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There is increasing information on the importance of genetic polymorphisms in

human genes. Polymorphisms occur on average once every 500±1000 base pairs in the

human genome and are useful in the identi®cation of genes involved in human disease.

Some genetic polymorphisms have functionally signi®cant effects on the gene product

and are the most useful type of polymorphism in disease association studies while

others are simply useful markers. There are two main approaches using polymorphisms

in the identi®cation of genes involved in polygenic diseases. The ®rst involves

examining inheritance patterns for genetic polymorphisms in family studies and the

second case-control studies which compare genotype frequencies for candidate disease

genes in unrelated individuals with the disease and healthy controls. Use of family

studies is generally the preferred approach but this is only feasible if the genetic

component of the disease is relatively strong, DNA samples are available from other

family members and the disease is relatively easy to diagnose and is not stigmatized.

Population case-control studies are useful both as an alternative and an adjunct to

family studies. When performing case-control studies factors such as study design,

methods for recruitment of cases and controls, functional signi®cance of polymor-

phisms chosen for study and statistical analysis of data require close attention to ensure

that only genuine associations are detected. To illustrate some potential problems

in the design and interpretation of association studies, some speci®c examples of

association studies on drug response and on disease susceptibility involving receptor

genes, cytochrome P450 and other xenobiotic metabolizing enzyme genes and

immune system genes including TNF-a, IL-10 and the IL-4 receptor are discussed.
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Introduction

Genetic polymorphisms occur throughout the human

genome on average once every 500±1000 base pairs (bp).

The normal de®nition of a genetic polymorphism is a

variation in DNA sequence that occurs at least once in

every 100 copies [1]. Except in the case of genes on sex

chromosomes, each individual will have two copies of

every gene so the variation needs to occur at least once in

every 50 individuals to be classed as a polymorphism.

Rarer sequence variation will also occur but these rare

variants are usually referred to as isolated mutations rather

than genetic polymorphisms. The normal DNA sequence

for a particular gene is usually referred to as the wild-

type allele and the rarer sequence referred to as a variant

allele with the term allele de®ned as an alternative form of

a gene. It is not uncommon for several different variant

alleles to occur for a single gene. Different polymorphisms

that occur close together are often linked, that is they

are found on the same chromosome more frequently

than would be expected by chance. The arrangement of

genetic polymorphisms within a single chromosome in

an individual is known as a haplotype. Frequently certain

haplotypes are more common as a result of linkage
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than would be expected if each polymorphism was

inherited randomly. In this case, the polymorphisms are

said to be in linkage disequilibrium. Genetic polymor-

phisms can be of several types. The most common type is

a single nucleotide polymorphism or SNP where a base

is simply replaced by another. Insertions of additional

sequences or deletions can also occur and these range in

size from one to several thousand base pairs. Many genetic

polymorphisms are silent with no effect on gene products

but may still be useful genetic markers in studies on disease

association. In general, functionally signi®cant effects

associated with genetic polymorphisms are most likely

when they are associated with an amino acid substitution

in the gene product, when a deletion or insertion results

in a frameshift in the coding region, when a gene is

completely deleted or when the polymorphism directly

affects gene transcription, RNA splicing, mRNA stability

or mRNA translation.

The availability of comprehensive sequence data from

the Human Genome Project is likely to be followed later

this year by the appearance of the `SNP map' which will be

a high-density map of 200 000±300 000 SNPs [2]. Since

SNPs and other polymorphisms are useful markers for a

variety of genetic studies including those on susceptibility

to polygenic diseases and adverse drug reactions, it is

suggested that the SNP map will facilitate more accurate

drug prescribing and also the development of new drugs

due to a better understanding of disease causation [2].

However, there is controversy as to the exact number of

SNPs required for disease gene mapping and whether

this will be feasible using random SNPs to map disease

associations through linkage disequilibrium or whether

only SNPs giving rise to functionally signi®cant poly-

morphisms will provide meaningful information on com-

plex diseases [3, 4]. There is already substantial information

on SNPs and other polymorphisms available for many

genes, especially those encoding enzymes important in

drug metabolism and those affecting immunity and

in¯ammation. A number of these are attractive candidates

for disease susceptibility genes and this has already

prompted a large number of case-control studies on

associations between particular polymorphisms and dis-

eases. Since improved understanding of the speci®c genes

involved in disease causation is likely to lead to the

development of new drug treatments, candidate gene

association studies are very relevant to the area of clinical

pharmacology. As information on candidate genes and

candidate SNPs increases, it is important that study design

and data analysis in disease-association studies utilizing

them should receive careful attention to ensure that a large

number of spurious associations are not reported and that

genuine disease genes are identi®ed.

