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Introduction

"The analysis of susceptibility loci for complex genetic diseases has become the focus
of much activity in recent years. A key to the successful analysis of these disorders is
the analysis of many single nucleotide polymorphisms (SNPs) in extensive population
samples to identify DNA variants that are risk factors. As a result, efficient cost-
effective methods are required for the typing of SNPs. In this review we present an
overview of one such method, Microplate-Array Diagonal Gel Electrophoresis
{MADGE), and compare it with a number of other methodologies for high throughput
SNP typing

In disease gene mapping, an essential role is played by the typing of polymorphism
between individuals. In the characterization of etiological genetic sites for polygenic
disease traits, due to the nature of the genetic contribution to the disease, and thus to
the methods of analysis, the number of polymorphic loci needing to be typed is
extremely Jarge. Common polymorphism is likely to underpin many common disease
susceptibilities. Either guided by linkage studies or by functional hypotheses
concerning specific genes, genetic variation in specific genes is examined by associa-
tion either in family-based or case-control designs (Weeks and Lathrop, 1995).

There are two main limitations in the analysis of genetic susceptibility to common
disease. The first is that for complex diseases, which have muitiple disease-causing
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loct each of small effect, the number of subjects needing to be analysed to identify
disease~susceptibility loci can be very large. The second main limitation is the speed
and cost at which genetic markers can be analysed. It has been shown that, for
complex diseases, the number of subjects needing to be collected to identify these
genes by association than by linkage can be much smaller, especially for genes of
small effect (Risch and Merikangas, 1996). In this respect, association studies are
more powerful than linkage studies. However, association studies have one major
limitation in that they rely on the polymorphism being tested having direct functional
effects or for it to be in linkage disequilibriumm with a polymorphism that does.
Therefore, as linkage disequilibrium extends over relatively small genetic distances,
a polymorphism in {or in strong disequilibrium with) the actual gene or genes
involved in the disease must be typed before association can be seen, Thus, while
linkage analysis is presently undertaken using panels of several hundred microsatellite
markers (Dib ef al., 1996), at least several thousand markers would need to be typed
to perform genome-wide association analysis. Given that the cost and technical
difficulties of typing such a number of markers may well be cutweighed by the cost
and practical difficulties of recruiting enough subjects to undertake analysis by
linkage, genome-wide association analysis may, in the future, be preferable.

For this to be possible, a large number of new genetic markers need to be identified
and mapped. SNPs are major contributors to genetic variation and account for
approximately 80% of all known polymorphisms in the human genome. They are
particularly useful as gene mapping markers as they are more frequent than
microsatellite markers, providing markers near to or in the locus of interest, and some
SNPs will be located within the gene and can be expected o directly influence protein
structure or expression levels giving insights into disease mechanisms. In addition,
although they are biallelic and therefore less informative compared with sequence
length variants, this also makes them mutationally more stable and the two alleles give
a simple plus/minus assay rather than a length measurement, making them more
amenable to automation. A recent analysis has shown that a genome scan using
biallelic markers at a map density of 1 cM (about 3,000 markers) yields a much higher
information content than the standard 10 ¢M microsatellite marker density currenily
used in genome scans (Kruglyak, 1997). In these and other contexts, it can be
confidently predicted that there will be an extensive need for population studies of
SNPs (in gene, genomic region, or genome-wide panels) over the next few years.

For it to be practicably possible to undertake such studies, several things need to be
achieved. Firstly, a large number of SNPs need to be identified and mapped. Steps
towards this are being made with the establishment of SNP databases such as dbSNP
(http:/fwww.ncbi.nlm.nih.gov/SNP/) and the use of sequence information in databases
to identify SNPs in silico by sequence alignments (Wang et a/., 1998; Buetow ez al.,
1999; Picoult-Newberg er al., 1999). Furthermore, a consortium of 10 pharmaceutical
companies led by the Wellcome Trust have entered into a project to identify and map
300,000 SNPs in the next two years (see http://snp.cshl.org/ and also Nature (news
article) 398, 545-546, 1999). Secondly, if an SNP panel is to replace microsatellite
panels as informative markers in linkage studies, cost effective SNP genotyping
methods will need to be developed allowing extremely high throughputs at low cost.

