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Mini Review

Single nucleotide polymorphisms and the
future of genetic epidemiology
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In this review, we consider the motivation behind contemporary single
nucleotide polymorphism (SNP) initiatives. Many of these initiatives
are projected to involve large, population-based surveys. We therefore
emphasize the utility of SNPs for genetic epidemiology studies. We
start by offering an overview of genetic polymorphism and discuss the
historical use of polymorphism in the identification of disease-predis-
posing genes via meiotic mapping. We next consider some of the
unique aspects of SNPs, and their relative advantages and disadvan-
tages in human population-based analyses. In this context, we describe
and critique the following six different areas of application for SNP
technologies:

� Gene discovery and mapping.
� Association-based candidate polymorphism testing.
� Diagnostics and risk profiling.
� Prediction of response to environmental stimuli, xenobiotics and diet.
� Homogeneity testing and epidemiological study design.
� Physiologic genomics.

We focus on key issues within each of these areas in an effort to point
out potential problems that might plague the use of SNPs (or other
forms of polymorphism) within them. However, we make no claim that
our list of considerations are exhaustive. Rather, we believe that they
may provide a starting point for further dialog about the ultimate
utility of SNP technologies. In addition, although our emphasis is
placed on applications of SNPs to the understanding of human pheno-
types, we acknowledge that SNP maps and technologies applied to
other species (e.g. the mouse genome, pathogen genomes, plant
genomes, etc.) are also of tremendous interest.
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The last decade or so has witnessed a veritable
explosion in the design and development of molec-
ular genetic technologies that can be used to un-
derstand the biological basis of complex traits and
diseases such as hypertension and obesity. Al-
though awesome in their innovation and construc-
tion, it is not at all clear how researchers should
use these technologies to maximize scientific insight
and practical application. An excellent case of this
lack of clarity over a particular set of modern
molecular genetic technologies concerns the iden-
tification, cataloguing, and mapping of human sin-
gle nucleotide polymorphisms (SNPs): there are
now at least four industrial group efforts (i.e. by
the companies Genset, Incyte, Celera and Cura-

Gen (1–3)), one large academic–industry consor-
tium effort (4, 5), two government-sponsored
efforts (one in the USA (6–8) and one in Japan
(9)), and countless non-industrial scale academic
programs attempting to identify thousands, if not
hundreds of thousands, of SNPs for the purposes
of advancing genetic analysis initiatives of some
sort or another. In addition to these SNP-finding
initiatives, there are numerous academic and in-
dustrial programs trying to develop technologies
that will improve the efficiency, rapidity, and cost
effectiveness of genotyping large numbers of indi-
viduals for identified SNPs (e.g. through microar-
ray designs (10, 11)). Although few would question
the scale of the committed resources and the scien-
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tific sincerity of the individuals behind SNP-related
efforts, the question that inevitably arises in the
wake of this intense interest in SNPs is: Why? The
next few years will undoubtedly produce massive
SNP collections and better technologies for SNP
genotyping, but if these efforts are not to be
wasted, greater emphasis needs to be placed on the
application of these technologies and collections,
rather than their mere creation.

The biology of polymorphism

The term ‘polymorphism’ is often used in rather
vague and facile ways by geneticists. Technically, a
polymorphic locus is one whose alleles or variants
are such that the most common variant among
them occurs with less than 99% frequency in the
population at large (e.g. if the locus is biallelic, the
rarer allele must occur with a frequency greater
than 1% in the population). However, use of poly-
morphism in modern genetic initiatives ultimately
emanated from the study of physiological and bio-
chemical variation, such as that exhibited by
protein isoforms and blood group antigens (for
useful discussions see, e.g. (12–14)). This variation
was thought to arise from actual DNA sequence
variation, and when this was confirmed, a number
of crucial questions inevitably arose. First, what
kind of alterations exist in the genome that can be
understood to impact phenotypic variation? Sec-
ond, how are such variations maintained and what
is their behavior in populations? Third, how can
one ‘link’ relevant genetic alterations with pheno-
typic variations? And fourth, how are such alter-
ations ultimately translated into overt biochemical
and phenotypic variation? In theory, the answers
to these questions seem straightforward to obtain
by merely conducting studies examining the associ-
ation of DNA variants with either the presence or
absence of different phenotypes among individuals
or among individuals from different populations.
In practice, however, things have proven more
difficult for many reasons. One simple reason for
this difficulty is that the very definition of a DNA
variant ranges from a single base pair to several
hundred base pairs. Thus, it is not always straight-
forward to actually identify a specific genomic site
that results in phenotypic variation.

Polymorphism arises as a result of mutation.
The different types of polymorphism are typically
referred to by the type of mutation that created
them. The simplest type of polymorphism results
from a single base mutation which substitutes one
nucleotide for another. The polymorphism at the
site harboring such changes has recently been
termed a ‘single nucleotide polymorphism (SNP)’,

although previously, in some instances, such varia-
tion was referred to by the particular methods used
to detect it. For example, the first systematic stud-
ies of single base variants were pursued through
the identification of restriction enzyme sites, where
a single base pair change could result in the loss or
gain of a restriction site. Digestion of a piece of
DNA containing the relevant site with an appro-
priate restriction enzyme could then distinguish
alleles or variants based on resulting fragment sizes
via electrophoresis, and this type of polymorphism
was thus referred to as ‘restriction fragment length
polymorphism (RFLP)’ (15).

