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Cytochrome P450 Part 2: Geneticsof Inter-Individual
Variability
Michadl BWard, Michad J Sorich, RossA McKinnon

ABSTRACT

Inter-individual variability in drug metabolism resultsfromthe
influence of amyriad of factors, such asconcomitant drug therapy
and genetic factors. Advancesin recombinant DNA technology
have enhanced our understanding of theextent of genetic variation
in the cytochrome P450 (CYP) enzyme super family, thus
darifyingthemolecular basisof many clinicaly observed variations
indrug response. Thissecond articleinthe CY P seriesdescribes
current understanding of genetic variability in the major drug
metabolising CY Penzymes, nomenclature used to describevariant
CYP genes, and theclinical significance of such variability.
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INTRODUCTION
Inter-individual responseto chemical exposure—therapeutic,
environmental or occupational — is a well-documented
phenomenonwithamyriad of underlying causesincluding age,
health, gender, nutritional status, concomitant drug therapy and
genetic factors. Theimportance of genetic differencesinthe
metabolism of drugsand environmental chemicalshasbeen
recognised for at least four decades.*? Historically, genetic
variationindrug metabolismwasusualy identified following
unexpected responsesto standard doses of therapeutic drugs.
Geneticvariability in drug metabolismisevident whenthe
frequency of an appropriate measure of invivo enzymeactivity
(e.g. urinary metabolic ratio) ispolymodal, most commonly
bimodal. In bimodal distribution, the two phenotypes are
generally termed extensive and poor metabolisersor fast and
slow metabolisers. In someinstances, additional phenotypes
such asthe ultrarapid or intermediate metabolisers, can be
detected, resulting in additional modeswithin thedistribution
(Figure 1). Theunderlying cause of polymodal phenotypescan
be genetic variability within the genes encoding for drug
metabolising enzymes.

TYPESOF GENETIC VARIABILITY

Thetypesof genetic variation that i nfluence cytochrome P450
(CYP) activity rangefromachangeinvolvingasinglebaseina
given genethrough to major chromosomal aterationssuch as
thedeletion or duplication of an entiregene. Themost common
type of genetic variation described is the single nucleotide
polymorphism, that involvesthe substitution of onenuclectide
for another at apreciselocation within the genome. Closely
related to single nucleotide polymorphisms are theindels—
insertion or del etion of one or more nucleotidesfromthegene.
Theimpact of single nuclectide polymorphismsandindelson
CY Penzymatic activity isgoverned by wherein the genome
thesevariations occur and by the nature of the genetic change
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Figurel. Relationship between geneticvariation, enzymeactivity, drug
responseand optimised drugdosing. Geneticvariation asindicated by
genotype (whiteboxes=defectiveallele, black boxes=function allele)
can producefour different levelsof enzymeactivity (phenotype).
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that occurs. Single nucleotide polymorphismswithin coding
regionsmay changeasingleamino acid inthe protein product
of thegene, possibly dteringitsactivity. Whileindel sfrequently
resultin mgjor structural changesin the protein that can have
deleteriouseffectson enzymeactivity.

Variation outside of coding regions, including regions
previoudly thought to haveno significant functions, may impact
ontheregulation of gene-altering protein levels. Frequently,
variantswill resultin reduced enzymetic activity dthough noteble
exceptions, resultingin significantly increased activity doexist.
Each distinct variant of thegeneisreferredtoasanallele, for
exampleif agene containsonesinglenucleotide polymorphism
therewill betwo aleles. Themost common alleleisreferred to
asthewild-typewhilethelesscommon (minor dlele) isreferred
to asthemutant. To be considered apolymorphism, theminor
alelemust occur inthe popul ation with afrequency of over
1%, however, the term polymorphism isfrequently used to
describeany genetic variation.

