% in the clearance of the drug, 
examples of which are omeprazole and mephenytoin, b) 30-65% in the clearance, for example 
imipramine and clomipramine, and c) <30% in the clearance, such as phenytoin (20).  

Omeprazole and similar drugs belong to the proton pump inhibitor class of drugs and are used in 
the treatment of gastrointestinal acid-related disorders. H. pylori infection is associated with 
upper gastrointestinal disorders such as gastritis or peptic ulcers (78). H. pylori-positive 
gastrointestinal disorders are treated by a PPI and antibacterial agents. Since as mentioned, the 
main metabolism of PPIs is carried out by CYP2C19, a higher cure rate of H. pylori-positive acid-
related disorders is seen in CYP2C19 PMs compared to EMs, due to a higher PPI plasma 
concentration in PMs (13). Other important CYP2C19 substrates are within the class of 
antidepressants and the CYP2C19 genotype is shown to affect drug levels of for example 
trimipramine, imipramine and citalopram (10). Kirchheiner et al. (10, 79) has estimated that 
several antidepressants would benefit from a CYP2C19 genotype-adjusted drug dosage of on 
average 110% in EMs and 60% in PMs. 

There is interindividual variation in CYP2C19 activity that can not be explained by the 
occurrence of defective CYP2C19 alleles. The second aim of this study is thus to investigate 
genetic variation in the CYP2C19 gene in relation to CYP2C19 catalytic activity. 
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THE PRESENT STUDY 

AIMS

The present studies were undertaken in order to investigate the contribution of genetic 
components to interindividual variation in CYP3A and CYP2C19 expression and activity. For 
CYP3A, the investigation was exerted at the level of individual subfamily members’ contribution 
to an activity collectively called CYP3A. For CYP2C19, the study aimed at investigating the 
genetic component of variability within one single gene. Specifically, the following projects were 
the focus of my thesis work: 

1. Cloning and characterization of a novel human CYP3A isoform 

2. Comparative analysis of CYP3A expression in adult human liver, with special emphasis 
on the contribution of polymorphic CYP3A5 to total CYP3A levels and the CYP3A5
genotype as a determinant for CYP3A5 expression 

3. Analysis of the contribution of the fetus-specific isoform CYP3A7 to CYP3A levels in 
adult human livers and the association of CYP3A7 protein expression with the CYP3A7
genotype 

4. Identification and functional characterization of a polymorphism in the 5’-flanking region 
of the CYP2C19 gene, and the investigation of its effect on CYP2C19 activity in vivo
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COMMENTS ON METHODOLOGY 

Bioinformatics 

Nucleotide sequences were obtained from The National Center for Biotechnology Information 
(NCBI, www.ncbi.nlm.nih.gov).  The algorithm of NCBI’s nucleotide-nucleotide BLAST program 
was used for homology searches. DNA sequencing results were compared with wildtype 
sequences using an alignment program, e.g. MultAlin (http://bioinfo.genopole-
toulouse.prd.fr/multalin/multalin.html) or NCBI BLAST to display mismatches between 
sequences. Mismatches in sequences were investigated regarding their effect on the amino acid 
sequence using protein translation programs such as that of BCM Search Launcher 
(http://searchlauncher.bcm.tmc.edu/seq-util/seq-util.html). Translated sequences were then 
aligned with the wildtype protein sequence obtained from NCBI by using the protein alignment 
algorithm of the BCM Search Launcher. Transcription factor binding sites were predicted using 
the Transcription Element Search Software (TESS, www.cbil.upenn.edu/cgi-bin/tess/tess). 
Primer specificity was examined using NCBI BLAST.  

EST-based cloning and RACE 

The NCBI database of EST (expressed sequence tags) sequences contains sequenced parts of 
the nucleotide content in cDNA clones and thus can serve as a tool for identifying gene 
transcripts. The ESTs can be used for various purposes, i.e. chromosomal mapping or, as is the 
case of this thesis, for identification of novel (expressed) genes of a known gene family. 

Rapid Amplification of cDNA Ends (RACE) is a method to isolate unknown sequences of a 
cDNA. RACE is aided by the access to EST sequences due to the necessity of knowing parts of 
the sequence of the cDNA to be cloned in order to design gene-specific primers. This method 
was employed to isolate the novel CYP3A43 cDNA (paper I). 

In vitro transfection 

The forced introduction of DNA into cells is termed transfection. Transfection methods can be 
employed for a variety of purposes. There are several ways to transfect cells in culture of which 
DEAE-Dextran and lipofection has been used for the purposes of this thesis. DEAE-Dextran is a 
polysaccharide that facilitates the binding of DNA to cell membranes and the entry of the DNA 
into the cell via endocytosis. Today, this method would be considered quite old-fashioned and it 
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has been basically replaced by the more efficient method of lipofection. Lipofection uses 
liposomes as a mean to pack and deliver DNA to the cell by fusing with the outer membrane. 
Cationic liposomes, which are the mostly used type of liposomes today, are highly efficient in 
transfecting DNA due to the ability of the positive charge of the lipids to bind to the negatively 
charged DNA and to interact with the negative charge of the cell membrane. DNA can also be 
introduced into cells using viruses as a carrier, i.e. viral transduction. There are several 
commercially available cDNA-expressed P450s prepared this way. BD Biosciences offers 
microsomes from 20 different P450 enzymes expressed by baculovirus-infected insect cells. The 
microsomes also contain cDNA-expressed human P450 reductase and human cytochrome b5, 
and have been widely used to characterize P450 enzymes. 

Cell lines and cell culture 

Cell lines are easy to work with, relatively cheap, do not lead to the sacrifice of animal lives and 
is a time efficient way to produce results. However, they can not be considered to reflect the in 
vivo situation since the use of cell cultures is an artificial method to study living cells. Primary cell 
cultures, i.e. cells directly derived from tissue of a living organism, generally resemble the in vivo
situation more than cell lines which have been immortalized by one way or the other, e.g. by 
induction of oncogenes or loss of tumor suppressor genes. Immortalization of cells generally 
lead to a change in the gene expression pattern, with an increased or decreased expression of 
some genes, a gain of expression of previously non-expressed genes, or the loss of expression 
of others. In a gene expression phenotype comparison of adult liver, B16A2 and HepG2 cells, 
Butura et al. (80) found that even under the best conditions, i.e. B16A2 cells let to differentiate 
for 5 weeks, gene expression reached less than 10% of the expression levels of that of human 
liver. Enzyme induction can help to retain the expression of certain genes (81, 82).  

In the current study, several different cell lines have been used. The SV40-transformed African 
green monkey kidney cell line COS-1, the adenovirus 5-transformed human embryonic kidney 
cell line 293 (HEK293), the human hepatoma cell lines B16A2 and HepG2, the human cervical 
carcinoma cell line HeLa, and the SV40-transformed mouse hepatocytes H2.35. The 
background to the large number of cell lines used in this thesis is the above mentioned problem 
of a change in phenotype of cells in culture. Thus, transcription factors or other crucial factors 
needed for the expression of certain genes may be present in one cell line but not the other. For 
CYP2C19 5’-flank constructs where the aim is to assess the transcription regulated by a human 
promoter, the expression of the relevant transcription factors is of course relevant. For the 
expression of P450 enzymes from expression vectors, the presence of transcription factors is 
not as critical since the expression is triggered by a viral factor expressed by the immortalized 
cell line. From our experience, COS-1 and HEK293 were very efficient in expressing high 
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amounts of P450 enzyme from cDNA expression vectors. Despite originating from “non-
classical” P450 expression tissues, they serve the purpose of producing high amounts of the 
desired protein. B16A2 cells are let to differentiate for 4 weeks at confluency in order to make 
them more hepatocyte-like and more prone to P450 expression. Still, B16A2 cells responded 
little to reporter constructs containing the CYP2C19 5’-regulatory region and could not show any 
difference between wildtype and mutated constructs as opposed to an in vivo system (see 
below). Thus, commonly used cell lines and cells in culture are far from the in vivo situation and 
data should also be interpreted as such and with caution. 

In vivo transfection 

As a part of this thesis, mice were transfected with reporter constructs containing the CYP2C19
5’-flanking region in its wildtype of mutated form. This in vivo transfection system was tested due 
to the improper phenotype of several cell lines that had been transfected with these constructs, 
giving a low expression in general and no difference between the constructs. The method used, 
TransIT-In Vivo Gene Delivery System (Mirus), is based on a polymer that complexes with DNA 
and together with a delivery solution is introduced to the mice through tail vein injections. The 
major organ where DNA is taken up is the liver, but some amounts are also transfected into 
spleen, lung, heart and kidney (83). The transfection is mediated by the polymer and by the 
hydrodynamic effect due to the comparatively large volume injected, which amounts to 1/10 of 
the mice’s weight (i.e. 2.5 ml to a 25 g mouse). The transfection efficacy is highly dependent on 
the time taken to inject the volume; the lower the speed, the lesser the hydrodynamic effect and 
thus the degree of transfection. Typically, the solution should be injected in approximately 5 
seconds. Due to the difficulty to insert the injection needle into the tail vein, the speed of 
injection may vary slightly between different mice. Thus, a mean of normalizing the transfection 
is crucial to be able to compare different mice. In this thesis, the firefly reporter enzyme was 
used as the construct reporter enzyme and the Renilla luciferase internal control vector was 
used for normalization.  

For the experiments of this thesis, the tail veins of CD1 male mice were dilated by a heat lamp 
and the transfection solution injected in 3-5 seconds. The mice were sacrificed by carbon 
dioxide the following day, and the livers were dissected. A liver homogenate was prepared for 
every mouse and the luminescent signal of firefly and Renilla luciferase enzyme activities (Dual-
Luciferase Reporter Assay, Promega) were measured for each sample (Fig. 3). Data from 
separate experiments were combined by normalizing individual measurements of each 
experiment with the mean ratio of the wildtype construct group of that experiment. This was 
done because of a shift among all samples within one experiment compared with the other, 
whereas the standard deviations were similar.
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In order for an animal model to be successfully used for human studies, there should not be 
substantial species differences in transcriptional regulation or other relevant pathways. This 
requires sequence homologies and conserved functions among the nuclear factors involved. In 
the current study, the mice required a hepatic phenotype similar to that of the human liver with 
respect to the regulation of the transcription of human CYP2C19. Since in paper IV, CYP2C19 
expression was regulated in vivo in mice in a similar manner as in vivo in humans (i.e. increased 
transcription/activity of CYP2C19*17 compared to CYP2C19*1) the mice model was suitable for 
the purpose of the study and indicate that there are conserved transcription factors between 
man and mouse. 

Figure 3. In vivo transfection protocol using Mirus TransIT®-In Vivo Gene Delivery System based on the 
hydrodynamic transfection of foreign DNA. Mice are injected via the tail vein with a polymer-DNA mix. Mice are 
sacrificed the following day and reporter activities are measured on liver homogenates. 
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Reporter gene assays 

Reporter gene vectors are used for the purpose of monitoring levels of gene expression, for 
example expression over time, relative levels of expression or expression pattern. The most 
common example of reporter constructs, which has also been used in this thesis, are regions of 
the 5’-flank of the gene-of-interest cloned into the vector upstream of the reporter gene such that 
the gene-specific promoter and other regulatory elements will control the expression of the 
reporter gene. This set-up can be used for different types of experiments; promoter mutations 
can be characterized and regulatory elements may be mapped by deletion constructs.  

Human liver samples 

The access to human samples is a valuable source of information and an important tool to 
support data received from experimental samples. In addition, findings in human samples often 
trigger other experimental approaches to confirm or dissect molecular mechanisms of initial 
results. A tissue bank is also a valuable tool to look at several levels of regulation; genotype, 
transcription, translation, posttranscriptional and posttranslational modifications, and enzyme 
activity and is thus an important method to investigate genotype-phenotype correlations. 

In this thesis, a bank of 46 human liver samples has been characterized at the level of DNA, 
mRNA, protein and catalytic activity (paper I and II). The samples had been collected from 1) 
Sahlgrenska Hospital (Gothenburg, Sweden) originating from patients undergoing liver 
resection, often due to malignant tumors, 2) Huddinge Hospital (Stockholm, Sweden) from organ 
donors dying in accidents, and 3) commercial samples from the International Institute for the 
Advancement of Medicine (IIAM; Exton, PA). As for the liver samples collected during excision of 
tumors, the samples collected were taken from regions without pathological alterations and are 
thus assumingly normal. The livers selected from IIAM were either high or low in CYP3A activity 
measured as the 6 -hydroxylation of testosterone for the purpose of CYP3A studies. All samples 
in the liver bank were reported to be of Caucasian origin.  