Other SNPs, which do not directly create or
destroy a restriction site, have been identified, of-
ten by creating restriction sites via PCR primer
design, by oligonucleotide probing, or by direct
sequencing. Recent technological advances have
greatly improved the ease and sophistication of
such identification processes, as will be discussed in
sections below. Although the frequency with which
SNPs (of any kind) occur over the genome is
certainly much greater than that of RFLPs alone,
precise estimates are difficult to determine and
often vary across different populations and ge-
nomic regions. Some studies have suggested that
SNPs can be found, on average, every 0.3–1 kilo-
bases (kb) within the genome, although most data
used to address the question of SNP frequency
were derived from studies of SNPs within specific
genes and thus are likely biased. Thus, it is not
clear whether or not current estimates can be ex-
trapolated to the rest of the genome and to popula-
tions other than those studied (16, 17). Whatever
the actual frequency of SNPs across the genome is,
it is known to be greater than any other type of
polymorphism (14, 18).

Other types of genetic polymorphism result from
the insertion or deletion of a section of DNA. The
most common type of such ‘insertion/deletion’
polymorphism is the existence of variable numbers
of repeated base or nucleotide patterns in a genetic
region (14). Repeated base patterns range in size
from several hundreds of base pairs, known as
‘variable number of tandem repeats’ (VNTRs or
‘minisatellites’), to the more common ‘microsatel-
lites’ consisting of two, three or four nucleotides
repeated some variable number of times. Mi-
crosatellites are often referred to as ‘simple tandem
repeats’ (STRs). Repeat polymorphisms often re-
sult in many alleles or variants (e.g. several differ-
ent repeat sizes) within the population and are thus
considered ‘highly polymorphic’. This can be ex-
tremely useful for population genetic studies since
the probability that two individuals from, say,
different populations (ethnic groups, diseased vs.
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non-diseased populations, etc.), will have the same
number of repeats can be quite low (19). The
genome-wide frequency estimates for STRs are
difficult to come by, though a range of figures of
one STR every 3–10 kb seems reasonable (14, 20,
21).

Another type of insertion/deletion polymor-
phism involves the presence or absence of Alu
segments at a genetic location. Alu segments are
named according to the restriction enzyme used to
detect them (e.g. AluI), and contain two sequences
approximately 120–150 bases in length, separated
by an A base-rich segment. Insertions of this type
occur approximately every 3 kb on average (22).
Large insertion/deletion polymorphism such as
Alu insertions are easy to identify and genotype
given the large differences in resulting amplified
fragments.

The traditional uses of polymorphism in gene
mapping

The study of variation at the DNA sequence level
within the last 20 or so years has had an enormous
impact on the belief that one could directly link
specific variants with specific traits or diseases.
This idea of connecting overt phenotypic diversity
with DNA sequence diversity has been plagued by
three very important issues, all of which have be-
come more pronounced as a result of improved
technologies for DNA sequencing. First, so much
sequence variation has been identified across indi-
viduals that questions about the origin and mainte-
nance of such variation in the population at large
have been raised. The traditional belief that muta-
tion drove the compilation or build-up of sequence
variation and that most mutation was deleterious
and subject to selection was thus challenged. In
response, the ‘neutral’ theory of evolution was
developed, most notably by Kimura and colleagues
(23). This theory suggested that most sequence
variation does not directly impact phenotypic vari-
ation and thus is not directly subjected to the
forces of selection. Thus, neutral theory suggests
that there is simply no guarantee that any iden-
tified polymorphism has an associated overt or
clinically relevant phenotype.

Second, it is now generally acknowledged that
most common traits and phenotypes are deter-
mined by a multitude of genetic and non-genetic
(or ‘environmental’) factors (24). The multifacto-
rial nature of most traits makes the identification
of each individual factor influencing them difficult,
if not impossible, simply because the effect of any
one factor may be obscured or confounded by the
effects of others (25–27).

Third, the fact that there is a great deal of
sequence variation that is of no physiological or
‘functional,’ significance, and the fact that most
traits and diseases of contemporary interest are
multifactorial in nature, has led to a great deal of
debate concerning methodological and study de-
sign issues for linking sequence variation with phe-
notypic variation (24, 28–31).