Design and interpretation of disease association
studies

Family studies and studies based on linkage-disequilibrium
mapping

Almost all human diseases have some genetic component

determining who will be affected though the extent of

this component varies widely. The clearest example of a

genetic disease is where there is a single defective gene

which affects all individuals with the particular genotype.

Examples of diseases that fall into this category include

Huntington's disease, cystic ®brosis and certain types of

inherited cancer. The normal approach to identifying the

gene responsible for such disorders is to carry out link-

age studies using large affected kindreds. Linkage studies

differ in a number of ways from association studies as

summarized in Table 1 though there is some overlap

between the two types of study. In linkage studies,

polymorphic genetic markers from different chromosomes

(either microsatellite where a sequence of a few bp is

repeated a variable number of times or SNP) are used to

pinpoint the chromosomal location of the disease gene on

the basis that markers close to the gene will cosegregate

with the disease within the family.

Many common diseases ranging from cancer to

Alzheimer's disease are polygenic, with more than one

gene contributing to disease susceptibility in the popula-

tion. In contrast to single gene disorders, in polygenic

diseases possession of a particular variant of a gene

Table 1 Identi®cation of disease genes.

Linkage studies

Used mainly up to the present in the study of single gene disorders

Use genetic markers situated throughout genome. These markers will generally not be functionally signi®cant in terms of phenotypic effect

Use extended families or in certain types of study cases and unrelated controls

Linkage of genotype for a genetic marker to disease may be unique to the particular family

Association studies

Used to identify genes involved in polygenic disorders

Determine genotype for polymorphism (often functionally signi®cant) in candidate gene of biological relevance to the disease

Use cases and appropriately matched controls who are normally unrelated

Association of a genotype or phenotype with disease is a statistical ®nding which is not necessarily a re¯ection of genetic linkage
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associated with the disease does not mean that an

individual will necessarily develop the disease, simply

that they have an increased risk of disease development.

Family based linkage studies can also be used in the

identi®cation of this type of gene but in this case, it is

more usual to use large sets of different families [5]. One

approach involves affected sib pair (ASP) analysis where

genetic markers that are more common than expected in

both affected sibs are identi®ed [6]. In another approach

known as the transmission disequilibrium test (TDT),

markers preferentially transmitted to affected individuals

from both their parents are identi®ed [7]. The precise

number of families required for TDTs depends on a factor

known as a sibling recurrence risk ratio (ls). This ratio

is calculated as the lifetime sibling risk divided by

the population frequency. A second ratio known as

lgs represents the risk ratio for individual genes and is

calculated by partitioning ls between the number of

genes hypothesized to contribute to the disease. If the lgs

is less than 1.3 (i.e. the risk of siblings with a particular

gene developing the disease is only slightly greater than

the population frequency) and the allele frequency is less

than 0.1, then successful use of TDT testing to pinpoint

disease genes will require impractically large (>1000)

numbers of families [8]. TDT testing can be used either for

whole genome scanning where an area within a particular

chromosome associated with the disease is identi®ed on

the basis of segregation pattern within families or for

examining intrafamilial allelic association of genetic poly-

morphisms within candidate disease genes.

A major limitation of TDT testing is the need to collect

DNA samples from parents of affected individuals. This is

seldom a problem with diseases where onset is during

childhood or early adulthood but the majority of common

polygenic diseases such as Alzheimer's disease, cancer and

noninsulin-dependent diabetes mellitus arise later in life

increasing the likelihood that one or both parents will be

deceased. With such diseases, there is also a risk that TDT

testing will tend to identify genes that are important in

rarer early onset forms of the disease since, in general,

patients with two surviving parents will tend to be on

average younger than those with both parents deceased.

To overcome these limitations, variations on TDT testing

using only siblings of the affected individual have recently

been proposed [9]. The value of such tests is still under

discussion but, as with the TDT, when lgs and the allele

frequency of the candidate gene is low, achieving statistical

signi®cance without use of very large numbers of families

is likely to be dif®cult.