Another liver bank of 59 samples, which in this study was characterized regarding CYP3A7
genotype and CYP3A7 protein content (paper III), was derived from histologically normal human 
liver samples from transplant donors and was collected from Hammersmith Hospital, London, 
UK. Some samples were also obtained from Tissue Transformation Technologies, Inc. (Edison, 
New Jersey, USA).  

One should keep in mind that despite an extensive record on some of these samples regarding 
drug intake etc, lack of such information does not necessarily mean that one can exclude the 
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possibility of drug intake and thus induction or inhibition of P450 activity. P450 levels and activity 
can also be affected by other factors such as those being of environmental or dietary origin, 
disease states etc. In addition, taking pieces from a seemingly normal area of a liver containing 
tumors does not mean that that part of the tissue is completely unaffected; local inflammation in 
the tumor can affect surrounding tissue or pathological signal molecules may have a low-grade 
effect on adjacent cells. Thus, parameters measured must always be interpreted with the risk of 
confounder effects kept in mind. 

The quality of the liver bank can be considered good. It has been used for the study of several 
different P450s and has been studied at many levels. No mRNA degradation can be detected, 
and protein degradation has not been seen in any Western blotting experiment. Furthermore, 
CO-difference spectral analysis of the cytochrome P450 content has revealed no significant 
cytochrome P420, indicating only the presence of properly folded P450 enzyme. Data derived 
from the liver bank has also given good correlations between different parameters and 
successful phenotype-genotype correlations (paper II and III, (84, 85)), indicating a trustworthy 
and high-quality set of human liver samples. 

Western blotting, protein standards and quenching effects 

Quantitative Western blotting was conducted in two of the studies presented in this thesis (paper 
II and III). Compared to a qualitative way of measuring protein expression, i.e. protein is 
detected or not detected, quantitative Western blotting to determine exact amounts of proteins is 
more prone to errors and confounding factors.  

The protein standard needs to be correctly determined regarding its content of the specific 
protein to be quantified. For P450 enzymes, the holoprotein levels of a sample can be quantified 
using a reduced CO difference spectrum detecting correctly folded P450 that has incorporated 
heme. However, for Western blotting purposes, this can lead to a great underestimation of the 
total immunoreactive amount of protein that is composed of the holo- and apoprotein levels. This 
is particularly relevant for cDNA expressed preparations where the relative amount of apoprotein 
could be expected to be high. This problem was circumvented in two separate ways in the two 
studies: 

 In paper II concerning quantification of CYP3A4 and CYP3A5 in human liver microsomes 
using CYP3A4- and CYP3A5-specific antibodies (86), the respective standards to be 
used were of human liver origin and were quantified against the peptides that was initially 
used for immunization. This was achieved by determining the average number of 
peptides per carrier protein by separation of the conjugates on a gel followed by 
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Coomassie blue staining and measurement of the relative intensity of bands. The 
antiserum was then depleted from antibodies that recognized the group that links the 
peptide to the carrier. The antiserum did not need to be depleted from antibodies binding 
to the carrier protein since different carriers were used for the immunization of rabbits 
(KLH) and for the purpose of protein quantification (lysozyme). The depleted antiserum 
was used together with the peptide conjugates to determine the amount of CYP3A4 and 
CYP3A5 in samples of human liver microsomes by Western blotting. Thus, an exact 
quantification could be done using the same epitope present on the carrier protein and in 
the human liver samples, and these liver samples were then used as standards to 
quantify remaining samples in the liver bank. 

 In paper III, where CYP3A7 levels was determined, a cDNA expressed CYP3A7 
preparation that had been quantified by the manufacturer regarding its holoprotein 
content was used as a standard (BD Biosciences). The CYP3A7 preparation was 
quantified for the amount of immunodetectable CYP3A7 protein (holo- and apoprotein) 
using an antibody that reacts equally with the identical C-terminus of CYP3A4 and 
CYP3A7 (87) and a human liver microsomal sample from paper II with known CYP3A4 
levels but undetectable CYP3A7 levels. In this way, it was found that the standard 
contained 4.4 times higher total CYP3A7 amounts as compared to the spectrally 
determined holoprotein levels. For subsequent CYP3A7 quantification of the liver bank, a 
CYP3A7-specific antibody was used. 

As discovered in paper II, the amount of total protein loaded turned out to have an effect on the 
signal obtained by incubating with antibody: 

 With increasing amounts of total protein loaded, the signal was increasingly suppressed, 
probably due to the high density of proteins around the specific protein. Thus, with high 
amounts of total protein, the lane will be packed with proteins that will not be separated 
enough, thereby quenching each other. This effect was investigated by loading cDNA 
expressed CYP3A5 together with different amounts of liver microsomes with 
undetectable CYP3A5 as determined by antibody screening. When higher amounts than 
20 µg of total protein were used, the linearity was impaired (Fig. 4). Thus, no more than 
20 µg of total protein of any standard or sample was used in any Western blot analysis 
within this thesis and the linearity was thus ensured. In paper II, 1-10 µg of the liver 
microsomal standards were loaded to produce standard curves of CYP3A4 and CYP3A5 
(corresponding to approximately 0.1-1.5 pmol), and 10 µg was loaded for the samples to 
be quantified.  
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 In paper III concerning CYP3A7 levels, the handling of the quenching effect was 
improved by adding a control preparation for cDNA expressed CYPs (BD Gentest) 
lacking immunoreactivity with the antibody to make up for the total amount of protein 
loaded. Thus, when quantifying the CYP3A7 preparation, both the preparation and the 
liver sample to be used as a standard were loaded at a total amount of 10 µg. In the 
same way and for further analyses of the liver bank using the quantified CYP3A7 
standard, the control preparation was used to make up for the total protein amount to 15 
µg for all samples. One expects only very minor differences in quenching at these small 
amounts loaded, as had already been investigated in paper II, but controlling for protein 
amounts also at this range further ensures an accurately determined quantification. 

Figure 4. The effect of quenching by total protein amounts on the signal of specific protein by Western blotting. Two 
different amounts of cDNA expressed CYP3A5 (0.6 and 1.2 pmol, corresponding to 2.5 and 5 µg of total protein) was 
loaded with or without 60 µg of a human liver sample (HL) with non-detectable CYP3A5 levels. 

Semi-quantitative PCR 

In the literature, semi-quantitative PCR has often been performed by running a fixed number of 
PCR cycles after which the products are analyzed on a gel and their intensities compared. One 
major problem with this approach is that the PCR reactions may have reached plateau levels 
and that the comparison does not reflect amplification in the exponential phase. In addition, the 
relationship between band intensity (as measured by densitometry) and DNA amounts may not 
be linear and thus needs to be investigated. In paper I, an improved semi-quantitative PCR was 
performed to address the mRNA expression of CYP3A4 and CYP3A43 in different tissues. This 
was achieved by examining at which PCR cycle the product could be detected by running 
consecutive cycles of two and to analyze the reactions on gel. Since in every cycle a duplication 
of template occurs, the difference between one cycle and the next results in a large difference in 
product formed and the assay is thus quite insensitive. Also, the detection of expression was 

+ HL (60 µg) - HL 

CYP3A5 (pmol)
0.6         1.2                 0.6       1.2 
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divided into categories of 5 cycles due to a slight variation between the same sample and 
different runs, whereby a 32-fold difference in expression can be reached between one category 
and the other. Today, semi-quantitative PCR has been more or less replaced by the modern 
real-time techniques.   

Real-time PCR 

In general, real-time PCR measures the syntheis of product with time and is thus significantly 
more reliable and sensitive for comparing gene expression and for absolute quantification than 
semi-quantitative PCR. Real-time PCR measures the product as it is formed and at any given 
time point. Therefore, it can be decided exactly when a given PCR product reaches a threshold 
value (Ct) even if it is in the middle of a cycle. The detection can be achieved by fluorescent 
dyes that intercalate with double-stranded DNA or by the digestion of a probe due to elongation 
of a template by use of a primer (TaqMan) that releases a fluorescent dye from a quencher. By 
using DNA standards, quantification can be achieved by the given cycle at which the sample 
DNA reaches the threshold.  

CYP2C19 in vivo phenotyping with omeprazole and mephenytoin 

In paper IV, healthy volunteers were phenotyped using CYP2C19 probe drugs, i.e. drugs whose 
specific metabolism routes are reflecting CYP2C19 activity. This was achieved by the probe 
drugs mephenytoin, an anticonvulsant that is no longer being used in the clinics, and 
omeprazole, a proton pump inhibitor. Both drugs were given at dosages normally prescribed in 
the clinics but as single doses, thus avoiding possible adverse drug reactions. In vivo
phenotyping is invaluable in pharmacogenetic studies since they can facilitate the identification 
of functional polymorphisms. 

 5-hydroxyomeprazole is the major metabolite formed by omeprazole metabolism and 
this hydroxylation is catalyzed by CYP2C19 (88). The second most common metabolite 
is the omeprazole sulphone, the formation of which is catalyzed by CYP3A4 (88, 89). 
5-hydroxyomeprazole can be further metabolized to carboxyomeprazole and  
5-hydroxyomeprazole sulphone, the latter being produced by CYP3A4 (88). 

CYP2C19 hydroxylates omeprazole in a stereoselective manner, with  
R-omeprazole being favored over S-omeprazole (89, 90). Furthermore, R-omeprazole is 
specifically hydroxylated by CYP2C19 whereas S-omeprazole is being hydroxylated by 
other P450s in addition to CYP2C19 (89, 90). The 5-hydroxylation of R-omeprazole 
constitutes the major route of elimination in human liver microsomes, whereas  
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S-omeprazole is similarly eliminated by three routes of which one leads to the formation 
of 5-hydroxyomeprazole (89). R-omeprazole is thus a more specific CYP2C19 probe 
drug than the racemate. However, R-omeprazole is not available as a drug and racemic 
omeprazole was thus used for phenotyping purposes in the current study. 

The metabolic ratio (MR) of omeprazole is the plasma concentration ratio of the 
5-hydroxy metabolite over the omeprazole substrate at a single time point and is thus 
inversely reflecting the CYP2C19 activity; a low ratio reflects a high CYP2C19-catalyzed 
metabolism and vice versa. 

The omeprazole in vivo data used in this study was produced by giving healthy 
Swedish volunteers a single oral dose of 20 mg racemic omeprazole (Losec; 
AstraZeneca) and  subsequently analyzing substrate and metabolite concentrations in 
plasma by high performance liquid chromatography (76). For calculation of the metabolic 
ratio, blood samples were drawn at 3 hours after drug intake, at which both the substrate 
and the metabolite concentrations can be determined in all individuals regardless of 
phenotype (76). AUC was calculated by blood samples taken at 0, 1, 2, 3, 3.5, 6, and 8 
hours after drug intake (91). 

Omeprazole gives a good separation between phenotypes and in this study a MR 
of higher than 5 was considered as the definition of a PM phenotype (76). 

 The racemic drug mephenytoin has been the most frequently used CYP2C19 
phenotypic marker in the past. The S-enantiomer is selectively 4-hydroxylated by 
CYP2C19 and the S/R ratio of mephenytoin can thus be used for monitoring CYP2C19 
activity and to classify individuals as EMs or PMs (92).  

For the phenotype data used within this study, Ethiopians had been given 100 mg 
racemic mephenytoin orally and had collected urine for the following 8 hours, after which 
the total volume was measured and an aliquot determined with regard to its S- and R-
mephenytoin content using stereoselective gas chromatography (72). Individuals with an 
S/R-mephenytoin ratio lower than the detection limit of 0.03 were set to 0.03 in the data 
analyses. 

Since the cysteine conjugate of S-mephenytoin, which is produced in extensive 
metabolizers, can be hydrolyzed back to S-mephenytoin during long-time storage of the 
urine, EMs encounter the risk of being classified as PMs if samples are not quantified 
early on (93). This problem can however be solved by acid treatment, whereby true PMs 
get the same ratio of S/R-mephenytoin as before acid treatment and false PMs get 
significantly increased ratios and can thus be truly identified as EMs (94). For the 
mephenytoin data within this thesis, all samples with an S/R ratio higher than 0.6 were 
reanalyzed after acid hydrolysis and all samples with a ratio of >0.9 that did not increase 
significantly after acid hydrolysis were defined as PMs (72). Even though samples with a 
high S/R ratio can be classified as EMs or PMs by means of acid treatment, one should 
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keep in mind that the pre-acid ratio, which is increased several folds in EMs after acid 
treatment, could have been increased by hydrolysis in the stored urine sample. Thus, 
when investigating parameters other than phenotype class, sample storage can lead to a 
confounding factor because the S/R value could be increased at the time of analysis 
compared to the time point when the samples were collected. Thus, for phenotype-
genotype associations among EM individuals, as has been studied in this thesis, one 
should keep in mind that the S/R ratio in EMs may have been increased due to partial 
hydrolysis and was originally lower.  

