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Introduction

Genome projects are producing sequence data at a very fast pace (http://
www.nebi.nlm.nih.gov/Entrez/Genome/org.html). The discovery of the complete
human genome sequence is only a few years away and a working draft with 90%
coverage is promised to appear by the time of this publication (Strategy meeting on
human genome sequencing, Cold Spring Harbor, 1999). In addition to the detailed
sequence, biologists will receive a list of all 50-100,000 genes in the human genome
and the challenge then turns towards organizing the genes and understanding how
genes operate and Interact to produce a living system. Traditional gene-by-gene
analyses are inefficient for obtaining information about the function, regulation, and
sequence variation of the thousands of genes in a genome. Highly parallel analyses are
needed to be able to survey biology from a global perspective.

One type of tool for studying biology from a global perspective is the high-density
array, also known as a microarray, which consists of a miniaturized, high-density
array of probes bound to a solid surface. Current applications have been based on
DNA probes, although in theory other molecules such as proteins or small molecular
weight compounds can also be arrayed at high density. Exploiting the specificity of
hybridization, DNA probes on high-density arrays can detect the presence of indi-
vidual target sequences in complex mixtures. This ability allows for massively
parallel hybridization assays for [arge numbers of genes and sequences, and has been
primarily applied to survey genomes for variations in mRNA expression levels or
between DNA sequences.

Using high-density DNA arrays for mRNA expression studies, rapid, accurate, and
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reproducible information about the transcript level can be obtained in parallel for
thousands of genes. This information can be used to organize genes into functional
categories, to identify molecular signature patterns, and to search for shared regula-
tory sequences that are important for understanding the control of biological processes.
In a sense, the organization of genes into expression groups for different biological
processes can be viewed as a first step towards a global understanding of the
molecular composition and operation of cells and organisms. However, a more
complete understanding of genome function also requires an understanding of the
contribution of DNA sequence variation to phenotype. With the ability to use high-
density arrays for DNA variation detection, large amounts of sequence can be
surveyed for DNA variation. This information can be used to stady the role of DNA
variation in human populations. With the further ability to use high-density arrays for
genotyping multiple individuals at sites of DNA variation, there is promise that
genome-wide association studies will map the genetic variants responsible for
complex phenotypes, diseases, and behaviours.

Ultimately, with its current applications centred on DNA hybridization, high-
density array data will contribute to an understanding of how RNA transcript levels
and DNA sequence variation contribute to differences in phenotypes within and
between species. In the future, however, genome-wide experimentation may be
extended to measuring protein levels and their interactions with the help of high-
density antibody and protein arrays and to measuring levels of other molecules.

This review will focus on the ways high-density DNA array data is generated and
analysed, and will be divided into four sections:

(D The first section will review existing high-density array platforms. The
principle of DNA capture by complementary probes will be described
with reference to high-density solid surface arrays.

(1D The second section will review the application of arrays for gene expression
analysis. This section will begin with the biological applications of global
transcription patterns and then proceed to a discussion of more technical
matters, such as the assembly of public data repositories and the compu-
tational analysis of expression data.

(I}  The third section will review the use of arrays for studying DNA sequence
variation. This section will open with a description of array-based methods
for identifying DNA sequence variants. The discussion will then turn to
the application of arrays for genotyping DNA variation.

{IV)  The fourth and final section will make brief mention of other high-density
array applications.

1. High-density solid surface array platforms

Hybridization to solid surface arrays is a modern successor of filter-based hybrid-
ization assays. The demonstration that single-stranded DNA, bound to nitrocellulose,
can hybridize to complementary RNA (Gillespie and Spiegelman, 1965) led to the
development of colony and plaque hybridization, as well as filter-based gel-blot and
dot-blot hybridization assays (Grunstein and Hogness, 1975; Benton and Davis,
1977, Southern, 1975; Kafatos et al., 1979). In colony/plaque hybridization, colonies/
plaques growing on a plate are replica-platted onto a nitrocellulose filter, lysed, and
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Figore 5.1.  Diagran of the two mair microarray platforms. (A) Oligonucleotide array, Muitiple perfect
match (PM} probes complementary to a sequenced transcript are synthesized directly on a silicon surface.
Currently, for each complementary probe, a second probe with a single-base mismatch (MM) at its centre
position is synihesized directly underneath. (B} cDNA microarray. PCR-amplified preducts are spotted as
probes onto glass microscope stides. Currently, a single probe is used per transcript.

their DNA is fixed to the filter. A colony/plaque with a DNA sequence complemen-
tary to a hybridized sample is identified by a hybridization signal at a position on the
filter that corresponds to a colony/plague position on the replica plate. These studies
have reached densities of 100 spots/cm?® and, interestingly, the analyses have often
involved comparisons of two replica filters, imaged and superimposed, using two
different colours: this is analogous to what is done with curreni expression array
images. In filler-based gel-blot experiments, a random collection of DNA samples,
spatially resolved according to size by gel electrophoresis, are blotted to filters and
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probed for sequence content. The DNA molecule that is complementary to the
hybridized sample is identified by its migration rate through the gel. The dot-blot is
the first organized and ordered arrangement of DNA samples on a filter. Individual
DNA samples are spotted at low density directly onto filters. Because the position of
each spot is determined by the experimenter, the spot-density can be controlled, and
the identity of the DNA sample at each spot can be inferred directly from its array
coordinates. For massively paraltel hybridization analyses, large filters (400 and
330 cm®) have been used to array cDNA libraries at densities of 23 and 91 spots/cm’
(Lennen and Lehrach, 1991; Drmanac and Drmanac, 1994).

A significant advance in array-hased hybridization assays, however, came with an
increase in array density, achieved by depositing or synthesizing probes on a solid
surface such as glass (Fodor et al., 1991; Khrapko ef al., 1991; Maskos and Southern,
1992a; Shalon ef al., 1996). High-density arraying is responsible for miniaturizing
large-scale hybridization assays, and the use of a glass surface permitted fluorescence
detection asareplacement of radicactive, chemiluminescent, or colourimetric detection
methods. Although the first high-density array contained 1,024 peptides arrayed at a
density of 640 different compounds/cm? using spatially directed synthesis (Fodor er
al., 1991), current high-density arrays mainly contain surface-bound nucleic acids.
Overall, the miniaturization of array technology has allowed for highly parallel
hybridization analyses at an unprecedented scale.

The level of throughput that is required for the analysis of entire genomes is
currently best met by two types of high-density amray platforms (Figure 5.7) that
can be distinguished by methed of probe placement onto the array surface, Following
the conventions of array hybridization, nucleic acids bound to the solid surface
are referred to as probes, and the DNA in solution as the target. The first type,
dominated by the oligonucieotide array, is an array made by direct synthesis in which
probes are synthesized by various methods in an arrayed format directly on glass
surfaces {Fodor et al., 1991; Maskos and Southern, 1992b; Blanchard et al., 1996).
Among these arrays, this review will focus mainly on a type of array upon which
probes are synthesized by photolithography and photosensitive oligonucleotide
synthesis chemistry (Fodor er al., 1991; Pease ef al., 1994; McGall et al., 1996;
reviewed by Lipshutz er al., 1999). This technology currently achieves the highest
density of surface-bound oligonucleotide probe-spots, with about 180,000 spots/cm?,
The second type of array platform, represented mainly by the cDNA array, is an array
in which probes are synthesized and then mechanically spotted or printed in an
arrayed format onto glass microscope slides (Schena er al., 1995; Shalon er al., 1996;
Guo et al., 1994; Khrapko ef al., 1991; Yershov et al., 1996; Sosnowski ef al., 1997,
Schena er al., 1998). Commercially available robotic spoiters and ink-jet printers
allow for about 10-25,000 spotsfcm® (Bowtell, 1999} but, due to the difficulty of
achieving consistent, small spot sizes, most spotted arrays are printed at a density of
10,000 spotsfom?.

In addition to differences in array density, these two processes of array manufacture
have different demands on quality control. The process of direct probe synthesis is
clearly distinct from probe spotting as it embodies a direct link between a probe
sequence and its array position. Information from a sequence database directly
controls probe synthesis for each spot, and the identity and location of each probe on
the array is therefore known. Spotting probes onto glass involves synthesizing probes
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separately, tracking samples during processing steps, and then arraying them in an
organized format. Minimizing tracking mistakes and intermediate processing errors
is critical, and quality control is essential to verify that each probe has its expected
location on the array.,

The method of array synthesis is also important because it determines the type of
sequences that can be placed onto arrays. Direct synthesis of nucleic acid on glass
surfaces is currently limited to short sequence lengths (usuaily 20-25 bp}, because the
yield of full-length oligonucleotides decreases as the sequence length grows. High-
density DNA arrays made by direct synthesis are therefore primarily oligonucleotide
arrays that contain probes of short nucleic acids (usually 20-25 bp}. In contrast,
spotting technology can be applied to any sequence of interest, irrespective of length.
As a result, oligonucleotide arrays have also been generated by placing pre-synthe-
sized oligonucleotides onto solid surfaces (Guo et al., 1994; Khrapko et af., 1991;
Yershov et al., 1996 Sosnowski et al., 1997), but these arrays have been less frequent,
in part because they contain more variation in probe spot consistency and achieve a
lower density. Instead, spotting technology is mainly used to synthesize cDNA
arrays, consisting of PCR products (of approximately 0.6-2.4 kb) mechanicaily
spotted or printed onto glass microscope slides (Schena er al., 1995; Shalon ef al.,
1996; reviewed by Cheung er al., 1999). It should be noted that cDNA arrays do not
necessarily contain spots of PCR-amplified cDNA but could contain gene sequences
amplified directly from genomic DNA or, indeed, other sources. Here, the two main
array platforms will be referred to as oligonucleotide arrays and cDNA arrays,
respectively.