Allelicvariationin many CYP genesiswell documented,
with the high number of identified alleles necessitating the
formation of an official human CYP allele nomenclature
committeeand web site 3 To name CYP dl€eles, thegenename
and allele are separated by an asterisk followed by Arabic
numerals. Thewild-typedleeisawaysassigned thenumber 1
withvariantsassignedinchronological order of their identification
—CYP2D6* listhewild-type CYP2D6 adldewhile CYP2D6* 4
isthethirdidentified variant. For many CYP genesitispossible
to have more than one variant per copy of gene. When one
variant present within the gene is the major determinant of
enzymeactivity andtheother variantsareonly minor differences
thought to beof nofunctiona significance, thedldesareassgned
thesame numerical designate but aredifferentiated by aletter
(e.g. CYP2D6* 3A and CYP2D6* 3B shareacommon variant
that determines enzyme activity but also contain additional
separatevariantsof limited significance).
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Thedlinica implicationsof geneticvariability in CYP genes
are dependent on the function of the encoded enzyme. Given
thediversity of CY Psubstrates, the differencesin CYP genes
may impact on many aspects of human health, ranging from
drug and chemica sengtivitiesto cancer. For genesthat encode
CY Penzymeswith critical physiologicd roles, defectivedldes
may becatastrophic. In contrast, dlelic variability in CYP genes
which encode drug metabolising enzymes does not directly
cause pathology but may increaseanindividud’ssenstivity to
theharmful effectsof drugsand chemicals. Many genetically
variant CY Penzymesa so metabolisenon-drug chemicas(e.g.
environmental pollutants) linked with human diseasessuch as
cancer. Giventhisrolein the metabolism of chemical toxins,
much attention has focused on the rel ationship between the
CYP genotype, theresultant phenotype (enzymeactivity) and
susceptibility to chemical-induced diseases*

With respect to drug metabolism, theclinical relevance of
geneticvariability in CYP genesisdependent on many factors,
such asthealleles present, patient’sclinical state, therapeutic
index of thedrug, smoking statusand concomitant drugs. As
many drugs are metabolised by multiple CY P enzymes, the
percentage of total drug metabolised by agenetically variant
CYPisasoamajor consideration.

ASSESSING GENETIC VARIABILITY
Fromaclinical perspective, theaimisto predict apatient’s
response to a given dose of a particular drug. In part, this
requiresan assessment of theindividua’smetabolic capacity.
With respect to the CYP genesthis may be achieved in two
ways. Thefirst technique, genotyping, investigatesthepatient’s
DNA to determine which specific alleles are present. The
second approach, phenotyping, assesses a specific CYP
enzymée'slevel of activity.

Genotyping providesinformation about which CYP aleles
are present and thelevel of enzyme activity istheninferred
from the genotype. Thisrequiresthe association between a
given genotype and the resultant phenotype to be clearly
understood. For some genetic variants, thisrelationship has
not been definitively established rendering them of limited use
for predicting drug dosage requirement. Recent advancesin
molecular biology haveyielded significant improvementsin
genotyping techniquesbut no single approach has established
itself asbeing significantly superior toal others. Perhapsthe
most notabletechnique, with respect to the CY Penzymes, is
the US Food and Drug Administration-approved Roche
Amplichip. Thisplatform, based on micro-array technol ogy,
enablesanindividua to begenotyped for twenty-nineCY P2D6
andtwo CY P2C19 polymorphismsinasingletest. Theability
to genotype multiple alleles simultaneously isanimportant
advance as it reduces testing costs and improves result
turnaroundtimes. Inaclinical setting, genotypingisminimally
invasiveneeding only asmall blood sampleor cheek scraping
toyield sufficient DNA for andysis.

Phenotyping involves the collection of urine after the
administration of a probe substrate and determination of a
relevant metabolicratio. For example, poor metaboliserswould
haveamuch lower ratio of metaboliteto parent druginurine.
By contrast, phenotyping providesadirect measure of enzyme
activity but does not determine the source of the variability,
such asgenetic factors or consumption of enzymeinhibitory
drugs. Each CY Pto be phenotyped requires aseparate probe
substrate. I deally, the probe should be metabolised by asingle
enzyme, be non-toxic and inexpensive, e.g. dextromethorphan
iscommonly used for phenotyping CY P2D6. Inasimilar vein
tothe Amplichip, it is possible to phenotype multiple CY P
enzymes at one time through the administration of a
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‘ phenotyping cocktail’” containing aprobe substrate for each
of themgjor drug metabolising CY Penzymes. Phenotypingis
cumbersome as patients are required to consume a probe
substratefollowed by specimen collection and sampleanayss.

GENETIC VARIABILITY

Humans possess around 50 functional CYP genes.® Despite
thismultiplicity, thebulk of drug metabolismiscatalysed by a
small number of CYPenzymesfoundinfamilies1, 2 and 3.
The predominant drug-metabolising enzymesare CY P1A2,
CYP2C9, CYP2C19, CYP2D6, CYP2E1 and CYP3A4.
Although quantitatively a minor enzyme in terms of drug
metabolism, CY P2A 6 metabolises specific substrates.

