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Abstract

Introduction: In the last two years, there has been an increasing interest in single nucleotide polymorphisms (SNPs). They have been
hailed as the most common polymor phism found in the human genome and are believed to be responsible for 90% of all inter-individual
variation. Efforts are now directed at the large-scale identification and archiving of SNPsin the human genome. Not only are they useful
markers for population divergence studies, SNPs can be utilised as markers in studies of complex diseases and pharmacogenomics.
Methods: Traditional methods for identifying SNPs, as well as methods for large-scale detection and genotyping of SNPs currently being
developed, arebriefly discussed in thisreview. Such developmentswill facilitate and enhance the process of identifying and characterising
genes and their functions. Results: The utility of SNPsin identifying genes contributing to pharmacogenetic variation and increased risk
of a complex disease is discussed. Therole of SNPsin influencing drug response in different individualsis also presented. Conclusions:
In helpingto unravel thegenetic basisof complex diseasesand inter-individual variation in drug response, SNPswill catalysethetransition

into a new age of medicinein which medical careistailored to the individual’s genetic profile.
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I ntroduction

With the Human Genome Project well underway and
targeted to be completed by 2001, the full set of nucleotide
sequences of a reference human genome will soon be
available. The redlisation now is that there is a need to
explore and characterise inter-individual variation. The
first peeksinto human genome diversity werein the form
of studies that examined protein variants. These were
followed by studies of DNA sequence variation of specific
genesin different individuals. Over the last two decades,
we have heard much about restriction fragment length
polymorphismsand micro-satellites. Thesewerepopularly
used as genetic markers for linkage studies. Recently, we
have cometo realisethat 90% of inter-individua variation
consists of what are known to be single nucleotide
polymorphisms or SNPs (pronounced as “snips’).t

“Single nucleotide polymorphism” is a relatively new
term, popularised only inthelast two years. Oneof thefirst
suggestions of the presence of such polymorphisms was

madein astudy of 75,000bp (49 genes) of DNA sequences
in 5" untranglated regions (UTRs), 3' UTRs and coding
regions.? In 1994, a comprehensive study of sequence
diversity at the B-globin gene locus was conducted.® L ater
in 1998, 79 SNPs were found from the sequencing of the
human lipoprotein lipase gene (exons4 through 9) from 71
unrelated individuals of European, African and Finnish
ancestry.* Other studies that searched for SNPs followed®
and by 1999, it was believed that there are multiple SNPs
distributed throughout the entire human genome.

As of April 1999, there were only 7000 of such
polymorphismsavailablein public databases, but thisisall
set to change. In December 1997, the National Human
GenomeResearch I nstitutelaunched agovernment- funded
effort to create adatabase of 60,000 to 160,000 SNPs.° The
count as of 20 March 2000 is 26,569 SNPs (http://
www.ncbi.nlm.nih.gov/SNF/). In April 1999, ten major
pharmaceutical companies and the Wellcome Trust came
together to set up a non-profit SNP consortium aimed at
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finding, mapping and archiving 300,000 SNPstoberel eased
to the public. Various recent reviews highlighting useful
web resources in this field have been published.”®

What are SNPs?

Single nucleotide polymorphisms are single base-pair
positions in genomic DNA that differ from one normal
individual to another. Although rare genetic variants exist
in the human, the least frequent allele should have a
frequency of 1% or greater in the population to satisfy asa
polymorphism.®*° Thisdefinition of SNPsdoesnot include
disease-causing single gene mutations and single gene
insertion or deletion variants. Theoretically, there can bea
total of 4 alleles of this polymorphism in the population
since there can be one transition or two transversions at
each nucleotide position. For example, there canbeaCto
T transition, or aC to A or G transversion. However, the
SNPs characterised so far have been bi-alelic in their
population distribution.®

SNPs are the most abundant type of sequence variation
inthe human genome. It isestimated that thereisabout one
SNP per 1000 bp in the human genome, giving about 3
million SNPs in the 3 hillion bp long human genome.
However, SNPs are not equally distributed across the
entire genome.** Some regions have a frequency much
lower than the average 0.1%"? while other regions, likethe
non-coding HLAs, have frequencies as high as 10%.3