Prior to DNA sequencing, PCR and direct genotyping, many association studies
between the HLA gene region and specific diseases were undertaken by serological,
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biochemical and cellular definition of allelic variants in the HLA region (Dyer and
Middleton, 1993}, The recognition of restriction fragment length polymorphisms
(RFLPs) represented the earliest phase of examination of single nucleotide
polymorphisms (Lander and Botstein, 1986), and initially these could only be
identified and typed by the laborious and low throughput procedure of Southern
blotting using labelled probes derived from specific gene clones. With the advent of
PCR (Mullis et al., 1986), it has become feasible to use sequence specific labelled
oligonucleotide hybridization (Wallace er al., 1981) to PCR amplicons to determine
genotype at SNP sites and other small insertion/deletion polymorphisms. By appro-
priate siting of PCR oligonucleotides, it was also possible to determine SNP genotype
by allele specific PCR, eg ARMS-PCR (amplification refractory mutation system)
{Newton et al., 1989}, or to induce a restriction site and hence artificial RFLPs at SNP
sites where the natural sequence was refractory to RFLP analysis through lack of a
restriction enzyme recognition site.

At least one new principle of SNP analysis has recently emerged, namely direct
determination of exact mass of short single-strand DNA fragments by mass
spectrometry to make base calls (Nordhoff er al., 1993), and a variety of approaches
using old principles have been developed in academic and conumercial laboratories.
One such method is Microplate-Array Diagonal Gel Electrophoresis (MADGE): an
electrophoresis system that allows for high resolution and high throughput analysis of
PCR products at low cost.

Microplate-array diagonal gel electrophoresis (MADGE)

MADGE was developed to serve the needs of human molecular genetic epidemiology
studies (Day and Humphries, 1994), to provide a simple, high-throughput, low-cost
method for SNP genotyping. Traditionally, SNP genotyping has been undertaken by
a number of methods such as PCR-RFLP or allele specific PCR that require the
resolution of PCR products by electrophoresis. However, this approach has been a
major limiting step in improving throughput and cost efficiency of SNP analysis. The
problems of ge] preparation, long tracks (requiring more cumbersome equipment and
longer run times), incompatibility with industry standard 96-well microplates, and the
choice between low resolution agarose or high resolution but laborious to prepare
vertical polyacrylamide gels, have fed to the development of other techniques to type
SNPs avoiding electrophoresis (see below).

However, it remains that electrophoresis still has many advantages over other
systems, both in analysis of size, shape and charge of molecules. Electrophoresis is
also well known and widely available and requires no expensive hardware, In
addition, arange of well-established methodologies use electrophoresis (allele specific
PCR, RFLP, heteroduplex analysis, denaturing gradient gel electrophoresis (DGGE),
single-strand conformational polymorphism (SSCP), etc.). Therefore, MADGE was
designed io overcome the difficulties of electrophoretic analysis by reducing it to
short track lengths, coupled with a high density of wells in an industry standard format
for ease of loading. Additionally, MADGE simplifies gel preparation and data
acquisition using software. Thus, MADGE acts as a simple interface between liquid
phase microplate procedures and electrophoresis.

In its simplest format (Figure 3.1), MADGE utilizes a two piece gel former



74 JW. HOLLOWAY ef al.

(A)

(B)

180
116
84

Figure 3.1. RFLP-MADGE Analysis using Phoretix 1D. Panel (A} illustrates a 96-well RFLP-MADGE
gel stained with vistra green and analysed using the Fluorimager 595. Phoretix 1D™ software was nsed to
enhance the image, track lanes and genotype the polymorphisa:. Panel (B} shows a transformed image of
the gel lanes to enable easy allele discrimination. Examples of each genotype of a polymorphism in the
Leukotriene C, synthase gene can be seen, homozygous A/A (lane AS5), homozygous C/C (lane A6) and
heterozygous A/C (lane A7) corresponding to the SNP generating a Mspi site additional to an endogenous
Mspl site. DNA fragment sizes are shown for reference.
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consisting of a plastic former and a glass plate coated with ‘sticky saline’ (y-
methacryloxypropyltrimethoxy-saline). The plastic former is a piece of plastic
containing a 2 mm deep 100 x 500 mm rectangular ‘swimming pool” within which
there are 96 2 mm cubic teeth (well formers) in an 8 x 12 array (with a 9 mm pitch)
directly compatible with 96-well microplates. The array is set on an angle of 71.6° to
the fong side of the ‘pool’, which is paraliel to the direction of electrophoresis, giving
tracks that can pass between two succeeding rows of wells (2 x 4 diagonal). In effect,
this is a three-dimensional gel comb in which an acrylamide mix can be poured and
overlaid with the silanized glass plate. Upon polymerization, the silanized glass plate
is lifted with the set gel adhered. This gives an open-faced gel with ninety-six 2 mm
cubic wells. Electrophoresis on the 2 x 4 diagenal gives a track length of 26.5 mm,
with longer track lengths being achieved by increasing the angle at 2 cost of narrower
wells (Day and Humphries, 1994).