PRINCIPLES OF DNA HYBRIDIZATION TO HIGH-DENSITY ARRAYS

For both high-density array platforms, an experimental sample, usually DNA, is
tagged with fluorescent labels and incubated in solution on the probe array. During the
hybridization process, DNA probes and matching targets associate to form comple-
mentary base pairs. A scanning confocal fluorescence detector then measures the
amount of fluorescence at each probe-spot (Glazer et al., 1990). The amount of target
that has hybridized to a probe is measured by the amount of fluorescence signal that
is ahove noise, To detect very low signal, which may result from hybridization to very
small probe-spots or low target concentration, it is necessary to increase the ratio of
signal to noise. This must be achieved by either amplifying the specific signal or
decreasing the noise, and is independent of the probe-spot surface area.

The efficiency of target capture is determined by the hybridization kinetics. In
solution, the rate of DNA renaturation is kinetically a second order reaction {Wetmur
and Davidson, 1968). The initial formation of a few complementary base pairs is
thought to produce an unstable intermediate, which can either dissociate or become
stable through the formation of additional base pairs. The rate-limiting step is
characterized by a zipper-like process in which additional complementary bases
anneal untii a stable DNA duplex is formed. Once formed, the annealed duplex is
relatively stable and strand separation is very slow, even for relatively short sequences
(Maskos and Southern, 1992b).

On the array surface, however, the hybridization kinetics can be more complex: In
solution-phase renaturation, both complementary DNA strands diffuse freely in
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solution. During hybridization on solid supports, probes are bound to the solid
surface, Targets in solution must therefore come close enough to probes on the solid
surface to interact and initiate base pairing (reviewed by Southern ef al., 1999). The
rate of this process depends on properties of the target DNA in solution, the surface-
bound probes, and the solid surface. In solution, the complexity of target DNA and the
diffusion rate of DNA molecules affect the rate at which target molecules approach
the array surface. At the surface, probe fength and density, as well as the extent to
which probes are exposed to the hybridization solution, affect the capture rate of
approaching target molecules. Depending on these parameters, DNA hybridization
on high-density arrays can ultimately result from a direct coilision between targets
and their complementary probes. Alternatively, targets can adsorb nonspecifically to
the glass surface, and diffuse laterally to a neighbouring probe (Adam and Delbruck,
1968). The relationship between these parameters and the rate of hybridization has
been expressed in equation form'.

High-density oligonucleoride arrays

Due to differences in probe length, the two main high-density array platforms differ
in the details of hybridization. Shorter probes on high-density oligonucleotide arrays
entail a lower T (melting temperature; a measure of probe-target duplex stability)
and more variation in T between probes. Accordingly, a lower hybridization
temperature is used. In addition, to minimize secondary structure formation and to
speed diffusion, fragmented targets are used on oligonucleotide arrays,

With current conditions, oligonucleotide arrays can detect target sequences that are
present in 1 in 300,000 copies (about (1.05 copies per yeast cell), and detection is
quantitative over 3 orders of magnitude (Lockhart er al., 1996; Wodicka ef al., 1997).
Due to a relatively large incubation chamber (200 pl on current high-density oligo-
nucleotide arrays), large amounts of polyA RNA are needed if labelled directly
without amplification (10 ug for yeast hybridizations) (Wodicka ef al., 1997). With
amplification protocols, sample requirements have been significantly reduced (0.2—
5 ug of polyA RNA) (Gene Chip Manual, Affymetrix),

cDNA arrays

Longer probes on cDNA arrays permit higher hybridization temperatures. These
conditions minimize formation of secondary structure in target DNAs and increase
the diffusion rate. On cDNA arrays, incubations are carried out on microscope slides

IThe rate § (moles/cm?/sec) of DNA melecules that are captured by a reverse complementary probe present
in excess on a solid surface, cun be approximated by | = {(myD/4H)C,, (Chan e al., 1995; Chan et al., 1997;
see also review by McKenzie er al., 1998). C,, is a familiar measure in solution-phase renaturaticn studies of
complementary DNA fragments. Tt is the initial concentration of target base pairs in solution. The diffusion
coefficient, D, determines the frequency at which targets get close enough to their probes to start
hybridization. The additional factors in the equation account for differences between selid and sotution-phase
hybridization: H measures the width of the boundary fayer at the plate surface over which the conditions in
bulk solution change to conditions st the probes. y is a measure of how close the capture rate cones to the
maximum capture rate obtained when the surface is unifornly covered with probes. The parameter
incorporates the contributions by twe-dimensional diffusion after nonspecific adsorption, probe density, and
probe length. Because the equation assumes that the number of probes available to targets stays constant, it
is accurate only as long as a small fraction of all probes on the surface have hybridized (Char ez af., 1995).
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Figure 5.2. Differences in hybridization logistics between array platforms. (A) Caleulating transcript
abundance with an oligonucleotide array. A single RNA sample is processed. fluorescently labelled, and
hybridized. The transcript abundance of a gene is calculated as the average difference between the perfect
match (PM} ard the mismatch (MM} intensities for all probes that tile across that gene. Changes in
expression are oblained by comparing the transcript abundance calculated from independent hybridizations
and can be calibrated by spiking ir controls at known concentrations. (B) Calculating transcript abundance
with a cDNA microarray. To account for differences in the spot-size and probe-concentration of the same
probe spot between arrays, a reference sample labelled with a different fiuorescent dye is co-hybridized
direetly 1o cach array. The ratio of the fluorescence intensities represents the ratio of transcript concen-
tration between the sample and its reference.

in a small volume which minimizes the amount of required sample (1-5 pg polyA
RNA) (DeRisi ef al., 1997; Duggan er al., 1999). The detection limit is at 1 in 100,000
copies {about 0.15 copies per yeast cell) and signal is quantitative over 3 orders of
magnitude (Duggan ef al., 1999).
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COMPARISON OF OLIGONUCLEOTIDE ARRAYS AND CDNA ARRAYS FOR GATHERING
GENE EXPRESSION DATA

Both technologies are extremely sensitive for monitoring global mRNA expression
levels, but differ in measure of transcript abundance {Figure 5.2). On the oligo-
nucleotide array, a single sample is hybridized to each array and the intensities of
multiple probes are averaged. The result is a measure of absolute transcript abundance.
On the cDNA array, differentially labelled test and reference samples are co-hybridized
to each array, and the fluorescence ratio at each probe represents a measurement of the
transcript ratio between the sample and its control. The result is a measure of relative
transeript abundance. Important advantages and disadvantages are associated with each
method with respect to synthesis technology, hybridization method, and probe length.

Synthesizing probes directly on the surface of oligonucleotide arrays increases the
reproducibility of probe-spot consistency and, as a result, single fluorescence inten-
sity readings are reproducible and hence reliable. In addition, going directly from a
sequence database to probe synthesis at defined sites on the array minimizes the
chances for error. The probes synthesized on a surface are short and, as a result, some
probes can be designed specifically to distinguish splice variants and members of
gene families. In addition, the short duplexes that resuit from oligonucleotide
hybridization are very sensitive to single nucleotide mismatches, making it possible
to detect DNA variants by their decreased hybridization signal (discussed in detail
later). However, this sensitivity also has disadvantages: a decreased signal can result
either because there s a sequence difference in the target DNA or because the target
DNA is present at lower concentration. During gene expression analysis, this is not an
issue when comparing different RNA samples with the same sequence, but is
significant when comparing expression intensities between individuals with frequent
sequence differences. In addition, since prior knowledge of the probe sequences is
required, having probes that complement a target sequence depends on sequencing
quality. Particularly for human genes, it is the low quality sequencing rather than
natural, population-based sequence variation that is currently the major source of
probe-target sequence discrepancy. Most of these difficulties, however, will go away
as the available sequence quality improves and probes can be specifically designed to
coding regions that have a low polymorphism rate.