Due to sample instability and the necessity to collect large volumes of urine, 
probing CYP2C19 activity with mephenytoin is no longer common. In addition, 
mephenytoin generally gives a slightly lesser separation of phenotypes than does 
omeprazole (76), partially due to the inability to separate extensive metabolizer 
phenotypes with S/R ratios lower than the detection limit of 0.03. 

Genotyping methods 

There are many ways to determine sequence variations in DNA. Genotyping methods that have 
been used within this thesis are given below.  

DNA sequencing is the method of choice when searching for potentially new nucleotide 
variations but is not an efficient method to do routine or extensive genotyping analyses of 
single SNPs. Sequencing technologies has however developed extremely fast and are 
generally reliable and relatively cheap methods for addressing locus heterogeneity. DNA 
sequencing was used in all papers within this thesis. 

 In allele-specific PCR, a first gene-specific fragment is amplified after which allele-
specific primers are used to detect the mutation. Due to the necessity of two sequential 
PCR reactions, the risk of contamination is increased, i.e. amplification of unspecific 
bands or bands equivalent with the other genotype. In addition, allele-specific PCR can 
be considered laborious and time-consuming. Allele-specific PCR was used in paper II 
and IV. In paper IV, one set of the DNA samples was genotyped by allele-specific PCR 
and one set by Pyrosequencing. During the project, we were contacted by Biotage AB, a 
company interested in a collaboration where we would do genotyping analyses using 
their Pyrosequencing equipment. We thus changed to Pyrosequencing genotyping and 
found it to be a more robust and time efficient method (see below). 

 In paper III and IV, restriction fragment length polymorphism (RFLP) analysis was 
proven as a robust and reliable genotyping method. A gene-specific fragment needs to 
be amplified, but instead of a second PCR reaction one uses the difference in restriction 
enzyme recognition sites between one allele and the other to detect the genotype. There 
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is a smaller risk for contamination than in allele-specific PCR, but the nucleotide variation 
needs to introduce or abolish a restriction site. Inhibition of the restriction enzyme could 
lead to inefficient digestion and thus false results. As for allele-specific PCR, RFLP 
analysis is laborious and time-consuming.  
Pyrosequencing is a form of minisequencing or sequencing by synthesis, where a 
primer close to the nucleotide variation is used for amplification using a gene-specific 
fragment generated by a first PCR reaction as a template. By adding one nucleotide at 
the time and by detecting the incorporation of the nucleotides by a chemiluminescent 
enzymatic reaction, the exact sequence can be determined. Pyrosequencing is an 
efficient and reliable method that can be automated and it was used in paper IV.  

By comparing the distribution of genotype categories (wt/wt, wt/mut and mut/mut) with the 
expected relative distribution of the same categories one can address if the genotyped 
population of samples are in Hardy-Weinberg equilibrium. If not, assay problems in the 
genotyping analyses and/or in the random selection of the samples could be expected. If the 
Hardy-Weinberg equilibrium is fulfilled, the equation p2+2pq+q2=1 should be achieved, where p
is the frequency of the common allele and q is the frequency of the rare allele.  

Electrophoretic mobility shift assay 

In paper IV, the electrophoretic mobility shift assay (EMSA) was used to examine a differential 
binding of hepatic nuclear proteins to polymorphic sites in the 5’-flank of the CYP2C19*17 allele 
as compared to the CYP2C19*1 allele. There are two polymorphic sites of the CYP2C19*17
allele, and both were investigated regarding the binding of transcription factors to potential 
binding elements at these positions. Probes equivalent to both regions of both CYP2C19*1 and 
CYP2C19*17 DNA was labeled with [ -32P]-ATP. The radiolabeled probes where then incubated 
with hepatic nuclear proteins and run on a gel, after which the binding of nuclear proteins to the 
probe was analyzed as the retardation of probe mobility. The binding of proteins to probes is 
very sensitive to conditional changes and there are many parameters to control and to test for; 
amount of nuclear protein, salt concentration, type of salt, incubation time, incubation 
temperature etc. In the current study, the salt concentration and the type of salt turned out to be 
major determinants for the ability of nuclear proteins to bind to the probes. A slight change in 
one of these parameters may results in the appearance or loss of a specific band and once the 
conditions have been set, one should minimize the variations between one experiment and the 
other. 

In this study, binding of nuclear proteins to a polymorphic element of the CYP2C19*17 allele but 
not to the corresponding element of the CYP2C19*1 allele was detected. In order to determine 
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the specificity of the binding to the CYP2C19*17 allele, competition experiments were carried 
out in which unlabeled probes at different concentrations were used to compete with the labeled 
probe for protein binding.  

Supershift analyses using antibodies targeted at specific transcription factors can assist in 
identifying the proteins being bound by inducing a further shift in probe retardation when the 
antibody binds its target transcription factor. In this study, three different antibodies were tested 
using different amounts of antibody, different incubation temperatures and by adding the 
antibody at different stages of the incubation procedures.  

Statistical analyses 

The 2-tailed Mann-Whitney test for non-parametric continuous data was used for assessing 
differences in age, phenotype markers and reporter construct activities.  This test was chosen 
due to the apparent non-normal distribution of the data analyzed. Even if data could qualify as 
normally distributed, the Mann-Whitney test is much less likely, than for example the parametric t
test, to give a false significant result because of outliers. The 2-tailed Fisher’s exact test for 
categorical data was used for detecting sex differences and differences in allele frequencies. 
This test analyzes variables in a contingency table. By using 2-tailed rather that 1-tailed 
statistical tests, one leaves the option to test for both directions of a difference rather than 
expecting one of them. A difference in phenotype parameters were analyzed by the Kruskal-
Wallis non-parametric test for comparison of more than two groups and is an equivalent of the 
above mentioned Mann-Whitney test for two groups. Correlations between mRNA, protein and 
catalytic activity were measured by the Spearman rank correlation coefficient that measures the 
strength of the associations between variables. Hardy-Weinberg equilibrium was assessed for 
allele frequencies. A p-value of <0.05 was considered statistically significant in all analyses. The 
p-value can be interpreted as the probability of being wrong when concluding that there is 
statistical significance. 
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RESULTS AND DISCUSSION 

Paper I - Cloning and tissue distribution of a novel human cytochrome P450 of the 
CYP3A subfamily, CYP3A43

It was hypothesized that novel CYP3A enzymes could contribute to activities attributed to 
CYP3A4 and/or CYP3A5 in adult human livers and thus be an explanation for interindividual 
differences in CYP3A expression and metabolism. In this study, a novel CYP3A isoform was 
identified, its expression level and tissue distribution determined and preparations after 
heterologous expression investigated.   

Identification of the novel CYP3A43 
By homology searches of CYP3A-related sequences in the NCBI dbEST database we identified 
a new CYP3A isoform, denoted CYP3A43. CYP3A43 shares 72-76% identity in amino acid 
sequence with the other CYP3A isoforms. In comparison, CYP3A5 and CYP3A7 show 84 and 
88% identity with CYP3A4, respectively, thus emphasizing the apparent lower homology of 
CYP3A43 with the other CYP3A subfamily members. The basis for this could be a lower 
evolutionary pressure on the gene, thus giving rise to a higher mutation rate, or the evolution of 
a particular enzyme phenotype. The former theory would suggest a lack of function and/or 
importance of the CYP3A43 gene, whereas the latter would implicate a different function and/or 
substrate specificity for the CYP3A43 enzyme. CYP3A43 carries amino acid substitutions in 
regions highly conserved in the other CYP3A enzymes, many of which are important for 
substrate recognition and thus could possibly alter substrate specificity compared to the other 
CYP3As. Many amino acid substitutions are however also found in regions not having been 
allocated a specific function and might instead affect protein folding. 

CYP3A43 expression is insignificant in adult human liver 
In order to investigate the hepatic expression level of the novel CYP3A43, we analyzed 11 
human liver cDNA samples by quantitative real-time PCR and showed that CYP3A43 expression 
was much lower than both CYP3A4 and CYP3A5; 0.1 and 2% of the corresponding levels, 
respectively. To address the tissue specificity of CYP3A43 expression in relation to CYP3A4, 
gene-specific PCR was performed on a tissue cDNA panel of normal (n=17) and malignant (n=5) 
tissues that had been normalized to several different house-keeping genes by the manufacturer 
(Clontech). A cDNA produced from liver mRNA was also included. The results have been 
presented both as the band intensity observed at 40 cycles (Fig. 3 in paper I) and as a 
semiquantitative monitoring of the PCR product after every 2 cycles (Table 1 in paper I). It could 



30

be concluded that the highest level of CYP3A43 is present in the liver, followed by that of the 
testis. Low or absent expression was detected in the remaining 20 tissue samples, examples of 
which are lung, kidney and brain. Relative comparison of levels can not be done at 40 cycles 
since plateau levels may have been reached for certain reactions. Thus, Figure 3 in paper I only 
provides with an overview of the expression pattern. However, a lack of detection of PCR 
product at 40 cycles is a strong indication of the absence of transcript in that particular tissue. 
Table 1 in paper I, describing the approximate cycle when a visible band is showing up on gel, 
provides with a somewhat better comparison between tissues and between isoforms. It should 
however be emphasized that the purpose of this part of the study was to screen different tissues 
for making a qualitative analysis. 

Expression of recombinant CYP3A43 in mammalian cells yields no detectable protein 
In order to analyze any CYP3A43 enzyme activity, the CYP3A43 and CYP3A4 cDNAs were 
heterologously expressed in different cell systems. In contrast to CYP3A4, no detectable 
CYP3A43 protein was produced as measured by Western blot analysis using four different 
antibodies in COS-1, H2.35 and HEK293 cells.  

Since a quenching effect of total protein amounts on immunodetectable bands can be seen 
when loading >20 µg of total human liver protein (see paper II), the amounts of 30-40 µg that 
was used for Western blot analysis in paper I could be expected to exert a quenching effect on 
the immunosignal. However, since CYP3A4 expression was readily detected (Fig. 5), the total 
protein amounts loaded can not be considered a problem for this study, where the aim was not a 
quantitative but a qualitative analysis. In addition, quenching appears only to be a problem in 
Western blotting analysis using human liver microsomes but not when using transfected cell 
lines, probably due to a difference in the protein expression pattern. In fact, as apparent from 
staining gels with Coomassie blue or membranes with Ponceau S, human liver express many 
proteins with a molecular weight around 50 kD, which is the approximate molecular weight of 
P450s. 

In total, four different antibodies were tested. The H2.35 cell line showed only low expression of 
the positive control transfected with CYP3A4 cDNA using one antibody (see Fig. 5) and this cell 
line was therefore not tested further due to its apparently lower efficiency for heterologous 
expression compared to the other cell lines. Three antibodies were directed to purified enzymes 
(human CYP3A4, rat CYP3A1 and rat CYP3A2) and were all binding to CYP3A4, CYP3A5 and 
CYP3A7, thus making cross reactivity with CYP3A43 very likely. Still, no CYP3A43 protein could 
be detected as evident from Figure 5. 
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Figure 5. Lysate equivalent to 30-40 µg of protein from H2.35, COS-1 and HEK293 cells transfected with CYP3A4 
cDNA, CYP3A43 cDNA or empty expression vector as analyzed by Western blotting using a CYP3A4/5/7 antibody 
(Gentest, A254) and cDNA expressed CYP3A4 as positive control (r3A4, Gentest, 0.07 pmol). As evident from the 
blots, CYP3A4 but not CYP3A43 is expressed. Another three antibodies were tested and gave similar results.           