With certain diseases such as alcoholism, alcoholic liver

disease, AIDS and various forms of mental illness, family

studies are hampered further by the associated stigma with

the result that many affected individuals will not wish their

parents or siblings to know of their illness. Studies in

alcoholic liver disease are faced with two additional

complications. First, unless other members of the family

also abuse alcohol, it will not be possible to classify them as

affected or unaffected and second, liver biopsy is ideally

required to accurately determine the presence and severity

of disease.

As an alternative to family studies, attempts are currently

underway to detect novel genes associated with complex

diseases by genome-wide SNP scanning to determine

whether certain SNPs are more common in disease groups

compared with controls. Though there is considerable

enthusiasm for this approach, the number of SNPs needed

for such a scan remains controversial and it has also been

suggested that the unpredictable nature of genetic linkage

may make ®nding real associations dif®cult [4].

Population candidate gene association studies

The alternative to family studies and to population

approaches that rely on linkage disequilibrium is to

perform population candidate gene association studies. As

summarized in Table 1, there are a number of advantages

to this approach including the fact that such studies may

provide adequate power to detect relative risks as low as

1.5 which is usually not possible in family studies [3] and

as most candidate gene studies are focusing directly on a

single gene and frequently look directly at functionally

signi®cant polymorphisms, concerns about the extent of

linkage disequilibrium and the adequacy of SNP markers

to detect associations are not relevant [4]. In population

candidate gene association studies, DNA samples from

cases and population controls are genotyped for poly-

morphisms situated in or close to a gene which prior

knowledge suggests might play a role in the pathogenesis

of the disease of interest. Until recently, the polymor-

phisms studied were often genetic markers rather than

polymorphisms giving a direct functional effect on the

gene product. Increasing sequence information and more

comprehensive studies on polymorphisms however,

mean that it should usually now be possible to choose

a functionally signi®cant polymorphism in the gene of

interest for study. There are a number of important issues

to consider in the design of case-control studies of this

type. These include: choice of candidate gene and poly-

morphism for study, recruitment methods, matching of

controls and number of subjects to be studied.

Choice of candidate gene and polymorphism for study

The ®rst step in designing a case-control study is to decide

on the candidate gene or genes to be studied. Consider-

ation should be given both to the relevance of the

candidate gene to be studied to the pathogenesis of the

particular disease and to the functional effects of a

Candidate gene association studies
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particular polymorphism. As discussed recently by Risch

[3], studying functionally signi®cant polymorphisms rather

than random polymorphisms in the gene of interest offers

considerable advantages in terms of detecting disease-

associated genes. It is also desirable that there should be a

reasonable understanding of whether the polymorphism

is linked to other polymorphisms either in the gene of

interest or an adjacent gene. Functional effects of poly-

morphisms are complex and it is important that the overall

effects of possession of a particular haplotype (combination

of linked polymorphisms) be considered rather than the

functional effects of a single polymorphism in isolation.