For the last 25 years, the most commonly used
approach to identify genes that influence traits has
been meiotic or ‘linkage’ mapping (24, 32, 33).
Although linkage analysis comes in various guises
(e.g. parametric or non-parametric, unipoint or
multipoint, etc.), all linkage analysis methods basi-
cally work by assessing the transmission and co-
segregation of alleles at landmark spots on the
genome, known as marker loci, with putative dis-
ease alleles assumed to be carried by family mem-
bers exhibiting the disease or trait of interest.
Alleles at marker loci that are very close to the
disease allele-bearing locus should be transmitted
with the disease through pedigrees (see Schork and
Chakravarti (33) for a non-technical overview of
linkage analysis and related methods). Thus, the
fundamental idea behind linkage analysis is that, in
a few generations’ time, chromosomal segments
harboring disease alleles will bear alleles at closely
neighboring loci that were on the original chromo-
some harboring the disease-predisposing allele.
This would occur because sufficient time would not
have elapsed for recombination, mutation, etc. to
shuffle the alleles across different chromosomes.
Thus, by tracing and examining the consistency of
co-segregation of marker locus alleles with a dis-
ease from generation to generation in a family
segregating the disease, one may be able to identify
the approximate position of a locus harboring dis-
ease alleles relative to the positions of the marker
loci studied. If evidence for such consistent co-seg-
regation can be found within a large number of
families (note: the actual co-segregating allele at
the linked locus does not have to be the same in
each family, especially if there are many alleles at
the locus), then one might consider refining the
linkage in the region of interest by using more
markers in that region and looking for more com-
pelling co-segregations (34). This gene detection
process, i.e. finding a linked marker and then
refining the linkage until an actual offending dis-
ease locus is found, is often referred to as ‘posi-
tional cloning’. Note that microsatellites are suited
for such studies since they typically have a large
number of alleles (i.e. repeat lengths), making it
easy to identify alleles uniquely co-segregating with
a disease in different families.
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To facilitate this process of linkage mapping,
‘maps’ of the genome with identified landmark
sites whose alleles could be used in the co-segrega-
tion analysis are needed (see Lander and Weinberg
(35) for an excellent historical account of the place
of genetic map development and linkage analysis
in genetics research). Botstein and colleagues pro-
posed the use of a map of RFLPs for such pur-
poses in 1980s (15, 36, 37), but the first ‘complete’
linkage map of the genome (i.e. where the land-
mark sites had been ordered on each chromosome
and their rough or exact locations are known),
only contained around 400 markers (i.e. had a
density of, roughly, 1 marker every 7–10
megabases (38). Due to their increased level of
allelic polymorphism, a growing emphasis on mi-
crosatellite markers in the early 1990s shifted map
construction efforts away from RFLPs. In 1990, a
large collaborative effort to develop a linkage map
of the human genome was proposed at the Centre
d’Etude du Polymorphisme Humain (CEPH) in
Paris, France (39). The motivation for the CEPH
initiative was to provide researchers with DNA
from families that could be used to order markers.
The identified and mapped markers were then
placed in a repository which was accessible to
researchers interested in conducting linkage and
gene mapping studies for various traits and dis-
eases. Currently, there are over 12000 markers in
the CEPH database, the vast majority of them
being microsatellites. The most reliable map of the
genome constructed from the CEPH repository
consists of over 7500 markers with an intermarker
distance of roughly 500 kb (40). General use of an
extremely dense map of markers, however, is not
pursued often, both because of the expense in
genotyping and because the size of the chromoso-
mal segments likely to be kept intact over a few
generations does not require the use of so many
markers to detect co-segregation within families.
Maps for initial linkage analysis studies generally
exploit a marker every 10 cM (see, e.g. the study
by Xu et al. (41)).

Unfortunately, linkage analysis and the use of
maps designed for linkage analysis studies have not
proven powerful enough to detect genes influenc-
ing many common multifactorial diseases. The rea-
sons for this are simple: many of the analytical
strategies used to assess the within-family co-segre-
gation phenomena at the heart of linkage analyses
are not very powerful for genes with small to
moderate effects on a trait or disease, often requir-
ing the collection of hundreds if not thousands of
families for reliable results (29, 30). To combat
this, emphasis has been placed on the use of differ-
ent sets of polymorphisms and different analytical
strategies for gene mapping efforts.

The emergence of SNPs in genetic analysis

SNPs have many advantages over other sorts of
polymorphism in the genetic dissection of complex
traits and diseases, and for population-based gene
identification studies, generally. Below, we briefly
describe some of these advantages that have con-
tributed greatly to the emergence of SNPs as an
alternative form of sequence variation for gene
identification and mapping studies (6, 8). In addi-
tion, they have also sparked intense interest in a
reevaluation of methodologies and study designs
that a researcher might exploit to explain pheno-
typic variation on the basis of sequence variation
(see, e.g. (29, 31)).

Abundance

The high frequency with which SNPs are found on
the genome gives them definite utility for trait or
disease gene discovery purposes. Thus, one can use
SNPs as markers for very dense gene mapping
studies in positional cloning efforts (42), or, more
importantly, as candidate polymorphisms to be
tested directly as the functional or causal muta-
tions for a trait or disease.

Position

SNPs are found throughout the genome, e.g. in
exons, introns, intergenic regions, in promoters or
enhancers, etc. Hence, they are more likely to
yield, upon collection, a functional or physiologi-
cally relevant allele than other sorts of polymor-
phism. What is of extreme interest in this regard is
the nature of the effect that a simple base pair
substitution can have on a trait or disease. Thus, a
SNP in coding region may directly impact a rele-
vant protein, an intronic SNP can influence splic-
ing (43), a SNP in a promoter can influence gene
expression (44), etc. The degree to which each kind
of SNP influences phenotypic expression is likely
to receive a great deal of attention as more and
more SNPs are identified and studied.

Origins and haplotypic patterns

Because new SNP alleles arise as mutations at
different loci and at different points in time, and
because they occur with such great abundance over
the genome, groups of neighboring SNPs may have
alleles that show distinctive patterns of linkage
disequilibrium (LD, i.e. LD is the phenomenon
whereby the presence of one allele on a chromo-
some may suggest a high probability that a partic-
ular allele will be present at a neighboring site on
the same chromosome) and as such may create a
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haplotypic diversity that can be exploited in both
genetic linkage and direct association studies.
Nickerson and colleagues appear to have been the
first to emphasize this fact (45).

Ease of genotyping

Because of their simple structure as base changes,
microarray and other technologies can be (and are
being) developed to allow the rapid and efficient
genotyping of hundreds (or thousands) of individ-
uals for hundreds (or thousands) of SNPs (10, 11).

Allele frequency drift

Because they typically only have two alleles (with a
maximum of four, obviously – one for each base
(18)), SNPs will have allele frequencies that will
‘drift’ as a function of the dynamics of different
populations. This can create allele frequency differ-
ences that can be exploited in many population-
based studies, such as admixture mapping (46).