                                                                                                                                                                                

Expression of recombinant CYP3A43 in yeast yields no detectable protein 
No CYP3A43 protein or activity could be detected when transfecting yeast cells with a CYP3A43 
expression vector and assessing the expression and activity using CO spectra and testosterone 
incubations, respectively. By contrast, CYP3A4 was successfully expressed and displayed a 
high hydroxylation rate of testosterone. One could question whether testosterone is a suitable 
substrate to assess CYP3A43 activity since many of the protein sequence variations compared 
to the other CYP3A enzymes are present in substrate recognition sites. However, even though 
substrate specificity and regioselectivity varies slightly between CYP3A enzymes, there is 
normally a very large overlap between them (50, 95), thus making it likely that the CYP3A43 
enzyme, if expressed, would metabolize testosterone at least to some extent.  

In conclusion, CYP3A43 is expressed at low levels in human tissues and the lack of  
i) enzyme activity, ii) proper CO spectra, and iii) detection by Western blotting in cDNA 
transfected cell systems together suggest that CYP3A43 is expressed at levels too low to 
be detected and/or that the protein is not efficiently translated and/or that the protein 
product is unstable. Thus, the identification of CYP3A43 did not provide with an 
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explanation to interindividual variation in CYP3A expression and activity and the 
CYP3A43 gene is likely to encode a defect gene product.  

CYP3A43 as discussed by others 
At about the same time as paper I was published, another two groups also presented their 
identification of the novel CYP3A43 enzyme (96, 97). Domanski et al. and Gellner et al. (96, 97) 
found that CYP3A43 was detected at the mRNA level in adult liver, kidney, pancreas and 
prostate, but not at levels high enough to be detected in dot blots of human tissue (96). In liver, 
the level of expression of CYP3A43 mRNA was shown by Koch et al. (54) and Gellner et al. (97) 
to be <0.5% of that of total CYP3A transcripts, which is in agreement with our data. CYP3A43 
has also been shown to be subjected to extensive differential splicing (96, 97). A very high 
percentage (57%) of CYP3A43 clones amplified from human liver are differentially spliced, the 
translation products of which are likely to be inactive (96). The low expression of CYP3A43 
mRNA together with the apparently improper splicing indicates that there is no evolutionary 
pressure on the CYP3A43 gene and that the gene product is not crucial for any physiological 
function.  

Domanski et al. (96) expressed the N-terminally modified CYP3A43 enzyme in E. coli at a level 
of less than 10% of that of CYP3A4. Under standard procedures, the purified CYP3A43 protein 
showed no signs of catalytic activity towards testosterone or progesterone. Under modified 
assay conditions (type of buffer and molar ratios of P450 to NADPH-P450 reductase to 
cytochrome b5 was modified), CYP3A43 showed a 6 -hydroxylation activity of testosterone that 
was 3% of that of CYP3A4 at the most. The rate of testosterone hydroxylation was however 
extremely low and data for mock transfected negative controls were not presented (96). 
Specifically, the 6 -hydroxylation activity of CYP3A4 varied from 10 to 45 nmol/min/nmol, 
whereas the corresponding activity for CYP3A43 was repeatedly either 0.2 or 0.3, thus possibly 
reflecting background activity. In contrast, we could not express the wildtype CYP3A43 cDNA in 
any of four expression systems, representing both yeast and mammalian cell lines. It is possible 
that the extensive modifications of the CYP3A43 N-terminus as carried out by Domanski et al.,
and leading to a removal of ten amino acids and a substitution of another seven amino acids, 
had an impact on enzyme stability and/or activity that thus could not be considered to represent 
native CYP3A43 expression and/or activity. In fact, Finta et al. (98) has shown that the naturally 
occurring trans-spliced transcript of CYP3A43 exon 1 with CYP3A4 exon 2-13 significantly 
reduces the activity of the resulting protein towards testosterone as compared to the CYP3A4 
full length transcript. The N-terminus has been shown to be important for the targeting, insertion 
and retention of P450s in membranes (99). In addition, modification of the N-terminus appears 
to affect the interaction between P450 and cytochrome P450 reductase (100). 
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By immunohistochemical analyses of normal and tumor colon samples by a range of different 
antibodies, CYP3A43 was found to associate with Dukes stage of tumors (101). In the paper, it 
is however neither described in which direction this association is present, i.e. increase or 
decrease of CYP3A43 expression with increasing severity of Dukes stage, nor is the specificity 
of the antibody described. The antibody could possibly cross-react with other CYP3A proteins or 
even completely unrelated proteins, thus giving erroneous results. CYP3A43 expression was 
also reported to be induced in ovarian cancers by the same group and using the same antibody 
(102).  

Several papers have been published on different polymorphic CYP3A43 alleles and their 
respective frequencies in different populations (103-105). Based on statistical analyses, two 
studies suggest an increased risk of prostate cancer among men carrying the CYP3A43*3 allele 
(106, 107). However, true expression of the CYP3A43 enzyme is as mentioned questionable 
and the polymorphism is uncharacterized regarding its functional effect. These statistical 
associations can thus not be considered very meaningful.  
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Paper II - Comparative analysis of CYP3A expression in human liver suggests 
only a minor role for CYP3A5 in drug metabolism

To further investigate factors potentially contributing to CYP3A variability, we aimed at 
determining the relative contribution of the different CYP3A enzymes to the overall CYP3A 
expression and activity, with particular emphasis on the polymorphic CYP3A5 enzyme. At the 
time of initiating our study, polymorphic protein expression of CYP3A5 had been known for 
about a decade (61, 62, 66). However, the exact contribution of CYP3A5 to total CYP3A levels 
had been scarcely determined and most reports had quantified the sum of CYP3A rather than 
the exact level of individual CYP3A enzymes. The opinion was however that CYP3A5 
expression could be significant and have a large impact on total CYP3A expression and activity 
in Caucasians. In particular, the paper by Kuehl et al. (65) claimed exceptionally high levels of 
hepatic CYP3A5. Our aim was thus to quantitatively determine the importance of CYP3A5 
expression by use of isoform-specific antibodies and carefully determined standard preparations, 
and to relate the expression of CYP3A5 to the CYP3A5 genotype and to CYP3A activity. Thus, 
our study contributed with an accurate determination of the hepatic CYP3A5 content in 
Caucasians.  

CYP3A5 mRNA levels in adult human liver in relation to other CYP3A enzymes and to 
CYP3A5 genotype 
The mRNA levels of CYP3A4, CYP3A5, CYP3A43 and PXR was determined in a human liver 
bank of 46 samples by quantitative real-time PCR. In paper I, quantification of CYP3A4, 
CYP3A5 and CYP3A43 had already been presented for 11 of the livers. In the extended set 
presented in paper II, CYP3A43 expression remained insignificant compared to the other 
CYP3A enzymes (0.1% of total CYP3A in both papers. CYP3A4 accounted for 96% and 
CYP3A5 for 4% of total CYP3A mRNA in both studies. CYP3A5 mRNA contributed to 10% of 
total CYP3A mRNA in livers carrying the CYP3A5*1 allele (8% for all livers with quantifiable 
CYP3A expression) and the CYP3A5 mRNA levels were significantly higher in liver samples 
carrying the CYP3A5*1 allele compared to those homozygous for the CYP3A5*3 allele 
(p<0.001). The CYP3A5*3 allele carries a polymorphism in intron 3 that creates a cryptic 
consensus splice site and leads to the production of aberrantly spliced CYP3A5 mRNA (65).  

CYP3A5 protein levels in adult human liver in relation to other CYP3A enzymes and to 
CYP3A5 genotype 
As has been discussed in the Methodology chapter, the CYP3A4 and CYP3A5 protein levels in 
human liver microsomes were quantified by Western blotting by use of a CYP3A4 and a 
CYP3A5 human liver standard sample that had been quantified against specific peptide-
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conjugates and isoform-specific antibodies. The effect of quenching of the immunosignal by the 
amount of total protein was also taken into consideration (see Methodology). 

We were able to quantify CYP3A5 protein in 11% of the livers based on the apparent detection 
limit of 6 pmol/mg calculated as the interception of the linear standard curve with the pmol axis. 
Very faint bands below the detection limit were occasionally visible but could not be quantified 
due to the low signal-to-noise ratio. The range of CYP3A5 protein levels was 7-48 pmol/mg in 
the five livers with quantifiable CYP3A5, thus a significantly more narrow expression range than 
that of CYP3A4 with a range of 15-600 pmol/mg in all samples with quantifiable CYP3A4 (mean 
194 pmol/mg, detection limit of 15 pmol/mg). CYP3A5 was expressed on average at 31 pmol/mg 
in quantifiable samples, but only at 3 pmol/mg among all samples. 

The only four livers that carried the CYP3A5*1 allele in our sample set (allele frequency 4%) 
were all within the group of the five livers with quantifiable CYP3A5 protein amounts (18-48 
pmol/mg). One liver was homozygous for the CYP3A5*3 allele but had low but quantifiable 
CYP3A5 levels (7 pmol/mg). Thus, the CYP3A5*3 allele can produce small amounts of correctly 
spliced mRNA (65) and subsequently also protein, as we have been able to show in this study. 
This is also in line with the trace amounts of CYP3A5 protein detected in some of the livers 
within our panel as mentioned above. CYP3A5 was calculated to contribute on average to 16% 
of total CYP3A protein (range 5-27%) in the subset of livers where CYP3A5 could be quantified, 
and to 17% of total CYP3A protein in the livers carrying the CYP3A5*1 allele. Among all 
samples, CYP3A5 was only contributing to 2% of total CYP3A protein. Some papers have 
reported a higher contribution of CYP3A5 to total CYP3A protein in Caucasians, both in the 
aspect of a higher CYP3A5*1 frequency and a higher level of CYP3A5 protein in CYP3A5*1
carriers (65, 108). This discrepancy could be due to the composition of particular liver panels 
studied and/or differences in the quantification methods, such as differences in the specificity of 
the antibody or in the standards used for quantification. 

In conclusion, our data indicate that the overall contribution of CYP3A5 protein to the 
hepatic Caucasian CYP3A pool is low. Based on our study, it appears that the 
polymorphic expression of CYP3A5 is not a major explanation for the extensive CYP3A 
variation observed in Caucasians. 



36

CYP3A5 and drug metabolism 
Considering the variability in CYP3A5*1 allele frequency between populations, CYP3A5 
expression could be considered significant in 10-90% of individuals depending on the population 
studied (109). Africans have a much higher frequency of the CYP3A5*1-mediated high 
expression phenotype as compared to Caucasians (109).  

The occurrence of the CYP3A5*1 allele has been associated with pharmacokinetics of the 
immunosuppressants tacrolimus and cyclosporine, which both have narrow therapeutic 
indexes and show high interindividual variation in their pharmacokinetics. The plasma levels of 
both drugs are markedly lower in patients carrying the CYP3A5*1 allele, although the effect of 
CYP3A5 genotype is larger for treatment with tacrolimus (110-112). In addition, tacrolimus 
plasma concentration in liver transplant recipients has been shown to be affected by the 
CYP3A5 genotype of the donor liver (113, 114). A doubling of the tacrolimus dose has been 
suggested for CYP3A5*1 carriers (115) and the CYP3A5 genotype is predicted to explain up to 
45% of the variability in dose requirement (112). Immunosuppressants are also substrates for 
the P-gp transporter. The gene encoding P-gp, MDR-1, lies in the same chromosomal region as 
CYP3A5 (7q21) and could thus be a confounding factor in CYP3A5 association analyses. 
However, linkage between the two genes is unlikely since there is an approximately 12 Mb 
distance between them, and lack of linkage has indeed been the result of linkage disequilibrium 
analyses (116). In addition, associations of CYP3A5 genotype with for example tacrolimus 
pharmacokinetics has been widely reported, whereas P-gp associations are poorer (117). It 
seems however that the P-gp levels affect the bioavailability of tacrolimus during the first week 
after transplantation but not during subsequent weeks (113), possibly due to an increased 
saturation of the transporter during continuous treatment (57, 58). The opposite appears to be 
true for CYP3A5; i.e. the CYP3A5 genotype does not affect tacrolimus levels during the first 
week, but during subsequent weeks (114). For cyclosporine, the CYP3A5 genotype has been 
shown to have a relatively large effect on drug concentration also during the first week of 
treatment, in addition to the comparatively smaller effect exerted by the MDR-1 genotype (110). 
Overall, it appears that CYP3A5 has a larger effect on immunosuppressant drug concentration 
during long-time treatment, whereas P-gp affects drug concentration only during the initial 
phase.  

