From THE DEPARTMENT OF PHYSIOLOGY AND PHARMACOLOGY
SECTION OF PHARMACOGENETICS
Karolinska Institutet, Stockholm, Sweden

CYTOCHROME P450 PHARMACOGENETICS:
IMPLICATIONS FOR ANTICANCER AND
WARFARIN THERAPY
Mi-Young Lee

Stockholm 2015

All previously published papers were reproduced with permission from the publisher.
Cover page: A word cloud of the most common 150 words among total 36,500 words in this
thesis.
Published by Karolinska Institutet.
Printed by REPROPRINT AB
© Mi-Young Lee, December 2014
ISBN 978-91-7549-793-8
Printed by
2014

Gårdsvägen 4, 169 70 Solna

From the Department of Physiology and Pharmacology
Karolinska Institutet, Stockholm, Sweden

Cytochrome P450 Pharmacogenetics:
Implications for Anticancer and Warfarin Therapy
THESIS FOR DOCTORAL DEGREE (Ph.D.)
Doctoral dissertation
For the Degree of Doctor of Medicine at Karolinska Institutet publicly defended in English in
Pharmacology Lecture Hall, Nanna Svartz väg 2
Friday 23 January 2015, 9.00 AM
AKADEMISK AVHANDLING
Som för avläggande av medicine doktorsexamen vid Karolinska Institutet offentligen
försvaras på engelska språket i Farmakologens föreläsningssal, Nanna Svartz väg 2
Fredagen den 23 januari, 2015, kl 9.00

By

Mi-Young Lee
M.Sc.
Principal Supervisor:
Associate Prof. Inger Johansson
Karolinska Institutet
Department of Physiology and Pharmacology
Section of Pharmacogenetics

Opponent:
Professor Mikko Niemi
University of Helsinki
Department of Clinical Pharmacology

Co-supervisor(s):
Professor Magnus Ingelman-Sundberg
Karolinska Institutet
Department of Physiology and Pharmacology
Section of Pharmacogenetics

Examination Board:
Associate Prof. Lena Ekström
Karolinska Institutet
Department of Laboratory Medicine

Associate Prof. Souren Mkrtchian
Karolinska Institutet
Department of Physiology and Pharmacology
Section of Pharmacogenetics

Professor Ralf Morgenstern
Karolinska Institutet
Institute of Environmental Medicine
Associate Prof. Maria Norlin
Uppsala University
Department of Pharmaceutical Biosciences

Stockholm 2015

To my family

ABSTRACT

There is a pronounced interindividual variability in the drug disposition, response and toxicity.
Pharmacogenetics aims at identifying genetic biomarkers that could help to increase the drug efficacy, reduce
adverse drug reactions and contribute to the development of personalized medicine. Polymorphic cytochrome
P450 genes encoding heme-containing ER membrane bound monooxygenases that metabolize xenobiotics,
drugs and also endogenous compounds, strongly contribute to interindividual variations in drug response. In the
present work we have investigated molecular mechanisms of the adverse drug reactions caused by the
polymorphic changes in the cytochrome P450 2C8 (CYP2C8), CYP2C9 and CYP3A4 genes and, in addition
developed a novel enzymatic assay for CYP2W1.
CYP2W1, a P450 enzyme mainly expressed in colon cancer, has an unknown function and no specific
substrates were previously identified. Despite the unusual inverse membrane topology of CYP2W1 that allows
its glycosylation but prevents interaction with the redox partner, P450 oxidoreductase (POR), we discovered
specific CYP2W1-mediated metabolism of indolines, which indicates the presence of a yet unknown electron
transport chain in the lumen of ER.
CYP2C9 catalyzes the metabolism of anticoagulant drug warfarin. We characterized the newly discovered
rare CYP2C9*35 allele encoding an enzyme with two amino acid changes including Arg125Leu that was found
in a patient with warfarin hypersensitivity. The expression of the variant proteins in the mammalian HEK293
cell system showed abolished activity of the CYP2C9.35 enzyme towards warfarin in NADPH supported
reaction, but the enzyme could be activated when NADPH was replaced by hydroperoxides. This indicates that
CYP2C9.35 is unable to receive electrons from POR because of the impaired interaction with this redox partner.
Indeed, in silico modeling confirmed this conclusion showing disrupted salt bridges between CYP2C9.35 and
POR due to the mutation of key residues involved in such interaction.
CYP3A4 is one of the key enzymes, which metabolizes the anticancer drug paclitaxel. In a cohort of 236
Spanish patients with a paclitaxel induced neuropathy whole exome sequencing revealed the presence of
different rare CYP3A4 gene variants, CYP3A4*8, CYP3A4*20, CYP3A4*25 (p.Pro389Ser) and CYP3A4*27
(p.Leu475Val), the latter two previously not described. The expression of these two novel gene variants in
HEK293 cells revealed that the corresponding enzymes are more unstable than the CYP3A4.1 enzyme and
carriers of these rare CYP3A4 variants had much higher risk for neuropathy and a need in paclitaxel treatment
modifications. The data indicate enrichment of these rare defect CYP3A4 alleles in the group of the paclitaxel
induced neuropathy patients and suggest that genotyping of CYP3A4 defective variants may provide a basis for
paclitaxel treatment individualization.
Based on previous data indicating a role for the defective CYP2C8*3 allele for paclitaxel induced
neuropathy, we also investigated the influence of this polymorphism on paclitaxel induced neuropathy and
neuropathy risk in 148 patients receiving paclitaxel as well as the CYP2C8.3 catalyzed metabolism of paclitaxel
in a mammalian expression system. However, in contrast to many other studies we found no significant effect of
this allele on paclitaxel induced neuropathy or paclitaxel metabolism in vitro.
In conclusion, our data indicate the importance of rare genetic CYP variants for induction of selective drug
induced adverse reactions and emphasize the necessity of more extensive genetic analyses, e.g. whole exome
sequencing, before fully individualized drug therapy can be achieved.
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LIST OF ABBREVIATIONS
ACN

acetonitrile

BSA

bovine serum albumin

bp

base pairs

cDNA

complementary DNA

CIPN

chemotherapy induced peripheral neuropathy

CLint

intrinsic clearance calculated as CLint = Vmax/Km

CYPs (or P450s)

cytochrome P450s

DHPLC

denaturing high performance liquid chromatography

DMSO

dimethylsulfoxide

EtOH

ethanol

gDNA

genomic DNA

g

relative centrifugal force

HPLC

high-performance liquid chromatography

HEK293

human embryonic kidney cells

Km

Michaelis constant- substrate concentration that gives half
maximal velocity of an enzymatic reaction

MeOH

methanol

NADP

nicotinamide adenine dinucleotide phosphate

NADPH

nicotinamide adenine dinucleotide phosphate, reduced form

NSAIDs

Non-steroidal anti-inflammatory drug

PAGE

polyacrylamide gel electrophoresis

PBS

phosphate-buffered saline

RCR

polymerase chain reaction

PIPN

paclitaxel induced peripheral neuropathy

POR

P450 (cytochrome) oxidoreductase

RCF

relative centrifugal force

rtPCR

reverse transcription PCR

SDS

Sodium dodecyl sulfate

SNP

single nucleotide polymorphism

UV

ultraviolet

VKORC

vitamin K epoxide reductase complex

Vmax

the maximal velocity of a reaction

WES

whole-exome sequencing

1 INTRODUCTION
1.1 Cytochrome P450 Superfamily
Cytochrome P450s (CYP) are heme-containing enzymes embedded in the membrane of
the endoplasmic reticulum of eukaryotic cells. The prosthetic group of CYPs, heme is noncovalently bound to the apoprotein and the name ‘cytochrome P450’ is derived from the fact
that the cytochrome exhibits a spectral absorbance maximum at 450 nm when reduced (Fe2+heme) and complexed with carbon monoxide [1, 2]. In general, cytochrome P450s play
important roles in the conversion of xenobiotics or endogenous compounds into the
corresponding metabolites, which are further conjugated by phase II enzymes in course of
detoxification or biotransformation pathway and then excreted by urine. The human genome
encodes 57 cytochrome P450 enzymes, roughly a third of which are involved in the
biosynthesis of essential sterols, signaling molecules or regulatory factors. Another third is
largely devoted to the metabolism of xenobiotics. The function and substrates of the
remaining (orphan) enzymes are still unclear [3, 4].