Generally, 1-3 yf of PCR product is loaded into the wells with the 96-well
microplate format of the MADGE gel facilitating sample loading wsing multi-channel
(8,12 or 96) pipetiors. Generally, MADGE gels are run in standard agarose electro-
phoresis tanks submerged in buffer with electrophoresis running time being less than
20 minutes. For visualization, MADGE gels are pre- or post-stained with any nucleic
acid mtercalating dye such as Ethidium Bromide or Vistra Green and imaged on a UV
transilluminator using a CCD camera or a fluorimager such as the Molecular
Dynamics Fluorimager 595. These gel images can easily be read by eve, although
software is available to automate this process (hitp:/fwww.phoretix.com/menu.htm)
(see Figure 3.1).

Thus, the advantages of MADGE include being robust and easy to handle due to the
glass backing and palm size; the good thermal transfer properties of the glass; the gels
are directly stackable for storage and electrophoresis; and the gels can be re-used. In
addition, the adherence to the 96-well format ensures compatibility with other
laboratory equipment from PCR machines to pipettors, allowing fast and accurate
transfer of samples from 96- (or 384-) well PCR microplate directly to the gel without
sample re-coding.

Applications of MADGE

MADGE has many applications, including the typing of simple sequence length
polymorphisms (S51.Ps), the typing of SNPs using PCR-RFLP or allele specific
(ARMS) PCR or heteroduplex analysis, and the identification typing of novel
polymorphism through the use of temporal-thermal-ramp electrophoresis MADGE
(melt-MADGE). Using 7.5% polyacrylamide for the gel matrix, 5% mobility differ-
ences can be resolved. This opens the way to the analysis of small deletions or
insertion polymorphisms in relatively small amplicons. This approach has been taken
in typing an insestion deletion polymorphism in intron 16 of the ACE gene (O'Dell et
al., 1995). The ACE gene sequence encompassing the intron 16 insertion/deletion
polymorphism is amplified by PCR using two oligonucleotide primers, (ACEI and
ACE3) outside the insertion sequence, and one primer (ACE2) inside the sequence
{Evans et al., 1994). The 84 and 65 bp products indicating the presence of defetion (D)
and insertion (1} alleles respectively are clearly resolved after electrophoresis on a
7.5% polyacrylamide MADGE gel. The use of alternative gel matrices such as
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hydrolink (FMC bioproducts) and an increased angle of electrophoresis giving a
longer track length enables the separation of mobility differences as small as 2%,
allowing the analysis of minisatellite and some microsateilite polymorphisms (O’ Deli
et al., unpublished observations).

In combination with PCR amplification, restriction enzyme analysis forms a rapid
and general technique to identify gene lesions that change a restriction enzyme site.
In general, the combined PCR-restriction enzyme fragment length polymorphism
(PCR-RFLP) method is a two-step process. Firstly, a set of specific primers is
annealed to the target DNA and amplified to give a specific PCR product, ie one single
band in analytical gel electrophoresis. Secondly, after the PCR product has been
digested with a known restriction enzyme and subjected to electrophoresis, a specific
pattern of bands appears on the gel. The specificity of DNA cleavage by restriction
endonucleases provides an easily scored difference in the pattern of fragments if a
recognition site for a specific endonuclease is created or destroyed due to the presence
or absence of a particular allele. However, approximately 50% of SNPs do not alter
restriction sites, this may be overcome using mismatched oligonucleotides which
introduce & restriction site into the PCR product utilizing a specific mismatch
(Haliassos et al., 1989), RFLP-MADGE has been successfully used to undertake the
typing of several SNPs in Jarge population samples, an example is the analysis of an
Apa I polymorphism of the IGF1 gene (O’'Dell er al., 1997).

The Amplification Refractory Mutation System (ARMS) or allele specific PCR is
a simple, rapid and reliable method for detection of point mutations or small deletions
in a DNA test sample (Newton ef al., 1989). Following optimization, the ARMS
technique has been shown to be both specific and sensitive and is often used in
situations where high quality and accurate results are essential, such as in the clinical
diagnosis of inherited mutations and DNA-based tissue typing. ARMS, although
requiring attention to detail in initial set-up, can be used for multiplex reactions and
in determining haplotype if the SNPs are in close proximity (Ferrie et al., 1992).