Less mutable

SNPs generally are less mutable than other forms
of polymorphism (14, 18, 47). This increased ‘sta-
bility’ could afford geneticists a more reliable way
of assessing LD relationships, locus associations,
and co-segregation phenomena since associations
would not be confounded by alleles having mu-
tated to different forms in the course of the trans-
mission of alleles from generation to generation.

Recombinational oddities

Since SNPs can occur very close to one another,
study of the patterns of LD they show may reveal
sites for recurrent mutation, gene conversion, or
recombination ‘hot-spots’. Such information may
be very useful when assessing a genomic region for
linkage or association with a particular trait or
disease (48, 49).

Contemporary and future uses of SNPs

The examination of DNA sequence variation to
identify genes that influence multifactorial diseases
and traits will undoubtedly benefit from the SNP
craze. However, just how this benefit will occur
depends on how SNPs will be exploited in relevant
study designs, and what traits and diseases will be
of focus in these studies. In the sections that follow
we consider areas of application that are meant to
address these issues as well as some problems that
might plague relevant applications.

Gene discovery and mapping

There are currently many ways of identifying genes
that underlie a particular human disease, e.g. com-
paring gene expression patterns in diseased vs.
non-diseased tissues; exploiting homology between
human genes and those identified in model organ-
isms with a similar disease; using in silico methods
to uncover functionally relevant gene families from
available sequence databases, etc. Many of these
approaches are not necessarily focused on the
study of inherited differences in sequence varia-
tion. An alternative approach focuses on inheri-
tance of sequence variants underlying a given
phenotype. As pointed out in the discussion on
traditional uses of polymorphism, one of the most
(if not ‘the’ most) widely used current methods for
disease gene discovery that exploits inheritance and
patterns of heredity is meiotic mapping (24) (33).
As noted before, meiotic mapping involves tracing
co-segregation and recombination phenomena be-
tween alleles at loci whose chromosomal locations
are known (i.e. ‘marker’ loci) with putative or
hypothetical alleles at disease-influencing loci. This
is achieved by assessing co-segregation of a pheno-
type or disease and marker alleles among related
individuals. If evidence for such co-segregation is
found, one can infer the existence of a disease-infl-
uencing locus near the marker locus. Meiotic map-
ping, however, actually comes in two varieties.
Linkage mapping, as discussed previously, exploits
within-family associations between marker alleles
and putative trait-influencing alleles arising from
the 1–4 generations’ worth of co-segregation and
recombination phenomena traceable within such
families (33). Because the focus of linkage mapping
is on the small number of meiotic events observ-
able within a family, it does not require a very
dense map of markers to find initial evidence for
possible co-segregation of a disease-influencing
gene with marker locus alleles. However, refining
the location of the disease locus may require a
much denser map. Linkage disequilibrium (LD)
mapping, unlike linkage mapping, exploits across-
family associations (50). LD mapping requires a
dense map of markers since the size of the genomic
regions harboring alleles that co-segregate with a
disease across different families may be very small,
due to the large number of meiotic and recombina-
tion events in the genealogical links connecting the
families. Since linkage and LD mapping exploit
co-segregation of known alleles with disease-influ-
encing alleles, access to a large number of SNPs
can only increase their resolution and power (29,
42).
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Fig. 1 describes some issues in linkage and LD
mapping. The figure depicts the origin and trans-
mission of a disease gene (shaded individuals have
the disease gene which is assumed to be dominant
and fully penetrant) and alleles at a marker locus
residing near it. The disease allele is denoted ‘D’.
Marker alleles are denoted by numbers. Note that
in the left-most ancestral family, the ‘1’ marker
allele was co-segregating with the trait. This co-
segregation was not disrupted in the descendants
of the left-most grandchild in that family (i.e. no
recombination or mutation event occurred during
the time those descendants lived that would
reshuffle the disease allele away from the 1 allele).
This was not the case for the descendants of the
other two grandchildren, where a recombination
and mutation event put the disease allele on a
chromosome with either a ‘2’ or ‘3’ allele at the
neighboring marker locus. Thus, for descendants
of these individuals who lived after these recombi-
nation and mutation events occurred, their families
would be segregating ‘2’ or ‘3’ marker locus alleles
along with the disease allele, rather than a ‘1’
allele. This, in effect, would create strong ‘within-
family’ associations but weak ‘across-family’ asso-
ciations. Additional factors such as immigrant
families moving into a population that are segre-
gating for the disease gene but have a different
associated marker locus allele could create further
across-family divergence. Linkage analysis exploits
within-family associations by tallying up the num-

ber of times any allele is segregating with a disease
in a family and LD mapping analysis exploits the
commonality of an associated allele across
families. For LD mapping to work in the hypo-
thetical situation in Fig. 1, either analysis would
have to be restricted to subsets of families (e.g. the
left-most in the latest generations) or through the
use of a different marker locus – preferably one
that is closer to the disease locus so that recombi-
nation is not as likely to have occurred and washed
away any across-family associations. LD mapping
is also facilitated through haplotype analysis, as
described in Fig. 2, which depicts the hypothetical
‘signature pattern’ of alleles surrounding an ances-
tral disease mutation transmitted to descendants.
Finding SNPs close enough to each other to reveal
such a signature can be difficult but is more power-
ful than focusing on a single locus.