Nomenclature system
The Cytochrome P450 nomenclature is based on amino acid sequence homology, which
allows classifying isoenzymes into families (>40% homology, e.g. CYP2), subfamilies
(>55%, e.g. CYP2C) and individual enzymes (e.g. CYP2C9) [5-7]. The polymorphic alleles
with nucleotide variations are named according to the guidelines [7], as to which the gene and
the allele name are separated by an asterisk followed by Arabic numerals designating the
specific allele (e.g. CYP2C9*35). The names for the corresponding proteins have a period
between the name of the gene product and the allele number (e.g. CYP2C9.35). The thesis
follows this nomenclature system: see the CYP allele nomenclature database
(www.cypalleles.ki.se).

P450 mediated drug metabolism
Enzymes that belong to family 1-3 are primarily involved in the metabolism of majority
of xenobiotics including clinically used drugs, and therefore considered as major drug
metabolizing enzymes. The contribution of individual cytochrome P450 isoforms to the
metabolism of several major classes of drugs is presented on Figure 1 [8].
CYP3A4 and 2C9 are two of the most abundant isoforms, as compared with the other
P450s metabolizing nearly 50% of the known drugs (Figure 1). Polymorphism of P450 genes,
inducibility, and other factors including age, sex, etc. may contribute to the variability of drug
metabolism.
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Figure 1 C
Contribution of known CY
YPs to the meetabolism of 248
2 drugs (mo
odified from [[8]).
Arrows inndicate increasee or decrease in
i the activitiees of correspon
nding CYPs. (%
%) indicate thhe fraction of to
otal
b corresponding CYP.
248 drugs metabolized by

One specific typpe of CYP mediated
m
m
metabolism is
i the activaation of proodrugs, whicch are
transform
med by P450s into activ
ve metaboliites, whereaas prodrugs themselves display low
wer or
absent ppharmacologgical activity
y. For instaance, CYP2
2C9 (and CY
YP3A4) plaays an impo
ortant
role in tthe metabollism of lossartan, highlly selectivee angiotensiin II recepttor type 1 (AT1)
antagoniist, and the oxidized metabolite
m
E
E3174 is 10
0-40 fold more
m
potentt in blockin
ng the
target AT
T1 receptor compared to
o losartan ittself [9].
Somee P450s aree expressed
d in extra-heepatic tissuees and often
n these are orphan enzzymes
with unkknown functtions. One of
o such orphhan P450s, CYP2W1 is expressedd preferentiaally in
colon tuumors [10].. Due to such
s
specifi
fic expressio
on profile and the abbility to co
onvert
duocarm
mycin prodruugs into cy
ytotoxic meetabolites, CYP2W1
C
was
w recentlyy suggested
d as a
potentiall target in thhe treatmentt for colorecctal cancer [4
4, 11, 12].

Structuree and functiion of cytoch
hrome P4500
A tyypical monoomeric moleecular weigght of cytocchrome P450 proteins iis approxim
mately
45,000 – 55,000 Daltons.
D
Th
his hemoprootein contaiins specificc sites for oxygen bin
nding/
activatioon and also substrate
s
(e.g. drugs) bbinding pock
kets. Particu
ular regions of CYP pro
oteins
are thougght to be invvolved in membrane
m
annchoring, binding to cyttochrome b5 (cyt b5) or P450
oxidoredductase (PO
OR). A highly conserveed region neear the carb
boxy terminu
nus is respon
nsible
for hemee binding via
v the invaariant cysteiine residue. It was sho
own that moostly in thee drug
metaboliizing CYPs,, a fraction of
o protein m
molecules (2
2-3%) can bee inversely iincorporated into
the ER-m
membrane (with
(
a bulk
k of the prootein facing
g the ER lu
umen insteadd of the cytosol)
dependennt on the specific
s
feaatures of thhe N-termin
nal anchorin
ng sequencce [13], how
wever
predominnantly luminal orientatiion found inn the case off CYP2W1 is unique. (PPaper I, [14
4])
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D
Due to thee length of
o CYP prroteins (ap
pproximately
y 490 ressidues), thee X ray
crysttallography technique iss applicablee more than the NMR method
m
for thhe resolution of their
threee-dimensionnal structurees. During the last deecade the teechnical addvances in this area
contrributed signnificantly to the elucidaation of the structures of
o many maammalian membrane
m
bounnd CYPs. A number off crystal strructures of mammalian
n CYPs, in particular CYP2C5,
C
2C8, 2C9, 3A4, 2D6, 2B4
4, 2A6 and 1A2 are now
n
available in the PD
DB bank [15]. This
wed the devvelopment of various coomputationaal approachees that are ccurrently ap
pplied for
allow
the qquantitative prediction
p
of
o pharmacookinetics, th
he study of th
he nature off interaction
n between
the eenzyme and its substratees, and alsoo CYPs’ red
dox partners [15, 16]. Inn addition, molecular
m
dynaamic simulattions and su
ubsequent suubstrate-doccking simulaations are o ften applied
d to study
the m
mechanisms of enzymattic catalysis..

Cataalytic cycle of
o cytochrom
me P450
T
The catalyticc turnover cycle of cyytochrome P450 enzym
mes requirees two electtrons per
substtrate oxidatiion event ass shown in F
Figure 2. Fo
or all of thee mammaliaan drug-metabolizing
cytocchrome P4550 enzymess these elecctrons are provided
p
by
y P450 oxiidoreductasee (POR),
althoough the second electrron can som
metimes be delivered by cytochroome b5 [17
7]. Under
certaain experimeental conditions organicc hydropero
oxides may also serve aas an electro
on source
bypaassing the POR
P
and reducing thuss the cytoch
hrome P450
0. This pathhway is kno
own as a
peroxxide shunt (Figure
(
2).