An ARMS test for a DNA polymorphism consists of two complementary PCR
reactions. The first contains an ARMS primer whose 3' terminal base is complemen-
tary to the normal variant and will not amplify the target containing the mutant
variant. The second reaction contains the mutant specific primer and will not amplify
normal DNA. Both reactions contain a common reverse primer, yielding the same
size amplicon. Both reactions are performed on the same test DNA and the presence
or absence of PCR products in the normal and mutant reactions indicates the genotype
of the test sample. The use of an extra destabilizing mismatch at the penultimate base
improves specificity by preventing mis-priming from the non-target sequence, while
allowing efficient priming from the target. As the sample genotype is inferred from
the presence or absence of a reaction product, it is essential to include a PCR control
reaction, which amplifies a separate section of the test sample and gives rise to an
amplicon of larger size than the ARMS product. Allele typing by ARMS lends itself
readily to the MADGE format with allele scoring simply relying on a short electro-
phoresis to resolve the control amplicon from the allele specific amplicon. Throughput
of ARMS typing on the MADGE system has also recently been improved by the
availability of gel formers containing 192 wells comprised of two overlaid sets of 96
welis. This allows the electrophoresis of hoth allele specific reactions of the ARMS
test end by end, improving not only throughput but also ease of analysis (Figure 3.2).
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Figure 3.2. A 192-well ARMS-MADGE gel stained with ethidium bromide and analysed using the
Fluorimager 585. The 192-well ARMS-MADGE allows end-by-cnd electrophoresis of both allele specific
reactions of an ARMS test. Shown here is an ARMS test for a single nucleotide polymorphismt of the
Interleukin 4 receptor alpha chain (Q576R). As illustrated in Figure 3.1, Phoretix 1D™ software can be
used 1o track Janes and transfors the image of the gel lanes aflowing easy comparison of the two allele
specific reactions for genotyping.
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Temporal-thermal-ramp electrophoresis MADGE (melt-MADGE) is a technique
that allows both de nove mutation scanning coupled with allele typing in a high
throughput format (Day et al., 1998). Previously, denaturing gradient gel electro-
phoresis (DGGE) (Myers et al., 1987) and temperature gradient gel electrophoresis
{TGGE) (Riesner et al., 1989) have been shown to be sensitive techniques able 1o
identify most, if not ali, base changes. These techniques use a temperature or chemical
spatital gradient down a gel to resolve PCR products of differing sequence. The
denaturation of a PCR product is sequence dependent and denaturation alters mobility
of the PCR product, causing a reduction in migration velocity. Thus, amplicons with
single-base changes can be identified. Melt-MADGE replaces the spatial gradient
down the gel with a temporal thermal ramp, the electrophoresis buffer being increased
in temperature during the course of electrophoresis. This gives several advantages in
addition to allowing the use of the spatial array of wells in MADGE gels and therefore
considerably improving throughput; programmable thermal ramps are more con-
venient and flexible than the use of gradient gels and also enable fast run times, as well
as short track lengths. In addition to de nove mutation scanning, melt-MADGE can
also be used to type known SNPs that give migration changes in PCR amplicons.

Other methods for higher-throughput analysis of SNP markers

Given the need for cost-effective, high-throughput SNP typing, a number of methods
have been developed to achieve this. However, most laboratories still rely on three
effective, generally accessible, and in-house configurable, principles: sequence specific
oligonucleotide binding to one strand of a denatured duplex such as sequence specific
oligonucleotide (§50) hybridization, TagMan™ or molecular beacons; the recog-
nition of specific sequence directly within the duplex by a restriction enzyme as in
RFLP-MADGE; or the exploitation of a DNA polymerase or ligase with a priming,
incorporation or ligation discrimination as in ARMS, minisequencing (Syvanen ef al.,
1990) or oligonucleotide ligation assay (eg Baron et al., 1996) (see Table 3.1).

5SSO0 hybridization utilizes the stability differences of short oligoenucieotides to
perfectly matched and mismatched target DNA sequences (Wallace er al., 1979,
Wallace ef al., 1981). The PCR products are denatured to separate the two DNA
strands, blotted onto nylon membranes and hybridized with the labelled oligo-
nucleotide probes, followed by stringent washing so that a probe mismatched with the
PCR products is washed off, while a perfectly matched probe remains on the filter.
The probes are commonly labelled with v**P and detected by autoradiography,
although non-radicactive procedures can also be used.

The SSO hybridization technique has now been revolutionized by the advent of
microatray hybridization chips, which use DNA samples or oligonucleotides arrayed
on the surface. These arrays have obvious applications in high throughput screening.
Multiple DNA samples can be arrayed allowing the rapid screening of many patient
samples for the presence of a few disease-causing alleles. Forexample, the multiplexed
allele specific diagnostic assay {MASDA) uses multiplex DNA sampies immobilized
to the array, and a single hybridization is performed with a pool of ailele-specific
oligenucieotide probes. Any probes complementary to specific mutations present in
a given sample are, in effect, affinity purified from the pool by the target DNA.
Sequence-specific band patterns (fingerprints), generated by chemical or enzymatic
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sequencing of the bound probe(s), easily identify the specific mutation{(s} (Shuber et
al., 1997). Oligonucleotide arrays (Yershov ef al., 1996) are applicable to the
genotyping of many SNPs; the Whitehead Institute/Affymetrix microarray has been
designed to genotype 2,000 SNPs. This, combined with improvements in the robust-
ness of multiplex PCR involving 1,000s of amplicons, will lead toward the generation
of genome-wide genotypic information. The hybridization of fluorescent PCR products
is visualized by confocal microscopy; comparison with a contral sample is used to
determine genotype. For a detailed description of microarrays, see Chapter & and
multiple reviews in Nature Genetics Supplemenr 21, 1999,