Oligonucleotide arrays made by direct synthesis clearly achieve the highest den-
sity, which outweighs most disadvantages. Nevertheless, a fraction of the probes at
each spot on the array are truncated and incomplete because the step yield for
photochemical synthesis on solid surfaces is 92-94% (McGall e al., 1996}, Each
probe-spot thus contains a significant amount of incomplete probes, some of which (~
0% of all probes at a spot) may cross-hybridize with other target sequences under the
same conditions used to hybridize the full-length probes. In addition, due to the nature
of short DNA duplexes, different capture rates are obtained for probes with different
sequence composition (Figure 5.3). To overcome this variation, multiple probes are
synthesized to the same transcript and are averaged to obtain a measure of transcript
abundance. The large number of probes has advantages: by increasing the pumber of
data points per gene, the accuracy and reproducibility of quantitating transcript levels
by hybridization rate is increased (Figure 5.4), and sbsolute transeript abundance can
be approximated. The redundancy of having multiple probes also increases the
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Figure 5.3. Differences in hybridization signal between different oligonucleotide probes. All probe
iniensities for DMC1 and DIT], carly and late genes in melosis, were ranked and displayed in grayscale in
a reconstructed array image {highest intensity coloured in white). The perfect match row is displayed above
the mismatch row for each time point of a time course. (A) DMCI probe intensities at 3 time points.
Variation in probe-target duplex stability is reflected by differences in signal intensity among probes in the
same row. The average intensity of cach perfect match and mismatch probe over alf time points is plotted
below each array image. (B} Some analysis for DIT1 probe intensities at 5 ime points (data from R.
Williams ef al., manuscript in preparation).
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Figure 54. Interpreting hybridizalion signal to measure transcript abundance with 20 short oligo-
nucleotide probes and their corresponding mismatch probes. Although there is considerable difference in
hybridization signal for different probes, most probes change signal in accordance with changes in transcript
abundance. (A) Array images reconstructed from time course data (same as Figure 5.3) for DMC1 and
DIT1, early and late genes in meiosis. In contrast to Figure 5.3 here the highest intensity signal in each
columa has been coloured in white. This display indicates the timepoint at which each probe is highest
inintensity. (B) Plot of the wranscript abundance. Coraparison of overall transcript abundance with intensity
of individual probes from panel A shows that the fluorescence intensity of most of the 20 probes during
the time course increases and decreases proportionately with overall transeript abundance as measared by
the average difference iatensity across all 20 probes {calculated as described in Figure 5.2).
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possibility that each transcript is represented by probes that are not polymorphic with
respect to the target sequence.

With spotting technology, the physical separation of probe preparation and array
synthesis allows for errors. Arrays made from c¢DNA library clones that were
identified by sequencing propagate sequence-tracking errors. In addition, a good
tracking database is required to minimize errors introduced during array printing.
Spotting from microtitre plates raises the possibility that the identity of probes on the
array is wrong, either by spotting from the wrong plates or from plates that are out of
order or in the wrong orientation. For arrays made from amplified PCR preducts,
accurate tracking of samples, primers, and primer pairs is crucial. In addition, minor
PCR contaminants, particularly in products amplified from genomic DNA, that
censist of gene sequences that are homologous to an abundant RNA, may confound
gene expression measurements. These contaminants may lead to an erroneously
strong signal for genes that are expressed at low levels, and good quality control is
needed. In addition, with physical placement of samples onto glass surfaces, a single
prabe-spot on one ¢cDNA array compared to another may differ in size and probe
concentration. Single fluorescence intensity readings are therefore meaningless.
Nevertheless, spotting technology has the advantage that PCR products that have not
been sequenced can be spotted and applied to study the expression level of unsequenced
genes. This advantage, however, will be less significant as more genome and gene
sequences become available.

On cDNA arrays, two-colour hybridization technology is used to overcome incon-
sistencies in spot composition. The advantage of a two-colour approach is that it carries
a built in control: every measurement is made relative to a co-hybridized reference
sample. Ratio measurements, however, become problematic when signals are low; for
example, when the reference signal is close to zero, the ratio measurement may not be
meaningful. In addition, because an absolute value of transcript abundance cannot be
obtained, comparisons of ratio measurements obtained with different reference sam-
ples are probiematic (discussed in more detail later). Nevertheless, the long probe
sequences ((.6-2.4 kb) on cDNA arrays vary little in duplex stability, and a single probe
per gene is sufficient. Fewer probes are thus required to measure the same number of
genes, but members of closely related gene families cannot be distinguished.

. Global gene expression monitoring

The ability to measure the expression level of tens of thousands of genes in one
experiment has increased the pace of gene expression analyses by several orders of
magnitude. This increase in throughput makes genome-wide expression monitoring
possible. In yeast and other smatl genomes in which all genes are known, a measure of
the expression level can be obtained for every gene in the genome. In the future, it will
be possible to measure the expression level for all human genes. Consequenily, high-
density DNA arrays are increasingly attractive tools for a variety of biological
applications. Gene expression information can be analysed for (1) clues about gene
function, (2) clues about genome organization, or (3) to identify signature patterns.
These three applications are by ne means a comprehensive list of all possible
applications of expression data, but provide a framework for understanding the current
published literature. A detailed description of each application will follow. Then the
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more detailed computational issues associated with establishing public gene expression
repositories and the statistical analysis of expression data will be discussed.

. ANALYSING EXPRESSION FOR CLUES ABOUT GENE FUNCTION

Information about the location, level, and timing of gene expression has been
important for understanding what a gene does. Many genes that are similarly
expressed carry out comnon functions in the cell. As an example, genes that function
specitically in particular stages of the cell-cycle often show a cell-cycle dependent
periodicity of expression (Cho er al., 1998; Spellman ef al., 1998). There are two
arguments for why there might be a tight correlation between expression level and
function of a gene. (1) The execution of cellular processes and the activation of
molecular pathways are tightly regulated. (2) Evolutionary selection is likely to have
limited cellular resources (ie for transcription) to times when protein products are
needed. As a result, the transcription profile of an entire genome can be viewed as a
detailed description of a cell’s active molecular pathways. These arguments make it
attractive to test whether expression patterns can be applied to organize genes inio
parts lists for different cellular processes and predict gene function for many genes
that are currently uncharacterized. In drawing conclusions from gene expression
profiles, however, biologists are faced with two difficult questions: (1) if a gene is
found to be expressed in a particular pathway, is it important for that pathway? And
(2) if a gene is not found to be expressed, is it not important for that pathway?

The expression profile of genes during a cellular process, such as the cell cycle, can
be used to organize genes into groups (how this is done will be discussed in the context
of clustering approaches [ater). Each resulting group consists of genes with a similar
expression profile. To understand the meaning of a set of similarly expressed genes,
the relationship between genes within a set can be interpreted with a template list of
well-characterized genes. Knowledge of the function of these well-characterized
genes is then used to decide whether similarly expressed genes share similar functions.
By locating uncharacterized genes amidst sets of well-studied gEnes, numerous
functional clues have been gathered for unknown genes and existing biochemical
pathways have been refined (reviewed by Brown and Botstein, 1999).

Although there is debate about how successful the transcript level of genes will be
at predicting gene function in specific cases, most biologists concede that additional
information is necessary to understand function {Fields, 1997). In some respects, a
global understanding of gene regulation is necessary before we can fully understand
the significance of changes in expression. Considering that genes compete for cellular
resources such as polymerase enzymes and transcription factors, it is likely that an
expression change in one gene will affect the transcript rates of all other genes with
which it competes. As a result, there is a certain noise level in expression measure-
ments and biologists must be careful not to over-interpret these changes as having
biological significance (Brenner, 1999). In addition, not all changes in transcript
levels are also changes in protein expression. Non-specific increases in transcript
levels may result because a protease produced in response to decreasing one gene’s
specific activity will degrade other proteins as well, and genes whose function is
required at a constant level therefore need to be transcribed at a higher rate. As a result,
the most informative genes are the ones that are not differentially expressed under
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most conditions, except for one. Those genes that change expression only under one
particular pathway are most likely pathway-specific and biologically relevant. As
more data is collected, these genes will be easier to find.

To address the second question, one must realize that high-density arrays obtain a
snapshot of RNA transcript levels. Other determinants of protein function, besides
transcription levels, such as rates of translation, protein modification or degradation
are not measured. Genes that do not change transcript levels may, therefore, still be
regulated in other ways, and hence be important for a particular pathway. So far,
expression analysis has focused on large fold changes in transcript levels. Important
regulators of cell function, however, may show little variation in expression. The
ongoing analysis of gene deletion phenotypes has revealed little correlation between
essential genes and their expression pattern (Winzeler ef al., 1999). Although genes
essential for sporulation in yeast were found to be generally differentially expressed
during meiosis, the observed changes were sometimes small and below an arbitrarily-
set significance threshold (Chu er ai., 1998; R, Williams et al., manuscript in
preparation). These data underline the importance of using muitiple approaches in
genome scale functional studies.

Furthermore, a challenge of the future is to make gene expression measurements o1
a single cell. Important biological decisions are made on a single cell level, and some
gene expression changes thatlead to these decisions may not be uncovered by monitoring
average expression levels. This is particularly evident for decisions that are triggered by
threshold levels of expression. The average expression level of a gene that fluctuates in
expression level in a single celf over time has a constant expression level when averaged
over multiple cells. By measuring averages, important details may be missed.

Although it seems clear that transcript levels will not be equally important for all
genes, it is important to keep in mind that the power of the array-based efforts to
understand gene function lies in scale. The value of large-scale gene expression
monitoring in assigning function to novel genes will likely not be realized until
detailed information for each gene is collected from hundreds and thousands of
experiments, combined, and analysed en masse. With more detail about how genes
are expressed under a variety of conditions, searches will yield genes that are similarly
regulated across experiments. With these highty detailed data lists, inferences of
shared function become more meaningful.

2. ANALYSING EXPRESSION FOR CLUES ABOUT GENOME ORGANIZATION

Knowledge about individual genes contributes to an understanding of gene function,
but expression data can also be applied directly to address more general questions
about genomes, such as the correlation between the expression level of genes and
sequence similarity, chromosome position, or regulatory structures. In brief, three of
these discoveries are outlined:

(1) A study of 100 genes involved in central nervous system development in rats has
searched for a correlation between sequence similarity in coding regions and the
differential expression of genes. Among members of the same gene family, no
significant correlation was found (Michaels ef al., 1998; Wen et af., 1998). This
observation is in accord with arguments that evolutionary selection, acting on
members of duplicated gene sets, has adapted them for different functional purposes.
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(2) The largest efforts towards understanding genome structure have focused on
understanding the mechanisms of coordinated transcriptional regulation. Studies
in bacteria have identified sets of neighbouring genes with a common regulatory
mechanism (Jacob and Monod, 1961). Genome-scale expression data from yeast
provides other evidence for shared regulatory sequences in genomes with short
intergenic regions. Interestingly, about 25% (5-fold higher than expected by
random chance) of genes that are periodically expressed during the cell cycle
localize directly adjacent to another gene that is expressed during the same phase
of the cell cycle (Cho ez al., 1998).