There are a number of difficult issues plaguing
meiotic mapping studies, however. First, statistical
methods for conducting linkage studies are notori-
ously non-powerful for detecting all but genes with
a relatively large effect on the trait or disease of
interest (29, 30, 51–53). Since most diseases of
contemporary interest, such as obesity and hyper-
tension, are likely influenced by a number of genes
and environmental factors, each contributing gene
is likely to have a small effect on disease suscepti-
bility and pathogenesis. Second, although more
powerful, LD mapping requires across-family asso-
ciations (i.e. LD) between alleles at marker loci

Fig. 1. Graphical depiction of hypothetical lines of descent involving a disease gene.
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Fig. 2. Hypothetical conserved haplotype associated with a disease pre-disposing mutation.

and the sought-after trait influencing loci. Knowl-
edge of how strong LD is and how far it extends
away from a particular locus in a particular popu-
lation is thus crucial for LD-based mapping studies
and can help guide the researcher as to the number
and density of markers needed for a study. Since
LD mapping is currently in vogue, this point de-
mands further emphasis since, unfortunately, a
great number of factors influence LD strength.
These factors run the gamut from population
founder size and expansion rate to mutation and
gene conversion rate. The interplay of all these
factors creates tremendous variation in LD
strength not only between populations of different
origins (54), but also between different genomic
regions (see Table 1) (55, 56). As a result, the LD
strength exhibited among a set of alleles at differ-
ent genomic loci in different populations is largely
contingent on a historical fact that can really only
be assessed empirically. With this in mind, the
assessment of SNP utility in modern mapping ef-
forts should combine traditional theory (57–59)
about expected LD properties with complementary
empirical data from the population and genomic
region under study. Further, since SNPs occur
with great frequency over the genome, a map com-
posed of them may be of sufficient density to
account for the possibility that some SNPs neigh-
boring a disease locus may only exhibit weak LD
with the disease locus alleles.

Also crucial for SNP-based mapping efforts are
analytic techniques and study designs that can be
used to assess evidence of co-segregation and LD
phenomena. Developing appropriate methodolo-
gies is non-trivial, given the complexity of most
traits and diseases of contemporary interest. Newer
haplotyping methods (60), distance-based mapping
measures (61, 62), combined linkage and LD
analyses (63), and random effect models that can
accommodate a wide variety of trait-influencing
factors (64–66) show promise, especially if the use
of SNPs is advocated.

Candidate polymorphism testing

Linkage and LD mapping ultimately assess and
exploit co-segregation of marker and trait-influenc-
ing alleles within families or populations and, as
such, assume that the markers used have an indi-
rect association with the trait (i.e. the markers are
merely acting as ‘surrogates’ for the actual disease
alleles they neighbor and co-segregate with). As an
alternative to assessing indirect association, one
could test alleles at polymorphic sites for direct
and physiologically rele6ant associations with a
trait or disease. Since the identification of a poly-
morphic site whose alleles are causally related to a
trait or disease is the ultimate goal of many genetic
analysis studies, the more polymorphic loci one
can type on a set of individuals, the more likely it
will be that one of those loci harbors alleles that
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causally influence the trait in question. Large SNP
collections can therefore provide the necessarily
high volume of SNPs from which the few func-
tional polymorphisms can be obtained. Table 2
offers some recent examples of such association
studies.

Unfortunately, as SNP databases are still in
their infancy (see the section that follows on SNP
databases), tests of direct association are currently
applicable only if one is initially drawn to a limited
number or a particular set of polymorphisms based
on ancillary information about them (e.g. based on
knowledge of the putative function or pathological
implication of the gene or genomic region within
which the polymorphisms reside). This is due to
the fact that most identified polymorphisms are
known to be biologically inert (i.e. ‘neutral’) or
have unknown functions. In addition, the mere
testing of tremendous numbers of polymorphisms
raises serious statistical issues, such as the determi-
nation of the false positive rate of the tests and the
level of statistical significance to be adopted (29).
Although one could combat these issues with bet-
ter and more compelling statistical methods and
study designs, better insight into the biology of the
genes for determining candidate polymorphisms
may be harder to come by.

Diagnostics and risk profiling

Once a SNP or SNP-based haplotype is identified
which is associated (hopefully in a causal manner)
with a trait or disease, one could potentially use
the information to develop diagnostic or prognos-
tic tools based on that SNP. The assessment of the
utility and applicability of a SNP-based risk assess-
ment tool for a complex disease will require well-
designed, large-scale epidemiological studies.
Consider again the fact that most diseases of con-
temporary interest are influenced by a number of

genetic and non-genetic factors, each of which may
make only a small contribution to disease risk in
the population at large. If a gene (or series of
genes) has been identified which is associated with
a disease through the use of a special study design
(e.g. affected sibpair linkage study, gene expression
analysis, LD mapping in an isolated population,
etc.) then it is an open question as to how large a
role that gene has with respect to the disease bur-
den in the population at large or with respect to
the (clinical) populations for which the diagnostic
will be used. Population genetic phenomena, such
as disease heterogeneity, differential disease gene
frequency, etc. will therefore undoubtedly impact
the sensitivity and specificity of any diagnostic test
based on an associated polymorphism(s). To ob-
tain information about the putative population-
based sensitivity and specificity of a DNA-based
diagnostic for a complex or multifactorial disease,
studies that assess the simultaneous influence of
multiple relevant susceptibility factors on disease
risk (e.g. diet, lifestyle, other gene effects, etc.) in
the populations for which the diagnostic might be
applied are needed. This is due to the fact that the
influence of SNPs on the trait of interest may not
be large enough for accurate prediction without
ancillary information about an individual’s risk.
Large-scale population studies of this type are
hardly unprecedented in traditional epidemiologic
contexts, but their design will need to be refined to
accommodate facts about genes and their role in
disease susceptibility in populations. Thus, a
greater adherence to population genetic and evolu-
tionary principles will need to guide such studies
(31).