TagMan™ or the 5" nuclease assay is a method of allele discrimination that utilizes
the 5' to 3' exonuclease activity of FTag polymerase and has been developed commer-
cially by PE Applied Biosystems. In the 5' nuclease assay, a hybridization probe
included in the PCR is cleaved by the inherent 5' nuclease activity of Tag polymerase
(Holland er al., 1991), only if the probe’s target sequence is being amplified. The
hybridization probe is double-labelled with fluorescent reporter and quencher dyes,
and probe cleavage results in an increase in fluorescence emission intensity, due fo
fluorescence resonance energy transfer (FRET), from the reporter dye, which can be
measured with a fluorimeter. Thus, the 5' nuclease assay achieves amplification and
detection of specific PCR products in a single step.

Lee er al. (1993) first demonstrated that the 5' nuclease assay could be used for
allelic discrimination. In an allelic discrimination assay, two double-iabetled fluores-
cent probes are included in the PCR reaction, one probe specific for each allele. The
probes can be distinguished through the nse of different fluorescent reporter dyes
{usually FAM and TET). A mismatch between probe and target greatly reduces the
efficiency of probe hybridization and cleavage. Following PCR, an increase in the
level of an FAM fluorescent signal without a rise in the TET specific signal indicates
that only the FAM specific sequence (allele) was present and that the sample is
homozygous, and vice versa. An increase in both reposter signals indicates homo-
Zygosity.

Molecular Beacons (Tyagi and Kramer, 1996; Tyagi et af., 1998; Marras ef al.,
1999} are oligonucleotide hybridization probes that have two complementary DNA
sequences flanking the target sequence and are labelled at one end with a donor dye
and at the other end with an acceptor dye. In the absence of hybridization to the target
sequence, the donor/acceptor dyes are in close proximity due to the adoption of a
hairpin loop conformation by the probe, which limits the fluorescent signal, When
hybridized, the donor and acceptor dyes are separated sufficiently to increase the
reporter fluorescence signal by 900-fold, thus alleles can be discriminated. Compared
with methods based on FRET, such as TagMan™, these donor and acceptor dyes do
not need to have overlapping spectra due to their close proximity, therefore up to four
different molecular beacons can be assayed i the same reaction.

Another technique that relies on oligonucieotide hybridization is dynamic aliele-
specific hybridization {DASH) (Howell er al., £999). In DASH, a target sequence is
amplified by PCR in which one primer is biotinylated. The bictinylated product strand
is bound to a streptavidin-coated microtitre plate well, and the non-biotinylated strand
is removed. An oligonucleotide probe, specific for one allele, is hybridized to the
target at low temperature. This forms a duplex DNA region that interacts with a
double strand-specific intercalating dye. Upon excitation, the dye emits fluorescence
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proportional to the amount of double-stranded DNA (probe-target duplex) present.
The sample is then steadily heated while flucrescence is continually monitored. A
rapid fall in fluorescence indicates the denaturing (or ‘melting’) temperature of the
probe-target duplex. When performed under appropriate buffer and dye conditions, a
single-base mismatch between the probe and the target results in a dramatic lowering
of melting temperature (tm) that can be casily detected.

The oligonucleotide Jigation assay (OLA} can be utilized for the genotyping of
SNPs and insertions/deletions {Landegren ef al., 1988). The ligation assay is simple
and determines whether or not two adjacent primers (usually ~ 20 mers) become
covalently joined by a DNA ligase when hybridized to a complementary target DNA
sequence {PCR amplicon or genomic DNA}. Ligation is dependent on the hybrid-
ization of the primers within the target, the juxtaposition of the primers on the target,
1e must lie directly next to each other in a 5' to 3' arientation with no interval and
primers must have perfect complementarity with the target sequence. Even a single
nucleotide mismatch between the primer and target will inhibit primer joining
discriminating the SNP allele. Several methods have been used for visualization
including hapten-labetled primers, eg digoxigenin and fluorescein followed by
detection using hapten-specific antibodies labelled with alkaline phosphatase or
horseradish peroxidase. This system allows multiplexing and enzyme-linked
immunosorbent assays (ELISA) detection for high throughput genotyping (Tobe et
al., 1996). Alternatively, multiplexed ligation reactions can be visualized using
electrophaoresis on an automated DNA sequencer using fluorescent labelling (Day ef
al., 1995). FRET has also been used for visualization with the dye-labelled oligo-
nucleotide figation (DOL) assay (Chen and Kwok, 1999).