SNPs can be located in 3 general areas in the genome.
They may be found in coding regions of genes. These are
known as cSNPs. It is estimated that there are 340,000 to
400,000 cSNPsinthehuman genomeand 40% of thesewill
benon-synonymouspolymorphisms, resultinginadifferent
amino acid coded.5. SNPs can aso be located in the non-
coding regions around the immediate vicinity of genes.
These known as non-coding SNPs or nSNPs and they can
be located either in the 5'/3' untranslated regions or in
intronsof genes. cSNPsand nSNPsoccur at about thesame
frequency. SNPsareaso found inintergenic “junk” DNA
and these are known as random non-coding SNPs or
rSNPs. These are believed to be the most common type of
SNPs* possibly because there is less selective pressure
against these polymorphisms as they do not alter gene
expression.

Will SNPs Have Any Impact Upon the Practice of
Medicine?

One application of SNPs is in the area of population
studies where they can be used to study divergence of
ethnic groups and population migrations. Mitochondrial
nucleotide sequences have been utilised widely in this
respect.” Itislikely that SNPsin nuclear DNA will prove
to be useful as well, given its abundance in the human
genome. In fact, studies using SNPs to trace population
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divergence have already been conducted.®

In this age of rapid advancements in medical genetics,
there hasbeen alot of speculation and excitement over the
development of personalised medicine in which disease
prevention, diagnosis and management are tailored to the
individual’s genetic profile. What has been lacking for
many yearsisasuitabletool to aid inthe otherwisetedious
methods of gene discovery. With the advent of SNP
technology, this is set to change. In this review, we will
discusstheimpact SNPsaremakingintheareasof complex
disease research and pharmacogenomics.

Complex Diseases

Compared to diseases caused by singlegenedefects(e.g.
cystic fibrosis and sickle cell anaemia), the aetiology and
pathogenesisof complex diseasesare, asitsnamesuggests,
more complicated. No single genetic defect can beisolated
inthe case of complex diseases. I nstead, multiple geneloci
interact with oneanother and with environmental factorsto
produce disease in the individual. Each of these loci does
not cause the disease per se but is considered to modify the
risk of developing the disease. The number of interacting
genes contributing to acomplex disorder can rangefroma
few to a few hundred. In addition, there can be aléelic
heterogeneity at each locus, resulting in different forms of
the gene existing at the same locus and contributing to the
genesis of the disease to different degrees. Examples of
complex diseases include Alzheimer’s disease, common
cancers, hypertension, diabetesmellitusand non-syndromic
oral clefting. Ascan beimmediately appreciated, complex
diseasesare considerably moreprevalent than diseasesdue
to single gene defects.

One of themore common methodsemployedin the study
of diseases caused by single gene defects is known as
positional cloning. Thismethod isbased upon theprinciple
that two loci situated close to each other will be inherited
together. Identifying polymorphic markers with alleles
that cosegregate tightly with the disease in pedigrees
alowsfor themapping of thedisease-causing generelative
tothe markers. Theoretically, linkage mapping can also be
used to localise genes involved in complex diseases.
However, this strategy is technically impractical if there
are numerous loci involved, with each locus contributing
only a small amount to disease development. With genes
that play a minor role in disease predisposition, large
numbers of families will need to be studied before a
statistically significant linkage relationship can be
established between the gene and its marker. This number
caneasily runinto thethousands.” Thealternative strategy
is to conduct association analysis. The basis for such a
study isthat if ageneisarisk factor for adisease, it should
be found in higher frequencies in diseased individuals
(cases) than in non-diseased individuals (controls).
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There are essentially two approaches employed in
associationanalysis(Fig. 1). Thefirstisknownasalinkage
disequilibrium-based association analysis (Fig. 1A). The
hypothesisisthat thereisaspecificarray of polymorphisms
knownasancestral hapl otypesthat flank di sease-associated
genes in a population.t Linkage disequilibrium-based
association analyses involve genome-wide scanning of
casesand controlswithalargenumber of markersdistributed
across the genome to determine if any combination of
markersare particularly associated with the disease. There
aretwo mainreguirementsfor thismethod towork. Firstly,
there must be alarge number of markers distributed across
thegenomeavailable. Secondly, dueto thelarge number of
markersinvolved in such studies, there must be available
technology to assay these markers efficiently and cost-
effectively. SNPsserveassuitablemarkersfor suchlinkage-
disequilibrium association analyses studies. They are the
most abundant polymorphisminthehumangenome, thereby
providing large sets of markers near or in any locus of
interest. They areal somorestably inherited fromgeneration
to generation than presently used markers like micro-
satellites. In addition, present assaying techniques allow
for rapid genotyping of SNPsand the devel opment of even
cheaper and larger scale techniques are underway. 181