CYP1A2

CY P1A2 metabolisesanumber of drugs, such astheophylline,
caffeine, clozapine and olanzapine. In addition, the human
CY P1A2 enzyme accommodatesapl ethoraof toxicologically
important substrates including food-derived mutagens and
products of combustion processes. Levels of CYP1A2 are
increased by exposureto certain chemicalsincluding many
inhd ed during the smoking of cigarettesand cigars. Significant
inter-individud variability inhuman CY PLA2 enzymelevel sand/
or activity hasbeen observed but the precise phenotypicimpact
of genetic variability within CYP1A2 has not been completely
elucidated.®® Severa variantshave beenidentified withinthe
coding region, however, they tend to have anegligibleimpact
onenzymeactivity or occur at very low frequencies. Despite
thelimited significance of thesevariantsitislikely that genetic
variability located within theregul atory regionsof the CYP1A2
genecontributesto the observed variability inCY P1A2levels.
It has been demonstrated that variants within this region
influence the degree of induction caused by tobacco
consumption.’®! Patientswith et least one of the CYP1A2* 1D
or CYP1A2* 1F dlelesexperienceardatively greater increase
in CY P1A2 levelsthan other genotypes. In patientswho do
not smoke, the presence of thesealelesdoesnot resultinaltered
CYP1A2 expression. Whilethesevariantsexplain someof the
variability in CYPLA2 activity that isobserveditislikely that
variants within other genes, which directly interact with
CYP1A2, will aso beimportant.

CYP2A6

Thehuman CY P2A family comprisesthreegenesinasingle
cluster — CYP2A6, CYP2A7, CYP2A13. Although CY P2A6
isthemajor CY P2A enzyme, itsrolein drug metabolismis
quantitatively small. However, itisimportant inthemetabolism
of coumarin and nicotine.’? In addition to the wild-type
CYP2AG6 dlele, three defective CYP2AG6 alleles have been
identified which result in an absence of CYP2A6.2 While
defective CY P2A6 metabolismisof limited relevancewith
respect to drug metabolism, therel ationship between CY P2A6,
nicotine metabolism and smoking behaviour may berelevant.
Of interest isthere ationship between defective CYP2AG dldes,
smoking behaviour and cigarette consumption.*2

CYP2C9
Although morethanthirty CYP2C9dleleshavebeenidentified,
only two — CYP2C9*2, CYP2C9*3 — are of clinical
significance. Around 30% of Caucasianshave at |east one of
these alleles. When compared with thewild-typeallele, the
enzymatic activitiesof CYP2C9* 2 and CYP2C9* 3 alelesare
reduced to approximately 50% and 10% respectively.*14
CY P2C9 metabolisesapproximately 10% of dl drugsand
isthe primary CY Pinvolved inthe metabolism of anumber of
clinically important drugsincluding phenytoinand Swarfarin.
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Theimpact of the CYP2C9 alleles on warfarin therapy has
been extensively studied. While CYP2C9 is not the sole
determinant of warfarin sensitivity, individua swith defective
CYP2C9dllelesrequirelower doses, take longer to achievea
stable maintenance dose and are at an increased risk for over-
anticoagulation and seriousbleeding events.’>”

CYP2C19

CYP2C19 genetic variability wasfirst identified asaresult of
variahility inthemetabolism of S-mephenytoin.® Although more
than 20 alleles have been defined only two alleles —
CYP2C19*2, CYP2C19* 3—areresponsiblefor the majority
of poor metabolisers. Around 5% of Caucasians and 20% of
Asianswill carry two of these defective alleles.’® A promoter
regionvariant, CYP2C19* 17, hasbeenidentified which confers
an elevated CY P2C19 protein level and enhanced metabolic
activity.22While CY P2C19isinvolved in the metabolism of a
number of clinically important drugs, such as omeprazole,
diazepam, sertrdineand cita opram, thetherapeutic significance
of itspolymorphismsremain controversial. Thelow clinical
attention to these all el es can be attributed to several factors.
Firstly, many of the drugs metabolised predominantly by
CYP2C19, such astheproton pump inhibitors, haverelatively
largetherapeuticindicesthat limit thetoxicity associated with
poor metaboliser status. Secondly, for some substrates, such
assertraineand cital opram, the dose-effect relationshipisnot
well defined. Despitetheseissues, CY P2C19 polymorphisms
canbeof clinical significance, for example, poor metaboliser
phenotypeis associated with enhanced Helicobacter pylori
eradication ratesrelative to extensive metabolisersfollowing
treatment with standard doses of proton pump inhibitor
containing tripletherapy.? Onthisbasisit might be anticipated
that homozygotesfor the CYP2C19* 17 allele, who experience
aone-third reductionin proton pumpinhibitor exposure, would
experience a lower cure rate but no such effect has been
ohserved.?? Thedifferencein eradication successratesbetween
extensiveand poor metabolisershas prompted suggestionsthat
proton pumpinhibitor dosage should be adjusted for CYP2C19
metaboliser status.