Minisequencing involves the target dependent addition of a specific nucleotide to
a single primer (Syvanen er al., 1990) and can distinguish the nucleotides located
immediately downstream of the primer. Multiple SNPs can be analysed by separating
sequence specific primers by size using electrophoresis (Pastinen er al., 1996).
Minisequencing of SNPs can also be carried out using immobilized amplification
products (Syvanen et al., 1990) and using FRET detection {Chen and Kwok, 1999).
An extension of minisequencing is pyrosequencing; the incorporation of a nucleotide
is monitored by the release of inorganic pyrophosphate that fuels a uciferase reaction
(Nyren et al., 1993).

All of the SNP typing methods described above require the initial generation of a
PCR product that is then interrogated to determine genotype. Therefore, one major
limiting factor in throughput for SNP typing will be the rate at which PCR amplicons
can be generated, A number of SNP typing methods have been developed recently
which do not require pre-amplification of DNA target by PCR before interrogation,
although these are not in routine use at present. One of these techniques is the use of
‘padlock probes’. Padlock probes are oligonucleotides consisting of two target-
complementary segments connected by a linker sequence. When the two target-specific
segments bind to the target DNA region, the ends of the probe can be joined through
the action of ligases creating circular DNA (Nilsson er al., 1994), which is catenated
to the genomic template. This method is attractive in its potential for the analysis of
genomic DNA without the need for pre-amplification. Detection of these ligated
probes has been problematic, although the amplification of the signal can be achieved
by rolling circle replication {Baner er al., 1998).
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A second methed for SNP typing without PCR amplification relies on the use of
‘Invader’ oligonucleotides (Lyamichev et al., 1999). Invader and signal probes are
designed to hybridize o single base pair overlapping sites on the target strand. The
invader probe can displace part of the signal probe, which forms a structure that is
susceptible to flap endonucleases (FENs) isolated from archaea, resulting in the
generation of detectable products. By positioning the cleavage site at an SNP, it is
possible to discriminate the aliele depending on the sequence of the Invader probe.
This technique has been used to develop an assay for the Factor V Leiden mutation
(Ryan er al., 1999). However, large template quantities are needed for the Invader
assay, so usage at present often requires PCR amplification as a first step.

Comparison of systems for higher-throughput genotyping

This overview of current methods used for SNP analysis highlights the rapid progress
that is being made in the development of cost-effective, high-throughput techniques.
Increasingly sophisticated approaches to old principles of SNP typing are being
developed in academic and commercial laboratories. When considering which meth-
odelogy to use for high-throughput SNP analysis, several factors must be considered
including; (a) 1s the particular method applicable to simultaneous analysis of multiple
SNPs? (b) time considerations, how long will the assay require to optimize and then
compiete for the given sample set? (¢) cost considerations, what is the most cost-
effective method for genotyping a particular SNP or set of SNPs? (d) equipment con-
siderations, is a large financial investiment required in order to establish the technique?

Most laboratories seitle with one methodology, with choice being determined by
availability of reagents and equipment and by suitability of the assay for a particular
polymorphism. However, as discussed above, it can be contidently predicted that
there will be an extensive need for population studies of SNPs (in gene, genomic
region, or genome-wide panels} over the next few years. This marked increase in the
numbers of SNPs needing to be typed forces consideration of factors such as
throughput and cost per SNP called.

Unfortunately, few comparisons have been made between the advantages and
disadvantages of these different methods. Recently, we have analysed the throughput
and cost-effectiveness of several commonly used methods for SNP typing (Holloway
et al., 1999). In this analysis, ARMS-MADGE, TaqgMan™ and SSO typing were
compared for both consumable and staff costs and throughput, with each system being
in a format that would be considered ‘typical’ for that technique in laboratories with
moderately high throughput requirements. The results of this analysis showed that
these three methods differed very dramatically for all of the factors critical to choice
of a particular SNP typing system.