Prediction of response to xenobiotics

An area of application of SNPs that is related to
disease diagnostic, prognostic and risk assessment,

Table 1. Some recent (\1994) studies evaluating linkage disequilibrium or polymorphism content as a function of physical distance

Study/reference Region or locus c Loci/length Comments

Jorde et al. (55) APC 7/550 kb Physical distance correlates with LD strength
Watkins et al. (56) vWF 5/144 kb Physical distance correlates with LD strength
Watkins et al. (56) Multiple sites 5/144 kb Stronger LD among loci closer to centromeres

6/�200 kbPurandare et al. (81) NF1 CEPH and Japanese show stronger LD than an African cohort
Strong LD among CEPH, French, and Japanese10/3.5 kbAGTJeunemaitre et al. (82)

Ajioka et al. (83) HH (MHC) 24/ 5 Mb Strong LD within the very large region studied
Cox et al. (84) IL-1 8/430 kb Physical distance correlates with LD strength
Nickerson et al. (85) LPL 88/9.7 kb Sequence-based, exhaustive polymorphism search
Clark et al. (48) LPL 88/9.7 kb Evolutionary interpretation of extreme sequence diversity
Huttley et al. (86) Genome-wide – Heterogeneity in LD by chromosome

Multiple sites – LD strength variation between different US subpopulationsGoodard et al. (87)
Multiple sites – LD extends to intermarker distances of up to 100 kbCollins et al. (88)

Note: For references with results published prior to 1994, see Jorde et al. (55).
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Table 2. Association studies between alleles at specific polymorphic loci and a complex disease/trait or drug response

Gene Disease/traitReference Comments

CCR5 HIV infection/AIDS Physiological verification (90)Dean et al. (89)
APOE Alzheimer’sCorder et al. (91) Replicated (92)
ACE Heart disease Replicated (94)Cambien et al. (93)
HLA Many autoimmune diseasesTiwari and Terasaki (95) Multiple studies
HLA AIDS Heterozygosity of HLA lociCarrington et al. (96)
Angiotensinogen HypertensionJeunematrie et al. (97) Replicated (98)
Dopamine D4 receptor Novelty seeking Replicated (100)Ebstein et al. (99)
APOE Response to tacrine therapyPoirier et al. (101) Pharmacogenetic
APOE Response to lovastatin therapy PharmacogeneticCarmena et al. (102)
Alpha-thalassaemia Malaria-associated anemiaFlint et al. (103) Argument from selection
15-LO Asthma therapy Pharmacogenetic analysisDrazen et al. (44)
CYP2A6 Cigarette consumptionPianezza et al. (70) Candidate gene
ACE Physical performanceMontgomery et al. (104) Replicated (105)
Interleukin-1 Gastric cancerEl-Omar et al. (106) Candidate gene

is stratifying populations for the purposes of im-
proving the effectiveness of interventions of one
sort or another. Pharmacogenetic initiatives, in
which the primary aim is to identify groups of
diseased patients possessing a common genetic
profile for which a particular compound is either
ideally suited or likely to induce a side effect, are
enjoying great interest (67, 68). The problems
plaguing diagnostic studies also plague pharmaco-
genetic studies; however, if a gene that influences
responsiveness to a particular compound has been
identified via association analysis in a standard
clinical trial sample or via molecular physiologic
studies, then one will need to assess the frequency
or penetrance of that gene in other populations
and in light of other factors that may influence
response to the compound. If such studies are not
pursued, there is no guarantee that the polymor-
phism will adequately discriminate between popu-
lations likely to respond to a drug and those not
likely to respond in typical, heterogeneous clinical
populations. Although replication and follow-up
efforts can be minimized through the pursuit of
clever study designs, such as sequential clinical trial
designs and multiarmed trials, they will still require
considerable effort and resource investment.

The practice of identifying groups of individuals
likely to benefit from (or adversely react to) some
pharmacologic intervention can be extended to
xenobiotic substances of all types. Consider toxic
substances, cigarette smoke, exposure to ultraviolet
light rays and diets (69). Response to each of these
stimuli is likely to be under genetic control, for
which prediction in the population at large would
be of major public health and economic value (see
the initiative sponsored by the National Institute
of Environmental Health Sciences at http://
www.niehs.nih.gov/envgenom/concept.htm). For
example, the CYP2A6 polymorphism reflecting al-

tered nicotine metabolism has been shown to cor-
relate with cigarette consumption and therefore
one would expect an indirect relationship between
genotypes at this locus and tobacco-related disease
such as lung carcinoma and emphysema (70). Of
the possible stimuli, one might look to test associa-
tions with responsiveness to diet, and dietary inter-
ventions that may be of greatest market potential.
A growing number of companies and scientists
have begun to develop ‘functional’ foods and nu-
traceuticals whose ultimate efficacy will require
verification and scientific validation (71). Thus,
marrying genetic or biochemical profiles to ‘opti-
mal’ diets, lifestyles, and interventions – though
not unprecedented and in fact a motivating factor
for all medical and public health practice – will
likely expand and receive even greater attention in
the not-so-distant future. Studies similar in orien-
tation to traditional pharmacogenetic studies but
with nutritional and dietary substances as out-
comes can be initiated for which SNPs will play as
large a role as in pharmacogenetics. Relevant ge-
netic–epidemiologic study designs and statistical
analysis tools will therefore likely be necessary for
a wide range of xenobiotic response initiatives for
which SNPs will have a predominant role.