{3) Coordinated transcriptional regulation has also been found for genes that are not
proximally positioned. Searches for identical regulatory sequence motifs in the
non-coding regions of genes has revealed a good correspondence between sets of
stmilarly expressed genes and common regulatory sites. Many common sequence
motifs that resemble regulatory sites have been successfully identified among
yeast genes that display a similar differential expression profile (DeRisi et al.,
1997; Cho er al., 1998: Speliman er al., 1998; Holstege et al., 1998; Chu ef al.,
1998). A description of the entire control regulatory network in genomes requires
& comprehensive search for all functionally active transcription factor-binding
sites. The identification of genes that change expression in the presence of
transcription factor mutations mark efforts on this front (Holstege er al., 1998).

3. ANALYSING EXPRESSION TO IDENTIFY SIGNATURE PATTERNS

A third application of expression data concerns itself with the overall pattern of
transcription, not the transcription of particular genes. In this case, gene function and
regulation are not inferred from the expression level of a gene. Instead, the genome-
wide transcription pattern is applied to describe the genetic and biochemical identity
of a cell, tissue, or organism. The observation that distinct expression patterns are
found in disease tissue demonstrated that expression patterns of many genes can be
used to recognize disease states from human tissue samples (Heller er al, 1997;
Zhang et al., 1997). Additional studies have begun to apply genome-scale expression
monitoring to characterize mutations and classify cell types.

It is known that receptor tyrosine kinase signalling proceeds through a set of
distinct biochemical pathways activated in the cytoplasm, but it is not clear whether
each pathway activates a distinct set of transcriptional targets. By monitoring gene
expression in the presence of specific receptor tyrosine kinase mutations, the tran-
scriptional targets of each biochemical pathway have been characterized in isolation.
This study revealed that the transcriptional profiles of different signalling pathways
are very similar, involving the induction of highly overlapping sets of genes
(Fambrough er al., 1999). This finding supports other evidence that suggest that the
specificity of each pathway may be achieved by a quantitative rather than a qualitative
change in expression (Pawson and Saxton, 1999).

In another context, gene expression profiles have been used to study target genes of
drug compounds. The change in expression pattern that results from drug treatment
defines a signature pattern in a cell. The absence of a stgnature pattern in a drug-
treated cell with a mutation in a putative target gene demonstrates that the target is
required to mediate the differential transcription of genes that define the signature
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pattern. This approach may be useful for confirming potential drug targets and
revealing the presence of alternate pathways through which a drug may exert
secondary effects (Marton et al., 1998).

In the clinical setting, expression profiles have been exploited for the ability to
make highly accurate phenotype assignments. For years, cancer tumours have been
screened for the expression level of specific genes. Using genome-scale expression
profiling of breast cancer tumour samples, distinct groups of genes can be identified
that correspond to the presence of specific cell types in the solid tumour samples. The
comparison of cancerous to normal breast tissue reveals that there exist distinct
expression patterns that are found in tumour tissue (Perou ef al., 1999y, Ultimately,
the identified expression patterns may be used as signatures for the diagnosis,
classification, and dissection of breast mimour types. Tumour type prediction based on
signature patterns has already been demonstrated for the liquid tumours, acute
myeloid leukaemia and acute fymphoblastic leukaemia. No single test previously
existed for distinguishing between these two tumour types, but signature patterns
found by comparing known tumour samples have been successful at defining a class
predictor that can be used to accurately assign new samples to one of the two tumour
types (Golub ef al., 1999).

These studies demonstrate that global expression profiles can be interpreted as
molecular readouts of cells. The transcriptional phenotype, that incorporates data for
thousands of genes, presents a level of detail and quantitation that is unprecedented in
phenotypic analysis. More applications that exploit this power are likely to follow.

DESIGNING LARGE GENE EXPRESSION REPGSITORIES

The many applications of gene expression data demonstrate the utility of global
transcription information. However, data lists for gene expression experiments easily
run into the hundreds of thousands of values. This volume places new demands on
analysing and storing the information {reviewed by Bassett ef al., 1999). Only a
limited number of analysis tools are currently available to integrate expression data
with existing database resources {for example see Ermalaeva ef al., 1998). In addition
to developing analysis tools, a long-lasting permanent record of gene expression
databases is needed. While the data is currently published mainly in private databases,
it seems essential that, in the future, databases will be maintained by someone other
than the person generating the data. To further public accessibility, the European
Bioinformatics Institute has agreed to establish a public database committed to
storing array-based expression data (Editorial, 1999). This effort will permit cross-
validation of data from different experiments, and increase the demand for much
needed standards on gene expression analysis and presentation.

Comparing data from different array platforms

The construction of an expression database raises important concerns about the
compatibility of experiments performed with different array technologies. Ideaily,
comparison between high-density array data sets would be in units of transcript copies
per cell. In practice, however, sequence-dependent differences in the hybridization
efficiency of probes on oligonucleotide arrays and differences in spot consistency on
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¢DNA arrays make measurements of absolute concentration difficult. On oligo-
nucleotide arrays, absolute transcript concentration can currently be approximated
by averaging the signal from muitiple probes, in addition to calibrating the signal
with spiked-in controls {Wodicka ef al., 1997; Holstege er al., 1998). Because the
oligonucleotide array permits a measure of transcript abundance directly from the
hybridization intensity of a single sample (Figure 5.4), fluorescence measurements
from different high-density array experiments can be directly compared ad hoe. For
cDINA arrays only, the ratio of transcript concentration between two or more samples
can currently be quantitated with accuracy and efficiency. A direct comparison
between hybridizations is therefore meaningful only as long as the same reference
sample has been used to obtain a relative measure of transcript abundance. To make
more widespread comparisons possible, both within and between laboratories, it has
been suggested that a common reference sample be introduced (Bassett er al., 1999).
Reaching agreement on a common reference sample, however, is difficult and will
take time.

In addition, it needs to be pointed out that measures of absolute transcript levels on
oligonucleotide arrays are accurate only as long as the hybridized target sequences are
identical in sequence to the probes on the array. Likewise, ratio measures on cDNA
arrays are accurate only as long as the co-hybridized targets have identical sequences.
Transcript intensity measurements for human samples are complicated because the
sequence of the hybridized sample often is polymorphic with respect to the probe
sequences. While relative measures of expression level from samples taken from a
single individual or a single cell line are accurate, comparisons between multiple
polymorphic targets, such as in Cross-species comparisons, are more complex. It
would therefore be most useful to develop internal controls with which to calibrate the
hybridization signal so that experiments on all platforms can be directly compared.

Reproducibility of high-density array data

A database of expression experiments raises important issues about the reproducibility
of high-density array data. As several authors point out, there is currently greater
variation between the same experiment performed consecutively, than there is
between repeated hybridizations of the same sample (Wodicka er al., 1997; Holstege
et al., 1998; Lander, 1999). Using high-density oligonucleotide arrays, about 10 of
6,200 genes had intensity differences of more than two-fold between consecutive
hybridizations of the same sample (Wedicka er al., 1997); 30 ta 70 genes varied more
than two-fold when comparing mdependently prepared samples (Wodicka et al.,
1997; Holstege er al., 1998). These differences shift attention to the variation of
independent biological measurements. Each measurement may vary as a result of
differences in gene expression in different samples, as well as measurement error. For
each gene, one needs to determine what sort of natural variation is expected. For
instance, a two-fold change may be significant for one gene, but not for another.
Multiple samples (triplicate or greater) are likely to be essential for judging the
significance of fold changes in the expression level of individual genes. Public
databases made from similar experiments carried out in different Iaboratories will
provide a measure of variance for each gene. This variation can then be taken into
account during the analysis of individual experiments.
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COMPUTATIONAL ANALYSIS OF GENE EXPRESSION DATA

With large amounts of expression values filling public databases, attention has
focused on computational methods to make sense of the data. The data needs to be
standardized and interpreted. Standardization corrects for differences introduced by
experimentation. There are no standards for normalizing gene expression data (for a
statistical treatment of cDNA array image data see Chen er al., 1997). The form of
data analysis that follows depends on the design of the experiment and the resuit
expected. Although different in the details, all studies aimed at addressing one of the
above applications face the same technical hurdles.

When analysing an expression experiment, how do we identify and organize the
subset of genes that are biologically relevant? Often, the first step in an analysis is the
identification of genes that are significantly induced or repressed. For this purpose,
fold-change thresholds have been primarily used (for example Chu et al., 1998;
Fambrough ef al., 1999). In some cases, the stringency of a fold-change threshold can
be evaluated with existing knowledge of gene function: one of the relevant questions
may be whether a significance threshold selects genes whose function makes them
likely to be differentially expressed. In most cases, however, there are limited prior
expectations and a significance threshold is placed arbitrarily at a value thought to be
areater than the expected natural sample-to-sample variability. However, since each
gene is likely to have different degrees of natural variation, significance thresholds
need to be applied on a gene-by-gene basis. To minimize false-positives and false-
negatives, different measurement scales are needed for genes that display different
degrees of variability (Wittes and Friedman, 1999). The natural variability of each
gene can be evaluated by repeating the same experiment multiple times. In cases, such
as limited human tissue samples for which repetition is not feasible, it may be possible
to develop alternate approaches. Transcript level variances calculated from a database
of gene expression from normal human tissue samples might be usefuf. Further
develepment of this stage of data analysis is needed.