Figurre 2 Catalytic cycle of cytocchrome P450..
RH reepresents the drug
d
substrate and ROH the corresponding
g hydroxylated
d metabolite. B
Blue letters ind
dicate
proteiins donating siingle electron to P450. Purplle arrow, pero
oxide shunt patthway.
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1.2 Pharmacogenetics of P450 and Clinical Implications
What is pharmacogenetics?
Drug metabolizing CYP enzymes are highly polymorphic, which is one of the main
factors determining interindividual differences in drug response [18]. Indeed, these variations
can lead to significant decrease of efficacy of clinical drugs and/or exacerbate adverse drug
reactions (ADR) [19]. Although other factors, such as disease heterogeneity, environmental
factors, etc. may aggravate ADRs, the genetic factors have been extensively studied due to
the relatively simple genotyping methodologies applicable to the individual patients.
Considerable progress in understanding the structure, regulation and function of
cytochrome P450s has contributed to elucidation of the details of the mechanisms behind the
functional changes associated with its polymorphisms, and as such linking them to the
variations in the drug disposition and response. The latter can be manifested by the absence
of pharmacological effect in case of the high enzymatic activity of a particular CYP or, in
opposite, by the adverse drug reactions (ADR), due to the low activity of a corresponding
enzyme. Most cases of ADRs are dose-related, and they often occur when drugs have a
narrow therapeutic index (e.g., hemorrhage with oral anticoagulants, see Introduction 1.2.1)
[20, 21].

1.2.1 CYP2C9 polymorphism and warfarin therapy

CYP2C9 is one of the most abundant hepatic CYP enzymes responsible for
approximately 13% of the metabolism of clinically important drugs including warfarin,
losartan and diclofenac ([22], Figure 2). The CYP2C9 gene is highly polymorphic and 58
variant alleles have been listed in the Human Cytochrome P450 Allele Nomenclature
Database until November 2014 (cypalleles.ki.se). Among them, defective CYP2C9*2 and
CYP2C9*3 were the most thoroughly investigated. The CYP2C9*2 and CYP2C9*3 encode
enzymes with Arg144Cys and Ile359Leu substitutions, respectively. In Caucasians, the allele
frequencies of the CYP2C9*2 and CYP2C9*3 are 17% and 6% respectively, whereas they are
much rarer in Asians [22]. Both alleles are associated with significantly decreased enzyme
activity toward many drugs, such as diclofenac [23], losartan [24] and others [25, 26] in vivo
and in vitro.
The clinical importance of the CYP2C9 polymorphism is exemplified by the metabolism
of the anticoagulation drug warfarin, a vitamin K antagonist. This widely used oral
anticoagulant has a narrow therapeutic window meaning that too high doses may cause very
serious and possibly lethal bleedings. Warfarin reduces coagulation by inhibiting the vitamin
K epoxide reductase complex (VKORC), an enzyme necessary for vitamin K dependent
10

produuction of fuunctional co
oagulation fa
factors. Warrfarin is adm
ministered aas a racemicc mixture
and tthe most pootent (S)-enaantiomer is iinactivated by CYP2C9
9. An overvview of warrfarin and
Vitam
min K mechhanisms is presented
p
onn Figure 3.

Figurre 3. Schemattic warfarin and
a vitamin K metabolism
m pathways an
nd the relativee contribution
n of major
sourcces of warfarrin dose variability. Left panel, S-warffarin is metab
bolized predom
minantly to 77 hydroxyl
metabbolites via CY
YP2C9. Warfaarin exerts itss anticoagulan
nt effect throu
ugh inhibition of its molecu
ular target,
VKOR
RC1, which inn turn limits av
vailability of rreduced vitam
min K, leading to decreased fformation of functionally
f
activee clotting factoors. The metab
bolism of redduced vitamin K to hydroxy
yvitamin K1 iss catalyzed by
y CYP4F2,
whichh removes vitaamin K from the vitamin K cycle [27, 28],
2 Right pan
nel, pie chart shows major sources of
warfarrin dose variabbility (adapted
d from [29]).

P
Polymorphissms in the CYP2C9 geene (respon
nsible for th
he metabolissm of warffarin) and
VKO
ORC1 gene (target
(
for th
he warfarin)) are relativeely common
n. The genot
otyping of bo
oth genes
in coombination with other environmen
e
ntal factors (i.e. age, weight, diet, etc.) can prredict the
factuual dose in up to 60%
% of cases [20]. Carriers of certaain CYP2C9
C9 SNPs, co
oding for
enzym
mes with reeduced enzy
ymatic activvity require a lower av
verage warfa
farin dose to
o achieve
the ddesired theraapeutic effecct [20, 28, 30, 31]. Such
h are, for insstance, CYPP2C9.2 (~70
0% of the
CYP
P2C9.1 activvity) and CY
YP2C9.3 (~
~10%). Morreover, a hig
gher risk off bleeding and
a lower
warfa
farin dose reequirements have been reported in
n carriers of the CYP2C
C9*2 and CY
YP2C9*3
allelees. The molecular and
d structural basis for th
he altered catalytic
c
prooperties of CYP2C9
enzym
me variantss are poorly
y investigateed. Howeveer, two receent reports aattempted to
o explain
the rreduced cattalytic activ
vity of CYP
P2C9-Arg14
44Cys by the
t altered interaction between
CYP
P2C9 and PO
OR [26] or by
b the differrences in thee spin state of
o CYP2C99 [32].
Inn addition to CYP2C9
9 polymorpphisms, the warfarin do
osage shoul
uld be also modified
(loweered) in case of two com
mmon SNP
Ps located in
n the promotter region off VKORC1 gene that
decreease the genne expressiion [20]. Fiinally, CYP
P4F2 has allso some m
minor contrib
bution in
definning the warrfarin dosage [28, 33].
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Due to the large interindividual variation in the dose needed to reach adequate levels of
anticoagulation, the anticoagulant effect needs to be closely monitored, especially during the
initiation of therapy. Accordingly, the US FDA agency recommends the optimal ranges of
warfarin dose (mg/day) according to CYP2C9 and VKORC1 genotypes of patients [28, 34,
35].