MADGE is considered a moderately high throughput method (Table 3.2) and is
applicable to limited multipiexing of reactions, eg ARMS-MADGE which is deter-
mined by the number of DNA bands that can be resolved on a short electrophoresis
track (approximately 20-30). RFLP-MADGE, is not applicable to multiplexing,
although throughput has been improved by a 384 format MADGE resulting in time
reductions for the procedure (Hinks and Day, unpublished observations). However, it
is very flexibie, with many types of SNP assay adaptable to the system. In addition,
the equipment and consumable costs associated with MADGE are low.
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Table 3.2. Maximum throughput of three commonly uscd SNP typing systems

Method Runs per day Samples per week

ARMS-MADGE in 1 x 96 or 4 x 96 format 2,700 samples per week

TagManT™ 5 runs per day (in 96 or 4 x 96-weil format). 9,000 samples per week
90 samples per plate

PCR-SSOP HLA DRBI wyping 2 runs per week (in 96-well or 192- 1,000 samples per week

well format)

Comparison of the maxirmum throughput of ARMS-MADGE with the TaqMan™ system and the PCR-SSOP systems. It
is important to note that with PCR-SSOP typing it is possible to type 10 SNPs per sample in each run. assuming that there
are multiple SNPs in each amplicon or PCR multiplexing has been used to give multiple terplates for probe hybridization,
This throughput analysis was based on one researcher working full-time in a standard molecular genctics Inboratory with
limited automation (Holloway e a/., 1999).

The TagMan™ system was shown to have a very high throughput, limited only
by the rate of PCR, this being due to this system’s ability to determine genotype
directly with the amplification and detection of specific PCR preducts occurring in
a single step. However, the savings achieved with the reduction in staff time are
outweighed by the high consumable costs associated with this technique. TagMan™
was found to have a total cost per SNP called of £0.84-£0.92 for a 10,000 DNA
sample typing project. This compares with £0.28 for an ARMS-MADGE call. The
cost per sample for HLA DRB1 SSO typing was £3.17. It is important to note,
however, that this method used 18 probes to call 15 alleles, therefore this cost is
equivalent to calling 7.5 biallelic SNPs at a cost of £0.42 per SNP. With the
development of suitable high-throughput multiplexing of PCR reactions allowing
the co-amplification of 9 amplicens, 18 S50Ps would allow the typing of 9 biallelic
SNPs at a cost of £0.35 per SNP called. Further muitiplexing would allow the
reduction of cost per SNP call for SSOP to be reduced still more, although with
some increase in PCR costs. The TagMan™ systern in its current format is not
applicable to multiplexing due to restrictions on fluorescent dye usage in FRET
detection {see introduction). This limits the procedure to the examination of one
SNP per analysis.

S80O hybridization has a much lower throughput in terms of samples (1,000
samples per week) than TagMan™ and MADGE (9,000 and 2,700 samples per week
respectively). In addition, it requires a large amount of technician’s time. This makes
it extrernely unsuitable for high-throughput typing if it is used for the examination of
a single SNP per assay, as it has been predominantly in the literature. However, as is
shown by the case of HLA-DRB1 typing (Holloway ef al., 1999}, where 18 probes are
used to call 15 alleles, the cost per SNP typed drops from £3.17 to £0.42 per SNP. With
the development of suitable high-throughput multiplexing of PCR reactions allowing
the co-amplification of 9 amplicons, 18 S8O probes would allow the typing of 9
biallelic SNPs at a cost of £0.35 per SNP called. Further multiplexing would allow the
reduction of cost per SNP call for SSOP to be reduced still more, although with some
increase in PCR costs. In addition, if multiple SNPs are being typed per sample, then
the achievable throughput for SSO probes using multiplex PCR is simiiar to, if not
greater than, the TagMan™ system.

Another important factor to be considered when choosing an allele typing system
is accuracy of allele calling. Unfortunately, very few comparisons of genotyping
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accuracy have been undertaken, afthough recent comparison of an allele specific
PCR-MADGE with S50 and RFLP-MADGE methods for a polymorphism of the
angiotensin II type-I receptor showed not only that the allele specific PCR method
was considerably higher throughput than SSO, but also had a greater accuracy (Hunt
et al., 1999). However, another comparison of a PCR ELISA SSO method and ARMS
typing for Tumour Necrosis Factor polymorphisms found little difference in accuracy
of genotyping between the methods, although ARMS PCR was still considerably
higher throughput when only a single SNP was being assayed (Knight ef al., 1999),

Other methods described in this chapter are alse particularly applicable to the
analysis of multiple SNPs including molecular beacons and QLA. However, at the
present time, the reliable multiplexing of many PCR amplicons together is still
difficult. Further increments in throughput and reductions in cost are readily feasible
by reduction in reagent/reaction volumes and increase in array density (eg to 384 and
higher}. In our view, a critical breakpoint arises at 384-well density. This is about the
maximum density that human eye and hand have the precision to use. Initially,
throughput can be increased by the use of ‘semi-automation” with human interven-
tions {eg manual 96-channel pipetting), permitting rapid adaptability. However, at
higher densities and with sub-microlitre reaction volumes, more radical engineering
solutions may be needed (Kricka, 1998). These will incur greater equipment costs,
which will be increased by deviation from 96 and n x 96 industry standards.