Homogeneity testing and design of studies

It is quite commonplace in epidemiologic studies
investigating the impact of a putative risk factor
(e.g. smoking) on some outcome (e.g. lung cancer)
to assess the homogeneity (or lack thereof) of the
sample or population with respect to potential
confounding variables (e.g. age, gender). The pur-
pose of such heterogeneity testing is not only to
protect against false inferences concerning the rela-
tionship of the set of primary endpoints and risk
factors but also to assess the generalizability of the
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results. One particularly relevant source of hetero-
geneity in all human population studies is genetic
heterogeneity. In the absence of information about
the genetic profile of individuals at specific loci
that influence, for example, response to a drug or
predisposition to the multifactorial disease under
study, one can assess homogeneity of the genetic
backgrounds of the study participants using a
panel of randomly distributed SNPs. By examining
the commonality of the alleles at the loci among
the study participants, one can look for clusters of
genetically similar individuals that may reflect het-
erogeneity of genetic background and therefore
possibly heterogeneity with respect to alleles that
influence the outcome of interest. Obviously, the
larger this panel and the easier it is to genotype
individuals on this panel, the better. Since tradi-
tional phenotypic markers for genetic profiling,
such as skin color, are ineffective in capturing
genetic diversity (72–74), molecular profiling of
the proposed type is a more effective and appropri-
ate alternative.

As an example of an application of genetic ho-
mogeneity assessment, consider a large multicenter
clinical trial in which participants are from all over
the world or from different subpopulations within
large urban centers associated with heavily ad-
mixed populations like the USA. Assume for the
moment that the pharmacogenetic principle is
valid, i.e. that individuals will respond to a particu-
lar compound according to their unique genetic
and biochemical profile. Then it is arguable that by
mixing individuals of different races, ethnic
groups, or genetic subpopulations, a heterogeneity
in responsiveness will arise (due to the mixture of
different responsiveness genes in the sample) and
should not be ignored. If evidence for genetic
background heterogeneity is found, one can test
the hypothesis that aspects of the heterogeneous
response or outcome are due to this background
genetic heterogeneity. Alternatively, one could ver-
ify that a rather homogeneous response to a com-
pound, despite the background genetic
heterogeneity of the subjects participating in the
trial, is evidence that the compound in question
could work ubiquitously or at least independently
of genetic background.

Other study designs that more directly capitalize
on the use of genetic background profiling, such as
the genetic matching of subjects to test the effect of
a particular allele on an outcome, will likely moti-
vate additional work in this area. However, there
are a number of methodological questions that
need to be addressed for making homogeneity as-
sessment and genetic study designs reliable and
useful (e.g. how many random markers should be

used? What statistical method should one use to
assess the heterogeneity issue? etc.) Such questions
will take on tremendous importance in the future
(75, 76).

Physiological genomics

The identification of the function of a gene (i.e. its
biological and physiological significance) has re-
ceived considerable attention recently, especially as
a motivating force and rallying cry for post-Hu-
man-Genome-Initiative scientific undertakings (77,
78). However, the current pools of ‘functional ge-
nomic’ study designs include highly specialized
model organism-based experiments such as knock-
out, transgene and subsequent homology studies
(78). These study designs can easily shed light on
the physiologic role of a gene, but they are, in a
sense, too contrived to do anything more than
merely contribute partial insight into human
pathogenic processes for which interventions could
be designed effectively. Consider the fact that most
common chronic human diseases are due to natu-
rally occurring variation in genes (possibly at mul-
tiple sites or within multiple genes) as opposed to
complete or partial gene deletions. Consider also
that interventions for multifactorial diseases will
not likely utilize direct insertion or removal of the
responsible genes (at least in the foreseeable fu-
ture). Therapeutic strategies will rely instead on the
control of the expression of relevant genes or the
manipulation of the sensitivity of gene products
that are directly involved in the abnormal bio-
chemical or physiological pathway mediating the
disease. Thus, the gross interruption of a genome,
as in a knockout experiment, may give erroneous
impressions about not only the role of that gene in
more natural settings but also about its potential
as a therapeutic target. In addition, a host of
redundancy, feedback and compensatory mecha-
nisms present in physiologic systems has been
shown to complicate the generalizability of current
functional genomic study design results for this
reason (79). Thus, knockout, transgene and related
experiments are simply not sufficient to provide an
adequate and comprehensive picture of human dis-
ease processes that could lead to the design of
effective therapies and pharmacologically based
prevention strategies. Furthermore, with the tech-
nology currently available it is not economically
reasonable to envision selective investigation of the
estimated 80000 genes that constitute the mam-
malian genome. Alternate methods are therefore
needed to ascertain the function and pathogenic
role of any newly discovered gene.
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To address this concern, one could marry mod-
ern molecular phenotyping assays with polymor-
phism (i.e. SNP-based) analysis in order to
determine the effect that naturally occurring ge-
netic variation has on the network of interacting
molecular and physiologic systems under normal
and pathological human conditions. This, of
course, is a non-trivial activity and will pose one of
the greatest challenges facing modern medical sci-
entists. However, one can think of designing stud-
ies investigating molecular physiologic phenotypes
(e.g. circulating factors, differential gene expres-
sion in tissue samples, protein levels, etc.) in indi-
viduals with and without a disease-susceptible (i.e.
SNP or mutation-based) genetic profile. Table 3
offers a list of studies investigating the impact of a
polymorphism on a molecular or low-level physio-
logical phenotype.