1.2.2 Polymorphisms in CYP3A4 and CYP2C8, clinical implications for
drug induced neuropathy

CYP3A4 polymorphisms
The CYP3A locus is found on chromosome 7 and includes genes encoding for CYP3A4,
3A5, 3A7 and 3A43 isoforms. CYP3A4 is the major isoform of CYP3A subfamily. It is the
most abundant CYPs in human liver (~50%) [36] being also expressed in small intestine.
CYP3A4 metabolizes ~ 30 % of clinically used drugs. (Figure 2, [8]). The ability to convert
such broad range of drugs is possible due to the flexibility of CYP3A4 substrate binding
pocket [15]. CYP3A4 is considered to be susceptible to induction by environmental
chemicals, drugs, etc. (Figure 1, [37])
The bioavailability and systemic clearance of the CYP3A4 metabolized drugs is usually
subject to interindividual variations [38], albeit without clear distinction between the groups
of slow and rapid metabolizers [39].
Unlike such highly polymorphic enzyme as CYP2C9, only a few SNPs are known to
influence CYP3A4 expression or function. Among all alleles currently considered in the
Human Cytochrome P450 Allele Nomenclature Database, the group of reference CYP3A4*1
alleles contains 19 subtypes, including 18 SNPs in non-coding regions not affecting the
mRNA expression. Only one CYP3A4 allele, CYP3A4*22, carrying an intronic mutation in
intron 6 has been shown to be associated with decreased CYP3A4 activity towards
cyclosporine A. The allele frequency of this variant is 0.08 in Caucasians and 0.04 in Asian
and Africa population [40]. In addition, at least 24 exonic SNPs in CYP3A4 with the changes
of amino acid sequence have been described including rare CYP3A4*20 and CYP3A4*26 that
cause the loss-of-function phenotype due to the completely absent protein expression [39].
Still, the proteins expressed from the most of identified allelic variants are often functional,
which cannot therefore explain the large interindividual variability observed in CYP3A
expression and in vivo activity.
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CYP2C8 polymorphisms
CYP2C8 accounts for about 7 % of total human hepatic CYPs [41, 42] and it mediates the
metabolism of 4.7% of the commonly used drugs (Figure 2). The X-ray crystal structure of
CYP2C8 [43] showed a characteristic large active site cavity, which could accommodate
reasonably large substrates [44], such as anticancer [45, 46], antiepileptic drugs [47], and
HMG-CoA reductase inhibitors [48]. In addition, the CYP2C8 active site is similar in size,
but different in shape to that of CYP3A4 [43, 49, 50], which might explain the overlapping
substrate specificity, albeit with different metabolite profiles for the same substrate [44].
CYP2C8 is located on a chromosome 10 in a CYP2C genes cluster (centromereCYP2C18-CYP2C19-CYP2C9-CYP2C8-telomere). Given the close proximity of CYP2C8
and CYP2C9, some linkage disequilibrium exists between these genes [51]. There is
substantial interindividual variability of the CYP2C8 protein levels and catalytic activity [46,
52, 53], which can be partly explained by genetic polymorphisms. Fourteen (14) CYP2C8
SNPs have been identified to date and some of these SNPs are located in the coding region
and are connected with the variability in CYP2C8-mediated metabolism and altered drug
disposition and response. In general, polymorphic CYP2C8 alleles have not been assigned
any phenotypic classification (e.g. poor metabolizers). This is primarily due to the relatively
limited amount and controversial in vitro data and discrepancies between the in vitro and in
vivo findings [50] (Table 1, 2). CYP2C8.3 have been reported to have both decreased and
increased or even unaltered activity toward paclitaxel as compared to the reference
CYP2C8.1 enzyme [50], whereas some other substrates such as piloglitazone, repaglinide,
and rosiglitazone were shown to be metabolized with higher rate by CYP2C8*3. It has also
been demonstrated that in reconstituted systems the increase in the molar share of redox
partners, such as POR and cyt b5 results in the higher activity of CYP2C8.3 compared to
CYP2C8.1 [54].
CYP2C8*3 has an allele frequency of 10-13% in the Caucasians. The encoded variant
enzyme (CYP2C8.3) contains two amino acid substitutions, Arg139Lys and Lys399Arg [55].
However, the allelic frequency of CYP2C8*3 reported in African population is relatively low
(2%) and this allele is completely absent in Japanese population. CYP2C8*3 is in partial
linkage disequilibrium with CYP2C9*2 [51].

CYP2C8 and CYP3A4 mediated paclitaxel metabolism; clinical implications
Chemotherapy-induced peripheral neuropathy (CIPN) is one of the dose limiting side
effects of many older, commonly used chemotherapeutic agents, including taxanes. The
incidence of CIPN can be variable, but often ranges from 30 to 40% of patients receiving
chemotherapy [56]. Common chemotherapeutic taxane agents including paclitaxel originate
from the taxol isolated from the natural product of the bark of the Pacific yew tree. Paclitaxel
is widely used as an effective chemotherapy for cancers of ovary, breast and lung. It inhibits
the disassembly of microtubules, and consequently causes the cell death [21, 57-60].
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The factors thaat influencee the incideences of paaclitaxel ind
duced periphheral neuropathy
(PIPN) aare the sam
me as in pattients receivving other types
t
of neeurotoxic chhemotherapy
y and
include ppatient age,, dose inten
nsity, cumullative dose, therapy du
uration, co-aadministratiion of
other neeurotoxic chhemotherapy agents, aand pre-existing condiitions such as diabetess and
alcohol aabuse [56]. PIPN can be
b painful aand disabling
g, causing significant
s
lloss of functional
abilities especially in
i hands an
nd feet, and consequenttly decreasing quality oof life. Alth
hough
the exactt pathophyssiology of paaclitaxel indduced periph
heral neurop
pathy is nott fully elucid
dated,
differentt underlyingg mechanisms have b een suggested for diffferent classses of anticcancer
drugs. N
Neurotoxicityy caused by
y taxanes m
may arise duee to disruption of micrrotubule stru
ucture
of neurons leading to
t the impairment of axxoplasmic transport and
d dying backk neuropathy
y [21]
and/or tooxic effect on
o mitochon
ndria in prim
mary afferen
nt neurons leading
l
to a deficit in axonal
a
energy suupply and thhus chronic sensory neuuropathy [61].

Figure 4. Paclitaxel meetabolism. Pacclitaxel enters hepatocytes via
v transporterss (e.g. OATP 1B1/3 [62, 63]). In
hepatocytees paclitaxel iss metabolized by CYP2C8 to 6α-hydroxyp
paclitaxel, which is the majoor metabolite, and
by CYP3A
A4 to C3’-hyddroxypaclitaxell. Paclitaxel annd its metabolites either difffuse to plasmaa or are excreteed to
the biliaryy canaliculi by P-glycoproteiin. (modified ffrom [64] )
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Figure 4 demonstrates the paclitaxel metabolism pathways mediated by both CYP3A4
and CYP2C8 enzymes in the liver and its elimination mediated by biliary excretion. It has
been observed in in vitro study that paclitaxel 6α-hydroxylation by CYP2C8 enzyme is more
dominant than 3´-paclitaxel hydroxylation by CYP3A4 [65]. The two primary metabolites of
paclitaxel are hydroxylated again by the same CYP2C8 and CYP3A4 enzymes. Excessively
produced less potent secondary metabolites or potent unbound paclitaxel in plasma will be
exposed to peripheral nervous system leading to PIPN.
Genome wide association studies as well as studies with selected target genes have
identified many single nucleotide polymorphisms (SNP’s) in paclitaxel metabolizing and
transporter genes that were suggested to be responsible for interindividual differences in the
toxicity and drug response. Some of them were found to be associated with the risk of
developing neurotoxicity [66].
Ref.
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[71] [72] [73] [64] [74] [75]
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[80]
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CL: clearaance, HR: hazaard ratio, OR: odds ratio
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Table I. Summary of in vivo studies of C
CYP2C8*3 association
a
with
w neuroopathy.

CYP22C8*3 and the paclitaxxel induced nneuropathy
P
Possible association off CYP2C8*33 expression with paclitaxel induuced neurop
pathy has
been investigateed in many studies, w
which howev
ver produceed a multituude of conttradictory
resullts (summarized in tablee 1). Green et al. and Bergmann
B
et
e al. showed
ed lower clearance of
pacliitaxel in paatients being
g heterozyggotes for CYP2C8*3
C
(n
( = 23, n=
=93 respecttively) as
comppared to pattients homozygous for CYP2C8*1 [69, 70] in
ndicating redduced metab
bolism of
pacliitaxel in vivoo by CYP2C
C8*3. Receently Leskelä
ä et al (2011) and Herttz et al (201
13, 2014)
have reported a link betw
ween CYP22C8*3 and paclitaxel induced neeuropathy using
u
the
accum
mulated dosse analyses showing thhe hazard raatio as 1.72 (p=0.032) iin 118 patieents, 1.93
(p=0.006) in 2009 patients and 1.77 ((p=0.018) in
n 412 patieents [64, 766, 77], resp
pectively.
How
wever, there are many studies show
wing lack off correlation
n between th
the polymorrphism of
CYP
P2C8 and taxxane induceed neuropathhy (e.g. in Marsh
M
S et al done in 8000 patients [80] or in
Abraaham et al. in
i more than
n 800 patiennts, (OR=1.2
22; 95% CI, 0.93-1.59;; P= 0.14)) [79]
[
or in
a gennome-wide association
n study in 8855 breast cancer
c
patieents (COX H
HR= 1.21, p= 0.23)
[78]. A summarry of studies of CYP2C
C8*3 associaation with neuropathy
n
iis presented
d in Table
1.
A number off in vitro stu
udies have bbeen carried out to charaacterize the catalytic activity of
CYP
P2C8.3 enzyyme variant by
b using het
eterologous expression
e
systems.
s
Sim
milar to the in vivo
studiies these datta are very controversia
c
al (Table 2.)