Cluster analysis and the search for patterns

Once lists of significant genes are generated, the second step in data analysis turns
toward organizing genes according to patterns in expression trajectories. The list of
genes is searched for non-random patterns in expression profile. The most obvious
patterns can be detected by eye, as done for cell cycle periodic transcripts (Cho et al.,
1998), but this approach is inappropriate as the data grows and becomes more
complex. Currently, the mast widely used method for detecting underlying patterns in
large information sets is a cluster analysis. Applied to gene expression data, clustering
divides genes into groups according to similarity in expression profile. The expres-
sion profile of a single gene over a set of n samples (such as a time course) is
represented as a single point in n-dimensional space. The genome-wide expression
profile of veast occupies about 6,200 points in space. Clustering algarithms locate the
points that are closest to each other and group these into clusters. There are several
clustering techniques that differ in measure of similarity.

Hierarchical cluster analysis calculates distance for pairs of genes by either a
correlation coefficient or by Euclidean distance (two similar measures that are
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linearly equated). The results are displayed in a nested hierarchical tree, where
distance to the nodes reflects distance in expression space, and genes connected by the
nearest node are most similar in expression pattern (Eisen ef al., 1998), Although
hierarchical clustering has been useful for the interpretation of several experiments
(for example Iyer e al., 1999; Chu et al., 199%; Michaels et al., 1998; Wen er al., 1998;
Spellman e af., 1998), its structure places a hierarchical order on genes, some of
which may be correlated in more complicated ways.

Several other clustering methods have been applied to the analysis of gene
expression data, including k-means method (Tavazoie ef al., 1999) and self-organizing
maps (Tamayo er al., 1999; Toronen et al., 1999). Two articles have helped to clarify
the distinction between clustering methods, and make three key points (Bittner er af.,
1999; Chen er al., 1999):

(1) For data that naturally falls into distinct groups and is well separated, all methods
produce the same gene clusters, but if the data is more uniformtiy distributed, each
algorithm places the cluster boundaries differently. In effect, the position of
genes with large differences in expression pattern are placed into different groups
by any method, but the positions of genes with little difference are variable.

(2} The statistical confidence in clusters depends on the number of data values in an
expression trajectory. To make accurate comparisons between genes, many data
values per gene are required (for 95% confidence, 20 to 30 sample points for
genes with a comrelation coefficient of 0.7). The confidence in CoIparisons
depends on the correlation between expression profiles, and more data values are
required for comparing genes with little similarity,

(3) Comparisons by the aforementioned cluster analyses fail to detect more complex
relationships between genes, because they are based on pairwise comparisons.
For example, a gene’s expression may be correfated with the sum of the transcript
levels of five other genes (see Chen ef al., 1999). Other models and statistical
approaches are required to recognize these more complex interactions.

The utility of more complex algorithms

More complex algorithms have been described that could be used to complement a
hierarchicat clustering approach (see Michaels et al., 1998). Are these algorithms
Justified? Although the utility of these approaches remains to be established, experi-
menting with more complex approaches could lead to the discovery of novel links
between genes that provide clues to gene function and regulation.

The biologist needs to evaluate the utility of these approaches. A well-established
standard is to test how well a novel clustering approach organizes genes for which the
function and regulatory interactions are known. Clusters of genes are used to
understand biochemical processes and regulatory networks in cefls: it therefore
remains to be determined whether complex algorithms that search for more complex
interactions will be efficient at detailing biclogically relevant interactions. Many
complex gene expression patterns may turn out to be described by a combination of
multiple, but individuaily simple, linear interactions AmMONg genes.

The emergence of large-scale expression monitoring has created a need for
information science in biology. Already, authors are beginning to speculate that the
discovery of a distinct number of gene expression clusters may altow the construction
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of a model for specific complex biomolecular networks that could be used to make
testable predictions (Michaels er al, 1998). However, before such feats can be
realized, more needs to be learned about the regulation of genes under a variety of
experimenta conditions. At this point in time, the main focus lies in testing new and
improved ways of utilizing genome-wide expression data to address medically
relevant questions.

IZL. Identifying and genotyping DNA variation

High-density arrays have also been used to study DNA sequences. For many model
organisms, there is a defined laboratory strain whose sequence has been designated as
a reference. and with respect to which sequence variants can be assigned. For the
human genome, there is no single, defined reference, and current sequencing efforts
are yielding the equivalent of a single human sample. With a draft of a human genome
sequence forthcoming, the discovery of DNA variation among different individuals
has drawn increasing interest. A representative reference sequence of the human
species needs to include the sequence variants found between individuals, as well as
between different human populations. Given the high cost of comprehensive genome
sequencing, however, it is unlikely that more than one genome will be sequenced in
human, as well as in most other species. Instead, techniques for large-scale and
massively parallel sequence comparisons are needed. Most established methods,
however, cannot easily meet the demands for rapid, cost-effective, and large-scale
sequence analysis (see Schafer and Hawkins, 1998}, but the high-density format of
the DNA array has proven extremely useful.

Methods for identifying and genotyping DNA variants have a wide range of
applications: differences in DNA sequence underlie the genetic basis of hereditary
traits and diseases and, in part, explain some of the phenotypic differences within and
between human populations and related species. For example, by characterizing
changes in DNA sequence between different human populations, it has been possible
10 trace the history and origins of the human species. In addition, sequence variations
have served as landmarks throughout the human genome for identifying matations
underlying Mendelian phenotypes. The next step is to extend positional mapping 1o
traits and diseases with complex inheritance patterns (reviewed by Schafer and
Hawkins, 1998; Plomin et al., 1994). For this purpose, at least 500,000 allelic variants
may need to be identified and catalogued (Kruglyak, 1999; Risch and Merikangas,
1996). The high-density format of the DNA array could be applied to identify and
genotype large numbers of DNA variants needed for these studies. However., the use
of arrays for variation detection and genotyping is still in iis early stages, and the
issues surrounding large-scale sequence analysis are currently primarily of a technical
kind.

In gene expression analyses, both ¢cDNA arrays and oligonucleotide arrays have
been used. cDNA amrays, however, cannct be applied to detect allelic variants in
strictly hybridization-based approaches because a single nucleotide mismatch among
hundreds of complementary base pairs has little effect on hybridization rate. Short
probes (usually 20-25 bp) are sufficiently sensitive, and high-density oligonucleotide
arrays have therefore primarily been applied. In this review, the study of DNA
variation by hybridization will be divided into two sections: first, the application of



128 L.M. STEINMETZ AND R.W., Davis

arrays to scan genomes for DNA sequence variation and second, the application of
arrays to genotype individuals at sites of DNA variation.

IDENTIFYING DNA SEQUENCE VARIATION

The success of array-based variation detection can be addressed in the context of two
different approaches. Each strategy will be discussed in detail. The first is a re-
sequencing approach in which the hybridization pattern of a DNA sample is directly
interpreted to infer the exact sequence of base pairs. The second is a comparative
approach in which data analysis has shifted attention to homing in on the key
differences between the hybridization pattern of two samples.

Single sample re-sequencing approaches

Initially, arrayed combinatorial libraries of complete sets of n-mer oligonucleotide
probes have been conceptualized for the de nove DNA sequence reconstruction of a
DNA segment of any composition. According to theory, the hybridization pattern of
a DNA sample hybridized to a set of all possible oligonucleotides of length n can be
decoded and the sequence identity inferred (Bains and Smith, 1988; Khrapko et al.,
1989; Drmanac ef al., 1989; Southern er al., 1992). In practice, however, this task is
difficult; in most part due to the computational complexity of assembling data that is
confounded by cross-hybridization, interactions among targets, and different hybridi-
zation rates of different probes (for example, see Figure 5.3). The de novo sequencing
approach, as initially proposed has therefore not been successfully implemented.
However, with prior knowledge of a specific reference sequence, hybridization to an
n-mer array has been successful in a more specialized application: the re-sequencing
of DNA segments. In these applications, n-mer arrays contain all possible
olignucleotides of length n arrayed at high-density on a solid surface. From the
complete n-mer set, only probes that complement the known reference sequence can
be interpreted to assemble the sequence of a hybridized sample. By modifying the
detection method (hybridization followed by ligation to0 a co-hybridized anchor
probe), a 9-mer array has been successful at re-sequencing 1.2 kb with 99.9%
accuracy. This demonstration suggests the possibility of using a single generic array
to re-sequence a DNA target of any composition. However, most likely due to the
short probe sequence lengths on the arrays, longer targets are re-sequenced with
considerably lower accuracy (2.5 kb at 94.5%) (Gunderson er al., 1998).