Ideally, the functional signi®cance of a polymorphism or

a linked set of polymorphisms should be investigated both

from the basis of the effect on in vivo phenotype and on

function in vitro. As discussed below, it has been possible

to study phenotype-genotype relationships in detail for

a number of genes encoding enzymes of xenobiotic

metabolism but in the case of other genes, this approach

may not necessarily be feasible. The functional signi®cance

of polymorphisms resulting in amino acid substitutions

in the gene product are most amenable to study in vitro

providing suitable expression systems and assay methods

for the protein of interest are available. There are more

dif®culties in studying the in vitro functional effects of

polymorphisms in noncoding sequences. For example, as

discussed below, studies on promoter region polymor-

phisms in the gene encoding the cytokine TNF-a using

reporter gene constructs have yielded contradictory

conclusions as to whether the polymorphism is function-

ally signi®cant depending on the precise gene construct

and cell line used in the experiments [10]. The availability

of detailed information on functional signi®cance before

an association study is initiated should help to avoid

the reporting of spurious associations and it seems likely

that the availability of detailed information on human

mutations [2] should lead to an improvement in this

aspect of study design. In the past, many of the poly-

morphisms studied were those which gave rise to restric-

tion fragment length polymorphisms (RFLPs) which

were discovered by hybridization rather than by com-

plete sequencing or mutation scanning studies. This may

have led to functionally signi®cant polymorphisms in

candidate genes being ignored and almost certainly led to

many negative studies looking for associations between

diseases and polymorphisms that were neither functionally

signi®cant nor linked to a functionally signi®cant poly-

morphism. A recent study described a detailed and

systematic search for polymorphisms in genes relevant to

hypertension [11]. However, the functional signi®cance of

these polymorphisms has not yet been determined and it is

desirable that this be examined before undertaking disease

association studies. Information of this type for all genes is

likely to become increasingly available from SNP databases

but again determining which polymorphisms are func-

tional and concentrating on these may be more fruitful

than random disease associations on all SNPs, though this

remains controversial [3]. Approaches such as the analysis

of phenotype in transgenic or knockout mice and studies

on patterns of gene expression in diseased cells using

microarray techniques may in future be helpful in deciding

the most appropriate candidate genes for study.

Statistical aspects of study design

The frequency of the variant genotype to be studied will

determine the number of cases and controls that need to be

recruited to achieve suf®cient statistical power to detect

a difference in frequency between the two groups. For

example, a typical study might aim for 80% statistical

power to detect an association with a P value of less than

0.05 assuming an odds ratio of 2 for the variant genotype

in disease development. If the variant genotype of interest

occurs at a frequency of approx. 0.2 or less, the numbers of

subjects required to see a statistically signi®cant odds ratio

may be unmanageably large particularly from the point

of view of case and control recruitment unless the

odds ratio is very high. Using twice or three times the

number of controls compared with cases can be helpful

where the number of cases is limited due to a disease

being rare.

In practice, with the ever increasing volume of data

on gene sequences and new polymorphisms, many recent

studies involve genotyping cases and controls studied

previously for other polymorphisms or a large number of

different polymorphisms are studied concomitantly. In

either case, consideration should be given to correcting for

multiple testing especially where polymorphisms are being

studied that have no functional signi®cance or where their

functional signi®cance remains unclear. If this is not done,

there is a risk that chance associations will be detected and

this becomes more likely with increasing numbers of

polymorphisms being studied. For example, a recent study

on susceptibility to disease progression in patients with

chronic hepatitis C infection examined eight different

polymorphisms which, though present in genes relevant to

disease progression, were largely of unproven functional

signi®cance, and reported statistically signi®cant differ-

ences for two of the polymorphisms without any

correction for multiple testing [12]. Had a Bonferroni

correction been applied neither association would have

been statistically signi®cant. However, there is also a risk

that use of multiple test corrections such as Bonferroni

corrections may result in genuine associations being

missed. A recent paper cautions against their indiscrimi-

nate use in all situations and suggests that assessing the

likelihood of a chance association should be considered

in the light of the biological plausibility of any observed
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associations [13]. Bonferroni corrections will still be

needed unless there is a preestablished hypothesis for

the association being sought, which in most candidate

gene association studies will require the candidate gene

to be of clear biological relevance and the chosen

polymorphism of proven functional signi®cance.

Recruitment of cases and controls

Patient recruitment is a key factor in association studies. It

is important that this should be organized so that new

incident cases are recruited soon after diagnosis rather

than relying on recruiting patients already diagnosed. If

preexisting cases are enrolled, there is a risk that the genetic

factor may be studied from the point of view of disease

progression and severity rather than risk of disease

development. The recruitment rate of eligible patients

should also be as high as possible to ensure that there is

no risk of obtaining a signi®cant association relating to

willingness to participate in research rather than with the

disease itself. It is also important that appropriate and

uniform diagnostic criteria for the disease being studied

are used, especially if subgroup analysis involving the stage

or severity of the disease is to be performed. Since life-

style and occupational factors play an important part in

determining susceptibility to many diseases, it is important

that appropriate questionnaires to cover these factors are

designed and that arrangements are in place to ensure

they are completed by all subjects. There are also many

pitfalls in control recruitment. It is often convenient to

use hospital staff or patients suffering from another disease

as controls. This is not good practise. Ideally, cases and

controls should be matched by ethnic origin, age and

gender and this can normally only be done by seeking

community-based controls. In addition, with some types

of diseases, it is important that additional matching be

performed. For example, in a study on susceptibility to

alcoholic liver disease, alcoholics with a similar drinking

history to the controls are a particularly appropriate control

group. In the case of lung cancer, where the risk of

tobacco smoking is likely to be higher than any genetic

factor, it is helpful to use smokers as controls though

statistical corrections for the effect of smoking can also

be made.