Tablle 2. In vitroo kinetic pa
arameters ffor paclitax
xel metaboliism mediatted by CYP
P2C8.1
and C
CYP2C8.3..

[55]
[54]
[81]
[82]
[83]
[84]

[55]
[54]
[81]
[82]
[83]
[84]

ND, kkinetics of CYP
YP2C8*3 could
d not be determ
mined becausse of its low acctivity.
*p<0..05, **p<0.01 compared wiith CYP2C8.1
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1.3 Heterologous expression systems used
enzymatic properties of cytochrome P450s

to

characterize

General aspects
Traditionally, the expression and enzymatic properties of CYPs were studied using the
endoplasmic reticulum (microsomes) isolated from the tissues or cultured cells. Alternatively,
the enzymes were purified from microsomes and reconstituted in the lipid vesicles together
with P450 oxidoreductase in order to determine the substrate and inhibitor specificity of the
enzymes. Such approach has advantages but also obvious shortcomings, such as nonphysiological conditions of the assay, laborious isolation and purification of the large
amounts of proteins and often poor availability of human tissues.
In vitro transfection systems using recombinant technology allowed to overcome many of
these hinders. Several expression systems, including bacteria, yeast, baculovirus, or
mammalian cells, have been used to produce catalytically active CYPs. Characterization of
enzymatic properties of different CYP allelic variants, such as substrate specificity, Km and
Vmax values for determining the intrinsic clearance of the drug can help in predicting the
appropriate drug dose and clearance for the carriers of the corresponding variants of CYPs. In
addition, the data on the expression levels of the variant proteins and their interaction with
POR in such model systems may also be extrapolated to the situation in vivo [85].
The criteria for choosing the type of heterologous system should include the convenience
of handling, protein yield, functional activity, proper folding and posttranslational
modifications of the expressed protein. In addition, it is desirable to have a clean background,
i.e. low or absent expression of the enzymes of interest. As CYPs are membrane-bound
enzymes the suitable environment mimicking the ER membranes is important. The redox
partners, P450 oxidoreductase and in some cases cytochrome b5 should be co-expressed in
the system, if not already present. This section describes the commonly used systems for
heterologous expression of drug metabolizing enzymes and discusses some advantages and
disadvantages for each of the systems.

Bacterial system
Due to the several benefits such as low maintenance costs and high protein yield
compared to other expression systems, many polymorphic P450 variants have been
characterized using recombinant enzymes expressed in E.coli. Barens et al. first expressed a
bovine CYP17A1 in E.coli. No immunoreactive CYP17A1 protein was produced when the
native cDNA was introduced into an expression vector, however modification of the Nterminus of CYP17A1 led to the expression of the protein and incorporation into the E.coli
membrane [85]. This method was used further to modify the NH2 regions of other
mammalian CYPs in order to enhance the protein expression levels. Further purification of
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the expressed enzymes and incorporation them into the liposomal reconstituted system
including other components of electron transport chain, POR and cytochrome b5
demonstrated sufficient levels of enzymatic activity. However, using different P450: b5: POR
ratios in such systems led to some conflicting results in the evaluation of different P450
variant enzymes, in particular for the metabolism of paclitaxel, amodiaquine and
rosiglitazone by CYP2C8 variants [54]. The lack of mammalian posttranslational machinery
that might be important for certain CYPs and the absence of native redox partners were found
to be additional confounding factors limiting the use of E.coli for characterization of
mammalian CYPs.

Yeast system
Saccharomyces cerevisiae was the first eukaryotic heterologous expression system [86]
used for characterization of CYPs and most of the human enzymes have been expressed in
yeast. Advantages of using yeast system overlap with those of the bacteria, e.g. cost, ease to
manipulation and high protein yield. These are combined with the advantages of eukaryotic
cells, i.e. presence of endoplasmic reticulum and mitochondria similar to human cells [85].
Yeast has low background levels of its own P450s, namely lanosterol-C14-demethylase,
which are totally inactive toward xenobiotics. Unlike E. coli, no N-terminal modification of
CYPs is needed [87]. The specific yeast NADPH-P450 reductase gene is constitutively
expressed, but it cannot couple efficiently to the human P450s, especially to CYP3A4 [88]
and yeast cytochrome b5 is an unsuitable donor of electrons to the human enzymes.

Insect cell system
The insect Sf9 cells is a eukaryotic system, which yields very high expression levels of
many human enzymes upon baculovirous mediated transfection. However, these cells are
devoid of all electron-transport chain components needed for P450 activity so similar to other
above mentioned systems these have to be added (co-expressed) to reproduce a fully active
electron transport chain [89]. Another problem is the insufficient level of heme synthesis,
which should be boosted by the addition of hemin to the culture medium. This addition
however proved to be toxic for insect cells in long term cultures [90].

Mammalian cell system
Currently this system is considered as the most relevant for the expression and activity
studies of the human proteins including CYPs. COS-1 or COS-7 cells (derived from African
green monkey kidney) and HEK293 cells (derived from the human embryonic kidney) are the
most widely used because of the simple handling, adequate physiological environment
including folding and posttranslational machinery and no need in modification of cDNA for
19