Arrays with considerably longer probes (usually 20-25 bp) achieve better hybrid-
ization quality, presumably because the specificity of probe-target interactions is
increased. Although it would, in theory, be possible to make an n-mer array with afl
possible probes of 20 bp in length, this would require more probe spots (4420} than
can currently be manufactured on a single array. Consequently, most re-sequencing
arrays are limited to probes designed for a specific reference sequence. High-density
oligonucleotide arrays, consisting of a tiled array of probes to the known sequence,
interrogate each position on a strand of a reference sequence with four different
probes that only differ by a single base at their centre position (Figure 5.5} (Chee er
al., 1996). Also known as variant detector arrays, or VDA in short, tiling arrays have
been mainly used for the purpose of detecting DNA polymorphisms. To detect all
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reference sequence
CTTTAGAATTATCTGACGACAGTTTCATCGAAGATGATGAAGAGGAAAA

\

/\-/}\_ probe sequences (20 bp)
7K / TCTTAATAGACTGCTGTCAA
/ Ny TCTTAATAGCCTGCTGTCAA

// 7,"’\ \ TCTTAATAGGCTGCTGTCAR
) TCTTAATAGTCTGCTGTCAA
—X i

/ —\C}\ interrogation position
Y
Ny
9,

PO o

. BB :
TATCTGACGACAGTTTCATCGAAGATGATG
Sample [: wild-type target

» 20 bp

TATCTGACGACAGTTGCATCGAAGATGATG
Sample 2: polymorphic target
SNP

Figure 5.5, Scanning for polymorphisms on a tiling array. Four 20 bp oligonucleatides that are
complementary to the reference sequence but have cither an A, C. G. or T at their centre position interrogate
each position in the reference sequence in tum. These probes are positioned in a single column on the tiling
array. Shown here is a small fragment of a hybridized liling array {hybridization signal coloured white).
Samplel is identical to the reference sequence and, consequently. the reference probe at each position
bybridizes. Sample 2 has an SNP (G instead of T) and among 20 probes that overlap the non-reference base,
the only probe that hybridizes is the one with the correct base substitution at the pelymorphic position. For
cach sample the sequence inferred from the hybridization paliern is shown below the tiling biock.

possible single nucleotide differences between two sequences of length N, a total of
4 N probes are required. Other types of allelic variation can also be detected by
adding, for example, an additional set of N probes that complement all possibie
deletions of a given fength (Chee e af, 1996: Hacia er al., 1996). With current
production techniques yielding about 300,000 distinct probes on a 1.28 x 1.28 cm?
solid surface, a single tiling array with 4 N probes, in theory, is capable of scanning
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about 75 kb of sequence for all possible single-nucleotide substitutions (reviewed by
Lipshutz et af., 1999).

Although arrays designed for a specific reference sequence avotid the difficulty of
having to assemble hybridization data de novo, the main challenge lies in developing
ways to achieve uniform hybridization characteristics for alt probes. Variation in
hybridization rate exists for different probes on expression arrays (Figure 5.3), but is
particularly critical for tiling array experiments. The probe sequence has to be
complementary to the sequence around the polymorphism on either DNA strand, and
hence cannot easily be manipulated to yield optimal hybridization results. These
difficulties are reflected in the array-based re-sequencing results. 98.26% of 33.858
bp of total sequence from the human immunodeficiency virus-1 genome (297 bp from
P14 samples) were in agreement with the sequence predicted with conventional
dideoxy sequencing (Kozal et al., 1996). With respect to polymorphism detection, a
1.73% error rate of a re-sequencing approach is currently too inefficient as it wouid
require a second step to determine which polymorphisms are true-posttives. Since the
difficulties associated with re-sequerncing increase with target complexity, this
approach has been ditficult to apply on a larger scale. In an alternative strategy, tiling
arrays have been applied in a comparative analysis that avoids the difficulty of having
to infer sequence directly from the hybridization pattern of a single sample. Instead,
a hybridization pattern is interpreted in the context of a hybridized reference sample.

Comparative re-sequencing approaches

A significant advance towards tackling more complex targets came with the demon-
stration that polymorphisims can be detected by comparing hybridization patterns on
oligonucleotide arrays (Chee er af., 1996; Hacia ef al., 1996; Winzeler et al., 1998).
In a comparative two-colour hybridization, differentially labelled test and perfect
match reference DNAs are co-hybridized to the same array, and the tluorescence
ratios provide a probe-by-probe measure of DNA sequence variation. This analysis
provides a buili-in control for potentially confusing signals resulting from cross-
hybridization and multiple probe-target interactions. The same analysis approach has
also been applied to reference samples hybridized to separate arrays, due to the high
reproducibility of arrays synthesized with photolithography. Both approaches have
been successful.

Searches for single nucleotide polymorphism (SNP) signatures in two-colour
hybridization data successfully detected DNA variation in 16.6 kb of the human
mitochondrion, and 3.5 kb from the hereditary breast and ovarlan cancer gene
BRCAI (Chee er al., 1996; Hacia et al., 1996). In addition, a tiling array designed for
705 bp of the rpoB gene of Mycobacterium tuberculosis used simifar algorithms to
successfully assign strains of non-tuberculosis mycobacteria to species (Gingeras ef
al., 1998). With a reference sample hybridized to a separate array. and by considering
exclusively probes that complement the reference sequence, an 8-mer array has also
proven functional in comparative hybridization to detect polymorphisiis. 90% of the
DNA variation in a 2.5 kb target were detected with a false positive rate of < 0.03%
{Gunderson ef al.,, 1998). In larger SNP surveys, 149 different arrays designed to
match 2 Mb of distinct sequence from 16,000 human sequence 1agged sites (STS)
were used to scan a total of 14 Mb of DNA for polymorphisms (Wang ef al., 1998).
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This study offers the first large-scale evaluation of array-based variation detection
screens and reports a 90% sensitivity (percentage of SNPs that were detected) and
specificity (percentage of true positives). This level of data quality is equal to that of
single-pass dideoxy sequencing. In another study, two groups have screened 22 Mb
(£96 kb from 114 chromosomes) and 28 Mb (190 kb from 148 chromosomes) of
sequence, and report sensitivities of 85% and 92%, and specificities of 55% and 83%
(Cargill er al., 1999; Halushka er al., 1999). A summary of tiling array polymorphism
detection is given in Table 5.1,

Performance of array-based variation detection and the feasibility of surveying
entire genomes

Comparative tiling array approaches can detect polymorphisms with extreme effi-
ciency. The labour and cost required to manufacture high-density arrays is substantial,
but the subsequent analysis is higher throughput than conventional dideoxy sequencing.
Atan estimated six-fold greater efficiency in cost, time, and effort (Chee er al., 1996),
one study has analysed a total of 30 kb of sequence in parallel by hybridization to a
single array (Wang et al., 1998). Nevertheless, the specificity and sensitivity is
currently still lower than for dideoxy sequencing.

The sensitivity of SNP detection by tiling arrays depends on the complexity of the
target sequence. Polymorphisms located in sequences with optimal hybridization
behaviour are detected preferentiafly. This requirement often eliminates SNPs located
near other sequence polymorphisms and SNPs in the heterozygous state (Hacia ef al.,
1999). As a result, the sensitivity of polymorphism detection may be low in cases
where high specificity is demanded (Zable 5.7). When identifying sequence variants
in the human genome for the purpose of linkage mapping, a low sensitivity is not
detrimental because SNPs are highly abundant (0.5-10 per every 1 kb}. For other
human studies, however, it may be critical to detect and score all polymorphisms, and
exhaustive screens may be needed. Unfortunately, little is known currently about why
tiling array signal is sometimes difficult to interpret. With an improved understanding,
it may be possible to optintize probe properties or hybridization conditions to achieve
a uniform hybridization for al probes. Improvements based on empiricism may yield
insights (Gentalen and Chee, 1999: Nguyen er al., 1999; Hacia et al., 1998).

Issues of specificity are easier to resolve. With modest sensitivity, tiling arrays
achieve a specificity of polymorphism detection that can be compared to dideoxy
sequencing. Under stringent SNP selection criteria, 90% to 100% of the SNPs tagged
as certain are accurate (Table 5.1) (Wang ez al., 1998; Cargill et al., 1999; Halushka
eral., 1999). In cases where a modest false-positive rate is acceptable (0—10%). such
as for SNP detection screens, or in cases where genotypes are not reported to study
subjects, tiling arrays are more efficient than traditional methods (Hacia, 1999), In
addition, SNPs that are detected by tiling arrays are casily adapted for hybridization-
based genotyping (discussed below).

Current tiling arrays have feature sizes of about 20 ym (Lipshutz er af., 1999), but
these may be reduced with advances in photolithographic resolution. With the 2 Jum
feature sizes of experimental array versions (Lipshutz er al., 1999), the entire human
genome can be surveyed on a single 22 x 22 cm® array (4 probes per base positton).
Although synthesis should be possible at even higher density (Fodor ef al., 1991),
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issues of signal detection require thought, As feature size becomes smaller, higher
resolution array scanners, or other signal-to-noise detection systemns, are required. In
addition, with fewer probe molecules at a spot, the average number of molecules
hybridized at a spot is reduced for the same hybridization conditions. Tf these numbers
get low enough, variances in the actual number of hybridized targets may become
significant. With these considerations in mind, however, the savings in cost and
efficiency compared to dideoxy sequencing may increase dramatically as hybrid-
ization to small feature sizes becomes feasible and accurate. Current applications in
yeast demonstrate the utility of whole-genome variation scans.