A frequently cited concern with population disease

association studies is that the disease population will not

necessarily be representative of the population at large due

to a `founder effect' or `population strati®cation' where the

disease gene originated in a single kindred who settled

in the area. A new approach to this problem involves the

use of method known as `genomic control' where the

frequency of polymorphisms in other genes unlikely to

be associated with the disease are compared between

subjects in addition to the polymorphism in the candidate

gene of interest and appropriate adjustment is then made

for population strati®cation [14]. However, a recent study

on population strati®cation in US Caucasians of European

origin has concluded that odds ratio calculations are biased

by less than 10% except under extreme conditions for this

population group suggesting that the danger of population

strati®cation leading to unreliable data may have been

overemphasized by some workers [15].

In addition to the possibility of spurious associations due

to population strati®cation, associations may arise because

of other biases in relation to case and/or control recruit-

ment. An approach to dealing with concerns about

case and control recruitment is to replicate the study at

a completely different centre. Failure to replicate ®ndings

in a different ethnic group may not mean that the original

study is ¯awed. Differences in allele frequency between

ethnic groups means that if a risk factor is seen at a lower

frequency in another ethnic group, there may no longer

be suf®cient statistical power to detect a population asso-

ciation though individuals with the genotype of interest

could be still at risk. Similarly if gene±environment

interactions are important in determining the magnitude

of a genetic risk factor, another ethnic group may not

normally be exposed to the same environmental factor as

in the original study and the gene may therefore be

irrelevant in the second ethnic group. It is particularly

helpful in con®rming ®ndings from a case±control disease

association study if the ®ndings can be replicated in

families using TDT or other appropriate tests but, as

discussed previously, this is not always feasible.

Examples of case-control studies relevant to
clinical pharmacology

Studies on genes affecting drug response

There have now been a number of published studies

where the relationship between genotype for a particular

drug target or metabolizing enzyme and drug response or

toxicity is examined with view to using genotype data to

determine the most appropriate drug dosage or whether

prescribing the drug is likely to be effective. In general,

most of these studies have involved relatively small

group sizes and, in some cases, there are problems with

inadequate control groups. Many of these studies are not

true case-control studies in that they compare outcome

between two groups of affected individuals rather than

between cases and controls. However, many of the

requirements for a good case-control study such as those

relating to recruitment and statistical analysis will also

be valid in this type of study.

It has been suggested that Alzheimer's disease patients

positive for at least one ApoE4 allele show a poorer

response to tacrine compared with those with no ApoE4
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alleles [16]. However, a number of follow-up studies

mainly involving larger group sizes have failed to con®rm

these observations with one study reporting that the

difference between genotypes could only be con®rmed in

women and another reporting that ApoE4 positivity was

associated with a better response to the drug [17, 18]. The

inconsistencies may be due to the actual differences in

response between groups being relatively small but could

also re¯ect the fact that there appear to be ethnic

differences in the consequences of the ApoE4 allele [19].

Genotyping for polymorphisms in other genes

concerned with drug response or metabolism have also

been suggested to affect response or toxicity. A codon 9

polymorphism in the dopamine receptor DRD3 gene

appears to predict risk of tardive dyskinesia development

in patients receiving neuroleptic drugs [20]. However, a

follow-up study failed to obtain a statistically signi®cant

increased risk though the overall trend was similar to that

observed in the original study [21].

Asthma patients with no wild-type alleles for an

upstream repeat polymorphism in the 5-lipoxygenase

gene appear unresponsive to treatment with a 5-lipoxy-

genase inhibitor though the fact that the numbers of

patients with the unresponsive genotype was considerably

lower than the number in the wild-type group is a

limitation of the study [22]. In other studies of drug

responses in asthma patients, it has been observed that

genotype for certain b2 adrenergic receptor polymorph-

isms predicts bronchodilatory response to b-adrenoceptor

agonists together with tachyphylaxis to repeated use, but

the overall results from all the studies are not consistent

[23±25]. It has now been demonstrated that haplotype for

a total of 13 SNPs in the upstream and coding sequences of

the b2-adrenergic receptor appears to be a better predictor

of agonist response with ®ve different haplotypes relatively

common among Caucasians [26]. In the future, genotyp-

ing methods which determine haplotype for b2-adrenergic

receptor rather than genotypes for single SNPs may

therefore be of value but determining haplotype is

currently a complex process.