the expression of membrane bound proteins. Additionally, all of these cells express enough
amounts of the redox partners for CYP enzymes and have absent or low CYP background.
The mode of transfection (stable or transient) of vectors carrying cDNA of choice into the
mammalian cells is chosen depending on the experimental design and objective. Stably
transfected genes integrate into the host genome and sustain transgene expression even after
host cells replicate [91]. Therefore it is more suitable for the production of the large amounts
of recombinant proteins with proper folding and posttranslational modifications. As the
development of stable cell lines can be laborious, the use of transient expression when
appropriate is beneficial. Transiently transfected genes are only expressed for a limited period
of time and are not integrated into the genome [91], however the protein folding,
posttranslational modifications and functionality are identical with the stably expressed
proteins.
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2 AIMS
The overall goal of this thesis was to investigate the contribution of genetic components to
the interindividual variations in the response to the drugs metabolized by the cytochrome
P450s from the CYP2 family and CYP3A4.
More specifically, the thesis is focused on:
1. Development of the novel enzymatic assay for the orphan CYP2W1 using various
indoline derivatives.
2. Enzymatic and structural validation of the hypothesis that the altered interaction of
CYP2C9*35 with POR determines the low activity of this allelic variant toward
warfarin.
3. Identification of CYP3A4 polymorphisms associated with the paclitaxel induced
peripheral neurotoxicity and their functional characterization.
4. Evaluation of the role of CYP2C8*3 in paclitaxel induced neuropathy and
characterization of CYP2C8.3 enzymatic properties.
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3 RESULTS AND DISCUSSION
3.1 Development of the novel enzymatic assay for the orphan
CYP2W1 using various indoline derivatives. (Paper I)
Overexpression of CYP2W1 in HEK293 cells results in the appearance of two
immunoreactive bands of approximately 52 and 54 kDa. The latter has been suggested to be a
product of posttranslational modification of the protein [14].
In silico analysis suggested possible N-glycosylation site at the Asn177 residue and
indeed, treatment of the cell extracts with deglycosylating enzymes PNGase or Endo H
ablated the band with a higher molecular weight confirming its glycosylation origin. Similar
results were shown upon the treatment of samples from colon tumors with high expression
levels of CYP2W1. These findings were further supported by the expression and analysis of
the Asn171Ala CYP2W1 mutant.
Protease protection assay demonstrated unusual inversed ER membrane topology of
CYP2W1, which is consistent though with its modification by the luminal glycosylation
machinery. Such topology raises the question of the enzymatic function of CYP2W1 as its
main redox partners are localized on the other side of ER membrane.
There were no specific assays described for CYP2W1 activity determination, however it
was shown that CYP2W1 may participate in the metabolism of indole [92]. Therefore we
decided to test different indole and indoline derivatives incubating them with the CYP2W1
expressing HEK293 cells. The cells were then extracted and metabolites separated using
reverse-phase HPLC system. Using this method we showed specific CYP2W1 dependent
metabolism of 5-bromoindoline and 2-methyl-5-nitroindoline. The indoline metabolizing
capacity of CYP2W1 was later used in our laboratory in collaboration with Bradford
University to develop a novel class of chloromethylindoline based suicidal prodrugs for the
treatment of colon cancer [11, 12].
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3.2 Molecular mechanisms of impaired interaction between
CYP2C9*35 and P450 oxidoreductase (Paper II)

In paper II, we investigated the molecular mechanisms that are responsible for the
warfarin hypersensitivity phenotype associated with the CYP2C9*35 allelic variant. This
CYP2C9 polymorphism was identified in an Italian patient [93] who needed extremely low
doses of warfarin even compared with carriers of the other known defective alleles
(CYP2C9*2 and *3). This variant, designated CYP2C9*35 (www.cypalleles.ki.se), expresses
an enzyme, which has Arg144Cys (cf. CYP2C9*2) and additional Arg125Leu amino acid
replacements. Previous in silico analysis suggested that Arg125Leu substitution might lead to
the reduction of the positive potential of CYP2C9-POR interaction surface preventing the
POR recognition, and thus negatively affecting the CYP2C9 activity toward warfarin [93]. In
this paper we aimed to validate experimentally this hypothesis using the in vitro human cell
transfection system, as well as the extended structural bioinformatics analysis.
In order to evaluate in detail the combined and individual contribution of the amino acid
changes to the activity of the enzyme, we constructed FlpIn™-HEK293 cell lines that stably
express CYP2C9.1, CYP2C9.35, CYP2C9-R125L and CYP2C9-R144C (CYP2C9.2) at the
same protein levels.
Further analyses demonstrated that S-warfarin metabolism as mediated by CYP2C9.1 and
CYP2C9-R144C followed the Michaelis-Menten kinetics, however the activity of CYP2C9R144C (CLint 0.463 ± 0.038) was lower than the rate of S-warfarin metabolism by CYP2C9.1
(CLint 0.839 ± 0.081), which is in line with previously reported data [23, 25, 26]. However,
the CYP2C9 variants containing Arg125Leu and Arg125Leu/Arg144Cys (CYP2C9.35)
substitutions were found to be completely catalytically silent. The activity was recovered
when instead of NADPH-POR as an electron donor we used different hydroperoxides
(peroxide shunt system), confirming the impaired CYP2C9.35-POR interaction. Thus, the
absence of activity toward warfarin was not due to the defects in the enzyme active site
(Figure 5). Similar data with yet another CYP2C9 substrate diclofenac confirmed these
conclusions.
The conserved Arginine 125 in CYP2C9 is one of the key residues that has been
discussed as one of the functional binding sites of P450 enzymes with their redox partners,
such as cytochrome b5 (cyt b5) and POR. This was in particular shown by the analysis of the
CYP-POR/cyt b5 interactions of the Arg125Ala mutant in wild type rabbit CYP2B4 or mouse
CYP2A5, the proteins with the high degree of homology with CYP2C9 [94].
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m
ussing peroxide shunt in the cells expressin
ng CYP2C9 vvariants.
Figure 5. S-warfarin metabolism
7OH-W: 77hydroxy warffarin, S-W: S-w
warfarin

Our structural analysis
a
con
nfirmed andd extended this
t hypotheesis. The A
Arg125Leu amino
a
acid chaange stronggly contribu
utes to thee decrease of electrostatic potenttial of CY
YP2C9
proximal surface thhat is compllementary too the corressponding neegatively chharged surfaace of
FMN-binnding domaain of POR. As shownn in Figure. 6, such loss of electroostatic interaaction
results in the disruuption of im
mportant saalt bridges between
b
tw
wo proteins (Glu56-Arg
g125Glu32). This may lead to desstabilizationn of CYP-P
POR compllex and hinnder the eleectron
transportt. This mutaation howev
ver, had no impact on the substrate binding lloci of CYP
P2C9,
which ssuggests thaat eliminatiion of the positively charged Arg125
A
cannnot perturb
b the
substratee-enzyme innteraction. In line with this assump
ption we fo
ound that CuuOOH (or H2O2)
was ablee to restore the
t activity of
o CYP2C99-R125L thaat was silentt in the NAD
DPH-POR driven
d
enzymattic system (F
Figure 5).
In adddition to Arrg125Leu, the CYP2C99.35 variant protein inclludes also an Arg144Cy
ys
change. T
The activityy of the variant with Argg144Cys on
nly, was not abolished ccompletely as
a in
case of thhe double mutant.
m
Usin
ng the CuOO
OH peroxidee shunt system its activvity was
recovereed to nearly the level off the wild typpe enzyme (Figure
(
5). In
I contrast tto Arg125, this
t
residue iis not surfacce exposed and
a thereforre cannot paarticipate in the
t CYP/PO
OR interaction.
Consequuently, it is not
n clear wh
hy the Arg1444Cys mutaation affects the enzymee activity. Itt can
be specuulated that inn the CYP2C
C9-Arg144C
Cys mutant reactive cyssteine mightt be involveed in
the fortuuitous interacctions with POR and/orr with other molecular partner,
p
reduucing thus the
t
probabiliity of the foormation of correct
c
CYP
P2C9-POR binding dom
main binaryy complex.
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Figurre 6. In silico analysis
a
of eleectrostatic intteraction betw
ween P450 oxidoreductase and CYP2C9
9

Collectivelyy, paper II demonstrate
d
es that the Arg125Leu
A
change in C
CYP2C9.35
5 strongly
augm
ments the modest
m
inhib
bitory effectt of the Arg
g144Cys mu
utation founnd in the caarriers of
CYP22C9*2 allellic variant. This suggessts that thorrough genottyping for tthe presencee of both
polym
morphic chhanges migh
ht facilitate more accurrate warfariin dosing uusing this alllele as a
speciific genetic biomarker.
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3.3 Paclitaxel induced peripheral neuropathy. (Papers III and IV)