It seems apparent that subjects with a CYP3A5 high expression phenotype generally require 
higher doses of immunosuppressants to obtain sufficient plasma levels after organ 
transplantation. Due to the narrow therapeutic window of immunosuppressants and thus the 
necessity of therapeutic drug monitoring (118), it is however unlikely that information on the 
CYP3A5 genotype would assist in individualizing drug dosing. 
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The pharmacokinetics of alprazolam, a drug used in the treatment of anxiety and panic 
disorders, has been shown to be affected by CYP3A5 genotype. This is manifested in a lower 
alprazolam AUC after a single oral dose in carriers of the CYP3A5*1 allele as compared to those 
not carrying the allele (119). Since the therapeutic window in alprazolam treatment is relatively 
narrow (120), it can be hypothesized that some patients would benefit from a CYP3A5 
genotype-based drug dosing. However, additional studies using continuous treatment protocols 
would be necessary in order to evaluate the validity of such a hypothesis. 

The pharmacokinetics of the antimalaria drug quinine is influenced by the CYP3A5 genotype, 
whereby CYP3A5*1 confers an increased metabolism of quinine in particular in Africans but not 
in Caucasians. This is due to a 7 times higher CYP3A5*1 frequency in Africans compared with 
Caucasians (121). In vitro, it has been shown that quinine causes a concentration-dependent 
inhibition of the infectivity of Plasmodium falciparum (122). Thus, CYP3A5*1 has the potential to 
negatively influence the outcome of treatment of malaria. 

In summary, CYP3A5 expression can be an important factor for drug pharmacokinetics in 
Caucasians on an individual basis, but is more important among Africans. 
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Paper III - CYP3A7 protein expression is high in a fraction of adult human livers 
and partially associated with the CYP3A7*1C allele 

In the continuous search for factors explaining CYP3A interindividual variability and due to the 
finding that CYP3A7, which had previously been considered a fetal CYP3A isoform, was found 
to be expressed at the mRNA level at significant amounts in 10-15% of adult human liver 
samples (40, 54), we initiated a study to examine CYP3A7 protein expression in adult human 
liver to investigate the contribution of CYP3A7 to total CYP3A. Attempts to estimate the level of 
CYP3A7 based on enzyme activity had previously been carried out (123), as had poor Western 
blotting techniques using inadequately chosen standards and uncharacterized antibodies (124). 
The apparent lack of a reliable CYP3A7-specific antibody to determine the exact CYP3A7 levels 
in adult livers encouraged us to develop a new peptide-specific CYP3A7 antibody, by which we 
reliably could assess CYP3A7 expression in adult livers together with a carefully determined 
standard preparation. 

CYP3A7 protein levels in adult human liver in relation to other CYP3A enzymes  
A CYP3A7-specific antibody was developed that did not cross-react with CYP3A4 or CYP3A5. 
As has been described in the Methodology chapter, a recombinant CYP3A7 preparation 
(Gentest) was determined regarding its holo- and apoprotein amounts by use of a CYP3A4 
antibody and a peptide-conjugate, and thereafter used as a standard. The CYP3A7 antibody 
was less sensitive than the CYP3A5 and CYP3A4 antibodies used in paper II, as reflected in a 
detection limit of 23 pmol/mg as compared to 6 and 15 pmol/mg for the CYP3A5 and the 
CYP3A4 antibody, respectively. A subset of 10% of livers (6 of 59) could be quantified regarding 
their CYP3A7 protein content and is thus in concordance with previous results on the frequency 
of a CYP3A7 high expression phenotype on the mRNA level (40, 54). The range of CYP3A7 
expression among these six liver samples was 24-90 pmol/mg with a mean level of 42 pmol/mg 
(4 pmol/mg among all samples). 

In order to relate CYP3A7 protein expression with the expression of total CYP3A, we quantified 
the CYP3A4 and CYP3A5 protein amount in a subset of 10 livers where CYP3A7 expression 
could be detected or was expected based on the CYP3A7*1C genotype. The CYP3A7*1C allele 
had previously been characterized and contains a partial CYP3A4 promoter containing an 
PXR/CAR element that is associated with adult CYP3A7 mRNA expression (40, 65). As a result, 
we calculated that CYP3A7 contributed to 9-36% (average 24%) of total CYP3A protein content 
in livers where CYP3A7 could be quantified. 

CYP3A5 was expressed in one of the livers that was heterozygous for the CYP3A5*1 allele, and 
corresponds well with the expression frequency of 11% observed in paper II. However, the 
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CYP3A5 expression of 122 pmol/mg was higher in this liver sample compared to that found in 
paper II, where CYP3A5 was never expressed at a level higher than 48 pmol/mg. Since the liver 
panels in paper II and III are from different sources, this could be due to the different 
composition of the sample sets. As a matter of fact, four livers with quantifiable CYP3A5 in paper 
II and one liver in paper III are too few to make a comparison and to evaluate whether the 
CYP3A5 expression between the two panels are indeed different. Since we did not access data 
on drug intake, it is reasonable to assume that CYP3A5 expression could have been induced in 
this particular high-expression liver of paper III (125, 126). 

CYP3A7 protein levels in adult human liver in relation to CYP3A7 genotype 
All liver microsomal samples but four had available DNA samples. Promoter polymorphism in the 
CYP3A7 gene was screened for by sequencing analysis of samples showing detectable 
CYP3A7 expression, but no other polymorphism than CYP3A7*1C was found (see below). All 
samples were genotyped for CYP3A7*2 that was found at a frequency of 12% in our material but 
did not correlate with CYP3A7 expression, as was expected since the CYP3A7*2 allele 
apparently confers increased enzyme activity but not increased CYP3A7 expression (127). The 
CYP3A7*1C allele was determined in all available DNA samples and was found heterozygously 
in seven livers, three of which could be quantified for CYP3A7 expression and another two 
showing trace amounts that could not be quantified. Thus, it appears that the CYP3A7*1C allele 
is associated with increased CYP3A7 expression, although the association could only be 
statistically proven when classifying samples as expressing or not expressing CYP3A7, and not 
when comparing the CYP3A7 levels (see paper III). CYP3A7*1C was however not the sole 
explanation for the high-expression phenotype of CYP3A7 protein.  

CYP3A7 16 -hydroxylates DHEA more efficiently than CYP3A4 (123, 128), whereas CYP3A4 is 
mainly responsible for the 7 -hydroxylation of DHEA (123). Stevens et al. (123) used the 
regioselective difference in the CYP3A4- and CYP3A7-catalyzed hydroxylation of DHEA to 
produce a model and predict the CYP3A4 and CYP3A7 protein levels in adult human livers 
based on their respective DHEA metabolite pattern. The model predicted that two of a total of 
eight adult liver samples expressed significant amounts of CYP3A7 with levels of 32 and 41 
pmol/mg, respectively. The estimated CYP3A7 amounts in livers where CYP3A7 could be 
quantified was thus very similar to our own data based on immunoquantification, whereas the 
frequency of livers with quantifiable CYP3A7 protein expression was 2-fold higher.  

To our knowledge, only Tateishi et al. (124, 129) has claimed to specifically investigate CYP3A7-
specific protein expression in adult human liver. However, data on the specificity of the antibody 
used has never been presented. In addition, the quantification of CYP3A7 is likely overestimated 
(range 1-15 pmol/mg in their Caucasian sample set), which was also stated by the authors. The 
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microsomal standard was originating from a 10-month old child that had been quantified using a 
CYP3A specific antibody. A large part of the detected immunoreactivity using the unspecific 
antibody supposedly comes from CYP3A4 and possibly CYP3A5 and thus does not mirror the 
actual CYP3A7 level in this sample (49, 60, 123). In addition, it appears that quantification was 
based on only one amount of standard loaded rather than a linear standard curve, which makes 
quantification practically impossible.  

CYP3A7 in the metabolism of endogenous and exogenous compounds 
CYP3A7 is involved in the metabolism of retinoic acids (RA, which are antiproliferative and 
differentiating agents. CYP3A7 has been shown to efficiently metabolize all-trans retinoic acid
(atRA) to 4-hydroxy RA at a rate of almost three times faster than that of CYP3A5, and 15 times 
faster than that of CYP3A4 (130). atRA is also metabolized to its 4-oxo, 18-hydroxy and  
5,6-epoxy derivatives by the contribution of several different P450s including CYP3A7, but at 
significantly lower efficiency than the 4-hydroxylation carried out by CYP3A7 (130). The  
4-hydroxylation of the 9-cis and 13-cis RA’s is also carried out by CYP3A7, whereby the 13-cis
hydroxylation is mainly catalyzed by CYP3A7 whereas the 9-cis hydroxylation is more 
dependent on CYP2C8 and CYP2C9 (131). atRA (Tretinoin) is used to treat acute promyelocytic 
leukemia (APL) and can alone induce a very high frequency of haematological remission, but is 
however normally used together with chemotherapy to induce stable transmission (132). It can 
be hypothesized that an increased metabolism of atRA mediated by a CYP3A7 high-expression 
phenotype would impact on the outcome of APL treatment, due to the efficient metabolism of 
atRA by the CYP3A7 enzyme. Further investigation is however needed to deduce the relevance 
of such relationships. 13-cis RA (Isotretinoin) is an effective medication for the treatment of 
acne. Since adverse effects are significant for this acne therapy, individualized dosing based on 
drug effectiveness and side effects is often applied (133, 134). Despite the high metabolic 
activity of CYP3A7 towards 13-cis RA, the high expression of CYP3A7 protein discovered in 
certain livers within this study would not be expected to have any major impact on the outcome 
of acne treatment due to the common application of individualized dosing. 9-cis RA (Alitretinoin) 
is used in the treatment of AIDS-related Kaposi's sarcoma (135). Due to the topical 
administration of Alitretinoin and the involvement of CYP2C enzymes in its metabolism, CYP3A7 
expression is not expected to be of any relevance for this drug.  

CYP3A7 16 -hydroxylates the endogenous steroid hormone DHEA, a precursor of androgens 
and estrogens, and its sulfated derivative DHEA-S, which is more stable but readily desulfated to 
DHEA (123, 128, 136). CYP3A7 is however 4 times more efficient in the metabolism of DHEA 
compared to DHEA-S (128). One study has found an association of the CYP3A7 high-
expression phenotype conferred by the CYP3A7*1C allele with decreased endogenous levels of 
DHEA-S in two separate populations of elderly subjects (n=208, women and men; n=345, men) 
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(137). Beneficial effects of exogenous DHEA on disease states such as osteoporosis and 
systemic lupus erythematosus has been suggested (138, 139). Reduced DHEA-S levels have 
also been proposed to be associated with cardiovascular disease, depression and reduced 
immune response (140). Due to its suggested beneficial effect on a variety of physiological 
systems, DHEA has been widely used as a dietary supplement. However, the uncontrolled 
usage of DHEA is controversial and the long-term effects of DHEA supplementation are not 
known. Much of the DHEA-mediated effects and concentration-effect relationships remain to be 
investigated, thus it is too early to speculate on any effect of the CYP3A7 protein high-
expression phenotype. 

In summary, we confirmed a previously observed CYP3A7 high-expression phenotype on 
the mRNA level with that on the more relevant protein level, and found that CYP3A7 
protein is expressed at levels similar to that of CYP3A5. In addition, an association of
CYP3A7 genotype with CYP3A7 protein expression was evident. CYP3A7 is however not 
a determining factor for CYP3A variability in an average Caucasian population. However, 
CYP3A7 expression could be important in a subset of 10% of Caucasians and for a 
subset of substrates.  

Summary on CYP3A protein expression in Caucasian livers
Based on paper I-III, Figure 6 summarizes the contribution of individual CYP3A enzymes to total 
CYP3A protein in an average Caucasian liver. CYP3A43, CYP3A5 and CYP3A7 can not be 
considered to exert any major impact on CYP3A variability in a Caucasian population, although 
enzyme levels in specific subjects can be significant with regard to CYP3A5 and CYP3A7. 

Figure 6. The relative contribution of CYP3A enzymes to total CYP3A protein levels in an average Caucasian liver as 
based on papers I, II and III. The specific contents are 173, 5 and 4 pmol/mg for CYP3A4, CYP3A5 and CYP3A7, 
respectively. CYP3A43 is not expressed. 
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CYP3A7

CYP3A4
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Paper IV - A common novel CYP2C19 gene variant causes ultrarapid drug 
metabolism relevant for the drug response to proton pump inhibitors and 
antidepressants 

The interindividual variation in CYP2C19 activity in vivo among individuals with an EM 
phenotype is large (76, 141). Part of this variation can be attributed to known (see 
www.cypalleles.ki.se) or unknown rare defective alleles that generally are not genotyped for. 
However, since the CYP2C19*2 allele accounts for 75-95% of all PM alleles in Caucasians (PM 
phenotype frequency of 3-5%), it can be calculated that in a population of Caucasian individuals 
defined as CYP2C19*1/*1 based on CYP2C19*2 genotyping, there will be only 2-8% that carry a 
defect CYP2C19 allele other than CYP2C19*2. Thus, additional rare defective CYP2C19 alleles 
do not fully explain the interindividual variability observed among individuals defined as
CYP2C19*1/*1. Consequently, we aimed at investigating potential genetic factors that may 
affect CYP2C19 activity. 