The goal of such studies would be to ‘reverse
engineer’ relevant disease processes and outcomes
through the comparison of individuals with and
without these naturally occurring disease predis-
posing genetic profiles (80). It is only through
detailed analysis of specific phenotypic abnormali-
ties in humans with common disease susceptibility
genetic profiles that definitive insight into what
needs to be ‘corrected’ therapeutically can be ob-
tained. This insight can only be achieved by first
determining what those susceptibility profiles are,
identifying individuals with those profiles and ex-
amining detailed phenotypes of these individuals.
Although not perfect, as substitutes for the same
reason as knockout studies, in 6itro transfection
studies may be amenable to high-throughput anal-
ysis of human polymorphism studies and serve as
an initial foray into characterizing the functional

significance of polymorphisms (see Table 3). Ulti-
mately, the combination of SNP-based genetic
technologies and resources (which focus on gene
variations in the population) with genomic tech-
nologies (such as sequence structure analysis, ex-
pression profiling and protein level assays, etc.,
which assess molecular physiology and pathology)
is the real future of medical and pharmaceutical
research, rather than either one in isolation.

Resources

There are currently many publicly available re-
sources for scientists interested in taking advantage
of SNP technologies. The following describes the
major websites offering collections of SNPs and
information about those SNPs.

The genetic annotation initiative
(http://cgap.nci.nih.gov/GAI/)

A National Institutes of Health (NIH)-operated
site which contains information on candidate SNPs
thought to be related to cancer and tumorigenesis
generally.

dbSNP polymorphism repository
(http://www.ncbi.nlm.nih.gov/SNP/)

A more comprehensive NIH-operated database
containing information on SNPs with broad appli-
cability in biomedical research.

HUGO mutation database initiative
(http://ariel.ucs.unimelb.edu.au:80/�cotton/mdi.htm)

Table 3. Polymorphism studies using molecular phenotypes derived from transfection and gene expression analysis

Reference Cellular phenotype Clinical phenotypeGene

HLA DRA Transcription Allergy/autoimmuneJanitz et al. (107)
CoagulationFactor VII secretionFactor VIIHunault et al. (108)

Cell growthCDKN2AWalker et al. (109) Melanoma susceptibility
Interleukin-10Crawley et al. (110) Juvenile idiopathic arthritisTranscription

TranscriptionInterleukin-10Huizinga et al. (111) Erosive rheumatoic arthritis
Rood et al. (112) Interleukin-10 Transcription Systemic Lupus Erythamatosus
Fishman et al. (113) Interleukin-6 Expression Juvenile chronic arthritis
Zhao et al. (114) Angiotensinogen Transcription Hypertension

DRD2 Expression SchizophreniaArinami et al. (115)
Porzio et al. (116) IRS-1 Expression & binding Type II diabetes

Beta 2 AR Expression Respiratory diseaseMcGraw et al. (117)
Delusional disorderBindingHDR4Zenner et al. (118)

HydroxylationCYP2C9 Drug responsivenessGill et al. (119)
Edenberg et al. (120) ADH4 Expression Alcoholism
Cravchik et al. (121) DRD2 Binding Schizophrenia

Drug responsivenessBinding5-HT1B receptorBruss et al. (122)
Wilson et al. (123) TNF alpha Transcription Lupus
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A database meant to provide systematic access to
information about human mutations including
SNPs. This site is maintained by the Human
Genome Organization (HUGO).

Human SNP database
(http://www-genome.wi.mit.edu/SNP/human/index.html)

Managed by the Whitehead Institute for Biomedi-
cal Research Genome Institute, this site contains
information about SNPs resulting from the many
Whitehead research projects on mapping and
sequencing.

SNPs in the human-genome SNP database
(http://www.ibc.wustl.edu/SNP)

This website provides access to SNPs that have
been organized by chromosomes and cytogenetic
location. The site is run by Washington University.

HGBase (http://hgbase.cgr.ki.se/)

HGBase is an attempt to summarize all known
sequence variations in the human genome, to facil-
itate research into how genotypes affect common
diseases, drug responses, and other complex phe-
notypes, and is run by the Karolinska Institute of
Sweden.

The SNP consortium database
(http://snp.cshl.org/db/snp/map)

A collection of SNPs and related information re-
sulting from the collaborative effort of a number
of large pharmaceutical and information process-
ing companies.

GeneSNPs (http://www.genome.utah.edu/genesnps/)

Operated by the University of Utah, this site con-
tains information about SNPs resulting from the
US National Institute of Environmental Health’s
initiative to understand the relationship between
genetic variation and response to environmental
stimuli and xenobiotics.

Conclusion

The SNP craze is not likely to diminish soon. The
amount of money invested in SNP technologies
alone is enough to sustain enthusiasm for years to
come. However, as with all large-scale, resource
and investment intensive scientific research initia-
tives, qualifications, cautions, and appropriations
must occur if success is to be had. There is no
doubt that modern SNP initiatives depend criti-

cally on the development of novel assays, experi-
mental apparati, database constructions,
high-throughput devices of all sorts and analytic
methods. But the existence of, and access to, such
technologies is only half the battle for success. The
other half is quite simply the appropriate and
practical application of those technologies.
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