The disadvantage of linkage disequilibrium-based
methods is that a careful selection of population for the
study needsto beundertaken becauselinkagedisequilibrium

(A) Linkage disequilibrium-based association analysis

D rSNP allele A N rSNP allele B
y [
Increased disease risk Normal disease risk

(B) Direct association analysis
cSNPaleleD cSNPaleleN

5UTR l JUTR 5UTR l 3'UTR

Coding intron Coding intron
-I Exon Exon7—{ Exon Exon Exon Exon

nSNP alele D’ nSNP alele N’
Increased disease risk Normal disease risk

Fig. 1. Approaches to association analyses. (A) Linkage disequilibrium (LD)-based
association analysis. D represents disease-associated sequence while N represents
normal sequence. This approach relies on random SNP alleles (represented by rSNP
allele A or B), which may span over a large genomic region, to exhibit linkage
disequilibrium with the disease. LD-based association analyses test for presence of a
higher frequency of rSNP Ain affected individuals. (B) Direct associationanalysis. Here
the SNPs occur in the candidate disease-associated genes. The SNP can be found either
in the coding regions (represented by cSNP allele D or N) or in the non-coding regions
(represented by nSNP allele D’or N'). Direct association analyses test for presence of
a higher frequency of cSNP D or nSNP D’ in affected individuals.

cannot be assured of except in recently expanded
populations. As the number of generations increases, so
doesthechanceof recombinationoccurringwithinancestral
haplotypes. Somealso feel that the genome-wide scanning
method may involve too many markers and individualsto
betime- and cost-effectiveto study. Thisisespecially soif
the effect of each locus on the disease is small. Therefore,
amore efficient type of association study known asadirect
association study has been proposed.

The direct association analysis (Fig. 1B) isbased on the
hypothesis that a given alele of a polymorphism might
have pathogenic effects. This is known as the “common
disease-common variant” hypothesis. The hypothesis is
that if uncommon variants cause rare Mendelian diseases,
then it might be likely that common complex diseases are
due to common variants>* This method involves the
studying of polymorphismsin candidate disease-associated
genes and testing them for association with disease. It is
believed that cSNPs (especially those which are non-
synonymous) in candidate genes aswell asnSNPsin their
regulatory regionsarelikely to have apathogenic effect. At
the moment, direct association analyses using non-
synonymous cSNPs are the more practical approach inthe
study of complex diseases. In a study on SNPsin coding
regionsof human genes, SNPswerefoundin 106 candidate
genes relevant to cardiovascular diseases, endocrinology
and neuropsychiatry. It is believed that SNPs that affect
amino acid sequencesin these candidate genesare alikely
explanation for the variation in such diseases’ It is aso
very likely that nSNPs that affect gene regulation and
splicing can also contributeto diseaserisk. However, at the
moment, these are harder to characterise due to difficulty
in distinguishing them from other non-coding SNPs in
intergenic junk.

Identifying the genes that contribute to these complex
diseaseswill aidintheel ucidation of molecul ar mechanisms
of gene-gene and gene-environment interaction that lead to
pathogenesis. With thisis the hope of reducing morbidity
and mortality through the design of specific prevention
measures and therapy.