In a different approach. a high-density oligonucleotide array designed for gene
expression monitoring has been applied to scan about 20% of the genome for DNA
variation. The DNA hybridization patterns of two divergent yeast strains have been
compared to identify probes with high-intensity signal for the reference and low-
intensity for the polymorphic strain. Since the location in the genome of each probe
on the array is known, a biallelic marker map consisting of 3714 markers spaced on
average every 3.5 kb in the yeast genome, has been constructed. This density of
markers permits the construction of a high-resolution inheritance map that locates
meiotic breakpoints for the entire yeast genome {Winzeler ef al., 1998).

Unfortunately, yeast is currently the only organism for which total genomic DNA
(12 Mb) has been hybridized directly to high-density arrays to scan an entire genome
for sequence variation. Before whole-genome scans can be realized in humans (6 Gb
of a diploid genome or 500-fold more base pairs than a haploid yeast cell), difficulties
associated with hybridizations of complex DNA samples need to be overcome. As for
all other traditional variation detection methods, PCR amplification is needed to
increase target concentration and decrease sample complexity. Nevertheless, it has
been possible to hybridize total human RNA to oligonucleotide arrays (total of 120
Mb) and fotal human genomic DNA to cDNA arrays (Pollack ef al., 1999). An
increased understanding of the hybridization hehaviour of complex DNA targets may
make it possible in the future to scan total mammalian genomic DNA for DNA
variants.

GENOTYPING DNA VARIATION

The second application of high-density arrays in the study of DNA has focused on
genotyping allelic variants. With the large number of DNA variants already identified
(Table 5.1), biologists can begin to empirically test hypothesis about DNA variants in
human populations. With a catalogue of human DNA sequence variation, many
questions about the history of the human species, its origin, migration, and the
contribution of common DNA variation to natural phenotypes and diseases, can be
addressed (reviewed by Chakravarti, 1999). To answer some of these fundamental
questions, a tool is needed for cost-efficient and rapid population-based genotyping of
thousands of markers.

The challenge of genotyping DNA variants is rather different from that of identify-
ing DNA variation among a pool of individuals. It is extremely important that variants
genotyped on individuals are accurate becanse these may be used in diagnostic tests of
disease mutations. As a result, the success of SNP scoring is measured by the accuracy
of individual genotype assignments. Oligonucleotides in solution have initially been
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hybridized to filter-immobilized DNA to genotype specific, known sequence variants
{(Wallace ef al., 1979; Wallace er al., 1981). Then, increasing the number of sequence
loci that can be analysed in parallel, oligonucieotides have been immobilized in a low-
density array format onto nylon membranes inreverse-dot blots. Inafirst demonstration,
labelled PCR products of HLA-DQA or B-globin were hybridized to immobilized
oligonucleotides complementary to six types of HLA-DQA alleles or nine B-thalassemia
mutations respectively (Saiki er al., 1989). With probes synthesized directly on glass
surfaces, 37 known mutations in the coding region of the cystic fibrosis tfransmembrine
conductance regulator were interrogaied (Cronin et al., 1996). In another study, three
different mutations in B-thalassemnia were detected with oligonucleotides immobilized
in gel-coated glass slides (Yershov ez al., 1996). Currently, three array technologies
have promise for large-scale genotyping. With the capacity to achieve the current
highest throughput, tiling arrays tailored for scoring markers have been applied in
hybridization-based genotyping. This application will be discussed first. Then an
application in which oligonucleotide arrays and generic bar code arrays have been used
for minisequencing will be described.

Genotyping with tiling arrays

As for identifying DNA variation, the difficuity of inferring sequence from hybridi-
zation patterns is also evident in array-based variation scoring, but there are ways for
optimization:

(1) To score heterozygotes that have stoichiometrically only one wild-type allele,
tiling arrays designed for genotyping contain a second tiling block with probes
complementary to the alternate allele (Figure 5.6}

{2) SNPs with similar hybridization requirements can be grouped, and groups placed
onto different arrays.

(3) Inaddition, oligonucleotides on the array surface can be customized in length and
direction of flanking sequence, to optimize hybridization results.

(4) Most importansly, however, SNPs can be selected and repeatedly tested on
known biological controls to achieve robust and accurate genotype assignmeits
(Figure 5.6).

These principles (particularly 1 and 4) have been tested. From an initial number of
558 candidate human SNPs and 412 Arabidopsis thaliana SNPs, 68% and 57% couid
be scored accurately on known controls by hybridization to a tiling array (Wang es al.,
1998: Cho et al., 1999). As expected, a comparison of the two studies suggests that the
fraction of accurately scored SNPs is higher for SNPs originally identified by
hybridization than for those identified by denaturing high-performance liquid
chromatography (DHPLC) or sequencing (Table 5.2). The difference in numbers
reflects the fact that variants identified by tiling array have undergone prior selection
for favourable probe-target duplex stability.

Once true markers have been tested on trial samples to confirm their ability 1o
genotype known sequence variants, array-based marker scoring achieves an accuracy
of 99.9% on unknown sequences (1611/1613) (Wang ef al., 1998). As a result, tiling
arrays have been applied to localize an A. thaliana mutation to its chromosornal
position in a whole genome-mapping study (Cho ef «l., 1999). In addition, tiing
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Figure 5,6, Scoring SNPs on a tiling array. {A) Reconstrucied array images {highest intensity probe in
cach column coloured in white). Twe probe biocks. one for each SNP allele, show the hybridization patterns
expecled for homozygous AA, homozygous BB, and heterozygous AB samples. The identity of the base in
the reference sequence that is interrogated by the probes in each column is shown above each block. In this
case homozygous AA has genolype G/G. homozygous BB, geaotype C/C, and heterozygous AB, genotype
G/C. (B) Plot of the hybridization intensity ratios versus positicn on a tiling array for nine samples. For cach
base position, the intensity ratio has been calevlated by dividing the signal intensities for the perfect match
reference probes of block A by the perfect match reference probes of block B. Homozygous AA,
homozygous BB, and heterozygous AB samples cluster into distinct groups and can be clearly distin-
guished (data from Cho er al., 1999},
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arrays designed for human SNPs have been scored in chimpanzees and gorillas to
determine ancestral alleles in the human population. Of 397 human SNPs scored, the
most common allele in human populations seems to be ancestral about 76% of the
time (Hacia ef al., 1999). This value confirms predictions from population genetics
{Clark, 1999).

Table 5.2. Efficiency of successive tests to select robust scoring SNPs for tiling array-based marker
scoring (Cho et al., 1999; Wang et al., 1998)

Number of SNPs after successive selections (%)

Organista Arabidopsis thaliana Huomo sapiens
Dretection method DHPLC & dideoxy seguencing Tiling array
Totzl number of candidate SNPs 412 (100} 558 (100}
Good signal after singleplex PCR 351 (85) 547 {98)
Good signal after multiplex PCR 332 {81) 500 {901
Robust scoring SNPs 23557 378 {68)

Combining minisequencing and hybridization to DNA arrays

In addition to hybridization-based variation scoring, powerful minisequencing assays
have coupled target hybridization with enzymatic primer extension reactions. In this
approach, oligonucleotides synthesized one base short of the polymorphic position
are hybridized to PCR amplified target sequences. In a single-base primer extension
reaction, a labelled nucleoside triphosphate complementary to the polymorphic base
is incorporated. Initially, extensions were executed with genomic DNA template and
minisequencing primers, both in solution, and with a single type of radiolabelled
deoxynucleoside triphosphate (ANTP) per reaction (Sokolov, 1990}, Then, template
DNA was PCR amplified and rendered single-stranded by attachment to an avidin
matrix (Syvanen er al, 1990). The attachment of templates to microtitre wells
permitted the parallel screening of muitiple nucleotide variants in multiple individuals
(Syvanen et al., 1993). In a modified approach, oligonucleotide primers were fixed to
the microtitre wells instead, and primer extensions were carried out with two
differentially labelled dideoxynucleoside triphosphates (ddNTP). By fixing the primers
to the solid surface, template DNA could be removed, thereby eliminating possible
nonspecific signals from 3' extensions of the template. The use of two different
colourimetric assays permitted two target nucleotides to be interrogated in a single
extension reaction. In addition, extensions with ddNTPs ensured that only one
nucleotide is added to each primer (Nikiforov et al., 1994). Then primers were arrayed
onto glass surfaces, where arrayed primers could be extended in parallel in a single
multiplex extension reaction. Although applied mainly with radicactive dNTPs
(Shumaker et al., 1996) and ddNTPs (Pastinen ef al., 1997), glass surfaces make
possible the use of multiple differentially fluorescent ddNTPs in the same reaction. In
principle, a high-density array of primers and four differentially labelled ddNTPs
could be used to interrogate many sequence loci simultaneously for all possible 1arget
nucleotides.

Minisequencing seems to overcome some of the difficulties, such as low signal,
experienced with hybridization. Only a single primer is needed for each SNP.
In addition, primer-template annealing can be performed at lower temperatures
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(20-37°C) and single-base extension can be carried out at higher temperatures
{~60°C) than for allele-specific hybridization, The high temperature resolves second-
ary structures in targets and increases specificity. At the high temperature, the
polymerase extension either proceeds so fast that short-lived duplexes do not matter,
or stabilizes the probe-target duplex so that comparable signal is obtained for different
probes (in a review by Southern er al., 1999). The selectivity of polymerase assures
that only perfectly annealed 3' ends of probes are extended. In addition, since the
genotype assignment depends on the identity of the extended base and polymerases
have a high fidelity, high levels of allele discrimination can, in principle, be achieved.
As a result, genotyping signal and discrimination in cases has been better than by
direct hybridization (Pastinen er al., 1997), but larger studies are required for
meaningful comparisons: including an assessment of the number of markers that fail
because the flanking sequence environment precludes the design of appropriate
extension primers.