Paclitaxel is metabolized by CYP3A4 and CYP2C8 and the polymorphisms of these P450s
have been considered as a risk factor for chemotherapy induced neuropathy.
Paper III: We have identified two novel alleles of CYP3A4, established their association
with the neuropathy risk in the patients treated with paclitaxel and characterized these
CYP3A4 variant proteins in vitro (see 3.3.1)
Paper IV: We have evaluated the probability of the causative link between the expression
of CYP2C8*3 gene and paclitaxel-induced neuropathy and characterized the catalytic
properties of overexpressed recombinant CYP2C8.3 protein. (see 3.3.2)

3.3.1 Novel defective polymorphisms of CYP3A4 associated with
neuropathy induced by paclitaxel. (Paper III)

The molecular mechanisms of the paclitaxel induced neuropathy are hitherto not well
understood. The discovery of novel CYP3A4 variants associated with this pathology is of
importance as it suggests a novel pharmacogenetic biomarker for the peripheral neurotoxicity
risk. In paper III, we demonstrated such association in patients and characterized the enzyme
kinetics of the variant proteins overexpressed in HEK293 cells.
We have screened 236 Spanish neuropathic patients treated with paclitaxel by using the
whole exome sequencing and dHPLC, and focusing on the critical genes involved in
paclitaxel metabolism and transport (CYP3A4, CYP2C8, ABCB1 and SLCO1B3). In this
cohort seven patients were found to carry CYP3A4 variant alleles as shown in Table 3. This
finding was confirmed by Sanger-sequencing. The defective CYP3A4 alleles identified in
these patients include CYP3A4*20 (n=4), CYP3A4*8 (n=1), two novel missense variants
CYP3A4-Pro389Ser and CYP3A4-Leu475Val, later designated as CYP3A4*25 and
CYP3A4*27 respectively (Table 3).
The CYP3A4*20 allele is characterized by a frame shift and premature stop codon,
which produces truncated and inactive CYP3A4.20 protein in both yeast and HEK293 cells
[95]. The protein expressed by CYP3A4*8 (c.389G>A, p.Arg130Gln) has been shown to
display reduced activity due to the not detectable holoprotein levels in E.coli [96]. Two novel
alleles with missense mutations, CYP3A4*25 (c.1165C>T, p.Pro389Ser) and CYP3A4*27
(c.1423C>G, p.Leu475Val) produce proteins with mutated residues located in the highly
conserved CYP -helix 4 and in the C-terminus correspondingly.
When compared with CYP3A4*1 reference gene, the CYP3A4*20 was found associated
with the significantly higher risk of neuropathy in this cohort study (2 fold higher, p=0.042).
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In caase of non-syynonymous variants (C
CYP3A4*8, *25
* and *27
7) the risk off neuropathy grade 3
was increased 1.3
1 fold. (Table 3). Alll of these variants
v
werre associateed with sign
nificantly
higheer neuropathhy grade (p < 0.05).

Tablle 3. Characcteristics off patients w
with CYP3A
A4 defectivee variants.
CYP33A4
genotyype
s

Patien
nt
numbeer
(n)

Neuropat
hy gradea

CYP3A4 va
variant

CYP3A4
C
variant (in vitro)

Risk of pacllitaxelinduced neurropathyb

2 fold increaased risk
of grade 3 neu
uropathy
(loss of funcction vs.
referencce)

*1/*220

4

3

CYP3A44*20
c.1461_14662insA,
p.P488Fram
meshift

Due
D to prematture stop
co
odon, truncateed protein
produced in yeast and
HEK293 cells
c
No activity (loss of
function) [95]

*1/*25

1

3

CYP3A44*25
c.1165C>
>T,
p.Pro3899Ser

Novel
N
allele, decreased
d
activitiees
Novel
N
allele, decreased
d
activitiees
no detectablee P450
holoprotein,
h
deecreased
activity [96]

*1/*27

1

3

CYP3A44*27
c.1423C>
>G,
p.Leu4755Val

*1/**8

1

1

CYP3A44*8
c.389G>
>A,
p. Arg1300Gln

1.3 fold increased risk
of grade 3 neu
uropathy
(missensee vs.
referencce)

a Maxximum sensoryy neuropathy grade
g
during ppaclitaxel treattment (NCI-CT
TC v4).
b Wheen compared with
w CYP3A4*
*1 homozygottes, the risk off 3 grade neuro
opathy was higgher.

Charracterizationn of CYP3A4.25 and CY
YP3A4.27
R
Recombinannt CYP3A4.25 protein w
was found to
o have redu
uced level off expression
n (40% of
CYP
P3A4.1) in HEK293 expression system, and
a
CYP3A
A4.27 was also exprressed in
substtantially low
wer amountss (10% of C
CYP3A4.1) (Figure
(
7).

Figure 7. Immunobllotting of CYP
P3A4.25 and CYP3A4.27
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Treattment of thhe cells with
h the inhibiitor of proteein synthesiis, cyclohexximide sugg
gested
that the Pro389Ser substitution
n in CYP3 A4.25 lead
ds to the increased ratee of degrad
dation
(Figure 88).

Figure 8. Immunobllots of CYP3A
A4.1 and CYP
P3A4.25 exprressed in HEK
K293 cells afteer cyclohexim
mide
treatment. Upper
U
panel, densitometric
d
aanalysis of thee protein bandss from the low
wer panel.

In orrder to deterrmine the catalytic actiivity of thesse CYP3A4
4 variants, w
we overexprressed
them in HEK293 ceells and meaasured the aactivities by
y using dibeenzylfuoresccein as a sp
pecific
substratee. The activiity was norm
malized by tthe expressiion levels off apoproteinn as quantifiied by
the denssitometry off immunobllots. The eevaluation of
o enzyme kinetics
k
reveealed similaar Km
values foor CYP3A44.27 and CY
YP3A4.1, w
whereas the Km value for
f CYP3A4
A4.25 was higher.
Howeverr, the true Vmax was difficult
d
to determine because off the low ex
expression of
o the
variant pproteins.
Baseed on thesee data we suggest thaat the aberrrantly high degradatioon rates off both
CYP3A44.25 and CY
YP3A4.27 may
m substanntially reducce the paclittaxel metabbolism rate in
i the
carriers oof these alleeles resultin
ng in insuffi
ficient paclittaxel clearan
nce and corrresponding toxic
consequeences. Theerefore, thee patients carrying CYP3A4
C
defective
d
vvariants or with
preexistiing conditioons associated with neuuropathy, would
w
requirre treatmentt modificatiion as
paclitaxeel drug theraapy endpoin
nt.
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3 3 2 CYP2C *3 possible association with a neuropathy risk and
validation. (Paper IV)