Identification of the CYP2C19*17 allele 
In the search for novel genetic variations in the CYP2C19 gene, we found a -806C>T 
polymorphism in the CYP2C19 5’-flanking region. In all cloned fragments of the CYP2C19 5’-
flank, the -806C>T mutation co-existed with a mutation at -3402 (C>T), indicative of a linkage 
between the two mutations. This finding was supported by the finding of a complete linkage 
disequilibrium of the -806 and -3402 mutations in all genotyped populations, and the allele 
(CYP2C19*17) was found at a frequency of 18% in Ethiopians (n=190) and Swedes (n=314), 
and 4 % in Chinese (n=68). 

CYP2C19*17 mediates a higher transcriptional rate compared to CYP2C19*1 
In order to address the transcriptional activity of the CYP2C19*17 in relation to the CYP2C19*1
allele, the 5’-flanking regions were cloned in reporter vectors. Initially, transfection experiments 
were carried out in several cell lines (HEK293, HeLa, HepG2 and B16A2) using reporter 
constructs with -1570 to +70 bp of the CYP2C19 gene, but no difference between the 
CYP2C19*1 and CYP2C19*17 alleles could be detected in any cell system. Instead, we 
employed an in vivo transfection method in mice with reporter constructs containing -0.9 or -3.5 
kb to -30 bp of the CYP2C19 5’-flanking region. The plasmids were injected into the tail vein of 
the mice and the hepatic expression measured as described in the Methodology chapter. Using 
the -3.5 kb reporter constructs that encompass both polymorphic positions of the CYP2C19*17
allele, there was a trend for higher reporter activity for the CYP2C19*17 genotype compared to 
the CYP2C19*1 genotype, but this difference did not reach statistical significance. However, with 
the -0.9 kb constructs that only contained the -806 polymorphism, the rate of hepatic reporter 
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expression was found to be 2-fold higher (p<0.01) for the CYP2C19*17 as compared to the 
CYP2C19*1 allele. Apparently, the mouse in vivo system was able to express the phenotype 
conferred by CYP2C19 genotype, whereas the cell lines used in this study could not. This 
difference is probably due to the hepatic phenotype of the mouse liver similar to that of human 
liver, the expression of correct transcription factors and the conservation of transcription factors 
between species. 

Prediction of transcription factor binding sites of relevance for the CYP2C19*17-mediated 
phenotype 
Transcription factor binding sites possibly affected by the -806C>T and -3402C>T mutations of 
the CYP2C19*17 allele were predicted using computer algorithms (see Methodology). For the  
-3402 position, there was no indication of loss or gain of relevant transcription factor binding 
sites between the CYP2C19*1 and CYP2C19*17 alleles. For the -806 site however, introduction 
of a T into the wildtype sequence (-806C>T; CYP2C19*17) introduces a transcription factor 
binding site that is highly similar to a GATA binding site. The sequence created by -806T is 
identical to a GATA-1 transcription factor binding site but also resembles binding sequences for 
other GATA transcription factors. There are six known GATA factors (GATA-1 to -6), all of which 
can bind to a consensus sequence. GATA-1 and GATA-2 are haematopoietic factors (142), 
GATA-3 is involved in T-cell development (143) and GATA-4, -5 and -6 are expressed in 
mesoderm- and endoderm-derived tissues, such as heart and gut. In mouse hepatocytes, 
GATA-6, but not GATA-4 or GATA-5, can be detected immunohistochemically (144). In adult 
human liver, GATA-4 and GATA-6 are both expressed at the mRNA level (145, 146). The GATA 
binding site of the CYP2C19*17 allele is identical to a GATA site in the promoter of the liver-
expressed epoxide hydrolase gene, which is shown to be transactivated by GATA-4, and to a 
lesser extent by GATA-6 (147). GATA-4 has also been implied in the regulation of the liver-
enriched expression of the apolipoprotein AI, erythropoietin, serum albumin and Hex genes 
(146, 148-150). Based on binding specificity, expression pattern and regulation of key genes, 
GATA-1, GATA-4 and GATA-6 antibodies were chosen for supershift analyses in EMSA 
experiments (see below). 

Nuclear transcription factors are binding specifically to the 5’-flank of the CYP2C19*17 
allele
To investigate the physical binding of nuclear transcription factors to the polymorphic sites of the 
CYP2C19*17 allele, EMSAs using hepatic nuclear extracts were conducted. No specific binding 
was detected at the -3402 site, neither using the CYP2C19*1 nor the CYP2C19*17 probe. 
However, two bands were detected with the -806T (CYP2C19*17) probe but not with the -806C 
(CYP2C19*1) probe, thus indicating a binding of nuclear proteins only to the CYP2C19*17 allele. 
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In competition experiments with labeled -806T probe, unlabeled probes of the corresponding 
sequence of the CYP2C19*17 and the CYP2C19*1 alleles showed different efficiency in 
competing for protein binding; the CYP2C19*17 probe was more efficient than the CYP2C19*1 
probe. This finding together with the lack of binding of nuclear proteins to the labeled 
CYP2C19*1 probe indicates that the binding of nuclear proteins to the site at -806 is 
CYP2C19*17 specific. In contradiction to the binding site predictions discussed above, we could 
neither detect competition by a GATA consensus sequence, nor produce any supershift using 
three different GATA antibodies. This could be due to the binding of transcription factors other 
than those belonging to the GATA family, or that the consensus probe was not bound efficiently 
by the particular GATA factor and that the conditions were not optimal for supershift analyses. 

CYP2C19*17 is associated with increased enzyme activity in vivo 
By phenotype-genotype association analyses, we found that individuals carrying the 
CYP2C19*17 allele showed increased CYP2C19 probe drug activity compared with individuals 
lacking the allele. In Swedes, we observed a 50% lower median MR of omeprazole in individuals 
homozygous for the CYP2C19*17 allele compared to those not carrying the allele (p=0.010). In 
Ethiopians, we found a 75% lower median S/R-mephenytoin ratio in individuals homozygous for 
the CYP2C19*17 allele compared to those being homozygous for the CYP2C19*1 allele 
(p=0.013). Based on the large variation in CYP2C19 activity observed within the CYP2C19*1/*1
genotype group and compared to the apparent lack of variation in the CYP2C19*17/*17
genotype group (Fig. 1 in paper IV), it can be postulated that the binding of nuclear protein to the 
CYP2C19*17 allele that we have shown in the current study would sterically hinder the binding 
of other nuclear protein(s) with inhibitory function from exerting their effect. The inhibitory nuclear 
protein could be present at different levels or with different relative activities within the 
CYP2C19*1/*1 group, thereby exerting a larger or smaller inhibitory effect, thus giving rise to the 
variation in enzyme expression and activity. Blocking of this effect would give rise to a high-
activity characteristic, as could be the mechanism for the CYP2C19*17-mediated high activity 
phenotype. 

Prediction of the effect of CYP2C19*17 on omeprazole AUC
Based on a correlation of omeprazole MR with AUC in 24 healthy Swedish volunteers, we were 
able to estimate that a 50% reduction in MR of omeprazole in CYP2C19*17/*17 individuals 
mentioned above would result in a 37% lower omeprazole AUC compared to those of the 
CYP2C19*1/*1 genotype when omeprazole is given as a single dose of 20 mg (Table 1).  
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Prediction of the effect of CYP2C19*17 on pH increase mediated by omeprazole
Based on our correlation of omeprazole MR with AUC, and the correlation of omeprazole AUC 
with pH presented by Tolman et al. (151), we predict a 0.7 unit difference in mean 24-hour 
intragastric pH between CYP2C19*17/*17 and CYP2C19*1/*1 subjects after omeprazole 
administration (Table 1, pH estimations have not been presented before). The data from Tolman 
et al. (151) is based on 20 mg of omeprazole administration, which is the same dose given to 
our Swedish study subjects. However, their AUC-pH correlation originates from data obtained 
after 5 days of repeated dosing, whereas our omeprazole MR and AUC predictions are based 
on a single dose of omeprazole. Even if it is tempting to make predictions related to the clinical 
use of drugs, one should keep in mind that the genotype to pH predictions are based on 
extrapolations at two levels; from omeprazole MR to AUC and from AUC to pH.  

*17/*17 *1/*17 *1/*1 *1/*2 
n 4 32 71 39 
Omeprazole MR 0.25±0.10 0.53±0.54 0.70±0.58 1.00±0.56
Predicted omeprazole AUC 742±93 1010±507 1171±545 1457±525
Predicted intragastric pH 3.45 3.90 4.10 4.45 

Table 1. Prediction of mean omeprazole AUC (nmol*h/L) and intragastric pH from omeprazole MR in relation to 
CYP2C19 genotype in Swedish subjects. Predictions were based on the correlation of omeprazole MR with AUC in 24 
Swedish individuals (paper IV) and the correlation of omeprazole AUC with intragastric pH from Tolman et al. (151). 
Omeprazole MR and predicted omeprazole AUC are expressed as mean±s.d. 

To summarize our findings, we have identified and characterized a CYP2C19 allele that 
recruits binding of nuclear proteins, thereby increasing the level of transcription and 
conferring an increased CYP2C19 activity in vivo.

CYP2C19 and personality trait 
Recently, Ishii et al. (152) found that CYP2C19 genotype associates with particular phenotype 
traits in female Japanese subjects, but not in males. By assessing personality traits using the 
Temperament and Character Inventory (TCI), three of seven traits were scored differently in 
CYP2C19 PMs and EMs. Specifically, the scores of reward dependence (temperament trait), 
self-transcendence and cooperativeness (character traits) were lower in PM individuals (152), 
thus implying that PM subjects are more practical, tough-minded, socially insensitive, self-
conscious, intolerant, critical and controlling (http://psychobiology.wustl.edu/TCI/whatIsTCI.htm).  

Interestingly, the CYP2D6 genotype has also been implicated in personality trait, whereby PMs 
are less prone to avoid harm and are less careful than EMs (153, 154). The difference in 
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personality trait between CYP2D6 phenotypes appears to be more pronounced in females than 
in males (154), as was also shown for CYP2C19 (152). Since CYP2D6 is expressed in brain and 
involved in the metabolism of neurotransmitter substances (155, 156), the link between CYP2D6 
expression level, brain transmitter levels and personality trait is relatively apparent, although the 
exact mechanism by which CYP2D6 activity affects personality is not yet clear.  

For CYP2C19, expression in brain remains to be determined and specific CYP2C19 substrates 
that may be involved in personality traits are not known. Ishii et al. (152) has suggested that sex 
hormones, which have been shown to be metabolized by CYP2C19, may be responsible for the 
impact of CYP2C19 genotype on personality. However, future studies are needed to confirm the 
effect of CYP2C19 genotype on personality and to investigate potential mechanisms whereby 
personality is affected by CYP2C19 phenotype. One may however speculate whether individuals 
carrying the CYP2C19*17 allele would be more empathetic, supportive, compassionate, 
sensitive, sociable, spiritual and humble than individuals not carrying the allele. 

CYP2C19 and antidepressants 
CYP2C19 metabolizes several antidepressants. The influence of CYP2C19 activity on the 
pharmacokinetics and clinical effect of antidepressant drugs is likely dependent on the relative 
contribution of CYP2C19 metabolism compared with mainly other CYPs (particularly CYP2D6) 
and the outcome of CYP2C19 metabolism (pharmacologically active or inactive metabolites). 
The importance of CYP2C19 metabolism and the formation of active or inactive metabolites vary 
with different antidepressants.  

For moclobemide, a 3-fold higher AUC has been observed in CYP2C19 PM compared to EM 
subjects after a single oral dose (157), and the CYP2C19 probe drug omeprazole and 
moclobemide inhibit each others metabolism in CYP2C19 EMs (157, 158). The plasma 
concentration of moclobemide has not been associated with therapeutic efficacy, instead there 
appears to be a correlation of plasma concentration with side effects (159). Since the CYP2D6 
genotype does not have the potential to affect moclobemide drug levels, CYP2C19 genotype 
appears to be the main predictive factor in moclobemide metabolism (10, 79). 