There have been a number of studies concerned with

identifying genotypes which can predict clozapine re-

sponse. A recent study focused on 19 different receptor

and transporter polymorphisms and detected signi®cant

associations for six different genotypes. It was suggested

that genotyping for two SNPs in the 5-HT2A receptor

would predict clozapine response in most patients [27].

However, these ®ndings were not con®rmed in another

study [28] and no corrections for multiple testing were

applied in spite of the fact that the functional signi®cance

of many of the polymorphisms studied is still unclear.

In the case of the cytochromes P450 (CYP) CYP2D6,

CYP2C9 and CYP2C19, it is now clear that genotype will

have important effects on drug response and toxicity with

some substrates. Though the existence of the CYP2D6

polymorphism is well established, there have been

relatively few association studies in relation to adverse

drug reactions performed. However, two polymor-

phisms affecting activity of CYP2C9, the major S-warfarin

metabolizing enzyme, have been well characterized and

have recently been examined in relation to warfarin dose

requirement and risk of bleeding. By comparing CYP2C9

genotypes in a group of patients with an unusually low

warfarin dose requirement with both a group of random

patients from the same clinic and a local control group,

it was found that possession of one or two variant

CYP2C9 alleles was signi®cantly associated with a low

(1.5 mg dayx1 or less) dose requirement and an increased

risk of bleeding [29]. The ®ndings in this relatively small

study have subsequently been con®rmed in a larger study

involving 561 patients [30].

Case-control studies on genes encoding enzymes of
xenobiotic metabolism

Because of their general role in xenobiotic biotransfor-

mation, genes encoding enzymes such as the cytochromes

P450, glutathione S-transferases (GST) and N-acetyl-

transferases (NAT) are good candidates for susceptibility

factors in many diseases. There have been a large number

of case-control studies on the relationship of polymor-

phisms in these genes to susceptibility to cancer and

some other diseases such as Parkinson's disease [31]. The

majority of polymorphisms in these genes studied in

disease-association studies are of clear functional signif-

icance; studies on functional signi®cance have been

facilitated by previous studies on phenotype and by the

availability of well characterized expression systems and

sensitive enzyme assays. Despite these advantages, there

have been some problems with the interpretation of

studies. The most positive and consistent associations

reported are in relation to an absence of GSTM1 activity

and a high NAT2 activity being risk factors for lung

cancer and colorectal cancer, respectively [32, 33]. How-

ever, both associations are not always obvious from the

overall case-control data. Subgroup analysis in relation to

the risk factors of smoking history for lung cancer and meat

consumption and cooking method for colorectal cancer

gives the most signi®cant data, illustrating the importance

of gene±environment interactions [34±36].

There have been more problems with studies involving

the cytochromes P450 CYP2D6 and CYP1A1 in relation

to lung cancer susceptibility. In the case of CYP2D6, an

initial study suggested that a high level of enzyme activity

was a risk factor for the development of lung cancer and

this was con®rmed by a later study [37, 38]. However,

recent larger and better designed studies have shown no

apparent association and meta analysis also suggests the
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absence of a signi®cant effect [39±42]. In view of what is

now known about the substrate speci®city of CYP2D6

[43] and the fact that it is apparently not expressed in

the lung [44], the recent ®ndings on CYP2D6 and lung

cancer are not surprising and CYP2D6 now seems a

poor candidate gene for this disease.

In the case of CYP1A1, an apparently consistent

association between homozygosity for two linked poly-

morphisms (designated the CYP1A1*2 allele) and suscepti-

bility to lung cancer in Japanese has been reported [45, 46].

However, the functional signi®cance of the two linked

polymorphisms is unclear. One results in an amino acid

substitution but effects on enzyme activity appear

relatively small [47±49] and the second is some distance

downstream of the coding sequence. It remains possible

that this is functionally signi®cant. Alternatively, there may

be another linked polymorphism in Orientals that directly

affects enzyme activity or gene expression though there

is no evidence for this from existing sequence data. The

CYP1A1*2 allele is rarer in Caucasians than Orientals

and, in line with this, population association studies in

Causasians on this allele have shown either no associa-

tion or only borderline signi®cance. Since CYP1A1 is

expressed in lung tissue exposed to inducers such as

benzo[a]pyrene and is the main activating enzymes for

several polycyclic aromatic hydrocarbons, this gene

remains a good candidate for modulating lung cancer

risk [50, 51]. The reported association of CYP1A1*2

with the disease needs to be con®rmed by obtaining

reliable data on the functional signi®cance of the 3k-end

polymorphism or by identi®cation of a functionally sig-

ni®cant linked polymorphism either in CYP1A1 itself or

a neighbouring gene.