There has aready been reported success on the use of
SNPsin the area of complex diseases. A recent exampleis
the clarification of mechanismsand risk factorsinthe area
of diet and prevention of cancer with the help of SNPs.? In
another study, 75 genes that encoded growth factors,
receptors, channels, and other protei nssuspectedtoregul ate
blood pressure were investigated for SNPs in individuals
from the top and bottom 25th percentile of a normalised
blood-pressure distribution curve. 874 candidate SNPs
wereidentifiedin about 190 kb worth of sequences. SNPs
in the myostatin gene have been found and are also being
usedintheinvestigation of lossof muscle masswith ageing
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andinter-individual musclemassdifferences.?? SNPsrelated
to plasma von Willebrand factor levels have also been
characterised.?® It is anticipated that complex disease
research will grow in line with the rapid advancement of
SNP technology.

Phar macogenomics

It was noted by Pythagoras in 510 BC that there was a
group of people who developed adverse reactions when
they consumed fava beans. We know today that these
individuals were deficient in glucose-6 phosphate
dehydrogenaseandthey suffered haemol yticanaemiaupon
consumption of fava beans.

This could well have been one of the first documented
observationsin pharmacogenetics—thestudy of variability
in drug responses between individuals due to heredity. A
term that has often been used inter-changeably with
“pharmacogenetics’ is “pharamacogenomics’. While the
term “ pharmacogenetics’ was coined in thelate 1950s, the
concept of pharmacogenomics was only introduced in the
last decade. Pharmacogenomics is a rapidly developing
field in which the development of drugs is based upon
newly discovered geneswith the sequencing of the human
genome. In the not-so-distant future, it will be possible to
tailor each individua’ s drug regimen to his genetic profile
so that drug therapy isdelivered at the optimum dose, with
maximal efficacy and minimal adverse effects.

The differences in drug response between individuals
canbedueto pharmacokineticaswel | aspharmacodynamic
variation. Sofar, themajority of pharmacogeneticvariation
has been discovered to be due to polymorphismsin drug
metabolisingenzymes(DMEs). Oneclassicexamplewould
bethegenetic variationin N-acetyl transferasethat |eadsto
slow metabolisation of isoniazid with resultant peripheral
neuropathy.'® The remaining variations are contributed by
differences in receptor affinity, drug transporters, drug
uptake and excretion processes. However, these are poorly
characterised at the moment* but represent an emerging
field that is generating great interest.

Thestudy of SNPswill contribute to the advancement of
pharmacogenomics in two main ways. Firstly, SNPs can
function as genetic markers in the search for genes
responsiblefor pharmacogenetic variation. Secondly, these
polymorphisms can aso directly contribute by causing
functional changesingeneproductsrel atedto drugresponse.

Just as SNPs can be used as genetic markersto localise
disease-associated genes, they can also be used to identify
genesresponsiblefor pharmacogenetic variation. With the
characterisation of SNP-based hapl otypes associated with
certain adverse drug reactions or drug insensitivity, a
person’s drug regimen can then be adjusted to meet his
individual needs by just simply typing his SNP profile.
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Given the abundance of SNPsinthe human genome, itis
highly likely that some of these may lead to functional
changes in gene products involved in drug response. The
large number of SNPs also suggests that some of the yet
uncharacterised variation in drug receptors, transporters
etc. may be encoded in these polymorphisms.** Some of
these SNPs may be found in coding regions and cause
functional gene products by altering the amino acid
sequence. They may benoncoding SNPsin5 and3' UTRs
that lead to altered mRNA stability or modified
transcriptional activity of a gene. This area of research
proves to be promising. For example, there is strong
evidenceto believe that SNPs may contribute to substrate
specificity of the MDR1 multidrug transporter.

The ATP-binding cassette (ABC) superfamily of
multidrug transporters exemplified by P-glycoprotein or
MDR1andincludesMRP1, MRP2/cMOAT, MRP3, MRP4
and MRP5 represent important determinants of drug
pharmacokineticsand bi oavail ahility.?*2> Althoughinterest
in the MDR1 multidrug transporter has mainly centred in
thefield of cancer chemotherapeuticresistance, MDR1 has
amore wide-ranging effect on transport of other common
drugs. In addition to transporting anticancer drugs, it was
foundtotransportawidevariety of different drugsincluding
anti-arrhythmics, antidepressants, antipsychoticsand even
HIV-1 protease inhibitors (Table ).