Amitriptyline is demethylated to nortriptyline by CYP2C19. The CYP2C19 genotype affects the 
metabolic ratio of amitriptyline to nortriptyline as well as the AUC of them both (160-162). 
However, since the sum of amitriptyline and nortriptyline levels are used in therapeutic drug 
monitoring (163), CYP2C19 activity is probably not affecting treatment response and accordingly 
no relationship between CYP2C19 genotype and response has been detected when 
investigated (17). In addition, there is no correlation between drug concentration and response 
for amitriptyline treatment (17). However, CYP2C19 can affect the risk of adverse events, since 
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nortriptyline levels correlate with side effects, as does also the number of active CYP2C19 
genes (17). Specifically, a combination of high CYP2C19 activity and low CYP2D6 activity 
confers the highest risk of side effects since CYP2C19 produces the active metabolite 
nortriptyline whereas CYP2D6 metabolizes nortriptyline into the inactive metabolite 4-
hydroxynortriptyline (17). 

The steady-state plasma concentration of clomipramine has been shown to be affected by the 
CYP2C19 genotype; PMs have a 76 and 41% higher dose- and weight-adjusted plasma 
concentration than individuals carrying none or one defect CYP2C19 allele, respectively (164). 
Despite being considered pharmacologically active, the plasma concentration of the metabolite 
desmethylclomipramine has been reported to be inversely correlated to the clinical effect (165).  

Sertraline is demethylated to an almost inactive metabolite, and sertraline and 
desmethylsertraline AUC have been show to be 41% higher and 35% lower, respectively, in 
PMs compared to EMs when sertraline is given as a single oral dose (166). In vitro it appears 
however that several P450s are involved in the demethylation of sertraline, although CYP2C19 
is representing the most important enzyme (167-169). In addition, the dose-response in 
sertraline treatment is poor as evident from a lack of improved therapeutic effect when 
increasing the dose in non-responders (170). Also, a concentration-response in sertraline 
treatment is not clear as evident from a lack of correlation between serum concentration and 
clinical effect (170).  

Citalopram is metabolized by CYP2C19 into a demethylated metabolite with lower plasma 
concentration and potency than citalopram (171). CYP2C19 preferentially metabolizes the S-
form of citalopram that is considered to mediate the antidepressant effect, and the AUC of 
citalopram and S-citalopram (escitalopram) has been shown to be significantly higher in PMs 
compared to EMs (172, 173). A gene-dose effect has also been shown for both citalopram and 
escitalopram with a difference in concentration/dose ratio, metabolic ratio (drug/metabolite) and 
serum concentration between individuals carrying one or no defective CYP2C19 allele (174). 
Even though the escitalopram plasma concentration-response correlation is not clear, an 
increased dose from 10 to 20 mg appears to increase the response rates in severely depressed 
compared to moderately depressed patients (175). Since CYP2D6 genotype appears not to 
affect citalopram drug levels, CYP2C19 genotype is likely to be the main predictive factor in 
citalopram metabolism (10, 79). 
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A summary on the antidepressant drugs discussed in this section is found below in Table 2. 

CYP2C19 &  
concentration 

Concentration & 
response 

Concentration & 
side effects 

Moclobemide Yes No Yes 
Amitriptyline Yes No Yes 
Clomipramine Yes - Yes 
Sertraline Yes No - 
Citalopram Yes ? - 

Table 2. A summary on the relationships between drug concentration, CYP2C19 metabolism, response and side 
effects for antidepressant drugs discussed in this thesis. 

Part of the lack of correlation between antidepressant dose and/or plasma concentration with 
clinical effect could be attributable to mechanistically different depression phenotypes, whereby 
one drug type can be successfully replaced by another, as has been shown for moclobemide 
(monoamine oxidase inhibitor) non-responders with sertraline (SSRI) replacement therapy (176). 

Augmented CYP2C19 drug metabolism mediated by the CYP2C19*17 allele can potentially be 
important for antidepressant treatment using drugs i) where CYP2C19 appears to serve as the 
major role in the clearance of the drug, ii) where the metabolites are pharmacologically 
irrelevant, and iii) where concentration-response relationships could be expected. At present, no 
antidepressant appears to completely fulfill all these criteria, but future studies are necessary to 
investigate the potential effect of the CYP2C19*17 allele on treatment outcome.  

CYP2C19 and proton pump inhibitors 
CYP2C19 is the main enzyme involved in the metabolism of PPIs such as omeprazole and 
lansoprazole, and the pharmacokinetics and acid inhibitory effect of PPIs are well correlated with 
CYP2C19 genotype in vivo (177-179). As a consequence, CYP2C19 genotype is a strong 
determinant for the success rate in the treatment of acid-related disorders such as 
gastroesophageal reflux disease using PPI only, and H. pylori-positive gastric ulcers using 
today’s triple or quadruple regimens of one PPI and two or three antibacterial agents (21, 179-
182).  

The effect of CYP2C19 is manifested in lower PPI plasma levels and decreased healing rates in 
subjects carrying none as compared to one or two defective CYP2C19 alleles. Thus, it could be 
expected that the CYP2C19*17 allele identified in the current study would confer a higher 
frequency and probability of non-response. So far, only one study has investigated the 
relationship of the treatment success rate of H. pylori-positive peptic ulcers and CYP2C19*17
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genotype using triple therapy with pantoprazole and found no association (183). However, the 
effect of CYP2C19 genotype on rabeprazole pharmacokinetics has been shown to be 
insignificant compared to other PPIs as evident from a 7.4-, 3.7- and 1.2-fold higher drug AUC in 
PMs compared to EMs for omeprazole, lansoprazole and rabeprazole, respectively (184). In 
addition, it has been shown that there is only a small or no effect of CYP2C19 genotype on 
rabeprazole-mediated acid inhibition and eradication of H. pylori (177, 185, 186). Thus, any 
association of rabeprazole pharmacokinetics or pharmacodynamics with CYP2C19 genotype is 
unlikely. 

Since for PPIs there is a strong association of pharmacokinetics with the clinical effect, 
CYP2C19*17 is likely to have an influence on treatment outcome for drug treatment using those 
PPI drugs being significantly metabolized by CYP2C19, such as omeprazole and lansoprazole. 
Due to our prediction of an almost 40% lower omeprazole AUC in individuals homozygous for 
CYP2C19*17 compared to those homozygous for CYP2C19*1, one could expect that 
CYP2C19*17 homozygotes would benefit from a 40 mg dose of omeprazole rather than the 
commonly prescribed dose of 20 mg. 

In Japan, where 20% of the population are PMs, a prospective study of genotype-based (n=149) 
versus standard (n=144) therapy for H. pylori eradication was recently published by Furuta et al. 
(187). Patients assigned to the standard protocol were given 30 mg of lansoprazole twice daily 
together with clarithromycin (CLA, 400 mg) and amoxicillin (750 mg). The genotype-based 
therapy took both the CYP2C19 genotype and the genetically based resistance of H. pylori to 
clarithromycin into account, and the lansoprazole treatment schedules are presented in Table 3.  

CYP2C19-genotype adjusted
  Standard CLA-sensitive CLA-resistant 
EM 30 mg x 2 30 mg x 3 30 mg x 4 
IM 30 mg x 2 15 mg x 3 15 mg x 4 
PM 30 mg x 2 15 mg x 2 15 mg x 2 
Eradication rate 70% 96% 

Table 3. Lansoprazole treatment regimens (dose and number of doses per day) and H. pylori eradication rates as 
presented by Furuta et al. (187). 

The duration of the standard and CLA-sensitive treatment regimens were 1 week, whereas the 
CLA-resistant regimen was 2 weeks. In conclusion, it was found that genotype-based therapy 
lead to an eradication rate of 96%, whereas it was only 70% in those treated by the standard 
protocol. The cost per successful eradication was similar for both strategies, indicating that a 
higher frequency of eradication can be achieved without large costs. Since there is a more than 
four times higher frequency of PMs in the Japanese population as compared to Caucasians, it is 
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possible that a CYP2C19 genotype test to identify carriers of defective alleles would be clinically 
relevant for the treatment of H. pylori infected acid-related ulcers in Japan but not in the Western 
world. Since increased PPI plasma levels in PM individuals do not lead to any significant side 
effects, it is possible that a general increase of the standard drug dose for all Caucasian 
individuals would be a better approach from an economical point of view. 

Few studies have prospectively examined the cost-benefit of pharmacogenetic tests. There is 
however plenty of association studies that show the impact of genotype on drug levels. Such 
studies are of course very important to establish a relationship between genotype and 
pharmacokinetics. However, the most important studies are those evaluating the importance of 
pharmacogenetics in a clinical setting. Prospective studies that investigate the potential benefit 
of genotype-adjusted drug dosing on drug efficacy and therapy outcome are thus invaluable for 
the future implementation of pharmacogenetics in the clinics. 

CYP2C19 and prodrugs 
As opposed to the beneficial effect of carrying defective CYP2C19 alleles in PPI treatment, 
defective alleles lead to reduced activation of the antithrombotic prodrug clodipogrel, whereby a 
higher platelet aggregation and thus higher thrombosis risk is observed in PM individuals 
compared to EMs (188). It can thus be hypothesized that carriers of the CYP2C19*17 allele 
would have an advantage in clodipogrel treatment and suffer from a lower frequency of 
thrombotic events during antithrombotic treatment.  

CYP2C19 and benzodiazepines 
Benzodiazepines are CYP2C19 substrates. Diazepam has anxiolytic, sedative, and amnestic 
properties and can be used to treat preoperative anxiety. PMs of CYP2C19 have been shown to 
take almost double the time to emerge from general anesthesia than EM individuals, due to a 
35% lower clearance of diazepam and thus prolonged sedation in these patients (189). The 
anesthetic sevoflurane and the analgesic fentanyl that were used in the study by Inomata et al.
(189) are not metabolized by CYP2C19, whereby the observed effect is diazepam-mediated.  

Etizolam is a related compound being used for anxiety disorders and the pharmacokinetics of 
single doses are affected by CYP2C19 genotype. Thus, PMs demonstrate a higher etizolam 
AUC than EMs and a higher level of etizolam-induced sleepiness as determined by test scores 
(190).  

Clobazam is used in the treatment of epilepsy and is mainly converted to N-desmethylclobazam 
that has a longer half-life than the parent drug and is considered to possess partial 
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pharmacodynamic effects, in addition to exerting much of the side effect characteristics of the 
drug (191). CYP2C19 catalyzes the further metabolism of N-desmethylclobazam to  
4-hydroxydesmethylclobazam, a route that is drastically impaired in PM subjects, thereby 
potentially causing an increased risk of side effects such as drowsiness (192, 193).  

CYP2C19*17 might have the potential to reduce emergence time in general anesthesia due to a 
lower level of diazepam sedation, to reduce etizolam-induced sleepiness, and to reduce the risk 
of side effects in clobazam treatment of epilepsy. 

In summary, the CYP2C19*17 allele is most likely to influence treatment outcome for 
drugs that i) are mainly metabolized by CYP2C19, and ii) display a clear concentration-
response relationship. Thus, the CYP2C19*17 allele is more likely to be influencing on 
therapies using proton pump inhibitors than those using antidepressants. This is due to a 
strict plasma level-response relationship for antiulcer drug treatment, whereas this is not 
the case for antidepressant therapy. 
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Aspects and considerations in CYP nomenclature 

The appendix (paper V) describes the submission criteria, procedures, and objectives regarding 
The Human Cytochrome P450 Allele Nomenclature (CYP-allele) Website (www.cypalleles.ki.se). 
This website summarizes P450 alleles and maintains a common P450 nomenclature system. It 
was initiated in 1999 as an attempt to limit the variety of nomenclature approaches that was 
already present within the field, in order to unify them into one nomenclature system. The aim 
was also to define alleles having an impact on enzyme function to create a better platform for 
future studies. I have been responsible for the website as its Webmaster since January 2004, 
thus reviewing all incoming errands, managing questions and suggestions, solving problems and 
reviewing submitted alleles for designation of allele names. For particularly problematic issues or 
questions regarding the content information of the website, the chairman of the Advisory Board 
Dr Ingelman-Sundberg has been consulted. The Advisory Board is responsible for overall 
nomenclature definitions and principles. 