CYP2C8 is the main paclitaxel metabolizing enzyme (see Introduction). Therefore over
the last decade much attention (Table 1) was paid to the possible role of genetic variations, in
particular of CYP2C8*3 in the paclitaxel induced neuropathy. However, due to the high
degree of controversy between the in vivo and in vitro data this issue still remains unresolved.
(Table 1-2, Introduction 1.2.2). In paper IV we have analyzed a possible link between the
expression of CYP2C8*3 and the neuropathy risk in 148 patients receiving paclitaxel,
however no significant association (HR =1.70, p=0.078) was found.
In order to evaluate the effects of CYP2C8.3 on the metabolism of paclitaxel we have
characterized the catalytic properties of CYP2C8.3 overexpressed in HEK293 cells. The
enzyme kinetic parameters for both allelic variants (CYP2C8.1 and 8.3) were found to be
practically identical. These data is consistent with some previous in vitro studies [84],
however other investigations indicate altered paclitaxel metabolism by CYP2C8.3 (see table
2).
The reason for such controversy might be associated with the choice of the expression
system. For instance, CYP2D6.17 identified in a patient with a defective drug metabolism
had full catalytic activity toward bufuralol when it was expressed in the yeast cells but much
less activity when expressed in the mammalian expression system [97]. Thus, lower intrinsic
clearance of paclitaxel was observed when CYP2C8.3 was expressed in E.coli, yeast or insect
cells [54, 55, 81-83], whereas when paclitaxel hydroxylation was evaluated in the transfected
human hepatoma cells, HepG2 [84] the kinetic parameters of paclitaxel metabolism with
CYP2C8.3 and CYP2C8.1 were similar, as also seen in our study using HEK293 cells.
The enzymatic activity of CYP2C8.1 and CYP2C8.3 proteins was also tested using
amodiaquine and rosiglitazone. For amodiaquine, we did not observe any changes in kinetic
parameters. Conflicting results regarding the amodiaquine have been previously reported for
CYP2C8.3, which to a certain extent may again be explained by the different expression
systems used [54, 98]. Clearance of yet another substrate, rosiglitazone, was higher in the
CYP2C8.3 expressing cells, which is in line with another in vitro study [54].
The CYP2C8.3 variant enzyme contains two conserved amino acid changes, Arg139Lys
and Lys399Arg. Therefore, it is not surprising that an in silico structure analysis using two
online tools PolyPhen2 and SIFT predicts unaltered structural properties of CYP2C8.3 as
compared with CYP2C8.1. Such predictions are in good agreement with the experimental
data showing no difference in catalytic activities of CYP2C8.3 towards paclitaxel and
amodiaquine. Interestingly, an in silico study based on the crystal structure of CYP2C8
complexed with troglitazone, a drug similar to rosiglitazone, predicts a missing salt bridge in
Arg139Lys mutant whereas the salt bridge in Lys399Arg should remain intact. The authors
conclude that this may affect the substrate specificity of Arg139Lys protein [98]. These
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predictions might be a possible explanation for the different rosiglitazone conversion rates
found in our study. Similarly different enzyme kinetics with two different substrates (codeine
and bufuralol) was reported for the CYP2D6.17 variant when compared with the reference
CYP2D6.1 enzyme [97].
Collectively, in the paper IV, we reported the absence of association of CYP2C8*3
expression with paclitaxel induced neuropathy and also no changes in in vitro activity of
CYP2C8.3 toward paclitaxel, yet finding somewhat different substrate specificity with
rosiglitazone.

30

4 SUMMARY
The main focus of current study was the investigation of the role of genetic factors
underlying the variability of enzyme activities in CYP2C and CYP3A subfamilies and
possible implications for the drug adverse reactions.

•

Using the human cell expression system, we have shown the inversed ER membrane
topology of the orphan enzyme CYP2W1 favoring its N-glycosylation at residue
Asn177. Despite such non-canonical localization that would hinder its interaction
with the redox partners, the HEK293 expressed CYPW1 was able to specifically
metabolize two indoline based substrates. This raises an interesting question of the
hypothetical ER luminal redox partners, the isssue that is currently under intensive
scrutiny in our laboratory.

•

Using similar experimentlal setup we have characterized expression and enzymatic
properties of the novel CYP2C9*35 allele with two amino acid changes, Arg125Leu
and Arg144Cys. Arg125Leu was found to have a strong negative impact on the
catalytic activity towards warfarin, which apparently leads to the warfarin
hypersensitivity in the carriers of this allele. Bypassing traditional P450 catalytic
cycle via peroxidase shunt pathway restored CYP2C9*35 activity indicating intact
enzymatic properties of the enzyme. In silico structural analysis suggested that the
altered electrostatic interaction between NADPH-P450 oxidoreductase and
CYP2C9.35 may be responsible for the abolished activity of this genetic variant of
CYP2C9.

•

Polymorphic variants of the CYP3A4 gene, CYP3A4*8, *20 and two novel alleles
CYP3A4*25, *27 were found to be associated with the paclitaxel mediated
neuropathy in the seven out of 236 paclitaxel treated cancer patients. In vitro
characterization of CYP3A4.25 and CYP3A4.27 harboring two amino acid changes,
Pro389Ser and Leu475Val, respectively revealed higher rates of degradation as
compared with the reference enzyme suggesting reduced paclitaxel metabolism,
which may be the reason for neurotoxicity in the affected patients.

•

Despite the multitude of controversial in vivo and in vitro data, part of which
suggested the connection of CYP2C8*3 with the increased neuropathy risk upon
treatment of cancer patients with paclitaxel, our data derived from the study of a
large cohort of such patients could not support that notion. Moreover, our in vitro
results were consistent with this finding, showing no difference in kinetic parameters
of CYP2C8.3 catalyzed metabolism of paclitaxel and amodiaquine with somewhat
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higher rosiglitazone conversion rate suggesting different substrate specificity of this
variant enzyme.
•

In general, our data support the application of HEK293 cell expression model as a
robust and versatile host system for the expression of human CYP enzymes.

•

This work should also contribute to further mapping of the polymorphic markers of
the investigated cytochrome P450s and improve thus the personalized prescription of
the drugs metabolized by these enzymes.
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5 FUTURE PERSPECTIVES
The modern time and cost effective next generation sequencing technologies provide us
with the growing information on a myriads of different genetic variations of all human genes
and the drug metabolizing enzymes in particular. To date the databases containing CYP SNPs
now contain close to 400 different allelic variants and most of them were found to be
associated with the specific clinical phenotypes [19].
The rapidly developing personalized medicine approach requires comprehensive
description of the patient including the clinical characterization, family anamnesis, full
chemistry of biological fluids and genomic information. The latter is especially important for
the pharmacogenetic part of personalized medicine as the drug response is tightly connected
with the genetically defined expression levels and activity of the drug metabolizing enzymes.
Although still insufficient, the growing knowledge of pharmacogenetics based on
interindividual variances of drug responses and molecular information, is entering the clinical
practice. This, for instance is supported by the increasing number of pharmacogenomic labels
for drug lists as recommended by FDA and EMA. In particular, special attention is paid to
pharmacogenomic labels in cancer treatment and anticoagulant therapy, where the dosing
must be precise enough to have efficacy without causing toxicity. Among several targets
most attention have been paid to variations in the genes encoding drug metabolizing
enzymes, including CYPs, drug transporters, drug targets and their receptors, signal
transduction molecules.
However, there are still remaining problems that hinder full implementation of
personalized medicine into the clinical practice. One of them is the need in more
sophisticated bioinformatic tools and better statistical apparatus for the assessment of ADR
risks. For instance, the precise evaluation of the role of CYP2C8*3 in paclitaxel induced
neuropathy obviously requires larger statistical power and more sophisticated methods of its
treatment. However, even with the information that we possess at a moment we can
substantially improve our knowledge by the deep literature and data mining and
comprehensive meta-analysis of the data.
Another problem is the lack of knowledge of the molecular characteristics of the target
genes. The approach that we have applied in current study is of course very useful and
provides with enough information to judge about the catalytic or other properties of the genes
of interest. However, the accumulation of this information is definitely lagging behind the
technical progress in deciphering the genetic information (genome sequencing) and requires
more efficient high throughput technologies.
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