Unlike DME, whose mgjor drug metabolising function
occursintheliver, the MDRL1 transporter isexpressed at the
interface of major organs. This pattern of distribution is
suggestive that the MDR1 transporter may offer two levels
of protection for the body against drug toxicity. Its
expression at the apical surface of mucosal cells in the
small and large intestines; in the brush border of renal
proximal tubulesand at the biliary surface of hepatocytes?®
2 provide afirst line of defense to prevent absorption of
xenobioticsintothebody. Thecapillary endothelial cellsof
the brain, testis and placenta?®? as well as hematopoietic
stem cells¥ a so contain the MDRL transporter and provide
asecond level of defenseto keep cytotoxic products out of
sensitive organs. For example, in normal mice expressing
mdr in the brain, the anti-diarrhoeal narcotic analogue and
mdr substrate, loperamide, which is unable to cross the
blood-brain barrier, is effective in treating the peripheral
symptoms of diarrhoea without any CNS side effects.
However, inmdr -/- knockout mice, thisdrug wasfound to
enter the brain and the mice displayed characteristic
behavioural abnormalities as if they have received an
opiate, e.g. morphine, which enters the central nervous
system.®

Of greatest relevance to the identification of SNPs in

MDRListheexperimental observationthat singlenucleotide
changes in the coding region of the MDRL transporter
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TABLEI: AGENTSINTERACTING WITH THE MULTIDRUG TRANSPORTER

Anticancer drugs

Other drugs

Vinca dkaloids e.g. vinblastine
Anthracyclines e.g. doxorubicin
Epipodophyllotoxins e.g. etoposide
Antibiotics e.g. antimycin D
Others e.g. taxol, mitomycin C

Other cytotoxic drugs

Antimicrotubule drugs e.g. colchicine
Protein synthesis inhibitors e.g. puromycin
Toxic peptides e.g. valinomycin

DNA interchelators e.g. EtBr

Calcium channel blockers e.g. verapamil
Anti-arrhythmics e.g. quinidine
Antihypertensives e.g. reserpine

Antibiotics e.g. hydrophobic cephalosporins
Antihistamines e.g. terfenadine
Immunosuppresants e.g. cyclosporin A
Steroid hormones e.g. progesterone
Modified steroids e.g. tamoxifen

Lipophilic cations e.g. tetraphenylphosphonium
Diterpenes e.g. forskolins

Detergents e.g. Tween 80

Antidepressants e.g. tioperidone
Antipsychotics e.g. phenothiazines

HIV-1 protease inhibitors e.g. ritonavir
Other hydrophobic drugs and their analogs

changesits profile of substrate specificity. For example, a
nucleotide change at the 185 amino acid position resulting
inachangefromglycinetovaline(G185V) ledtoincreased
resistance to colchicine but not other drugs.* Hence, it
would be worthwhile to examine the genetic variation in
the population and correlate SNPs identified with drug
transport.

The study of SNPs may well decrypt the yet unsolved
mysteriesof inter-individual drug responsevariation. Once
weunderstand thegeneticbasisof inter-individual variation,
with the development of rapid genotyping methods, we
may soon beabletoadministerindividualiseddrugregimens
according to the patient’ s genetic profile.

Developing SNP Markers

Thefirst stepinthebasicapproachtowardsSNPdiscovery
is obtaining the DNA sequence surrounding the
polymorphism. A polymerase chain reaction (PCR) is
designed to amplify the segment of the DNA from the
genomic DNA of different individuals. SNPs in these
segments areidentified by avariety of methods. These can
be classified into small-scale gel-based methods and the
large-scale chip-technol ogy-based methods.