The CYP-allele website 
On the CYP-allele website, all identified allelic variants of a specific P450 gene are listed. The 
summary of information on the website serves the purpose of introducing the visitor to known 
alleles, their sequence content, their effect on the gene products, and what could be expected 
regarding their influence on activity both in vivo and in vitro.

For functional polymorphisms, i.e. those giving rise to amino acid changes, splice defects or 
other types of measurable phenotypes, links to the NCBI dbSNP database has recently been 
introduced when present in this database. Only functional variations have been linked, since 
those are the important ones both for the resulting phenotype and normally for the purpose of 
genotype analyses. Thus, intronic SNPs with unknown function or conservative exonic SNPs 
have not been linked at this stage. Accordingly, the dbSNP links helps to highlight functional 
SNPs on the website.  

A cDNA and/or genomic reference sequence is presented that corresponds to the *1 allele and 
also the wildtype protein sequence is provided. This makes it easy for the visitor to check exact 
positions and surrounding sequence context in addition to the obvious necessity of defining the 
wildtype allele. In the past, the reference sequences were chosen based on the first sequenced 
allele, which did not necessarily correspond to the most common one (although this may vary 
from population to population). Due to the genome project, genomic sequences are widely 
accessible and for incorporation of new P450 enzymes today, reference sequences are normally 
chosen from the respective reference sequence of the NCBI database. However, the NCBI 
reference is not necessarily the most frequent one, neither is it assured that it confers normal 
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activity of the respective protein, whereby choice of reference sequence for the website must be 
carefully considered.  

Allele frequency links has recently been introduced on the CYP-allele website. It was discussed 
whether allele frequency data should be included as a column in the table along with the other 
parameters. However, due to varying allele frequencies among different populations this data 
would be too extensive and overwhelming and was instead put as reference links under the 
table.  

A polymorphism is generally defined as a nucleotide variation occurring at a frequency higher or 
equal to 1%. One should remember that several alleles that are present on the CYP-allele 
website can not be considered to fulfill this criterion; some are very rare and thus not very 
important to consider for future genotype studies.  

Haplotype considerations 
The CYP-allele website attempts to serve as a form of quality control by demanding a thorough 
characterization of new alleles. The haplotype generally needs to be proven experimentally, 
although haplotype predictions produced by computer algorithms have been included. Such 
alleles are indicated as “predicted haplotypes”. Preferentially, the haplotype of novel alleles 
needs to be confirmed and not predicted. Examples of methods to sequence and characterize 
the haplotype are to amplify and clone the whole gene when possible (can be done for e.g. 
CYP2D6 with a gene size of only about 4.5 kb but is basically impossible for CYP2C19 with a 
gene size of approximately 90 kb), or to clone parts of the gene that contains more than one 
polymorphism, thus making it possible to build genotype maps. Another possibility is to run 
allele-specific PCR for one polymorphism and amplify over a region that contains other 
polymorphism(s) to characterize the linkage between them, thus making cloning procedures 
unnecessary. 

Allele definitions 
For assignment of a novel allelic number (for a definition see section CYP nomenclature and 
definitions in the Introduction chapter), any effect on enzyme activity does not need to be proven 
when polymorphisms yield apparent effects such as amino acid changes or frame shifts. 
However, for variations predicted to affect for example splicing, translation or gene expression, 
the effect needs to be experimentally confirmed. The majority of alleles are however based on 
amino acid substitutions. 
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In general, in order to define an allele as mediating a decreased, abolished or increased activity, 
experimental data must be convincing and should preferably be presented together with 
statistical analyses supporting the data. In vitro and in vivo characterizations are both presented 
on the website, of which in vivo data from human studies are naturally more reliable than in vitro
studies due to the artificial way by which in vitro studies are carried out. However, one should 
also differentiate between the reliability of different in vitro methods; human liver microsomes 
may for example serve as a better tool than P450s expressed in bacteria where folding and 
post-transcriptional modifications can be affected. On the other hand, associations of genotype 
with in vivo phenotype could be impaired by for example a sample population showing an 
uneven distribution of another allele not being genotyped for, or by other factors that by one way 
or the other will make individuals within specific genotype groups heterogeneous. Therefore, 
there will always be a larger magnitude of variation in a partly uncontrolled in vivo system than in 
an in vitro system such as expression systems where the starting point is homogenous (e.g. the 
cells used are identical for all samples). Consequently, in vivo and in vitro studies complement 
each other and both should be taken into consideration when possible. 

Gene size considerations
When defining how much of a gene should be sequenced in order to be considered well 
characterized and included as an allele, there is always a balance between the amount of work 
needed and the possible benefit of that work. As stated in the Inclusion criteria on the website 
(www.cypalleles.ki.se/criteria); “a gene is considered as 5 kb upstream from the transcription 
start site to 500 bp downstream of the last exon, unless a regulatory element has been 
characterised at a more distant part of the gene and thus will be considered as part of the gene”. 
Most often, this complete gene region would be considered too large for sequence analysis in 
relation to the potential profit. Thus, the minimum parts to be sequenced are the exons. 
Preferably, intron/exon junctions and at least some hundred base pairs upstream of the first 
exon should be sequenced. This way it can be shown that there are no additional 
polymorphisms likely to affect splicing or the basic transcription machinery. Since the 3’ end has 
increasingly found to be important for RNA stability, microRNA binding and RNA processing 
(85), sequencing the transcribed region downstream of the last exon would be advised. One 
should keep in mind that the current definitions of which parts of a gene should be considered 
important for sequencing analysis are just recommendations.  

Suballeles
Lately, I have been forced to be more restrictive in providing novel suballele (letter) names such 
as *1B, *1C etc, i.e. alleles containing additional nucleotide changes with unclear function 
besides the functional one that gives rise to the allele number. This is due to the increasing 
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amount of sequence information submitted to the website and the apparent lack of additional 
function/information of these new suballeles. In addition, many suballeles may not be true novel 
alleles but only variations in the size of the gene studied and/or sequence resolution differences 
between different research groups/studies. The current guideline is not to assign new letter 
alleles unless they are described together with the novel finding of a functional variant.  

For many colleagues in the field, it has become a standard procedure to submit new alleles to 
the website in order to receive an allelic name before submission to a journal. This has been 
encouraged by the committee and helps in unifying allele nomenclature and may also assist the 
authors since the allele composition and the way it has been characterized is reviewed 
beforehand. In addition, correct choice of reference sequence is ensured and inconsistencies 
may be cleared.  

In the very near future, 27 allelic P450s are presented on the CYP-allele website. At the 
time of defence of this thesis, close to 180 000 visits have been registered since the 
website got started 6 years ago. There are currently 700-1000 visits per week from all 
parts of the world and from academic research institutions as well as from the industry. 
The possibility to easily access a summary of characterized alleles and their functional 
consequences is an invaluable tool that saves much time for individual researchers and 
aids in defining relevant genotype targets in future studies.
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SUMMARY AND CONCLUSION 

The current study has examined genetic factors potentially explaining the variability in enzyme 
expression and activity in the CYP2C and CYP3A subfamilies of drug metabolizing enzymes. 

1. We have investigated genetic factors that may contribute to CYP3A interindividual variability 
in Caucasian adults at three levels: 

A. By the identification and characterization of possible novel CYP3A members 

B. By the evaluation of the importance of polymorphic CYP3A5 expression 

C.  By determining the contribution of polymorphic CYP3A7 expression  

We were able to conclude that: 

 A yet unidentified member of the CYP3A subfamily, CYP3A43, is present in the 
human genome  

 The mRNA expression of the novel CYP3A43 was insignificant compared to CYP3A4 
in adult human liver 

 The CYP3A43 protein was not properly expressed in heterologous expression 
systems 

 The CYP3A43 enzyme does not contribute to variation in CYP3A activity due to its 
very low expression and apparent lack of translation to protein 

 CYP3A5 is polymorphically expressed in approximately 10% of livers and its 
expression is almost completely explained by the CYP3A5*1 allele 

 The expression of both CYP3A5 mRNA and protein is much lower than that of  
CYP3A4  

 CYP3A5 enzyme expression does not contribute to CYP3A levels to a significant 
extent in the general Caucasian population 

 CYP3A7 protein is expressed in adult liver at surprisingly high levels, contrary to the 
previous view of CYP3A7 as a fetus-specific isoform 

 CYP3A7 is expressed in approximately 10% of adult human livers and the expression 
is partially associated with the CYP3A7 genotype 

 The expression of CYP3A7 protein is considerably less than that of CYP3A4, but 
equal to that of CYP3A5 
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 CYP3A7, although being expressed at unexpectedly high levels in adult liver, can not 
be considered as a major determinant for variation in CYP3A activity 

In summary, part of the variation in CYP3A expression and activity can be explained by 
polymorphic CYP3A5 and CYP3A7 expression. However, variation in CYP3A activity 
appears not to be explained by any single major factor, but is rather reflected in a complex 
network of variability affecting CYP3A expression and activity. This effect is probably exerted 
at several levels; for example variable CYP3A expression due to CYP3A polymorphism, 
enzyme induction and inhibition events, or polymorphism in genes other than those studied 
here. 

Since a large part of the interindividual variation in CYP3A activity has been suggested to be 
of genetic origin, other yet unidentified genetic factors may be exerting an effect on CYP3A 
activity. The CYP3A4 gene has been extensively studied regarding genetic polymorphism, 
but no major findings on allelic variation affecting drug metabolism has been found. Thus, 
genetic variation elsewhere in the genome may show to be important in the future, such as 
those found in microRNA sequences or in genes encoding other products regulating CYP3A 
expression. Since a vast number of studies have tried to elucidate the genetic basis for 
CYP3A variation without any major success, it would be valuable to confirm the general 
impact of genetic factors on CYP3A activity by for example twin studies, which has not yet 
been carried out.  

2. By investigating polymorphism behind variability in CYP2C19 extensive metabolism we 
could conclude that: 

 We identified a novel CYP2C19 allele, CYP2C19*17, with a -806C>T and a  
-3402C>T single nucleotide polymorphism

 The -806 polymorphism introduces a binding site for hepatic nuclear protein that is 
specific for the CYP2C19*17 allele

 The CYP2C19*17 allele confers increased transcriptional activity of the CYP2C19
gene

 Carriers of the CYP2C19*17 allele have an increased CYP2C19 enzyme activity as 
measured by two different probe drugs in two racially different populations

 Based on correlation studies, we expect an almost 40% lower omeprazole AUC after 
a single oral dose in subjects of the CYP2C19*17/17 genotype compared to those of 
the CYP2C19*1/*1 genotype
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In summary, we have identified a novel CYP2C19 allele conferring increased CYP2C19 
enzyme activity. Carriers of the CYP2C19*17 allele are expected to experience a higher risk 
of non-response in the treatment of gastric ulcer due to increased metabolism of antiulcer 
drugs, a beneficial effect in treatment with certain antithrombotic drugs due to increased 
bioactivation of prodrug to active drug, and a potentially increased risk of non-response in 
antidepressant treatment due to increased metabolism of certain antidepressants.  

In the future, it would be valuable to further evaluate the effect of the CYP2C19*17 allele on 
the pharmacokinetics and also treatment response to CYP2C19 substrate drugs. 
Specifically, the direct impact of CYP2C19*17 on drug AUC both after single and continuous 
drug intake would be necessary in order to validate our predictions on omeprazole AUC after 
a single dose. In fact, in collaboration with the Department of Clinical Pharmacology, 
Karolinska Institutet, Huddinge, we are currently running in vivo studies to investigate the 
effect of the CYP2C19*17 allele on the AUC of CYP2C19 substrate drugs, both after single 
doses and during steady-state. Investigations on the relevance of a clinical CYP2C19*17
genotype test to adjust drug dosage would be appropriate, especially with regard to antiulcer 
treatment, where the CYP2C19 genotype is of unquestionable importance for treatment 
outcome. It is possible that the identification of individuals with a rapid CYP2C19 metabolism 
could lead to more efficient individualized treatment regimens in Caucasian and African 
populations, where the CYP2C19*17 allele is common. Thus, future studies evaluating the 
impact of CYP2C19*17 on drug levels and treatment outcome should be considered very 
relevant. To investigate the effect of the CYP2C19*17 allele on escitalopram plasma levels 
and response, we are currently collaborating with Dr Aitchison who is in charge of a multi-
center pharmacogenetics and pharmacogenomics study of response to antidepressants 
(GENDEP; GENome-based therapeutic drugs for DEPression).  
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