Another cytochrome P450, CYP2E1, has been well

studied in association studies on alcoholic liver disease

because of its role in ethanol oxidation and the presence of

upstream polymorphisms. There is some evidence that a

rare variant allele detectable with the restriction enzyme

RsaI may be associated with an increased risk for

development of alcoholic liver disease and an earlier age

of onset of this disease [52, 53]. Some problems with the

interpretation of these observations remain. In particular,

the functional signi®cance of the polymorphism remains

controversial and the low frequency of the rare allele in

Caucasians (0.015) means that it is not an important

population risk factor for the disease. Though CYP2E1 is

inducible by alcohol, it is not the major oxidizing enzyme

in the liver even when induced and oxidizes the toxic

initial product acetaldehyde as well as ethanol [54]. How-

ever, since ethanol oxidation by CYP2E1 appears to be

also associated with free radical formation which may

contribute to the onset of alcoholic liver disease [55],

variant alleles associated with high activity may be minor

population risk factors for alcoholic liver disease. Attempts

to identify more common alleles in this gene which

give functionally signi®cant effects have been largely

unsuccessful [56, 57].

CYP2A6 is the main cytochrome P450 isoform that

contributes to nicotine metabolism, converting nicotine to

cotinine. The description of two apparently functionally

signi®cant polymorphisms in this gene several years ago

prompted a number of studies to determine whether

decreased CYP2A6 activity might be associated with

altered smoking behaviour due to impaired ability to

metabolize nicotine. One study suggested that possession

of one or two variant alleles decreased the likelihood of

smoking and also the number of cigarettes smoked though

this could not be con®rmed in two other studies [58±60].

Unfortunately, recent studies on the CYP2A6 gene have

demonstrated that the assays used in these geno-

typing studies could lead to artefactual results and

indeed one of the two variant alleles, CYP2A6*3, does

not appear to exist in vivo [61]. More reliable genotyping

methods for CYP2A6 are now available and have recently

been used for a further study which largely con®rmed the

earlier ®ndings in one study of a link between CYP2A6

genotype and smoking behaviour [62]. However, the

variant CYP2A6 alleles are rarer in Caucasians than

initially described and are therefore unlikely to be major

contributors to determining who is likely to become

addicted to nicotine. These dif®culties in establishing

reliable methods for CYP2A6 genotyping are mainly due

to the existence of a number of highly homologous

CYP2A genes but illustrate the importance of validat-

ing genotyping assays before embarking on molecular

epidemiological studies.

Case-control studies on immunogenetic polymorphisms

Many common polygenic diseases ranging from insulin-

dependent diabetes mellitus to multiple sclerosis have an

autoimmune component. Interindividual variation in

genes encoding proteins with an involvement in the

immune and in¯ammatory responses is therefore a

potentially important susceptibility factor. There is now

increasing information available on genetic polymorph-

isms in such genes, particularly those in the MHC class II

complex and those encoding cytokines such as tumour

necrosis factor-a (TNF-a), interleukin-10 (IL-10) and

interleukin-4 (IL-4). Particular MHC class I and class II

haplotypes have been shown to be associated with a

number of different diseases. In many cases such as insulin-

dependent diabetes mellitus and rheumatoid arthritis, these

are strong and well established associations, con®rmed by

a large number of studies though some other suggested

associations remain controversial [5]. The complexity and

the large extent of polymorphism in the MHC locus

means that all associations with particular haplotypes need
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to be corrected for multiple testing. The role of the MHC

complex in antigen presentation to T cells is very well

established but the functional signi®cance of the various

haplotypes is still not fully clear making interpretation of

associations dif®cult.