At oneendisthetraditional method of DNA sequencing
followed by multi-alignment of sequences. Newer gel-
based methods utilise the differences in hybridisation
stability of perfectly matched and mismatched sequences
of DNA. By denaturing and reannealing amixture of PCR
amplified products, a hybrid between two different alleles
will beformedif thereisanucleotide polymorphismwithin
the length of DNA amplified. Because this reannealed
hybrid is not 100% complementary, it would exhibit less
stability thenafully complementary double-stranded DNA.
Therefore, the hybrid can be detected using a Denaturing
Gradient Gel Electrophoresis or a Temperature Gradient

Gel Electrophoresis. Another gel-based method called
Single Strand Conformation Polymorphismisbased onthe
principlethat adenatured single-stranded DNA will assume
different secondary structuresif it hasadifferent nucleotide
sequence. Hence, different alleles of SNPs will form
different secondary structures that can be differentiated
due to the different speeds of migration during
electrophoresis. Restriction enzyme digestion has aso
been utilised to differentiate alleleswhen acertain all el e of
an SNP altersarestriction enzyme site. PCR reactionsthat
make use of alele-specific primers have also been used.

The methods mentioned above are largely for small-
scal edetection of SNPs. Withtheincreasing needfor large-
scal e screeningsfor SNPs, more efficient high-technology
methods have been devel oped. A high-throughput strategy
for SNP screening utilises “DNA chips’. These chips are
mainly glass slides containing arrays of specific
oligonucleotide probes coval ently bound to their surfaces.
Biotin-labelled DNA sequences amplified by PCR are
annealed to these oligonucleotides and differences in
strengthsof hybridisation detected by confocal microscopy.
This method is known as an Array Hybridisation Assay.
Recently, 3200 candidate SNPs have been reported in 2.4
Mb of DNA usingthistechnology.t* Another highly efficient
strategy exploitsreal -timePCR andinvol veshybridisation-
based allele-discrimination during the process of PCR.1°
Two main methods based on this principle have been
developed. The Tagman™ assay utilises allele-specific
probes known as Tagman™ probes that are conjugated to
donor-acceptor dye pairs that interact via fluorescence
resonance energy transfer (FRET). Since the donor isin
close proximity to the acceptor in an intact Tagman™
probe, fluorescence is quenched. This assay exploits the
5’ nucleaseactivity of Tag DNA polymeraseto digest away
the specific Tagman™ probethat has hybridised to specific
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amplification products during PCR amplification. This
cleavage of the Tagman™ probe will dissociate the donor
fromitsacceptor andfluorescencewill increase. By labelling
different Tagman™ probes representing different alleles
with different fluorophores, it will be possible to
discriminatedifferent alleles. Another aternativeprocedure
that also makes use of FRET involves molecular beacons.
These beacons are oligonucl ectide probes conjugated with
apair of fluorophores. If aprobefailsto hybridise with the
PCR amplification product, it will adopt a hairpin-loop
conformation that bring the two fluorophorestogether and
thefluorescence from each will be quenched dueto FRET.

Once an SNP is identified, it needs to be mapped to a
certain position in the human genome beforeit can be used
as a marker. Once it is mapped, a genotyping assay is
developed to genotype large numbers of individuals from
the population. A wide variety of strategies have been
employed for large scale, high throughput assaying of
SNPs. Most of these methods being devel oped make use of
“chip” technology.

Various strategies have been introduced to cut down the
amount of work required in SNP discovery by skipping
some of the stepsin the SNP marker devel opment process.
Utilising sequencetagged sitesto screenfor SNPsgivesthe
advantagethat their sequencesare already known, mapped
andthe PCR reactionsoptimised. By comparing overlapping
BAC clones and PA Cs obtained from the Human Genome
Project, the steps of sequencing, finding the SNP and
mapping it can be skipped.

Conclusion

By the end of year 2000, more than 500,000 SNPsin the
human genomewill beavailabletothepublicfor freeusage
in research. This number is expected to increase rapidly
with the advancement and maturation of SNP discovery
methods. This would also mean that the disease-gene
discovery process and the development of pharmaco-
genomics will also be accelerated. It is clear that the
discovery and utilisation of SNPswill catalysetheapproach
of anew era of personalised medicine.
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