In a more complex sequence analysis, mutations in a 33-base region of p53 have
been identified and scored by re-sequencing the entire interval with a set of tiled
primers immobilized on glass slides. By spotting a second oligonucleotide comple-
mentary to the antisense stand, some redundancy has been added and further confidence
in base calls obtained (Head ef al., 1997). Nevertheless, a transition to higher density
array formats is needed to scale to the genome. Such a transition is currently
complicated, as probes on oligonucleotide arrays manufactured by photolithography
and photosensitive oligonucleotide synthesis chemistry cannot be extended in a
minisequencing reaction because the oligonucleotides are synthesized 3' to 5% the
Wrong sense to act as a primer. As alternate synthesis methods should be possible, this
need not be a permanent limitation.

Although a direct primer extension is not possible on high-density oligonucleotide
arrays, these arrays have, nevertheless, been applied in an alternate strategy. Bar code
arrays that contain 20-mer oligonucleotides of similar sequence composition and
hybridization efficiency (Shoemaker er al., 1996) provide a means of adapting the
minisequencing approach to a generic high-density oligonucleotide array format.
Primers are synthesized by attaching a flanking sequence, complementary to a unique
bar code on the array, to a minisequencing primer. Several primers are pooled and
extended in a minisequencing reaction with PCR amplified targets and fluorescent
nucleoside triphosphates. Each primer extension assay is then decoded by hybridization
to the bar code array (Sklar and Hirschhorn, unpublished data reported in Lander, 1999},

Scaling to the genome

Minisequencing reactions have promise for being high-throughput, but more applica-
tions are needed to prove their suitability for large-scale genotyping. Tiling arrays
have been successfully tested, but current studies need to be increased considerably to
reach genome capacity. The major limitation is the requirement for PCR ampli-
fication. The number of primers that can be combined in a multiplex PCR reaction is
lirnited. 45 primer pairs in a single reaction yield about a 90% success rate {(Wang et
al., 1998: Cho et al., 1999). Under these conditions, 500,000 SNPs that are needed per
individual for genome-wide association studies (Kruglyak, 1999), can be amplified in
about 11,000 multiplex PCR reactions or 29 multi-well (384) plates! With current
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methods for PCR amplification and costs of synthesizing 1,000,000 unique oligo-
nucleotide primers, it will be difficult to analyse multiple individuals. The possibility
of coupling high-density solid surface oligonucleotide synthesis with PCR amplifica-
tion may yield new advances.

Another concern is the number of arrays that is required. With standard synthesis
techniques yielding 300,000 probes on a 1.28 x 1.28 cm?® array and redundant probe
arrangements (80 probes per SNP, 20 per strand) (Lipshutz ef al., 1999), about 3,700
SNPs can be scored on a single tiling array. 500,000 SNPs would currently require
about 130 array designs. Although feasible for proof-of-principle experiments, the
need for smaller feature size or fewer probes is apparent for high-throughput,
genome-wide linkage disequilibrium studies in which a large number of mdividuals
need to be genotyped. With the 2 pm feature sizes of current experimental arrays
(Lipshutz er al., 1999) a single 1.28 x 1.28 cm? array is sufficient to hold the highly
redundant set of 40,000,000 probes. However, it is already known that 80 probes per
marker is excessive. Optimally, 1-2 probes per SNP should suffice, as single probes
have been sufficient for scoring polymorphisms in haploid yeast (Winzeler ef al.,
1998). Under these conditions, all probes for 500,000 SNPs could fit on 2-4 arrays of
current size. Alternatively, because minisequencing also requires only a single probe
per SNP, major advances in minisequencing could also solve the current array
problem.

IV. Other applications of solid surface high-density array platforms

Although gene expression analysis and DNA variation detection have been the
primary applications of array technology, other array applications deserve mention
and will give the reader an idea of the wide range of array-based experimentation that
is underway:

(1) In a strategy that does not involve scoring DNA variation throughout the genome,
cDNA arrays have been applied to map inherited loci. Without genotyping DNA
variation, hybridization to a ¢DNA array has been successful at identifying
chromosomal segments that are identical by descent between related genomes
(Cheung et al., 1998). Genomic mismatch scamning exploits the ability of
mismatch enzymes to recognize and cleave mismatched DNA strands and, after
several biochemical steps, the sample is enriched for DNA that is identical by
descent (Nelson er al, 1993). Although technically demanding and labour
intensive, because genomic mismatch scanning does not require a map of DNA
variation, it can be used to map inherited loci in organisms for which sequence
information is not available.

(2) cDNA arrays have also been applied to survey DNA copy-number variation. In
a comparative genomic hybridization, test and reference samples with different
fluorescent labels are co-hybridized to an array of DNA clones. Fluorescence
ratios provide a measure of DNA copy-number variation for each locus (Solinas-
Toldo et al., 1997; Pinkel et al., 1998; Geschwind er al., 1998). In such an
analysis, a cDNA array with 30,000 human genes has been applied to measure
DNA copy-number variation in breast cancer cell lines and human tumours
(Pollack ef al, 1999). An advantage of using a cDNA array is that gene
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expression levels of the same sample can be monitored in parallel on an array of
the same format. This application promises to help identify important genes in
tumour samples for diagnosis and the development of treatments.

{3) In another application of high-density oligonuclectide arrays, generic bar code
arrays have been applied in a comprehensive and systematic deletion phenotype
analysis of the yeast genome (Shoemaker et al., 1996; see also Hensel et al.,
1995). Deletion strains, each with one of the 6,200 yeast genes deleted and
molecularly tagged with unique 20 bp bar code sequences, can be pooled and
grown competitively. After selection, a common sequence flanking each bar code
is used to amplify all bar codes in a single PCR with a single primer pair;
effectively solving the multiplexing problern. The amplified sequences are then
hybridized to a high-density array containing probes complementary to each tag
which has been selected for common, optimal hybridization characteristics. The
change in hybridization intensity over time can be used to guantitate the growth
rates for all bar coded strains in parallel. This strategy shifts traditional deletion
phenotype analysis into high gear, and has successfully identified genes essential
for growth in complete and minimal media {Winzeler ef al., 1999). With this
technology, it is feasible to perform rapid phenotypic selections under a variety
of environmental conditions. A similar technique has also been employed to
identify drug targets. Deletion strains, heterozygous for all potential drug targets,
have been screened against a drug compound. The strain most sensitive to the
compound has provided strong clues to the drug target (Giaever ef al., 1999).

Conclusion

The broad range of array-based experimentation illustrates the utilily of a global
approach to biology. Many experiments that were unthinkable only a few years ago
are now in progress. This advance illustrates how technological breakthroughs allow
for new ways of investigating biology. Nevertheless, the technology and its applica-
tions for studying the DNA sequence of an entire genome are in their infancy, and
many challenges lie ahead.

In the research setting, the main challenge resides in data analysis. Existing tools
are still rudimentary, particularty for the interpretations of gene expression patterns.
Global patterns of transcription can be applied to achieve different goals — the
identification of functionally or regulatory related genes and of genes which define a
transcriptional phenotype — and apalysis tools need to be tailored accordingly. A
variety of statistical tools already exist, and may prove applicable in distinct biological
settings. In addition to expanding applications of data analysis, consideration must be
given to the accuracy of whole genome approaches, A small number of data points can
be readily checked by hand, but parallel assays that generate thousands of data values
pose a substantially greater challenge. A measure of confidence associated with each
data point is required. Such standards for genome analysis will make it meaningful to
integrate the expression level of genes and their allelic variation with existing
knowledge of genetic, protein-protein, and smali molecule interactions. This integra-
tion is essential to put a specific discovery involving a small set of genes into the
context of an entire genome.

In particulay, in the clinical setting, it is often difficult with current technology to
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obtain high-quality data from limited amounts of human cells or tissues. This
limitation increases in importance considering that high-density array technology has
promise for point-of-care disease diagnosis. Reliable sample amplification tech-
niques or hybridization procedures that operate with less starting material are needed.
These hurdies, among others, need to be overcome to be able to proceed from a
detailed list of allelic variation in genomes to a mechanistic understanding of how
genotype and phenotype relate in humans. In addition, genome science yields an
opportunity to uncover the effects of the environment, as revealed by the cellular
levels of RNA, protein, or small molecular weight compounds. With the future of
medicine pointed in the direction of genome-scale genotyping, it may ultimately
become possible to tailor disease treatments on the basis of information revealed by
a patient’s genome composition as well as by the presence of distinct expression
signatures, describing a patient’s environmental past.

Undoubtedly, the future will see further refinement in array miniaturization that
will allow for an even higher level of throughput and a further advance in global
experimentation. Other possible detection methods may become attractive as spot
size 1s decreased. Akin to other main technological advances in biology, such as
commercial oligonucleotide synthesis, it seems likely that, as arrays become standard
tools for biological investigation, they will also be purchased. As their use is
increased, so will the demand for inexpensive, customizable, and highly reliable array
platforms. These technical improvements in array technology will bear immediate
fruits for biology. As the applications discussed in this review demonstrate, high-
density, array-based, global approaches to biology could represent a rapid, powerful,
and comprehensive first step towards understanding the entire DINA sequence content
of the human genome.
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