CYP2D6
CYP2D6, with over 60 alleles described, representsthe most
extensively studied exampleof genetic polymorphismindrug
metabolism. These aleles can be divided into four main
categories—null, decreased, normal and increased activity —
that result in four phenotypes— poor, intermediate, extensive
and ultrarapid metabolisers. A patient’ sphenotypeisdetermined
by the most active of their alleles— 5to 10% of Caucasians
and 1% of Adansare poor metaboliserswhile 1% of Caucasians
and 29% of black Ethiopiansare ultrarapid metabolisers.z

Of dl thedldesthat havebeenidentified, severd arenotable
because of their importanceto specific phenotypes. CYP2D6* 4
isthemost common Caucasian null dlele, with afrequency of
20%, and accounts for 90% of poor metabolisers.?* The
CYP2D6* 4 dlele containsasingle nucl eotide polymorphism
that results in mgjor structural defects within the protein
rendering it devoid of activity. The poor metaboliser phenotype
isproduced by the presence of two null dleles. CYP2D6* 10is
andleleof decreased activity and hasavery highfrequency in
Oriental populations, exceeding 50%, but only 2% in
Caucasians®Anindividud heterozygousfor anull dldeanda
decreased function allele (e.g. genotype *4/*10) has the
intermediate metaboliser phenotype. In contrast, anindividual
that isheterozygousfor adecreased function dleleand anormd
function allele (e.g. genotype *10/*1 or *10/*2) is or
homozygousfor the normal function aleles(e.g. genotype* 1/
*1 or*1/*2) isclassfied asan extensive metaboliser. Thefina
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aleesof significancearethoseof thegeneduplicationsthat are
responsiblefor the ultrarapid metaboliser phenotype.® Alleles
carrying as many as 13 functional copies of CYP2D6 have
beenidentified. A duplication aleleisindicated by thenotation
xN where N representsthe number of gene copies.®

Thetherapeutic relevance of variability inthe CYP2D6
genearisesdueto thelargenumber of clinicaly important drugs
metabolised by CY P2D6 combined with thenarrow therapeutic
index of many of these drugs. CYP2D6 substrates are
represented in many different therapeutic classes such asbeta-
blockers, anti-arrhythmics, psychol eptics and anti depressants.
Inmost clinical Stuations, standard dosesof CY P2D6 substrates
may result in elevated blood levels in poor metabolisers,
increasing the risk of toxicity. Important exceptionsto this
general rule are pro-drugs such as codeine, which require
CY P2D6 catalysed activation, where poor metabolisers may
not achieve appropriate analgesia.® At the other end of the
phenotypic spectrum, ultrarapid metabolisers are generally
considered to beaat increased risk of therapeuticfailure. Once
again pro-drugsarethe exceptiontothisrule, where ultrarapid
metabolisersmay experiencetoxicity. Thisisillustrated by the
fatality of abreastfed 13-day-old neonate which wasattributed
to opioid toxicity resulting from maternal ingestion of 30 mg of
codeine twice aday.?” The mother’s codeine dose had been
reduced from 60 mg twice aday asaresult of somnolenceand
constipation after two days of treatment.?”