It is evident, therefore, that the analysis of multiple SNPs within a single gene or
gene region can be handled readily within the standard laboratory by simply improving
the throughput of commonly used assays, whether this be achieved by using MADGE
to speed electrophoresis throughput of ARMS or RFLP assays or the use of techniques
such as TagMan™ or OLA to avoid electrophoresis all together. However, in the
future {(as seems likely), whole genome scans are to be undertaken using SNPs and
linkage disequilibrium mapping, an increase of one or two orders of magnitude and
similar cost reduction will be necessary to achieve this within a practicable time frame
and acceptable costs.

In a hypothetical project of typing 3,000 SNP markers in 2 DNA bank of 3,000
samples, we have compared the resources needed to complete this for several
techniques (Holloway et al, 1999). This project is approximately what will be
required to undertake genome-wide screens for susceptibility loci for complex
diseases using linkage (Table 3.3). In this analysis we also included a comparison
with an allele typing technique not yet in widespread use, namely DNA chips. The

Table 3.3.  Costs and time scale of 3,000 SNPs by 3,000 samples, “one researcher’ project*

Method Time Cost

TagMan™ 19.2 years £7.56~ £8.28 miilion
PCR-SS0P} 19.2 years £3.15 million
ARMS-MADGE 64.1 years £2.52 million

DNA Chips 50 days £3.06 million

*Figares refer to the cost and (ime of completing 3,000 SNPs typed in 3,000 samples by one researcher project given the
maximum throughput and costs of current SNP typing techniques.

TPCR-SSOP typing based on 9 biallelic SNPs called per SSOP s, assuming multiple SNPs per araplicon or meltiplexing,
A comparison of the time scale necded and the costs of 2 hypothelical project needed 1o complete a genome scan for disease
susceptibility genes using linkage disequilibriwin mapping with SNP markers {(Hotloway er af., 1999,
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analysis of cost and throughput for DNA chips is based on the current throughput and
cost of the Affymetrix GeneChip® HuSNP™ Mapping Assay containing 1,500 SNP
markers using multiplex amplification of approximately 100 different SNP markers
in a single PCR reaction (hitp://www. affymetrix.cont/products/HuSNP html). Costs
were extrapolated from 1,500 to 3,000 SNPs by estimating a cost per SNP call and
multiplying by 3,000. The list price for the HuSNP2K chip in Europe will be US$864
(£510.56) for the array and reagents, including all the pooled PCR primers; this
equaies to a cost of £0.34 per genotype called. For the purpose of this ‘one researcher’
analysis, it was assumed that one technician working a standard 8-hour day can run
the system at maximum throughput, including undertaking the PCR reactions. While
there are currently only 1,500 SNP markers on the available SNP chips, other DNA
chip applications, such as cDNA expression analysis, already use chips of greater than
3,000 marker density, so throughput was calculated assuming a 3,000 SNP chip,
giving a total throughput of 60 samples per day. The maximum throughput for the
chip scanner is 180 samples in 24 continuous hours. However, the fluidics statjon (for
chip hybridization) only supports approximately 50 samples per 24 hours, but
throughput can be scaled by adding additional stations.

From this analysis, it is clear that the only technique that can currently achieve this
type of project within a realistic time frame is microarrays, although the cost of this
approach is still similar to more traditional methods. In addition, using these ‘SNPs on
chips’ is restricted to defined SNPs which, at this time, are chosen by the manu-
facturer. Therefore, for a random genome analysis of SNPs, microarrays are the
method of choice but, for more defined projects (eg a set of SNPs representing
diversity in a gene, genomic region or functional pathway), MADGE, TagMan™ and
SS0 hybridization are more applicable.

Despite the development of alt of these techniques, there is still a need for improved
throughput, although high specificity of allele discrimination must be maintained. On
one in which this could be achieved would be through the use of methods that do not
require pre-amplification of the target regions, such as Padlock probes or Invader
probes. Although still being developed, these techniques show great promise and are
likely to be very cost effective due to the absence of a PCR stage.

All of these considerations make the choice of SNP analysis method a difficult
one. For moderately high throughput with fow cost, genomic context and ease of
set-up may determine the choice between MADGE and $50 hybridization for
defined studies involving limited numbers of SNPs. For large genome-wide studies,
the microarray hybridization chips are likely to be the method of the future. At
present, it appears to be a feasible geal to complete comprehensively one polygene
analysis, or possibly one genomic region association analysis as a ‘one researcher’
project (eg 30-300 SNPs in 3,000 samples). The choice of typing system to
complete such a project will depend on the resources in terms of labour, equipment
and consumable costs available to the individual. It may be that an order of
magnitude improvement to relatively simple systems such as these described here
will prove sufficient for the analysis of selected genomic regions of interest by
association, a model that for linkage has proven quite successful in the analysis of
single gene disorders.
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