Disease association studies on polymorphisms in

cytokine genes and cytokine receptor genes have also

been reported. Thus far, the cytokine gene that has

received the most attention is TNF-a, possibly because it

is located within the MHC gene cluster, raising the

possibility that some reported MHC associations might be

due to linkage to particular TNF-a alleles. There are

a number of different polymorphisms in the promoter

region of TNF-a and also at least one situated in the

coding region but the most frequent and also the best

studied from the point of view of disease association are

those at positions x238 and x308. Though associations

of these polymorphisms with suscepibility to a variety of

diseases have been reported, consistent results have not

been obtained with some positive and some negative

associations being reported. The failure to see consistent

associations might in part be due to lack of functional

signi®cance for these polymorphisms. As discussed by

Allen [10], there have been a number of studies on the

functional signi®cance of both polymorphisms with some

reporting increased transcriptional activity for the variant

alleles and some no difference from the wild-type. In the

absence of reliable and consistent functional data, it is

possible that many of the reported associations between

TNF-a alleles and disease susceptibility are either chance

associations or re¯ect linkage with MHC genes.

IL-10 has an important role as a regulator of T cell

responses and also has general anti-in¯ammatory effects.

Several upsteam polymorphisms, both SNPs and micro-

satellites, occur in this gene. In the case of a polymorphism

at position x627, there is evidence from both reporter

gene studies and in vivo measurements and reporter gene

studies that the variant allele is associated with decreased

IL-10 transcription [63, 64]. The presence of the variant

allele appears to increase the risk for ®brotic alcoholic liver

disease in alcoholics, and is associated with more severe

forms of juvenile rheumatoid arthritis [65, 66]. However,

hepatitis C patients homozygous for the IL-10 variant

show a better response to interferon-a treatment and a

lower rate of disease progression, possibly due to the

higher IL-10 levels associated with the wild-type allele

interfering with an effective antiviral response [12, 67, 68].

There appear to be problems in selecting the most

appropriate IL-10 polymorphism for study. Though there

is evidence that it is the C-627 A polymorphism that

directly affects IL-10 transcription [63], several studies

have focused on either the A-1117G polymorphism or the

microsatellite polymorphisms which, although linked to

x627, are not in complete linkage disequilibrium with

this polymorphism [69, 70]. As 50% of individuals positive

for G-1117 will have the wild-type C at position x627

and secrete normal levels of IL-10, the failure to detect

strong associations in some studies could relate to failure

to examine the most appropriate polymorphism.

In addition to cytokine genes, genotype for poly-

morphisms in cytokine receptors may also be useful

predictors for susceptibility to autoimmune disease. There

is increasing evidence supporting a role for IL-4 receptor

(IL4R) genotype in predicting susceptibility to atopy

and asthma and such an association is biologically

sensible in view of the role of IL-4 in regulation of

Th2 immune responses and IgE secretion. A number of

different polymorphisms in IL4R have been described

and associations with atopy and asthma reported [71, 72].

However, the results have been inconsistent with differ-

ent studies reporting different polymorphisms as being

signi®cant for disease susceptibility. A recent study appears

to explain at least some of these consistencies. It is now

clear that there are six different polymorphisms in the

coding region of IL4R which result in amino acid

substitutions [73]. There is a complex pattern of linkage

between the various polymorphisms resulting in a range

of haplotypes. It appears that susceptibility to atopy may

relate particularly to the presence of a polymorphism

giving rise to the amino acid substitution Cys406Arg

but overall haplotype for all six polymorphisms may also

contribute [73]. As with the b-adrenergic receptor gene

discussed previously [26], genotyping for six separate

polymorphisms and assigning haplotypes is technically

complex. Though there is currently some evidence that

two of the amino acid substitutions are functionally

signi®cant, there is a need for additional studies to

determine precisely which IL4R haplotypes result in

altered biological activity to facilitate additional case-

control studies on the relationship of IL4R genotype to

disease susceptibility. A similar situation is likely to arise

with other candidate genes as more SNPs are discovered.

Concluding remarks

There are clear potential pitfalls in both the design and

interpretation of candidate gene association studies but the

availability of more comprehensive information about

genetic polymorphisms and the increasing availability of

better systems for studying functional effects makes it likely

that such studies will continue and will in the future

provide useful information on speci®c gene defects in

disease. Providing ®ndings can be replicated in more than

one study population, associations (or indeed lack of

assocation) should provide important information about

disease mechanisms and the ability to predict individuals

who are at risk. Such associations may also lead to the

design of new treatments that target gene defects more
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directly potentially leading to improvements in public

health. However, there are considerable ethical problems

associated with the identi®cation of individuals at

increased risk of a disease, especially where there is no

effective preventive treatment available, and these issues

need careful discussion so that genetic information can be

used for individual bene®t.
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