Theclinical relevance of the CYP2D6 polymorphismis
best illustrated by theclinical resurgence of the anti-anginal,
perhexiline.® Originally, discarded dueto hepatotoxicity and
neurotoxicity associated with itsuse, perhexilineisconsidered
useful in patientswho are poorly controlled or arerefractory to
conventional drug regimens. As perhexilinetoxicity ismore
prevalent in patients with the CYP2D6 poor metaboliser
phenotype, safe use of the drug can be achieved by adjusting
thedoseaccording to anindividual’smetabolic capacity.® The
dose adjustment strategy employed clinically usesaform of
phenotyping wherethe metabolism of perhexilineitself isused
to provideameasure of CY P2D6 activity.*

CYP2E1

CYP2EL is toxicologically important as it metabolises
paracetamol and many carcinogens. CY P2EL levels are
elevated following exposureto a cohol. Seven CYP2E1 human
aleleshavebeenidentifiedincluding mutationsin structura and
regulatory regionsof thegene.2 Only oneof thevariant CYP2EL
aleles(CYP2EL* 2) gppearsto resultin compromised metabolic
functiontowardsCY P2E1 substrates® Whilegenetic variability
inthe CYP2E1 gene hasbeen linked with altered susceptibility
to several chemical-induced cancers, thetherapeutic relevance
intermsof drug metabolism remainsunclear.

CYP3A4

The human CY P3A family comprisestwo genesexpressedin
adults — CYP3A4, CYP3A5 — and athird gene — CYP3A7,
whichisexpressed only during fetal life. While CYP3A5 plays
aminor role in drug metabolism, CYP3A4 isamajor drug
metabolising enzyme, metabolising around 60% of drugsto
someextent. CY P3A4isaso the predominant CY Pin human
liver whereit comprisesup to 60% of total CY P content andis
alsothemgjor CY Pinthe humanintestine.®%

Although no evidence existsfor abimodal distribution of
CYP3A4 activity, the repeated observation of wide inter-
individual variability in CY P3A4 activity has prompted close
scrutiny of the CYP3A4 gene. To date, morethan 20 alleles
have been described, severd of which resultin reduced enzyme
activity. However, duetothevery low frequency of thesedleles
they do not account for the observed variability in enzyme
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activity. Giventhehigh degreeof inducibility of CYP3A4,itis
likely that genetic variationwithin asyet unidentified regulatory
regionsor other interacting genesispartly responsiblefor the
differencesin enzymeactivity observed in the population.

CONCLUSION
Thelast decade has provided agreat deal of dataon genetic
variability in CYP genes, through theidentification of variant
alelesand resultantinsightsinto themol ecular basisof observed
metabolic phenotypes. Further analysisof regulatory regions
of CYP geneswill enhance our understanding of why some
CY Penzymesexhibit profoundinter-individua variability. Any
gene that encodes a protein involved in the response to an
administered drug, ispotentially variable. Thisvast array of
proteinsincludesall drug-metabolising enzymes, drug receptors,
drug transportersand proteinsinvolved in the pathophysiology
of the disease being treated. Theterm applied to thefield of
genetically determined drug responseis pharmacogenomics.
Theoretically, the ability to accurately predict drug response
on the basis of prior genetic knowledge has profound
implicationsfor rational therapeuticsand drug devel opment.
Armed with such knowledgeit should be possibleto better
predict patientslikely to beat risk of drug toxicity. Cost savings
can be achieved in drug development through better clinical
trial designand early dismissal of drugsof genetic concern.
The burgeoning pharmacogenomic field provides many
sobering ethical and economic challengesfor futurethergpeutics.
If we are to embrace pharmacogenomic knowledge into
mainstream therapeutic practice, therewill beaneed for non-
invasivetechnol ogy enabling high throughput genotyping. Recent
progressin thisareahas been rapid with the manufacture and
marketing of the sophisticated ‘gene chips’, suitable for
CYP2D6 and CYP2C19 genotyping on abroad scae. Although
not inwidespread clinical use, gene chipshavethe potential to
bring pharmacogenomicsto the clinic or pharmacy. Canwe
expect ‘homegenotyping’ kitsdriven by nano technology in
thenext decade or s0? Theanswer most likely liesin economics
rather thantechnol ogica capability.® For example, aninteresting
development would be technologies that genotype many
polymorphic sites (even thewholegenome). Thiswould only
need to be done once, then the data could be reused as
required. Thiswould haveto circumvent theissuesof turnaround
timefor genotyping aswell asissuesof cost-effectiveness—it
may not be cost-effective to undertake aspecific genotypefor
aspecificdrug, butif thegenotypeisavailablethenitisprobably
cost-effectiveto useit.®* Regardless, abal anced appreciation
of therolegenetic variability playsindeterminingindividud drug
responseisessential for best therapeutic practice.
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